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ABSTRACT A scallop fishermen's association has seeded sea scallops, Placopecleii iiianellaniciis. off Iles-de-la-Madeleine (Quebec,

Canada) since 1993. When the .scallops reach the bottom, they fall prey to starfish and crabs. Two size classes are available during the

iles-de-la-Madeleine seeding period: small scallops from collectors (15 to 25 mm shell height) and large scallops grown-out in pearl

nets (35 to 45 mm). To evaluate predation on both classes shortly after seeding, experiments were performed under controlled

laboratory conditions. Testing involved three species of slstrfish. Asterias vulgaris ( 120 to 200 mm diameter), Lepiasterias polaris ( 120

to 200 mm diameter), and Crossasler papposus ( 1 10 to 130 mm diameter), and two species of crab. Cancer irroratus (85 to 1 20 mm

carapace width) and Hyas sp. (90 to 1 10 mm carapace length). Scallops from both size classes were presented separately (nonchoice

treatment) and together (choice treatment) to each predator species. Starfish and Hyas sp. consumed less than one scallop per predator

per day as compared to C. irroratus. which consumed as many as 12 scallops per predator per day. Starfish and crabs did not show

a clear prey size preference in both treatments. However, large .scallops tend to be consumed faster by both crab species in choice

treatments. These results indicate that bottoms w ith high densities of starfish or crab should be avoided in seeding. In addition, bottom

seeding should be done if possible with scallops greater than the size classes used in this study (over 50 mm), according on these results

and those of other studies.

KEY WORDS: Placopeclen nwfiellanicus. scallop, enhancement, predation

INTRODUCTION

Sea scallops, Placopecten mageUanicu.s (Gmelin), have been

seeded commercially off Jles-de-la-Madeleine (Quebec, Canada)

in the Gulf of St-Lawrence since 1993. The profitability of these

operations hinges on scallop survival rates 4 years after seeding,

until scallops reached the commercial shell height of 90 mm. Pre-

dation is an important factor affecting the survival of juvenile

scallops between seeding and hai-vest. In Nova Scotia, Hatcher et

al. ( 1996) showed that 50% of their seeded scallops were killed by

crabs and starfish within 2 weeks. Experimental summer and win-

ter seedings performed by Barbeau et al. ( 1996) indicated survival

rates of 1 and 10%, respectively, after only 8 weeks. Crab (Cancer

irroratus Say) predation was identified as the prime factor of scal-

lop mortalities. Cliche et al. (1994) determined during an experi-

mental seeding performed in Iles-de-la-Madeleine that 1 1 .5% of

seeded scallops were killed by crabs within 44 days. Haugum et al.

(1997) lost all of their seeded scallops to crab (Cancer paguni.s)

predation within 3 weeks during an experimental bottom seeding

in Norway.

Many factors may affect the impact of predation after seeding.

Size of seeded scallops is generally considered important (Elner

and Jamieson 1979, Morgan et al. 1980, Lake and Jones 1987,

Minchin 1991. Barbeau and Scheibling l_994a,
Barbeau et al. 1994.

Arsenault and Himmelman 1996). In iles-de-la-Madeleine. two

size classes are seeded in late fall. Scallops kept in collector bags

attain 15 to 25 mm shell height after 1 year, and those transferred

to peari nets, 35 to 45 mm. Production costs (labor and equipment

costs) of scallops grown-out in pearl nets are five times higher than

scallops grown directly in collector bags. Thus, it is essential to

estimate the survival rate of both classes when choosing an optimal

growing strategy.

Previous surveys around Iles-de-la-Madeleine showed that star-

fish are abundant (-0.5 starfish/m") in natural scallop grounds.

\N\\h Asterias vulgaris (Verrill) and Lepiasterias polaris (Miilleret

Troschel) predominating and Crossasler papposus (L.) regulariy

observed. Low densities of two crab species (-0.05 crabs/m"). C.

irroratus and Hyas sp., are also reported. Predation of juvenile

scallops by A. vulgaris and C. irroratus has been documented by

Elner and Jamieson (1979). Jamieson et al. (1982). Lake et al.

(1987), Barbeau and Scheibling (1994a), Barbeau and Scheibling

(1994b), Barbeau et al. (1994), and Arsenault and Himmelman

(1996). However, few studies have examined predation involving

sea scallops (P. magellanicus) of 15 to 50 mm shell height (Elner

and Jamieson 1979). Barbeau and Scheibling ( 1994a) and Barbeau

and Scheibling ( 1994b) and Barbeau et al. ( 1994) used scallops of

5 to 28 mm shell height, and Jamieson et al. (1982) used scallops

of 40 to 55 mm and 80 to 110 mm. In addition, very little docu-

mentation exists on the predatory capacity of L polaris. C. pap-

posus and Hyas sp. on scallops (Arsenault and Himmelman 1996).

Scallop vulnerabihty is high the first few days after seeding

(Cliche et al. 1994, Barbeau et al. 1996). Stress induced during

handling, exposure to air, and transportation to the seeding site

may affect scallop vitality (Fleury et al. 1996). After seeded scal-

lops reach the bottom, the time required to turn up their superior

valve and find refuge may have an impact on their survival. Ar-

senault and Himmelman (1996) concluded that refuge use de-

creased the risk of predation for smaller scallops. Thus, studies

conducted to increase the seeded scallops survival must target this

period in particular.

The objective of this study was to evaluate the impact or pre-

dation by starfish. A. vulgaris. L polaris and C. papposus and

crabs. C. irroratus and Hyas sp.. on small scallops from collector

bags and larger ones from pearl nets under controlled conditions.

This information is important when planning a seeding bottom

strategy for a profitable commercial operation.

MATERIALS AND METHODS

Experiments were conducted in 2,000-L (I.I in x 2.3 m x 0.7

m) and 1,500-L (I.I m x 1.6 m x 0.7 m) fiber glass tanks with
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906 Nadeau and Cliche

circulating sea water. Temperature was maintained at 1 1.3 ± 3.0°C

(mean ± SD), oxygen at 8.4 ± 0.7 mg/L, and salinity at 30.3 ± 0.9

ppt. A 12:12 light:dark regime was simulated by fluorescent lights

over each tank (-250 lux). Red bulbs were used to allow video

recording in the dark, as used in Barbeau and Scheibling's ( 1994b)

experiments.

The cultivated juvenile scallops were taken from commercial

operations of the scallop fishermen's association of Iles-de-la-

Madeleine. Specimens measuring 15 to 25 mm shell height came

from spat collectors, and those measuring 35 to 45 mm from

intermediate culture in pearl nets. The shell height was measured

from the middle of the dorsal hinge to the farthest point of the

ventral shell edge. A plastic tag (glue-on flexible polyethylene

shellfish tag. Hallprint Ltd) of 4 x 8 mm was glued with cy-

anoacrylate glue on the upper valve. C. inonitus and Hyas sp.

were caught with rock crab or lobster traps. C. inoratits averaged

109.8 ± 6.6 m (mean ± SD. n = 45. range
= 95 to 120 mm)

carapace width, and Hyas sp. were 96.4 ± 7.7 mm (n = 6, range
= 85 to 1 10 mm) carapace length. Similar to Barbeau and Scheib-

ling's ( 1994a) experiments, only male crabs were used to eliminate

potential sex-related biases (differences in morphology and preda-

tion behavior). Starfish A. vulgaris of 153.3 ± 15.9 (n = 47, range
= 120 to 200 mm) diameter. L. polaris of 151.9 ± 21.2 (n = 45,

range
= 120 to 200 mm), and C. papposus of 1 18.5 ± 6.6 mm (n

= 6, range
=

1 10 to 130 mm diameter) were collected by divers

and scallop drags. The size classes of each predator species were

selected according the most abundant predator class evaluated at

the actual seeding sites (Roussy et al. 1994).

Scallops, crabs, and starfish were maintained in 650-L seawater

tanks for 2 to 10 weeks before testing began. Each species was

kept in separate baskets. Scallops were fed on phytoplankton

(Monochiysis httheri and Thalassiosira pseudonana) at concentra-

tions of 5x10 cells/mL. Each predator was fed once a week on

two living mussels (Mytilus edulis) weighing 10 to 20 g. Before

experiments, predators were starved for 72 hours to standardize

hunger levels.

Two series of experiments were performed. The first was con-

ducted between August and October 1994 in two 2,000-L tanks,

divided using plexiglass separators to obtain four experimental

sections of 0.8 m"* (Table 1). Predatory activity of C. irroratiis. A.

vulgaris, and L. polaris was evaluated and compared. Three preda-

tors of the same species were placed with 16 scallops of either 15

to 25 mm or 35 to 45 mm (nonchoice treatment) or eight scallops

of each class together (choice treatment). Predator density was

2.4/m~. Scallop density was similar to the commercial seeding

target density. 10/m". Control treatment involved eight scallops of

each class without predator. Each treatment was repeated three

times over a maximum of 5 days. In crab treatments, replicates

were stopped earlier if all scallops had died.

A video camera (Panasonic, Lunar Lite) fitted over the tanks

filmed only one replicate of each experimental treatment because

of logistical limitations. Starfish behavior was recorded up to 88

hours and crab behavior, up to 22 hours, because the latter was

more active. During frame analysis, the time each predator devoted

to searching for prey and the number of encounters between preda-

tor and prey were noted. Prey search by starfish was defined as

displacement on the tank floor toward .scallops with arms tips

tumed up. Because prey search by crabs was more difficult to

determine, all ciab movement was considered searching behavior.

Any contact between predator and prey was considered an encoun-

ter. The capture occurred when starfish arms attached a scallop

with their tubefeet or when crabs chelae grabbed a scallop. The

number of active scallop escapes after encounters was also

counted. An active escape was noted when scallops jumped or

TABLE I.

Laboratory experiments performed from August to October 1994 and .June to November 1995.
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swam away from starfish or crabs. Passive escape, noted when a

scallop closed its valves without displacement in a predator con-

tact, was impossible to detect, because the video camera was too

far from the subject. The number of retractions defined by a retreat

of a predator after an encounter was noted.

The second series of expenments was performed between June

and November 1995. Some of the trials aimed to repeat the 1994

experiments in two 2,000-L tanks. However, improvements were

made to the 1994 experimental design. To increase the surface to

1.8 m", no .separators were used. Predator (C iironirus, A. vul-

garis, and L polaris) density was reduced to 0.8/m- to simulate

natural densities more closely. Observations were extended to 1.^

days to collect more information on starfish predation. Scallops

available from commercial operations were larger (15 to 30 mm
and 35 to 50 mml than in the 1994 tests. Experimental treatments

consisted of putting two predators of the same species with 24

scallops from one or both size classes (12 of both classes). A
control treatment was conducted with 12 scallops of 15 to 30 mm
and 12 scallops of 35 to 50 mm v\ithout predator. Number of

replicates ranged from two to three.

Second, the predatory activities of crab Hyas sp. and starfish C.

papposus were compared, respectively, with those of C. iironirus

and A. vuli;aris in two 1.500-L tanks that offered surface of 1.2 m"\

Predator density was 1.1 /m" and scallop density. lO/m". For each

replicate, two predators were placed in a tank with eight .scallops

of 15 to 30 mm and eight scallops of 35 to 50 mm. Control

treatment u.sed eight scallops of 15 to 30 mm and eight .scallops of

35 to 50 mm without predator. Testing ran a maximum of 13 days

but was stopped earlier if all scallops had died. Each treatment was

repeated three or four times.

Sequence of experiments and tank allocation for each replicate

were random. To simulate seeding conditions, predators were im-

mersed 24 hours before the scallops. During daily observations,

dead scallops were removed. The chi-square test was used to com-

pare daily mortality in both size classes. Contingency tables (treat-

ment X mortality) were prepared, and cells with insufficient data

for test validity were grouped. Fisher's exact test was performed if

the number of data was still lower than five (Sherrer 1984). Pre-

dation rates (number of scallops consumed per predator per 24

hours) were evaluated. All statistical analyses were performed us-

ing SAS (1982), version 6.03 software. Data collected during

video recording (encounter, capture, escape, and retraction rates)

were considered more as an indication, given the absence of rep-

licates.

RESULT

Scallop mortality was related to predation, because no mortality

occurred in control treatments during 1994 and 1995 experiments.

Starfish

Video recordings from 1994 showed that starfish spent less

than lO'vf of their time searching for prey in both treatments,

remaining immobile on the tank walls the rest of the time. En-

counter rates (or A. vulgaris and prey were between 0.9 to 4.1 per

day (Fig. 1). Contacts tended to be higher with large prey in both

treatments. L polaris encountered 0. 1 to 3.3 prey per day. Contacts

between L. polaris and small scallops occuired more often. Active

scallop escapes were higher for treatments involving A. vulgaris

(0.8 to 4.0 per predator per day), and larger prey tended to escape
more frequently. Predator retraction was noted with L. polaris (0.1

to 1.5 per predator per day) and occurred primarily after encoun-

Treatment

Figure 1, Behavior of small (S) and large (L) scallops in the presence

of Asterias vulgaris, Leptaslerias polaris, and Cancer irroratus in choice

and nonchoice treatments during 1994 experiments.

ters invoh'ing smaller prey in choice treatment. All of these factors

resulted m low capture rates during recording periods (0 to 0.06

per predator per day).

In nonchoice treatments in 1994. A. vulgaris consumed more

larger scallops after 4 days 0.22 ±0.13 (mean ± SD) per predator

per day than smaller ones, 0.03 ± 0.13 (p
= .03) (Fig. 2). How-

ever, when size classes were presented together, mortality rates

were similar (0.13 ± 0.12 per predator per day) for both (p
=

0.99). In contrast, in 1995, only small scallops were consumed in

nonchoice treatments after 1 3 days, with a predation rate of 0.37 ±

A vulgaris
- Non-choice treatment
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0.45. Statistical analysis revealed a difference between mortality

rates for both size classes (p
= .001). In choice treatments, mor-

tality rates were similar for both classes. 0.04 ± 0.05 per predator

per day.

Comparison between C. papposiis and A. vulgaris in 1995

choice experiments (Fig. 3). showed that A. vulgaris consumed

more scallops (p
= .04) after 13 days. However, both starfish

demonstrated similar predation rates on 15 to 30 mm and 35 to 50

mm scallops (p > .05). During this experiment. A. vulgaris con-

sumed more small scallops. 0.35 ± 0.37 per predator per day. than

larger ones. 0.1 ± 0. 12 (p
= .002). C. papposus induced similar

mortality rates (p
= .06) on both classes, with predation of 0.05 ±

0.02.

Experiments performed in 1994 showed that L. polaris con-

sumed only larger scallops in nonchoice treatments after 4 days,

with a predation rate of 0.42 ± 0.33 (Fig. 4). Predation on both size

classes was statistically different (p
= .03). In choice treatments,

predation rates on both classes were similar. 0.10 ±0.1 1 (p> 0.99).

In 1995. nonchoice treatments showed that predation rates for

small scallops (0.56 ± 0.34) were higher than those for larger

scallops (0.08 ±0.13) after 13 days (p
= .001). In choice treat-

ments, smaller scallop mortality was significantly higher (0.24 ±

0.18 per predator per day) than larger scallop mortality (0.08 ±

0.04) (p
= .004).

Crabs

Video analysis showed that C. irroratus spent 70 to 90% of the

recorded time searching for prey. Encounter rates between preda-

tor and prey were high ( 3 1 to 66). Some 7 to 1 1 active prey escapes

occurred per predator per day. Retraction rates were noted 13 to 56

times per predator per day. Encounter and retraction rates tended

to be higher with small scallops, but capture rates were higher for

larger scallops.

In both experimental years, C. irroratus consumed almost all

juvenile scallops available in a few days. Consequently, mortality

rates were similar for both classes (p > .05) at the end of each

replicate. Statistical comparison was performed 1 day after seeding

to identify a preference for a particular class. In the 1994 experi-

ments, predation rates after 24 hours in nonchoice treatments in-

volving larger scallops were 4.22 ± 0.84 as compared to 2.89 ±

1.07 for smaller ones (Fig. 5). Predation rates in choice treatments

L, polans Non-choice treatment

A. vulgaris C. papposus

25-
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120 mm), used in the present study, would prefer the intermediate

scallop size (30 to 40 mm). Lake at al. (1987) also showed that

Cancer pagurus predation was influenced by predator size and

scallop size. The number of scallop Pecten maximus (30 to 60 mm
shell height) consumed increased with predator size (60 to 140 mm
carapace width) and decreased as prey size increased. However,

their study did not use scallops smaller than 30 mm. In contrast.

Arsenault and Himmelman (1996) showed that C irromnis and

Hyas araneus. size 1 12 ± 2 mm (mean ± SD) carapace width and

97 ± 1 mm carapace length, respectively, preyed more on scallops

(Chlamys islandica) of 10 to 30 mm shell height than on scallops

of 30 to 60 mm in multiple prey choice treatments. Furthermore,

the feeding rate of H. araneus was about twice that of C. irroratus.

Effective predators (A. vulgaris. L. polaris, C. papposiis. C.

irroratus, and Hyas sp.) live on the sea bottom, where scallops

seeding activities occur in the Iles-de-la-Madeleine. In this study,

predation rates may have been biased by the absence of refuge or

alternative prey. In addition, interaction between predator species

was not evaluated. Nevertheless, we can assume that these preda-

tors will cause high mortality in seeded scallops under natural

conditions. Based upon our results and those obtained from other

studies, bottom seeding should be done, if possible, with scallops

greater than the size classes used in this experiment (over ?0 mm).

On bottoms with high crab density, both size classes of scallops

will be vulnerable. Because crabs are highly effective scallop

predators, these bottoms must be avoided.

Alternative solutions must be evaluated to minimize the impact

of predation. Control of seeding density and predator elimination

(Ventilla 1982) are solutions used in Japan. As observed by Bar-

beau et al. (1994), predation increases with scallop density and

crab density. Barbeau and Scheibling (1994b) also demonstrated

that the seeding season may have an important impact on preda-

tion, because temperature affects feeding activities of crabs (C
irroratus) and starfish (A. vulgaris). Seeding at lower temperatures

was effective in reducing predation, particularly for starfish. Bio-

chemical analyses of Pecten nia.\inuis performed by Fleury et al.

( 1996) showed a very low glucide content in the fall. Lower energy

reserves may affect the survival rates of seeded scallops. In addi-

tion, stress induced by the seeding operations can reduce their

vitality. Fleury et al. (1996) found that seeding stress represented

high energy expenditures for scallops (Pecten maximus). Finally,

weak animals escape predators less often and less rapidly (Hatcher

et al. 1996). Seeding strategies will have to deal with all these

factors. Seeding operations in the Iles-de-la-Madeleine will be

financially profitable if 20 to 30% of the scallops seeded are

caught by scallop fisherman. An effort must be made to ensure

such survival rates.
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IRRADIANS CONCENTRICUS (SAY) FROM THE NORTHERN GULF OF MEXICO
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ABSTRACT The bay scallop. Argopeclen inadians. is a commercially and recreationally important fisheries .species on the Atlantic

and Gulf Coasts of the United States. Surprisingly, little information exists on northern Gulf of Mexico populations. This research

assessed growth, production, and reproduction in a population from St. Joseph Bay. Florida. Specifically, scallops exhibited high initial

growth rates (Gw day''), with rates declining as individual size increased. Additionally, significant interannual variability existed for

both scallop growth and production. These differences may be attributable, in part, to a reduction in salinity (2l9rr) associated with

Tropical Storm Alberto, which resulted in significantly lower growth rates and a mass mortality event. Reproductive assessment oi A.

irradians showed significant peaks in spawning condition, gonad weight, and gonadal-somatic index (GSI) during the winter (De-

cember. January. February) compared to other seasons. However, the salinity minima in July 1994 ( 1 IS?c) significantly reduced gonad

weight and GSI from winter 1994/1993. suggesting that a single storm event had a dramatic but short-term reproductive impact on the

population. Assessment of gonad condition and GSI, coupled with field observations, showed spawning occurred in the spring and fall

as well, but the presence of small individuals (<4 mm shell height) during July, August, and September suggests that reproduction may
occur throughout the year in St. Joseph Bay. Florida.

KEY WORDS: Argopeclen iiradiuiis. gonad weight. GSI. Gulf of Mexico, salinity effects

INTRODUCTION

Bay .scallops. Argopeclen irradians (Lamarck 1819) are com-

mon members of many shallow water benthic communities along

the Atlantic and Gulf Coasts of North America. Clarke (1965)

identified three distinct subspecies of A. irradians based on mor-

phologic characteiistics, and recent morphologic and genetic stud-

ies support these distinctions (Wilbur and Gaffney 1997). Al-

though it is recognized that scallops recrtiit to seagrass habitats

(Gutsell 1930. Thayer and Stuart 1974. Eckman 1987) and that

they cling to leaves to escape benthic predators (Pohle et al. 1991.

Ambrose and Irlandi 1992). little information exists on several key

aspects of their ecology. Several studies have assessed scallop

growth rates under experimental conditions detennining the im-

pact of flow (Kirby-Smith 1972, Cahalan et al. 1989. Eckman et

al. 1989) or food concentration and stocking density (Rheault and

Rice 1996), but there are few field estimates of adult growth rates

under natural, noncaged conditions. Eckman (1987) showed

greater growth rates for juvenile bay scallops in grass beds with

low shoot densities, and Ambrose and Irlandi (1992) showed that

juveniles may trade-off decreased growth rates for increased sur-

vivorship by altering their placement on seagrass leaves. In addi-

tion, it has been shown that habitat configuration has an impact on

the growth and survival of juveniles (Irlandi et al. 1995). Although

these studies adequately assess growth of juveniles, few published

studies exist on growth rates of adult scallops under natural field

conditions.

Another aspect of A. irradians is the relative lack of estimates

of natural mortality (but see Marshall 1963). Many studies have

assessed predation mortality (Tettelbach 1986. Pitcher and Butler

1987. Peterson et al. 1989. Prescott 1990. Pohle et al. 1991. Am-
brose and Irlandi 1992. Bologna 1998); however, few estimates of

natural population mortality exist. Exceptions include clear pat-

terns of high postspawn mortality (Gutsell 1930, Capuzzo and

Hampson 1984). mortality associated with 2nd-year individuals

prior to spawning (Bricelj et al. 1987a). and the severe impacts

of nuisance algal blooms (Suiinnerson and Peterson 1990. Tettel-

bach and Wenczel 1993).

One feature of A. irradians ecology that is relatively well

known for many populations is reproductive effort. Given that

scallops suffer high moilality after spawning, significant research

has focused on reproduction, reproductive conditioning, and

changes in biomass associated w ith gonad development (Bricelj et

al. 1987h). It has been shown that scallops show distinct peaks in

spawning, and these peaks differ temporally based on latitude of

the populations (Sastry 1970, Barber and Blake 1983, Crenshaw et

al. 1991). Although scallops do show peaks in reproduction, re-

cruiting individuals (<10 mm shell height) have been reported

throughout the year, suggesting that trickle spawning may occur in

some locations (Gutsell 1930, and see Bricelj et al. 1987b). How-

ever, in general, bay scallops are considered to be a semelparous or

short-lived iteroparous species, and reproductive effort tends to

follow this life history trait (Sastry 1970, Sastry 1979, Barber and

Blake 1983, Bricelj et al. 1987h).

Despite a wealth of knowledge on populations of A. irradians

from the Atlantic Coast and southern Florida, little is known about

northern Gulf of Mexico populations. The goals of this research

were to assess several life history traits from a bay scallop popu-

lation from St. Joseph Bay, Florida. U.S.A. Specifically, research

focused on the following objectives: ( I ) determine the natural

growth rate of adult scallops: (2) estimate natural population mor-

tality; (3) estimate production within the population: (4) determine

reproductive cycles; and (5) assess reproductive effort of scallops.

METHODS

Study Site

This research was conducted in St. Joseph Bay, Florida, which

lies in the northeastern Gulf of Mexico (29° N, 85.5° W). It is a

semi-enclosed lagoonal system with little freshwater input. Salin-

ity and temperature data were collected from 1992 through 1995 in

St. Joseph Bay (Fig. I) and show that temperature follows a sea-
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sonal trend; whereas, salinity is normally high and ranges from 25

to 35%c annually. However, large storm events (e.g.. Tropical

Storm Alberto) can significantly reduce salinity over short periods

of time (e.g., to 1 \%c).

Shallow regions of the St. Joseph Bay benthos primarily consist

of the seagrass Thalassia testiuliniiiii interspersed with Halodide

wrightii. Syringodium filifonne, and open sediment. T. testiidiiuim

is the dominant species and covers approximately 2.300-2,400

hectares (Savastano et al. 1974, Iverson and Bittaker 1986).

GROWTH, MORTALITY, AND PRODUCTION

To determine rates of growth and mortality, a series of mark-

recapture experiments were undertaken. Scallops were marked by

cleaning and drying the ventral valve and gluing on a numbered

tag. Scallop shell height and breadth were then measured using

vernier calipers to the closest 0.05 inm. Six additional scallops

were marked and held in aquaria for 2 weeks to assess the impacts

of handling and marking on survival. All six control individuals

survived the 2 week trial and were released back into the field.

These individuals were not used to estimate growth, mortality, or

production.

In 1993, 79 scallops (31.3 mm to 44.1 mm shell height) were

marked and released on two dates in June into an expansive

Thalassia tesnidiniim grass bed. Scallops were marked and re-

leased on June 1 1 (n = 31 ) and June 14 (n = 48). During 1993,

scallops were relocated and measured on June 14. 23. July 8. 22,

August 25, September 19, November 5, and December II. In

1994, 95 scallops were marked in three cohorts. In April, 40 scal-

lops (37.75-66.3 mm shell height) were marked and measured in

the same manner as above. The second cohort of 33 scallops

(41-51.6 mm shell height) was marked on June 23, and the final

scallop cohort (n = 22, 41.8-53.8 mm shell height) was marked

and released on July 14. All cohorts were released into an exten-

sive T. tesrudiiuiin grass bed mosaic and periodically sampled

throughout the year. Specifically, scallops were relocated on May
5, June 6, 23, July 7, 14, 20, August 10, 18, 31. and October 12.

Estimates of growth and mortality followed the protocol of

Cowan and Houde (1990). Instantaneous growth rate was calcu-

lated using the change in biomass over time. Scallop biomass was

estimated using the following regression equation from Bologna

(1998), which provides an estimate of tissue dry weight: (ln[tissue

3 5-

I

• Temperature

'

Salinity

3
2 5 .•

1992 1993 1994 1995

Figure 1. Weekly temperature (C) and salinity (*?() values collected

from St. .Joseph Bay, Florida from January IWI through December

1995. Source: City of Port St. Joe, Florida industrial waste-water treat-

ment plant, 1996; ^indicates a salinity minima of ll%fi on July 27, 1994.

dry wt. (g)]
= -9.779 -I- 0.7909* ln[.shell height] + 2.2124* In-

[shell breadth]; n = 161, r" =
.92). Growth rate (Gw, growth in

weight), expres.sed as day"', was computed using the Eq. 1.

Gir =
ln(lV,)-ln(W,_|)

(1)

where: C\v = instantaneous growth rate (day"'); W = estimated

scallop dry weight at time t (ln[grams tissue dry weight]); and, t =

time in days. Instantaneous scallop mortality rate (|x) was esti-

mated from recaptures using Eq. 2.

\n{no) - \n(nt)

(2)

where:
|j.
= calculated instantaneous mortality rate (day"'); n =

is the number of scallops present at a given time t; and t = time.

Because scallops were motile (>500 m. pers. obs.. this study),

calculated mortality actually retJects mortality plus emigration

and, consequently, is an overestimate. To limit the impact of initial

emigration bias on mortality estimates by second and third cohort

marked scallops (e.g.. field release dates June 14. 1993. June 23

and July 14. 1994). mortality on successive dates (June 23, 1993,

July 7 and 20, 1994) was calculated using the number of scallops

present from the previous cohort. Subsequent mortality estimates

were based on any individual present beyond one sampling date.

Based on estimated instantaneous growth and mortality rates

calculated from mark-recapture scallops, production (g dry wt

day"') for time intervals was calculated using the Cowan and

Houde (1990) equation:

P = B * Gw

where: B =
average biomass (g) during a time interval; Gw

instantaneous growth rate; and B was calculated as follows.

B =
: for {Gw > |ji)

(3)

(Cm- n.]r

-J_l^
(^l Cw)r

for (|a,
> Gil) (4)

where: B^,
= estimated initial biomass of all marked individuals

for a given time interval; Gw = instantaneous growth rate; ij,
=

instantaneous mortality rate; and. t
= time.

Growth, mortality, and production rates were compared be-

tween 1993 and 1994 using a nonparametric two-tail trend analysis

(a = 0.05) for rates on similar calendar dates between years.

REPRODUCTION

Scallop reproduction was assessed by visual inspection of the

gonad condition and resultant gonad weight and relative weight

ratio (GSI). Scallops were collected on 37 dates from St. Joseph

Bay, Florida from November 1992 to October 1996. Scallops were

frozen and returned to the laboratory where their shell height and

breadth were measured to 0.05 mm. Scallops <22 mm were con-

sidered juveniles, and body tissue was dissected and weighed as a

whole. Scallops >22 mm shell height had both gonadal and so-

matic tissue dissected out.

Reproductive and somatic tissue were then dried at 80°C for 48

to 72 hours and weighed (g dry weight). A GSI was calculated for

each scallop using the following equation: GSI =
(gonad dry

weight/total dry weight)
* 100. To assess seasonal timing of maxi-
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mal GSI and gonad weight, collections were groups as winter

(samples collected in December. January, and February), spring

(March. April, and May), summer (June. July. August) and fall

(September. October. November). Data were analyzed using a one-

way analysis of variance (ANOVA; a = CO."!). with season as the

independent variable and gonad weight and GSI as dependent

variables. Multiple comparisons were made using Scheffe's F-test.

In addition, scallop gonad weight was analy/.ed against date of

collection using one-way ANOVA to determine annual variability

in reproductive effort.

Visual condition of gonadal material for scallops greater than

22 mm shell height was assessed for each individual beginning in

August 1993. Gonad condition was assessed as undeveloped, rip-

ening, very ripe, or postspawn. Undeveloped gonads appeared gray

in color, but were robust in nature. Ripening gonads were robust

and showed visual development of gonadal material (i.e., female

portions were, to some degree, red-orange in color and/or male

portions were white or whitening). Very ripe gonads were robust,

with female portions fully red-orange and male portions entirely

white. Gonads form postspawn individuals were either gray and

flaccid or gray with tinges of red-orange/white and flaccid (as

opposed to robust, which were associated with undeveloped and

developing gonads).

Evidence of reproduction was assessed by collection of small

individuals (<20 mm shell height). This was accomplished by

visually locating them in the field and returning them to the labo-

ratory for morphological measurement and biomass determination.

In addition, in 1994 and 199.'!. artificial seagrass mats (for a full

description of seagrass mat construction and characteristics, see

Bologna 1998) were placed in the field during the summer to

determine the presence and recruitment density of bay scallops.

RESULTS

Growth, Mortality, and Production

Scallop growth, mortality, and production rates are summarized

in Table 1. In 1993, scallops showed growth rates that were rela-

tively high, declining slowly from June to September and dramati-

cally in the fall. However, scallops marked in 1994 showed a rapid

decline in growth rate from May to June and maintained very low

growth rates throughout the summer and into the fall. When the

data were analyzed using trend analysis, calculated compared
mean scallop growth rate for 1993 was significantly greater than

growth rates in 1994 (P [K « 017, 0.475] = 0.01 17).

Scallop mortality rates were initially relatively high for all se-

ries of mark-recapture scallops (Table 1 ). This may be attributed

to relatively high emigration (dispersal) rates after initial deploy-

ment into the field, and these mortality estimates must be treated

with caution. The calculated mortality rates for scallops on subse-

quent cohort release dates in 1993 and 1994 did not show this,

because mortality calculations were based on previous individuals

in the field and not the potentially high rates of emigration on

initial placement in the field. In 1993. mortality was high during

June, July, and August, but relatively reduced in September-

November, with major losses by the December collection date. No

mortality patterns were present in 1994 data. However, mortality

rates were lower in 1994 than 1993 (Table 1 ), albeit not significant

(P[K < 317. 0.475] = 0.574). However, the relatively high mor-

tality rate calculated for August 10, 1994 corresponds to the sa-

linity minima of 1 19ct seen in 1994 from freshwater input associ-

ated with Tropical Storm Alberto (Fig. 1).

TABLE L

Instantaneous growth, mortality, and production rates for

mark-recaplure .4. irradians from 1993 and 1994.
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REPRODUCTION

Reproduction assessment by visual inspection of the gonad

condition showed several interesting features regarding reproduc-

tive individuals (Table 2). First, scallops as small as 31 mm shell

height showed very ripe gonads and scallops as small as 34.1 mm
shell height showed gonad condition indicative of postspawn (May

1994. Table 2). Second, scallop gonad condition associated with

individuals from the winter of 1994/1995 showed relatively low

proportions of individuals in any reproductive condition, as well as

few individuals (one of 59) showing a postspawn condition (Table

2). Last, of the 1.106 scallops assessed for reproductive purposes,

only one individual (October 1995, Table 2) showed nonhermaph-

roditic sex development with only male gonadal tissue present.

When scallop reproduction was assessed using GSI. results

showed scallops had significantly greater GSI values during the

TABLE 2.

Visual gonad condition index.

Date n Juvenile Undeveloped Ripe

Very

Ripe Postspawn

8/25/93

9/11/93

9/19/93

10/1/93

11/5/93

11/19/93 24

12/11/93 32

1/9/94

2/25/94

4/15/94

5/5/94

6/8/94

7/20/94

8/19/94

8/24/94

12/1/94

1/21/95

2/1/95

3/10/95

4/9/95

5/17/95

6/20/95

7/5/95

8/6/95

8/30/95

9/26/95

10/28/95

12/5/95

1/20/96

2/15/96

3/13/96

4/19/96

5/22/96

6/24/96

8/8/96

10/18/96

12

27

27

37

40

36

12

29

45

44

23

4?

45

6

25

37

42

34

31

32

17

37

22

6

13

20

28

24

21

21

16

19

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

28.00

17.86

10.71

2.70

0.00

0.00

0.00

0.00

0.00

43.24

0.00

0.00

23.08

0.00

42.86

8.33

0.00

0.00

0.00

0.00

66.67

96.30

37.04

45.95

47.50

16.67

15.63

11.11

4.55

44.83

2.22

95.45

.S2.17

86.67

42.22

66.67

44.00

57.14

71.43

72.97

83.33

100.00

100.00

68.75

47.06

45.9.S

0.00

0.00

0.00

5.00

10.71

62.50

52.38

100.00

68.75

5.26

33.33

3.70

.59.26

40.54

0.00

41.67

0.00

11.11

63.64

24.14

60.00

0.00

0.00

8.89

35.56

0.00

20.00

2 1 .43

10.71

13.51

7.14

0.00

0.00

15.63

52.94

10.81

9.09

50.00

7.69

0.00

10.71

12.50

0.00

0.00

31.25

21.05

0.00

0.00

3.70

13.51

52.50

25.00

50,00

63.89

27.27

13.79

24.44*

0.00

0.00

0.00

2.22

33.33

4.00

3,57

7.14

10.81

9.52

0.00

0.00

15.63

0.00

0.00

90.91V

33.33

69.23

95.00

,35.71

16.67

4.76

0.00

0.00

73.68

0.00

0.00

0.00

0.00

0.00

16.67

34.38

13.89

4.55

17.24

13.33*

4.55

47.83

4.44

20.00

0.00

4.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

16.67

0.00

0.00

0.00

0.00

42.86

0.00

0.00

0.00

winter as compared to other seasons (F^qgq
= 241.2. p < .0001,

Fig. 2). In addition, scallop gonad weight was significantly greater

for samples collected during the winter as compared to other sea-

sons (Figgg
= 107.6. p < .0001). However, both GSI and gonad

weight varied significantly among dates among years (F,^!,.;^
=

57.5, p < .0001: F^^^s,
= 47.7. p < .0001. respectively). Specifi-

cally, significant reductions in monthly means occurred in both

GSI and gonad weight during the 1994/1995 winter (Fig. 3), which

conesponds well to the poor gonad development .seen in the gonad

condition inde.x above (Table 2). These reductions in GSI and

gonad weight may have been a result of osmotic stress associated

with the salinity minima during 1994 (Fig. 1).

A clear peak in scallop reproduction existed during the winter,

with mean GSI values exceeding 15'7r dry tissue weight (Fig. 2).

However, based on gonad condition and GSI. significant repro-

ductive effort also occurred in the fall and spring (Table 2. Fig. 3).

On May 17, 1995 a bay scallop mass spawning event was ob-

served. This event occuired while collecting individuals for repro-

ductive assessment and natural population surveys. Specifically,

scallops held in a catch-bag (n ~ 50-75) spontaneously released

gametes. Consequently, independent of GSI, this observation

showed that scallops do spawn in late spring.

Support of year-long reproductive effort and success was as-

sessed by the presence of small scallops (<20 mm shell height)

collected in the field. Based on these data, it seems that scallops

showed some signs of recruitment throughout he year (Table 3). In

addition, during the summer of 1994. a companion study assessing

the effects of seagrass habitat architecture on bivalve recruitment

collected recruiting bay scallops (0.5-2 mm shell height) on novel

substrata and from Thalassia testudinum (turtle grass). These data

showed that scallops were recruiting to novel substrata at densities

of 8.09. 4.33. and 6.07 individuals m"" for the months of July,

August, and September, respectively. Based on the length of larval

development (10-14 days, Sastry 1965, Lu and Blake 1997), these

periods of recruitment correspond to potential spawning events

during June. July, and August, when minimum values in both

gonad weight and GSI existed (Fig. 3).

DISCUSSION

For species of economic value assessing growth, production,

and reproduction in populations are essential for both wise man-

-H

•a

E
o

c
o
O

Fall

Values expressed as percentage of sample classified in each category; n

indicates the number of scallops collected for reproductive assessment;

* indicates a scallop with 31 mm shell height exhibiting this condition;

** indicates a .scallop with 34.1 mm shell height exhibiting this condition;

¥ indicates a scallop with only male gonadal development.

Winter Spring Summer
Season

Figure 2. Comparison of mean scallop CSI for seasons pooled across

years: n = the number of scallops collected upon which the means are

based; letters above seasons indicate significant differences among

means in GSI (a = 0.05).



Growth. Production, and Reprodiiction of Bay Scallops 915

Vi

O

30-



916 Bologna

was observed in the northeastern Gulf of Mexico during this time

period (J. Stout, pers. comm.), but no clear documentation of the

event currently exists. However. Tester and Steidinger ( 1997) have

shown that red tide {Gymnodinium breve) is a common member of

the phytoplankton communities in the Gulf of Mexico and is

present all year. In addition, Tettelbach and Wenczel (1993) and

Smolowitz and Shumway (1997) have shown dramatic toxic ef-

fects of nuisance algal blooms on both juvenile and adult survival

and growth. Therefore, it might be possible that the mass die-off

observed in the field on June 24 may have been a result of a local

red tide event.

In summary, scallops from St. Joseph Bay showed significant

seasonal and annual variability in growth and reproduction. Spe-

cifically, the effects of reduced salinity associated with Tropical

Storm Alberto had significant impacts on the population through

direct mortality and reduced gonadal tissue development. How-

ever, these probably only affected a singe cohort of A. irradians.

because the population seemed to recover during 1995 and 1996,

and data showed a significant increase in reproductive output.

Unfortunately, few studies have assessed bay scallop production.

Perhaps this is because of the relatively short life span of A. irra-

dians or the lack of mark-recapture estimated field growth and

mortality rates from natural populations. Results from this research

indicate significant annual variation, probably mediated by physi-

cal parameters, and this information may provide a basis for future

comparisons among bay scallop populations. In addition, the pres-

ence of recruiting scallops throughout most months of the year and

the identification of a significant spring spawning event, suggests

that future assessments of the reproductive output and population

structure of Gulf of Mexico bay scallops target the entire year and

not only winter peaks in reproduction. Last, the identification of

small scallops involved in reproduction (<35 mm shell height)

suggests that future research should also address the potential these

individuals have on the reproductive output and success of popu-

lations.
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GONADAL MATURATION, CONDITIONING, AND SPAWNING IN THE LABORATORY AND
MATURATION CYCLE IN THE WILD OF CERASTODERMA GLA t/Ct/M BRUGUIERE

P. TROTTA AND C. A. CORDISCO
IstituUi per la Studio degli Ecosislenii Costieri

Consiglio Naziomile delle Riceirhe

1-7WW Lesina (Fg). Italy

ABSTRACT Cerastoderma glaiuiim Briigiiiere has a wide geographical distribution in Europe, from the Mediterranean to the North

Atlantic and the Baltic Sea. This cockle is found mainly in coastal embayments and lagoons on muddy, soft bottom. The different

reproductive behavior of cockles is related to latitude. In Lesina Lagoon, cockles initiate gametogenesis several times per year; this has

been confirmed in laboratory tests where cockle.s are provided ample Tahitian Isochrysis aff. gatbana (clone T-ISO). In the laboratory,

cockle biomass (density 400-800 g/m") releases viable gametes all year in a relatively wide range of temperatures (9-24°C). During

12 months of repeated spawning, cockles released a mean of 68,100 eggs/cockle, with an average of 1.13 spawning per week. Because

of its high genetic variability, which accounts for its adaptability and ease of spreading in environments with striking changes of

physical and chemical aquatic conditions, cockles may have an excellent potential for mariculture application. In addition cockles may

play an important ecological role in reducing the particulate organic load of eutrophic lagoons and embayments with a wide range type

of salinity and thermal characteristics.

KEY WORDS: cockle, bivalve, mollusc, spawning, conditioning

INTRODUCTION

Bivalve mollusks derived from fisheries and fanning are a con-

siderable part ot the total sea food landed (30Vr of the world

aquaculture, Manzi and Castagna 1989), With the success of

worldwide mussel cultivation, research efforts are underway to

match the production of clams, oysters, and scallops. Indeed, dur-

ing the last two decades, scientists have successfully reared more

than 20 new bivalve species (Manzi and Castagna 1989). Despite

such success, the scientific community is being asked to propagate

potential new species for fanning and/or restocking overexploited

areas. In addition to the edible aspect of farmed organisms, bivalve

molluscs are important as filter feeders for the removal of particu-

late organic matter load of eutrophic lagoons and embayments

(Glude 1984, Mann and Ryther 1977). One candidate bivalve to

this purpose is the dioecious cockle Cerastoderma i;laiieiiiu Bru-

guiere. This cockle commonly occurs from the Baltic and North

Seas to the Mediterranean Sea (Boyden and Russell 1972. Zaouali

1975, Labourg and Lasserre 1980, Brock and Christiansen 1989)

(Fig, 1). C. glaucum preferentially dwells on muddy bottoms of

lagoons and estuaries. Because of their wide genetic variability

(Brock and Christiansen 1989), cockles occur in frontier areas

where the environmental conditions fluctuate at the extremes

(Rygg 1970, Zaouali 1975, Labourg and Lassen-e 1980), This

makes C. glaucum an interesting subject for farming and/or reduc-

ing the environmental impact of organic loading in estuarine sys-

tems. This study examines the maturation conditioning and spawn-

ing of cockles in relation to water temperature and diet regimes,

MATERIALS AND METHODS

This study examines the annual gametogenic cycle of C. glau-

cum from Lesina Lagoon (Fig. 2), In addition some C. glaucum

specimens were tested in the laboratory for maturation condition-

ing and successive spawning. Laboratory trials were carried out

either in 40- to 600-L tanks. These vessels were supplied with

lagoon water after filtering through a l-|ji,ni pore size cartridge.

The residence time of the water in the 40- and 600-L tanks was 6

and 48 hours, respectively. For the conditioning and spawning

tests, field-collected cockles with minimum average size of 4 g

were stocked in 40-L tanks with biomass density ranging from 400

and 8(J0 g/m". They were fed with unicellular algae culture of

Tahitian Isochiysis aff. galhana Green (clone T-ISO), Dunaliella

tertiolecta (Butcher), and Tetruselmis sueeica Kylin (Butcher),

grown in the artificial light (Trotta 1981) and fed to cockles over

24 hours at the rate of 2,5 to 5% (dw/dw) per day. Photoperiod was

set at 12 light/12 dark. Incoming water salinity ranged from 18 ppt

to 38 ppt.

The maturation phase of the gonads were recorded according to

the description by Boyden (1971) and Wolowicz (1987).

• .stage I. undifferentiated; beginning of gametogenesis; gonads

are not developed and sex is not yet distinguishable;

• stage II. developmental; gonads start to develop in the foot

tissue and around the digestive gland; sex is distinguishable;

• stage III. gonads developed; tnade of a compact tissue; white

cream streamed line in the male, yellow cream granular isles in

the female:

• stage IV. reproductive stage; inflated and ripe gonads; isles in

the females and stream line in the males; flowing;

• stage V. rest; this is the postreproductive phase or regressive

phase; the visceral mass becomes flaccid; gonads are failed in.

often with a small number of remaining gametes, which are

distinguishable with difficulty because of the presence of some

corpi lutei.

Experiment I. Maturation Conditioning of C. Glaucum Fed T-ISO

and D. Tertiolecta

Fifty cockles collected at the Fortore River outlet (average size

4.05 g-l-/-0.96 (2s)—95*7? confidence intervals—equivalent to 417

g/m") were assigned to two 40-L tanks. One tank received a culture

of T-ISO and the other a culture of D. tertiolecta at a daily rate of

2.5 to 5% (dw/dw). Cockle mean weight in grams was taken at the

start and at 30 and 60 days into the experiment. Twenty-five speci-

mens left after the random selection were not fed and were con-

sidered as blank (control group in a 40-L tank). At regular inter-

vals, cockles were biopsied to determine gametogenic state. At the

end of the experiment, 20 cockles per treatment were taken to

check the gonadal stage of maturation.
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Figure 1. The reported occurrence of C. glaucum in Europe.

Experiment 2. Maturation Conditioning of C glaucum /prf T-ISO and

T. suecica

A second step of the maturation conditioning started with cock-

les at the stage I (undifferentiated) and gonadal development. This

experiment was conducted to confirm the previous test. Sixty

cockles sampled from the Varano Lagoon (average size 4.54

g+/-2.6 equivalent to 542 g/m") were assigned to two 40-L tanks

and fed, respectively, T-ISO and T. suecica at a daily rate of 2.5 to

5% (dw/dw).

Experiment 3. Spawning of Cockles Fed T-ISO and 50/50 Mixture of

T-ISO/T. suecica, but Previously Conditioned to Maturation in a

600-L tank and Fed T-ISO

After the confirmation of the maturation conditioning from the

previous experiment, 500 g of cockles, sampled from the Lesina

Lagoon, corresponding to 782 g/m", was put in a 600-L tank for

over 2 months and fed T-ISO at the rate of 1% (dw/dw). Cockles

were assigned to two 40-L tanks (average size 7.68 g +/-3.94

corresponding to 800 g/m") at 26 specimens per each vessel. Cock-

les received T-ISO and a 50/50 mixture of T-ISO/r. suecica. re-

spectively, at a daily rate of 2.5 to 5% (dw/dw).

After each spontaneous spawn, eggs were collected on a 80-(j.m

sieve after draw ing the 40-L tank. Eggs were placed in a graduated

cylindrical vessel with gentle aeration. A 2.5-mL subsample was

counted for number of eggs with a 2.5-mL inverted microscope

Figure 2. C. glaucum used in this study were collected from Lesina

Lagoon, Italy.

chamber. The counts were validated with the x' test (a = 0.05).

The laid eggs were assigned to a four classes ranked as follows:

• first-class interval ( 1 ) up to 1 50.000 eggs/tank;
• second-class interval (2) from 150,000 to 300,000 eggs/tank;
• third-class interval (3) from 300,000 to 600,000 eggs/tank;

and

• fourth-class interval (4) more than 600,000 eggs/tank.

C. glaucum sampled in the wild

C. glaucum were collected periodically in the Lesina Lagoon as

well as at the border sites from 1995 to 1996. Collecting in these

latter sites was made necessary when cockles from Lesina Lagoon
were lacking.

RESULTS

Experiment I. Maturation Conditioning of C. glaucum Fed T-ISO and

D. tertiolecta

r-test showed that cockles fed T-ISO (t68 10.1 a = 0.05)

increased in live weight from 4.05 to 5.37 g in 60 days as com-

pared to a slight increase of those fed D. teniolecta (t68 2.164 a
= 0.05) from 4.05 to 4.31 g (Table 1). The difference of weight

gain in cockles fed T-ISO and D. tertiolecta on day 60 was sig-

nificant (t38 7.515 a = 0.05) (Table 1).

The specimens fed T-ISO resulted in 100% of cockles with ripe

gonads (stage III and IV) and a sex ratio of 12F:8M, i,; however,

only 45% of the cockles fed D. tertiolecta had recognizable go-

nads. Most of these latter were in the regression stage (V). The sex

ratio for cockles fed D. tertiolecta was 5F:4M, , ,,
w ith 1 1 cockles

being undifferentiated. For cockles fed T-ISO, the foot appeared

fleshy, yellow-orange colored, and the digestive gland showed

large ocher brown acini; whereas, those fed D. tertiolecta had flat

pale yellow foot and small pale brown acini. The starved cockles

(control group), at the end of the experiment, showed developed

gonads (stage II and 111), with a sex ratio of 9F:9M:1U,,,, but

reduced size of foot and pale colored digestive gland.

(F = female, M = male. U = undifferentiated)

Experiment 2. Maturation Conditioning of C. glaucum Fed T-ISO and

T. suecica

Field cockles collected for this study were all in the undiffer-

entiated stage (I). After 2 months on the microalgae diets, cockles

commenced spawning (Fig. 3), which lasted for 3 months. By
midMarch, the surviving specimens (23% T-ISO, 33% T. suecica)

TABLE 1.

Average live weight of cockles in grams fed with T-ISO and

D. tertiolecta

T-ISO

Start

.^0 Days
60 Days

D. tertiolecta

Start

30 Days
60 Days

Average W
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Figure 3. Egg emission from C. glaucum broodstocli fed either T-ISO or T. siiecica and related water temperature.
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Figure 4A. Egg emission from C. glaucum broodstock fed T-ISO and related water temperature. Figure 4B. Egg emission from C. glaucum
broodstock fed a 50:50 mixture of T-ISO and T. suecica and related water temperature.
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TABLE 2.

Number of emission and total eggs per year laid by cockles fed

either T-ISO and a 50:50 mixture of T-ISO/7". stiecica in

Experiment 3
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similar lo the southern Mediterranean wetland ratlier than to the

northern one.

CONCLUSION

By conditioning cockles on T-ISO in the laboratory, cockles

ripen and are able to produce viable seeds all year. In light of the

fluctuating presence of live cockles and the abundance of empty
shells in several places of the lagoon, it seems that, despite the high

nutritional value of the suspended organic matter (organic particles

and microphytoplankton) and the frequent finding of veliger stages

in the plankton sampling (Cordisco 1996), the lagoon does not

properly support the reproductive potentiality of this organism.

Thus, this bivalve mollusk might play an important ecological role

in eulrophic lagoons by converting the energy of organic particles

into food for such cockle predators as sea bream (Barbaro et al.

1982). This cockle is found in the Lesina Lagoon in places with

different salinity (10 ppt and ."iO ppt). m the ponds near Margherita

di Savoia salterns (60 ppt), in the Bay of Cadiz (Spain) (50-60

ppt). It also inhabits such frontier as the Fortore River outlet,

which undergoes frequent daily salinity changes (0 ppt to 36 ppt).

Considering the temperature range tolerated by these cockles for

thriving and spaw ning. in this study, it is intriguing to consider this

bivalve mollusk as useful for restocking and production recovery

of eutrophic lagoons and embayments with considerable loads of

particulate organic matter.
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THE OCCURRENCE OF JUVENILES OF THE GRAPSID CRAB CHASMAGNATHUS
GRANULATA IN SIPHON HOLES OF THE STOUT RAZOR CLAM TAGELUS PLEBEWS

JORGE L. GUTIERREZ AND OSCAR O. IRIBARNE

Depurtamento de Biologi'a (FCEyN)
Universidad Nacional de Mar del Pkila

CC573 Correo Central

Mar del Plata (7600), Argentina

ABSTRACT Previous samplings for megalopae and juvenile instars of the southwestern Atlantic burrowing crab Chasmagnathus

gramdata showed that they occur at high densities in adult crab burrows. Nevertheless, this study documents the occurrence of

juveniles of this species in siphon holes of the stout razor clam Tagehis plebeius after a settlement event. Carapace width of the crabs

collected ranged between 1.9 mm and 4.5 mm (2nd to 8th instari. A significantly higher proponion of crabs were found inhabiting

inhalant instead of exhalant siphon holes. The siphon holes occupied by crabs showed a significantly larger diameter than those not

occupied by them, and a significant positive correlation was found between siphon hole diameter and crab carapace width. A lateral

chamber connected to the inhalant siphon gallery was observed in siphon holes inhabited by larger crabs. No correlation was found

between the density of pairs of siphon holes and the proportion of pairs of siphon holes inhabited by crabs. However, the proportion

of pairs of siphon holes occupied by crabs was higher in a site with low density of adult burrows in relation to adjacent sites with high

density of adult burrows. We propose that the presence of clam siphon holes allows crab larvae to colonize poorly structured habitats

where adult crab burrows are absent or at low densities, making possible the growth of areas inhabited by crabs.
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INTRODUCTION

In shallow maiine environments, high densities of juvenile life

stages or small-sized species of decapod crustaceans are com-

monly as.sociated with habitats that show a complex tridimensional

structure, such as cordgrass marshes (Zimmerman et al. 1983).

seagrass meadows (Thomas et al. 1990), mangrove roots or cano-

pies (Wilson 1989), tubiculous polychaete reefs (Gore et al. 1978),

beds of mollusk shells (Gunderson et al. 1990). woody debris

(Everett and Ruiz 1993). or cobble (Wahle and Steneck 1991 ). The

habitat structuring elements serve as obstacles for predator activi-

ties and also act to minimize the injurious effects of the different

disturbance sources and environmental extremes (Kneib 1984).

Thus, mortality risk for these organisms is lower in structurally

complex sites with respect to adjacent flat areas (e.g.. Heck and

Thoman 1981, Fernandez et al. 1993a). Although differential mor-

tality after settlement may account for the higher density of deca-

pods in structurally complex habitats (Johns and Mann 1987.

Fernandez et al. 1993a). decapod larvae may actively select com-

plex habitats as settlement sites (Botero and Atema 1982, Fernan-

dez et al. 1993a, Fernandez et al, 1994). This preference may also

be shown by juveniles (Johns and Mann 1987. Fernandez et al.

1993a).

The grapsid crab Chasmagnathus granidata Dana is one of the

most abundant macroinvertebrates in saltmarsh and estuarine en-

vironments of the southwestern Atlantic (Boschi 1964). Its distri-

bution ranges from Rio de Janeiro (23°S. Brazil) to the San Mati'as

Gulf (41°S. Argentina; Boschi 1964). This gregarious species ex-

cavates and maintains semipermanent open burrows in the inter-

tidal, from the soft bare sediment flats to areas vegetated by the

cordgrass Spartina densiflora (Spivak et al. 1994. Iribame et al.

1997). and behaves as deposit feeders in mud flats and as herbivo-

rous-detritivorous in 5. densiflora marshes (Iribame et al. 1997).

Because of their high density (up to 30 adults m""; J. Gutierrez

pers. obs.) and the effect of their deposit feeding and burrowing

activities on sediment composition (Botto and Iribame 1997) and

benthic community structure (Botto and Iribame 1996). this spe-

cies is likely to play a key role in determining the structure of SW

Atlantic marshes and estuarine soft-bottom communities. The stout

razor clam Tagelus plebeius Solander is a deep burrowing bivalve

species that constnicts permanent burrows and siphon holes (Hol-

land and Dean 1977). This species is distributed in estuarine en-

vironments of the western Atlantic coast from North Carolina

(34°N, USA; Holland and Dean 1977) to the San Mati'as Gulf

(41°S. Argentina; Iribame and Botto 1998). attaining densities of

200 ind. m'- (Holland and Dean 1977. Iribame et al. 1998) and

coexisting with C. gramdata in intertidal mud flat areas in most of

their distribution range. Although there is no information, this

coexistence pattern may produce several direct and indirect inter-

actions.

Recently settled megalopae and juvenile Chasmagnathus

granidata are found at high densities in association with adult crab

burrows, and dense burrow beds seemed to be the major nursery

habitat for this species (Spivak et al. 1994). However, during ob-

servations performed after a settlement event, we noticed the pres-

ence of juvenile C. gramdata dwelling in siphon holes of Tagelus

plebeius. Given that this type of shelter may be important, the

purpose of this work is to describe the pattern of siphon hole use

by juvenile C. granidata. focusing on; (1) size and molting instar

of the crabs using the holes; (2) type of siphon hole occupied by

crab (inhalant or exhalant); (3) differences between siphon holes

occupied and not occupied by them; and (4) the percentage of

holes occupied and density of crabs dwelling in siphon holes in

crab beds with different densities of adult burrows.

MATERIALS AND METHODS

This study was carried out in the Mar Chiquita coastal lagoon

(Argentina. 37°32' to 37°45' S. 57° 19' to 57°26' W). a 46 km=

body of brackish water (Fasano et al. 1982) affected by low am-

plitude (<l m) tides (Lanfredi et al. 1987) and characterized by

mud flats and a large sun'ounding cordgrass (Spartina densiflora)

area (Olivier et al. 1972. Iribame et al. 1997). In soft sediment flat

areas of the lagoon, the spatial coexistence between Chasmag-

nathus granidata and Tagelus plebeius is a common phenomenon

(e.g.. Olivier et al. 1972). Samplings were conducted during the
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late summer of 1998 in two areas (located approximately 10 m
apart) at the same inteitidal level (0.5 m above mean lower low

water [MLLW]). Both sites are characterized by sandy-silty sedi-

ments and the presence of sediment depressions (often associated

with C. gnuuilata burrows) whose sediment shows a higher or-

ganic matter content with respect to those of the surrounding mud

flats. However, they differ in the density of C. gramdata burrows

(high burrow density site [HBD site]: x = 6.98 burrows •

m"'^. SD
= 5.41; low burrow density site [LED site]: x = 0.58

burrows m"", SD = 1.72) and the percentage of area covered by

sediment depressions (HBD site: x = 51.29^. SD = 25.4; LBD
site: x = 3.2%. SD = 3.01; Gutierrez and Iribarne unpubl. data).

A random sampling using 4 m" square sampling units (SU) was

conducted both at the HBD (n = 8) and LBD site (n = 10). The

total number of pairs of clam siphon holes at each SU was counted.

At the LBD site. 10 pairs of clam siphon holes were randomly

taken from each SL'. inhalant and exhalant holes were detemiined

by the presence of pseudofeces. and their diameters were measured

to the nearest 0.01 mm. Later, the 10 pairs of measured siphon

holes were carefully excavated. All crabs obtained were carried to

the laboratory to be determined to the species level, and their

carapace widths (CW) measured to the nearest 0.01 mm. The

presence or absence of lateral burrow chambers was recorded. The

remaining pairs of siphon holes of each SU of the LBD site and all

the pairs of siphon holes of the HBD site were also excavated but

only to determine presence or absence of crabs. The null hypoth-

esis of no difference in the number of pairs of siphon holes be-

tween the HBD and the LBD site was contrasted with the Mann-

Whitney test (Conover 1980). A binomial test (Conover 1980) was

used to test for differences in the proportion of crabs occupying

siphon holes corresponding to the inhalant or exhalant siphon. A
Wilcoxon test (Conover 1980) was used to evaluate for differences

in the diameter between the hole occupied by the crab and the

complementary of the pair, and a Mann-Whitney test (Conover

1980) was employed to test for differences in the relation: diameter

of the major siphon hole/diameter of the minor siphon hole be-

tween crab inhabited and vacant pairs of siphon holes. A correla-

tion analysis (Zar 1984) was perfomred to evaluate the existence of

an association between crab size (CW) and hole diameter. The null

hypothesis of no difference in the size (CW) between crabs occu-

pying holes with and without lateral chambers was contrasted us-

ing Student's /-test (Zar 1984). The possibility of association be-

tween the number of siphon holes in a SU and the number of crabs

per pair of siphon holes was evaluated using a correlation analysis

(Zar 1984). A Mann-Whitney test (Conover 1980) was applied to

test for differences in the relation: number of siphon holes occu-

pied by crabs/total number of siphon holes and in the density of

crabs occupying holes between the HBD and the LBD sites. Sha-

piro-Wilk tests (Zar 1984) were used to test for normality of the

data, and Levene's test (Underwood 1997) was applied to test for

homocedasticity of the data. In those cases where sample sizes

were unequal, the calculation of the test statistics were carried out

using the corrections suggested by Conover (1980) and Zar (1984).

RESULTS

The density of pairs of siphon holes of Tagelus pleheius dif-

fered significantly between sites (HBD: x = 43.56 pairs
• m~~, SD

= 5.41; LBD: x = 12.86 pairs m"", SD = 10.06: Mann-

Whitney test: Z = -6.42. p < .01). Carapace width of the crabs

collected ransed between 1.9 and 4.5 mm (2nd to 8th instar; ac-

cording to Rieger and Nakagawa 1995). A significantly higher

proportion of crabs (86.677f) was encountered dwelling in the

inhalant siphon holes (Binomial test:
r,
= 26, f,

= 4, n = 30, p

< .001) than in the exhalant hole. The siphon holes inhabited by
crabs showed significantly larger diameter than their complement

(crab: x = 5.81 mm, SD = 1.62; no crab = 4.46 mm. SD = 0.8;

Wilcoxon test: Z = 4.31, p < .001; Fig. lA), and the ratio between

the diameters of the major hole and the minor hole was signifi-

cantly higher in pairs of siphon holes occupied by crabs (crab: x =

1.31, SD = 0.27; no crab: 1.06, SD = 0.04: Mann-Whitney test:

Z = -6.85. p < .001; Fig. IB). A significant positive correlation

was encountered between crab carapace width and diameter of the

siphon hole occupied by crabs (r^ = 0.80, df = 1, 28, p < .001,

Fig. 2). 36.67% of the crabs construct lateral chambers associated

to the siphon hole at depths ranging between 4.5 and 8 cm, and all

the chambers were found in association with the inhalant tube. The

crabs found in holes with chamber showed significantly larger

carapace width with respect to those dwelling in holes without

(chamber: x = 3.86 mm, SD = 0.51: no chamber: x = 2.76 mm.
SD = 0.5; r-test: -5.78, df = 28, p < .001; Fig. 3). No significant

relationship was found between the number of pairs of siphon

holes in the sampling units and the number of pairs inhabited by
crabs (r^ = 0.07, df =

1. 19, p > .05). The percentage of pairs of

siphon holes occupied by crabs was significantly higher at the

LBD site (LBD: x = 31.24%, SD = 5.38; HBD: x = 8.52%, SD
= 2.34; Mann-Whitney test; Z = -3.55, p < .001; Fig. 4). How-

ever, the density of crabs occupying holes did not differ between
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2 3

CARAPACE WIDTH (mm)

Figure 2. Carapace width of juvenile Chasmagnathiis graniilata

against diameter of the siphon hole occupied by them.

LBD HBD

sites (LBD: x =

crabs m~'^, SD
3.87 crabs m

= 1.51; f-test: t

SD = 0.83; HBD: x = 3.4

0.79, df = 16, p > .05).

DISCUSSION

Larval decapod settlement is primarily an active process in

which larvae choose settlement sites based on sediment character-

istics or chemical cues (Castro 1978. Botero and Atema 1982).

Flume experiments demonstrated that megalopae of Chasmag-
nalhiis gramdata actively swim in current conditions similar to

those encountered in the field, and it was also proposed that they
are able to select settlement sites (Valero 1998). In addition, the

higher densities of recently settled megalopae and juveniles occur

in association with adult crab burrows (Spivak at al. 1994), and

metamorphosis of C. gramdata megalopae occurs earlier in the

presence of chemical cues of adult conspecifics than with sea

water alone (Gebauer et al. 1998). All these data suggest that

megalopae of this species settle in response to adult-released

chemical cues. In this context, the occurrence of juvenile C. grami-
lala dwelling in siphon holes of stout razor clams cannot be ex-

plained by means of selective settlement of megalopae. An alter-

native hypothesis may be stated on the basis of competition be-

tween cohorts. Settlement of C. gramdata megalopae occurs in the

lagoon between December and June, with peaks in intensity (Spi-
vak 1994). Thus, there is a potential for interaction between co-

horts. Eariy cohorts of the Dungeness crab Cancer magister re-

duces the abundance of subsequent cohorts in intertidal shell habi-

CHAMBER NO CHAMBER

Figure 3. Median quantile box plots showing carapace width of juve-
nile Chasmagnatlius gramilata occurring al siphon holes with and
without lateral chambers.

Figure 4. Median quantile box plots showing the proportion of pairs of

siphon holes occupied bv juvenile Chasmagnatlius granulata at the site

of low (LBD) and high density of adult burrows.

tats, and smaller juveniles migrate to the open fiats in response to

high density of conspecifics (Fernandez et al. 1993b). Eariy juve-
nile instars of C. granulata are subject of cannibalism by larger

juveniles (Luppi et al. 1995). and it may be possible that a density-

dependent migration from adult burrows to siphon holes has been

carried out by crabs settling in late summer.

Nevertheless, the possibility of direct settlement of C. granu-
lata megalopae in siphon holes cannot be discarded. Muddy sand

substrata (such as those occurring at both study sites) also pro-
motes an eariier metamorphosis of C. granulata megalopae when

compared with coarser sediment types. Despite the fact that a

combination of muddy substrata and adult chemical cues deter-

mines the shortest time to metamorphic molt, muddy sand sub-

strata alone have an important effect (Gebauer et al. 1998). If we
assume that muddy sand substrata alone may also induce settle-

ment of C. granulata megalopae, settlement in sites other than

adult burrows is plausible. In addition, Gebauer et al. (1998) found

that artificial substrata of the same grain size do not have the same
effect on metamorphic molt, suggesting that characteristics other

than grain size are relevant for the induction of metamorphosis
(see Pawlik 1992). As previously mentioned, sediment from adult

burrows and sediment depressions in association with adult bur-

rows are organically richer than those of the surrounding flat.

Taking into account that this species behaves as a deposit feeder in

unvegetated sediment fiats, it is likely that high levels of organic
matter may function as a cue for the settlement of megalopae of

this species. Although no data are available about the small-scale

distribution of organic matter around bivalve siphon holes, in-

creased levels may occur as a result of the enhancement of local

particle deposition caused by flow convergence toward the inhal-

ant siphon (see Ertman and Jumars 1988). Moreover, larvae may
respond to physical factors (see Pawlik 1992). Negative bottom

roughness elements (such as burrows and siphon holes) behave as

hydrodynamically quiet microhabitats (DePatra and Levin 1989).

Weak current conditions are commonly associated with habitats

that have a complex tridimensional structure (e.g.. oyster beds,

Wright et al. 1990). which may provide refuge for juvenile deca-

pods. Dungeness crab C. magister megalopae are able to select

positively for weak current conditions (e.g., Fernandez et al. 1994).

In addition, metamorphosis of the blue crab Callinectes sapidus

megalopae is accelerated by textural cues caused by the presence
of eelgrass (Forward et al. 1994). Burrows or siphon holes may
produce similar effects on C. gramdata megalopae.
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Siphon holes occupied by juvenile Chasinagnatluis graimlata

appeared modified with respect to the complementary of the pair.

These crabs enlarge the diameter of the siphon holes occupied by

them and larger crabs also construct lateral chambers. This may
occur as a result to the provision of space for both the crab and the

extended siphon. The thalassinidean shrimp Jci.xea noctiirna in-

habit burrows of the echiurid Maxmiielleria lankesteii. modifying

them by the excavation of semicircular side branches (Nickell et al.

1994). In addition, it was proposed that / noctiirna probably ben-

efit by the irrigation activities of the echiuran. which supply both

oxygen and food (Nickell et al. 1994). Pinnotherid crabs Pinnixa

schmiui and Scleroplax granulata behave as symbionts in burrows

of the suspension feeding burrowing shrimp Upogebia pugettiensis

of the Northwestern Atlantic (Kozloff 1987). Thus, the higher

proportion of juvenile C. gniniihita occurring in siphon holes cor-

responding to the inhalent siphon may be the result of selectively

favoring a site with a high inflow of food particles. However, we

do not know to what extent clam attributes are affected (e.g.,

decreased filtration and oxygen consumption rates in mussels with

pea crabs in the mantle cavity; Biembaum and Shumway 1988), to

determine if the relationship is commensalistic of parasitic.

It is also interesting to notice that the percentage of holes oc-

cupied by juvenile Chasmagnathiis gninutata was higher in the

site with a low density of adult burrows than in the site with a high

density of adult burrows. This pattern indicates that where habitat

structure is poor, small scale sediment features may be important

as settlement sites and/or refuges for this species. We also believe

that the strategy of settling into holes of bivalves or other burrow-

ing species may be a fairly common phenomenon. For example,

new settlers of the Dungeness crab Cancer inagister have been

found in holes of burrowing shrimps in the Grays Harbor estuary

(Washington, USA: O. Iribarne, pers. obs.) but their importance

has never been quantified.
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POPULATION BIOLOGY OF XIPHOPENAEUS KROYERI (HELLER 1862) (DECAPODA:
PENAEIDAE) FROM UBATUBA BAY, SAO PAULO BRAZIL
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ABSTRACT The population structure and abundance of Xiphopenaeus kroyeri (Heller, 1862) were analyzed during monthly samples
from October 1992 to September 199.3 in Ubatuba Bay (23°26'S and 45°02'W). Brazil. Sampling was carried out at two parallel

transects: one of them located in its midregion and the other at the mouth of the bay. After trawling, shrimps were separated from other

benthic organisms, sexed. and counted. Their total length was also measured, and the degree of gonadal development was assessed.

Xiphopenaeus kraxeri. the most common penaeid species in the bay. was recorded in all samples, but its abundance decreased from

November to March. Size ranged from 14.3 to 1 18.3 min in males and from 12.7 to 133.6 mm in females, suggesting a slight sexual

dimorphism related to body size. Males prevailed during most of the year; whereas, females predominated during summer and

midwinter. Based on the percentage of mature females during this study, two main reproductive periods were identified, occurring in

spring and autumn. Despite some breeding activity throughout the year, such a trend indicates that the population follows a tropical/

subtropical reproductive pattern.

KEY WORDS: Population biology, Penaeidac, Xiphopenaeus kroxeri. reproduction, sex-ratio

INTRODUCTION

Xiphopenaeu.s kroyeri is the most intensively exploited shritiip

species in Sao Paulo State. According to Pires (1992), X. kroyeri

and the swimming crab Portumis spinicarpus (Stimpson 1871 ) are

the most abundant species of the benthic niegafauna in the conti-

nental shelf off the study area. This species represents the second

most important fishery resource along the coa.st of Sao Paulo State

(Rodrigues et at. 1993), and its trophic relationships may be es-

sential in maintaining the stability of benthic communities (Pires

1992), Despite being an extremely abundant species along the

Brazilian coast, information on the biology, ecology, and behavior

of X. kroyeri is scarce (Vieira 1947, Mota-Alves and Rodrigues

1977, Cortes and Ciiales 1990, Cortes 1991, Rodrigues et al. 1993

and Branco et al. 1994).

Because of the complexity of their life cycle, studies on penaeid

shrimp populations (e.g., migration and reproduction) are needed

to improve fishery management. Boschi (1969) pointed out its

importance when he studied Artemesia longinaris Bate 1888 in

Mar del Plata, noting a continuous change of its age composition
structure.

The study of penaeid reproductive cycles is also important, and

usually is achieved by means of recording the degree of gonadal

development in sampled specimens. In this procedure, a number of

development levels are established and described, usually ranging

trom three to five (i.e,, immature, in maturation, almost mature,

mature, and spawned). Relevant contributions concerning the re-

productive biology of different penaeid shrimp species are Vieira

(1947), Olguin-Palacios (1967), Perez-Farfante (1969), Mota-

Alves and Rodrigues (1977), Motta-Amado (1978), and El Hady et

al. ( 1990). This study examines the abundance and the population

biology of X, kroyeri in Ubatuba Bay, Ubatuba, Sao Paulo, Brazil,

with emphasis on its population structure and reproductive period.

MATERULS AND METHODS

Monthly trawlings were carried out from October 1992 to Sep-
tember 1993 in Ubatuba Bay. Samples were taken along two

transects: transect A, located at the shallow midregion of the bay,

and transect B located at the deeper bay mouth (Fig. 1 ). Trawlings
were accomplished with an otter trawl net ( lO-mm mesh cod end)

and were conducted at constant speed for 1 h, covering a 7,400 m"

area. The shallow region of the bay is strongly affected by coastal

environmental conditions, receiving freshwater drainage from four

rivers. Otherwise, the deep stratum is to subject a greater oceanic

influence.

Some physical factors were monitored at each transect. Bottom

water temperature was obtained with a Nansen bottle provided

with a thermometer (±1.0°C). Depth was obtained by means of a

marked rope attached to the Nansen bottle, and a VanVeen grab

sampler was used to obtain sediment samples. Sieving analysis

according to Wentworth grades were carried out for grain size

classification. Sediments were .sorted using the phi-.scale (<()) in

1.0-<t) intervals between -1.0
{j> and 4.0 <|)- including the fractions

under 4.0 i) (Hakanson and Jansson 1983). Sediment organic con-

tents were obtained using the loss on ignition method (Hakanson
and Jansson 1983),

The shrimps were separated, sexed, and measured (total length,

TL) with a vernier caliper to the nearest 0. 1 mm. A Student's r-test

was used to detect size differences between sexes. Box plots were

performed for males and females in each month to analyze the

population structure through the study period. Monthly .sex ratios

were also obtained.

Median size differences between transects were tested in each

month using a Mann-Whitney U-test and among months in each

transect using a Kruskal-Wallis test (Si'egel, 1956).

In each trawl, subsamples from 200 to 400 individuals were

separated for examination of gonads. In females, four development

.stages were considered according to Motta-Amado (1978): I-

immature, Il-developing, Ill-mature, and IV-spent. In males, the

presence (or absence) of spermatophores in the terminal ampoule
was recorded.

Monthly sex ratios and proportions of mature females were

statistically compared by means of a Goodman's test ( 1964, 1965),
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25'

26'

-27

Figure 1. Map of Ubatuba Bay showing the position of sampling
transects.

This analysis is based on the binomial proportion comparison for

contrasts between and within multinomial populations. These re-

suhs were analyzed at the 5% significance level.

To estimate the mean size of first maturation in each sex. the

Gallon's Ogive, Fr =
1
- t-""^'-'' (Fonteles-Filho 1989). was

adjusted to fit the total length (TL. independent variable) versus

relative frequency of mature individuals (Fr. dependent vanable)

scatterplots. Mature individuals were defined as male with full

terminal ampoule and females with gonads in stage II. III. or IV.

RESULTS

Water temperature averaged 2.3.16 ± 2.97°C (ranging from 20

to 28°C). with highest values recorded from February to April.

Mean depth at transect A is 7.6 ± 1.3 m. Along this transect

sediments are very poorly sorted (ct,
= +2.025), mainly consisting

of fine sand (Mz = 2.73 <j)) with a high percentage of organic

contents (11.66 ± 2.149?-). Average depth at transect B is 14.6 ±

0.74 m. Sediments are moderately sorted (<j
= +0.525). composed

by very fine sand (Mz = 3.40 i>) and low organic contents (2.97

±0.61%).

Xiphopenaeiis kroyeri was very abundant in the area (5.027

individuals in transect A and 5.282 in transect B) during all sam-

pling periods, e.xcept from December to February in transect B

(Fig. 2). This fact indicates a seasonal abundance variation.

Females ranaed from 12.7 to 133.6 mm (74.52 ± 17.47) and

^^1 Transect A
I I

Transect B

/\pr Ma> Jun

Months

Aug Sep

Figure 2. Monthly abundance of .V. kroyeri in both transects.

males from 14.3 to 1 18.3 mm (71.82 ± 14.01), indicating a sexual

dimorphism, in which females attain a larger size (Student's r-test,

t
= 8.825, p< .0001).

Mann-Whitney comparative analyses of size frequency distri-

butions in transects A and B revealed significant size differences in

Oct. 1992, Apr., May, June, and Aug. 1993 (Table 1. Figs. 3 and

4), showing that the population is not equally distributed in these

areas. During Oct. 1992, April, and June 1993. larger shrimps were

sampled in transect A. and during May and Aug. 1993. larger

specimens were captured in transect B.

Differences in shrimp median size were repeatedly verified

among sampled months (Kruskal-Wallis, p < .001) (Table 2, Figs.

3 and 4). However, they were too complex to reveal recruitment

pattern.

Males were generally slightly predominant, but the sex ratio

varied throughout the year. In November 1992. January and July

1993 (Fig. 5). an increase (Goodman's test, p < .05) of the relative

number of females was observed, when sex ratios attained 1 : 1 .78;

1:1.28, and 1:1.2, re.spectively.

Xiphopenaeus kroyeri breeds all year, but higher reproductive

activity was verified in some periods. Based upon the data ob-

tained from gonadal analysis in females, it can be concluded that

higher reproductive activity occurred in November 1992, and

March, August, and September 1993 (Fig. 6). In the case of males,

higher proportions of individuals with full terminal ampoule were

recorded in two main periods (November 1992 and May 1993)

(Fig. 7). Males achieve sexual maturity (68.02 mm) at a smaller

size than females (83.19 mm) (Fig, 8).

DISCUSSION

The abundance of X. kroyeri showed a marked seasonal varia-

tion. During the summer period (December to March) this species'

abundance is lower, mainly in the deeper portion of the bay. Sig-

noret (1974) observed that X. kroyeri follows a similar pattern in

the Terminos Lagoon (Mexico), with low abundances from sum-

mer to fall.

The low abundance of A', kroxeri during summer may be related

to the intrusion of a cold current. Castro-Filho et al. (1987) indi-

cated the presence of three oceanic currents in the Ubatuba region,

the coastal water (CW) (T > 20°C), the South Atlantic central

water (SACW) (T < 18°C), and the tropical water (TW) (T >

20°C). Pires (1992), who studied the benthic megafauna commu-

nities in the continental shelf of Ubatuba region, observed by
means of a cluster analysis that there is a close association between

some species abundance and specific environmental conditions.

This is the case of positive correlation between X. kroyeri and the

prevalence of CW during winter.

Despite different sediment features found in each transect, the

incoming SACW during summer could be the most important

physical factor influencing the distribution of this species. The

physical action of the current itself together with low temperature

conditions would restrain the population distribution of .Y. kroyeri

within the study area.

Statistical differences in shrimp median size among sampled
months do not support a growth model through time, which could

have explained the growth pattern in this population. The great

fishery effort in Ubatuba Bay probably affects the species, as

observed by Somers et al. ( 1987) in P. escidentus Haswell in the

ToiTes Strait (Australia), who suggested a continuous recruitment

and/or the existence of a size-dependent source of mortality. In the

present study, the comparison of shrimp size in transects A and B,
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TABLE 1.

Mann-Whitney analysis in .V. kroyeri size comparisons in eacli montli between transects in Ubatuba Bay.
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PRODUCTION AND RESOURCE ALLOCATION IN THE PERIWINKLE, LITTORINA LITTOREA

(LINNAEUS 1758), ON PENDLETON ISLAND, NEW BRUNSWICK
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Saint John, New Brunswick, E2L 4L5

Canada

ABSTRACT An intertidal population of Litlonna linnifa L. from a rocky shore on Pendleton Island. New Brunswick, Canada was

analyzed to determine its demographic structure and the energy allocated to gamete production, somatic growth, and the synthesis of

organic shell matrix. Total production, calculated as the sum of somatic growth (Pg), shell growth (Ps). and the production of gametes

(Pr), was 151 kJ/m'^/y'. The percentage of production allocated to Pg. Ps, and Pr was 60.0, 5.9, and 36.1%. respectively. Younger

cohorts (0 and 1) were responsible for the bulk of shell (41.5 and 20.5%, respectively) and somatic production (58.5 and 79.5%,

respectively), but for 0% of the reproductive output. As compared to other populations of L lillorea. the proportion of total production

allocated to gamete production by the population on Pendleton Island was higher.

KEY WORDS: Liuorina linorea. production, resource allocation, reproduction

INTRODUCTION

Estimates of production are useful in assessing contributions of

marine species to energy flow through the ecosystetn (Rodhouse

1979, Griffiths 1981a, Griffiths 1981b, Vahl 1981 ) in addition to

determining the suitability of different habitats to producers

(Bayne and Worrall 1980). Among mollusks, bivalves have re-

ceived the most attention (Cerastodenna edule, Ivell 1981, Pla-

copecten magellanicus. MacDonald and Thompson 1986, Mytilits

edidis. Bayne and Worrall 1980, Thompson 1979, and Gardner and

Thomas 1987a) largely because of their commercial and ecological

importance.

The common periwinkle, Littorina littorea (L.), is one of the

most widely studied marine gastropods. Extensive literature exists

regarding its biology (Gegenbaur 1852, Caullery and Pelsener

1910, Linke 19.33, Fretter and Graham 1962), breeding cycle (Tat-

ter.sall 1920, Elmhirst 1923, Moore 1937. Williams 1964, Fish

1972. Chase and Thomas 1995a) and growth (Hayes 1927. Moore

1937, Ekaratne and Crisp 1982. Gardner and Thomas 1987b).

However, there is a paucity of data on its production and allocation

of resources. Grahame (1973) examined the importance of lepro-

duction as a pathway of energy flow when he calculated both the

production of .somatic tissue and gamete production of L. littorea

in North Wales, Hughes and Roberts (1980) compared the repro-

ductive effort of L. littorea to that of L. neritoides, L. nigrolineata

and L ritdis in North Wales. In Canada, the only study that has

calculated secondary production of L littorea was that of Gardner

and Thomas (1987b) on a population at Welch's Cove, Bay of

Fundy. In their study, however. Gardner and Thomas (1987b)

considered only the partitioning of energy between somatic and

shell growth; reproductive output was not considered. No study to

date has looked at all components of production (somatic growth.

shell growth, and the production of gametes) and the allocation of

resources to those components. L littorea is the most dominant

mollusk within the midlittoral zone of rocky shores on Pendleton

Island and throughout most of the Bay of Fundy (Gardner and

Thomas 1987b). Knowledge of the production and allocation of

resources in populations of L littorea will provide information

critical to the understanding its life history, and importance to the

rocky shore community. The objective of this paper is twofold.

The first is to calculate secondary production as the sum of all

components (somatic, shell, and gamete) to detemune the propor-

tion of total production allocated to gamete production. The second

is to deterinine the age-specific pattern of energy partitioning be-

tween growth (somatic and shell) and reproduction.

MATERIALS AND METHODS

Study Site

Pendleton Island is located in New Brunswick, Canada at

45°02'N and 67''56'W within the Deer Island Archipelago (Fig, 1),

The climate and oceanographic setting have been summarized by

Thomas et al. (1990). The collection sites were on an approxi-

mately 100 m long section of shore in Pendleton Passage, a shel-

tered channel with high tidal currents ranging up to 0.47 and 0.60

m/s' for the ebb and flood of spring tides, respectively (Thomas

et al. 1990). The upper shore is predominately sedimentary, with

scattered rocks and outcrops, and L. littorea are abundant through-

out this area.

Demographics

Monthly samples of L littorea were collected between May
and September, 1988 and May and October, 1989. Samples com-

prised approximately 1,000 individuals, collected randomly from

all tidal levels along three transects. The spire height was measured

using computer-assisted vernier calipers. Gardner (1986) has

shown that age of Z.. littorea cannot be ascertained accurately from

growth ring analysis. Therefore, length frequency histograms were

plotted, and the cohort placement of Cassie (1954) was used to

analyze the demographic structure of the population. Although it is

accepted that cohort identification by such a means may be sub-

jective, we feel that regular sampling of the population and the

incorporation of a settlement study (Chase and Thomas 1995a)

more than compensated for the subjectivity of this method.

Production

Secondary production was calculated using the following rela-

tionship,

P = Pg 4- Pr -I- Ps ( I )

where; P = total production; Pg = energy incorporated into so-

937
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Figure 1. Location of Pendleton Island in tlie Deer Island Archipelago, New Brunswick, Canada.

matic growth; Ps =
energy incorporated into the shell matrix; and

Pr =
energy expended on gamete production.

Secondary production for the somatic and shell parts for the

1988 and 1989 study periods was estimated using the increment

summation method outlined by Rigler and Downing (1984). This

method calculates production of cohorts as the sum of the change
in biomass over specified time intervals.

The density of the population was estimated from a population

census along each of three transects running perpendicular to the

shore line. The number of L. liaorea in every 5th m" were counted,

and a random sample of 25 were measured for spire height. Bio-

mass was determined monthly for each size class or cohort (from

demographic analysis) m grams of ash-free dry weight (AFDW).
This was done by interpolating the mean spire height of each

cohort onto the graph of the log regression of the AFDW (somatic

tissue and shell) on the log spire height of 50 individuals in the

population at each sampling time. All regression equations were

highly significant (R" > 0.8). This estimate of weight was then

multiplied by the cohort density to give an estimate of biomass in

gAFDW/m~. Biomass determination formed the basis of produc-

tion calculations. Biomass estimates were converted to energy

units using the following conversion of Grahame (1973) of 24.7

kJ/mg' AFDW.
The reproductive output was calculated directly for females

using the direct method of Crisp ( 1984). L. liuorea females, of a

range of spire heights, were housed individually in plastic jars, and

the spawn from each was collected (Chase and Thomas 1995b).

Four samples of approximately 2,000 eggs were incinerated in a

muftle furnace at 435°C for 3 h for ash-free determinations. Be-

cause there was little variation in the calculated weights, the mean

of the samples were used in all calculations.

The reproductive output of males could not be calculated di-

rectly as in the females. Indirect analysis of fecundity was based on

the mean gonad weight before and after spawning was known to

have occurred (weight loss following spawning). For comparison

purposes, the female reproductive output was also calculated using

the indirect method (Crisp 1984). From May to November, 1989

samples of approximately 230 L. linorea were collected from

Pendleton Island and taken to the laboratory, where they were

maintained without food in running aerated seawater for 48 hours

to allow the gut to clear (Grahame 1973). Histological analysis of

the gonads of L. littorea in Pendleton Island revealed that the

breeding season was between May and October, and spawning

generally occurred between June and September (Chase and

Thomas 1995a). Samples of approximately 100 each of males and

females were killed by boiling for 1 minute. The gonadal region

(including the penis and prostrate in the males and the shell gland

of the females) was dis.sected out and weighed before and after

drying for 48 h at 60"C. In L. littorea. the gonadal tissue is found

closely associated with the digestive system and could not be

separated for individual measurement. It was assumed that by

emptying the gut and consistently taking the same tissue for each

sample, any difference in weight would be attributed to changes in

the gonad. However, estimates of reproductive output may be

more variable as a result of this approach. Samples were inciner-

ated in a muffle furnace at 435°C for 3 h for ash-free determina-

tions. Covariance analysis of gonad weight versus spire height was

used to test for significant changes in gonad weight between sam-

pling dates. This may indicate spawning. Further evidence of

spawning was obtained through histological examination of the

gonadal tissue (Chase and Thomas 1995a). The differences in

gonad weight between these data was used in the calculation of
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gamete production. Bioniass estimates for gonadal tissue were

converted to energy units using the conversion of Grahame { 1973)

of 26 kJ/mg' AFDW.

RESULTS

Demography 1988

Figure 2(a-c) are histograms of the population of L liltorea on

Pendleton Island at peak reproductive times (i.e.. settlement); May
(Fig. 2a), July (Fig. 2b). and August (Fig. 2c) 1988. Summary of

mean spire height (mm ± SD) and density (number of individuals/

m") of each cohort are shown in Table 1. Cassie (1954) analysis

revealed that the population was composed of four cohorts from 3

years in 1988. In May, the population was dominated by mature

individuals (>13 mm), which represented l\9'c of the population.

The percentage of mature individuals in the population declined

throughout the season to 46 and i29c of the population in July and

August, respectively, as a result of settlement of new cohorts and

subsequent reduction of older individuals from the population.

Settlement on Pendleton Island seems to in\ olve the recruitment of

two distinct cohorts, cohorts 0+ in July (Fig. 2b) and 0++ in

August (Fig. 2c). Two cohorts per year remained discemable until

the end of the first year, after which only one cohort per year could

be identified. This is because older individuals have a very slow

growth rate as opposed to the young, faster growing cohorts (Wil-

liams 1964), resulting in a merging of the younger cohorts with the

older. In 1988, the newly settled cohorts (0+ and 0++) comprised

22.87f of the population at the end of the breeding season.

Demography 1989

Figure 2(d-f) are histograms of the population at peak repro-

ductive times in May (Fig. 2d), Augu.st (Fig. 2e), and October (Fig.

2f) 1989. Summary of mean spire height (mm ± SD) and density

(number of individuals/m") of each cohort are in Table 1. Cassie

( 1954) analysis revealed that the population was composed of four

cohorts from 3 years [
1 a and 1 b, ( 0++ and 0-H of the previous year),

2, and 3]. A cohort four was detected in May and August, but

comprised only 5 and 0.3'7r of the population in each month. In

1988 1989

(A) .MAY 4

14 21 28

LENGTH (mm)

14 21 28 35
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TABLE 1.

Summary of the mean spire height (mm ± SDl and density (number of individuals/m") of the component cohorts in the Littoriiia littorea

population at Pendleton Island at sampMng intervals in 1988 and 1989.

1988
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TABLE 2.

Efjtimated production (kj/m') of shell (Ps. 1988 and 1989), somatic tissue (Pg, 1988 and 1989), and the production of gametes (Pr, 1989) of

Littorina liltorea on Pendleton Island,

Production (KJ/m'/v')
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Production

Secondary production estimated for L litiorea on Pendleton

Island in 1988 was measured as the production of somatic tissue

and shell. Reproductive output was not included. In 1989. gamete

production comprised 36.1% of the total production; thus, any

calculations fori., littorea in 1988 were underestimated. Compari-

son of the somatic and shell production estimates in 1988 and 1989

revealed that there was no difference between years, despite a

difference in the duration of the sampling season. In 1988, pro-

duction was measured from early May to late August as compared
to early May to late October in 1989. a difference of approximately

8 weeks. A breakdown of production in 1989 into two time peri-

ods: May to late August and late August to late October; however,

revealed that the majority of shell (64.7%) and all of the somatic

production ( 100%) occurred in the May to late August time period.

Comparisons of total secondary production values of L littorea

are difficult, because no studies have examined all components of

total production (somatic tissue, shell growth, and reproductive

output). There are. however, .studies where somatic tissue and/or

gamete production have been measured, so some comparisons are

possible. Gardner and Thomas (1987b) measured somatic tissue

production for a population of L. littorea at Welch's Cove in the

Bay of Fundy. Their calculated value was approximately 3X larger

than our figures; although the populations at each location were

very different, which may prevent comparisons between the stud-

ies. The study of Gardner and Thomas ( 1987b) was restricted to a

small portion of the intertidal zone and had much higher densities

than our study (657 to 934 individuals/ni" versus 28 to 86 indi-

viduals/m"). In contrast, our study examined the entire intertidal

zone.

Grahame (1973) calculated somatic production and gamete

production of a population of L. littorea at Anglesey, Wales. Total

production of these two measures was 852.51 kJ/ni" [somatic pro-

duction = 629.510 kJ/m" ( 138 kcal/nr) and gamete production
=

223 kJ/m" (46.7 kcal/m~)]. The estimate of gamete production in

this study was only 54 kJ/m". only 24% of that reported by Gra-

hame (1973). The population in that study, however, contained

many larger individuals (spire height > 25 mm). On Pendleton

Island in 1989, the percentage of the population comprising indi-

viduals with a spire height > 25 mm was less than 3%. Because

fecundity increases with spire height in L. littorea (Grahame 1973,

Hughes and Roberts 1980, Chase and Thomas 1995b), it would be

expected that we would observe a larger Pr for a population com-

posed of larger, more fecund individuals.

No estimate of the production of the shell matrix for L. littorea

was found in the literature. Values from other studies indicate that

shell production in bivalves is usually <5'7r of total production. For

L. littorea, the organic component of the shell represented 6% of

the total production in 1989. As such, it seems that, for L. littorea.

the majority of the secondary production, was attributed to the

production of somatic tissue and gametes.

Considering such a large amount of energy is required for the

production of gametes, it would be expected that there would be a

close coupling between the reproductive cycle and energy avail-

able for growth. Our data are in keeping with the general obser-

vation that animals devote a greater share of the production to

reproduction as they age (Fig. 3). However, the proportion of total

production allocated to reproduction in the L. littorea population

on Pendleton Island was higher as compared to other studies.

Hughes and Roberts (1980) examined the proportion of total

production allocated to reproduction (Pr/Pr -i- Pg) for different age

classes of four Littorinid species, including L. littorea. They ob-

served, for all species, that the proportion of total production al-

located to reproduction increased linearly during a phase of rapid

growth, but began to level off abruptly toward its asymptotic value

of 80 to 100% (Hughes and Roberts 1980). For L. littorea. spe-

cifically, the proportion allocated to reproduction increased from

to 100% in 9 years, with the asymptote occurring at age 5 (Hughes
and Roberts 1980). In this study, only four cohorts were discem-

able. either because older individuals were not present in the popu-

lation, or they were so few in numbers so as not detectable using

this method of cohort determination. Over the 4 years, however,

the proportion of total production allocated to reproduction in-

creased linearly once maturity was reached (cohort 1 ). For an age

4 individual, the proportion of total production allocated to repro-

duction (Pr) in L. littorea was approximately 60%' in the study of

Hughes and Roberts ( 1980). In this study. Pr in an age 4 individual

was 76.87r.

Alternative estimates of the proportional allocation to repro-

duction include the ratio of gamete to somatic production (Pr/Pg).

In this study. Pr/Pg was 61.7%. This estimate is high as compared
to studies on other gastropods, including L. littorea. where Pr/Pg

was calculated; 34% (L. littorea. Grahame 1973). 30 to 40% (La-

cuna vincta. Grahame 1982), 25% (Lacuna pallidula. Grahame

1982). and 11.7% (Fissurella barbadensis. Hughes 1971).

Developing hypotheses to explain the higher allocation to re-

production (Pr) observed in this study is partly hampered by only

1 year of measurement. In many studies, the larger Pr may reflect

older populations, because Pr generally increases with the age of

an indi\idual (Hughes and Roberts 1980. this study). The popula-

tion monitored in this study was made up of young individuals

(only four cohorts detected in each year). A high allocation to

reproduction in such young animals might be expected if this

population is subject to high mortality and lowered life expectan-

cy. This reduced life expectancy may be the result of environmen-

tal conditions. The population of L. littorea on Pendleton Island is

situated in a passageway where there is a very strong current.

Average surface currents 3 hours before and after low tide gener-

ally exceed 1.3 m/s'. bottom currents have been measured at 0.47

to 0.60 m/s' (Thomas et al. 1990). Many studies examining the

effect of wave exposure on the population energetics of gastropods

have found greater mortality and a larger amount of energy de-

voted to reproduction (e.g.. Hughes and Roberts 1980; Hart and

Begon 1982; Etter 1989). In addition to mortality caused by en-

vironmental conditions, it was found that at least 25% of the larger

animals examined had parasitic infestations of the digenetic treraa-

tode larvae. Cryptocotyle lingua (Crepling) (Chase and Thomas

1995b). Similar infestations have resulted in the destruction of the

digestive gland, castration, and change in the migration pattern

(Fretter and Graham 1962; Lambert and Farley 1968). Such infes-

tations may explain the absence of larger/older individuals on this

shore.

SUMMARY

The results of this study revealed that estimates of population

production of L. littorea were much lower than values reported in

the literature. Rates of secondary production are known to vary

widely in nature and are affected by a variety of biotic and abiotic

characteristics of the environment (Plante and Downing 1989).

Such variation in production may be the result of independent or
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combined effects of annual differences in such environmental fac-

tors as water temperature and/or food supply, variation in density,

age structure, and allocation to growth and reproduction. Density

and age structure have been proposed as factors causmg the lower

somatic and gamete production values observed in this study.

However, despite lower estimates of production, the proportion of

total production allocated to reproduction (Pr) measured as both

the proportion of total production (Pr/Pg + Pr + Ps) and somatic

production (Pr/Pg) was higher in this study by approximately 20%
as compared to estimates for L Httorea in the literature.

The Bay of Fundy exhibits a great diversity of marine .species,

a combination of the influx of larvae, propagules. and adults from

the Labrador Current and the Gulf of Marine waters, and the high

productivity as a result of the vigorous tidal mixing (Thomas et al.

1990). Prior research on the population of L. liitorea in Pendleton

Passage revealed high growth rates, large recruitment densities,

and high reproductive outputs (Chase and Thomas 1995a. b). How-

ever, analysis of the demography, production, and resource allo-

cation of the population of L. Httorea in Pendleton Passage seems

to be more characteristic of an environment with very harsh con-

ditions; that is, fewer older individuals, faster turnover rates, and

lower total production, with a greater proportion of total produc-

tion allocated to reproduction. It is likely that the high tidal cur-

rents are a major influence on the population of L. Httorea in

Pendleton Passage. However, additional information will have to

be gathered before we can speculate on the effects of high tidal

energy on this population of L. Httorea.
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ABSTRACT Allozyme electrophoresis was used to investigate stock integrity of Patella aspeni (
= P. iily.ssiponeiisis) and Patella

camlet {Molliisca. Patellogastropoda) from the Madeira Archipelago. Samples from the north of the island of Madeira (Pono Moniz)

and the north of Deserla Grande were taken for both species, and a sample of P. aspera was also taken from the south of the island

of Madeira (Canine). Twenty-one putative loci were resolved and analyzed for both species. Significant differences in allele frequencies

were found between locations in each species, suggesting the presence of different genetic stocks. P. candei was found to be slightly

structured with a small standardized variance in allele frequencies between samples from Porto Moniz and Deserta Grande (Fsy
=

0.036); whereas, P. aspera was highly structured, with an Fsj value over all subpopulations of 0.157. Our results indicate more genetic

interchange between the populations from the north of Madeira and Desena Grande than between north and south Madeira. Our

findings are consistent with surface water-mass circulation patterns from northwest to southeast along the Madeira Archipelago,

determined mainly by the Canary Current. Species with low dispersal and a high degree of spatial genetic structuring among

subpopulations are more susceptible to collap.se caused by overfishing than those wnh high dispersal capabilities; therefore, the

individual management and control of these biological units is recommended.

KEY WORDS: Mollusca, patellogastropoda. Patella, population genetics, stocks, allozymes

INTRODUCTION

The stock concept was first desciibed by Larkiti ( 1972) as: "a

population of organism.s shainng a common gene pool, that is

di.screte to warrant consideration as a self-perpetuating sy.stem that

can be managed." This concept, primarily applied to fish species,

has been widely used with different connotations by the fisheries

community, politicians, and biologists. Stock, as a tnanagement

unit, may also be defined as the extent of a population or mi.xed

populations over which a fishing activity occurs. Therefore, it may

comprise more than one biological stock or subpopulation (Hedge-

cock 1986).

In the 1970s, allozyme electrophoresis emerged as a powerful

tool to recognize biological stocks by means of genetic informa-

tion (Gall 1986, Hedgecock 1986, Utter 1986, Utter 1991, Shep-

herd and Brown 1992. Avi.se 1994). Once the genetic structure of

an exploited species is understood, the fishery can be regulated so

that harvesting of each subpopulation can be managed and con-

trolled individually (Allendorf et al. 1988). However, despite its

importance, the "stock-composition" strategy has been practiced

rarely in fisheries management (Pella and Milner 1988).

P. aspera Roding, 1798 (= P. tilyssipimensis Gmelin, 1791)

and P. candei d'Orbigny, 1840 are two palellogastropod limpets

distributed throughout the Macaronesian Archipelagos, where they

represent an important food resource. In recent years, they have

been intensively exploited for subsistence and for commercial pur-

poses. In the Azores, both species have been declining for many

years (Martins et al. 1987. Menezes 1991. Corte-Real et al. 1996).

Recent works on the population genetics of these limpets, using

allozyme electrophoresis (Corte-Real 1992, Corte-Real et al. 1996.

Weber et al. in preparation), have shown high macroscale struc-

turing of their populations. The aim of the present work is to study

the structuring of these species within the Madeira Archipelago, to

find out if there are different biological stocks. This work forms

part of a fisheries management strategy by the regional govern-

ment.

MATERIALS AND METHODS

Sampling Sites

Samples of Patella aspera and Patella candei were taken from

the Madeira Archipelago (Fig. I ). Samples of both species were

taken in July 1994 from Porto Moniz (north Madeira) and from the

north of Deserta Grande in March 1995. An additional sample of

Patella aspera was taken from Canifo (south Madeira) in July

1994. Locations in Madeira were chcsen from those points where

human activity is concentrated. Sample sizes (n) are specified in

Tables 2 and 3. All samples were transported live to the Port Erin

Marine Laboratory, where they were frozen at -78°C until re-

quired for electrophoresis.

Electrophoresis

Homogenates were prepared by macerating foot muscle in

buffer Tris-HCl. pH 8.0, and then centrifuged at 10,000 rpm for 5

min. Supematants were used afterward for electrophoresis. Stan-

dard horizontal 12.5% starch gel (Sigma-Aldrich Co, Ltd,) elec-

trophoresis was carried out using the following buffer systems: (I)

Tris-citrate, pH 8.0 (Siciliano and Shaw, 1976) and fll) Tris-

citrate-EDTA. pH 7.0 (Ayala et al. 1972); (III) Discontinuous

Tris-citrate-borate, pH 8.2-8.7 (Poulik 1957); (IV) Tri.s-citrate-

borate-LiOH, pH 8.26-8.31 (Redfield and Salini 1980); (V) Tris-

borate EDTA, pH 9.0 (Ayala et al. 1974). Specific staining pro-

cedures for the enzyines analyzed (Table I) followed the tech-

niques of Brewer (1970), Shaw and Prasad (1970), Harris and

Hopkinson (1976) and Murphy et al. (1990).
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MADEIRA ISLANDS ^
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Figure 1. (*) Sampling sites for P. caitdei and P. aspera (see text for

details).

Allele frequencies, mean expected heterozygosity, Nei's ( 1978)

genetic identities, and x' tests for homogeneity in allele frequen-

cies were calculated using the statistical package BIOSYS-1

(Swofford and Selander 1981). For those individual tests of het-

erogeneity that showed p < .05, contingency tables were checked

using G (log-likelihood ratio)-test with pooling when more than

two alleles, and expected frequencies less than five were observed.

Yate's correction was also applied for those 2x2 tables, p-values

after G-test were reported in Tables 2 and 3 only when they were

notably different from those obtained by the common x"- Unbiased

inbreeding coefficients, F,s and F,y (Weir and Cockerham 1984)

and the genetic variance between populations (F^-,). with their

respective 95% confidence intervals, estimated from a bootstrap

procedure of 15,000 resamplings, were obtained by the FSTAT

Program, version 1.2 (Goudet 1995). Numbers of migrants be-

tween populations per generation (n^^) were calculated by using

Slatkin"s ( 1993) formula: n^.,„
=

(I/F^t-I )/4. Loci were numbered

according to increasing anodal mobility.

RESULTS

Twenty one loci were resolved for both species. Est-D was only

resolved for P. candei and LAh-l only for P. aspera. Allele fre-

quencies, variability measures, F-statistics. and results of the x"

test for the homogeneity in allele frequencies are summarized in

Tables 2 and 3 for P. candei and P. aspera, respectively.

Variability

The locus Gludh was fixed for the same allele in all populations

of both species, and Mdh-l was fixed in all the populations of P.

aspera. High levels of polymorphism (76-85.7%) and heterozy-

gosity were registered for both species. P. aspera populations

showed higher values of heterozygosity (all over 21%) than P.

candei {around 10 to 12%). Mean number of alleles per locus was

also higher in P. aspera (4.4) than P. candei (2.7).

Differentiation among Subpopiilations

Both species showed significant differentiation in allele fre-

quencies between locations (see x~ tests in Tables 2 and 3).

P. candei Subpopulations

candei samples

An FsT value of

The genetic identity (Nei. 1978) between P.

from Porto Moniz and Deserta Grande was 0.995

0.036 was found for the analyzed P. candei samples, indicating the

subdivision of the total population. The bootstrap 95% confidence

interval showed that the F^y value was close to but different from

TABLE 1.

Name, E.C. number, abbreviation, buffer system and number of loci for each enzyme analyzed

Enzvme Name
E.C.
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TABLE 2.

Patella candei: allele frequencies, F-statistics per locus, and over-all loci (with 95% confidence intervals

Bootstrap procedure) and contingency x'' test for the homogeneity in the allele frequencies for each

in parentheses obtained by

locus and over-all loci.

Allele frequencies F statistics per locus Homogeneity Test

Locus Allele DES (n = 50) MNZ (n = 50) F,,s

Aat-1

Aat-2

Est-1

Est-2

Est-D

Fbald

Gapdh

Gpi

Idhp-1

hihp-2

Uh-2

Mdh-1

Mdh-2

Mep-I

Mep-2

A
B

All

A
B

All

A
B

C
All

A
B

All

A
B

All

A
B

All

A
B

All

A
B

C
D
All

A
B

C
All

A
B

C
D
All

A
B

C
All

A
B

All

A
B

C

All

A
B

All

A
B

C
D
E

All

0.1 ?0

0.850

1.000

0.000

0.110

0.770

0.120

1.000

0.000

0.080

0.920

0.960

0.040

0.000

1.000

0.020

0.930

0.040

0.010

0.010

0.990

0.000

0.030

0.670

0.290

0.010

0.060

0.010

0.930

0.000

1.000

0.170

0.820

0.010

0.010

0.990

0.010

0.970

0.010

0.010

0.000

0.020

0.980

0.950

0.050

0.110

0.820

0.070

0.980

0.020

0.060

0.940

1.000

0.000

0.010

0.990

0.010

0.980

0.000

0.010

0.010

0.980

0.010

0.030

0.450

0.500

0.020

0.050

0.020

0.930

0.010

0.990

0.000

1.000

0.000

0.010

0.990

0.010

0.920

0.040

0.000

0.030

-0.010 0.085

-0.043

0.171

-0.010

-0.032

0.167

0.152 0.174

0.000 0.000

0.094

-0.000 0.041

-0.005

0.000 0.010

0.026

-0.000 0.031

0.000

-0.034 -0.019 0.014

-0.003 -0.010 -0.007

-0.081 0.149 0.074

0.241 0.232 -0.013

0.000 0.000 0.000

-0.196 -0.000 0.164

-0.000 -0.010 -0.010

10.865

5.128

1.473

2.020

2.083

4.082

1.005

4.464

1 .005

10.237

0.424

1.005

19.780

0.000

0.00191 1

0.00098*

0.05353t

0.02354

0.47878

0.15522

0.14892

0.11434t

0.04335

0.31610

0.21550

0.60499

0.01755t

0.01666

0.80887

0.31610

0.00005*

0.99835

-0.039 -0.027 0.011 5.932 0.20426

continued on next page
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Locus
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Patella aspera: allele frequencies, F-statistics per locus, and over-all loci (Hith 95% confidence intervals. bet\»een brackets, obtained by

bootstrap procedure) and contingency X' <est for the homogeneity in the allele frequencies for each locus and over-all loci.

Allele frequencies F statistics per locus Homogeneity Test

Locus

Aaf-I

Aat-2

Est- 1

Est-2

FhaUl

Giipcth

Gpi

hlhp-l

lilhp-2

Uh-1

Ldh-2

Allele

A
B
C
D
All

A
B
C
D
E
All

A
B

C
D
All

A
B
C
D
All

A
B
C
D
All

A
B
All

A
B

C
D
E
F

G
All

A
B

C
D
All

A
B

C
D
E

F

All

A
B

C
D
E
All

A
B
C
D
E
All

MNZ(n = KM))

0.025

0.005

0.230

0.740

0.005

0.080

0.790

0.115

0.010

0.115

0.625

0.115

0.145

0.045

0.790

0.155

0.010

0.000

0.250

0.745

0.005

0.250

0.750

0.005

0.005

0.895

0.025

0.000

0.065

0.005

0.010

0.980

0.005

0.005

0.010

0.010

0.010

0.000

0.670

0.300

0.010

0.955

0.025

0.005

0.005

0.045

0.260

0.595

0.070

0.030

CNC (n = 49)
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Aat-1 Mdh-2

Porto Moniz

\ \

Deserta Grande

Other Alleles

Figure 2. P. candei; geographic pattern (if allele frequencies along

Madeira archipelago at the Aat-I and Mdh-2 loci.

higher than in P. candei. indicating a higher tendency toward

heterozygote deficit with a mean over loci of 0.155 (see Table 3).

DISCUSSION

The mean observed heterozygosity obtained over all subpopu-

lations of P. candei (0. 1 11 ) is very close to the mean obtained over

subpopulations of the same species (0.117) by Corte-Real et al.

( 1996). The mean value of heterozygosity over the populations of

P. aspera at the Madeira Archipelago (0.195) is higher than the

value (0.1.37) obtained for the Macaronesian Islands by Corte-Real

(1992). Differences found between these values may be attribut-

able to different number of loci analyzed and the different number

of populations.

F,s values were high in both species, indicating an heterozygote

deficit. E.\cess of homozygotes is not uncommon in mollusks.

being already found in P. candei and P. caendea by Corte-Real et

al. (1996). It has been explained by the presence of null alleles,

inbreeding, negative heterosis, aneuploidy, and population mixing

(see further references in Corte-Real et al. 19961. However, we do

not have enough evidence to establish which is the case for ex-

plaining P. candei and P. aspera heterozygote deficit.

Our results showed that both species are structured in the Ma-

deiran Archipelago. Although P. candei was slightly structured,

maintaining le\ els of gene flow of about 6.7 migrants per genera-

tion between Porto Moniz and the north of Deserta Grande. P.

aspera was highly structured, with a gene flow of only 1 .5 indi-

vidual per generation between the same localities, 1.1 between the

north (Porto Moniz) and south (Cani(;o) of Madeira, and 1.7 be-

tween Caniij'o and the north of Deserta Grande.

The lenght of the pelagic phase during larval development of P.

aspera and P. candei is not known. Nevertheless, a larval dispersal

phase of about 4 days after fertilization has been described for P.

vulgaia and P. caendea (Dodd 1956). From the 4th day after

fertilization the veliger starts to become more sedentary until be-

coming completely benthic after metamorphosis, around the 9th

day after fertilization (Dodd 1956). A dispersal time of 4 to 9 days

suggests restricted dispersal capabilities.

Patella viilgata showed levels of structuring (F^y
= 0.027) at

a small and large geographic scale in the northeast of England and

in south Wales (Hurst and Skibinski 1995) similar to those of P.

candei in the Madeira Archipelago. Similar lengths of planktonic

larval life have been described for the highly structured popula-

tions of Tridacna gigas. suggesting that those lengths of larval

dispersal may not be sufficient to allow dispersal over large

stretches of the ocean (Benzie and Williams 1995).

When the dispersal capability of a species is considerably less

than its geographic range, genetic differences between subpopula-

tions should increase with the distance separating them (Slatkin

1987. Hellberg 1994). The pelagic larvae of P. aspera and P.

candei would have to travel at least 1 74 nautical miles from Porto

Moniz to reach the north of Deserta Grande, approximately 177

nautical miles to reach Canifo, but to cross from Canigo to the

north of Deserta Grande would have to travel only 16 nautical

miles. The surface water circulation along the Madeira Archi-

pelago is mainly caused by the Canary Current, which flows north-

west to southeast, at around 0.72 km/h (Lalli and Parsons 1995).

Pelagic larvae carried by this current would have to travel at least

18 days from the northwest of Madeira Island (Porto Moniz) to the

southeast in direction to Deserta Grande to reach the north of this

island. This period of time for limpet larvae to be in the plankton

seems too long to allow them to travel from one island to the other

before metamorphosis occurs. Nevertheless, more rapid transport

could occur during storms, and, perhaps larvae can extend their

pelagic phase for a time when no suitable substrate for settling is

available. Smith (1935) obtained metamorphosis in few individu-

als of P. viilgaia, around 2 to 3 weeks after fertilization. Certain

gastropods, as well as the larvae of many other invertebrates, can

delay settlement if a habitat suitable for postlarval survival is not

available ("delay period," Scheltema 1978).

Our data and the surface water circulation pattern suggest that

the gene flow between Porto Moniz and Canigo should be mainly

Me-2 Aat-1 Est-1 Sod-2 Est-2 ldhp-2

PortoMoniz

Deserta Grande ^ ^C^CD©
other Alleles

Figure 3. P. aspera: geographic patterns of allele frequencies along Madeira Archipelago al the Me-2. Aal-I. Est-l. Sod-2. Est-2. and Idhp-2 loci.
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• Porto Moniz

. CanJqo

Deserta Grande

94
—I

1 0092 94 96 98

Genetic Identity (Nei,1978)

Figure 4. P. aspera; UPGMA dendrogram by using Nei's genetic iden-

tities between subpopulations.

from the former to the latter around the northern end of Madeira,

presumably occurring by genetic interchange of neighboring sub-

populations following an isolation by distance model (Slatkin

1993). Deserta Grande should receive migrants through the Canary

Current, with major contributions from the south of the Island.

Gene flows between Porto Moniz and the north of Deserta Grande

may be greater than between Porto Moniz and Caniijo. possibly as

a results of a more direct contribution of the water-mass move-

ments in the direction of Deserta Grande around the north of

Madeira (Fig. ."i). An upwelling of trigged water, a consequence of

wind stress during summer, could partially prevent the dispersion

of larvae through the southern side of Madeira.

Within islands, the structure of subpopulations should follow

an isolation by distance model (see Slatkin. 1993); whereas, over

a larger scale, between islands, it should follow a stepping-stone

model (see Kimura and Weiss 1964). Further analysis using popu-

lations from the other archipelagos (Azores and Canaries) is

needed to test this hypothesis.

The difference found on the degree of structuring between P.

candei and P. aspera may be explained by one of the following

hypotheses. First. P. aspera is older than P. candei; therefore, it

has had more time to diverge intraspecifically and to increase their

variability by having more time to incorporate new alleles. Con-

sequently, allowing it even more chances of divergence between

localities by either genetic drift or selection. Second. P. aspera

with a more restrictive habitat (low intertidal to upper subtidal

range) has been subject to stronger divergent selection at different

localities than P. candei. with a broader habitat (from upper inter-

tidal to upper subtidal range). Third, different life histories, could

also partly explain this pattern, such as differences in the length of

larval life, behavior, and reproductive patterns.

The present work showed us that different biological stocks of

the limpets P. candei and P. aspera are present in Madeira Archi-

pelago. These stocks showed higher variability (for mean number

of alleles per locus) than those from the other Macaronesian ar-

chipelagos (Weber et al. in prep.). This fact is a further reason to

encourage the conservation of Madeiran stocks, because they may

T.\BI.E 4.

Unbiased genetic identity (above the diagonal) and distance (below

the diagonal) between P. aspera subpopulations.

Subpopulations Pto. Moniz Cani^o Deserta Grande

Pto. Moniz

Canii^o

Deserta Grande

0.073

0.061

0.930

0.042

0.941

0.959

«v^Deserta
\ Grande

Figure 5. P. aspera; probable gene flow patterns at .Madeira .Archi-

pelago (arrows). Values correspond to number of migrants between

localities; ( ) summer island mass effect.

constitute sources of variability for other Macaronesian popula-

tions.

The difference found in the degree of variability and structuring

of populations between P. candei and P. aspera adds to the list of

biological differences that characterize these species. P. candei is

mainly midtidal: whereas, P. aspera is mainly subtidal. Whereas in

the Azores. P. aspera has a discrete reproductive period, beginning

in late summer from August to April. P. candei shows spawning

for most of the year with only a very short summer resting period

(Martins et al. 1987, Menezes, 1991 ). P. aspera is a partial protan-

drous hermaphrodite (Thompson 1979. Guerra and Gaudencio

1986. Corte-Real 1992). with males first appearing in the 2nd year,

and females appearing during the 3rd year, increasing their pro-

portion to the subsequent year classes. Males are predominant at

13 to 20 mm length size classes and females at 18 to 55 mm length

size classes. P. candei has no sex change, and individuals reach

their maturity between 16 to 20 mm length.

P. aspera subpopulations. with their reproductive mechanism

and their restricted gene interchange between them, need special

care in their regulation. A
"

"minimum size class" strategy be in-

adequate for P. aspera. Nevertheless, such strategies as that

adopted by the regional government from Azores might be ad-

equate for these cases. They imposed laws of rotational openings

and closing of grounds. For example, the collection of limpets in

the eastern and central group of Azores islands was forbidden

during 1989 and 1990. allowing only noncommercial harvest dur-

ing 1990 in the western groups of islands (see Menezes 1991 and

Corte-Real 1992).
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MESOSCALE DISTRIBUTION PATTERNS OF QUEEN CONCH (STROMBUS GIGAS LINNE) IN
EXUMA SOUND, BAHAMAS: LINKS IN RECRUITMENT FROM LARVAE TO

FISHERY YIELDS

A. W. STONER,' N. MEHTA,^ M. RAY-CULP^
Northeast Fisheries Science Center

National Marine Fisheries Sen'ice

Highlands. New Jersey 07732

'Caribbean Marine Research Center

Vero Beach. Florida 32963

ABSTRACT Populations of benthic species that produce pelagic larvae are sustained through a complex interaction of factors,

including larval supply, variable transpon mechanisms, and a host of postsettlement processes that affect differential recruitment and

abundance. We report distributional data for the larvae, juveniles, adults, and a time-averaged index of fishery yield (shell middens)
of the economically important marine gastropod Sirombus gigus (queen conch) in the Exuma Sound, Bahamas. All life history stages
and the fishery yields were heterogeneously distributed around this semienclosed system, with higher densities of benthic stages in the

northern part of the sound than in the south and east. Distribution of shell middens closely reflected abundance patterns of shallow-

water juvenile aggregations and abundance of adults in depth-stratified suireys; therefore, midden distribution provided a good
indicator of long-term productivity around the periphery of the sound. Although patterns of fishery productivity around the system were

closely related to both juvenile and adult distributions, and density of newly-hatched larvae refiected the distribution of adults and shell

middens, as would be expected, benthic stages and the fishery yields were completely decoupled from the abundance of settlement-

stage larvae. When transplants of newly settled conch were made to four seagrass sites in the eastern Exuma Sound with characteristics

typical of conch nurseries, low growth rates resulted in all but one location. All of these results suggest that conch abundance and

distribution in Exuma Sound is determined in the benthos, either during settlement or in the first year of postsettlement life. Therefore,

although larva! supply has been shown to influence benthic recruitment on a small scale (i.e., size and location of juvenile aggrega-
tions), and juvenile populations will always depend upon a reliable source of competent larvae, high quality habitat plays an equally

important role in the recruitment of this important fishery resource.

KEY WORDS: Fishery, habitat, larval supply, mesoscale, oceanography, postsettlement. presettlement, recruitment

INTRODUCTION

Many marine animals have complex life cycles in which they

release large quantities of planktonic propagules that are trans-

ported by currents to habitats distant from where they were

spawned (Doherty and Williams 1988, Roughgarden et al. 1988).

Although some marine fishes and invertebrates reduce presettle-

ment losses of larvae by releasing eggs or larvae into transport

pathways that favor delivery away from predators and on to ap-

propriate juvenile habitats (Johnson and Hester 1989, Hensley et

al. 1994, Morgan and Cristy 1995), the vast majority of these

propagules are advected away from suitable settlement habitat, or

die during the planktonic or early postsettlement periods. Although
all populations that produce pelagic larvae are sustained, to some

degree, by the transport of larvae from upstream sources, predation

rates on settling and newly settled invertebrates can be very high

(Woodin 1976, Osman and Whitlatch 1995, Gosselin and Qian

1997, Stoner et al. 1998), and a host of postsettlement processes

can also influence spatial distribution (Hunt and Scheibling 1997).

Consequently, the relative importance of pre- and postsettletiient

processes on distribution has been a subject of much recent re-

search related to invertebrate recruitment (e.g., Olafsson et al.

1994, Eggleston and Armstrong 1995, Wahle and Incze 1997).

One way to examine the significance of pre- and postsettlement

processes is to test geographic coherence of abundance patterns in

all of the life stages, as recommended by Hunt and Schieblmg
(1997).

The large gastropod mollusk Srroinhus ^igas Linne (queen

conch) is a convenient model for examining relationships between

life history stages for several reasons. First, larvae of 5. gigus are

readily identifiable at all stages and are relatively large, hatching at

about 0.3 mm shell diameter and settling to the benthos at over 1 .0

mm in shell length (Davis et al. 1993). Second, juveniles occur in

large aggregations, primarily in shallow coastal habitats making
them relatively easy to survey. Third, the adults are slow moving,

large (to 30 cm), and easily surveyed to their typical depth limit of

-30 m depth. Juvenile and adult conch normally inhabit clear

oligotrophic waters, which also facilitates survey work. Fourth,

fishers ordinarily land the heavy shells of queen conch on beaches

near the collection sites where they extract the edible meat. Be-

cause the shells persist on the beaches for at least several hundred

years, the shell middens provide an index of historical di.stribution

patterns.

In 1992, the multidisciplinary program FORECAST (Fisheries

Oceanography and Recruitment in the Caribbean and Subtropics)

was developed at the Caribbean Marine Research Center. The goal

of this 5-year program was to provide an understanding of recruit-

ment sufficient to explain me.soscale distribution patterns and in-

terannual variation in economically significant species in Exuma
Sound. We have collected distributional data on conch larvae

(Stoner and Ray 1996, Stoner et al. 1996a, Stoner and Davis

1997a), juveniles (Stoner et al. 1994, Stoner et al. 1995, Stoner et

al. 1996b), adults (Stoner and Schwarte 1994, Stoner and Ray
1996), and shell middens (Stoner 1998) in the Bahamas from as

long ago as 1989. In this study, we focus on findings from the

FORECAST program related to mesoscale spatial variation in

populations of queen conch. We expand our previous analyses of

the fishery record and benthic populations to include the entire

Exuma Sound system, report new data on synoptic surveys for
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queen conch larvae, and investigate patterns of distribution among
the interconnected populations of queen conch in this system. We

hypothesized that larval production and transport are the dominant

factors controlling spatial variation in the distribution of conch

larvae, juveniles, and adults in Exuma Sound, and that, as a result,

long-term fisheries for conch reflect the general larval supply pat-

tern. We further hypothesized that mesoscale patterns of abun-

dance and distribution may be set during the juvenile stage and

mediated by density-dependent postsettlement processes.

Study Site and Background Information

The Exuma Sound is a deep, semienclosed basin located in the

central Bahamas that extends for 250 km along an axis, oriented

southeast to northwest (Fig. 1). It is bordered to the south, west,

and north by the Exuma Cays and the shallow Great Bahama Bank,

most of which is sand and seagrass habitat less than 4 m deep.

Eleuthera and Cat Island bound the eastern edge of the sound. The

only deep-water O200 m) connection to the Atlantic Ocean is at

the southeast end of the sound, between Cat Island and Long Island

through a pass that is 30-km wide. The pass between Little San

Salvador Island and Eleuthera, 16 km wide, is characterized by a

sill with depths to approximately 35 m. West of Cat Island a broad

island shelf (to IO-kni wide) borders the Exuma Sound. This shelf

grades slowly from the intertidal through shallow sand and sea-

grass habitats to sand and coral near the shelf edge in 15 to 30-m

depth. The island shelf along the west coast of Eleuthera and the

Exuma Cays is narrow (<l-km wide), grading rapidly from the

island shores to 30-ni depth. The shelf edge begins at 30 to 35-m

depth throughout the sound. Steep slopes descend to depths >2,000

m in the southern part of the basin and to near 1.000 m in the

northern part. Because the shelf edge provides a curvilinear bound-

ary between shallow-water conch habitats and the deep Exuma

Sound, distance along the shelf edge was used to standardize abun-

dance patterns for juveniles, adults, and shell middens (see below).

The total human population around the periphery of Exuma

Sound is < 1 0,000 people, centered primarily in George Town on

Great Exuma. As a result, there are few sources of pollution,

fishing pressure on queen conch is relatively low, and the ecology

of the system is relatively unspoiled. The semienclosed nature of

the sound and the presence of suitable conch habitat make this

system a natural laboratory for the study of fishery recruitment

processes and for analysis of distribution of conch from larva to

adult.

Along the Exuma Cays, juvenile conch live primarily in sea-

grass meadows on the shallow bank, and adult conch live primarily

offshore in the deeper waters of the sound to 30 m (Stoner and

Schwarte 1994, Stoner and Ray 1996). Adult conch lay eggs from

April through October (Stoner et al. 1992). The prevailing current

on the shelf near the Exuma Cays runs alongshore from the south-

east to northwest (Colin 1995) and plays an important role in

transporting conch larvae to the northwest. Larvae are advected

through the numerous tidal passes between the cays and onto the

bank (Stoner and Davis 1997a), where competent larvae settle

selectively and metamorphose in nursery grounds that have been

well studied (Davis and Stoner 1994). Juveniles live in aggrega-

tions at densities of 0.1 to 2 individuals/m" (Stoner and Ray 1993,

Stoner et al. 1996a). As they mature into adults, juveniles migrate

back through the tidal passes and out to the deepwater reproductive

areas (Stoner and Ray 1996). Most conch fishers free-dive for their

catch from small boats that have limited range. After removing the

meat, they discard the shells along the shores of Exuma Sound,

thereby creating ever-growing piles near the site of capture. These

piles of discarded shells, hereafter referred to as middens, provide

a time-averaged record of large-scale conch distribution, and a

history of the fishery for at least 500 years (Stoner 1998).

SAIL

ROCKS

STOCKING
ISLAND
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METHODS

Spatial relationships between the abundance of queen conch

larvae, juveniles, adults, and discarded shells in middens were

examined in and around the Exuma Sound. Surveys for the various

life stages spanned several years, and some components of the

results, as noted, have been published in previous studies. The

methods and results sections will describe the results for different

conch stages in reverse ontogenetic order, beginning with mid-

dens, because it is this time-integrated spatial record that reflects

the long-term fishery that we wish to explain. Furthermore, we
were able to quantify shell middens around the entire rim of the

Exuma Sound, thereby surveying the entire system. Quantifying
all three living conch .stages was much more labor intensive, and

only regional surveys could be accomplished. A similar survey

strategy was used by Lipcius et al. ( 1997) in an analogous study of

spiny lobster (Panulirus argus) populations in Exuma Sound.

The purpose of this investigation was not to follow a single

cohort of queen conch from larvae to adult stage or to the fishery

in the Exuma Sound. Rather, our intent was to examine the long-

term record of fishery yields over a relatively large scale (i.e..

Exuma Sound) and to interpret it in terms of cunent abundance

patterns observed for early life stages and adults.

Long-Term Record of the Conch Fishery

Shell midden data used in this study were modified from Stoner

(1948). where the survey methods were described in detail.

BrieHy, all of the islands facing the Exuma Sound were searched

for shell remains in a clockwise direction from the northern tip of

Great Exuma to the southern end of Cat Island between 1989 and

1994 (Fig. I). The shoreline of Great Exuma was not surveyed,

because this island has the largest human population on the pe-

riphery of the Sound, and middens have been removed or disturbed

by development. Small settlements occur around the rest of the

sound, but most of the extensive shoreline is undisturbed.

For this study, the shelf around the sound periphery was di-

vided into sectors that were -20-km long (Fig. I ). Not included in

ihe division of the periphery were deep-water passes between Cat

Island and Long Island, the open-water pass between Little San

Salvador and Eleuthera, and the bank periphery where there were

no islands for landing conch (i.e., in the extreme northern sound

and between Long Island and Great Exuma). Distances were mea-

sured at the edge of the shelf and varied somewhat to separate

nurseries for queen conch that are as.sociated directly with the tidal

flow fields between islands at the edge of the bank (Jones 1996,

Stoner et al. 1996b).

Shell middens ranged in size from a few scattered shells to

accumulations that were 3 to 4-m high. Estimates of the total

volume of individual accumulations were made by measuring their

basic dimensions as described by Stoner (1998). Notes were also

made on the apparent age of the shell middens. For example, some

were composed primarily of very old and eroded shells, and the top

layers of others were covered with recently landed shells from

which the bright shell nacre had not yet faded. The middens were

mapped, volumes were summed for each sector, and the volume of

shells per kilometer of shelf periphery was used as a standard

index of historic fishery yield from individual bank sectors.

Adult Surveys

Labor-intensive diving surveys for adults were concentrated in

four sectors of the sound chosen on the basis of general geographic

positions and known productivity patterns in queen conch revealed

in the midden survey. They included: ( I ) the conch-poor area at the

southern end of Cat Island (Fig. I. sector 1 1 ); (2) the well-studied

area near Lee Stocking Island in the southern Exuma Cays (sector

I), where conch productivity is moderate; (3) an area inside the

Exuma Cays Land and Sea Park near Waderick Wells (sector 4).

where Stoner and Ray (1996) found very high densities of adult

conch; and (4) an area between the Schooner Cays and the south-

east tip of Eleuthera (sector 7), where the highest concentrations of

shell middens were located (Stoner 1998).

Stoner (1998) found a positive correlation between middens

and juvenile conch abundance, and we hypothesized a similar

relationship between middens and adult conch abundance. If such

a relationship exists, midden volume could be used as an indicator

of living adult conch distribution. Extensive adult surveys were

made during the summer 1991 near Lee Stocking Island (Stoner

and Schwarte 1994), and near Waderick Wells (Stoner and Ray
1996), Cat Island, and Eleuthera in 1994. Although surveys for

conch were made during two different years, the conch populations

in the Exuma Sound seem to be relatively stable over the long

term. Annual surveys for adult conch conducted at selected sites

off Lee Stocking Island between 1988 and 1994 (Stoner and Sandt

1992, unpubl. data) revealed that maximum variation from the

mean population size and density was just 19%, and the population

was only 4% above average in 1991. This stability is probably a

function of low fishing pressure, particularly in depths below the

reach of the average free-diving fishers (>I0 m). and a queen
conch life span of at least 12 years (Coulston et al. 1987).

Depth-stratified surveys for adult conch were conducted in

each of the four sectors described above. Seven depth intervals

were examined: to 2.5 m (where present), 2.5 to 5 m. 5 to 10 m,

10 to 15 m, 15 to 20 m, 20 to 25 m, and 25 to 30 m. The deepest

interval was not surveyed at either Eleuthera or Cat Island because

of a very steep grade in depths >25 m that did not seem to support

adult conch. The intervals were surveyed along nine offshore

transect lines pei-pendicular to Lee Stocking Island, six lines per-

pendicular to Waderick Wells, four lines perpendicular to Eleuth-

era, and three lines pei-pendicular to Cat Island. Because of ex-

tremely low conch densities in the shallow waters (<I0 m) near

Cat Island, standard swimming transects (described below) were

supplemented by extensive observations made by towing one or

two divers behind the boat. Densities of approximately zero at

most depth intervals (see Results) reflected Ihe results from this

more extensive survey method. Total numbers of transects and

dives made in each of the four sectors were dependent upon ship

time available and logistics. Land-based operations at Lee Stock-

ing Island and Waderick Wells permitted the most intensive sur-

veys.

In each depth interval, two divers swam for 8 to 30 minutes,

depending upon depth, holding a taut line (8 m) between them and

counting the number of adult conch that lay beneath the line

(Stoner and Schwarte 1994. Stoner and Ray 1996). One diver

carried a calibrated low-velocity flow meter to calculate the dis-

tance traveled. To compensate for the potential influence of current

on distance measured, the divers swam into any discernible current

and back, covering two parallel, nonoverlapping paths that nor-

mally ran parallel to the isobaths. Mean swim distance was 360 m
(SD = 106 m), for a typical sampling area of nearly 3 ha. Conch

densities were standardized to numbers per hectare. Mean adult

conch density was calculated from the replicates at each depth
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interval at each sector and then used to generate a final mean

representative of that sector for all depths.

Juvenile Surveys

Surveys for juvenile queen conch were conducted in the four

sectors of Exuma Sound described above for adults and in sector

5. Juvenile conch in the Exuma Sound region occur in high density

(0.1 to 2.0 conch m"") aggregations and are found almost exclu-

sively in shallow (<5 m-deep) bank habitats (Stoner and Ray 1993,

Stoner et al. 1996b). Consequently, aggregations are usually easy

to locate in the clear water, but estimations for juvenile abundance

require survey techniques different from those used for adults. A
detailed description of juvenile mapping technique can be found in

Stoner and Ray (1993). In brief, divers were towed systematically

over the bank with sufficient intensity to locate aggregations larger

than -1.0 ha in surface area. Once located, the boundaries within

which density was greater than -0.1 conch m"" were determined

and marked with buoys. Buoy positions were then determined

using hand-held GPS (Global Positioning System). Aggregations

were plotted on a small-scale chart, and their surface areas were

determined with a calibrated digitizing board. We made exhaustive

surveys for juveniles along known lengths of the shelf edge within

each of the five sectors, and surface areas of aggregations were

standardized per unit of distance along the shelf (i.e., ha of juvenile

aggregation/km of shelf).

In the Exuma Cays, juvenile aggregations were located in shal-

low seagrass meadows to the west of the islands and were directly

associated with flood tidal pathways. They were relatively rare in

the high energy, windward (east) side of the islands (Stoner et al.

1996b). On the eastern side of the sound, the western shores of the

islands are protected from the prevailing tradewind and wave en-

ergy, and juvenile aggregations again occur in shallow seagrass

meadows immediately to the west of the islands. Searches for

juveniles near Eleuthera were concentrated on the shallow bank

areas surrounding the Schooner Cays, and on the open, seagrass-

covered shelf adjacent to Powell Point. Because aggregations in

this area were very large, they were relatively easy to locate and

map. Virtually all of the southern bight of Cat Island and 3 km of

the southern shore between the shoreline and 5-ni depth was

searched by towing divers behind small boats in transects sepa-

rated by no more than 0.75 km. Many days of towing near Cat

Island over the entire length of sector 1 1 (20 km) produced only

scattered juvenile conch and no aggregations. All of the surveys

were conducted between 1991 and 1993, depending upon the

availability of ship time and other logistics. The general strategy

was to search a section at least lO-km long in each of the five

selected geographic .sectors (see Table 1).

Veliger Suneys

Plankton surveys for conch larvae were conducted between

1993 and 1995. in an attempt to explain the large-scale distribution

of queen conch around the periphery of the Sound. The first survey

in 1993 comprised simple transects across the Sound in the south-

west to northeast direction. In 1994 and 1995. the surveys were

made in conjunction with physical oceanographic studies and were

expanded for a more synoptic view of the Sound.

Size-specific larval density data are useful tools for interpreting

larval production and understanding transport processes. Early-

stage, newly hatched queen conch veligers provide an indication of

local larval production, and late-stage veligers (2 to 3 weeks old),

which may have originated from a distant reproductive population,

yield information on the number of conch available to settle into

the benthos (Davis et al. 1993; Stoner et al. 1996a).

Queen conch larvae are relatively easy to sample, because they

are photopositive (Barile et al. 1994) and most abundant near the

sea surface (<5-m depth) when conditions are relatively smooth, as

is typical during summer in the Bahamas (Stoner and Davis

1997b). All of the plankton samples collected during the surveys

described below were made by towing nets in a stepwise oblique

fashion from a depth of 5 m to the surface at -1 m/sec during

daylight hours (except for a subset of 15 stations sampled during

the night in 1994, see below). During the first 2 years (1993 and

1994) collections were made with standard conical nets (diam. =

50 cm. mesh size = 0.202 mm) that collect all queen conch larvae

including the smallest (-0.3 mm shell length) newly hatched stage.

These nets were towed for an average time of 36 minutes, with 12

minutes each at 5 m. at 2.5 m below the surface, and just below the

surface. The volume of water sampled, typically 250 to 300 m ,

was calculated from a calibrated General Oceanics flowmeter sus-

pended in the mouth of the net. Two tows were made at each

station.

In 1 995, the primary objective was to sample higher volumes of

water for late-stage larvae; therefore, net diameter and mesh size

were increased to 75 cm and 0.333 mm, respectively. The tow

strategy was similar to that used in 1993 and 1994. but total tow

time was increased to 45 minutes. Tow volumes with the larger

nets were typically 1000 to 1200 m\ All plankton samples were

preserved in a buffered 5% formalin-seawater mixture.

TABLE 1.

Surface area and concentration of shallow-water juvenile queen conch aggregations in five sectors around the periphery of the

Exuma Sound.
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In 1993, five cruises were made during the peak reproductive

season, 12 June to 23 August, on hoard R/V Shadow. During eacli

cruise, a total of 13 stations was sampled along two transects that

ran east to west, with one transect across the northern end of

Exuma Sound from Waderick Wells to Schooner Cays and the

other across the southern sound from Lee Stocking Island to Cat

Island (see Results). The four stations at the end of the two transect

lines were located in the four sectors that were surveyed for both

juvenile and adult conch (sectors 1,4,7,11). The temporal patterns

observed during the 1993 plankton surveys (see Results) facilitated

the planning of subsequent cruises so that specific larval stages

could be targeted, early-stage larvae in the month of June, and

late-stage larvae in late August.

In June 1994, two cruises were conducted to provide a synoptic

view of veliger density in the Exuma Sound early in the spawning
season. On the first cruise (5 to 13 June). 32 stations were sampled
from R/V Sea Diver along six transects that ran east to west across

the sound (see Results). One of the physical oceanographic objec-

tives to be accomplished during this multidisciplinary cruise was

the analysis of upper water column circulation. Therefore, 15 .sta-

tions had to be sampled at night. Although this was not an optimal

sampling strategy, Stoner and Davis (1997b) have shown that

conch larvae occur in the upper 5 m of the water column during

both day and night, under calm conditions. When they occur below

5 m depth, they do so more in response to high wave action and the

associated turbulence than to light conditions. On the second cruise

(22 to 24 June), 12 additional stations (total of 44) were sampled
from RA' Shadow at the 20-m isobath along the length of the

Exuma Cays (see Results). All samples during this second cruise

were collected during daylight hours.

In 1995, two cruises (25 to 31 August and 15 to 17 September)

were conducted to obtain a synoptic view of the distribution of

late-stage larvae in Exuma Sound during peak settlement period. A
total of 41 stations were sampled from R/V Cyclone (see Results).

The station plan was similar to that employed in 1994, and all

collections were made during daytime hours. As mentioned earlier,

these collections were made with larger nets and mesh size, to

sample late-stage larvae better. Sampling was suspended during a

high wind period in early September.

Plankton samples were sorted in their entirety for strombid

veligers with the aid of a dissecting microscope. All strombids

were identified to species (see Davis et al. 1993, for descriptions),

counted, and measured for maximum shell length (SL), but only

queen conch veligers (S. gigas) are discussed here. The veligers

were divided into three general age classes on the basis of size:

early-stage (<500 |xm SL), midstage (500 to 900 |jLm SL), and

late-stage larvae (>900 |xm SL), which were at or near metamor-

phic competence. Abundance was calculated as numbers of ve-

ligers per unit \olume of water sampled ( veligers/100 m") for each

age class. Data are reported as the mean of two tows for each

station for individual cruises and as mean of means for 1 993 when

cruises were pooled.

Relationships Among Different Ontogenetic Stages

The abundance and distributional data for middens, adults, ju-

veniles, and larval conch were collected to examine the relation-

ships among distinct ontogenetic stages in different geographic

sectors around Exuma Sound. Tests of correlation were performed
between conch midden volume and adult conch density, and be-

tween midden volume and juvenile conch density. We hypoth-

esized that, if a positive relationship exists between the fishery

yield and benthic stages, then midden volume would retlect living

adult conch populations and could be used as an index of living

conch abundance around Exuma Sound. We also tested the rela-

tionship between midden volume and density of early-stage conch

veligers along the shelf periphery to determine if newly hatched

larvae reflected large-scale distribution of the reproductive stock.

To explore the potential importance of larval supply to distribution

of benthic populations around the sound, we also tested for cor-

relations between midden volume and density of late-stage larvae

and between late-stage larvae and juvenile conch. Individual sec-

tors were often represented by more than one plankton sampling

station, providing increased confidence in the values used in the

regressions. This varied with year and sampling strategy; however,

all plankton stations inside a sector boundary and within 5 km of

the shelf edge were included in a mean value.

Transplant Experiment

We observed very low densities of both juvenile and adult

conch in the shallow shelf environment at the southern end of Cat

Island (see Results). Because late-stage larvae were relatively

ubiquitous throughout the sound, it is unlikely that such low den-

sity is explained by a low supply of settlement stage larvae to that

location. Therefore, we hypothesized that the habitat in this area

was unsuitable for juvenile growth and survival. To test this habi-

tat-limitation hypothesis, we conducted a transplant experiment

during the summer of 1995 to measure postlarval growth. If the

Cat Island habitat was suitable for newly settled conch growth,

then postlarvae transplanted there should grow at rates similar to

those transplanted in a conch nursery area near Lee Stocking Is-

land called Shark Rock, where a well-studied juvenile aggregation

has persisted for over 10 years (Stoner and Waite 1990, Stoner and

Ray 1993, Stoner et al. 1994). Although growth rates in enclosures

give no indication of predation-induced mortality, they do provide

a good index of habitat suitability in terms of food quality and

availability (Stoner and Sandt 1991).

Three queen conch egg masses were collected from a repro-

ductive site on the shelf off Lee Stocking Island on 18 June 1995.

The eggs hatched 5 days later, and the larvae were cultured ac-

cording to well-established procedures (Davis 1994). Briefly, lar-

vae were held in 20-L plastic buckets filled with seawater collected

daily from the bank west of Lee Stocking Island. Natural foods in

the seawater were supplemented with cultured Tahitian Isochrysis

spp. Metamorphosis was induced on 21 July, at -1 mm shell length

(SL). and postlarvae were raised in plastic trays with aerated sea-

water on a diet of seagrass detritus {Thalassia testudinuin) col-

lected from the field.

Five enclosures were deployed at one Shark Rock station in an

area of uniform habitat characteri.stics at a depth of 4.1 m MLW
(Fig. 1 ). It was our intent to deploy the Cat Island enclosures in

similar habitat, and. after extensive surveying, four stations were

selected along the southwest shore at 3.2-5.3 m depth (Fig. 1).

Sediment and seagrass (Thalassia teslmliiuim) detritus samples

were collected, and living seagrass shoot density was counted near

each enclosure to characterize the station (Table 2).

Enclosures were pvc cylinders (diameter = 16 cm, height
=

25 cm) with abundant large holes (diameter = 5.5 cm) cut from

each to allow for water circulation (after Ray and Stoner 1995).

Each cylinder was lined with a polyester mesh ( 1 mm) sleeve,

pushed into the substrata, secured to reinforcement bars driven into
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TABLE 2.

Mean growth rate and survival of postlarval queen conch transplanted at four stations near Cat Island (CI) and one station near Lee

Stocking Island at Shark Rock (SR).
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Figure 9. Linear relationship between queen conch midden volume

and mean density of late-stage (>900 pm) conch veligers in 1994 and

1995. Pearson correlation coefficients (Rl and p-values are given for

each regression equation. Symbols represent sectors surveyed in

Exuma Sound for the 2 years.

scale distribution of spiny lobster (Painilinis argiis) populations in

Exuma Sound. Settlement stage lobster were abundant at Cat Is-

land, yet benthic populations were small. The decoupling between

larval supply and juvenile and adult stages was attributed to habitat

limitation for early juvenile lobster at Cat Island.

Miron et al. (1995) pointed out the inherent methodological

difficulties in correlating larval supply and larval settlement or

recruitment. They noted that competent larvae must be quantified

and that they must be sampled properly (i.e., with proper respect to

location in the water column and settlement substratum). Although

settlement-stage queen conch larvae have never been collected in

high densities, compared with densities of other mollusks in tem-

perate waters, they are relatively easy to sample, because they

occupy near-surface waters in most circumstances (Barile et al.

1994, Stoner and Davis 1997a, Noyes 1996). Furthermore, it is

relatively easy to identify competent forms on the basis of size,

pigmentation, and other features (Davis 1998). Consequently, we

believe that we have sampled the correct larval stages using an

appropriate technique.

It can also be argued that larval supply is best measured as a

rate of delivery of competent larvae to a potential settlement site

(Olmi et al. 1990, Yund et al. 1991 ). Measuring this is particularly

difficult for queen conch on the Great Bahama Bank because of

strong tidal currents (see Stoner and Davis 1997b). However, the

difficulty is lower in the Exuma Sound, and we have high confi-

dence in the regional patterns of larval abundance reported for two

reasons. First, currents in the sound are much weaker (<20 cm/sec;

Colin 1995), than those on the Bank (often >100 cm/sec; N. P.

Smith, unpubl. data), so the issue of larval flux is less complicated

in the .sound than on the nursery grounds of the Bank. Second, and

more importantly, multiple visits to selected stations throughout

the sound between 1993 and 1994 revealed that the regional pat-

terns in veliger distribution were consistent over time. For ex-

ample, five cruises over 13 stations in 1993 showed that early- and

midstage larvae were always abundant in the northern sound, and

always highest on the shelf adjacent to Waderick Wells. Late-stage

larvae were always most abundant in the sound offshore from

Waderick Wells. Three cruises along the island shelf east of the

Exuma Cays in 1994 (Stoner and Mehta. unpubl. data) confirmed

the pattern of maximum abundance of early- and midstage larvae

in the vicinity of Waderick Wells and to the north, and late-stages

were most abundant near Sail Rocks in every case. Larvae of all

stages were always rare in the extreme south section of the sound.

Therefore, because of the consistency of larval distribution, both

within and between years, we believe that the regional patterns of

larval abundance reported in this study are representative for the

sound.

Given that the abundance of late-stage larvae did not explain

mesoscale variation in the abundance of juveniles, adults, or fish-

ery yields of queen conch in the Exuma Sound, we conclude that

the regional distribution of benthic stages is regulated by settle-

ment and/or postsettlement processes associated with some ele-

ment of the habitat. Similar conclusions have been drawn for a

large number of other marine invertebrates (Keough and Downes

1982, Luckenbach 1984, Connell 1985, McGuinness and Davis

1989, Osman et al. 1992. Olafsson et al. 1994. Eggleston and

Armstrong 1995, Hunt and Scheibling 1997, Lipcius et al. 1997).

Many invertebrates settle and metamorphose in the presence of

certain chemical agents in or on the substratum (Morse and Morse

1984, Hadfield and Scheuer 1985, Burke 1986, Butman and

Grassle 1992, Pawlik 1992), and Mianmanus (1988) has shown

that phycobiliproteins associated with red algae are active agents

in conch settlement and metamorphosis. We know from extensive

dredge sampling for newly settled queen conch (both live and

recently killed) in a tidal flow field near Lee Stocking Island that

settlement is not random and that it occurs in specific locations

(Stoner et al. 1998). This confirms earlier laboratory experiments

showing that competent queen conch larvae settle in response to

specific biological cues found within nursery grounds (Davis and

Stoner 1994). Queen conch larvae are. in fact, capable of testing

the substratum, returning to the water column multiple times, and

delaying metamorphosis for long periods of time (for at least 60

days after competence is achieved) (Noyes 1996). Experimental

laboratory work shows that the larvae settle and metamorphose

only in habitats where sub,sequent growth rates are high (Stoner et

al. 1996c). Consequently, it is possible that variation in the abun-

dance of queen conch populations on the Great Bahama Bank

surrounding the Exuma Sound is related to either the quality or

quantity of habitat with appropriate settlement cues and high

growth potential for postlarvae.

Habitat-limitation is the most plausible explanation for the low

abundance of juvenile and adult conch west of Cat Island, because

competent larvae were present in substantial numbers. Frequency

of settlement was not tested, because the only way to ascertain this

is by dredging, which is extremely labor intensive. However, trans-

plant experiments provide important insights into the nutritional

quality of potential nursery sites. Two lines of reasoning suggest

that habitat at Cat Island is limiting for conch. First, the type of

habitat that typically supports juvenile conch on the Great Bahama

Bank (moderate density seagrass with accumulations of decom-

posing detritus and red and green algae) has been studied exten-
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sively (see Stoner 1997). and was uncommon on the bunk west of

Cat Island. Seagrass was found in relatively small patches ( 1 to 10

ha), and much of this was exposed to higher physical energy than

is typical for conch nurseries. Second, only one of the four sites

assumed to be suitable for juvenile conch provided for growth
rates similar to those in a known nursery near Lee Stocking Island.

Therefore, it is likely that the small queen conch population and

the poor fishery for conch near Cat Island is habitat-hmited.

Differential mortality of young conch could also explain re-

gional variation in recruitment to the age- 1 year class. There are a

host of predators on juvenile conch (Randall 1964), including a

large variety of recently discovered micropredators such as xanthid

crabs and certain polychaetes that feed on newly settled conch

(Ray-Culp et al. 1997). It is now recognized that mortality rates in

newly settled invertebrates can be very high (Osman and Whitlatch

1995. Gosselin and Qian 1997), and queen conch are no exception

(Ray et al. 1994. Stoner and Glazer 1998). Although we did not

test for regional variation in mortality of juvenile conch, this is a

possible explanation for the population patterns observed.

Conclusions and Fishery Management Implications

Genetic analysis of queen conch collected from 22 populations

throughout the greater Caribbean region, including the Bahamas

and south Florida indicate a high rate of gene flow among the

populations (Mitton et al. 1989, Campton et al. 1992), and certain

populations may depend entirely upon upstream reproductive

sources (Stoner et al. 1997c). It is clear, therefore, that sound

fisheries management will demand good knowledge of larval drift

and associated metapopulation dynamics (Berg and Olsen 1989.

Appeldoom 1994, Stoner 1997). However, the direct correlation

between the quantity of larvae supplied to the nurseries and the

subsequent abundance of juvenile queen conch in the benthic

population that occurs at a local .scale (Stoner et al. 1996a) seems

to break down at the large scale. In Exuma Sound ( 180-km long)

the abundance of early-stage larvae was positively correlated with

regional abundance of adults. However, the distribution of juve-

niles, adults, and fishery yields was independent of the abundance

of competent larvae, and processes of settlement and postsettle-

ment seem to regulate benthic population size. We have shown in

the past that conch nursery grounds have unique physical and

biological features that enhance larval settlement, provide high

nutritional qualities, and promote high survivorship (Stoner et al.

1995, Stoner 1997). It is now clear that high abundance of com-

petent lar\ae does not guarantee high queen conch production, and

that fisheries management for the species must consider both

qualitative and quantitative elements of habitat for young conch.

Because vast shallow-water areas within the biogeographic range

of queen conch are. in fact, not suitable for production of the

species, both local- and large-scale mechanisms of population dy-

namics and habitat use need to be understood, and the ecological

integrity of key nursery habitats needs to be preserved.
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ALLOZYME AND MORPHOLOGICAL EVIDENCE SUPPORTING THE SEPARATION OF

BABYLONIA FORMOSAE FORMOSAE FROM B. FORMOSAE HABEI AT SPECIFIC LEVEL

(PROSOBRANCHIA: BUCCINIDAE)

LI-LIAN LIU AND VUH-WEN CHIU
Institule of Murine Biology

National Sun Yat-Sen Universit}-

Kaohsiung, Taiwan 804, Republic of China

ABSTRACT Bubylonui Jormoiue is a common specie;, on the west coast of Taiwan. From its shell color pattern and shape, two

subspecies have been classified: B. fonnome formosae (Sowerby 1856) and B. formosae habei (Altena and Gittenberger 1981).

Recently, both subspecies were collected from the same area, which was not in accordance with previous recorded harvests. Therefore,

the present study was undertaken to evaluate the validity of the subspecies. B. areolata occurring in the same area was also examined

for comparati\'e purpose. Samples of B. formosae fiirmostu: B. formosae habei. and B. areolalu were collected between September

1990 and March 1991. Si.\ shell characters (shell length, shell width, spire length, apertural length, fasciole ridge width, and shoulder

width), radulae. and allozymes were analyzed. The shoulder width of shell could separate species with B. formosae habei > B. areohila

> B. formosae formosae. Fixed allelic differences were observed at loci of ark. gol-\. mpi. and pi^m between B. formosae and B.

areolala, and at loci of ark. got-\. and mpi between B. formosae formosae and B. formosae habei. Nei's genetic distances (D) were

0.25 for B. formosae formosae vs. B. formosae habei. 0.35 for B. formosae formosae vs. B. areolala. and 0.37 for B. formosae habei

vs. B. areolata. The mean heterozygosity among populations were low in B. areolata (Ho = to 0.06). B. formosae formosae (Ho

= 0.07 - 0.08). and B. formosae habei (Ho = 0.06 to 0.07). All the above results indicated that the two subspecies deserve to be

recognized as full species: B. formosae and B. habei.

KEY WORDS: Babylonia, ivory snail, allozyme. shell, radula

INTRODUCTION

Babylonia formosae (Sowerby 1866) belongs to the family of

Buccinidae. Its distribution was limited to the west coast of Taiwan

(Altena and Gittenberger 1981). Within this small region, two

subspecies have been classified: B. formosae formosae (Sowerby

1866) and B. formosae habei (Altena and Gittenberger 1981 ) (see

Table 1). According to Altena and Gittenberger ( 1981 ). B. formo-

sae habei was found only in the northeast coast of Taiwan. How-

ever, our investigation in late 1990 revealed that B. formosae for-

mosae and B. formosae habei both were commonly caught on the

southwest coast of Taiwan. Moreover, Lan (1990) mentioned that

B. formosae habei sold in Taiwan may be imported from China.

Ke and Li (1991) and (Ke and Li 1992) also reported that B.

formosae habei is a commercially important shellfish on the south-

east coast of China. Meanwhile, studies of reproduction found that

B. formosae habei spawns between June to September (Ke and Li

TABLE 1,

Diagnostic Subspecies Characters of Babylonia formosae Based on

Altena and Gittenberger (1981).

Diagnostic

Characteristics B. formosae formosae B. formosae habei

Last body whorl

Shoulder on the last

body whorl

Suture on the last body

whorl

Spots on the last body

whorl

Color pattern of the spots

Distribution

Evenly rounded

Narrower

Less evenly rounded

Narrow

Narrow

Distinct

Bright

Narrower

Less distinct

Dull

Northwest to southwest Northeast coast of

coast of Taiwan Taiwan

1991) (Ke and Li 1992): whereas, B. formosae formosae spawns

between October to January (Chiu and Liu 1994). Although the

two subspecies have been studied since 1991 by Ke and Li ( 1991 )

(Ke and Li 1992) and Chiu & Liu (1994), it is still difficult to

evaluate the systematic status of the two subspecies at this mo-

ment. Hence, the present paper studied the systematic status of the

two subspecies using morphological, radula, and allozyme char-

acters. B. areolata (Link 1807) was also studied for comparative

purpose. B. areolata is the most common Babylonia species in

Taiwan. Its distribution is from Ceylon and the Nicobar Islands

through the Gulf of Siam, along the Vietnamese and Chinese

coasts to Taiwan (Altena and Gittenberger 1981 ).

Both B. formosae and B. areolata live in sandy or muddy
subtidal areas and can be caught by either bottom trawling or in

baited baskets at depths of 15 to 50 m (Lai 1987).

MATERIALS AND METHODS

Samples of S. areolata. B. formosae formosae. and B. fonnosae

habei were collected from coastal waters of Taiwan (Fig. 1) be-

tween September 1990 and March 1991. Collected snails were

stored at -70°C for later use. Voucher specimens were deposited

in the Molluscan Collection. University of Colorado Museum

(UCM), with the catalog numbers UCM 37665 for B. areolata.

37666 for B. formosae formosae, and 37667 for B. formosae habei.

Species were identified preliminarily using the color-pattern cri-

teria (Altena and Gittenberger 1981). Species of B, areolata has

three rows of large reddish brown squarish spots on the last body

whorl (Fig. 2a,b). B. formosae has four rows of violet-brown spots

on the last body whorl. The spots clearly contrast with the light

background, and the color is brighter in B. formosae formosae

(Fig. 2c,d) than in B. formosae habei (Fig. 2e,f).

Shell characters (shell length, shell width, spire length, aper-

tural length, fasciole ridge width, and shoulder width) (Fig. 3) and

total wet weight of individual snails were determined. Duncan's

971
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Figure I. Sampling localities of Babylonia. KH: Kaohsiung: TK: Tungkang; PH: Penghu; CC: Chungchou; Pt: Pyngtan.

multiple comparison tests were used for data analysis (SAS Insti-

tute. Inc. 1985).

For radula examination, six buccal masses of each species were

put in a lOVr KOH solution overnight to resolve muscle and con-

nective tissue around the radula. Each radula was then rinsed in

distilled water and ultrasonically cleaned for 30 seconds. The

|lill|lll!l!lllllli;|ii!'|iiil!li|i|illlji;'ipli!'2!l!.
:..'."':

'' ^' ^'
'

''' ^' ^' ^ "" -^
Figure 3. Measurements of the shell of Baftv/oma. SH: shell height;

Figure 2. SheWs o( Babylonia areolata {a, b), B. formosae foniiosae ic, SW: shell width: SPL: spire length: AL: apertural length; SHW:
d), and B. formosae liabei (e, f). shoulder width: FW: fasciole ridge width.
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TABLE 2.

Measurements of Shell Characteristics of Babylonia Species (Mean ± SD).

Species/



974 Liu and Chiu

TABLE 3.

Allele Frequencies of Babylonia Species.

Species/
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TABLE 3.

continued

Species/
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CHARACTERIZATION OF THE DIGESTIVE TRACT OF GREENLIP ABALONE, HALIOTIS

LAEVIGATA DONOVAN. I. MORPHOLOGY AND HISTOLOGY
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ABSTRACT Australasian abalone such as the greenlip abalone, Haliulis laevigata, prefer a diet ol red algae (Rhodophyta); whereas,

abalone from elsewhere more commonly prefer brown algae (Phaeophyta). Because of this feeding preference, the structure of the

digestive tract of A/, laevigata was investigated using histological and scanning electron microscopy (SEM) techniques. The digestive

tract of both starved and fed adult H. laevigata revealed the presence of ciliated, mucus, and secretory cells throughout the digestive

tract. The esophagus contained secretory, ciliated, and large mucous cells, with fragmentation spherules also present. The crop extended

from the esophagus to the stomach. It was surrounded by thin muscularis and consisted mainly of secretory cells, although some

phagocytes were present. The stomach possessed mainly secretory cells, although some ciliated cells, mucous cells, and phagocytes

were present. The style sac differed from the stomach, having more ciliated cells. In mtestinal regions I to III, the epithelium was shorter

than in previous regions. Few cilia were present on the ridges, although many were observed in the gutters. Intestinal regions IV to

V contained more mucous cells than intestine III. and more bactena were observed associated with the fecal string than in other regions.

The low incidence of bacterial association with the gut epithelium was attributed to the occurrence and number of mucous cells,

common throughout the digestive tract. Spherical bodies present in the lumen are believed to be fragmentation spherules involved in

waste removal and enzyme release. Starved abalone contained fewer mucous cells in the esophagus, had less pronounced staining

reactions in the stomach, contained large amounts of granular inclusions in the style sac. and had fewer phagocytes in the intestines.

KEY WORDS: Abalone. Haliotis laevigata, histology, digestive tract, starvation

INTRODUCTION

Abalone are herbivorous archaeogastropods whose diet con-

sists mainly of macroalgae, although diatoms and some detritus,

including sand, are also ingested (Campbell 1965, Garland et al.

1985). Australasian abalone prefer red algae (Rhodophyta) and

will consume brown algae (Phaeophyta) only when preferred spe-

cies are less common (Poore 1972, .Shepherd 1973, Shepherd and

Steinberg 1992). Brown algae are digested much more slowly

(Foale and Day 1992). Abalone from elsewhere more commonly

prefer brown algae (Shepherd and Steinberg 1992), suggesting

possible differences in digestive strategy. Several enzymatic stud-

ies of abalone from the northern hemisphere are available, but few

data are available for Australasian species (Clark and Jowett

1978). Feeding preference differences for Australasian species

have been attributed to algal toughness (McShane et al. 1994) or

phenolic content (Shepherd and Steinberg 1992), although Shep-

herd and Steinberg ( 1992) considered that feeding preferences are

primarily attributable to the selective nature of environments on

available algae.

In such primitive gastropods as abalone, digestion begins with

extracellular digestion followed by phagocytosis, or cellular up-

take of particles, in the digestive gland and ingestion by mobile

amoebocytes in some cases (Owen 1966). Intracellular digestion

occurs within the duct cells of the digestive gland (Fretter and

Graham 1962). Secretory cells occur throughout the digestive tract

of Haliotis spp. They have been documented in the buccal cavity,

crop, stomach, cecum, digestive gland, style sac, and intestine by

Crofts (1929). Other locations for secretory cells include the buc-

cal pouches (Fretter and Graham 1962) and esophagus (Beve-

lander 1988).

A wide variety of digestive enzymes have been identified from

the gut of abalone with the carbohydrates fucoidan, carboxymeth-

ylcellulose (CMC), and algin being among the most common sub-

strates used for detecting enzyme activity (Duffas and Duffas

1968, Elyakova et al. 1981, Yamaguchi et al. 1989, Boyen et al,

1990). Protease, alginase, and amylase activity also appear in the

crop fluid o'i Haliotis rufescens Swainson (McLean 1970).

The nature of the digestive tract of Haliotis spp. was examined

by Crofts (1929) (drawings for Haliotis tiiberculata Linnaeus).

Campbell (1965) (drawings for Haliotis cracheroclii Leach), and

Bevelander ( 1988) (a photographic study for H. tiiberculata). Ex-

amination of the greenlip abalone digestive tract, by histology and

scanning electron microscopy (SEM), strengthens our knowledge

of normal abalone gut structure, particularly for species that prefer

red algae. It also complements current gut physiology research

(Hanis et al. 1998a). In addition, it facilitates the detection of

dietary or toxicant-induced alterations in structure (Harris et al.

1998b).

Contributions to host animals from digestive tract bacteria can

come from either resident or transient populations. Alimentary

tracts offer many habitats conducive to microbial activities, such as

fermentation of complex organic molecules, the products of which

can be used by the host. Intestinal surfaces are often colonized by

bacteria, which then make up the autochthonous flora of the host

(Savage 198.^), and which can contribute to the nutrition of the

host (McBee 1971). Transient bacteria are ingested with, or as,

food and encounter both physical or biological events during pas-

sage that protect the resident populations from displacement (Or-

pin and Anderson 1988). Scanning electron microscopy has been

used on the oysters Crassostrea virginica Gmelin and Crassostrea

gigas Thunberg to examine bacterial associations (Tall and Nau-

man 1981. Garland et al. 1982a) and has revealed physical attach-

ment by resident microbes to internal digestive surfaces of other

invertebrates (Harris 1993. Jolly et al. 1993).

In this study, the gut structure of greenlip abalone is charac-

terized using histological and/or SEM techniques for fed and

starved individuals. Because the digestive gland is the most com-
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prehensively studied organ involved in digestion in abalone

(Campbell 1965. McLean 1970. Bevelander 1988) and is known to

be free of bacteria (Erasmus et al. 1997). it was not considered in

this study. Our emphasis was on epithelial function, because this

can influence bacterial associations with the gut wall. It comple-

ments a study of the gut microenvironment in this species (Harris

et al. submitted).

MATERIALS AND METHODS

Adult specimens of H. laevigata were maintained in a recircu-

lating system consisting of 6 x 20 L plastic containers and a

biofilter for up to 3 weeks prior to histological sampling. Greenlip

abalone were collected from several locations in northern Tasma-

nia, 40° to 4I°50'S, 146°50' to I48°50'E, (Petal Point, Foster

Islands, Port Sorell, and Flinders Island) and consisted of adults of

135 to 185-mm length. Macroalgae were collected in southern

Tasmania, 42°50' to 43°50'S, 147°50' to 148°E (Blackman Bay
and Port Arthur). Macroalgae of the genera Polysiphonia sp.. Ulva

sp., and other epiphytic algae associated with the macroalgae Am-

phibohis spp. were collected by divers and used as food. Epiphytic

algae of seagrasses are known to comprise up to 859f of the green-

lip abalone diet in wild conditions (Shepherd 1973). The algae

were added to the maintenance tank and left for 10 to 14 days. The

abalone fed rapidly when Polysiplumia sp. were added, although

they were "messy"" feeders. To remove algal debris, tanks were

siphoned every second day. A diatom film, which was grazed by
the abalone, developed within the tank during the study period.

Abalone were removed from the maintenance tank by either a

commercial abalone iron, a warm water siphon or a flat plastic

spatula with grease. Several abalone were dissected for prelimi-

nary investigation of the digestive tract. For histological examina-

tion, separate groups of fed and starved animals were used. No

macroalgae were added for 10 days to tanks containing starved

abalone, allowing sufficient time for physiological changes to oc-

cur within the abalone (Carefoot et al. 1993).

A scalpel was used to cut the foot as close as possible to the

shell without disrupting the mantle and visceral mass. The mantle

surrounding the mantle cavity was removed to facilitate access to

the digestive tract, taking care not to puncture the rectum (intestine

V). Two parallel incisions were made in the integument covering

the digestive tract (Fig. 1 ), joined by an additional two longitudinal

cuts in the integument to complete a rectangular section. This layer

was peeled away from the digestive tract with scalpel, tweezers,

and a blunt probe. The intestine (sections 11, III. IV, and V) were

teased with a blunt probe from the connective tissue and mem-

branes, and excised with scissors and scalpel. Because the oe-

sophagus lies under the intestines, it was carefully separated by

teasing with a blunt probe. The digestive gland and gonad were

removed by scraping them from the surface of the crop and stom-

ach.

Short lengths of gut (about 10 mm) were removed from the

esophagus, the crop, the stomach wall, the style sac, and intestinal

regions III and IV and placed into either phosphate-buffered for-

malin, Zenker's fluid, or Bouin"s fluid during daylight hours.

Samples were fixed for 24 hours at room temperature ( 15 to 18°C)

then dehydrated through a graded ethanol series to xylene in a

Tissue-Tek II tissue processor. Dehydrated tissue samples were

embedded in paraffin resin on a Shandon Histocentre 2 and sec-

tioned on a Microm HM 340 microtome at 4 p,m. Sections were

oven dried overnight at 37"C. Routine Harris" Haematoxylin and

Figure L Schematic diagram of greenlip abalone showing locations

for incisions into integument (a.b—lateral cut site; c,d—longitudinal

cut site).

Eosin (H & E) staining in a Shandon Linistain GLX automatic

tissue stainer was carried out on all tissues processed.

Five abalone. all of which had been maintained in recirculating

aquaria and fed with red, filamentous algae Polysiphonia sp. were

used for SEM. Abalone were removed from the shell, and the

digestive tract was exposed. To preserve the contents, whole gut

sections were removed aseptically. Where necessary, regions of

the gut were teased from the integument with a blunt probe and/or

forceps. Samples were taken from the esophagus, crop, stomach,

style sac, and intestines III and IV. Samples were immediately

transferred into 2.5% glutaraldehyde fixative in 0.2 m cacodylate

buffer, pH 7.2 containing the major salts present in sea water: 1.6%

NaCl, 0.6% MgCU, and CaCU (Garland et al. 1982b). Samples

were fixed for 24 h at 4°C then rinsed through three O.IM caco-

dylate buffers of decreasing osmolality (Lewis et al. 1985). At this

stage, the samples were trimmed and cut open to expose internal

surfaces. The samples were then dehydrated through a graded

ethanol series (Hodson and Burke 1994). Absolute ethanol and

acetone were prepared by storing the commercial grade chemicals

over anhydrous copper sulphate (in dialysis tubing). Dehydrated

samples were immediately transferred to acetone prior to being

critical point dried in liquid CO,. Samples were dried using a

Balzers CPD 020 Critical Point Dryer (CPD) apparatus. The

samples were mounted onto aluminium SEM stubs with carbon

paint and/or double-sided tape. Samples were then kept in a plastic

desiccator and stored over CaCL at a vacuum pressure of 25 to 30

psi, to prevent rehydration of the dried samples (Garland et al.

1982b), and sputter coated with gold (Balzers coater) within 24 h.

Gut sections were viewed with a Phillips 505 SEM at operating
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TABLE 1.

Cellular types distributed nithin the digestive tract of greenlip

abalone. H. laevigata.

Gut Region
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Figure 4. Epithelial surface of esophagus using SEM; Bar = 10 uni (a

= fragmentation spherules: b = mucous; c = cilia I.

Crop

The posterior oesophagus I expands into the crop, which is

distinguished by its deep blue-gray color. The crop extends to the

most posterior point of the right foot muscle, then narrows and

twists 180° into the stomach. Two large folds extend from the crop

into the stomach, forming a valve that controls entry of material

into the stomach. Thin muscularis surrounded the crop. The epi-

thelium of the crop contained mainly columnar secretory cells,

although phagocytes were also present (Fig. 6). Observed within

the crop were cells in various stages of constriction and fragmen-

tation, demonstrating the stages involved in release of fragmenta-

tion spherules (Fig. 7). including bulging through the mucus. The

cells" surface also had a striated border. Granular inclusions were

prevalent toward the distal cell tips in both fed and starved ani-

mals. Nuclei were mainly located in the basal half of the cells.

Heavily ciliated regions contained both debris and fragmentation

spherules (Fig. 8). In the crop, greater cell definition was found

with Zenker's fluid than other fixatives. An isolated helical bac-

terial cell was observed in this region.

Stomach

The stomach of H. laevigata follows the general pattern for

prosobranch gastropods as described by Morton (1953). A gastric

Figure 6. Crop epithelium of slar\ed ahaione in histological section;

tissue Has tl.ved in Zenker's fluid: niagniflcalion 4(10 x (a = nucleus of

mucus cell: b = non-nucleated fragmentation spherules; c = muscula-

ris).

.shield is present on the anterior, right side wall. A furrowed ciliary

sorting area takes up the floor of the stomach. The stomach cham-

ber narrows anteriorly into the heavily ciliated style sac. in which

is located the protostyle. The style sac continues to narrow into the

intestine. The ducts known to lead to the digestive gland in other

species of Haliotis were difficult to locate in H. laevigata, al-

though these ducts are presumably present. Muscularis was also

found below the epithelial cells. Cells coinprising the stomach

epithelium included ciliated cells, mucous cells, secretory cells,

and phagocytes (Fig. 9). Secretory cells constituted the majority of

the epithelium, with mucous cells occurring consistently. Phago-

cytes, although infrequently observed, were present both in basal

and distal regions of the cells. Nuclei were located within the basal

third of the cells. Amebocytes occurred in the stomach epithelia

and were distinguishable from phagocytes by their irregular mor-

phology. Some cilia were also visible under the spherules (Fig.

10). Bulging of the secretory cells through the epithelium and

cavities in the mucus occurred in the style sac (Fig. 1 1). similar to

the observations of the crop. Secretory cells involved in fragmen-

tation appear uniform in view from the epithelial surface, but side

views of fragmented cells indicate more variety in shape. The

club-shaped tips of the cells were observed protruding from the

Figure 5. Esophageal epithelium, showing mucopolysaccharide matrix

and algal fragments using SEM. Bar = 50 \im (a = algal fragments in

mucus).

Figure 7. Epithelium of crop wall, showing secretory cells in various

stages of constriction and fragmentation using SEM; Bar = 10 ]xm (a

= constricting cell; b = fragmented cell; c = cilia).
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Figure S. Crop epithelium, sliowinj; a renioii where cilia are located.

Fragmentation spherules are collected together in a furrow of the

epithelium using SEM. Bar = 10 pm (a = fragmentation spherule; b =

algal debris; c = cilia).

mucus. The style sac has an evenly ciliated, striated epithelium

(Fig. 12). although epithelia toward the stomach showed fewer

cilia and more secretory cells. Bouin's fluid produced more defi-

nition in cellular structure than other fixatives, although formalin-

fixed tissue enabled phagocytes to be distinguished more easily.

Interestingly, formalin-fixed stomach tissue retained a large layer

of mucus that also showed separation from the epithelial surface.

In star\ed animals, tissue anterior to the stomach showed large

amounts of granular inclusions within the distal third of the cells

and in the striated. borders. Nuclei of starved tissue cells also

showed a less pronounced staining reaction (Figs. 13).

Intestines I to III

Intestine I continued from the narrowed style sac, crossed the

oesophagus dorsally, into the first of the vertically oriented 180°

intestinal twists. The second 180° twist and a change in exterior

color to light brown/beige marked the beginning of intestine II,

which extended to about the midpoint of the foot. Here the intes-

tine abruptly changed exterior color to almost black, indicating the

start of intestine III. No muscularis was observed in this region.

Figure 10. Epithelial surface of the left stomach wall using SEM. Note

the occurrence of secretory cells involved in fragmentation as the dom-

inant cell types. Bar = 10 pm (a = fragmentation spherules; b = cilia).

The epithelium was most similar to that of the crop. Cells within

intestine III were more cuboidal than in intestines I and II. Few

ciliated cells were present on the ridges (Fig. 14), though more

occurred in the gutters, and were observed supporting fragmenta-

tion spherules within the intestine III. Phagocytes were widespread

among the cells, although mainly confined to the distal cell tips.

Formalin-fixed tissues revealed more mucous cells in ridge regions

than other fixatives, as well as phagocytes located in the distal

parts of the cells. Few phagocytes were evident within the starved

tissue samples (Fig. 15), although several phagocytes occurred in

the fed tissue samples. SEM revealed large areas of the epithelium

covered by fragmentation spherules, and a layer of mucus. Where

this layer of mucus was removed from the intestinal surface, the

fragmentation spherules were apparent, indicating mostly secre-

tory cells as the dominant cell type (Fig. 16). This removal of

mucus may have been an artifact of the glutaraldehyde fixation

process, but it shows the arrangement of the cells beneath the

mucous coat. Epithelial cells can be seen in cross section where

tissue was trimmed after fixation (Fig. 17). These cells were over-

laid with mucus, some debris, and fragmentation spherules. On

epithelial surfaces, more fragmentation spherules were found,

along with rod-shaped bacteria (Fig. 18).

Figure 9. Stomach epithelium iif led al)al<inc in histological section;

tissue was fixed in Bouin's fluid; magnification 400 x (a = fragmenta-
tion spherule; b = club-shaped tip of secretory cell bulging towards

lumen; c = phagocyte; d = nucleus of secretory cell).

Figure 11. Epithelium of posterior style sac. showing mucous-

associated secretory cells using SEM. Bar = 10 pm (a = secretory cells;

b = mucus).
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Figure 12. Style sac epithelium ol ted ahalone in lii.sloiojjicai section;

tissue was fixed in Bouin's fluid; magnification 400 x (a = ciliated

cells).

Figure 14. Intestine III epithelium from fed abalone in histological

section; tissue was fixed in Bouin's fluid; magnification 400 x (a =

nucleus of ciliated cell; b = ciliated cell; c = cilia; d = mucous cell).

Intestines IV to V DISCUSSION

The intestine continues anteriorly to the most anterior point of

the foot, where intestine IV begins. The exterior of intestine IV

was mostly light brown in color. The intestine turns 180° and

follows the previous regions of the gut. dorsal to intestine III and

the esophagus. This continues to close to the intestinal bends (in-

testines I and II). Intestine V is defined by another 180° turn,

passing through the ventricle to end within the mantle cavity as the

white-colored rectum. Intestine IV contained more mucous cells

than samples from intestine III (Fig. 19). Secretory cells and cili-

ated cells were also widespread, although ciliated cells were more

common within some gutters. Cells within the gutters were also

more cuboidal than those occurring in ridges (Fig. 20). Bouin-

fixed tissues had more defined nuclei than either Zenker's or for-

malin-fixed tissues. In formalin-fixed samples, starved abalone

tissues stained more intensely than fed abalone tissues. Granular

inclusions appeared inore prevalent within starved tissue samples.

Some bacterial cells were evident, associated with the mucus of

this region. These were mostly rod-shaped cells, and were few in

number. These cells all appeared associated or entangled with the

preserved mucus of the fecal string.

Gut Structure

Cellular type and location within the digestive tract of H. lae-

vigata illustrate digestive processes occurring in discrete regions.

The presence of secretory, inucous. and ciliated cells in the epi-

thelium of different regions enabled functions for each organ to be

postulated. Distinguishing between secretory cell types requires

further histological investigation of the cells and the roles they

play in digestion. Each fixative considered here proved effective at

highlighting certain structural details in particular areas. No gen-

eral pattern emerged as to which fixative was suited to each se-

lected area, although Bouin's fluid seemed best at fixing tissues of

the stomach and style sac. Formalin-fixed tissues showed a more

intense staining reaction, sometimes making subtle features, such

as cytoplasmic granules, difficult to see.

The frequency and large size of mucous cells found within the

esophagus indicate that this region is responsible for substantial

mucus production. Mucous secretions aid in entangling food par-

ticles, thus enhancing movement of food through this region and

into the crop. Food movement through the esophagus is also fa-

Figure 13. Style sac epithelium of star^ed abalone in histological sec-

tion; tissue was fixed in phosphate-buffered formalin; magnification

400 X (a = phagocytes; b = granular inclusions).

Figure 15. Intestine 111 epithelium of starved animals in histological

section; tissue was fixed in phosphate-bulTered formalin; magnifica-

tion 400 X (a = phagocytes; b = mucous cell; c = ciliated cell).
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.^jt^S^t^vasr^
Figure 16. \intral surface of intistinv 111 using SEM. Bar = 100 pm
la = mucus; b = epithelial surface with large numbers of secretory
cells).

cililated by widespread cilia. The similar incidence of mucous cells

in the intestinal region relates to the need for abalone to have

cohesive fecal pellets, because feces are discharged directly into

the mantle cavity, where disintegration of feces would be disad-

vantageous. Mucous secretion thus serves two purposes: it helps to

lubricate passage of the fecal string, and it coals the fecal pellets in

mucus that becomes more viscid with increasing pH typical of

seawater (Morton 1968).

Large numbers of secretory and mucous cells were present
within the crop, but very few ciliated cells were observed. The

physical nature of the esophageal folds within the crop prevent
uncontrolled food movement from the crop into the stomach. Be-

cause the crop receives the contents of the esophagus, including
food, mucus, and secretory cell products, and contains few cilia, it

seems likely that its function differs from the oesophagus. The
internal pressure of the crop causes rapid leakage of gut contents

if any part of its surface is punctured. Therefore, food is likely to

be retained within the crop for some time, which, together with the

expanded walls of the crop, suggests that it is a storage organ,

although there may be some food digestion before the food-mucus
mixture enters the stomach. Analysis of crop contents has revealed

algal degradation within the crop (Shepherd 1973. Foale and Day

Figure 18. Epithelial surface of intestine III using .SEM: note the oc-

currence of fragmentation spherules, debris, and some rod-shaped
bacteria. Bar = 50 pm (a = fragmentation spherules; b = fecal debris;

c = rod-shaped bacterial cells).

1992). implying some enzyme production to degrade algae beyond
the particle size rasped into the digestive tract by the radula. Amy-
lases have been recorded from the esophageal epithelium of H.

riifi'sceiis (McLean 1970).

The large number of secretory cells observed in the crop and

stomach suggest that these regions are important in digestion by H.

laevigata. Crofts (1929) observed secretory cells in the crop, stom-

ach, and digestive gland of H. tubercidata. Fragmentation spher-
ules were widespread in the esophagus, crop, stomach, style sac,

and intestine of all animals examined. The.se cells are not believed

to be bacterial, because "pinching-off of cells within the crop
and style sac was observed in this study and by Campbell (1965)
in H. cracherodii. These cells bulge into the lumen, becoming
rounded and club-shaped and surrounded by mucous-bound food

(Morton 1953). The tips of the cells, or whole cells, are constricted

into the lumen. In this study, spherules were observed still intact in

the intestine, supporting one view held by Owen (1966) that these

spherules aid in removing indigestible wastes. The presence of

spherules in the esophagus is unlikely to be associated with waste

removal, so it is tnore likely that they carry digestive enzymes into

the lumen to facilitate extracellular digestion. Breakdown of these

spherules would, thus, be a means of introducing enzymes to the

Figure 17. Intestine III, showing both a cross section of the epithelial
cells and the surface mucus coating using SEM. Bar = 50 pm (a =

fragmentation spherules; b = mucus; c = epithelial cells).

Figure 19. Intestine 1\ epithelium of fed abalone In histological sec-

tion; tissue was fi.xed in Zenker's fluid; magnification 400 x (a = basal

lamina; b = phagocyte: c = ciliated cells: d = mucous cell).
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Figure 20. Intestine I\ epitiieliuni ot led abalone in tiistolojjical sec-

tion; tissue was fixed in Bouin's fluid: magnification 400 x (a = ciliated

cells; b = nucleus of ciliated cell).

large substrate volume of the food mass. Further definition of the

role of spherules is required.

The widespread occurrence of cilia within the style sac and the

presence of a protostyle within this region are typical features of

gastropods (Morton 1953). The protostyle is known to receive

indigestible wastes from the stomach sorting area and, because of

the rotating action of cilia, bind these wastes onto the protostyle

surface (Morton 1953). The extensive ciliation in the style sac

suggests that H. laevigata has a stomach stnjcture typical of other

primitive archaeogastropods. such as Palella spp. (Fretter and Gra-

ham 1962). The high incidence of secretory cells would contribute

to the digestive processes involved with the action of the proto-

style, because chemical breakdown would greatly enhance the me-

chanical action of the protostyle on the gastric shield.

The presence of phagocytes near the distal epithelial cell tips in

the stomach suggests a role in either waste rejection or food uptake

(Owen 1966). When comparing intestine III to the esophagus,

fewer cilia are visible. In view of this, food passage through in-

testine III would be much slower, allowing ample time for phago-

cytes to interact with the lumen contents. It would follow that this

region has a role in food absorption and waste rejection. Because

fewer phagocytes were recorded in the stomach and intestine of

starved abalone. this could be seen as a response to decreased food

availability. Intestinal region IV has distribution of cilia similar to

intestine III. Thus, slow passage time through the intestines pro-

vides both ample time and surface area for either absorption or

phagocytosis. The presence of granules in epithelial cells alludes to

digestive activity, instead of simply the consolidation of the fecal

string, as suggested by Campbell ( 1965).

Starvation of the abalone produced changes in some of the

digestive tissues. Compared to fed animals, periods of starvation

are known to decrease the rate of digestion of algae by H. rubra

after feeding recommences (Foale and Day 1992). Both blood

glucose levels and stored glycogen content were depleted within 6

days of starvation (Carefoot et al. 1993). Similar responses in

cellular structure have been elicited by other causes, such as poor

water quality (Harris et al. 1998b). Therefore, the structural

changes could have several possible explanations.

Microbial Aspects

Overall, few bacteria were observed within the digestive tract

of W. laevigata. Areas likely to be harboring microorganisms, such

as folds and crevices (McBee 1971). showed little evidence of

colonization. In this study, most bacteria were evident in the in-

testine of H. laevigata. The isolated spirilloid bacterium observed

within the crop and the several rod-shaped bacteria observed

within the intestine all seemed to be associated more with mucus

than directly with epithelial surfaces. Interestingly, only in the

intestine were any bacteria observed that could be regarded as

attached. These were located on the epithelial surface with frag-

mentation spherules and debris. Because this was only observed in

one abalone. it suggests that bacterial attachment to intestinal sur-

face may occur, but not to any great extent.

Mucus was observed closely associated with the epithelial sur-

faces, including ciliated surfaces. Detachment of some mucus in

the intestine showed the surface of secretory cells with and without

mucus; in neither case were bacterial associations evident. The

presence of mucus after glutaraldehyde fixation is in contrast to

Gariand et al. (1979). who found tissue surfaces relatively free of

mucus when fixed in this way. The secretion of copious quantities

of mucus is believed to remove microorganisms from epithelial

surfaces (Gariand et al. 1979). Prosobranchs such as abalone se-

crete large amounts of mucus throughout the digestive tract,

mainly from the esophageal glands and style sac (Crofts 1929.

Fretter and Graham 1976). Mucus within C. gigas had an effect on

microbial attachment, because of its viscosity, by entangling mi-

crobes and preventing their attachment (Gariand et al. 1982a). The

few bacterial cells observed among mucus in the intestines and

esophagus of H. laevigata are unlikely to be attached populations,

because microbes on the surface of a mucous layer are more likely

to be originate from either food or feces (Harris 1993).

The few food particles observed in the esophagus of H. laevi-

gata also revealed no bacteria, and only an isolated bacterial cell

in one esophagus sample. The absence of bacteria in this region

requires explanation, because abalone are known to consume mi-

croorganisms with ingested algae (Gariand et al. 1985). The visible

absence of bacteria may be attributable to the rapid passage time of

food into the crop, because ciliary currents move food quickly

through the esophagus of W. tuberculata (Crofts 1929). Movement

of uigested. radio-labeled food into the blood of H. rufescens oc-

cun-ed within 15 minutes of feeding (McLean 1970). suggesting

that movement of food and absorption through this region can be

rapid. Because abalone feed soon after dusk (Shepherd 1973). food

may be in the guts for up to 12 hours before collection, allowing

adequate time for algae to fragment to an unrecognizable state

(Foale and Day 1992). This may have influenced the results: how-

ever, the presence of isolated food particles within the oesophagus

suggests other reasons for the absence of visible bacteria.

The lack of bacteria observed in this study within the gut of H.

laevigata could he attributed, in part, to the physiological aspects

of digestion associated with the three main cell types. Within the

digestive tract. H. laevigata has a large surface area taken up by

secretory, ciliated, or mucous cells. Mucous and secretory cells,

through secretion, provide a surface area that would be unsuitable

for microbial association (Harris 1993). Surfaces covered by cilia

are unsuitable for microbial attachiuent. because it is through the

movement of cilia that food is directed through all gut regions

except the crop and stomach (Crofts 1929. Campbell 1965). The

major means of food passage through the digestive tract of oysters

is entanglement in mucus, directed by ciliary movement (Garland

et al. 1982a). These authors found few bacteria within the digestive

tract of the oyster C. gigas and attributed this to the extensive

ciliation within the oyster.
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The greenlip abalone seems to have a transitory relationship

with its ingested bacterial populations, similar to C. gigas (Garland

et al. 1982a). The nature of the gut of H. laevigata, with few

visible bacterial associations, suggests that for possible bacterial

contribution, bacteria within the food may be more important at

breaking down carbohydrates than surface-associated bacteria.

Both these possibilities have been suggested for other aquatic in-

vertebrates (Harris 1993). Because bacterial populations within the

lumen may be either transient populations or colonizers, signifi-

cant contributions from these populations would require prolonged

retention of food within the latter regions of the gut. Because feces

are produced for several days postfeeding (Wee et al. 1992). this

situation is entirely possible.

CONCLUSION

The gut structure of H. laevigata does not differ greatly from

that of other haliotids that chiefly consume brown macroalgae. It

has a complex gut with different regions being characterized by

specific cellular composition indicati\e of region-specific gut

functions. SEM analysis suggests that relatively little of the gut

epithelial surface is suitable for colonization by bacteria. The con-

tribution of transient bacteria in the lumen of the gut could not be

assessed in this descriptive study, but the contributions of bacteria

to particular aspects of digestion are addressed in a complementary

physiological study (Harris et al. 1998a).
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ABSTRACT Microelectrodes were used to measure pH and dissolved oxygen within the gut environmenl of adult greenlip abalone

(145 to 160 mm), Haliotis laevigata Donovan. Oxygen levels were found to be below the limit of detection for the oxygen micro-

electrode (0.38 mg DO.L"'), suggesting either mieroaerophilic or anaerobic conditions. The pH profile of the gut revealed a decrease

from the external environment (pH = 8.20) to pH 5.31 within the crop, increasing through the intestine to 6.64 in the rectum.

Enrichment cultures of bacteria from within the abalone gut revealed mostly isolates from the family Enterobacteriaceae. These isolates

occurred throughout all regions of the abalone gut. and almost all showed hydrolytic ability for one or more carbohydrates. Cxtophaga

spp. isolates appeared from esophageal and intestinal enrichments of the digestive tract and were all capable of both carboxymeth-

ylcellulose and agar hydrolysis. A decrease in diversity of bacterial tvpes m the stomach, crop, and style sac corresponded with reduced

pH.

KEY WORDS: Abalone. Halunis laevigahi. ditiestive tract

INTRODUCTION

The gastrointestinal tract is a microenvironmeiu that has been

e.xaniined in marine invertebrates in terms of pH (Mathers 1974)

and dissolved oxygen or redox potential (Plante and Juniars 1992).

As well as having a significant effect on enzyme activity, high or

low pH can favor maintenance of symbiotic microbes (Plante and

Jumars 1992). The selective nature of the niicroenvironment di-

rectly influences microbial composition and activity. In turn, it is

possible for the microorganisms, through their metabolism, to

modify the microenvironment.

The most commonly reported association between microbes

and in\ertebrates involves the ingestion of bacteria (e.g.. Garland

et al. 1985, Vitalis et al. 1988). Bacterial associations with diges-

tive tracts of marine animals have revealed a restricted range of

microorganisms, suggesting the existence of strong selective pres-

sures within the gut that result in characteristic gul microflora

(Unkles 1977. Sochard et al. 1979, Tall and Nauman 1981 ). Stud-

ies on the bacterial flora of digestive tracts require an understand-

ing of the microenvironment in order to mimic these conditions in

culture. Microelectrodes are ideally suited for studying. (;; siiii.

some aspects of the physiology of undisturbed microbial commu-

nities, such as microbial respiration (Revsbech and Jurgensen 1986).

Nearly all terrestrial herbivorous animals have one or more

parts of the digestive tract expanded into an organ that accommo-

dates a microbial population valuable in the digestion of food, for

which the host animals do not necessarily produce the correct

complement of enzymes (McBee 1971). The activity of such bac-

teria often benefits the host through cellulose breakdown, nitrogen

fixation, increased host resistance to toxins, or preconditioning of

food (Harris 1993). In some herbivorous animals, there exists a

specific fermentation organ, in which food (cellulose) is subjected
to highly reduced conditions arising as a result of microbial me-

tabolism. Abalone are aquatic herbivores. If an analogy can be

drawn between herbivorous animals that ferment and abalone in

terms of microbial cellulase activity, then the conditions prevalent

in these fermentation chambers should also be repeated. These

conditions would include a highly reduced environment in which

oxygen has been removed. The most effective means of detecting

these conditions is with microelectrodes because of their small

size, accuracy, and sensitivity. Oxygen depletion as seen within the

digestive tract of vertebrates does occur in some aquatic deposit

feeders (Plante and Jumars 1992).

Less is understood about the relationships that microbes have

with invertebrate hosts than with vertebrates, with the exception of

the cellulose-degrading bacteria found within Teredinidae (Bi-

valvia) (Morton 1978). Associations between microbes and aquatic

invertebrates have been reviewed by Harris ( 1993). If not digested,

microbes can travel the length of the gut and pass out unaffected.

or may proliferate in a favorable region of the gut. Attachment

often leads to the development of residential populations. The

importance of the role these microbes play is unclear. Vitalis et al.

( 1988) found that bacteria that degraded algae contributed signifi-

cantly to the nutrition of the sea-hare, Aplysia spp. However, Galli

and Giese (1959) described several isolates from within the gut of

the herbivorous aquatic snail, Tegida fimelirulis. few of which

could degrade either agar, alginic acid, or carrageenan.

Algal carbohydrates (Table 1 ) have been used as substrates to

examine the role of microbes in aquatic herbivore digestive physi-

ology. Alginate lyase, amylase, cellulase, agarase, laminarinase,

carrageenanase, and b- 1 ,4-glucanase activities have all been evalu-

ated (Galli and Giese 1959, Vitalis et al. 1988, Harris 1993,

Sawabe et al. 1995, Erasmus et al. 1997). Bivalves that exhibit

cellulase activity have been shown to possess a cellulolytic micro-

flora (Crosby and Reid 1971 ). Other bacterial strains isolated from

aquatic invertebrate guts have shown agarase. protease, lipase,

laminarinase, amylase, alginase, and chitinase activities (Harris

1993).

Most commonly, facultatively aerobic bacteria have been iden-

tified from the digestive tracts of invertebrates (Galli and Giese

1959. Prim and Lawrence 1975. Musgrove 1988). However, few

attempts to isolate strict anaerobes have been made (Harris 1993,

Sawabe et al. 1995). In vertebrates, facultative aerobes are present,

but in lower numbers than other types. The activities of these

facultative aerobes quickly deplete the oxygen within the digestive

tract, thus providing favourable conditions for growth of obligate

anaerobes.
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TABLE 1.

Common polysaccharides found in some marine algae (Kreger 1962,

McCandless 1981, Craigie 1990).

Polysaccharides

Algal Division Storage Structural

Rhodophyceae

Chlorophyceae

Phaeophyceae

Floridean starch Cellulose, agar, carrageenan, mannans
Starch Cellulose, xylans

Laminarin Cellulose, alginic acid, fucoidan

Preparation of Abalone for Experiments

Abalone were removed from the maimenaiice tank w ith either

a commercial abalone iron, a warm water siphon, or a flat plastic

spatula with grease. Abalone were anesthetized in 1 mL/L of ethyl

p-aminobenzioc acid (benzocaine) solution for 15 minutes to pre-
vent any movement. The stock benzocaine solution was made up
from 100 g ethyl p-aminobenzoic acid dissolved in 1 L of 95%
alcohol (Hahn 1989).

Microprohe Analysis of the Abalone Digestive Tract Microenrironment

In aquatic invertebrate guts, bacteria can occur within the

esophagus, the stomach, intestine, midgut, style sac, cecum, and

hindgut (Harris 1993). In bivalves, the hindgut is the most heavily
colonized region (Harris 1993). Accumulation of bacteria in the

hindgut of bivalves occurs because of the extended passage time of
food (Prieur et al. 1990). Bactena have doubling times that range
from 15 minutes up to several days, so passage times of up to 3

days through bivalve guts are sufficient for adapted bacteria to

survive and grow (Prieur et al. 1990). Observations of blacklip
abalone. H. rubra, indicate that feces are produced up to 7 days
after feeding (Wee et al. 1 992 1. suggesting ample time for bacterial

colonization. Similarly, the relatively long intestine in abalone.

with numerous folds and grooves (Campbell 1965). provides

ample surface for bacterial colonization (Harris 1993). However.
Harris et al. (submitted) found relatively few bacteria within the

gut of H. laevigata.

The abalone digestive tract contains several functional regions

through which there is a continuous, one-way flow of ingested
material (Harris et al. submitted). Characterization of the micro-

environment of these areas would enhance understanding of the

microbial and physiological processes occurring within the diges-
tive system of abalone. The nature of the microbes from the green-

lip abalone, H. laevigata, also requires characterization to deter-

mine their potential importance to the digestive physiology of the

host. The purpose of this study is to determine the physical con-

ditions within the gut of the greenlip abalone and to examine the

ability of microbes isolated from the gut to digest algal carbohy-
drates. This inforination complements another study on the gut
structure of this species (Hanis et al.. submitted).

MATERIALS AND METHODS

Maintenance System

Adult greenlip abalone (135 to I85-mm length) were collected

from several locations in northern Tasmania, 40° to 41°50'S.
146°50' to 148°50'E (Petal Point. Foster Islands, Port Sorell, and
Flinders Island) and maintained in recirculating systems. Macroal-

gae were collected in southern Tasmania, 42°50' to 43°50'S.
147°50' to 148°E (Blackman Bay and Port Arthur). Macroalgae of
the genera Polysiphnnia sp., Ulva sp.. and other epiphytic algae
associated with the macroalgae Amphiholu.s spp. collected by
divers were used as food for the abalone (Harris et al. 1998). The

algae were added to the maintenance tank and left for 10 to 14

days. To remove algal debris, tanks were siphoned every second

day. A diatom film, which was grazed by the abalone. developed
within the tank during the study period.

Seven adult abalone. 145 to 160-mm. were used for pH analy-
sis. Two of these were also used for determining dissolved oxygen
levels in the gut. Once anesthetized, the abalone were removed
from their shells, and the integument was removed to expose the

gut (see Harris et al. 1998). All measurements were recorded after

the electrodes were fully inserted into the lumen and the electrode

response stabilized, which took less than 4 seconds.

The pH microelectrode was a MI-413 microcombination pH
electrode in an 18-gauge needle (Microelectrodes Inc., New
Hampshire. USA). It was connected to a Hanna Instruments (HI

9017) microprocessor pH meter, accurate to ±0.0001 mA. The pH
electrode was calibrated with buffered solutions of pH 7.00 and pH
4.00, at 20°C. pH measurements were performed at 18 to 20°C and
35.5 ppt.

The dissolved oxygen probe was a Clark-type oxygen micro-

electrode (OME) with guard cathode (Diamond General Corp., MI,
USA). It was used with a Keithley 485 autoranging picoammeter.
The dissolved oxygen electrode was prepared for calibration by
immersion in air-saturated water for 30 min. The current output
was measured for 1 hour after saturating aquarium water of 35.5

ppt and held at 16.1 ± 0.05°C with N,, air or O,. The electrode had

good linearity in its response and a low stirring effect of 1.2%,
which was considered negligible (Revsbech and Jorgensen 1986).

Before testing each animal, water samples were taken for Winkler

analysis to check electrode calibration. Electrodes were held in

position using a micromanipulator (Maerzhauser, Germany), at-

tached to a heavy stand (Fig. 1 ). Any lateral stress on an OME may
cause it to crack, so the abalone were held in position by pinning
them to a soft polystyrene base. The base was fixed to a wire rack

and positioned within a small (30 x 30 x 20 cm) aquarium con-

Figure 1. Experimental setup (a = 15 kg stand base: b =

abalone: d = seawater aquarium; e = dissolved oxygen

micromanipulator).

airline;

OME;
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taining seawater. The gut wall was punctured with the electrode,

which was then inserted into the lumen. Positioning the OME in

the lumen was achieved once the gut wall slid up the probe.

OME's give an output in pA which is directly related to the

partial pressure of oxygen. Because temperature and salinity were

constant, the dissolved oxygen concentration was calculated as:

I sample
DO sample = —- x DO standard

I standard

(I sample
= current output in pA; I standard = current output

from aquarium water; DO standard = DO of aquarium water as

measured by Winkler titration; DO sample
= DO of sample in

mg/L.)

The limit for detection by the OME was \5 pA. or 0..^8 mg
DO.L"'. The oxygen saturation can be calculated by dividing the

calculated concentration in mg/L by the saturated concentration of

oxygen at IbA C and 35.3 ppt. which is 7.93 mg/L.

Bacterial Flora of the Abalone Digestive Tract

To obtain bacterial samples from the abalone, sections of the

digestive tract (postesophagus region 1. crop, stomach, style sac.

and intestines) were excised with scissors, scalpel, and tweezers

(Harris et al. 1998) and placed into each of three enrichment broths

(CarboxyMethylCellulose (CMC), starch, or agar). Smaller sec-

tions, such as the esophagus, were sampled as whole gut sections:

whereas, larger areas, such as the stomach, required the removal of

one wall. Before use, these broths were boiled for up to 30 minutes

to remove dissolved oxygen, then placed in an ice-bath to cool

rapidly. Enrichments were performed in anaerobic and microaero-

philic conditions according to methods modified from Lewis et al.

(1992). Carbohydrate enrichment broths were incubated at 2rC
and examined on the third day.

Loops of enrichment broth were transferred to solid media

containing either starch, agar, or CMC. CMC and starch plates

were made using modified seawater, agar, and vitamins (SWAV)
medium with agar at 10 g/L and CMC or starch at 10 g/L. pH
concentrations of enrichments broths and solid media were ad-

justed to 6.5 for esophagus and intestines II and IV, and 5.5 for

crop, stomach, and style sac samples. Plates were incubated in

anaerobic and microaerophilic conditions at 2rC and examined

after 4 days. Visible colonies were subcultured onto the same

media to purify the isolates. Bacteriological peptone and yeast

extract were omitted from the (SWAV) medium of Lewis et al.

(1992) to enable single carbon sources (starch, agar, or CMC) to be

added.

CMC was dissolved in distilled water before adding to seawa-

ter. CMC degradation was detected visually by observing clear-

ance zones around colonies. Localized clearance of the medium
was taken as hydrolysis. Hydrolysis on agar plates was seen by a

lowering of colonies into the agar. Combined ingredients for solid

media were autoclaved at I2rC and 15 psi for 15 minutes.

Tests performed on pure isolates were: gram reaction and cel-

lular morphology, colonial morphology, OF test, Craigie tube mo-

tility test, catalase, oxidase, and susceptibility to the antibiotic

0/129 (150 (jLg) (Oxoid). Organisms found to be fermentative were

tested against this antibiotic for presumptive Vibrio spp. identifi-

cation. All three media types were tested for their effect on the

catalase and oxidase reactions and were found to have no effect.

Statistical Analysis

Data were subjected to single, fixed factor analysis of variance

(ANOVAl after meeting assumptions of normality using the Sha-

piro-Wilk test (Zar 1996) and homogeneity of variance using
Cochran's test (Underwood 1981). Multiple comparison of means

(Tukey-Kramer HSD) was performed on data that showed a sig-

nificant ANOVA result (Sokal and Rohlf 1995). All analyses were

conducted using JMP 3.0 software (SAS Institute).

RESULTS

MicroemironmenI of the Abalone Digestive Tract

Readings below the limit of detection for the OME (0.38 mg
DO.L"') indicated that conditions were, at least, microaerophilic.
This was consistently found throughout the length of the digestive

tract, with little variation evident. All the dissolved oxygen con-

centrations were calculated to be =£5.7% oxygen saturation at

16.1°C and 35.5 ppt. The crop was significantly (p < .05) more
acidic than the esophagus and the intestines (Table 2).

Bacterial Flora of the Abalone Digestive Tract

The attempt at isolating anaerobic bacteria produced few or-

ganisms. The microaerophilically incubated plates showed growth
after 4 days incubation and were subcultured after 7 days. Ap-

proximately three bacterial types were evident on each plate for a

total of 51 isolates.

Subculturing revealed both pigmented and nonpigmented colo-

nies, mostly as Gram-negative rods. Strains showed both negative
and positive catalase reactions, and all strains examined were oxi-

dase negative. Physiological types included mostly fermentative

reactions (36 isolates), although no reaction (13 isolates), and oxi-

dative reactions (two isolates) were also observed. Only two iso-

lates were obligate microaerophiles, both being members of the

family Enterobacteriaceae; the remainder were facultati\'ely aero-

bic. Most fermentative strains were resistant to 0/129, although six

isolates showed inhibition zones ranging up to 20 mm.
Most of the microbial isolates showing positive hydrolytic ac-

tivity occurred within the oesophagus (II isolates) and intestines

( 17 isolates). Fewer isolates were recovered from the crop, stom-

ach, and style sac. Hydrolytic activity varied among the isolates

(Table 3), being prevalent among those isolates identified as Cy-

tophaga spp. and Enterobacteriaceae. Degradative ability on agar
and CMC was common among the isolates, although no isolates

were observed that could degrade both starch and agar.

TABLE 2.

pH profile of the digestive tract of greenlip abalone. H. laevigata.

Sampling Site Mean ± SE

Esophagus

Crop
Stomach

Style sac

Intestine II

Intestine III

Intestine IV

Intestine V

6.20 ±0.16''

5.28 ± 0.08''

5.53 ± 0.1 0""

5.49 ±0.12""

5.80 ±0.12"

6.34 ± 0.04°

6.65 ± 0.06"

6.64 ± 0.04"

Means sharing a common superscript are not significantly different (p > .05).
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TABLE 3.

Genera, location, and hydrolytic activity ol' bacterial isolates from

the digestive tract of H. laevigata.
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as close as possible to the conditions within the gut environment.

the use of selective media can sometimes fail to detect some bac-

teria capable of hydrolytic activity (Harris 1993). Therefore, it is

likely that there are some bacterial types present that were not

isolated through the enrichment process. The larger diversity of

bacteria isolated from the esophagus of the abalone. with a de-

crease in species in the crop and stomach, is directly related to the

selective conditions of the gut environment. Dissolved oxygen and

pH are two variables likely to influence microbial growth strongly

in the abalone.

Bacterial genera found within the digestive tracts of bivalve

molluscs include: Achromobacier, Flavohacterium/Cytophaga.

Pseudomonas, Vibrio. Corynebacterium, Arthiobacter. Escheri-

chia. Neisseria, Streptococcus. Micrococcus. Moraxetla. Acineto-

bacter. and Aeromonas spp. (Prieur et al. 1990). Juvenile blacklip

abalone. Haliotis rubra, have been shown to consume bacteria

with coralline algae (Garland et al. 1985). These bacteria were

predominantly Moraxella. although Pseudomonas, Vibrio. Altero-

monas. and smaller numbers of Flavobacterimn/Cytophaga and

Aeromonas spp. were also present. Bacterial isolates obtained from

the South African abalone. H. midae. showed an ability to use a

range of complex polysaccharides (Erasmus et al. 1997). In terms

of hydrolytic capabilities, the types of bacteria found within the

abalone gut are similar to those found in the sea hare (Gastropoda).

Aplysia Juliana. (Vitalis et al. 1988). However, not all the bacteria

ingested by abalone may be able to exploit the gut environment.

From our study, it seems that the marine bacteria capable of

growth at reduced pH are different in composition to those isolated

by other authors at higher pH (Sawabe et al. 1995, Erasmus et al.

1997). Consequently, the reports of other authors may have re-

vealed bacterial populations that are present, but not necessarily

capable of contributing to the digestive ability of the host in a

typical gut pH regime. It may be that the bacteria reported in this

study differ from those reported elsewhere by being capable of

digesting algae within the gut environment, from the wider variety

of bacteria ingested by the abalone.

Vibrio spp. have been recorded as predominant microorganisms

in several marine invertebrate digestive tracts (Unkles 1977, So-

chard et al. 1979. Hartis 1993). including abalone (Erasmus et al.

1997, Sawabe et al. 1995). It may seem surprising that so few

isolates of Vibrio spp. were obtained from the greenlip abalone.

However. Vibrio spp. are usually isolated on alkaline media (Bau-

mann and Schubert 1984), suggesting growth is reduced or pre-

vented in acidic conditions. The microbial isolates from the most

acidic region, the crop, were almost entirely from the family En-

terobacteriaceae, suggesting that these bacteria are well adapted to

the acidic gut environment. The Enterobacteriaceae are rarely re-

corded from the marine environment or from the guts of inverte-

brates (Harris 1993). The occurtence of the Enterobacteriaceae in

H. laevigata may represent a normal bacterial flora that specifi-

cally developed within the gut and adapted to the reduced pH and

microaerophilic environment. Their presence throughout the di-

gestive tract suggests that these bacteria may be indigenous.

Wild greenlip abalone are obligate drift algae consumers, able

to consume many different types of algae (Shepherd 1973). Inges-

tion of diatoms, detritus, bacteria, and sand also occurs as a result

of the mode of feeding (Campbell 1965). The diet fed to the

abalone during this study was limited in diversity as compared to

that of abalone in the wild. The restrictions this would place on

microbial growth may be subtle, although some decrease in normal

microbial species diversity could be expected. By restricting avail-

able food types, this may also reduce bacterial diversity. Digestive

tract analysis of bacterial biota in other animals maintained in

laboratory systems supports this theory, because the selective pres-

sures imposed by the artificial environment influence the normal

bacterial flora occurring in the gut of aquatic invertebrates (So-

chard et al. 1979).

Seaweeds are known to have epiphytic colonies of diatoms,

yeasts, and bacteria (Austin 1988), some of which have known

algal cell-degrading abilities, such as Cytophaga spp. Mechanical

breakdown of algae by the radula would release cellular contents

previously unavailable to epiphytic or free-living bacteria, and this

would be expected to slunulate microbial growth. However, few

bacteria were seen to be associated with the gut surface of the

greenlip abalone. This may be caused by the action of cilia and the

presence of mucous and secretory cells (Harris et al. 1998). and the

results from this study that suggest that variation in pH from the

external environment may also be a factor. We obtained 44 isolates

of bacteria from the gut of H. laevigata. These bacteria were

capable of degrading algal polysaccharides at levels of pH and

dissolved oxygen similar to gut values. Therefore, bacteria may

contribute to H. laevigata nutrition. Because the bacteria do not

seem to be strongly associated with the gut epithelium, then bac-

terial digestive activity is likely to be restricted to the lumen (Har-

ris et al. 1998). Some output of feces still occurs several days after

feeding has ceased (Wee et al. 1992). allowing the possibility for

sustained bacterial activity within the intestines. The less intimate

association of bacteria with bivalves as compared to terrestrial

animals (Kueh and Chan 1985) also seems apparent in the greenlip

abalone. Kueh and Chan (1985) suggested that, for oysters, the gut

flora are mainly derived from the external environment and a more

indigenous population of bacteria dominate the lower digestive

tract because of selective pressures and multiplication. This situ-

ation seems analogous to that of the greenlip abalone.

CONCLUSION

The presence of bacteria within the digestive tract of the green-

lip abalone, and their ability to break down algal carbohydrates at

pH levels found within the gut, suggests that bacteria are capable

of contributing to the nutrition of their host, although the amount

remains in question. The lack of physical association of these

bacteria with gut epithelium suggests a different digestive strategy

to terrestrial herbivores. If bacteria contribute significantly to host

nutrition, they are more likely to contribute through activity within

the gut lumen. The selective pressures of the gut environment give

rise to bacterial populations that are different in composition to

those reported from the external marine environment.
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ABSTRACT The characteristics of the microbiota of a formulated abalone (Haliotis laevigata) diet were studied by scanning electron

microscopy (SEM) and standard bacterial culture and taxonomic techniques. Microbes colonizing the diet (ABCHOW) were enumer-

ated by SEM and partly identified after immersion of the diet in seawater for 0, 2, and 4 days with and without abalone. The fatty acid

composition of the diet was also analyzed, after similar treatments, for biomass estimates and bacterial biomarker identification.

Bacterial numbers on unimmersed diet and diet immersed in sterile seawater for 2 and 4 days were negligible. Bacteria proliferated

after 2 days immersion in seawater with abalone ( 1.2 x 10' cells/mnr ) and without abalone (5.7 x lO'' cells/mnr) (p < .05). Numbers

continued to rise between 2 and 4 days for diet immersed without abalone (6.5 x 10"* cells/mm"). However, a decrease in bacterial

numbers was observed between 2 and 4 days immersion in seawater with abalone (7.7 x lO"* cells/mm" after 4 days), and this was

accompanied by an increase in ciliate numbers (from to 10" ciliates/mm"). Ten distinct taxonomic groups of bacteria were identified

from the diet after immersion; Cylophaga spp. was the most abundant group. Chemotaxonomic analysis, including fatty acid profiling,

failed to provide microbial biomass estimates or bacterial biomarkers. The majority of the microbes were found to have the capacity

to degrade a protein and a lipid source within the diet, but not two carbohydrate sources, including the binder. Bacteria were found to

affect the physical form of the diet, but it is unlikely that they affected its macronutritional value to any great extent.

INTRODUCTION

Worldwicje decline in abalone fisheries has accelerated the de-

velopment of abalone mariculture (Coote et al. 1996). One of the

major constraints to the industry is the provision of an economi-

cally viable, nutritionally suitable, formulated diet (Fleming et al.

1996). Given the high cost and logistical difficulties of supplying

natural seaweeds to abalone (Coote et al. 1996), the industry pref-

erence is for a cost-effective formulated diet. The development of

such a diet depends not only on an understanding of the nutritional

requirements of the abalone and their digestive processes, but also

on the diet's performance in the culture system.

Most formulated diets for fish are consumed rapidly, but, large

industries now exist for slow-feeding invertebrates such as marine

shrimp and marine gastropods. Abalone graze on food slowly, so

it is not uncommon in cominercial situations for diet to be im-

mersed for up to 4 days before it is consumed. Given the rapid

leaching of water-soluble nutrients from formulated diets (Goldb-

latt et al. 1979) and the ample time for microbial colonization,

costly feeding strategies, based on frequent input, may be adopted.

However, growth trials have suggested the opposite may actually

be the case: faster growth rates were observed with less frequent

feeding and cleaning intervals and therefore extended immersion

(Maguire et al. 1996).

When considering the effects of microbes on the nutritive value

of formulated diets, several possibilities exist. They may have

detrimental effects: by consuming the nutrients meant for the aba-

lone, or decreasing the stability of the diet by facilitating its physi-

cal breakdown and exacerbating water quality problems (Shigueno

*Present address: Fisheries Western Australia, Research Division, PO Box

20, North Beach, WA 6020. Australia.

1975, Moriarty 1986). The diet may also act as a reservoir for

pathogenic microbes (Moriarty 1986, Muir and Sutton 1994). Con-

versely, bacteria may be beneficial by forming extracellular par-

ticulate matter after uptake of dissolved nutrients (Pearl 1978).

which may then become available to the abalone. Dietary constitu-

ents may be broken down and consumed by bacteria, which may
in turn be consumed by the abalone. Both Garland et al. ( 1985) and

Harris (1993) state that digestive enzymes may be supplied to

abalone by bacteria. Finally, bacteria may produce certain feed

attractants or micronutrients that make the diet more palatable or

nutritionally adequate (Sakata 1987, McShane et al. 1994).

The aim of this study was to quantify the microbial population

colonizing a formulated abalone diet after periods of extended

immersion and to isolate and partially identify members of this

microbial population in order to examine their exoenzyme activity

in relation to diet constituents. This information was sought using

three distinct methods: scanning electron microscopy (SEM) enu-

meration, traditional biochemical methods, and chemotaxonomic

techniques. Results from this study could allow more informed

decisions regarding feed strategies and diet formulation.

MATERIALS AND METHODS

Diet

The formulated diet was a proprietary formulation (ABCHOW)

produced with a pasta maker and subsequently dried as a biscuit

(14 X 9 X 1 mm). ABCHOW was supplied by the South Australian

Research and Development Institute (SARDI), Adelaide, Australia

and was derived from diet 9 as used by Fleming et al. ( 1996). Diet

was stored in a domestic freezer and added to treatment tanks

manually.
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Abalone Culture Systems

Treatment tanks comprised 70-L. round, aerated, center-

draining, tlow-through, fiberglass aquaria supplied with approxi-

mately 1.5 L/min of sand-filtered (40 to 50 (xm) sea water. Each

treatment utilized three replicate tanks. Tanks were continously

shaded in a black plastic (100% shade) enclosure to prevent ex-

cessive benthic diatom colonization. The entire system was housed

within a translucent fiberglass building. Light intensity was < 0.03

microEinsteins/m". Treatment tanks using abalone contained a bio-

mass of approximately 100 x 1 g abalone/tank. Trials were con-

ducted at ambient conditions (typically about 14°C, pH 8.2 and

salinity 34 to 35 ppt) at a commercial abalone farm. Marine Shell-

fish Hatcheries P/L, Bicheno, Tasmania, Australia. Tanks were

cleaned by rapid draining before the sample diet was added.

Treatments

Seven treatments were employed in this study:

1 . Two days immersion in the presence of abalone

2. Two days immersion, abalone absent

3. Four days immersion in the presence of abalone

4. Four days immersion, abalone absent

5. Zero days immersion

6. Two days immersion in sterile seawater

7. Four days immersion in sterile seawater

For treatments 1 to 4. samples were collected for both SEM
enumeration and bacterial isolation directly from the aquaria. For

treatments 6 and 7. 200 mL of coarse-filtered, aged seawater was

added to 500 mL glass beakers and autocla\ed for 15 min at

121°C, 15 psi. Diet was added aseptically, and the beakers were

then incubated under similar conditions to those experienced by

other treatments, except they were static.

Bacterial Isolation and Identification

For isolation of bacteria, five pieces of the feed were collected

from each replicate tank or beaker. Samples were collected using

methylated-spirit disinfected filter forceps and placed in 10 mL of

sterile saline. They were then hand homogenized and a further

four, tenfold serial dilutions performed. Samples from the five

dilutions were subsequently inoculated onto general carbon source

plates and restricted carbon source plates and incubated at room

temperature for 1 to 14 days. Restricted carbon source plates were

used in the study to isolate bacteria utilizing nutrients specific to

the ABCHOW diet. The restricted carbon source plates comprised
20 g agar, 10 g carbon source, and 500 mL each of distilled and

filtered seawater. The nutrient source for each plate consisted of

one of the principal ingredients of the ABCHOW diet: two carbo-

hydrates (semolina), including the binder (sodium alginate), one

high protein meal (casein), and one lipid (fish oil) source. Follow-

ing incubation, plates were inspected daily for growth. Discrete

colonies were removed and transferred to separate abalone-feed-

nutrient-agar plates (identical to those above, substituting homog-
enized ABCHOW diet for the individual nutrient sources) for pu-

rification. Subculturing continued until pure cultures were ob-

tained, and these were maintained on OrdaPs medium (Atlas

1993).

Identification tests performed on the pure cultures were: Gram

reaction, cellular and colonial morphology on Ordal's medium

after 5 days incubation; glucose utilization (OF) test for metabolic

type using a modification of the method of BariDW and Feltham

(1993), whereby 500 niL of filtered seawater was substituted for

the equivalent amount of distilled water; Craigie tube motility test

(similarly modified from Barrow and Feltham 1993); oxidase and

catalase (Barrow and Feltham 1993); anaerobic growth (Oxoid,

Anaerogen system) on Ordal's medium; sensitivity to the antibi-

otic 0/I29 (Oxoid). and growth on the restricted carbon sources

specific to the ABCHOW diet.

SEM Enumeration

For each replicate tank or beaker, three whole pieces of feed

were used. These were fixed in 2.5% glutaraldehyde in 0.2M cac-

odylate buffer (pH 7.4) containing the major marine salts (Garland

et al. 1982) immediately upon removal from experimental tanks.

Samples were thus fixed for 2 h at room temperature, rinsed for 20

min in 0.1 m cacodylate buffer (Hodson and Burke 1994) and

dehydrated through a graded ethanol (EtOH) series (Hodson and

Burke 1994). The dehydration series was suspended at 70% EtOH
until critical point drying was possible.

Dehydrated samples were transferred to acetone and critical

point dried using liquid CO,. Samples were dried using a Baltec

CPD 030 or a Polaron E3000 CPD. Following drying, samples

were mounted onto aluminum SEM stubs with conductive carbon

paint as the adhesive. Samples were then sputter coated with gold

(Balzers type coater) twice, to improve sample stability (Rosowski

et al. 1981 ). as soon as practicable after drying. Samples were then

stored in a vacuum desiccator (25-30 psi) over CaCI, (Garland et

al. 1982). Samples were viewed and photographed under a Philips

505 SEM at a voltage of 15 kV.

Random fields on the sample surface were chosen at low mag-
nification (Lewis et al. 1985). then examined at a magnification of

2500 X. giving a viewing field of 1322 \x.m' (although it should be

noted that the viewing field was not flat). The surface was focused

and aligned at 90° to the viewing plane, and all organisms within

the viewing field (including those that intersected the top and left

sides) were counted. For each replicate, at least 10 full fields were

counted. Representative micrographs were taken of each replicate.

Data were transformed with a square root transformation

(Sokal and Rohlf 1987) prior to statistical analysis, with a one-way

analysis of variance ( ANOVA), to meet assumptions of normality

and homogeneity of variance. For all tests, a significance level of

p < .05 was adopted. Data for each immersion period were ana-

lyzed separately, and environment (abalone present or absent or

sterile seawater) was considered as a fixed factor. Pairs of means

were compared using Fishers LSD (Sokal and Rohlf 1987).

Fatty Acid Analysis

The method of Bligh and Dyer ( 1959), as modified by Dunstan

et al. (1995). was used for extraction. Fatty acid methyl ester

(FAME) samples were analyzed with a Hewlett-Packard 5890 gas

chromatograph (GC) that was equipped with a flame ionisation

detector (FID). FAME samples were injected using an air-cooled

on-column injection into a polar BPX-70 fused silica column (50

m X 0.32 mm ID). High-purity H, was the carrier gas. The GC
oven temperature was initially held at 45°C for 2 min after injec-

tion and then increased at 30°C/min to I20°C and at 3°C/min to

240°C, and was then held constant for 10 min. The retention index

on both polar and nonpolar columns was used to identify fatty

acids. Fatty acid identifications were verified with a Hewlett-

Packard 5970B GC/MS system.
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Figure I. A split view of the surface of diet immersed for 4 days
without abalone. The left of the micrograph shows the interface be-

tween areas of confluent growth and very little growth (arrows indi-

cate boundary). The right demonstrates the density of cells within the

area of growth. (Bar = 0.5 mm and refers to the left of the micrograph).

RESULTS

Enumeration

At low magnification, tlie surface of eacli sample was observed

to be typically undulating with irregular depressions. The inegu-

larity of the diet's topography was accentuated with immersion

tiine. At high magnification (2,500 X) it was possible to distin-

guish individual bacterial cells, despite the surface corrugations
and often dense mucilage. Cells colonized different areas of the

diet to differing degrees; lipid globules (identified visually under

EM) were less densely colonized than the rest of the diet matrix

(Fig. 6). Areas of confluent growth, adjacent to areas of no growth,
were also evident (Fig. 1 ). These areas of confluent growth seemed

S3 ^« s

Immersion T
(D avs)

m e

Figure 2. Mean bacterial numbers on ,\BCH()\V diet at (I, 2, and 4

days immersion with abalone, without abalone, and in sterile seawater.

Means for the same immersion time that share a common superscript
are not significantly different (p > .05). Vertical lines represent stan-

dard errors of the means (n = 3).

Figure i. \ typical random counting area from unimmersed diet

(2500 X, Bar = 10 fiml. No bacterial cells were present.

to be the result of bacteria spreading from initial sites that were

favorable for growth. SEM examination showed negligible bacte-

ria colonizing treatments 5 to 7, but a substantial proliferation in

bacterial numbers for treatments 1 to 4 (Figs. 2^).

One-way ANOVAs, based on all treatments except 5. con-

firmed a significant treatment effect (p < .001) on bacterial abun-

dance for 2- and 4-day data. Comparisons of means for the same
immersion time showed that bacterial numbers for all treatment

levels (n = 3) (abalone absent = 5.7 x 10"* cells/mm", abalone

present
= 1.2 x 10' cells/mm", sterile = 1.5 x 10^ cells/mnr)

were significantly different after 2 days immersion (p < .05). There

was no significant difference between the bacterial densities for

nonsterile treatments after 4 days, with (mean = 7.7 x 10"* cells/

mm-) or without (mean = 6.5 x lO"* cells/mm^) abalone. but mean
counts from diet immersed in sterile seawater (mean = 7.0 x lO'

cells/mm") were significantly different (p < .05) to other treat-

ments after this immersion time.

SEM also revealed the presence of ciliates (Fig. 5) on the diet

subjected to treatment 3. The average number of ciliates present on

treatment 4 diet was 0.8 ciliates/counling field. The ciliates were

approximately 30 x 20 |jLm in size, were all of the same morpho-
type and were observed on all replicate samples from treatment 3,

but no other samples.

Figure 4. A typical random counting area from diet immersed for 4

days, without abalone. (2500 X, Bar = 10 ^m) showing massive bacte-

rial colonization.
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Figure 5. A micrograph of an unidentifled ciliate (193000 X, bar = 10

fim), typically observed on treatment 4.

Identification

A large number of bacteria (108) were isolated directly from

agars containing ingredients of the ABCHOW diet. No bacteria

were isolated from diet immersed in sterile seawater, because no

colonies had formed on plates from these treatments after 14 days.

Bacteria were identified and placed into one of 10 taxonomic

groups (Table 1 1. Most groups were observed in all treatments;

bacteria falling into the group Cytophaga being the most numer-

ous.

The identification scheme used was adopted from Cropp and

Garland ( 1988). All isolates were Gram-negative rods, catalase {+)

and grew aerobically on Ordal's medium. Isolates were initially

separated on their ability to produce acid from glucose (OF test)

and on their ability to grow anaerobically on Ordal's medium.

Three distinct groups resulted (Table 2). The first group were able

to produce acid from glucose aerobically, but were incapable of

anaerobic growth on Ordal's medium. The second group did not

produce acid from glucose aerobically or anaerobically. hence they

were oxidative, but some were capable of anaerobic growth on

Ordal's medium. The final group were fermentative, producing

acid from glucose both aerobically and anaerobically and were

capable of anaerobic growth on Ordal's medium.

All bacteria isolated demonstrated the ability to degrade a wide

range of carbon sources (Table 3). Results were similar for both

TABLE 1.

Bacterial types isolated and identified from treatments 1 to 5,

showing the total numbers of isolates in each taxonomic group.

Bacterial Type

Number of

Isolates Treatments

Cytophaga 27

Mesophilohacter or Monuella 19

Vibrionaceae 17

Alcaligeiies or P.seiidomoiias 12

Enterobacteriaceae 13

Acinetobacter 8

Moraxella or Paracoccus 5

Aeromunas 4

Flavobacterium or Phenylobaclenitm 2

AUeronumas 1

Total 108

1 to 5

1 to 5

1 to 5

1 to 5

2 to 5

2 to 5

1,2,3,5

1,2,3

3 &4
4

Figure 6. Lipid globules in the diet from 2 days immersion, with aba-

lone (2500 X, Bar = 10 fim), showing typical sparse colonization of the

lipids.

carbohydrates. All isolates were able to use protein meal as a

nutrient source. At least one isolate from each treatment was able

to degrade either the carbohydrate or the lipid sources. At least one

isolate from each taxonomic group m treatment 1 was able to

utilize all nutrient sources. However, members of the families

Vibrionaceae and Enterobacteriaceae demonstrated poor utiliza-

tion of the binder. No Pseiidomonas or Acinetobacter spp. was

observed to utilize the carbohydrate source. All other groups de-

tennined to have oxidative metabolism were generally poor users

of carbohydrate energy sources. Lipase activity was expressed by

a large proportion of isolates of most taxonomic groups.

Fatty Acid Analysis

Analysis of the ABCHOW diet's fatty acid content after 0. 2.

and 4 days immersion (with and without abalone) showed an in-

crease in total fatty acids from 3.26 g/100 g dry wt at day

immersion, to 4.55 g/lOOg dry wt at 4 days immersion without

abalone (Table 4). Analysis of straight and branched-chain fatty

acids in the ABCHOW diet revealed no change in relative com-

position after extended immersion (Table 5. 6).

DISCUSSION

Enumeration

Microorganisms are known to colonize many natural and arti-

ficial marine surfaces, hence it is not surprising that this study

TABLE 2.

Metabolic types of bacteria isolated from treatments 1 to 5 as

determined by glucose utilization (OF test! and anaerobic growth
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TABLE 3.

Bacterial types isolated frum treatments 1 to 5, showing total number of Isolates in each group and the number of isolates capable of

degrading specific nutrient sources found in the ABCHOW diet.
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TABLE 4.

Total fatty acids (g/100 g \vt dry \vt) for the ABCHOW diet after

various periods of immersion, with and without abalone (n = 3).
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TABLE 6.

Straight-chain fatty acids from the ABCHOW diet after various immersidn times with and without abalone.

Immersion Time (d)

Straight-Chain
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ABUNDANCE, RECRUITMENT, AND MORTALITY OF PACIFIC LITTLENECK CLAMS
PROTOTHACA STAMINEA AT CHUGACHIK ISLAND, ALASKA

WILLIAM R. BECHTOL AND RICHARD L. GUSTAFSON
Alaska Department of Fish and Game
Division of Commercial Fisheries

Homer. Alaska 99603

ABSTRACT From 1992 to 1996, the Alaska Department ot Fish and Game annually surveyed the Pacific littleneck clam Pruloiluica

shiminea (Conrad, 1857) population at Chugachik Island, Alaska. Estimates based on randomly placed survey quadrats indicated the

population declined from 7,2 million clams in 1992 to 3.3 million clams in 1995 and increased to 5.5 million clams in 1996. Survey
hiomass estimates similarly declined from 136,887 kg in 1992 to 65.852 kg in 1995, and then increased to 1 15,495 kg in 1996. Annual

harvest hiomass. mean weight-at-age, and survey abundance and age composition data from 1992 to 1996 were also used as inputs in

an age-structured model of the Chugachik clam population. The age model used independent selectivity curves to estimate age-specific
recruitment to the fishery and the survey. Age of 505^ selectivity to the fishery ranged from 7 to 11 years, depending upon model

emphasis of survey age composition data. This agreed well with size-at-age data, indicating few clams recruited to legal harvest size

of 38 mm prior to age 5 and only 50% had recruited by age 7. Length-based estimates of annual recruitment to legal size ranged from

6 to \2% of the population, averaging 10%. Greater age model emphasis on survey age data generally increased both estimated survival

and the age when 50% of a cohort recruited into the fishery, and decreased the age when 50% of a cohort recruited into the survey.

Age-model estimates of population abundance also varied with weighting applied to survey age composition data. Population abun-

dance trends from the model agreed well with survey trends from 1992 to 1995. although the model usually exceeded survey estimates.

Model estimates were 15 to 25% less than survey estimates for the 1996 population, probably because of a lag in model response to

abundance trend changes.

KEY WORDS: Littleneck clams, Protothacu suimmeu, age-model. Alaska

INTRODUCTION

Hardshell clams have long been an important component of the

recreational and commercial fisheries in Cook Inlet. Alaska. The

commercial fishery dates to the 1950s, when butter clams Saxido-

mus giganleiis (Deshayes, 1839) were sold in canned and fresh

markets. Sales of canned clams contaminated with paralytic shell-

fish poisoning (PSP) from southeast Alaska subsequently led to a

market collapse in the late 1950s. The commercial hardshell clam

fishery in Cook Inlet re-emerged, targeting Pacific littleneck clams

Protothaca staminea (Conrad, 1857) in 1986 after the Alaska De-

partment of Environmental Conservation (DEC) certified the

Chugachik Island beach in Kachemak Bay, Alaska, for commer-

cial harvesting. Commercial harvests during 1986 to 1991 aver-

aged 7.107 kg of clams annually from Chugachik Island (Fig. I).

In addition, recreational diggers accounted for 77% of all hardshell

clam harvests in southern Cook Inlet from 1986 to 1996. although

beach-specific harvest information is unavailable (Scott Meyer,
Alaska Department of Fish and Game. Homer. Alaska, unpub-
lished data).

The Alaska Department of Fish and Game (ADF&G) initiated

annual surveys on Chugachik Island in 1992. because this area had

the longest history of DEC certification for commercial clamming
in Kachemak Bay. Average harvests increased to 14.876 kg annu-

ally during 1992 to 1994 (Gustafson 1995). The commercial fish-

ery was closed in 1995 and 1996 after ADF&G surveys indicated

3 consecutive years of abundance declines. Management strategies

for the commercial hardshell clam fishery in Kachemak Bay now
include: minimum legal size of 38 mm ( 1.5 inches); 1 April annual

registration deadline; fishing district segregation into two groups
that open on alternate years; quarterly harvest allocations with

maximum quotas for specific beaches; closures in areas of high

recreational use; and closures during 1 November to 15 March

when ambient air temperatures are below freezing and during

weekends from 15 May to 15 September.
To evaluate commercial fishery impacts on Pacific littleneck

clams at Chugachik Island, we used survey data in a length-based

inodel to estimate age-specific recruitment to legal size. Our field

surveys were designed to estimate legal clam abundance in the

study area. Most clam studies wash the removed substrate through
screens (Paul and Feder 1973). However, because our budget and

survey time was limited, we did not wash the removed substrate

through screens. As a result, as the survey design developed, we
were able to sample more quadrats during a site visit, but with the

recognition that our survey was biased toward larger clams be-

cause of a lack of substrate screening. To back-calculate the sub-

legal component of the population and estimate the true clam

population abundance, recruitment, and mortality, we developed
an age-structured model that accommodated survey bias through

selectivity functions.

MATERIALS AND METHODS

Survey Data

Abundance, biomass. and age composition of the hardshell

clam population at Chugachik Island in Kachemak Bay. Alaska

were estimated from surveys conducted in May during 1992 to

1996 (Gustafson 1995). The littleneck clam bed. defined to include

habitat located between the -1.5 m mean low water level and the

blue mussel Mytihis ediiliis (Linnaeus. 1 758) bed. was estimated to

encompass 61.254 m''. Substrate in the clam bed was a mi.xture of

1 to 8-cm coarse rock and muddy sand (Gustafson 1996). During
tides exposing the beach to the -1.5 m mean low water level,

substrate was removed by hand digging with a rake to a depth of

30 cm within randomly placed quadrats measuring 0.5 m x 0.5 m.

The number of quadrats sampled ranged annually from 12 in 1992

1003
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The total year y recruitment R^ was the cumulative products of age

class abundance and age-specific recruitment rates as in the fol-

lowina:

^('\,
X "<,.,) (3)

Age-Structured Model

Our primary objectives in using an age-structured model were

to estimate natural mortality, fishery selectivity, survey selectivity,

and annual population abundance for 1992 to 1996. Information

supplied to the age model included survey data and commercial

harvest data. Commercial harvest weights were obtained from

ADF&G fish tickets during 1992 to 1994 when the littleneck clam

fishery occurred. Age-structured models that incorporate hetero-

geneous data have been reviewed by Hilboni and Walters ( 1992).

Megrey (1989), and Quinn and Szarzi (1993). The Chugachik
model incorporated auxiliary information, similar to age-based

models developed by Deriso et al. ( 1985). In our conceptual model

of the annual cycle of events affecting Pacific littleneck clams at

Chugachik Island (Fig. 3). age increments occur at the end of

winter to coincide with the approximate time of annulus formation.

The population is then subjected to age-specific mortality through

commercial fishing, followed by natural mortality prior to again

incrementing to the next year class.

The Chugachik Island resource also incurs unquantified. rec-

reational and subsistence harvests. It is likely that strong year

classes, once recruited to legal size, are subjected to greater non-

commercial mortality than weak year classes. Although noncom-

mercial mortality abundance varies annually, annual mortality

rates may be moderately stable, because the abundance removals

from strong year classes are greater than abundance removals from

weak year classes. Thus, the proportion of clams dying from non-

commercial sources is assumed to be stable among years and is

treated as natural mortality. Natural mortality is described by a

single exponential decay function for all years and cohorts. Our

age-structured model used a reduction equation to describe annual

survival. The number of age-rt clams in a cohort in the spring of

year y after winter annulus formation was the following:

^„.i.,.,
=

5(N.,,,
-

C„,,) (4)

where S is the annual survival rate, a model-estimated parameter,

and C„ ,,
is commercial fishery harvest. The population model as-

sumes that clams from age 2 to 14 are present in the estimated

population. Although age classes outside this range were observed

in all Chugachik surveys, clams younger than age 2 have not

consistently appeared in surveys, and cohorts older than age 14 are

a minor component of the population. Age 2 recruitment in 1996

was calculated as the median of age 2 clam abundance estimates

for the 1992 to 1995 population years.

Through independent logistic functions describing fishery and

survey selectivity, the model accommodated differences among

age compositions of the underlying population, the field surveys,

and the commercial fisheries. Relationships between clam age and

fishery and survey selectivity were as.sumed to be constant among

years. Annual age compositions in the commercial fishery were

estimated by the age-structured model, because commercial har-

vests were not sampled. Composition of the annual commercial

harvest/, ,
was estimated from an age-specific selectivity function

.V, ,
and model-estimated cohort abundance usina the followina:

L.y
=—

• and

X [^<A.v]

l-f-e'
,pUv-al

(5)

where a was the age of 50% selectivity, and 3 was a steepness

parameter. Given the fishery selectivity function and mean weight-

at-age. we calculated the number of clams that produced the ob-

served harvest biomass for each calendar year.

Survey selectivity was similarly described by the following

loeistic function.

Annual

Survey
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Pa =
1 + e*

(6)

where t was the age of 50% selectivity by the survey gear, and <j)

was a steepness parameter.

Measurement errors in each of the data sources are assumed to

be independent. We also assume the model is correctly specified

with respect to the amount and type of available data so that

parameter estimates are not correlated and differences between

model estimates and observed values are caused by measurement

error, not errors in correctly specifying mathematical forms of the

underlying processes. This age-.structured model was applied to a

variety of survey and fishery size and abundance data measured in

different units and of varying utility in identifying true parameter

values. Nonlinear least-squares techniques were used to minimize

sums of squares constructed with heterogeneous auxiliary data

from the Chugachik Island population. Unlike least-squares linear

regression, there is no rigid statistical theory underlying the pa-

rameter estimation procedure. The rationale is that the best esti-

mates of model parameters should provide a reasonable fit to all

available data. In some cases, data are arc sine-transformed to

achieve symmetric and approximately normal error distributions,

although robustness of parameter estimates to departures from nor-

mality is unknown (Funk 1994). However, various weighting sce-

narios were applied to error terms from data sources to examine

the utility of these data in the model.

One measure of age-structured model fit was obtained by com-

paring annual age compositions observed by the surveys to those

estimated by the model. The sum of squares 5S2j„„,p^_„^,„ mea-

sured the goodness of fit of the age composition of the survey and

was computed as follows:

55e„„-,,.v_<,,..= SE (sin"' VpI.- (7)

where p^ ^
was the model estimate and p^ ^

the survey observation

of the proportion in year v comprised by age a. To stabilize the

variance, the age compositions were transformed by taking the arc

sine of the square root of the proportions. The fishery age com-

position was fit across ages 2 to 14 and years 1992 through 1996.

The age model also minimized the sums of squares between

model-estimated abundances and survey-estimated population

abundances. The sum of squares was calculated by the following:

id
- 2j

=1W2
„,)

-
in(iV,,.,„„^^,)]-

where A', „„.,,,,>
vvas the survey estimate and A', ,„,„;_.,

the model

estimate of abundance in year y. We used the natural log of clams

numbers because a log-normal error structure is commonly asso-

ciated with abundance data (Funk 1994).

Model sensitivity was examined through several scenarios that

varied the emphasis, or weighting, on available data sources. In

some cases, model runs were rejected, because they yielded unre-

alistic results, such as the age of 50% selectivity being greater than

15 or a population abundance estimate that was negative.

RESULTS AND DISCUSSION

Siiney and Length-Based Estimates

Survey estimates showed population abundance declined from

7.2 million clams in 1992 to 3.3 million clams in 1995 before

staging a moderate increase to 5.4 million clams in 1996 (Table 1,

Fig. 4). Survey biomass similarly declined from 136.887 kg in

1992 to 65,852 kg in 1995, and then increased to 1 15,495 kg in

1996.

Based on size-at-age of littleneck clams among all survey

years, the length-based model indicated that few clams recruited to

legal size prior to age 5 (Fig. 5). Age-specific clam recruitments

were 0.4% for age 5, 5.8% for age 6. 44.3% for age 7, 39.1% for

age 8. 9.2% for age 9, and 1.1% for age 10. Cumulative increases

in the legal component of the surveyed population indicated age 7

to be the age of 50% recruitment to the commercial fisher)'. Ap-

plication of age-specific mean recruitment to estimated annual age

composition produced annual recruitment rates ranging from 5.7%

to 11.9% and averaging 9.9% during 1992 to 1996 survey time

series (Table 1 ). Annual recruitment as a percentage of the total

abundance declined during 1992 to 1994. the years of the com-

Figure 4. Comparison of Pacific littleneck clam abundance estimates from field surveys (thick line) and from an age-structured model with

different weighting of the survey age composition data, Chugachik Island, .\laska, 1986 to 1996.



LiTTLENECK CLAMS AT ChUGACHIK ISLAND 1007

100%-



1008 Bechtol and Gustafson

the true population was 15 to ISVc. or up to 1.0 million clams, less

than the survey estimate. Because the model tracks abundance

throughout the life of a cohort from the age of recruitment to the

survey or fishery, a long time series is typically required to follow

changes in population trends reliably. Thus, the model may lag

behind trend changes detected by the survey. The lack of model

response to the 1996 increase could reflect either a response lag or

errors in survey estimation. Interestingly, preliminary results from

the 1997 survey showed a slight increase over the 1996 survey

estimate.

The age model estimated that about 50% of a cohort recruited

into the fishery at ages ranging from 7 to 1 1 years, depending upon

weighting applied to survey age composition data (Fig. 5). In

general, increased weighting resulted in increases to estimated

survival and age of 50*^ selectivity by the fishery, and decreased

the age of 50'7f selectivity by the survey (Fig. 6). Annual survival

generally ranged from 50 to 609c. The age of 509^ selectivity in the

fishery exceeded that in the survey by I to 6 years, a result con-

sistent with field observations.

In summary, the age-structured model estimates agreed mod-

erately well with length-based model estimates. The age model

was found to be sensitive to starting parameters and some anoma-

lies observed in model run results were probably attributable to

inappropriate initial parameters. Fit of an age-structured model to

available data may improve if: ( I ) age composition estimates of

the commercial harvests were based on commercial fishery

samples rather than model estimates; and (2) noncommercial har-

vests could be separated from natural mortality.
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REPRODUCTIVE CYCLE OF THE GIANT REEF CLAM PERIGLYPTA MULTICOSTATA
(SOWERBY, 1835) (PELECYPODA: VENERIDAE) AT ISLA ESPIRITU SANTO, BAJA

CALIFORNIA SUR, MEXICO
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MARCIAL ARELLANO-MARTINEZ
Ccnlro IiUcrdiscipUnario de Ciencias Marinas

liisliliilo Polileciiico Nacional

La Paz. BCS 23000. Mexico

ABSTRACT The reproductive cycle of Perii;hpta muliieostata (S.). was studied at Isla Espiritu Santo, Gulf of California. Mexico,

from October 1992 to December 1993. The reproductive activity was present throughout the study period, except in February 1993,

nevertheless a distinct seasonality was ob.served with three distinct peaks of spawning activity. A clear relationship between spawning
and temperature or photosynthetic pigments concentration was not observed. Spawning occurs all year, but at a lower rate in the months

with the lowest water temperatures.

KEY WORDS: Reproductive cycle, gametogenesis, bivalves, Veneridae. Perighpta

INTRODUCTION

The giant reef clam, Periglypta multicostata (Sowerby, 1835),

is the heaviest if not the largest of the Panamic members of the

family Veneridae. They inhabit the sand ainong rocks at extreme

low tide from Gulf of California to Peru (Keen 1971 ). This species

is a dominant cotnponent of the zone of the coral Pocillopora

elegans in the rocky substrata communities of Isla Espiritu Santo

and coexists with three bivalve species. Veiuricokiria isocardia.

Megapitaria uurantiaca. and Chione tumens.

In Baja California Sur, wild stocks of giant reef clams remain

practically untouched and are considered as a potential fisheries

resource; however, aquaculture is not recommended (Baqueiro

1989). No research has been done on the biology or life history of

this species. Clams are gathered by free diving and are dug out

with hands, knifes, or forks.

The synchronization of reproductive activity in local popula-

tions is very important for successful fertilization. Reproduction

seems to be cyclic, with events coordinated on an annual cycle

(Eversole 1989). Environmental factors may intluetice the timing

of reproduction in clams. The most commonly cited are food avail-

ability and temperature (Bayne and Newell 1983. MacDonald and

Thompson 1985. Jaramillo et al, 1993). The water temperature and

its variation with latitude is used by many authors to attempt to

explain reproductive timing in bivalves (Newell et al. 1982.

Lozada and Bustos 1984. Manzi et al, 1985, Maiachowski 1988,

Hesselman et al. 1989. Garci'a-Domi'nguez et al, 1993), The food

availability is used to attempt to explain spawning timing in bi-

valves in the sense of that if the spawning coincides with the

highest food availability, this enables the larvae to exploit the

phytoplankton bloom (Jaramillo et al, 1993, Villalejo-Fuerte et al,

1996a),

The lack of biological information for proper management has

led to overexploitation and misuse of stocks. It is essential to know

the life cycle of the target species, and documentation of the re-

productive cycle in a fishery is one necessary step in determining

when recruitment might occur. This study describes the reproduc-

tive cycle and the spawning season of P. multicostata in relation to

the temperature and food availability.

MATERIAL AND METHODS

Monthly, 20 to 25 specimens of a wild and unexploited popu-
lation of P. tnidticoslaia were collected from October 1992 to

December 1993 at Isla Espiritu Santo, Bahia de La Paz. Gulf of

California. Mexico ( 1 10°24'27"W. 24''28'54"N) by a scuba diver

at 3- to 6-m depth, A total of 310 organisms were captured. When
the biological samples were collected, water temperature was re-

corded. The photosynthetic pigment concentration (mg chloro-

phyll/m') in Bahi'a de La Paz. Gulf of California was obtained

from satellite-derived information (Trant et al. 1993). this was

considered to be an estimation of the food availability for the

clams.

Mantle, adductor muscles, gills, labial palps, and siphons were

removed, keeping only the visceral inass (gonad, liver, and gas-

trointestinal tract) and the foot. These tissues were fixed in buff-

ered lO^f formalin, A slice of tissue of each clam was obtained

from the dorsal area of the visceral mass and embedded in paraffin.

Sections 7- to 9-[j,m thick were stained with hematoxylin and eosin

(Luna 1968). This method was adopted after verifying, in 25 speci-

mens, that gonadal maturity was uniform in different parts of

gonad.

The reproductive process (either spemiatogenesis or oogenesis)

of P. multicostata was categorized in five stages based solely on

morphological observations, characterized by the structure of the

gonad, presence, absence, and quantity and development of ga-

metes (Table 1. Figs. 1. 2. 3). In all the stages of gonadal devel-

opment, phagocytes were present in varying proportions.

Individuals were sexed by microscopic examination of histo-

logical slides. Sex ratios were analyzed with chi-square to test the

significance of the deviation from the expected sex ratio of 1 : 1 , for

the total sample. The indifferent stage clams \vere not considered.

Mean oocyte diameters, and their standard deviation, of six

females selected randomly per month were determined from his-

tological sections using an eyepiece graticule calibrated with a

stage micrometer. At least 100 oocytes sectioned through the

nucleus (i.e,. near the maximum diameter) per individual were

measured along the longest axis. Individuals with few measurable

oocytes and extensive phagocytosis ( "spent" specimens) were not

1009



1010 Garci'a-Dominguez et al.

TABLE 1.

Developmental Stages of P. multicostata Gonads.

Maturity Stage Female Male

Indifferent Characterized by presence of acinis with total absence

tissue is abundant.

Developing Oocytes inside of follicles are conspicuous,

young oocytes with pear shape growing

attached to folicular walls. The area of

connective tissue decreasing.

Ripe Free large oocytes present in the lumen with

maximum size, few oocytes with pear shape

attached to folicular walls. Connective tissue

absent.

Partially spawned Follicles containing some oocytes and large

spaces, while others were empty. Some

connective tissue visible.

Spent Few residual oocytes, being phagocytized by

amebocvtes. No evidence of active oosenesis.

of gametes. It is not possible to distinguish the sex. The connective

A variable quantity of germinal cells and

spermatozoa were present inside the follicles. The

area of connective tissue decreasing.

Follicles filled with spermatozoa. Other

spermatogenic cells restricted to a thick layer on the

folicular walls. Connective tissue absent.

Follicles partially empty. A marked decrease in the

number of spermatozoa filling the lumen. Some

connective tissue visible.

Follicles collapsed, amebocytes phagocytizing

residual spermatozoa. No evidence of active

spermatogenesis.

considered, using the criteria of Gratit and Tyler ( 1983a) and Grant

and Tyler (1983b).

RESULTS

Spawning activity was present throughout the study period,

except in February 1993 (Fig. 4). Nevertheless, there seems to be

a distinct seasonality in the reproductive cycle, because P. multi-

costata has fluctuations in its reproductive intensity, showing three

distinct peaks of spawning activity during the study period: Octo-

ber to December 1992, July to September 1993, and November to

December 1993.

Giant reef clams in the indifferent stage were observed every

month except October 1992. Developing clams were present over

the year except in February, September, November, and December

1993. The highest frequency of ripe organisms was present in

October 1992. March, June to September, and November 1993.

Partially spawned individuals were observed all year, except in

Vl'^'K
Figure 1. Indifferent stage; scale bar = 5(1 nm.

February. The highest frequency of partially spawned individuals

was observed from June to September. The spent stage was re-

corded throughout the year, except in April.

Of 310 ciatns examined. 149 (48.1%) were females and 83

(26,8%) males. The remaining 78 (25,1%) were undifferentiated.

The sex ratio of the sexed sample (1,8 F: 1 m, n = 232) differs

significantly (p «,05) from the expected ratio of 1:1.

During the year, the mean oocyte diameter was > 47 |jim,

except in October, when it was 41 \x.m (Fig. 5). In February, all the

clams were spent and indifferent, so there were no oocytes. The

pattern observed in oocyte diameters was consistent with the his-

tological observations, which suggests spawning throughout the

year, with the exception of February 1993. The standard deviations

were wide in all months, indicating the presence of both small and

large oocytes characteristics of ripe and spawning stages.

The water tetnperature during the study period varied from

22°C to 31°C. The highest values were in October 1992 and Au-

gust 1993. and the lowest values were in February and March 1993

(Fig. 5).

Photosynthelic pigment concentration (mg chlorophyll/m'') in

Bahi'a de La Paz was greater in the colder months than in the

wanner ones. The maxiiTiuin value was in January (4.87 mg chlo-

rophyll/m''). and the minimum was in Septetnber (1.36 mg chlo-

rophyll/in'') (Fig. 5).

DISCUSSION

The annual reproductive cycle of P. midticoslata at Isla Espi'ritu

Santo showed seasonality, with a protracted period of reproduction

indicated by the consistent presence of spawning activity through-

out the study period, with the exception of February 1993. Other

species of bivalves, abundant in this locality, such as Megapitaria

iiiirantiaca (Garci'a-Dominguez et al. 1994) or Pinctada mazat-

Uiiiica (Garcia-Dominguez et al. 1996), have no .sea.sonal repro-

dtictive cycles, and their spawning activity is continuous. In other

bivalves, such as Meicenaria spp.. the spawning is essentially

continuous in lower latitudes, but there are still cycles (Hesselman

et al. 1989).

Among other venerid clams from other localities along the

Mexican Pacific coast, several other species lack distinct seasonal



Reprodlictive Cycle of Periglypta multicostata 1011

<£f^' ^^
,-^^**^<*r

Figure 2. Photomicrographs of gonadal stages of the fetnale giant reef clam, P. multicostata. (A) developing stage, (B) ripe stage, (C) partially

spawned stage, and (D) spent stage; scale bar = 50 pm.

Figure 3. Photomicrographs of gonadal stages of the male giant reef clam, P. multicostata. (Ai developing stage, (B) ripe stage, (C) partially

spawned stage, and (D) spent stage; scale bar = 50 pm.
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phase, salinity fluctuations, tidal cycle, or a combination of se\ eral

of these. Unfortunately, in this study did not consider these other

environmental factors.
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THE EVOLUTION OF A MUNICIPAL QUAHOG (HARDCLAM), MERCENARIA MERCENARIA
MANAGEMENT PROGRAM, A 20-YEAR HISTORY: 1975-1995

SANDRA L. MACFARLANE
Town of Orleans ConseiTcition Department
Orleans. MA 02653

ABSTRACT Local municipal control of shellfisheries has been in existence in Massachusetts since 1942. The shellfish management
programs of Orleans, MA. a town located at the elbow of Cape Cod. have evolved from transplants of native stock to use of

hatchery-raised seed. For the period 1975 to 1995, the town utilized several forms of nursery culture in three separate estuaries

including bottom culture, raft culture, a municipal hatchery, a land-based upweller system, tidal upweller. and floating trays. Financial

constraints, as well as political and social perceptions determined the extent of the program at any given time. Management decisions

were based primarily on survival of the seed rather than such factors as fast growth. The most successful method was a land-based

upweller system with which we raised 1 million seed per year at 95% survival that were transplanted throughout the town. Survival

in the field was directly related to water temperature at time of planting, which was most successful when water temperature was about

45=F(7=Cl.

KEY WORDS: Quahog. hard clam seed. Mercenaria merxenana, sihellfish management, nursery culture, aquaculture

INTRODUCTION

Efforts to observe growth of northern quahogs. also known as

hard clams (Mercenaria mercenaria Linne) or to increase the natu-

ral production have been attempted since the early part of this

century. Belding (19121 described both bottom culture and off-

bottom methods used in four separate locations in Massachusetts.

Haskin ( 1952). Carriker ( 1959), and Caniker ( 1961 ) added data to

our understanding of environmental aspects of water and sediment

that increase quahog growth, survival, and abundance.

Larval culture began with Wells, who cultured five molluscan

species through metamorphosis and patented his methods in 1933

(Manzi and Castagna 1989). Loosanoff and his colleagues at the

Bureau of Commercial Fisheries Laboratory in Milford. Connecti-

cut (now National Marine Fisheries Service Laboratory) are cred-

ited with numerous developments in rearing of bivalve moUusks

from spawning through the juvenile stage (Loosanoff and Davis

1950), (Loosanoff and Davis 1951). and (Loosanoff and Davis

1963). Once larvae and juveniles were readily available, knowl-

edge of quahog culture expanded enormously (Judson et al. 1977.

Manzi and Castagna 1989. Rice, 1992).

As a direct result of the culture efforts, entrepreneurs developed
commercial hatcheries and field grow-out businesses. Towns in

Massachusetts that manage their own shellfish resources pur-

chased seed from hatcheries. Municipal shellfish programs, such

as those on Cape Cod and Martha's Vineyard. Massachusetts,

utilized this source of hatchery seed to develop their propagation

schemes.

George Souza. Shellfish Constable of Falmouth. MA was the

first shellfish officer to take advantage of these seed. Working
with staff biologists from the Massachusetts Division of Marine

Fisheries, in 1972, he developed an off-bottom culture system for

raising small seed to be planted in the wild. By 1977. eight Cape
Cod towns: Bourne. Barnstable. Chatham. Dennis. Eastham. Or-

leans. Wellfleet. and Yarmouth and the Martha's Vineyard Shell-

fish Group followed his example. Information was shared among
the towns through workshops sponsored by the Division of Ma-
rine Fisheries. The focus of this paper is to describe the munici-

pal propagation efforts that took place in Orleans from 1975 to

1997.

Municipal Management

Massachusetts is one of the few states where municipal man-

agement of shellfish resources is the norm. Towns are encouraged
to promote and protect those resources under broad guidelines set

by the Commonwealth. Towns appoint a shellfish constable and

staff, promulgate and enforce local regulations, issue harvest li-

censes, determine harvesting techniques, determine areas suitable

for harvest, conduct experiments in propagation, and issue licenses

for private aquaculture. The state sets size limits, determines the

species to be regulated, administers all aspects of contaminated

areas, sets maxitnum fees for shellfish leases, and surveys potential

lease sites for suitability and compliance with state law.

Belding (1912) examined many aspects of quahog life history

and concluded that, without culturing this animal, the fishery

would collapse.

Over half a century later, in 1975. the town of Orleans pur-

chased 10.000 seed quahogs from Coastal Zone Resources, a

hatchery in North Carolina to begin propagation experiments. Our

primary objectives were to determine:

1. if hatchery-raised seed would survive transplant into a pro-

tected environment;

2. if seed would survive and grow under varying environmen-

tal conditions;

3. limiting factors of seed growth, including density;

4. if seed quahogs would survive in areas devoid of native

stock: and

5. predators and estimate loss.

Initial field trials were somewhat successful, and we continued

and expanded the program throughout the next 14 years. During
this period, we developed a number of secondary objectives. These

were:

6. to monitor transplants and determine survival;

7. to find economical methods for growing seed;

8. to produce as many quahogs as funds would allow; and

9. to increase quahog stocks in areas of Pleasant Bay that had

been marginally productive for 20 or more years.

The program is presented chronologically. This emphasizes the

transition as we built on success, learned from mistakes, and ex-

perimented with alternatives. Each phase of the program was gov-
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emed by logic, financial constraints, and management principles.

Much of the discussion is based on the observations of the author,

only some of which were quantified. The program is divided into

eight separate sections as follows:

1. bottom culture;

2. raft (off-bottom) culture;

3. hatchery;

4. upweller;

5. transplants to the natural environment;

6. changes in direction;

7. private aquaculture; and

8. budget constraints.

Methods for evaluation varied according to the specific propa-

gation culture used at the time. Volumetric counts were made for

each shipment of seed delivered. Square foot samples were dug
with bottom culture, and survival and growth were estimated;

samples of seed (appro.ximately 100 randomly gathered) from the

rafts were measured for growth, and the entire harvest was volu-

metrically counted to arrive at survival percentages; and volumet-

ric counts were made from the upweller technique. Lack of tech-

nical staff and a desire to transplant as soon as possible from

harvest limited our ability for more detailed statistical analysis.

Seed were measured in metric units; construction details are dealt

with in standard units.

Study Area

Orleans is located at the "elbow" of Cape Cod, MA (Figs. 1

and 2). It has three separate embayments within its boundaries;

Cape Cod Bay, Nauset/Town Cove, and Pleasant Bay. Although

different from one another, all support, or historically have sup-

ported, natural populations of quahogs.

The Orleans municipal jurisdiction in Cape Cod Bay extends

six miles (9.7 km) from shore and includes approximately \.5

miles (2.4 km) of intertidal sand flats that are nonproductive for

quahogs because of harsh environmental conditions, including

heavy ice buildup and shifting sands. The depth offshore ranges

frotn to 25-1- feet (7.5 ml. Abundant beds of quahogs have his-

torically been found in much of the deeper waters of the bay and

are still harvested commercially by a few medium-sized (35 ft,

10.5 m) draggers.

The Nauset estuary (2.333 acre) is a very productive area (Ro-

man et al. 1989), shared by the towns of Orleans and Eastham and

protected from the Atlantic Ocean by a migrating barrier beach.

Approximately 1,150 acres are in Orleans, but Orleans and East-

ham share a reciprocal fishing agreement. Quahogs are found

along the edge of the Town Cove, in eelgrass (Zoslera marina),

sand/silt/mud combinations, and along the steep gradient that leads

to deeper water (6-18 ft; 2-6 m), as well as many parts of Nauset

Harbor. They are harvested by hand scratchers or bull rakes.

Pleasant Bay. a larger estuary, is shared with Chatham. Har-

wich, and Brewster (no reciprocal fishing agreements); 3.500 acres

are within the boundary of Orleans. A migrating barrier beach

extending approximately 12 miles (19 km) to Chatham Inlet pro-

tects the bay from the Atlantic Ocean. Of the three estuaries.

Pleasant Bay has had the least stable quahog population (based on

landings). This may result from the barrier beach dynamics. A

large set of seed (less than 2" legal size. [50 mm] in longest

diameter) was discovered in Pleasant Bay in the late 1950s. Gates

(1964) conducted a survey of Big Bay. making 33 samples in 27

acres, and found up to 1 80/0.3 m" with an average density of about

50/0.3 m". He estimated a standing crop of 60.7 million animals

worth $1,026 million at that time, providing a steady supply of

shellfish and employment. They were well known in the market-

place for their long shelf life and could be easily identified as

originating from Pleasant Bay. because their growth rings were

almost indistinguishable from one another. The population lasted

until the early 1970s, at which time, quahogs became rare in the

bay. with no recurring set.

Figure I. Locus map of area,

Cod.
Cape Cod is the easternmost land mass of Massachusetts. The Town of Orleans is situated at the "elbow" of Cape



A Municipal Quahog (Mercenaria mercenaia) Management Program 1017

Figure 2. Map of Orleans, Cape Cod Bay, Nauset/Town Cove and Pleasant Bay.

BOTTOM CULTURE

We used bottom culture of seed for 3 years at a total o'i 20

locations (Fig. 3). Three different enclosure designs were deployed
in all three estuaries.

1975

We chose 10 separate locations, with varying sediment, current,

and other environmental conditions, to plant the 10,000 seed qua-

hogs, approximately 8-mm in size. Frames, 3' x 6' were con-

structed of 1" X 2" '"strapping" on end to which a 3/16" mesh

netting was stapled. Each intertidal area was raked to loosen the

substrate and remove any visible predators, and the seed was

broadcast within the raked area (Fig. 4). The frame was placed
over the seed with the edges buried and was secured by stakes at

the corners and attached to the frames.

Results

Table 1 provides details of the experimental planting for 1975.

We considered survival above 90% to be excellent, 75 to 907r very

good, 50 to 75% good, 25 to 50% poor, and less than 25% very

poor.

With the exception of the frame at Namequoit Point, which was

lost in a storm, survival in the summer was excellent. Quahogs

grew from 8 mm in July to 1 1 to 18 mm in October, depending, in

part, on location. The seed at Snow Shore exhibited the least

growth. Native stock in the general vicinity also had slow growth
(and unusually thick shells, often associated with slow growth).

Survival after the winter was excellent in two locations, very

good at two, and disappointing in five locations where the survival

was poor or very poor, despite an unusually mild winter. Most of

the stock at Snow Shore and Meetinghouse River and half from

Asa's Landing and the Yacht Club had died. The frame at Skaket

had disappeared. We observed no correlation between sediment

type or specific estuary and loss. In the spring at Asa's Landing,
we observed live animals interspersed with empty shells in the top

25 mm of substrate. Below them, at around 33 mm, patches of

black empty shells were found in black sulfurous smelling sand,

adjacent to live seed in nonblack sediment. This initial observation

was seen throughout the years in relation to the phenomenon
known as "winter kill."
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ORLEANS SEED BOTTOM CULTURE
QUAHAUGS

Figure 3. Bottom culture experiments were conducted in 20 separate locations in all three estuaries over a 3-year period.

1976

In 1 976, we expanded the program and purchased 280,000 seed

from two sources: 150,000 from Coastal Zone Resources and

130,000 from ARC (Aquacultural Resources Corp.). a local hatch-

ery. Nearly 150.000 were used for intertidal bottom culture. A
portion. 30,000, were large enough to plant directly into the natural

environment, and the remaining 100.000 were grown in floating

rafts (see next section).

The bottom culture enclosures were larger. 9' x 6' constructed

of 1" X 6" wooden boards. Each box was divided longitudinally for

strength. We added netting to the bottom to enhance recovery,

because a few quahogs had been found outside the frames in 1975.

We also built smaller boxes, 4' x 3', installed at seven additional

sites with 5.000 ARC seed at each site.

Two boxes were installed side by side at three locations: Doane

Way, Yacht Club, and Lonnie's Pond. One box was planted with

ARC stock and the other with CZR stock in equal numbers to see

if there was a variation in growth or survival depending on the

source.

Results

Table 2 provides details of the plantings for 1976.

1. The ARC stock was smaller at the beginning of the season

(6-8 mm) and delivered 2 weeks later than the CZR stock

(8-10 mm): 25,0(W seed from .ARC was delivered in mid-

July (8-10 mm).

2. At Meetinghouse River and Quanset Pond, seed grew faster

than those at other sites. 6 to 8 mm when planted to 19 mm
in October.

3. In the side-by-side experiment with equal densities, the CZR
stock, beginning at 8 to 10 mm grew to an average of 15 mm
(average 6 mm of growth), and the ARC stock beginning at

6 to 8 mm grew to an average of 1 1.5 mm (average 4.5 mm
of growth). The boxes at Lonnie's Pond could not be ad-

equately evaluated because of the time difference of plant-

ing.

4. The average rate of growth at the other sites, 6.3 mm. did

not seem to be dependent on the source of seed.

5. In the smaller boxes that survived, the lower density seemed

to have a positive affect on growth.

6. The type of substrate did not seem to affect growth.

7. Where the boxes were tight enough to exclude predators,

summer survival was excellent. Exceptions at Tonset, Pleas-

ant Bay, and Barley Neck where boxes were lost, the loss

was caused by boats, human interference, and storms.

8. Winter survival at Quanset Pond and Mill Pond was >80%,
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Figure 4. Ten intertidal locations chosen in 1975. were raked to loosen

the suhstrate and remove any visible predators. About 1,()(H) seed qua-

hojjs {Mercenaria mercenaria) were broadcast within the raked area

and a frame, 3' x 6' to which a 3/16" mesh netting! was stapled, was

placed over the seed and staked in place. Edges were then backHUed.

and >50'7f survived in Meetingliouse River and Jack Knife

Cove boxes, but survival was very poor at the remainder of

sites.

The winter of 1976 to 1977 was exceptionally severe. Some
bodies of water were frozen over for 14 consecutive weeks, and

most of the boxes were severely damaged or destroyed. As an

experiment, we had retained some covers and removed others

before winter's onset. The boxes without covers sustained less

winter damage than those with covers. A covered box at Doane

Way was lifted out of the bottom leaving only the bottom netting.

and a covered box at Meetinghouse River was physically moved
3.3 m. The covered box at Quanset Pond sustained no damage, but

it had been installed on a fairly steep slope, which may have saved

it from ice damage.

1977

Because of the damage to intertidal boxes from the severe

previous winter, we modified the box design again for subtidal

culture. Boxes were identical except that bottom netting was de-

leted and covers that could be handled under water were con-

structed. The covers were made of two layers of 1" x 3" strapping

laid flat with netting securely sandwiched between. These were

attached to the boxes by rubber hinges and held down by clasps.

Boxes were trenched at ground surface but rocks and clay deposits

sometimes prevented complete trenching. In these cases, boxes

were above ground and had to be filled around the base.

Results

Table 3 provides details of the plantings for 1977. Quanset

Pond. Meetinghouse River, and Jack Knife Cove showed contin-

ued excellent summer survival and good growth. Except for the

one at Meetinghouse River, they also showed very good winter

survival. Two anomalies occurred this year. First, large 14 to 16-

mm CZR stock was purchased and planted in May, hut m three

locations. Mill Pond. Little Mill Pond and Hopkins Island Channel.

it only grew to 17 or 18 mm by November. Second, at Lonnie's

Pond, stock that was 8 to 12 mm in May only grew to 13 mm. We
do not know the reasons for such limited growth except that in

Little Mill Pond and Lonnie's, the shells began to erode by the end

of the summer.

The hinged cover design did not exclude predators, and above-

ground boxes led to poor water exchange within tlie boxes, serious

predation. and over-all poor results occurred.

Discussion

Seed quahogs were planted at 20 .separate locations over a

3-year period with three different enclosure designs. Two sources

of seed were used. CZR from North Carolina and ARC from

Massachusetts. Size at planting ranged from 6 to 16 mm. Density

ranged from 55 to 230/0.3 m~, with one box at 456/0.3 m". Sub-

strate ranged from coarse sand and cobbles to clay/mud, with the

majority being a mixture of sand and silt. Most locations had either

natural quahogs or soft-shell clams in the general vicinity, but a

few locations had neither. Except for storm damage and human

interference, most animals survived well over the course of the

summer. Survival after the winter varied from a high of 50 to 90%
in some areas to to \0% in others. Some of this was caused by
the severity of the winter.

Summer survival of s;50%, was generally attributable to pre-

dation. Inadequate installation of the boxes resulted in washouts

around the edges leaving holes under the boxes. Covers that were

not tight allowed invertebrates to lodge between the box and cover.

In both cases, predators entered and consumed the quahogs. We
suspect that predators also may have entered the boxes as larvae

and grew within the enclosure based on the time of year of de-

ployment.

The bottom culture project as described employed many vari-

ables, and there were no "controls" as part of the program. This

is because the primary objective was to increase quahog stock

throughout the town.

Winter conditions proved to be the greatest obstacle to inter-

tidal quahog culture that relies on structures and netting. Removing
top netting just prior to a freeze lessened the physical damage but

did not assure seed survival. Seed from North Carolina survived

equally as well as local stock. Cost of materials was about $ 1 .000

for the 3 years of bottom culture and cost of seed was about

$4,000.

RAFT CULTURE

Raft culture methods were used in 1976 to 1987. Although the

methods were essentially the same for the entire period, the

amount planted, source of supply, and amount of growth varied

during this time span.

Prior to 1975, George Souza, Falmouth Shellfish Constable and

Arnold Carr, Massachusetts Division of Marine Fisheries, experi-

mented with floating trays to grow quahog seed. They found that

trays without sediment did not work well. Souza designed suc-

cessful floating sand box rafts in Falmouth, In 1976. we decided to

build rafts, but Souza's design was unwieldy for Orleans' depart-

mental equipment to handle. We modified his design to our needs

(Fig. 5).

The inside of the 9' x 6' wooden frame was covered with 1"

vinyl-coated galvanized wire, 1/8" plastic netting, and window
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TABLE 1.

Ten sites in tliree estuaries with varying environmental conditions chosen for initial intertidal bottom culture nursery plantings in 1975.
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TABLE 3.

Eight sites were selected for subtidal bottom culture plantings for 1977.
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TABLE 4.

Summary of raft culture in Orleans from 1976 through 1980 at two sites; rafts were not deployed in 1978 because of unavailability of seed.
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stantially. and the availahilil\ iii spring lluLtuatcd greatly. The

only way we could obtain the number of seed required was to

purchase smaller animals; however, with seed less than ? mm.

losses in the raft system were severe. The Mill Pond was reason-

able for growth and survival but was not secure from wind dam-

age, and removing the annual mussel set was labor intensive.

The rafting method of nursery growout was more expensive

and labor intensive than bottom culture, but, in Orleans, consistent

high growth and survival were achieved in both Lonnie's Pond and

Mill Pond. The rafts cost about $250.00 each ( 1978) for materials,

and they had a life span of at least 5 years. We preferred a density

of about 450/0.3 m~. but we planted as many as 30,000/raft, 555/

0.3 nr, without impeding growth or survival. The highest density

bottom culture was close to 200/0.3 m". We did not determine the

maximum density with these systems.

Clearly, growth rate was greater on the rafts than in the bottom

boxes. The boxes were intertidal and, thus, exposed for .several

hours each tide, and the seed were unable to feed; whereas, on the

rafts, the animals were submerged. The sand in the rafts seemed to

have an affect on growth, because seed observed on rafts with sand

washed out and density of animals sparse, the seed seemed to

siphon less vigorously, and growth was less than seed observed in

the sand.

After the winter of 1976 to 1977. we determined that seed

should be planted in the fall, and we began to determine factors for

best transplant survival. We realized, after several years, thai if we

planted the largest seed in September, it would survive fairly well,

and if we planted the smallest seed in November, it also would

survive well, but if we planted small seed in September, it would

perish. Thus, we revised our thinking about the minimum size seed

that could be successfully transplanted in the fall. (See section on

transplants).

We could not increase the number of rafts in Lonnie's Pond

because of other public uses. This limited the amount of seed that

we could raise to 300,000. After 1980, we raised approximately

250.000 to 300,000 per year in rafts. The rafting program was

halted in 1987.

HATCHERY/LAB

Site Selection

In 1979, the Shellfish Department office, a 16 ft x 24 ft (4.8 m
X 7.2 m) building had to be relocated. The rapidly rising cost of

seed in the late 1970s, unreliable seed supply from commercial

hatcheries, and a requirement by Massachusetts Division of Ma-

rine Fisheries that seed could only be imported from hatcheries

north of, but including. Long Island, prompted us to consider

raising our own seed. Matthiessen and Toner (1966) developed

hatchery methods for Martha's Vineyard, and we thought these

would work in Orieans. Suitable waterfront land was limited to

two parcels, neither of which was ideal or optimal. A small area on

the shore of Lonnie's Pond was particularly appealing, but the site

was located in a residential district. There was opposition from the

neighbors who feared such potential negative aspects as unsightly

gear, traffic congestion, and unknown problems.

The second site was on the shore of Town Cove. This included

a public boat launching ramp in a business-zoned area. We moved

the building to the Town Cove site (Fig. 6). In 1981, a bulkhead

was constructed in front of the building, and a ramp and floats

were added for public access to the water. This improvement in-

creased the public usage of the landing. Site selection is critical to

Figure 6. A 16' x 24' (5.1 x 8 ml building was moved to the shores of

Town Cove where a seawater system was installed. Within 2 years

after moving the building, the town constructed a bulkhead that sub-

stantially enhanced the area for recreational boating. This led to in-

compatibility with the shelirish lab.

hatchery success, and our experience with site-related problems

are illustrated.

Construction of a Seawater System

The budget of $7,000 to equip the building for the project

required installation of a single intake system using 1.5" pipe and

a I hp swimming pool pump. Tanks were constructed of wood and

fiberglassed. The tanks were 8 ft long and 4 ft wide, divided in the

middle lengthwise. Valves and drains were installed in each com-

partment to allow for flexibility. Three tanks or six compartments

were constructed so stock could be held and manipulated for vari-

ous purposes.

When the bulkhead was being planned, it was recommended to

install a dual intake system with pumps located at the bulkhead

rather than in the building (90 ft [27 rn] landward), but we were not

pemiitted to do so. Instead, a single 2" (2.5 cm) pipe set within a

6" (1.2 cm) PVC pipe was buried under the parking area to guard

against potential damage from automobile traffic and a larger

pump (2 hp) was purchased. Although the larger pipe and pump
were improvements, the system was difficult to maintain because

of its inaccessibility. In addition, because we were pulling water

rather than pushing it, air in the vacuum side of the pump was a

constant problem.

HATCHERY METHODS

Algae Production

Glass bottles ( 12 narrow mouth 5 gallon |22 L] carboys and a

number of 1 gallon |4.4 L]) were donated. Starter cultures of

Monochrisis. Isochrisis, 3-H (Thalasiosira). and Dunaliella were

obtained from the NOAA National Marine Fisheries Service labo-

ratory in Milford Connecticut. Bigelow Laboratory for Ocean Sci-

ences, and the Woods Hole Oceanographic Institute.

The cultures were grown in an illuminated, temperature con-

trolled room (6' x6' [I.8mx I.8m]), with an air supply following

the procedures detailed in Guillard (1974). Culture densities were

estitnated and recorded daily using standard methods. The general

layout, equipment, and operation followed the design of algae

rooms in similar sized hatcheries in Maine, (Smith, Heinig, pers.
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comm.) We tried outdoor algae production, but the lack of a secure

area resulted in accidents that were too numerous to overcome.

Quahog Culture

A hatchery in New England can operate either using natural

ripened stock and commence spawning in June or condition the

animals by slowly raising water temperature to commence spawn-

ing in January or February. Cost of winter spawning is high, be-

cause heated water is necessary to condition the quahogs. We
chose using the natural spawning time of summer.

Quahogs used for spawning, came from 20 ± feet (6 ml depth

in Cape Cod Bay, native stock from the Town Cove, and trans-

planted hatchery stock from Pleasant Bay. Each aniinal was

marked according to its origin.

Loosanoff and Davis (1950), (Loosanoff and Davis 1951),

Loosanoff and Davis (1963), Loosanoff et al. (1953). and

(Loosanoff and Davis 1955) developed hatchery procedures for

bivalve mollusks. Other researchers, such as Castagna and Kraeu-

ter (1977) and (Castagna and Kraeuter 1981) have refined the

process to suit individual needs. We generally followed prescribed

procedures for hatchery methods, substituting low-cost containers

(see Table 5) whenever possible.

Castagna and Kraeuter (1981) used mass spawning methods,

and researchers at the Milford Laboratory used nidividual spawn-

ing animals. Because we needed several spawns so that high larval

or set mortalities would not preclude loss of the entire year's

production, we chose the individual spawning method.

To induce spawning, two or three quahogs (from 37 to 100

mm) were placed in a Pyrex loaf pan with 1 micron filtered sea-

water (Fig. 7). Food was added when the quahogs began pumping.
Hot tap water was added to the tank to raise the water temperature

to a minimum of 27°C. If spawning did not occur, the tank water

was cooled with ice and the process was repeated. Sperm suspen-

sion, either fresh or frozen, was added occasionally as rec-

ommended by Loosanoff and Davis (1963) and Castagna and

Kraeuter (1981).

When spawning occurred, males and females were separated.

Males were removed from the loaf pans after a few minutes, the

shells were dried and marked as male. When the females were

spent, they were inarked con'espondingly.

The eggs were sieved through a 50 micron sieve and placed in

30-gallon (32-liter) plastic trash cans as larval containers (Fig. 8).

We followed the advice of other researchers regarding the viability

of eggs as related to size (Castagna, Kraeuter, Gibbons, Rhodes,

Goldberg. Chapman. Karney and others, pers. comms). We tried to

ensure that several males were used and also several females to

diversify the genetic pool.

Fertilized eggs were sieved after 48 hours. Low-cost sieves (see

Table 5) were constructed from 5-gallon (22-L) plastic buckets

with tight fitting lids donated by the food service industry. We
removed the center of the lid leaving only the rim. We placed

Nytex netting tightly over the bucket top, replaced the lid rim, and

sealed the inside edge with aquarium sealant. We cut off the bot-

tom of the bucket so that when the bucket was inverted, the netting

was on the bottom (Fig. 9).

Larvae were sieved every other day and were fed a diet of

Monochhsis. Isochrisis. and Dunaliela. depending on the size and

food availability. We did not try to increase production through the

use of antibiotics (Hidu and Tubiash 1963. Castagna and Kraeuter

1981 ). because we did not know if there would be ramifications for

future generations using antibiotics.

Our postset system is described in Table 5. setting system ( 1 ).

The cascading trays (Fig. 9) were based on a design by Lind (Town

of Eastham Dept. Natural Res. pers. comm.) in Eastham. This

system was easier to handle than raceways described by Castagna

and Kraeuter ( 1981 ) and Rhodes et al. (pers. comm.) However, our

second type of systein (Table 5) worked even better. While the

veliger larvae were in the trash cans but ready to metamorphose,

we added stacks of the trays (three trays per trash can)

Figure 7. Spanning in Pyrex loaf pans filled with seawater. Marks Figure 8. Eggs were placed in 30 gallon (32 liter) plastic trash cans at

indicate estuary of origin and after spawning, individuals were also a density of 10 to 20 eggs/ml,. Larvae were siphoned to sieves; the

marked with gender symbols. "dregs" remained on the bottom preventing batch contamination.
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Figure 9. Inexpensive sieves were made from 5 gallon (19 liter) plastic

buckets with tight fitting lids. Connector rings, (12" high) from the

buckets ensured that no larvae were lost in the sieving process. Cas-

cading glass "shelving" trays, (12" x 10" x 2") with attached mesh

inside plastic "kittv litter trays" (15" x 12" x }"), constructed for

postset juveniles.

lined with appropriate sized mesh (Fig. 10). As metamorphosis

occurred, the animals set on the mesh as well as on the bottom.

Animals that set on the bottom were moved to the trays and kept

in the trash cans until they were large enough to go into upwellers.

We treated these postset animals as larvae until transferral.

UPWELLER TECHNOLOGY

Bayes. (1981) described a method for using "forced plankton-

rich seawater up through a partially fluidized bed of filter feeding

molluscs," which became known as the "upweller technique."

The upweller technique had the potential of increasing the capacity

at our site, and we developed a design based on standard fish lotes

(80 cm X 45 cm X 29 cm) placed in the tanks.

Figure 1 1 shows our upweller system. Each tote had two cham-

bers (often referred to as "silos") made from the same type of

5-gallon plastic buckets as our sieves for a total of 36 silos. The

bottom 3 inches of each bucket was cut off and the solid bottom

was removed from that piece, resulting in a ring. Holes drilled in

the ring (resembling a work ring) allowed water to flow up through

the chambers placed on the ring. Mesh size was increased as the

seed grew.

The system allowed us to eliminate the hatchery and purchase

small, low-cost seed (1-2 mm) from commercial hatcheries. We
purchased a million seed that were equally distributed among the

silos. Silos were added as the seed grew, ending with a density of

about 25,()00/silo.

The chambers were rinsed with freshwater daily to remove

waste products, and every other day, the chambers were rinsed,

seed were removed, and the silo was washed with soap and water.

Depending upon the biofouling severity, the chambers were

cleaned with bleach and rinsed thoroughly. The same procedure

was used for the totes. The intake pipe was back flushed weekly

with freshwater.

Food for the seed in the upwellers was primarily natural plank-

ton; however, we supplemented this food with approximately I

liter/tote of cultured algae per day. The water was shut off during

feeding (just after cleaning in an attempt to maximize the benefit),

and once the seed cleared the algae from the water, the How was

resumed.

On July 31, 1985. our technician noticed an oil slick next to the

dock, within 100 ft (33 m) of our intake pipe. The slick was traced

to a trash compactor behind a large supermarket and a trail of oil

from the compactor lead to a lagoon with a direct discharge to

Town Cove. Within 10 days. 90% of the seed quahogs were dead.

The small seed (2-6 mm) did not have enough tissue remaining

to perform a bioassay (Tripp, pers. comm.). After a literature

search and assistance from Dr. Judith (Capuzzo) MacDowall. we

assembled enough information for the town to sue the supermar-

ket. We claimed loss of the seed cost, the wholesale market value

of the seed at maturity at 60% survival, and the cost of the equip-

ment.

In 1987, we were awarded an out-of-court settlement of

586,000 for the oil spill. A portion of the funds were used to install

a full dual-intake system with new, larger (5 hp) pumps. We re-

designed our tanks to a total of 48 individual chambers in which

1.0 million seed were grown, allowing us to decrease the density

to 20.000/silo.

Discussion: Hatchery and Upwellers

We spent 4 years learning and perfecting methodologies for

both algae and bivalve culture with our limited system. By 1984,

we had over 150.000 seed that reached 3.0 mm by late August;

however, when hatchery production did not approach expectations

of millions of seed, we were required to abandon the building as a

hatchery.

Seed in all postset systems during late July and early August
seemed to be stressed. Survival during this stage was difficult,

especially with the constant threat and reality of gas bubble disease

resulting from the intake pipe design. Water temperature was high;

80 to 82°F (27-28°C) was not uncommon: oxygen was low; plank-

ton in the seawater was predominantly dinoflagellates (a poor

food); and any mesh smaller than window screen trapped air under

the netting. Work by Anderson ( 1978) and Anderson ( 1979) on the

local red tide organism Gonyaulax tamarensis (now Alexandrium

tainarensis) suggested that M. mercenaria do not actively feed

when A. tamarensis is in the water column. We suspect that other

dinoflagellates may have the same effect. We aerated the tanks and

added our own food as a supplement. Adding the food after clean-

ing seemed to be effective.

When we changed to upwellers, we were able to culture the 1

to 2 mm seed up to 12 to 18 mm by the fall. In 1986, 1987, 1988.

and 1989, we raised a million seed per year, over 95% of which

were transplanted to the natural environment.

Although the site was not conducive for a shellfish nursery, it

had a major advantage over the Lonnie's Pond site—visibility.

With a town landing, a marina, a large sporting-goods store, and a

restaurant/inn all adjacent to the lab, it was located in a very public

area. The lab hosted between 250 to 400 visits per year between

June 15 and October 15, allowing us the opportunity to provide

education to tourists and residents alike regarding the operation

and general marine related topics. Table 6 summarizes hatchery/

onshore nursery problems encountered and benefits to the town.
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TABLE 5.

Summary of onshore hatchery/nursery methods including larval and postset containers, sieves and upwellcrs; sieves and upwellers were

same basic design (see text).

System
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TABI,E 6.

Summary of hatchery/onshore nursery problems and benefits in Orleans.

Problem

Funding Site Selection Intake Food Supply Spawning Poslsel

Insufficient

Inconsistent

Jury-rig

Inadequate equipment

Construction of

hulkhead:

Intake damage
Commercial area

Manna

Highly used town

landing

Commercial

businesses

Oil spill

Loss of 1985 season

Lack of e\idence

Single pipe Inadequate

Inaccessibility No outdoor production

Pulled vs. pushed water Lack of security

Pump size

Impractical to clean

Gas bubble disease

Pumps too small

Natural spawning time

lndi\idual spawning

Env. conditions

July/Aug.

High water temp.

Low DO
Poor natural food

Uneven food

distribution

Air bubbles under mesh

Insufficient water flow

Inexplicable mortalities

\'islbililv Upwellers

:5(l—too Msiiors per

year

Public education

regarding shellfish

life history and

ecology

Focal point and pride

of town

Program expansion to

one million seed/year

with high survival

No winter operation

Insufficient funding and site selection were primary factors in degree of operational success but public nature of site raised public perception of program through interaction

with cullurists.

less at lower density. Because survival was the most important

result, spreading seed over wide areas seemed to be the best so-

lution. Monitoring the results of such transplants was difficult. To

facilitate tracking survival, seed were often planted near a large

rock or piling, or within certain ranges including a set distance

from the shoreline and in water shallow enough for future moni-

toring. For several years, we transplanted .seed by walking along

the shoreline with buckets broadcasting it freely. Once we knew

that even the 1 2 to 20 mm seed could yield adequate survival, we

broadcast larger numbers from a boat.

From the bottom culture, we learned that certain areas seemed

to be more conducive to optimal growth or survival. We needed to

find additional areas where quahog transplants would survive and.

we hoped, produce future "beds"" of quahogs. We noted that

shoreline with red sand and visible fresh water rivulets from the

land were unsuitable for transplants. The combination of red sand,

an indicator of excessive iron, and the freshets, an indicator of

groundwater inputs, yielded unacceptable quahog survival. Areas

of high concentrations of macrophytes in the summer {Ulva lac-

tiica. Gnicilaria. Enlennnorpha. Calitluiiiiiiii>ii and Afiardhiella)

species were also poor choices for transplants, because they smoth-

ered the seed. Sediment in these areas often developed to a heavy

organic anaerobic mud as part of the eutrophication process. There

were other areas where an inhospitable environment was more

subtle and difficult to define, but when the result was poor, we

abandoned those areas.

Seed quahogs were planted in September, October, and No-

vember. When the seed were close to 23 mm (from the rafting

techniques!, they could be planted in September without much

problem. They dug in within 2 hours and often within 30 minutes

and did not seem to be bothered by the major predators. Smaller

seed, planted in September, were heavily preyed upon. The pri-

mary predators were baitfish (primarily Euspira). which ate the

foot as the quahog was digging in. and crabs of various species.

Laboratory experiments revealed that quahogs stop siphoning

at 38°F (3.5°C). We experimented with planting times and found

that if the water temperature had dropped to about 45°F (7.5°C),

the seed had enough inobility to dig in, but the predators were

fairly inactive. We often watched quahogs after planting to see

what happened or came back in a few hours to dig them up again

and check for evidence of predation. We felt confident, after many
trials, that this method worked well for us. Thus, holding the seed

until November became routine practice.

Planting was done along stretches of shoreline. Because inter-

tidally transplanted quahogs may not survive well in winter (bot-

tom experiments), neariy all the seed were planted below the low-

tide mark. In most of the areas planted, there was a narrow band of

fringe salt marsh (Spartina aherniflora). and the seed were usually

planted about 20 to 30 ft (7-10 m) from the marsh edge. The

subtidal zone that begins 50 to 80 ft (16-24 m) from the marsh

edge is either eelgrass or silty organic mud substrate and corre-

sponds with a depth of 4 to 8 ft ( 1-3 m). Quahogs survive in these

areas, but they grow more slowly and are inaccessible to harvest by
the general public. Therefore, planting was done in the narrow

band of 2 to 5 ft ( 1-2 m) depth, about 20-40 ft (7-12 m) from the

edge of the marsh.

Site Selection

Through a process of elimination, we found numerous suitable

areas for transplant (Fig. 13), some of which were used repeatedly
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Figure 12. Seed, transplanted in all three estuaries, was the final phase of the program.

in the transplant procedure. Many of these areas had been produc-

tive, and we theorized that if they were productive at some point,

gregarious setting (Hidu 1969) would restore natural production,

given an infusion of seed. The Town also planted many bushels of

adult spawner quahogs in the same areas to increase the chances of

larvae settling in the general vicinity. Amounts planted in all three

estuaries are as follows:

1 . Cape Cod Bay was unsuitable for transplants primarily be-

cause ice build-up scoured the flats when the ice moved.

Although the seed may have survived, it disappeared from

the transplant location, and a transplant could not be justi-

fied.

2. The Nauset system received a moderate amount of seed. The

estuary is naturally productive, especially in the Town Cove

and Mill Pond, both of which are heavily used by harvesters.

Seed planted there was intended to augment the natural

production. The Nauset system has several areas reserved

for family permit holders, where commercial fishing was

prohibited. We felt that if those areas. Yacht Club, Asa's

Landing, and Mill Pond were seeded, it would show recre-

ational users that the program was working. Also, recre-

ational users would tend to stay in the seeded areas and

would not be competing with commercial fishermen in other

areas open to all harvesters. By 1981, natural stock in the

Town Cove areas traditionally fished by commercial fish-

ermen was dwindling, and we began planting seed there as

well. Therefore, we planted a total of 2. 1 million seed in the

Nauset system.

3. Pleasant Bay. had exhibited poor natural production for

many years. The majority of the seed from our program was

transplanted to the bay. Upper regions of Pleasant Bay. from

Meetinghouse Pond to Namequoit Point, received the most:

2.8 million. We had some success in Little Bay outside Pau

Wah Pond (355.000). but the seed were preyed upon by

small knobbed whelks {Biisycon carica). The remainder

were planted in other parts of Pleasant Bay including the

perimeter of Big Bay.

Quahogs were harvested in shallow water using "scratchers"

(short-handled rakes) and in deeper water using "bullrakes"

(long-handled rakes with baskets) (See Schwind 1977. for ex-
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amples of harvesting gear). The deeper waters, ( 12-20 ft, 4-7 ni)

of Big Bay, had provided employment to about 40 bullrakers for

some 20 years. Monitoring quahogs planted in the deep water

would have been difficult, so we limited planting in Big Bay.
The hydrodynamics of Pleasant Bay changed abruptly and

drastically in January of 1987, when a breach occurred ni Chatham

Harbor, resulting in higher tides and greater tidal exchange. Old

maps of the area indicated the new inlet location after the breach

approximated that of the 1950s, when the large set occuned in the

bay.

MONITORING

Monitoring was performed as a qualitative check on survival

and growth, not as a quantitative measure. Survival was estimated

based on repeated sampling of the transplant areas. Broadcasting
seed quahogs over large expanses of shoreline to prevent predation

and enhance survival precluded accurate tracking of the large num-

ber of seed. However, we observed that in areas where small

plantings were done near rocks, pilings, or within known ranges, if

the seed survived the initial transplant and the first winter, they

were likely to survive to legal size. Our best estimate, is that %) to

757r survived the transplants, especially if we waited until No-

vember to plant.

The author repeatedly sampled most transplant sites, using a

basket scratcher with 1/4" (6 mm) hardware cloth lining designed
to catch shell fragments and small seed. At each location, approxi-

mately 200 ft (60 m) of shoreline was sampled by pulling the

scratcher through about 6 ft (2 m) of sediment per sample. Seed,

adult quahogs, and evidence of problems were recorded. The pro-

cess was repeated several times to cover the distance from the

marsh edge that had been planted. When we used M. menenaha
notata. identification of planted seed was easy. Hatchery stock

without the genetic markings was different in appearance (wider,

thinner shells, less highly raised ridges), from the natural stock and

could be easily identified.

Discussion

Planting seed by walking the shoreline was fairly accurate, but

the optimum strip that met the criteria was more difficult to define

when seed were planted by boat at high tide, and some seed were

inevitably planted outside the optimum area. We felt that these

would survive but not be readily harvested and might therefore,

provide parent stock for repopulation of the area.

We heavily planted the Town Cove, (Nauset e.stuary) from

Hopkins Island to the head of the cove at the Yacht Club and Mill

Pond. We had hydrographic information that suggested turnover

rate for the Town Cove to be 2 days (Teal 1983, Aubrey et al.

1997). We planted the area from Meetinghouse Pond to the end of

Barley Neck and Lonnie's Pond. We surmised from the hydro-

graphic data that all these areas might retain larvae, because they

are seniienclosed ponds with narrow openings that lead to the

mouths of the estuaries. We felt that if those areas were heavily

planted, and if the conditions were conducive for setting, natural

productivity could be augmented. We planted the perimeter of Big

Bay from Quanset to the Town Line because of the large set in the

1960s, theorizing that it is more likely now for Big Bay to be

productive again, especially if there are larvae in the water to assist

in establishing a new set. The change in inlet location could pro-

vide the conditions conductive for a new set.

Fishers routinely found planted stock but kept that information

to themselves. The areas of Pleasant Bay that were heavily planted

are not easily accessible except by boat and are visually inacces-

sible to observe fishing activity. Therefore, we did not know who
was fishing where until after the fact.

Virtually all littleneck (2" legal stock) quahogs harvested from

Little Pleasant Bay resulted from this program. Many of them

showed M. Mercenaria notata stock markings; however, trans-

plant success was difficult to document, because the transplant

method and the time lag between transplant and attaining legal

harvesting size was long (4-7 years). Moreover, the harvest sta-

tistics did not provide a means of measurement because of:

1 . lack of differentiation between cultured and wild stock; and

2. lack of cooperation from fishers to divulge whether they had

harvested cultured stock, and if so. where they had found

them.

The program has been criticized both by fishers and the scien-

tific community for lack of definitive information regarding the

survivability of seed transplanted to the natural environment. Field

trials of small seed (10-18 mm), approximately 500 per trial,

planted at various locations at varying densities ( 10 to 25/0.3m".

without any form of protection, were planted in September. Octo-

ber, and November. Those planted in September were heavily

preyed upon, and except for extremely low-density plantings (ssl

per square foot) regardless of size, approximately 90% were dead

within 1 week. Those planted in October had about 75% mortality,

but it took about 2 weeks for the mortalities in high density plant-

ings. Those planted at lower densities exhibited similar mortalities,

but it took about 1 month. The larger ones (15-18 mm) showed 25

to 50% mortality. Those planted in November exhibited 10 to 25%

mortality within the first 2 weeks and nothing thereafter, regardless

of the density or size, as long as the initial transplant was done

when the water temperature had dropped to below 50°F. We ob-

served that seed moved from the place of initial transplant, which

further complicated recovery and analysis. Often, "lost" animals

were later found nearby. Most designated as "lost" were predated,

because .shell fragments were often found in the planting locations.

Had we used enclosures to track mortality in a more statistically

accurate manner, we felt we would have been creating an artificial

situation that would not represent what would happen once the

animals were freely broadcast.

The trial plantings suggested that time of planting was as im-

portant as density and size at planting. A high density in a rela-

tively small area seemed to draw predators to the area, but broad-

casting seed in a wider area at very low densities (often «5 per

square ft) increased survivability. Further increases in survival

were achieved by planting all seed when the water temperature
was between 45 to 50°F (7.5-IO°C). Based on the trials, the trans-

plants from the upwellers, where the seed was between 12 to 20

mm, were done in November, and transplants of the larger seed

from the rafts were done in October.

A total of 6,297,000 seed were broadcast in Orleans, which is

10,495 bushels of quahogs at a legal size (2" at 600/bushel), if all

survived. We estimate we added between 5,200 to 7,900 bushels of

quahogs to the fishery at 50 to 75% survival, with an estimated

wholesale value of $800,000 to $1,170,000 (average price from

1980-1990). The seed cost the town $135,000 (exclusive of bi-

ologist's salary and amortization of equipment. Table 8).

From 1994 to 1996. we estimate 40 to 60% of the quahogs
harvested from the Nauset system resulted from seed planted in the

late 1980s. Those harvested from the Yacht Club, the east shore of

Town Cove, and Nauset Harbor were especially noticeable. In the
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winters of 1992 and 1993, buUrakers who had moved to Orleans

from Long Island, NY, were fishing in Town Cove. Local fisher-

men joined them and worked in the Town Cove for three succes-

sive winters. Up to 20 boats worked each day. Both the tlshemien

and Shellfish Department recognized the notata quahogs and knew

that they were not native stock. Slowly and individually, the local

fishermen began to acknowledge the success of the propagation

program.

CHANGES IN THE PROPAGATION PROGRAM

In most wild fisheries, the commercial vision and focus is on

short-term gains rather than long-term benefits. This was a key

point of Hardin (1968). This was true for our program, where it

was perceived as a failure by the local fishermen. They had an

overwhelming desire to see immediate tangible results, such as the

1" seed from the rafts, but it took 4 to 7 years for the seed to attain

legal size in many locations. This was too long to wait for visible

results.

In 1989, the state withdrew financial assistance to municipali-

ties for propagation. This had funded a major portion of the pro-

gram in Orleans. Aside from the biologist's salary, the major pro-

gram expense was seed cost and the seasonal technician's salary.

Operating the lab by volunteers was suggested, but was not ac-

cepted because of perceived liability problems.

The town had purchased two open space parcels on Pleasant

Bay that would be suitable as shellfish propagation facilities. After

the oil spill settlement, plans were drawn to construct a new fa-

cility at Kent's Point that would include a public education com-

ponent. The land was purchased for "conservation, open space,

and passive recreation" with a caveat in the deed that a shellfish

facility could be the only additional building built on the property.

A benefactor offered to construct the building and create an en-

dowment. A second benefactor was ready to lend support. The

Selectmen would not entertain either offer, stating that, at some

point, the town would have to pay something. A management plan

for the property included a shellfish grow-out facility, but the idea

was not pursued becau,se of fears that the remote area, accessed by
a private residential road, would be "overburdened" if the shell-

fish facility were there. The Conservation Commission, who ad-

minister and oversee the property use, opposed a shellfish facility.

They added it to the management plan only because the deed

allows such activity, and it was voted favorably by the citizens at

a town meeting.

The decrease in funding, the oil spill of 1985, a smaller incident

in 1987 that did not cause mortalities but indicated the undepend-
able nature of the site, the change in Shellfish Department Man-

ager to one who had no experience with shellfish propagation, the

fishers' perception that the program was a failure, the success of

private shellfish farmers in Wellfieet (a neighboring town) using

bottom culture (see below), and a disturbing trend of degraded

water quality (Macfarlane 1996), all converged in 1989. The po-

sition of shellfish biologist was changed to shellfish biologist/

conservation administrator. The duties changed from shellfish

propagation and management to administering the state and local

Wetlands Protection regulations and environmental planning. No
further responsibility for work with shellfish propagation was in-

cluded. The laboratory was closed and razed in 1993.

Shellfish Propagation after 1990

The municipal propagation program (1990-1994) consisted of

floating trays deployed at Asa's Landing (Nauset) and subtidal

bottom boxes at six other areas. Trays received 10 to 20.000 (2.5

mm) quahogs per tray at $10.00/1,000, and bottom boxes were

stocked with 10 to 15,000 quahogs (2.5 mm) per box.

The floating trays were used, becau.se they were easier to

handle than the old rafts, and another town had indicated success-

ful results with the floating trays. They were 3' x 4', constructed

of wood and netting with solid covers to prevent bird damage. The

covers reduce water flow, but the seed are not predated and do not

wash out. Seed ordered for May delivery was usually received in

late June or July. The seed were placed in the floating trays the first

summer. They transfer the 10 to 12 mm seed to subtidal bottom

boxes in late summer or early fall. They are retained in the bottom

boxes for a second season and winter until they are about 18 mm,
when they are finally transplanted to the natural environment.

Those transplants take place in the spring.

The bottom boxes were constructed of 2" x 6" stock, 5' x 10'

with 1" galvanized coated wire bottom mesh covered with land-

scape cloth. They are filled with sand, planted with seed, and

covered with 1/4" plastic mesh covers constructed with laths (1" x

2") attached to the sides.

The stock bought in 1994 remained in bottom boxes for 3 years

before transplant. Covers remained on the boxes during the winter,

and there was little damage, because there was little ice cover in

those years. In 1997, the Shellfish Department deployed 10 float-

ing trays in Lonnie's Pond and 25 bottom boxes. Approximately

50% of the 1991 stock was lost in a hurricane. There is no record

of whether the loss was actual mortality or displacement of the

seed.

In 1996 to 1997. the Department purchased "field planting"-

size quahogs. about 12 to 20 mm at $25.00/1.000. They changed

their strategy for nursery culture and now buy small seed 1 year

and large field plant seed the next to stagger the nursery require-

ments. Lack of funding for personnel to care for smaller seed has

resulted in losses caused by heavy fouling, predation if holes de-

velop in protective netting, and other problems. From 1990 to

1997. 5.4 million quahogs were grown in nursery culture. They
estimate survival from purchase to transplant in the field to be

about 50 to 60% or 2.7 million seed. There are no estimates of

survival once the seed are transplanted. Larger seed can be planted

without the nursery phase and with a propagation budget of

$9,000, but options are limited. Bay scallop (Argopecten irradians

irradians) seed (865,000 since 1992) are also purchased with the

funds.

Commercial fishers have recently assisted the Shellfish Depart-

ment in harvesting and transplanting seed, making it a community

project rather than a departmental one.

Orleans constructed a tidal upweller in 1990 based on plans by

Mook (1988). Although a smaller version worked well in the

neighboring town of Eastham, it did not work well in Orleans in

the initial year, and the idea was never modified. It is difficult to

find an area with enough tidal current necessary to operate the

upweller successfully in Orleans that does not have substantial

boating activity. Without that method. Orleans must rely on bot-

tom or off-bottom culture or on a shore-based nursery for propa-

gation methods.

PRIVATE AQUACULTURE IN ORLEANS

The first private aquaculture authority was specifically granted

to Eastham, Orleans, and Wellfieet ( 1904) to allow "bedding" of

quahogs until the market was more favorable (Belding 1912). In
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1909. the legislature granted licensing authority tor planting and

cultivating quahogs to all the towns in Massachusetts. For many
years, the only propagation in most towns was public and consisted

of transplanting adult "spawning stock"" to stimulate a set of qua-

hogs. as similarly described by Kassner and Malouf ( 1982).

In the late 1980s, private aquaculture developed on the Cape.
The success of municipal efforts described for Orleans prompted

private shellfish farmers in Welltleet to adopt low-cost intertidal

bottom culture. Their success increased requests for leases or shell-

fish grants in many towns. Modified predation enclosures were

improved (iron rebar rather than wood) for predator e.\clusion.

In Orleans, the town adopted a shellfish management plan

(Macfarlane 1986) that outlined a system for private aquaculture to

be initiated in Orleans. The plan included several recommenda-

tions.

1 . Three areas to be considered for grants:

A. From Old Field Point to Pochet Inlet (Pleasant Bay);

B. Pleasant Bay west of Nauset barrier beach;

C. Cape Cod Bay flats;

2. Grants to be 1/2 acre for the first year, with an option for

renewal and expansion;

3. upper limit of 5 acres/grant;

4. upper limit of 3 grants/area, with buffer zones between

grants;

5. grants to be self-policing;

6. all grants to be surveyed by a registered land surveyor and

survey to be recorded and on file at the Town Hall; and

7. subleasing of grants to be prohibited.

After 2 years of debate, the plan was implemented. The issue of

designating public bottom for private enterprise was the primary

focus of the debate. It was a common public perception that grants

in existence in the 1960 to 1970s had been mismanaged. The

pervasive feeling voiced strongly at public meetings was that pub-

lic waters should not be leased to private entrepreneurs, except for

small isolated cases. At the time, Orleans had eight grants ranging

in size from 0.06 acre to 1.0 acre (most were 0.5 acre). A single

10-acre grant lease had not been renewed because of nonuse. Lease

applications meeting state criteria were usually approved by the

town, because there was no plan to determine where additional

grants could or should be sited.

The Shellfish Department determined that two areas in Pleasant

Bay could be set aside for shellfish grants. The primary area (from

Old Field Point to Pochet Inlet north of Sampson Island) has a

maximum depth of 2 ft (0.6 m) at low tide, was not under riparian

rights of upland property owners, was not heavily used for boating,

was "out of the way"" for most bay users, and importantly for

Massachusetts laws, had been unproductive of shellfish resources

for at least the last 40 years.

Shortly after adopting the Management Plan, the Selectmen

changed the regulations to two acres per grant (maximum), and the

total grant area in the primary zone was expanded to 30 acres. By
1990. there were three new grants, all in the primary area in Pleas-

ant Bay; two grantholders relinquished their acreage by 1993. New

grants were not surveyed, because grantholders argued that the

requirement was prohibitively expensive. Buffer zones were es-

tablished haphazardly, if at all. As a result of this activity, the

subject of shellfish grants has remained contentious over the past

decade.

A portion of the grant debate has centered on determining grant

use. By 1994, there were 15 new grants. The Shellfish Advisory-

Committee tried to ascertain how people were using the grants.

The following year, six new individuals requested 1/2 acre

grants. The Shellfish Department recommended against the pro-

posed leases, because if the existing 15 grantholders were allowed

to expand to the legal 2 acre maximum, there would not be enough
room to accommodate 2 1 grants. The Selectmen were pressured

into allowing the additional licenses and amended the grant regu-

lations. The primary reason for the increased activity and political

pressure was the availability of Federal funds to aid displaced

fishers in the Northeast. The six were granted licenses, but only

one received Federal funding.

With a waiting list for btnh grant expansions and for new

grants, it was determined that current license holders must prove
that they are actively engaged in aquaculture either by seed re-

ceipts or by compliance with a "'density requirement" enacted to

ensure that the grant is being "worked."" Those who opposed

adding new grants suggested that if the grants were not "worked,""

the bottom should be relinquished. After considerable debate,

regulations were adopted by the Selectmen to include a density

requirement (minimum 50 quahogs/square foot). To maintain an

existing grant for the 5-year lease, 75% of the area had to be

planted with the minimum density. Furthermore, no expansion

would be considered unless 75% of the existing grant area were

planted with the minimum density. Compliance was required by
December 31. 1996.

Before the deadline, aquaculturists requested a review of the

regulations and proposed an alternative. New regulations were

enacted in May. 1997. including a 3-year planting schedule, by
which 50% of the grant must have a density of 30 quahogs per

square foot or an expenditure of $2,500 per 1/2 acre expended

annually (on shellfish only), with proof given through seed re-

ceipts. A hardship clause was also included. If grants were relin-

quished, expansion preference for the area would be given to origi-

nal grantholders. Only after expansion would a potential aquacul-

turist on the waiting list be given an opportunity. Sale and/or

transfer of licenses was prohibited.

As of 1997. there were 26 grants in Orleans. Those who re-

ceived 1/2 acre from changes in regulations, insist that the town

find suitable acreage for expansion. To date, the town is waiting

for a regional resource management plan to be completed and

adopted. The proposed "density requirement"" has sparked con-

tinual controversy and has yet to be resolved.

Resource-Based Management Plans

In 1995. Orieans entered into an agreement with the neighbor-

ing towns of Brewster. Harwich, and Chatham to develop a Re-

source Management Plan for Pleasant Bay. a state-designated Area

of Critical Environmental Concern (ACEC). The plan was divided

into five issues: structures (docks, piers, and erosion control struc-

tures), shellfish/aquaculture, biodiversity, boating and navigation,

and public access. Five working groups met during the winter of

1997 to discuss key issues, and each group provided recommen-

dations and/or comments. No consensus was reached on aquacul-

ture.

Orleans is the only town of the four that allows private aqua-

culture. Working groups independently suggested formation of a

scientific panel/oversight group that would initiate requests for

specific studies and review documentation as it became available.

One key data gap is an ecological assessment of the bay: the latest

information is from the 1960s (Fisk et al. 1968), (U.S. Army Corps
of Engineers 1968).
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Not all the dynamic fisheries in the Bay are regulated. For the

past 2 years ( 1995 to 1 997), razor clams (Ensis directus) have been

harvested in quantity, and one fisher has harvested horseshoe crabs

iLinniliis pitlyphemiis) for about 20 years. The crabs are trucked to

Falmouth, bled for their medically important lysate, and returned

to the Bay. The fisherman has harvested crabs throughout the

shallow bay waters (Harrington, pers. comm.). These are the same

areas requested for grant expansion in both the primary and sec-

ondary areas allowed for grants in Pleasant Bay. Neither of the

above fisheries is regulated, but state law. significantly modified in

1995. requires that a grant cannot be issued for an area that would

affect the town's natural resources. Before the newest changes,

grants could not affect a town's shellfish resources, narrowly de-

fined as clams (Mya arenaria Linne), quahogs (Mercenaria iner-

cenaria). scallops {Argopecten irradians irradians). mussels

{Mytilus ediilis). and oysters t.Crasostrea virginica Gmelin). In

addition, horseshoe crabs have been listed as shelltlsh predators.

Although this would seem to preclude all leasing, the regulations

have not had that effect, but there has been controversy over what

would constitute significant adverse effect to the town's natural

resources.

Quahog Diseases

In 1995, a phenomenon was described in Duxbury and Prov-

incetown. MA where cultured quahog stock was dying just before

reaching market size. In their paper Smolowitz et al. (1997) de-

scribed the parasitic infestation QPX (Quahog Parasite Unknown)

as the primary cause for the mortalities.

Smolowitz et al. (1996) described the history, symptoms, and

possible protective measures in an advisory bulletin. The organism

was first identified in a dense natural set of wild hard clams in New

Brunswick, Canada in 1959. and in 1989. at a nursery on Prince

Edward Island, NB. Unpublished observations of Ford et al. (1976)

and Smolowitz ( 1 992) found QPX-like organisms associated with

dead and dying hard clams in natural populations from Barnegat

Bay. NJ and Mitchell Ri\er. Chatham. MA. The Provincetown

infestation occurred to hard clams being cultured and the QPX-like

organism was the only microorganism found in the tissues.

The life history of the QPX organism is unknown. The organ-

ism may be present in the water column or sediment of growing
areas. It is unlikely that the infestation originates from hatcheries

(Ford et al. 1997). Crowding can be a form of stress that may

compromise animals, and optimum planting density for each area

is unknown.

The ramifications of this disease are germane to the shellfish

propagation efforts of both the town and the private cultunsts. At

this point in the investigation, density may play a role, but its

effects are unknown.

If density proves to be a factor, this poses somewhat of a

dilemma for Orleans. The town wants proof that leased bottom is

worked and have required a "density" regulation. But high den-

sity may encourage proliferation of the QPX. Grants squeezed into

a relatively small area and located on "barren" ground as defined

by the state may add stress to the animals and may increase the

probability of infection. With 75% of the grant area required to be

worked, crop rotation is limited.

BUDGET/FINANCIAL CONSTRAINTS

In 1974. the state provided financial assistance for shellfish

propagation and established a reimbursement program. A percent-

age of a town's shellfish department operational budget was re-

imbursed for the shellfish projects.

Funding was limited and a continual hindrance throughout. The

increased lab operations costs from 1985 to 1989 were attributable

to continuing the technician's salary through October. An operat-

ing budget of $12,000 produced wild fishery quahogs worth

$150,000 wholesale.

The total propagation budget for 1997 was S9.000. With higher

seed costs ($10.00/1,0(30 for 2.4 mm quahogsl. including scallops,

the town has a limited propagation effort. The Shellfish/

Aquaculture workgroup for the Pleasant Bay plan placed a high

priority on increased funding for shellfish propagation. This pri-

oritization was based on shellfish catch statistics since 1970 (Table

7). Although propagation costs have been modest, the value of

shellfish to the town is considerable.

The funding was the rationale for Orleans to hire a shellfish

biologist and start the seed program. The funding decreased over

time but lasted until 1989 (Table 8). It ended because of fiscal

constraints at the state level and perceived misuse of funds by

many towns from the intended purpose.

Compilation of these data was stimulated because of the need

to assist Orleans Shellfish Department and others seeking to justify

funding shellfish propagation. The economic returns to the town

are significant, but tangible benefits also accrue because of the

need to maintain water quality in shellfish areas. In addition, local

propagation efforts can serve as a catalyst to reconnect town resi-

dents with their harvesting of natural resources nearby.

CONCLUSIONS

Orleans demonstrated that municipal propagation of hatchery-

reared nursery cultured quahogs (Mercenaria mercenaria) is a

feasible and economically viable way to augment natural produc-

tion. Orleans was the first town in Massachusetts to specifically

hire a biologist for shellfish propagation and management. Over a

15-year period, from 1975 to 1990, we developed and utilized

techniques that including bottom, rafts, a hatchery, and upweller

culture with a maximum annual budget of slightly over $12,000

(exclusive of the biologist's salary). The town successfully trans-

planted over 6.."? million seed from 1975 to 1989.

All methods showed promise, but the upweller technique

proved to be the most successfijl in terms of survival and the

number of animals that could be cultured. gi\'en the program con-

straints. All methods are labor mtensive, demand close attention,

and all are dependent on natural conditions. The latter are erratic,

and disaster can strike with little or no notice.

Our original intent was to discover if hatchery-raised quahogs

could be utilized for propagation efforts. We showed that regard-

less of seed supply, hatchery-raised seed survived and grew.

The discovery that temperature plays a critical role in surviv-

ability of transplanted stock was crucial to our success. The ob-

servations, in the lab and in the field, on activities of the seed and

other biota resulted in determining 45°F (7°C) as the optimal tem-

perature for transplant. Transplants of different seed sizes led us to

conclude that we could successfully transplant seed as small as 12

to 15 mm, with no additional protection, as long as we waited until

November to plant.

. We experimented with three different types of bottom nursery

enclosure designs at 20 separate locations over a 3-year period.

Enclosure design is critical to the success of bottom culture. Some

areas were clearly better than others, but reasons for success were

poorly understood.
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TABLE 7.

Total hardest (commercial and recreational) of lour shellllsh species: clams = soft-shelled clams {Mya arenaria); quahogs = hard-shell clams

(Mercenaria mercenaria): scallops = ba) scallops {Argopeclen irradians irradians). and mussels = blue mussels {Mytilus edulis): value =

wholesale value at the time of harvest.

Shellfish Harvested in Bushels
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TABLE 8.

Orleans quahog propagation budget including costs of program and income from permit fees.
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imponaiit facet of the town character, and ahhouyh interest in

shellfish seems to be waning with the gentrification of the town,

surveys continue to show that whether people actually go shell-

fishing, the fact that shellfish are there to take as a continuing

natural resource is important, and citizens are willing to pay for the

privilege.

In retrospect, Belding (1912) was right: "growth in any par-

ticular locality can be determined only by experiment"
"

and with-

out culturing. the fishery will collapse. What Belding could not

have foreseen was the enormous social change and attendant eco-

nomic and political forces that become part of the "experiment."

Dedication

This manuscript is dedicated to Gardner Munsey, Orleans

Shellfish Constable from 1974 until his retirement in 198.3. With-

out his vision for Orleans as the shellfish Mecca of Massachusetts,

his inquisitiveness. and his never-ending support for all aspects of

a program to attain that goal, none of the preceding would have

been possible.

ACKNOWLEDGMENTS

Many individuals from myriad institutions, research centers,

and private hatcheries assisted us in developing our program and

we are grateful to all, especially those in the following list and

those who may have been inadvertently omitted. Dick Krause

(Aquacultural Research Corp.); Robert Guillard, (Bigelow Labo-

ratory for Ocean Sciences); Jeff Kassner (Brookhaven NY Depart-

ment of Environmental Protection); Kass Abreu, (Chatham, MA
Shellfish Warden); Henry Lind (Eastham, MA Natural Resources

Department), Scott Colby, (Edgartown, MA Shellfish Depart-

ment), George Souza (Falmouth, MA Shellfish Department), Chris

Heinig and Brian Tarbox (Intertide) Dana Wallace and Walter

Foster, (Maine Department of Marine Resources), Jim Chalfant

(Maritec, Inc.), Rick Karney (Martha's Vineyard Shellfish Group),

Anthony Calabreeze, Ed Rhodes. Jim Widman, Ron Goldberg,

Warren Landers, Steve Tettleback. Jim Hanks. Walter Blogoslaw-

ski. Gary Wikfors and Ravena Ukeles (NOAA Milford CT Labo-

ratory), Bob Malouf, Paul Flagg, Scott Sidell, Monica Bricelj

(SUNY Stony Brook). Jim and Cindy Smith; Sam Chapman, Herb

Hidu, Bemie McAlice, and Dave Dean (University of Maine, Dar-

ling Marine Center), Mike Castagna, John Kraeuter, and Mary
Gibbons (Virginia Institute of Marine Science), Scott Gallagher,

Roger Mann, John Ryther, Judy (Capuzzo) McDowell, (Woods

Hole Oceanographic Institute), and especially to my husband,

Bruce Macfarlane, for his patience, technical acumen, power of

observation, and genuine interest in all the permutations of this

program.

Author's present address; P.O. Box 1 164, Orleans. MA 02653.

E-mail: sandymac@capecod.net

LITERATURE CITED

Anderson, D. M. 1978. Potential importance of benthic cysts oi GonyauUix
lamarensis and G. excavate in initiating toxic dinotlagellate blooms. J.

Phycol. 14:224-234.

Anderson, D. M. 1979. Toxic dinonagellate blooms in the Cape Cod region

of Massachusetts, pp. 145-150. /;;. D. L. Taylor and H. Seliger (eds.).

Toxic Dinotlagellate Blooms, Developments in Marine Biology, vol. I.

El.sevier/Nonh Holland. New York.

Aubrey. D.. G. Voulgaris. W. D. Spencer & S. O'Malley. 1997. Tidal

residence times within the Nauset Marsh system. Rep. suhmilted to the

Town of Orleans. Woods Hole Oceanographic Institution. Department

of Geology and Geophysics. Woods Hole. MA.

Bayes. J. C. 1 98 1. Forced upwelling nurseries for oysters and clams using

impounded water systems, pp. 73-83. In: C. Claus. N. DePauw and E.

Jaspers (eds.). Nursery Culturing of Bivalve Molluscs. Spec. Publ. 7.

European Mariculture Society. Bredene. Belgium.

Belding. D. L. 1912. A report upon the quahog and oyster fisheries of

Massachusetts, including the life history, growth, and cultivation of the

quahog. Department of Conservation. Commonwealth of Massachu-

setts. Wright and Potter Printing Co.. Boston. MA. 1 134 pp.

Carriker. M. R. 1959. The role of physical and biological factors in the

culture of Crassostrea and Mercenaria in a salt water pond. Ecol.

Mono. 29:219-266.

Carriker. M. R. 1961. Interrelation of functional niorpholog\. beha\ior.

and autoecology in early stages of the bivalve Mercenaria mercenaria.

J. Eltsha Mitchell Sci. Sac. 77:168-241.

Castagna. M. & J. N. Kraeuter. 1977. Mercenaria culture using stone ag-

gregate for predator protection. Proc. Natl. Shellfish. A.ssoc. 67:1-6.

Castagna. M. & J. N. Kraeuter. 1981. Manual for growing the hard clam.

Mercenaria. Special Rept. 249 in Ocean Engineering and Applied Ma-

rine Science. Virginia Institute of Marine Science. 110 pp.

Fisk. J. D.. C. E. Watson & P. G. Coates. 1967. A study of the marine

resources of Pleasant Bay. Commonwealth of Massachusetts Division

of Marine Fisheries, Monograph Series 5. 56 pp.

Flagg. P. J. 1981. Effects of environmental factors and methods of protec-

tion on the growth and survival of hatchery-produced seed clams Mer-

cenaria mercenaria Linne (1758). Master's Thesis. Marine Environ-

mental Sciences Program. State University of New York at Stony

Brook, December. 1981. 109 pp.

Ford. S. E.. R. Smolowitz. L. M. Ragone Caivo, R. D. Barber, & J. N.

Kraueter. 1997. Evidence that QPX (quahog parasite unknown) is not

present in hatchery-produced hard clam seed. J. Shellfish. Res. 16:5 19-

521.

Gates, D. A. 1964. A preliminary report on the feasibility of oyster propa-

gation in Paw Wah Pond and a Pleasant Bay survey indicating the

extent and condition of the quahog IVeniis mercenaria) resources.

Rept. to the Orieans Board of Selectmen. October 15. 1964.

Guillard. R. L. 1975. Culture of phytoplankton for feeding marine inver-

tebrates. In: W. L. Smith and M. H. Chanley (eds.). Culture of Inver-

tebrate Animals. Plenum. New York.

Hardin, G. 1968. Tragedy of the Commons. Science 162:1243-1248.

Haskin, H. H. 1949. Growth studies on the Quahog, Venus mercenaria.

Proc. Natl. Shellfish. Assoc. 39:67-75.

Haskin, H. H. 1952. Further growth studies on the quahog. Venns merce-

naria. Proc. Natl. Shellfish. Assoc. 42:181-187.

Hidu. H. 1969. Gregarious setting in the American oyster Crassostrea

virginica Gmelin. Chesapeake Sci. 10:85-92.

Hidu. H. & H. S. Tubiash. 1963. A bacterial basis for the growth of anti-

biotic-treated bivalve larvae. Proc. Natl. Shellfish. Assoc. 54:25-39.

Judson, W. I.. R. Macpherson. P. Stewart & W. N. Carver. 1977. Culture

of the quahog from hatchery-spawned seed stock. Prince Edward Island

Department of Fisheries. Charlottetown. Price Edward Island. Tech.

Rept. Series 185.

Kassner. J. & R. E. Malouf. 1982. An evaluation of "spawner transplants"

as a management tool in Long Island's hard-clam fishery. J. Shellfish

Res. 2:165-172.

Loosanoff & H. C. Davis. 1950. Conditioning V. Mercenaria for spawning
in the winter and breeding its larvae in the laboratory. Biol. Bull.

98:60-65.

Loosanoff. V. L. & H. C. Davis. 1951. Delaying spawning of lamelli-

branchs by low temperature. J. Mar. Res. 10:197-202.

Loosanoff. V. L. & H. C. Davis. 1963. Rearing of bivalve molluscs. Adv.

Mar Biol. 1:1-136.

Macfarlane, S. L. 1986. A comprehensive shellfish management plan for

the Town of Orleans. Rept. to the Orleans Board of Selectmen and

Commonwealth of Massachusetts Division of Marine Fisheries. Or-

leans, MA. 40 pp.



1036 Macfarlane

Macfarlane, S. L. 1989. Shellfish as the impetus tor embayment manage-

ment. Estuaries I9:pp. 311-319.

Manzi, J. J. & M. Castagna (eds.). 1989. Clam culture in North America,

introduction. Developments in aquaculture and fisheries science. Num-

ber 19. Elsevier Science. New York. pp. 1-22.

Manzi. J. J.. N. H. Hadley. C. Battey. R. Haggerty, R. Hamilton & M.

Carter. 1984. Culture of the northern hard clam Mercenaiiu merceimria

in a commercial scale upflow nursery system. J. Shellfish. Res. 4:1 19-

124,

Matthiessen. G. C. & R. C. Toner. 1966. Possible methods of improving

the shellfish industry of Martha's Vineyard. Duke's County. Massa-

chusetts. A publication of the Marine Research Foundation, Inc,

McKenzie. C, L. 1977. Predation on hard clam Mercenariu mcrcenaria

populations. Trans. Am. Fish. Soc. 106:530-537.

Menzel, R, W. 1976, Growth and mortality of northern hard clams in

Florida waters, Assoc. S.E. Biol. Bull. 7:34—35,

Mook, W, 1988, Guide to construction of a tidal upweller, Mook Sea

Farms, Bristol, Maine.

Rice, 1992, The northern quahog: the biology oi Merceimria inercenaria.

Rhode Island Sea Grant Publ, RIU-B-92-001 (P1276),

Roman, C, T,. K, 'W, Able, K, L, Heck. Jr,. J, 'W, Portnoy, M, P, Fahay.

D, G. Aubrey & M, A, Lazzari, 1989, An ecological analysis of Nauset

Marsh. Cape Cod National Seashore, National Park Service Coopera-
tive Research Unit. 'Wellfleet. MA, 181 pp.

Ropes. J, 'W,, D, S, Jones. S, A, Murawski, F, M. Serchuk & A, Jearid, Jr,

1984, Documentation of annual growth lines in ocean quahogs. /4rcr/aj

islaiulica Linne, Fish. Bull. U.S. 82:1-19,

Schwind, P, 1977, Practical shellfish farming. International Marine Pub-

lishing Co,, Camden, ME. 1 12 pp,

Smolowitz. R,. S, Ford, J, Kraeuter, W. Canzonier, R, Rheault & D, Leav-

itt, 1996, QPX Advisory Bulletin, Ocean State Aquaculture Associa-

tion. Special Publ,. May. 1994, 4 pp.

Smolowitz. R,, D, Leavitt & F, Perkins, 1998, Observations of a protistan

similar to QPX in Mercenaria mercenaria (hard clams) from the coast

of Massachusetts, / Invert. Pathol. 71:9-25,

Teal, J, 1983, The coastal impact of ground water discharge: an assessment

of anthropogenic nitrogen loading in Town Cove, Orleans. M.'k, Woods

Hole Oceanographic Institution Proposal 2778,

LIS, Army Corps of Engineers, 1968, Pleasant Bay, Chatham, Orleans.

Harwich. Massachusetts. Survey Report, Department of the Army.
New England Division. Corps of Engineers. Waltham, MA, 61 pp, plus

appendices.



Jininml of Slwllthh Research. Vol. 17. No. 4. 1037-1042. 1998.

REPRODUCTIVE CYCLE OF SPONDYLUS LEUCACANTHUS BRODERIP, 1833 (BIVALVIA:

SPONDYLIDAE) AT ISLA DANZANTE, GULF OF CALIFORNIA

MARCIAL VILLALEJO-FUERTE AND
FEDERICO GARCIA-DOMINGUEZ
Ceuiro Intevdisciplinario de Ciencias Marinas

Institiito PoUtecnico National A. P. 592

La Paz. BCS 23000. Mexico

ABSTRACT The reproductive cycle ot Spoiiilylii}, leiicciciuithuy at Isia Danzaiite. Cult ot Calitornm. was studied from January 1994

to January 1996. Microscopic analysis established that the female specimens had male gametes in the gonads during the starting of

ganietogenesis (April 1994. March 1995). The individuals were fully ripe from June, coincidmg with the highest values of gonad index.

In both the years investigated, spawning occurred during August to October (23 to 26°C). when the gonad index was falling. Spawning
occurred at the mean shell height of 75 mm.

KEY WORDS: Reproductive cycle, bivalves. Spoiul\U(.s leucacanihus. histology. Gulf of California

INTRODUCTION

Sponilylus leucacanthiis Broderip. 1833 is commonly named

"Viejita" or "Concha China."" h is distributed from the Gulf of

California to Ecuador and can reach a length of 150 mm (Keen

1971). Its main habitat is the bottom at about 40-m depth, although

organisms can be gathered from shallow water up to 3-m depth. As

with the majority of the bivalves, this is a filter-feeding species,

feeding mainly on detritus and phytoplankton (Villalejo-Fuerte

and Muneton-Gomez 1995).

Anatomical and morphological descriptions of Spondyhis spp.

have been published by Yonge ( 1973), Dakin ( l92Sa) and Dakin

(1928b). A small number of studies on other topics have been

made by Mata et al. ( 1990), Parth ( 1990). and Okutani ( 1991 ). A
recent review of the taxonomy, habitat, and distribution of Genus

Spoiulyliis of the Panamic Province was made by Skoglund and

Mulliner (1996).

Despite the wide distribution of this species around the islands

of the Gulf of California, there are no published records on its

biology. This study describes the reproductive cycle and the

spawning season of 5. leucacanthiis from subjective analysis of

histologic gonad sections, measurements of oocyte sizes, and cal-

culated gonad index from weight measurements.

MATERIALS AND METHODS

Monthly, from January 1994 to January 1996 ut Isla Danzante.

Gulf of California (25 48'54". 1 1 P15'45"l (Fig. 1 ). 30 to 60 speci-

mens oi Spondyhis leucacanthiis were collected by trawling with a

net at 40-m depth. The bottom water temperature was recorded at

the time of sampling using a Van Dom bottle and a protected

thermometer with range of-10 to 1 10°C. Shell heights and the wet

weights of the gonad and total soft body were recorded for each

clam after fixation in a neutral I07f formalin solution prepared

with seawater.

The sex ratio of the population in the study period was obtained

from histological analysis of all the clams collected. The females

and the males were separated, and the percentage of each sex in the

study period was determined. The significance was tested with a

chi-square analysis. The null hypothesis of 1:1 sex ratio was es-

tablished, and the observed value was compared with the theoret-

ical value of x"
= 3.84, a = 0.05 (Sokal and Rolf 1979).

The gonad index was calculated using the criteria of Sastry

\
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and Ochoa-Baez 1993), Glycyineris gigautea (Villalejo-Fuerte et

al. 1995), and Laevicardium elatum (Villalejo-Fuerte et al. 1996a).

The classification of gonad condition consisted of five main

stages: indifferent, developing, ripe, spawning, and spent. The

stages are described below.

Indifferent Stage

This stage is characterized by a total absence of gametes, there-

fore, it is not possible to distinguish between the sexes. Empty
follicles are seen, and the connective tissue occupies almost all the

space (Fig. 2A).

Developing Stage

Female

The germinal cells can be observed, and developing oocytes are

attached to the follicle walls (Fig. 2B).

Male

Varying quantities of spermalogenic cells and spermatocytes

were present (Fig. 3A). Interfollicular connective tissue begins

decreasing.

Ripe Stage

Female

All follicles are filled with ripe oocytes of polygonal shape.

Some oocytes remained attached to the follicle walls (Fig. 2C).

Male

Follicles filled with spermatocytes, spermatid, and spemiatozoa
are aiTanged in characteristic bands (Fig. 3B). Interfollicular con-

nective tissue is absent.

Spawning Stage

Female

The centers of follicles are partially empty, and there are large

spaces between the free oocytes that were present. Developing

oocytes are present at the follicle walls (Fig. 2D).

Male

Follicles are partially empty, with large spaces inside the fol-

licles and a marked decrease in the quantity of spermatozoa. The

spermatocytes remain at the walls of the follicles (Fig. 3C). Inter-

follicular connective tissue' is scarce.

Spent Stage

Female

At this stage, the follicles are empty, but some unspawned

oocytes were observed within them (Fig. 2E).

Male

In some follicles, only a few residual spermatozoa were present

(Fig. 3D). In both sexes, the gametes were being phagocytosed by

amebocytes. There is abundant interfollicular connective tissue.

To analyze the sex of this species, females with spermatozoa

'^'^-Sk
Figure 2. Photomicrographs of gonadal stages of female S. leiicacanlliiis; a) Indifferent; b) de\eloplng; c) ripe: d) spawning; e) spent; f)

hermaphrodite; scale = 50 fim.
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Figure 3. Photomicrographs of gonadal stages of male S. leucacanthus; a) developing; b) ripe: cl partially spawned; e) spent; scale = 50 (im.

occupying the center of follicles were classified as hermaphrodites

(Fig 2F). Size at maturity was estimated by plotting the relative

cumulative frequency of spawning organisms against shell height

measurements and tracing a line from 507c cumulative frequency

of spawning to the shell height measurements.

To obtain the mean size of the oocytes at each saiiipluig date,

the diameters of at least 100 oocytes, from six randomly selected

females, were measured using an eyepiece graticule calibrated

with a stage micrometer. The measurements were made along the

longest axis of the oocyte sectioned through the nucleus. Individu-

als with few measurable oocytes and extensive phagocytosis were

not used, following the criteria of Grant and Tyler (1983a) and

Grant and Tyler (1983b).

RESULTS

The range in shell height of captured male organisms was from

30 to 120 mm. with the mode at 83 mm. Females had shell heights

between 55 and 120 mm. with the mode at 85 mm. The females

with spermatozoa in the center of follicles were considered her-

maphrodites and had shell heights from 55 to 105 mm. with the

mode at 75 mm (Fig. 4). The sexual ratio of 1.128 organisms was

213 (19%) females, 516 (45.79f) males, and 43 (3.89f) hermaph-
rodites. The remaining (356) were undifferentiated. The sex ratio

of the total sample (X~ = 125. n = 729) differed significantly (p

< = .05) from the expected ratio of 1:1.

The reproductive cycle of S. leucacanthus was remarkably
similar over the 2-year study (Fig. 5). From November to March

each year the population was inactive, as determined by the pres-

ence of spent or indifferent stages. The developing stage started in

March and April, and the population was fully ripe from June to

August, when spawning began. In November, all the individuals

were spent. Figure 6 shows that the size at spawning in the popu-

lation of S. leucacanthus is 75 mm (shell height); however, indi-

vidual organisms may start spawning at 40 mm shell height.

Figure 7 shows the monthly mean diameter of intraovarian

oocyte measurements of 5. leucacanthus from April 1994 to Oc-

tober 1995. The mean diameter of mature oocytes is 56.4 fjim (SD
= 10 p.m). Monthly measurements from 1994 show that the de-

velopment of oocytes in the follicles have two periods of growth

corresponding to gonad classification (Fig. 7 1. The first period of

growth was from March to June and coiTesponds with the devel-

2^7=?=- MALE
'^// ^ FEMALE

HERMAPH.
25 45 65 85 105 125

35 55 75 95 115 135

SHELL HEIGHT

Figure 4. Frequency distribution for 5 mm size classes (shell height) of

male, female, and hermaphroditic organisms of S. leucacanthus.
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Figure 5. Reproductive cycle of S. leucacanthus from January 1994 to

January 1996.
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Figure 7. The mean (± SDl diameter of oocytes from S. leucucanthiis

from April 1994 to October 1995.

oping stage. Tlie second slower growth was from June to Septem-

ber corresponding to maturity of the oocytes. However, in 1995.

the oocytes seem to have reached the maximum size in June.

During the study period, the bottom water temperature at Isia

Danzante varied from 15 to 26°C. The highest value measured was

in November 1994 (25°C), and in September 1995 (26°C). The

lowest temperature measured was from January to May in both

years investigated (Fig. 8).

The gonad index has a cyclic oscillation (Fig. 9). A single

period of maximum value occurred during July in both years in-

vestigated, coinciding with the occurrence of highest frequences of

maturity (Fig. 5). The index declined from August to October

during spawning. The lowest values measured were from Novem-

ber to February, followed by a period of recuperation from April

to June (Fig. 9).

DISCUSSION

The characteristics of gametogenesis and the description of

gonadic development stages in S. leucacanthus were similar to

those described for the pearl oysters Pinctada mazatlanica (Gar-

cia-Domi'nguez et al. 1996). Pinctada alhina (Tranter 1958a). P.

margaritifcra (Tranter 1958b), P. fucata (Tranter 1959). and P.

maxinui (Rose et al. 1990). hi S. leucacainhus. the gonads increase

in weight as the ova and spermatozoa grow during the developing

and the ripening stages. The gametes of both sexes were spawned
about the same time.

In this species, all females collected during April 1994 and

March 1995 were in the development stage and had spermatozoa

in the lumen of follicles. Similar gonadic conditions are recorded

for P. cdbina (Tranter 1958a), P. margaritifera (Tranter 1958c), P.

maxima (Rose et al. 1990), and P. mazatlanica (Garcia-

Domfnguez et al. 1996). In addition, the predominance of small

(<45 mm shell height) male clams and the lack of female or her-

maphroditic clams <45 mm shell height suggests that this species

may be a protandric hermaphrodite.

There is one major spawning period annually during August to

October, so recruitment occurs once each year. The size at spawn-

ing in the population is defined as the smallest height at which

50'7f of females and males sampled are spawning (Somerton

1980). In this study, some individuals exhibit signs of spawning at
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Figure 6. The spawning size of 5tl% of the population of .S. leucacan-

thus from Isia Danzante.
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Figure 8. Variation in bottom temperature at Isia Danzante, Gulf of

California, and frequency of spawning of Spoudylus leucacanthus from

January 1994 to January 1996.
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Figure 9. The mean gonad index value ± SD in S. leucacanthus from

January 1994 to January 1996.

40 mm shell height; however, the main spawnini; in population

occurs at 75 mm shell height.

The mean diameter of fully ripe oocytes of S. leucacaiilluis is

similar to oocytes of Modiolus capax (Ochoa-Baez 1985). Ar-

gopecten circidaris (Villalejo-Fuerte and Ochoa-Baez 1993), P.

mazallanica (Garci'a-Dominguez et al. 1996), Laevicardiuin ela-

tum (Villalejo-Fuerte et al. 1996a), and Megapitaria squcdida (Vil-

lalejo-Fuerte et al. 1996) found in the Gulf of California. When we

compare oocyte diameters with gonadal stages in S. leiicaciiiitluis,

it is clear that tlie minimum diameters coincide with the develop-

ing stage and maximum diameters coincide with the ripe and

spawning stages. The oocyte diameters are reflective of the game-

logenic cycle, similar to Mercenaria spp. (Hesselman et al. 1989),

PUicopecten magellankus (Dibacco et al. 1995). Glycymeris gi-

ganteci (Villalejo-Fuerte et al. 1993). and L. elciliiin (Villalejo-

Fuerte et al. 1996a).

Temperature is an important environmental factor in the regu-

lation of bivalve reproduction (Sastry 1979). The reproductive

cycle of 5. leucacuntluis al Isla Danzante shows a clear seasonality

related to the bottom water temperature. The inactive period is

from November to March with water temperatures decreasing

from 25 to 18°C. Gametogenesis occurs at the lowest temperature

(18°C), with ripening coinciding with the increasing water tem-

peratures ( 18 to 23°C) and spawning with the highest values (23 to

26°C). A similar relationship between the temperature and gonadal

activity has been observed in such other bivalve species as Perna

picia (Shafee 1989), A. circidaris (Villalejo-Fuerte and Ochoa-

Baez 1993). G. gigantea (Villalejo-Fuerte et al. 1995). and L.

clatiun (Villalejo-Fuerte et al. 1996a).

In S. leiicacunduis. the mean values of the gonad index are

representative of the gonad development and can be associated

with the reproductive condition. The lowest values of gonad index

occur during the inactive period (November to March), when the

gametes are absent. The increase in number and volume of ga-

metes during the development and ripening stages yields the high-

est values of the gonad index during June to August when the

individuals start spawning. A similar relation between this index

and the reproductive condition has been observed for other bi-

valves (Sastry 1979. Dibacco et al. 1995, Villalejo-Fuerte and

Ceballos-Vazquez 1996).
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EFFECTS OF BAITWORM DIGGING ON THE SOFT-SHELLED CLAM, MYA ARENARIA, IN

MAINE: SHELL DAMAGE AND EXPOSURE ON THE SEDIMENT SURFACE

WILLIAM G. AMBROSE. JR., MAX DAWSON, CHRIS GAILEY.
PETRA LEDKOVSKY. SHAWN O'LEARY, BENJAMIN TASSINARI.
HEIDI VOGEL, AND CLIFF WILSON
Depuitmcnt of Biology

Bates College

Lewiston, Maine 04240

ABSTRACT Experiment> conducted during the fall of 1997 on an intertidal flat in Maine determined the extent of shell damage and

exposure of Mya arenana on the sediment surface resulting from commercial bloodworm (Glycera dihranchiata) digging. We
conservatively estimate that worm diggers dig up and expose on the sediment surface approximately 6% of the greater than 2 mm
fraction of the clam population each time they turn over the sediment. Twenty percent of the clams had at least one valve damaged.
Fifteen percent of intact clams exposed were found with their siphon up (normal living position). 41% with their siphon down, and 44%
were horizontal on the sediment surface. Large clams (5.7 cm average shell length) placed on the sediment surface in the siphon up

position reburied faster and to greater depths than tho.se in horizontal or inverted positions. Small clams (2.7 cin shell length) buried

faster than large clams, and those placed horizontally or with their siphons up reburied faster than clams placed w ith their siphons down.

We detected no difference in reburial patterns between large clams exposed on undug and recently dug sediment. Our recovery of large

clams after 10 days, however, was much greater (91.8%) from undug sediment than dug sediment (59.4%) and we found twice as many
clam shells exhibiting evidence of predation in the dug than the undug area. Only about 50% of the small clams were recovered live.

Shell damage of recovered dead clams indicated that predators consumed some missing clams. Our results suggest that baitworm

digging negatively affects the survival of Myci areimria by directly damaging shells and by exposing clams to increased risk of

predation.

KEY WORDS: Mya arenaria. Glyceia clihniihiiuiki. baitworm digging, shell dainage, predation

INTRODUCTION

Intertidal sand and mud flats are harvested for infaunal clams

and worms by commercial and recreational diggers world wide

(Jackson and James 1979. Blake 1979. Cryer et al. 1987. van den

Heiligenberg 1987, Brown 1993. Jamieson 1993, Olive 1993, Wal-

lace 1997. Hylleberg et al. 1986). Harvesting usually involves

manually turning over the sediment with a hoe or shovel (see van

den Heiligenberg 1987, Hall et al. 1990 for discussions of me-

chanical harvesting). Moderate, animal-tnediated sediment distur-

bance can have large effects on .soft-sediment communities (Po.sey

1987, Peterson 1991. Wilson. 1991. Flach 1992. Ambrose 1993.

Hall 1994, Commito et al. 1995a). so the effects of the massive

sediment disruption associated with digging for clams and worms

has long been of concern (Jackson and James 1979, Cryer et al.

1987. van den Heiligenberg 1987. Brown and Wilson 1997). Stud-

ies examining the impact of digging on intertidal soft-sediment

systems all show a dramatic impact on the distribution and abun-

dance of many infaunal taxa. with rates of recovery dependent on

species' recolonization abilities (Jackson and James 1979,

McLusky et al. 1983. Cryer et al. 1987, van den Heiligenberg

1987. Brown and Wilson 1997).

In Maine, three commercially important species co-occur on

intertidal mud and sand flats: Mya arenana L. (soft-shelled clam),

the polychaete worms Glycera dihranchiata Ehlers (bloodworm),

and Nereis virens Sars (sandworm). Worms are used as bait in

recreational fisheries (Brown 1993). In Maine in 1997, soft-shelled

clams ranked eighth in landed value among marine species, and

both worms together ranked fourteenth (National Marine Fisheries

Service Commercial Landings). All three species are harvested

manually. Clatii and worm diggers often find themselves digging
next to each other, and conflicts between the two fisheries date

back to the 1950s (Maine Legislative Research Committee 1957.

Wallace per. com.).

Worm harvesting may affect clams in several ways: direct shell

damage, displacement below their natural burial depth in the sedi-

ment, or exposure on the sediment surface. Harvesting soft-shelled

clams with a hoe typically results in the breakage and death of 14

to 20% of the clams (Dow et al. 1954, Glude 1954. Medcof and

MacPhail 1964. Robinson and Rowell 1990). Clam hoes in Maine

typically have 4 to 5. 15-cm long, tines (Wallace 1997). Worm

diggers also use hoes to turn sediment over, but worm hoes usually

have more tines (5 to 7 for bloodworm hoes, 5 to 6 for clamworm

hoes), and the tines are longer (21 to 22 cm for bloodwonn hoes.

34 to 39 cm for sandworrn hoes) (Creaser et al. 1983) as compared
to clam hoes. There has been no assessment of damage to clams by
worm digging.

Turning over the sediment can bury clams deeper than they

normally live. When suffocation and exposure are included as

sources of mortality, studies indicate a wide range of mortality

rates ranging from 2 to 50% (Medcof and MacPhail 1964. Rob-

inson and Rowell 1990). Clam burial experiments clearly show

that a clam's survival declines with increased depth below its

natural depth in sediment (Glude 1954. Emerson et al. 1990).

Exposure of clams on the sediment surface increases their

chances of freezing or becoming desiccated and greatly increases

their susceptibility to avian predators during low tide and to de-

mersal fish and crustacean predators during high tide (Medcof and

MacPhail 1964). When the anterior edge of Myt;'.s shell is not in

contact with the sediment surface, clams cannot rebury efficiently

(Emerson et al. 1990). Consequently, a clam's orientation on or

near the sediment surface is likely to affect reburial rate pro-

foundly. Reburial rate is also dependent on sediment type (Emer-

son et al. 1990). but none of the studies examining reburial rate

were conducted in the field with natural sediment conditions (Bap-
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tist 1955. Pfitzenmeyer and Droebeck 1967. Emerson et al. 1990).

Furthermore, sediment compaction on digging tailing is very dif-

ferent than on undug sediment (Ambrose pers. obs.) and might

effect rates of reburial.

Only one study (Beal 1996) has addressed the effects of womi

digging on Mya populations. Beal ( 1996) examined the effects of

bloodworm and clam digging on the survival and growth of cul-

tured and wild Mvrt juveniles (average shell length 12.5 mm). He

found that predation effects during the summer masked any effects

of digging on the survival of juveniles. Beal's experiment did not

address the effects of digging on larger individuals (greater than 35

mm shell length) that have reached a size/depth refuge from most

predators (Commito 1982).

The purpose of our study was to determine the extent of shell

damage and exposure of Myii aieiuiria on the sediment surface

resulting from commercial bloodworm digging. Factors likely to

contribute to mortality that we examined include: shell damage,

exposure and orientation on the sediment surface, reburial rates,

and depth of reburial. Experiments were conducted on an intertidal

mud flat in Maine on undug and recently dug sediment, providing

insight into the potential importance of predation on the survival of

clams disturbed by digging.

MATERIALS AND METHODS

Study Site

Observations on the impact of bloodwomi digging on Mya
arenaria and reburial experiments were conducted on an intertidal

mudflat at the head of Maquoit Bay, Maine (43°55'N Lat.,

70°00'W Long.). A tidal range of 3 to 4 meters exposes an inter-

tidal area of about 81 hectares at mean low water (Heinig and

Campbell 1992). Our work was conducted in the middle intertidal.

where the sediment is coarse silt, with an average grain size of

about 30 p.m (Ambrose unpublished data). During our work from

September to November 1997. the sediment (1-cm depth) main-

tained a temperature of 16^C. while air temperature durmg daytime

low tides ranged from 14 to 18°C. Salinity of the incoming water

was typically 34 ppt. Maquoit Bay has been highly productive for

shellfish (Heinig and Campbell 1992). and both soft-shelled clams

and bloodworms are harvested from the tlat. During recent years

( 1994 to 1998). worm diggers have outnumbered clam diggers on

the tlat, and as many as 40 worm diggers have been observed at

one time (Ambrose pers. obs.).

Siin'ey of Undug and Recently Dug Areas

The number, orientation, and shell damage of Mya exposed by

bloodworm digging was asses.sed by surveying newly dug areas.

Surveys were conducted immediately following commercial dig-

ging. Bloodworm diggers turn over sediment methodically, leav-

ing long rows of sediment completely disturbed (see Brown and

Wilson 1997 for photograph). The length and average width (at

least three measurements) of dug areas were measured to the near-

est 5 cm between 19 September and 29 October 1997. We exam-

ined 13 recently dug areas for exposed Myu. Two people visually

searched and lightly probed the sediment surface of each dug area

to locate exposed clams. The length ( measured to the nearest 0. 1

cm with calipers), shell damage (one or two valves damaged), and

siphon position (up. down, horizontal) was noted for all exposed

clams. We used chi-square analysis to compare observed clam

orientations to a distribution of equal numbers of clams in each

orientation that would be expected if orientation of exposed clams

was random. The number of clams exposed in each dug area was

converted to a number per I m" and averaged over all areas sur-

veyed to determine the average density of clams exposed by worm

digging.

The density and size frequency of clams in areas that showed

no evidence of recent commercial clam or bloodworm digging

were determined based on 25. 0.06-m" cores inserted to a depth of

about 15 cm (the depth of a hard clay layer below which on this

flat clams do not burrow, and worm diggers do not dig). Undug
areas were at the same tidal height and often adjacent to dug areas.

The contents of each core were sieved in the field through a 2-mm

mesh, and clams retained on the sieve were measured. The size

frequencies of exposed clams collected from dug sediment and

buried clams from undug areas were compared using chi-square

analysis to determine if all size classes of clams are equally likely

to be exposed by digging.

Reburial Experiments

Reburial experiments were designed to determine the influence

of siphon orientation on the rate clams exposed by digging disap-

peared from the sediment surface and the depth of reburial of these

clams. Experiments were conducted separately for large commer-

cial-sized (mean shell length
= 5.7 cm, SE = 0.4) and small

(mean shell length
= 2.7 cm, SE = 0.5) clams.

Large clams, which had been harvested the previous day, were

purchased from a retail dealer. Clams were measured with calipers

and those with cracked shells or that did not respond to touch by

closing their valves were discarded. Two 4x4 matrices of 1 ni"

plots were established on 25 September 1997, one on recently dug
sediment and one on sediment showing no evidence of recent

digging. Matrices were about 10 m apart and at the same tidal

height. The three treatments were: (1) siphon horizontal, (n = 5

replicate plots); (2) siphon vertical and up in the normal living

position (n = 6); and (3) siphon vertical and down (n = 5).

Siphon-up and siphon-down clams were pushed one-half shell

length into the sediment. Clams placed horizontally were pressed

slightly into the sediment. The top 2 to 3 cm of the sediment was

very soft, so there was minimal sediment compaction. Treatment

replicates were randomly assigned to plots. In each plot. 10 clams

were spread evenly on the sediment surface. Changes in siphon

position, number of clams still visible on the sediment surface, and

the condition of clams (shell damage) were recorded after 24

hours, 3 days, and 10 days. After 10 days, each plot was excavated

in 3-cm depth intervals and the sediment in each interval was

sieved through a 2-mm mesh. Experimental clams could very eas-

ily be distinguished from natural clams, because experimental

clams had a much lighter shell color as compared to the black

shells of natural clams that had resided longer in anoxic sediment.

This difference in shell color was obvious even after 10 days.

The number of exposed clams was compared for each time

period separately using a one-way analysis of variance (ANOVA).
An F-max test (Sokal and Rohlf 1981 ) revealed no significant (p >

.05) differences among variances. When an ANOVA was signifi-

cant (p < .05). differences among treatment means were compared

using a Tukey multiple comparison test. These analyses were con-

ducted separately for the dug and undug site, because lack of

replication of dug and undug sites as a variable precluded a two-

way ANOVA with replication. We used a 3 x 3, depth x siphon

orientation, contingency table to examine the relationship between
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Figure 1. Size frequency distribution of Mya arenaria recovered from

the sediment surface of recently dug areas (n = 173 individuals! and of

all individuals sampled with a 0.(l6-m- core (n = 25l from undug areas

(n = 29 individuals) of Maquoil Bay, intertidal Hat. There was no

significant difference between the two distributions (x" = 6.64, p > .21.

siphon orientation and final burial depth. Numbers of clams re-

covered were compared among treatments u.sing a one-way
ANOVA.

Small clams were dug from the flat and held overnight in 20^C.

aerated water. Each clam was marked with nail polish to distin-

guish experimental clams from natural ones. The same experimen-

tal design and statistical analyses were used for small clams as for

large clams, except that a limited number of small clams only

allowed us to establish the matrix on recently dug sediment. The

experiment began on 14 October 1997, and sampling, using the

same methods used for large clams, occurred 1 2 h. 24 h. and 3 days

later.

RESULTS

Survey of Undug and Recently Dug Areas

A total of 178 m" of freshly dug sediment was surveyed in 13

recently dug areas. Dug areas ranged in length from 10 to 25 ni

(mean =
1 1.9 m, SE = 1.4) and had an average width of 1.2 ±

0.15 m (SE), the average arc length of a diggers arm. All diggers

were professional bloodworm diggers and were turning over the

top 15 cm of sediment.

We found an average of 1.12 clams ±0.19 (SE)/m" exposed on

freshly dug sediment. These clams ranged in length from 1.1 cm to

6.0 cm. and their size frequency distribution was not significantly

different from clams sampled by core from nearby undug areas (x"
= 6.64. p > .20; Fig. I). In total. 199 clams were collected, and

22.6% of these had at least one valve damaged. This damage was

clearly caused by digging, because the breaks were fresh, and in

many cases, valves had a hole, probably made from a bloodworm

hoe tine. Of the remaining whole clams. 43.7% were found in the

horizontal position. 41.1% had their siphon down, and 15.2% were

in the normal, siphon up, anterior down, position. This distribution

of orientations is significantly different from random (x"
= 29.9,

p< .001). The density of Mya in undug areas was 1.16 individuals

±0.24/0.06 m~ or 19.3/m-. Few of these clams were of commercial

size 05.1 cm. Fia. 1).

Large Clam Experiment

A significant difference was found among siphon orientations

in the mean number of large clams per plot remaining exposed for

each time period for both dug and undug locations (Fig. 2). With

the exception of the undug location at 10 days, differences in the

mean number of clams exposed among siphon orientations were

the same at each sampling and location. Clams beginning the

experiment in the normal siphon up position disappeared from the

sediment surface faster than clams with their siphons in either the

horizontal or down positions. There was no significant difference

among these last two orientations. At 10 days in the undug sedi-

ment, there was no significant difference in the number of exposed

clams between siphon up and horizontal orientations, both of

which were different from clams beginning with their siphons

down. After 10 days. 19% of the clams remained exposed on the

dug site and 24% on the undug site.

More of the clams experimentally exposed were recovered live

from undug sediment (n = 147. 91.8%) than dug sediment (n =

95, 59.4% ). Most of the unrecovered clams could not be accounted

for. but six dead clams with cracked shells were recovered from

the undug site (leaving only seven unaccounted clams) as com-

pared to 13 with cracked shells from the dug site (52 unaccounted

clams). No significant difference was found in the mean number of
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clams per plot recovered from the three treatments from the dug
area (up

= 6.5. SE = 1.5. down = 5.6. SE = 1.1, horizontal =

5.6, SE = 0.5; F,
,

0.21. p > .81). There was. however, a

significant difference in the mean number of clams per plot recov-

ered from the undug area (up
=

1 1.3, SE = 0.7. down = 9.6, SE
= 1.4, horizontal = 6.2, SE = 0.6: F, ,,

= 8.01, p < .005).

Significantly (p < .05) fewer individuals were recovered from the

horizontal treatment than the siphon-up treatment, but there were

no other significant differences among treatment means.

For large clams, there was a significant relationship between

siphon orientation and the depth in the sediment where clams were

recovered after 10 days for both undug (x"
= .^2.49. p < .001 ) and

dug (x"
= 15.47, p < .004) sites (Fig. 3). A greater number of

clams beginning with their siphon in the up position reached a

sediment depth of 6 to 9 cm than clams placed on the sediment

surface with their siphon down or horizontal. This pattern was the

same for dug and undug sediment.

Small Clam Experiment

All small clams had disappeared from the sediment surface by
3 days. Siphon orientation had a significant effect on the mean

number of individuals remaining exposed on the surface after 12

and 24 hours (Fig. 4). For both observation periods, no significant

difference in the number of exposed clams between siphon-up and

siphon-horizontal treatments was found, but significantly fewer

clams in these two treatments were exposed than clams placed on

the sediment surface with their siphons down.

Approximately half (53.7%) of the 160 small clams were re-

covered live after 10 days. During the experiment. 2.5% of the

clams were recovered dead on the sediment surface. Some of these

dead clams had cracked shells, and others had no shell damage and

articulated valves. One marked, cracked shell was found 5 m from

Large Clams-Undug Siphon Up
K 1 Horizontal

^H Siphon Down

- 3 cm >3 - 6 cm >6 - 9 cm

Large Clams-Dug

3 cm >3 - 6 cm

Depth Range

>6 - 9 cm

Figure 3. Mean number {+ I SEl per I m' experimental plot of large

Mya arenaria witli different initial siphon orientations (up, horizontal,

down) recovered from three different depth ranges (0 to 3 cm, >3 to 6

cm, >6 to 9 cm) of recently dug and undug sediments. Each plot began
with 10 clams.

"D

W
o
Q-oX
LU

8

Siphon Up Horizontal Siphon Down

24 Hours

Siphon Up Horizontal Siphon Down

Siphon Orientation

Figure 4. Mean number 1+ 1 SE) per I nr experimental plot of small

Mya arenaria remaining exposed on the sediment surface of recently

dug sediment after 12 and 24 hours. Each plot began with 10 clams.

Mean number of clams exposed per plot was compared among siphon
orientation (up, horizontal, down) for each time period separately us-

ing one-way .\NOV.V (** = p < .01,
*** = p < .001 ). Bars with the same

letter over them indicate that the means they represent are not sig-

nitlcanlly different from each other (Tukey multiple comparison test,

p > .05).

the experimental matrix. No significant difference in the mean

number of clams recovered from the three treatments was found,

even though about half as many clams with their siphons oriented

down were recovered or compared to those with their siphons up

(up
= 5.7. SE = 1.0, down = 2.8, SE = 0.4, horizontal 5.2, SE

=
1.2; F, ,3

= 2.41, 0.1 < p < .2). The depth in the sediment at

which small clams were recovered was only marginally dependent
on their initial siphon orientation (Fig. 5; x"

= 8.07, 0.05 < p <

.09). Most individuals were found shallower than 6 cm deep.

DISCUSSION

Our results offer the first experimental evidence that worm

digging negatively affects Mya arenaria survival by both damag-

ing shells and exposing clams on the sediment surface. Our esti-

mate of shell damage, 22.6%, is similar to the incidence of shell

damage reported from clam digging (Dow et al. 1954, Medcof and

MacPhail 1964, Robinson and Rowell 1990). Clams with shell

damage have less than a 1% chance of survival (Glude 1954), so

the shell damage we observed can be assumed fatal. Our estimate

of the nuinbers of clams exposed by digging (1.12/m") is almost

certainly low. Our survey was probably not 100% efficient, par-

ticularly for small individuals. In addition, gulls occasionally re-

moved clams before we began surveying.
• Clams deposited on the sediment surface by digging can suffer

two fates before they rebury: they may die from physical stress

(desiccation, freezing, starvation) or predators may consume them.

Other researchers (Medcof and MacPahil 1964. Emerson et al.

1990) have remarked that exposure during low tide is often not
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tutaL The survival of some large clams on the sediment surface for

10 days (Fig. 2) supports this hypothesis. Death from exposure is

certainly more of a problem during the summer and winter when

air temperatures can be substantially higher (temperatures higher

than 32°C are common) and lower (temperatures below 0°C are

common) than those recorded during our fall experiment. Never-

theless, in general, clams on the sediment surface are probably at

much greater risk of mortality from predation than from exposure.

The cracked shells we recovered from experimental plots sug-

gest predation by crustaceans and we also observed gulls preying

upon clams. Crabs, particularly the green crab (Carciniis maenas

L.) are major predators on Mya in the Northeast United States

(Lindsay and Savage 1978. Hidu and Newell 1989. Wallace 1997).

Gulls are prominent predators on Maine intertidal flats year round

(Ambrose 1986) and have previously been observed to prey on

Mya (Medcof 1949, Medcof and MacPhail 1964). The nemertean

Cerebratidus huleiis (Verrill) is also present at the experimental

site and can be a voracious predator on Mya (Rowell and Woo
1990, Rowell 1992). It cannot be assumed, however, that all miss-

ing clams were preyed upon, because Mya. particularly small in-

dividuals, can move short distances along the sediment surface

(Baptist 1995). Waves and currents also transport clams (Emmer-

son and Grant 1991. Commito et al. 1995b). Nevertheless, unless

we assume very different rates of migration or passive transport

from dug and undug areas, the large difference in recovery of large

clams between dug (59.5%) and undug (91.8%) areas, although not

tested statistically, is probably largely a con.sequence of different

levels of predation. Gulls often followed diggers and flocked to

dug areas after diggers left and twice as many cracked shells were

recovered from the dug than the undug area. Subtidally, predators

are attracted to recently trawled areas (Kaiser and Spencer 1994.

Kaiser and Spencer 1996, Kaiser and Ramsay 1997, Ramsey et al.

1996. Ramsey et al. 19981. Our results suggest that predators may
be attracted to intertidal areas disturbed by baitwonn diggers. The

lower recovery of small clams (approximately 50%) as compared
to large clams is likely a consequence of both greater rates of

predation on these sized clams than on large ones and migration or

passive transport out of experimental plots. Loss of clams to pre-

dation would certainly have been much greater than we observed

had we conducted our experiments in the summer when intertidal

densities of green crabs are greater than in the fall (Ambrose pers.

obs.). In Nova Scotia and New Brunswick, Canada, Mya mortality

is higher in the summer (August) than winter (February) (Robin-

son and Rowell 1990).

A clam's risk of predation by epibenthic predators is propor-

tional to the time it is exposed on the sediment surface and the

depth to which it reburies (Zwarts and Wanink 1989, Emerson et

al. 1990, Zaklan and Ydenberg 1997). Reburial rate is related to

siphon orientation (Figs. 2 and 4), and baitworm digging deposits

clams on the sediment surface with different orientations. It does

not even deposit them equally by siphon orientation, leaving only

15% in a normal siphon-up position. Large clams disappeared

from the sediment surface faster when they were placed in an

upright position than when in horizontal or down positions (Fig.

2). There was no significant difference among treatments in re-

covery of clams from the dug area, so this difference is attributable

to differences in reburial rate and not to differences in migration or

predation among treatments. There was, however, a significant

difference in recovery among treatments in the undug area, with an

average of more than 10 clams per plot recovered from the upright

treatment and significantly fewer recovered from the horizontal

treatment. Clams placed horizontally were possibly most prone to

passive transport by waves and currents because their shells were

not anchored in the sediment as well as clams in other orientations.

Even with this bias, clams still disappeared faster from the upright

treatment than from the horizontal treatment (Fig. 2). Large clams

w ith horizontal and inverted orientations have a hard time reaching

the sediment with their foot, which is necessary for reburial (True-

man et al. 1966, Emerson et al. 1990). There was no difference in

recovery of small clams ainong treatments and no difference be-

tween upright and horizontal treatments in the rate at which clams

disappeared from the sediment surface (Fig. 4). Smaller clams in a

horizontal position find it easier to reach the sediment surface with

their foot than large clams in the same position (Ambrose pers.

obs.). Inverted small clams still had a very difficult time reburying.

Large clams placed on the sediment surface with their siphon

horizontal or down did not burrow as deeply as those beginning

with their siphons up (Fig. ?i). Deep-dwelling clams are at a lower

risk of being preyed upon by epibenthic predators than are shal-

lower-dwelling individuals (Zwarts and Wanink 1989), so these

differences in reburial depths could have consequences for sur-

vival. We sampled burial depth after only 10 days, however, and

it is possible that clams beginning with their siphons horizontal or

down might burrow deeper after a longer time. But even after 6

weeks in muddy sediment, exposed Mya reach shallower depths

than natural clams (Emerson et al. 1990). Small clams, possibly

because they reburrow faster than large clams, did not show a

strong relationship between reburial depth and initial siphon ori-

entation (Fig. 5).

Our study may have underestimated reburial rate and, conse-

quently, overestimated mortality if experimental clams were

stressed by our manipulations. Two factors might have stressed

clams and reduced their reburial rate: ( I ) clams purchased or drug

by ourselves were held 1 day before being placed in the field; and

(2) large clams had light shells and, therefore, came from an oxic

sediment but were placed in anoxic sediment. The effects of these

factors on reburial rate should be considered in future studies.

Most studies of the impact of clam digging on soft-shelled

clams have not related harvest effects on clams to the clam popu-

Small Clams
o

0)

Q.

>

0)

E

Siphon Up
I7~~i Horizontal

^^ Siphon Down

0-3cm >6 - 9 cm>3 - 6 cm

Depth Range

Figure 5. Mean number (+ 1 SE) per 1 m' experimental plot of small

Mya arenaria with different initial siphon orientations (up, horizontal,

down) recovered from three different depth ranges (0 to 3 cm, >i to 6

cm, >6 to 9 cm) of recently dug sediment. Each plot began with 10

clams.
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lation (but see Robinson and Rowell 1990). Using our estimates of

clam density in areas not recently dug and the density of exposed

clams, we estimate that at least 5.8% of the greater than 2 mm
fraction of the clam population is exposed each time sediment is

dug for worms. The proportion of clams affected by worm digging

may vary depending on clam size and density and sediment char-

acteristics. Large clams live deeper in the sediment than small

clams (Emerson et al. 1990. Zaklan and Ydenberg 1997. Ambrose

unpub. data), and some may live deep enough to avoid bloodworm

hoes. At Maquoit Bay, no clams burrowed deeper than the 15 cm

necessary to avoid bloodworm hoes, and all sizes were exposed

with equal frequency (Fig. 1 1. If shell breakage as a result of worm

digging increases with clam density as it does for clam digging

(Dow et al. 1954), the percentage of clams affected by worm

digging may be greater in areas with higher clam densities than the

relatively low density at Maquoit Bay. Finally, our estimate is for

only one turning of the sediment. Worm diggers turn Maquoit Bay
over at least three times a year (Ambrose pers. obs.), and some

flats are reported to be turned over more (Maine Department of

Marine Resources public hearing, April 30, 1998. Wiscasset

Maine).

Only one other study has assessed the effects of worm digging

on Mya arenaria. In a study also done at Maquoit Bay, Beal ( 1 996 )

found that in the absence of predators, moderate bloodworm dig-

ging enhanced juvenile ( 12.5 mm shell length) survival. Effects of

digging on all sizes of clams, however, need to be determined to

assess the impact of baitworm harvesting accurately on Mya popu-
lations. Effects of worm digging on larger clams are likely influ-

enced by sediment type, clam density, predator type and abun-

dance, season of digging, worm hoe design, and individual digging

styles and experience. Clearly, more study is needed before we can

fully evaluate the effects of baitworm digging on Mya populations.

Nevertheless, our results indicate that baitworm digging negatively

effects the survival of Mya larger than about 2 cm (the smallest

experimental clam) and should be considered in their management
when both species are present in commercial densities. Further-

more, some of our results can be applied to Mya harvesting that

leaves behind sublegal-sized clams exposed on the sediment sur-

face and to other harvesting practices that deposit infaunal bivalves

on the sediment surface.
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ABSTRACT The potential tran.smission route.s of Vibrio nipetis. the causative agent of the hrown ring disease affecting manila clams.

Tapes philippiiiarum. have been studied under laboratory conditions. The results obtained indicate thai the most probable transmission

route is by means of direct contact with infected clams. The main factors affecting the incidence of brown ring disease in cultured

manila clams were evaluated in normal aquaculture conditions. No significant differences were obtained in regard to clam seed density,

but the type of substrate in clam beds significantly affected the disease. Chemotherapeutic treatment of infected clams is proposed, on

the basis on the antimicrobial susceptibility of V. tapetis. antibiotic solubility in seawater, differential clam toxicity and cost, as being

the most adequate treatment the contact of the clams for 1 to 2 h previously to their seeding with nitrofurantoin ( 10 mg/L seawater for

3 days), nuniequine (1.5 mg/L seawater for 3 days), or o.xolinic acid (1 mg/L seawater, only one bath treatment).

KEY WORDS: Brown ring disease. Vibrio lapelis. manila clams. Tapes philippiiiarum, disease transmission, treatment, epizootic

INTRODUCTION

A disease affecting cultured manila clams (Tapes philippi-

nanim) associated with mortalities (about 709f ) was first reported

in summer 1987 in Brouenou (Finisterre, France) (Flassch 1987).

Moribund clams appeared on the clam bed surface before their

death, and more than 80% of the affected clams presented a char-

acteristic organic brown deposit on the inner surface of the shell

margins, generally located between the pallial line and the edge of

the shell, which frequently extended toward the pallial cavity.

Because of these typical signs of the disease, it is called brown ring

disease (BRD) (Paillard et al. 1989).

BRD appeared in Spain in the summer of 1989 associated with

massive mortalities of cultured manila clams of several commer-

cial production areas in southwestern Spain (province of Cadiz).

Later, several outbreaks of the disease were recorded in Cantabria

(northern Spain), Galicia (northwestern Spain), and Andalusia

(provinces of Cadiz and Huelva. southwestern Spain) (Castro et al.

1992, Castro et al. 1993). For this reason, the disease constitutes a

major obstacle to expansion of shellfish aquaculture on the Atlan-

tic coasts of France and Spain. Several sanitary measures based on

epizootic data have been proposed to decrease this disease, such as

the control of BRD incidence in seed lots, reduction of the seeding

density, and adaptation of the seeding to optimal season. The use

of chemotherapeutics in intertidal shellfish culture zones is im-

practical because of its high cost and low efficacy. For this, pre-

vention criteria are the only mechanistns to control diseases in the

extensive cultures of shellfish (Alderman 1992), Similar prophy-

lactic measures have proved to be effective in the control of other

epizootic shellfish diseases, such as bonamiasis and marteliasis in

Ostrea edidis (Grizel et al. 1986. van Bannina 1988). Perkinsus

spp. infection, and the MSX disease caused by Haplosporidium

nelsoni in the case of Crassostrea virginica (Andrews and Ray

1988, Ford and Haskin 1988).

The incidence of BRD was previously studied by Castro

(1994). who analyzed several manila clam populations seeded on

different areas of Cadiz Bay. This study established a characteristic

temporal pattern for BRD. The incidence of the disease increased

in the first months of culture, achieving a peak in summer or

aututnn (between 10 and 209^ of affected specimens, depending

upon the population and zone). In the following months, the inci-

dence of BRD maintained or decreased, but in the second summer

of culture, substantial increase in BRD occurred again. The sea-

sonal nature of BRD may be explained by the negative effect that

high temperatures produced on the physiology of manila clams

(reduction of the growth and increase in the metabolic rate), which

provokes a decrease in the defense response of the clams (Fisher et

al. 1987, Newell and Barber 1988). In addition, the maximal in-

cidence of the BRD symptoms is coincident with the reproductive

period of this clam species on the south Atlantic coast (Morel

1988. Devauchelle 1990. Sarasquete et al. 1990), which con-e-

sponds to a drop in the clam condition index.

The causative agent of the BRD has been described as a new

bacterial species, designated Vibrio tapetis (Borrego et al. 1996).

Although several studies have been carried out to determine the

antigenic, genetic, and molecular relationships between V. tapetis

and other pathogenic Vibrio species (Castro et al. 1995. Castro et

al, 1996. Castro et al. 1997a), little information is available re-

garding transmission mechanisms and factors that affect the inci-

dence and prevalence of BRD in clam culture. For these reasons,

we studied transmission routes of V. tapetis as well as factors
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TABLE 1.

Conditions in Vibrio tapetis transmission experiments.

Tanl< No. v. lapetis Dose Clam Separation

2.5 X 10'-'

2.5 X 10'

2.5 X 10'

2.5 X 10'

Control

Control

Yes

No
Yes

No
Yes

No

°
Colony-forming units (CFU) per clam.

affecting prevalence of the disease. In addition, several antimicro-

bial treatments were tested, and their efficacy was evaluated.

MATERIALS AND METHODS

Factors Affecting Disease Incidence

Seed Density

The influence of seed density on the prevalence of BRD signs

was studied in an immersed cylindrical containers with forced

upwelling of the Research Center "El Torufio" (Cadiz, Spain).

Manila clam seed (about 10,000 specimens) of 0.2 to 0.5 g were

tested previously to detect \'. tapetis. using the technique described

by Castro et al. ( 1995). Healthy seed were placed in four contain-

ers at two different densities: ( 1 ) high (600 seeds/nr). and (2) low

(200 seeds/m"). The clam seeds were then allowed to grow for 3

months, and sampling extended over the 4th, 5th. and 6th months.

About 100 specimens per month per container were analyzed for

the following parameters: wet weight, anteroposterior length, BRD

signs, shell deformity, and mortality. BRD signs were recorded by

examination of the inner surface of the clam shells under a ste-

reomicroscope.

Substrate Types

Two populations of clams from the same stock of seed (wet

weight 0.3-0.5 g) without BRD symptoms, were used to study the

influence of the substrate type on disease prevalence. Population A
(about 800,000 specimens) was seeded on transformed substrate

consisting of sand and fine gravel at a density 425 clams per m^

and with a coefficient of tide (semidiurnal type) of 0.4 to 0.7.

Population B (about I million specimens) was seeded on natural

mud substrate at a seed density of 400 clams per m" and with the

same coefficient of tide. Seven samples (about 100 clam speci-

mens) of each population were collected during a 13-month period

and analyzed for the same parameters as those for the seed density

experiments.

BRD Transmission Routes

To establish the potential pathogen transmission routes. (1)

direct contact (by contact with clams or sediment) or (2) water

route, 600 specimens of T. phiUppinanim (5-7 g wet weight) were

experimentally inoculated with V. tapetis strain CECT 4600^. fol-

lowing the methodology described by Castro et al. (1997b). Two
doses of V. tapetis were used to inoculate the clams: 2.5 x 10'

colony forming units (CFU)/clam and 2.5 x 10' CFU/clam.

The transmission experiments were carried out in the research

center "Agua del Pino" (Huelva. Spain), using methacrylate tanks

with a bed of about 10 cm of autoclaved marine sediment and

recirculating water system (36% salinity and 24°C). For each

pathogen dose, two kinds of tanks were used, one with two com-

partments separated by a methacrylate sheet from the bottom of the

tank to 2 cm below water level and sealed with silicone, and the

other without separation (Table I ). In first kind of tank (nos. 1 and

3), 100 labeled injected clams and 100 uninoculated clams were

placed in each compartment. In tanks without separation (nos. 2

and 4) the same number (n = 100) of labeled injected and non-

injected clams were held together. Tanks 5 and 6 contained 100

clams injected with sterile artificial seawater and 100 clams that

were not injected. Clams were fed twice a week with 50 mg/tank

of lyophilized Tetrasebnis spp. After 30 days, the clams were

examined for survival and incidence of BRD signs.

Antimicrobial Susceptibility of V. tapetis

The antimicrobial susceptibility of I', tapetis was evaluated

using the disk diffusion technique described by Barry and Thorns-

berry (1991) using Mueller-Hinton agar no. 2 (BioMerieux)

supplemented with NaCI to achieve a final concentration of 2%
(w/v). The following antimicrobial agents and concentrations (sup-

plied by BioMerieux) were used: ampicillin (Ap. 10 |j.g), amyka-

cin (An, 30 jig), streptomycin (Sm, 10 |jig), kanamycin (Km. 30

Jig), neomycin (Nm. 30 |xg). gentamycin (Gm. 10 (jLg), tobramycin

(Tm, 10 ixg), oxolinic acid (OA, 2 |jLg), tetracycline (Tc, 30 |j.g),

oxytetracycline (OT. 30 |xg). erythromycin (E. 15 p.g), chloram-

phenicol (Cm, 30 jjLg), nitrofurantoin (Fm, 300 lU), and fiume-

quine (UB. 30 p.g). Twenty-two strains of V. tapetis isolated from

TABLE 2.

Growth and pathological parameters of Tapes philippinarum seeds cultured at different densities.
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different zones in northwestern France (Borrego et al. 1996; were

used in these experiments.

Serial dilution of the antimicrobial agents on agar petri dishes

(Sahm and Washington 1991 ) was performed to determine experi-

mentally the minimal inhibitory concentration (MIC) of the anti-

microbials assayed. Serial dilutions of the antimicrobial drugs

were carried out on Mueller-Hinton agar no. 2 supplemented with

2% NaCI.

To study the potential application of the antimicrobial agents

effective against V. tapetis as a treatment tool, the following fac-

tors were taken into consideration: antibiotic solubility and stabil-

ity in seawater, and cost. For these assays, the antimicrobial con-

centrations recommended for aquaculture practices in European

Union (Schnick et al. 1997) were used. The to,\icity to clams was

tested recording the mortality rate of the clams (0.3-0.5 g wet

weight) at the end of the treatment period (maximum 3 days). The

efficacy of antimicrobial treatments was evaluated on injected

clams ( 10'' CFU of V. tapetis strain CECT 4600"^ per clam) treated

and nontreated with the antimicrobial tested. After treatment.

clams (100 per experimental group) were placed in aquaria with 40

L of 5-|jLm filtered seawater and maintained at 19 ± 1°C with

aeration. BRD signs were recorded after a 1 -month period, as

above mentioned.

RESULTS

Factors Affecting Incidence of the Disease

Results obtained for growth (wet weight and anteroposterior

length) and pathological (BRD signs, shell deformity, and mortal-

ity rate) parameters in both clam populations tested (low and high

seed density) were examined using a one-way analysis of variance

(ANOVA) (Table 2). Only in the last sampling (March), were

significant differences between the populations (low and high den-

sity) obtained for clam length (p
= .0079). BRD signs (p

=

.0468). and shell deformity (p
= .0158).

The growth rate of clams in different substrate types was ana-

lyzed by wet weight, length, and productivity per ni" of substrate,

which was estimated from the values of density and mean weight

of clams. Weight and length of the cultured clams in both sub-

strates was similar throughout the experiment (Table 3). with no

significant differences (p > .01) between clam populations. How-

ever, a significantly lower biomass in natural substrate was re-

corded (p
= .0145). largely caused by the higher clam mortality

rate (Fig. I ).

Mortality rate was clearly different between clam populations

(Fig. 2). In the natural substrate, the mortality increased quickly in
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Natural substrate
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the subsequent growth of anaerobic bacteria with H,S procluctit)n

(Fenchel and Riedl 1970). The negative effect exerted by the

muddy substrata on the clam physiology may also be explained in

terms of the energetic costs that require the constant release by the

clam of inorganic particulate matter from the sediment. This

inechanism involves a weakening of the shellfish that prevents

them from responding adequately to external stress.

Epizootic studies on shellfish are based on the population re-

sponse to a pathogenic agent, but resistance capability to the dis-

ease is an individual characteristic. In addition, several environ-

mental factors act as stressing agents, negatively affecting the

physiology and defense mechanisms of the host (Sindermann

198.^). Therefore, in deficient culture conditions, such as mud

substrates, the percentage of highly susceptible clams will be large,

and the disease will progress quickly without typical signs until a

large proportion of the clam population develops the disease. In

contrast, in populations with better physiological conditions, mor-

tality will be associated with advanced steps of the disease and.

therefore, there will be a delay between the first signs of the

disease and the clam mortality.

Flassch ( 1989) demonstrated the existence of a close and direct

relationship between the seed density and the incidence of the

BRD. In the present study, the results obtained (Table 2) do not

establish a clear relationship between the seed density and the

pathologic parameters tested, except for the last sampling (month

of March). Similar results were found by Mufioz et al. (1993) using

clam densities of 200 to 600 units/m" for transformed substrate,

and 30 to 200 units/m" for natural substrate. In contrast to the

results reported by Flassch (1989) in France, the clam seed density

does not seem to play an important role in the prevalence of BRD
on the Spanish south Atlantic coasts.

The results of the transmission experiments (Table 4) suggest

that V. tapetis infects manila clams under the laboratory conditions

assayed. It seems that direct contact in the sedimentary bed be-

tween inoculated and healthy clams enhances the transmission of

the infective agent and the development of the disease. Similar

results were obtained by Raghukumar and Lande (1988), who

experimentally infected rock oyster Crassostrea cucuUala with the

fungus Ostrocoblabe implexa. This pathogenic microorganism is

the causative agent of the "shell disease," and provokes a bio-

degradation of calcareous substrates of the oyster shells, symptoms
similar to those caused by V. tapetis both in T. philippiiuiniin and

T. decussatus (Novoa et al. 1998).

The classical practical procedures for controlling the bacteria in

juvenile shellfish, on which bacterial populations have established

themselves, are based on treatment with dilute solutions of sodium

hypochlorite ( 10 ppm) followed by a thorough seawater rinse (El-

ston et al. 1982). However, the capacity of seed clams to tolerate

such treatment requires that the valves are intact enough to seal

well on closure, and sometimes the above-mentioned treatment

causes a higher mortality rate of clams than the pathogenic agent.

For this reason, in the present study and according to Sindermann

and Lightner ( 1988), we have evaluated several chemotherapeutic

agents on the basis of their efficiency to inhibit V. tapetis. their

solubility and stability in seawater, their toxicity and accumulation

in clams, and applicability and cost.

Few studies have been focused on the antibiotic treatment of

shellfish affected by an infectious disease because of the potential

risk posed by the fact that drugs may enter the environment as a

result of drug released from the treated-animal feces or dissolved

in seawater (Ervik et al. 1994). In the present study, 14 chemo-

therapeutic agents were assayed, and three of them were selected

for specific treatment of affected manila clams with BRD. On the

basis of the effectiveness of the bath treatment to clam seeds to

prevent the development of BRD, the three chemotherapeutic

agents selected were nitrofurantoin ( 10 mg/L seawater for 3 days),

tlumequine ( 1 .5 mg/L seawater. I h, for 3 days), and oxolinic acid

(only one bath treatment of 1 mg/L seawater for 2 h). None of

antibiotic treatments negatively affect the seed clams (mortality

rate lower than 10% and similar to control population) and were

very effective to control V. tapetis.

The use of antimicrobial drugs as a method to eliminate patho-

genic bacteria from shellfish systems has been reported previously

(Le Pennec and Prieur 1977, Kraeuter and Castagna 1984). More

recently. Brown and Tettelbach (1988) used streptomycin sulfate

(30 mg/L) and neomycin sulfate ( 100 mg/L) treatments against a

vibriosis affecting larvae of Mercenariainercenaria and Crassos-

trea virginica. However, there is a danger of resistance associated

with the use of these antibiotics, both in naturally occurring Vibrio

anguillaruin (Aoki et al. 1974) as well as other vibrios (Koditschek

and Guyre 1974), because R plasmids, which confer resistance to

a wide spectrum of antibacterials, has been reported for these

Vibrio species (Jeffries 1982).

Although the antimicrobial treatments tested in this study have

proved to be adequate to prevent BRD. large-scale experiments

would be conducted to confirm their applicability in aquaculture

facilities. In addition, the treatments proposed must be applied in

a controlled system, such as shellfish nurseries, which would avoid

the potential risk of the antibiotic dissemination into natural envi-

ronment.
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ABSTRACT Two samples of Katelysia scalarina. one of A', rhyuphora. and one of K. peronii were compared for 16 allozyme loci.

Diagnostic loci were identified, one of which (SOD*) provided unambiguous discrimination of all three clam species. Katelysia

rlnnphora and K. peronii were found to be the most similar pair (D = 0.34). Vanability levels were high, with average observed

heterozygosities per locus ranging from 0.257 to 0.314, and percentage polymorphism from 62.5 to 81.3. Six samples of K. scalarina

(three from Tasmania and one each from Victoria, South Australia, and Western Australia), examined for six variable loci, revealed

three distinct groups: the three Tasmanian samples; the Victorian and South Australian samples; and the Western Australian sample.

Differentiation between the Tasmanian and mainland subpopulations was striking, especially for the PGM* locus. Coastal gene flow

mediated by stepping-stone migration between adjacent subpopulations may account for the similarities between subpopulations on the

same land mass; whereas, the 10 to 12-day larval period is likely to hmder gene flow across the Bass Strait between Tasmania and the

mainland. It is suggested that any future Tasmanian hatchery production should use Tasmanian rather than mainland broodstock, and

vice versa, to prevent the introduction to native populations of possibly ill-adapted genotypes.

KEY WORDS: Katelysia. clam, allozyme. diagnostic loci, stock-structure, gene flow

INTRODUCTION

The worldwide aquaculture production of clams, cockles, and

ark shells is on a par with that of oysters: about 1.23 million tons

in 1994, as compared with 1.1 million tons for oysters (FAO

1996). Wild fisheries production is also substantial—in 1992 only

about 40% of mollusk production came from aquaculture (FAO

1995). In Australia, mainly wild clam populations are harvested,

but the sustainability of this practice is uncertain and so aquacul-

ture production is being considered.

Clams of the genus Katelysia are among those most heavily

exploited (both as food and fish bait) in the temperate waters of

southern Australia. They are some of the most abundant shallow

water bivalves in these waters, frequently constituting major or

dominant faunal components of soft-bottomed intertidal and shal-

low subtidal zones of sheltered bays and estuaries (Bellchambers

1998). The three species, K. scalarina. K. rhytiphora. and K. pero-

nii. are frequently sympatric and can be difficult to distinguish

morphologically (Roberts 1984, Lamprell and Whitehead 1992).

The first two species have very similar distributions, ranging from

Western Australia to New South Wales and including Tasmania;

whereas, the less abundant K. peronii is absent from New South

Wales (Nielsen 1963, Lamprell and Whitehead 1992).

In Tasmania, the main clams harvested are Katelysia (princi-

pally K. scalarina) and Ruditapes largillierti (thought to have been

introduced from New Zealand). Both inhabit similar habitats:

Katelysia the intertidal and shallow subtidal zone of sheltered bays

and estuaries, Ruditapes the subtidal zone. The total Tasmanian

clam catch rose from 15.56 tons in 1990 and 14.00 t in 1991 to

51.44 t in 1992 and 60.97 t in 1993 (Anon. 1994). From 1994 to

1996, between 23 and 45 t per year of K. sccdarina alone were

harvested (S. Riley pers. comm.). Most are exported live to fish

markets in Melbourne and Sydney.

With the increased utilization of the Katelysia resource, a

hatchery-based industry to supplement or replace the wild fisheries

is being considered. Experimental hatchery production in New
South Wales of K. rhytiphora to metamorphosis has been reported

(Nell et al. 1994). and similar work with K. scalarina is under way
in Tasmania (Kent et al. submitted). In Asia, "almost all of their

cockle and clam landings involve some aspect of culture in the

grow-out process" (Manzi 1991).

Although there has been considerable ecological research into

these species (Nielsen 1963, Coleman 1982, Roberts 1981, Roberts

1984. Bellchambers and Richardson 1995). there have been very

few biochemical genetic studies. Nielsen (1963) carried out some

preliminary chromatography research but was unable to differen-

tiate Katelysia scalarina from K. rhytiphora. Roberts (1984) ex-

amined protein-stained isoelectric focusing gels, and found some

apparent species differences but did not assess within-species

variation.

This paper investigates the allozyme genetics of Katelysia. The

first part examines the genetic relationships of the three taxa, prin-

cipally to find diagnostic allozyme markers to assist in species

identification. The second part examines the genetic population

structure of K. scalarina in Tasmania and the mainland of Aus-

tralia, principally to assist fisheries management and any future

aquaculture operations. A knowledge of the genetic diversity of

wild stocks can help minimize any deleterious effects of introduc-

ing hatchery-bred animals or translocating stock (Allendorf and

Waples 1996. Rhymer and Simberloff 1996).

MATERIALS AND METHODS

Samples of Katelysia .sccdarina (Fig. 1 ) were collected from six

sites: three in Tasmania and one each in Victoria. South Australia,

and Western Australia (Fig. 2. Table I ). Samples oi K. peronii and
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Figure 1. Vencrid clams included in this study. From left to right: Katelysia rhytiphora {^in mm shell length, from Portland Harbour, Victoria:

K. scalarina (41.2 mm, from Macrae, Port Phillip, Victoria: A', peroiiii (43.7 mm, from St. Kilda, Victoria). Specimens from the Western

Australian Museum collection of venerids.

K. rhytiphora (Fig. 1) were collecte(J from the saine site in South

Australia (Table I ). The clams were transported live to the labo-

ratory in cool-boxes with ice-packs. On arrival, adductor muscles

and digestive gland tissues were dissected and stored at -80°C in

2 mL microcentrifuge tubes. The siphon tissue of small individuals

was pooled with their adductor muscle tissue.

Morphological Identification

The following descriptions are from Lamprell and Whitehead

( 1992). The genus Katelysia is characterized by subovate to elon-

gate shells with angular posterior: concentric ridges predominating
over radial ribs, radial sculpture being weak or absent; pallial sinus

medium sized to short, horizontal or ascending; anterior laterals

absent. K. scalarina: shell length to 40 mm; subovate with angular

posterior; close-set. sharp concentric ridges; color white or cream

with brown or gray; interior white, often purple posteriorly. K.

rhytiphora: shell length to 60 mm; ovate to elongate; concentric

ridges overlaid by fine radial lirae; color white or light brown,

sometimes with dark brown zig-zag pattern; interior white, yellow

centrally, purple at muscle scars. K. peronii: shell length to 38 mm;
ovate and similar to scalarina. but finer concentric ridges and

posterior less angular; color cream or fawn, sometimes with darker

zig-zag patterns; lunule and escutcheon dark; interior purple,

sometimes yellow or orange centrally. It should be noted that size

varies from site to site: our photographed specimens (Fig. 1) of

Katelysia scalarina and K. peronnii are a little larger than the

maximum sizes given by Lamprell and Whitehead (1992).

Genetic Analysis

Before electrophoresis, w hole tissues were homogenized manu-

ally with 2 to 4 drops of distilled water and centrifuged for 5 min

at 10.000 rpm: the supernatants were used for electrophoresis

(Table 2). Either starch or cellulose acetate gels were used (Table

2). Starch gels used 9% Connaught starch with a discontinuous

histidine-citrate buffer system run at 100 V for 4.5 h (gel buffer

O.Od^M histidine HCI pH 7.0: electrode buffer 0.4 IM trisodium

citrate pH 7.0); the cellulose acetate gels were Helena Titan III

plates run at 150 V for I h (gel and electrode buffer 0.075 M Tris

and 0.025 m citric acid, pH 7.0). Staining techniques followed

Richardson et al. (1986) and Hebert and Beaton (1989). Hetero-

zygote banding patterns were consistent with known quaternary

structures (Ward et al. 1992).

Sixteen loci were examined in the between-species compari-

sons (Table 3), and six (see Table 6) were examined in the Kately-

sia scalarina stock-structure analysis. Five of the latter loci were

chosen for their variability and their reliability (DIA*, ESTD*,

GPI*, MDH-1*. and PGM*), the sixth locus (MDH-2*) was

scored on the same gels as MDH-I*. The MDH patterns immedi-

ately enabled any nonA'. scalarina specimens to be eliminated

from the stock-structure analysis.

Where there were multiple loci, the locus encoding the fastest

migrating allozyme was designated "I." In the between-species

comparisons, alleles were lettered from "a" for the fastest migrat-

ing allozyme. In the Katelysia scalarina stock-structure analysis,

alleles were numbered according to the anodal mobility of their

product relative to that of the most common allele observed in the

Cockle Creek (TAS2) sample, which was designated "'lOO"'. (Al-

lele identities between the two studies, where known, are identified

in Table 6. Sample sizes were substantially larger for the stock

structure analysis; see Table 5.)

Statistical Analysis

For the between-species comparisons, mean sample sizes, num-

bers of alleles, percent polymorphism (a locus was considered

polymorphic if the most common allele had a frequency less than

0.95) and heterozygosities (both observed and unbiased Hardy-

Weinberg expected values) were estimated by the BIOSYS-1

package (Swofford and Selander 1981).

For the A', scalarina stock-structure analysis, individual

sample, and locus tests for goodness-of-fit to Hardy-Weinberg

expectations used Fisher's exact test after all but the most common
allele had been pooled at each locus. Two genetic diversity pa-

rameters were estimated: F,s (the correlation between two uniting

alleles relative to the subpopulation and defined as the ratio of the

difference between the expected and observed heterozygosities to

the expected heterozygosity) and F^y (the correlation between two

gametes drawn at random from each subpopulation. defined as the

ratio of the difference between the expected total heterozygosity

30-S -
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TABLE 1.

Collection details for Kalelysia species; n = number of clams collected.

Site
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TABLE 3.

Allele frequencies at 16 loci in Katelysia rhytiphora, K. peronii. and

two populations of A', scalarina; n = number of individuals.

TABLE 3.

continued
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TABLE 4.

Summan of genetic variability values at 16 loci in Katelysia rhytiphora. K. peronii, and two subpopulations of A', scalarina.

Locus

A', rhytiphora

SA:RHV
A', peronii

SA:PER

A. scatarina

SA TAS2

Mean sample size per locus

Mean number of alleles per locus

Polymorphism <* (0.95)

Observed heterozygosity per locus

Expected heterozygosity per locus"

14.9 + 0.3

2.7 ±0.3

68.75

0.291 ±0.059

0.283 ± 0.058

15.1 ±0.4

2.8 ± 0.3

75.00

0.314 ±0.063

0.377 ±0.065

15.8 + 0.3

2.8 ±0.2

81.25

0.276 ± 0.059

0.299 ± 0.059

11.3 + 0.7

2.5 ±0.3

62.50

0.257 ± 0.070

0.333 ±0.071

'

Unbiased estimate (Nei 1977).

a result clearly nonsignificant after Bonferroni corrections. Thus,

no significant heterogeneity was observed among the Tasmanian

subpopulations.

The three mainland populations showed more differentiation.

Three loci—DIA*. MDH-2*. and PGM*—showed evidence of

spatial differences in allele frequencies, and all remained signifi-

cant after Bonferroni corrections (p
= .001, .006, and .002, re-

spectively). The three mainland populations were compared pair-

wise for these three loci. This showed that the Western Australia

subpopulalion was the most distinct; all comparisons with p < .05

included WA (DIA*. WA-VIC, p = .027. WA-SA. p
= .014;

MDH-2*. WA-VIC. p
= .003: PGM*, WA-VIC, p

= .010. WA-
SA. p

= .001). In none of these pairwise tests was the VIC-SA

comparison significant.

Clustering the pairwise subpopulalion genetic distances over all

six loci (Fig. 4) confirmed these general findings. The three Tas-

manian subpopulations clustered together (mean D = 0.001) and

away from the mainland subpopulations (mean D of Tasmanian vs.

mainland comparisons
= 0.146. n = 9). Of the mainland sites, the

SA and VIC subpopulations were genetically very similar (D =

<0.00l). with the WA subpopulation more distinct (mean D =

0.003. n = 2l.

DISCUSSION

All three species of Katelysia are genetically highly variable.

Sixteen loci were examined. The average observed heterozygosi-

ties per locus ranged from 0.257 to 0.314. and percent polymor-

phism from 62.5 to 81.3 (Table 4). The average heterozygosity for

mollusks, assessed from 105 species and an average of nearly 22

loci per species, is about 0.145 (Ward et al. 1992).

The Nei genetic distance estimates between the different spe-

cies pairs ranged from 0.337 to 1.238. with the corresponding

identity values ranging from 0.714 to 0.290 (Table 5). These val-

TABLE 5.

Unbiased genetic distance (Dl (above diagonal) and identity (I)

values (below diagonal) (Nei, 1978) between Katelysia rhytiphora, K.

peronii, and two subpopulations of A. scalarina.

A. rhytiphora

SA:RHV
A. peronii

SA:PER

A. scalarina

SA TAS2

SA:RHY
SA:PER

SA
TAS2

0.714

0.424

0.399

0.337

0.309

0.290

0.859

1.173

0.934

0.919

1.238

0.068

ues fall within the typical invertebrate between-species distance

range of about 0.20 to 1.60, corresponding to an identity range of

about 0.80 to 0.20 (Thorpe 1983). Katelysia rhytiphora and K.

peronii are the most closely related species-pair, a conclusion

reached earlier by Roberts ( 1984) from comparing protein-stained

isoelectric focusing gels of the three species. These two species,

with D = 0.337 and I = 0.714, are unusually closely related,

although some bivalve (oyster) species show similarly limited di-

vergence (e.g., three Sacco,strea species, D = 0.171 to 0.454,

Buroker et al. 1979). Congeneric clam species typically have D
values around 1.0 or greater (e.g., three Ruditapes species, D =

1.050 to 1.840. Borsa and Thiriot-Quievreux 1990; two Chamelea

species. D = 1.138. Backeljau et al. 1994), similar to the values of

K. rhytiphora and K. peronii to K. scalarina (c. 0.90 and 1.20,

respectively).

Diagnostic allozyme loci were identified to enable unambigu-
ous species identification—knowledge that proved useful for di.s-

tinguishing several K. rhytiphora in the putative K. scalarina

samples. Although sample sizes in the between-species study were

quite small, the overlaps in allele frequencies at the diagnostic loci

are very small, and the loci are likely to remain diagnostic, at least

at the 99% level, in larger samples.

The data were examined for the possible occurrence of be-

tween-species hybridization. This seemed possible, because the

samples of Katelysia rhytiphora, K. peronii, and one of the K.

scalarina samples were sympatric. and the spawning periods, at

least of K. rhytiphora and K. scalarina, can overlap (Nielsen 1963,

Roberts 1984). However, in the between-species study, no het-

erozygotes of the apposite hybrid Fl genotypes were observed for

the diagnostic SOD* locus, although sample sizes were small, and

rare hybrids would not have been detected.

In the Katelysia scalarina stock-structure analysis, which used

- K. scalarina TAS2

K. scalarina SA

K. rhytiphora

K. peronii

1.0

—
r—

0.8 0.2

—
I

0.006 0.4

Genetic distance

Figure 3. UPGM.A cluster analysis of Nei's (1978) unbiased genetic

distance (D) among three species of Katelysia, based on 16 allozyme

loci.
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TABLE 6.

Allele frequencies at six loci in six populations of A', scalarina.

Locus
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TABLE 7.

Genetic diversity statistics for six luci and six pupulutions of

Katelysia scalarina.

Locus
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ABSTRACT In a series of trials, broodstock venerid clams Kalelysia scalarina were conditioned, or obtained directly from fishing

grounds, and stimulated to spawn using thermal cycling. Broodstock. initially with only moderately developed gonad, were sufficiently

conditioned for mass spawnings after 8 weeks at I3"C in an indoor recirculating seawater system. Ripe wild broodstock maintained

at 20'C could still be spawned after 6 weeks in a similar system. Mean fecundity from mass spawning trials ranged between 0.7 and

2.4 X 10'' eggs/female, and fecundity estimates for strip spawned individuals varied from 0.3 to 2.2 x 10'' eggs/female. Neither

intramuscular serotonin injections (6 x 10"" to 1 x 10"'' mol. total dose), nor strip spawning were reliable methods for producing

significant numbers of healthy larvae. Eggs (69 ± 2 (im) developed to D veliger larvae (110 ± 1.3 jjim) within 48 h at 20°C.

Metamorphosis to spat (210.9 + 2.1 p.ni) was observed from day 20 following treatment with 10"^ m norepinephrine for 60 min on

day 19. Larval rearing was not always successful because of bacterial and viral problems and the extended settlement period for this

species.

KEY WORDS: Clam, venerid. Karelxsia scalarina. broodstock conditioning, spawning, larval rearing

INTRODUCTION

The stepped venerid. Kalelysia scalarina (Lamark 1818) is a

relatively small clam of 35 to 50 mm shell length (Lush 1992). K.

scalarina is a shallow (2—1 cm) burrower (Nielsen 1963. Bell-

chambers and Richardson 1995) and is found throughout both

sheltered and moderately exposed intertidal waters of Tasmania

and southern mainland Australia (Gabriel and Macpherson 1962).

K. scalarina may be distinguished from another closely related

species K. rhytiphora (Lamy 1937) by the absence of radiating

striae and more oblique shape (Gabriel and Macpherson 1962). In

addition, K. .scalarina is often distributed higher up the intertidal

zone than A', rhytiphora (Roberts 1984).

In Tasmania. K. scalarina is the major species in a small clam

fishery and is exported to mainland niche markets and occasionally

overseas (Treadwell et al. 1992. Zacharin 1993). In recent years,

concerns over a decrease in abundance of this species in some

areas have necessitated a reduction in catch quotas and given im-

petus to research into the feasibility of producing hatchery-reared

stock for culture or fisheries enhancement.

Currently, there is no commercial aquaculture production of

Kalelysia spp. within Australia, although research into hatchery

production and growout of A', rhytiphora has been undertaken

(Nell et al. 1994, Paterson and Nell 1997). Although oyster hatch-

ery techniques have much in common with clam culture (Maguire

1992). and in the United States have required little modification for

clam production (Castagna and Manzi 1989), further investigation

into hatchery techniques for temperate clams, including these en-

demic species, is still required (Maguire 1992, Nell et al. 1995).

Potential bottlenecks exist with supply of broodstock, spawning.

larval rearing, and metamorphosis, and this study addresses as-

pects of these topics for K. scalarina.

MATERIALS AND METHODS

All clams collected from natural habitats were transported to

Tasmanian culture facilities in plastic containers without water or

sediment. All seawater used was drawn from exposed sections of

coastline largely unaffected by freshwater runoff. However the

quality of seawater for the University of Tasmania's (UTAS) bi-

valve hatchery at Launceston is periodically affected by seaweed

debris.

Broodstock Conditioning (Broodstock Trial I )

Two separate groups of 200 broodstock clams were collected

from Ansons Bay in August 1994 (Broodstock Trial 1 ) and trans-

ported to Marine Shellfish Hatcheries. Bicheno (Fig. 1 ). Gonad

condition was visually assessed as intermediate (++) (Garland et

al. 1993). Clams were scrubbed and rinsed with fresh water and

placed in an indoor conditioning system consisting of a 1,100 L

holding through, recirculating pump, and header tank. Clams were

held in plastic mesh baskets lined with 400 |xni screen and filled

with 2 to 4 mm quartz gravel. Water temperature was maintained

at 13°C. and clams were fed a mixture of Pavlova lulheri (Droop)

and Tahitian Isochrvsis sp., supplemented with Chaeloceros miiel-

leri (Lemmermann) at approximately 8 to 12 x 10'° cells/day.

After approximately 8 weeks conditioning, clams were assessed as

ripe (-H-I-) (Garland et al. 1993), and 50 animals from each group

were successfully spawned by cycling water temperatures between

13"C and 20°C.
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Figure 1. Collection and larval rearing sites within Tasmania, Aus-

tralia for the clam Kalelysia scalarina.

Broodstock Maintenance (Broodstock Trial 2)

In December 1996 approximately 200 clams were collected

from Ansons Bay. Twenty clams were fixed in 10% phosphate

buffered formalin for later histology, and the remainder were re-

productively conditioned in an indoor recirculating seawater sys-

tem. The system at UTAS Launceston consisted of a 300-L res-

ervoir and 4 X 50 L plastic bins (45 animals per bin) each with a

floor area of 0.19 m". Beach sand (6-cm deep) was placed on the

floor of two bins, so that clams could burrow, while clams in the

other two bins were maintained without substrate. Water tempera-

ture was maintained at 20°C ± 0.5°C, and salinity remained con-

stant at 34.5 ± 0.2 ppt. Clams were fed a daily ration of P. lutheii.

Tahitian Isochrysis sp., and Tetraselmis siiecica (Butcher) so that

all feed was cleared within 24 h (Toba et al. 1992).

In January 1997 (6 weeks later), another sample of 20 clams

was collected from the same site at Ansons Bay and preserved. A

sample of 10 clams from each bin was also taken and preserved as

above for later histology. A further 72 clams from the substrate

bins were held out of water overnight and placed in 1 jjim (nomi-

nal) filtered seawater (FSW) at I9°C the following morning, 45

minutes after which spawning commenced. Animals were allowed

to spawn out in the tray yielding a total of 24 x 10" eggs, with a

fertilization rate of 99%. These subsequently developed into ac-

tive, healthy D larvae within 48 h.

Standard 4-|jLm paraffin sections were prepared from a 3-mm

slice of the preserved samples, using the anterior edge of the foot

as a reference (Howard and Smith 1983). These were stained using

Mayer's hematoxylin and eosin Y. Gonads were staged for game-

togenic development, using a modified staging system based on

Dinamani (1974).

Spawning Induction

In summer 1995, clams from three sites (Georges Bay, Ansons

Bay, and Swanwick) were collected for spawning trials 1 to 3 at

UTAS, Launceston. Gonad condition by visual observation was

assessed as moderate (-i-i-) (Garland et al. 1993). Clams failing to

spawn after temperature cycling (20°C-26°C, at 30 min intervals),

were injected via the anterior adductor muscle with various con-

centrations and volumes of serotonin (5-HT) (Table 1 ) (Gibbons

and Castagna 1984, Gibbons and Castagna 1985, Heasman et al.

1994, O'Connor and Heasman 1995) and placed in 1 |j.m FSW at

25=C.

In spawning trial 4, strip spawnings were also attempted with

moderate-to-ripe stock {++!+++) (Garland et al. 1993) that failed

to spawn with temperature fluctuations. Ten females and six males

were strip spawned by lacerating the gonad with sterile scalpel

blades and flushing eggs and sperm into separate 1-L beakers with

1-fjim FSW. Eggs were collected and screened through a 63-|j.m

screen and resuspended in 1 L fresh FSW. Eggs were then treated

with 0.25 mL of 2 M NH4OH (0.5 x 10"' M final concentration)

for 45 minutes to aid breakdown of vesicle after Wada ( 1953) and

Minaur (1969). Following this, eggs were resuspended in fresh

FSW, and a dilute sperm solution was added. Fertilized eggs were

placed in a 300-L lar\'al rearing tank (LRT) at 20°C with low

aeration.

Larval Rearing

Larval trials 1 to 4 (Table 2) were conducted in summer 1993

to 1994 at Shellfish Culture Pty. Ltd., a commercial bivalve hatch-

ery at Bicheno. Broodstock were collected from various estuaries

(Fig. I), including Great Musselroe Bay (north coast). Swanwick

on the east coast, and Cockle Creek in the south of the state.

Water used in spawning and larval rearing was l-|jLm FSW

(spawning and day 0) and lO-jxm FSW thereafter. Disodium eth-

ylenediaminetetra-acetic acid (EDTA) was added to day water at

1 mg/L as per Utting and Helm (1985). With the exception of

TABLE \.

Numbers of male and female Katelysia scalarina induced to spawn by injection of serotonin at different volumes and concentrations.

Spawning
Trial

Number of

Broodstock"

Collection

Site

Injection

Volume (jiL)

Concentration''

(mm I

Number Spawned

Male Female

10
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TABLE 2.

Mean fecundity and numbers <if' male and female Katelysia scalarina induced to spawn by thermal fluctuations.

Larval

Trial



1068 Kent et al.

2.5 |jLm. Fecundity of individuals ranged from 0.3 x lO*" to 2.2 x

10^. Observed eggs were pear-shaped, with a prominent germinal

vesicle. Survival of larvae from eggs treated with NH4OH, was

very low. falling to less than \% by day 2 postfertilization. More-

over, many of the larvae that remained alive were abnormal and

e.\hibited extensive fouling of the velum.

In larval rearing trials 2 to 5, ripe K. scalarina spawned readily

in response to themial stimulations of 3 to 6°C above ambient.

Mean egg diameter was 69 |xm ± 2 |jim, and average fecun-

dity ranged between 0.7 x 10" and 2.4 x 10'' eggs/female

(Table 2). Controls, not subjected to thermal stimulation, did not

spawn.

Larval rearing was not always successful (Fig. 3). However,

in all trials, development of fertilized eggs to trochophore stage

occurred within 24 h and to D veligers, with a mean shell

length of 110 |j,m ± 1.3 \i.m, by 48 h. Survival of larvae to

day 5 was between 30 to 50%. but in all cases, was less

than 1% by settlement. Growth of K. scalarina was rapid at

24°C, with larvae reaching a mean shell length of 200 (xm by day

8 (Fig. 3a). Pediveligers of approximately 200 |xm shell length,

were first observed between day 9 and day 15, depending upon

rearing temperatures, which were 24°C and 20.5°C. respectively

(Fig. 3b, 4), and metamorphosis to spat was first observed by day

20 at 20.5°C (Fig. 4). Following metamorphosis, growth was ex-

ponential until day 53, after which it slowed abruptly, possibly in

response to reduced water flows caused by fouling of the down-

weller screen.

00
c

Days from spawning

Figure 4. Growth (expressed as shell length) of Katelysia scalarina

reared at UTAS. Launceston (trial 5) during February to April 1996:

points are mean ± SE, (n = 5-20).

DISCUSSION

Broodstock

Broodstock conditioning systems are advantageous for matur-

ing bivalves both within (Castagna and Kraeuter 1981, Castagna

a. Trial 1 b. Trial 2

Age (days)

10 12 14 16 18 20

Age (days)

c. Trial 3 d. Trial 4

2 4 6 8 10 12 14 16 18 20

Age (days)

2 4 6 10 12 14 16 18 20

Age (days)

Figure 3. Results of four larval rearing trials of Katelysia scalarina, conducted at Bicheno during summer 1993. Points are mean ± SD, n = 20-38:

a. and b. indicate rapid development (trials 1 and 2): c. and d. indicate characteristic larval crashes around days 6 to 8 (trials 3^).
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and Manzi 1989. Toba et al. 1992). and outside ot the normal

spawning season (Numaguchi 1997). K. scalurina broodstock held

in clean sediment, could be conditioned at a relatively low tem-

perature ( \y'C) (broodstock trial I ). Also, mature clams collected

from the wild could be maintained in ripe condition within a

recirculating system, despite indication of spawning of stock in

the fishery during the experimental period (broodstock trial 2).

(Fig. 2).

Spawning

Fecundity of K. scalarina was comparable to that for K.

rhytiphora (Nell et al. 1994) and the Manila clam Ruditapes phil-

ippinarum Adams and Reeve (Utting et al. 1996, Laing and Lopez-

Alvarado 1994). but less than that of the hard clam Meneimrici

mercenaria (Castagna and Kraeuter 1981).

During spawning trials, both isolation of spawning male and

female stock and mass spawnings in the tray were undertaken. We
detected no deleterious effects from the latter, although more than

50 sperm per egg were observed on some occasions. Indeed, larvae

displaying the greatest degree of activity were produced using this

method. Nevertheless. K. scalarina has not always responded well

to spawning induction protocols. On occasions, spawning has oc-

cuiTed up to 2 days after thermal stimulation, and neither serotonin

injections nor strip spawnings have provided appropriate results.

These difficulties may have arisen largely from variability in the

quality of broodstock obtained directly from the wild. Spawning in

twii additional trials in the summer of 1996 to 1997 was relatively

predictable (within 60 min of initiation of thermal stimulation)

when broodstock in excellent condition were available.

Gibbons and Castagna (1985) found that injections of between

80 to 800 [jLUiol of 5-HT into the adductor muscle of gravid M.

mercenaria encouraged spawning; however, males were more re-

sponsive than females, and both concentration and absolute dose

significantly affected spawning success. Numaguchi (1997) in-

duced spawning in the common oriental clam Merelri.x liisoria

with a 125-fjLmol intragonadal injection of 5-HT. and other work-

ers have induced spawning in bivalves with 10"' M external ap-

plications (Ram et al. 1992). During our trials, the application of

various concentrations of 5-HT failed to induce spawning in fe-

male broodstock. although .some males did spawn. This may have

been as a result of inadequate broodstock condition, although Ram
and Nichols ( 1993) reported that injection of serotonin into zebra

mussels induced ripe males to spawn but not females.

Strip spawnings using moderate-to-ripe broodstock were not

successful, and larval mortality was very high (99'/r). In addition,

many of the remaining larvae were deformed. In the rearing of

Pinctada maxima, using stripped eggs treated with ammonium

hydroxide, Minaur (1969) also reported up to 95% mortality of

larvae to pediveliger stage, with some larvae showing deformed

valves or other gross abnormalities. At this stage, it is unclear

whether the deficiencies of this technique are primarily attributable

to the method itself, such as possible toxic side effects of the

NHjOH used to promote breakdown of the germinal vesicle, or

inadequately matured gametes. Stripped gametes from both this

study and Minaur (1969) were primarily oocyte ?< as defined by

Dinamani (1974). These oocytes are smaller and more irregular in

shape as compared to free oocytes at final maturity (Dinamani

1974). and. as such, may have contributed to poor larval survival.

Lanal Rearing

Our results suggest that K. scalarina cannot be reared reliably

in hatcheries by simply adopting existing oyster hatchery tech-

niques. However, at 20"C, in trial 5, larval growth was comparable

to K. rhytiphora (Nell et al. 1994) and similar to that for the Manila

clam R. philippinarum (Utting and Spencer 1991).

In a number of the early trials mn at 24°C, mass mortality

occurred between days 8 and 9 (Fig. 3c,d). Larval crashes (be-

tween days 5 and 8) of commercial cultures of K. scalarina run at

16 to 18°C have also been reported (R. Pugh, pars. comm.). In both

instances a herpes-like, viral pathogen has been found in larvae

from some of the cultures investigated (J. Handlinger pers.

comm.). Other failed cultures have been associated with bacterial

infestations, a common problem with rearing of bivalve larvae

(Gibbons and Blogoslawski 1989). Optimal temperatures for each

successive stage in the early life history of K. scalarina must be

identified. This should facilitate improved reliability of hatchery

rearing as has been the case for such other bivalves as the com-

mercial scallop Pectin fumatus (Reeve) (Heasman et al. 1996).

Results from larval trial 2 (Fig. 3b), suggest that further inves-

tigation of setting behavior should also be undertaken. Unlike

Crassostrea gif;as larvae, which may settle over a 24 to 48 h period

(Beiras and Widdows 1995). our observations of A', scalarina

seem similar to data for Manila clams R. philippinarum. which

may indicate an extended settlement period (Utting and Spencer

1991 ). Transferring K. scalarina pediveligers to downweller oyster

set systems containing a layer of ground scallop shell cultch for

extended periods (as adopted in trial 2) proved to be unsatisfactory

for this species, because larvae were eventually challenged by

ciliates. Similarly, larvae from broodstock trial 1 developed well

but did not metamorphose.

Although norepinephrine hastened permanent settlement (trial

5, Fig. 4), larval survival was low. Many larvae were invaded by

a marine ciliate (resembling Uronenui nigricans, see Munday et al.

1997) probably in response to increased bacterial numbers (Plun-

ket and Hidu 1978). Because the effect of epinephrine or norepi-

nephrine can vary with different .species of oyster (Coon et al.

1986). specific work to determine appropriate concentration and

duration for K. .Kalarina should be undertaken. In addition, larvae

must be competent to metamoiphose before inducement with epi-

nephrine (Coon et al. 1986). With low larval numbers, this proved

difficult to achieve for all larvae, because animals need to be

graded into tight size groups before induction.

CONCLUSION

Based on some of the criteria outlined in Kraeuter and Castagna

(1989). Katelysia scalarina have the potential of being an eco-

nomically viable culture species. However, although broodstock

can be adequately conditioned and subsequently spawned, larval

rearing, and sur\ival through metamorphosis, are still unreliable.

The latter has primarily been because of the extended settlement

period observed for this species, and the former because of the

presence of a herpes-like viral pathogen. Further investigation of

alternate types and dosing regimes for catecholamines as a means

of enhancing settlement response is needed. Additional research is

also required into the prevention and epidemiology of the herpes-

like virus encountered during the course of this study. It is also

recommended that the optimal rearing temperatures for the early

life stages of this clam be identified.
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ABSTRACT A Visual-Basic program was developed as pari of an Excel spreadsheet to estimate the time to a critical level (tc,,,) of

Perkinsus marimis. in eastern oysters Crassostrea virginica. The estimate is accomplished by assummg that a weighted incidence (WI)

of disease of 1.5 is critical, converting measured WI values and the critical WI to parasite number, calculating a rate of change (r) of

the parasite population using measured values of water temperature (T) and salinity (S). and solving for
t^,.,, by simulation. The model

produces estimates of t(-,„
and r using a long-term data set of T. S, and WI from the Terrebonne estuary of Louisiana. The model does

not predict future values of WI since it cannot predict future trends in T and S; however, regularly determining T and S. considering

their interaction in a model, measuring WI at reasonable intervals, and iteratively estimating l,^,„.
should be useful to oyster manage-

ment. Estimates of t^n, would support decisions concerning transplanting infected oysters to lower salinity areas, harvesting heavily

infected populations early, and diverting freshwater into high-salinity estuaries.

KEY WORDS: Oyster, Crassostrea virginica. Perkmsus marimis. epizootiology, rnanagement, mathematical model, estuary

INTRODUCTION

Throughout its range, from Mexico (Burreson et al. 1994) to

Maine (Ford 1996), Perkinsus marimis (
= Dermocystidiwn mari-

mim. Mackin et al. 1950) is an important cause of mortality (Ray

and Mackin 1955, Andrews 1965) in eastern oysters, Crassostrea

virginica. The success of oyster farming, therefore, often depends

on the ability to manage oyster populations in estuaries where the

parasite is widespread and/or abundant (Andrews and Ray 1988,

Krantz and Jordan 1996). Management techniques of relevance to

this study include transplanting infected oysters to lower salinity

areas, early harvest of heavily infected populations, and freshwater

diversion into high-salinity estuaries (Andrews and Ray 1988).

These practices would clearly benefit by an estimate of the time to

critical levels of infection. This estimate might be achieved by

tneasuring water temperature and salinity, detertnining level of

infection, calculating a rate of change of the parasite population,

establishing a critical level of parasitism, and solving for the time

to reach that critical level. The critical level of parasitism is set at

a weighted incidence (WI) of 1.5, since a population of oysters

with a WI of 2.0 contains an intense epidemic (Mackin 1962).

The purposes of this paper are to ( 1 ) present a long-term data

set of temperature, salinity, and level of infection: (2) apply equa-

tions from an existing model (Hofmann et al. 1995, Powell et al.

1996) to a personal computer/spreadsheet format; (3) calculate

time to critical level of infection using the data presented; and (4)

evaluate the utility of the approach.

MATERIALS AND METHODS

Environmental parameters (temperature and salinity) and oys-

ters were sampled from February 1992 to November 1997 at a site

in the Terrebonne Basin of south central Louisiana. The reef was

chosen to provide an accessible, unharvested. unplanted, subtidal,

and persistent population of oysters. The site is at the junction of

Bay Tambour and Bayou Petit Caillou. a local source of fresh

water (Global Positioning System coordinates; 29°iril.5"N,

90°39'56.0"W). Water depth varied from 0.3 to 0.6 m. Environ-

mental parameters were measured weekly, whereas oysters were

sampled monthly. (Samples were not taken during the weeks of

Hurricanes Andrew and Danny.) Water temperature (T) was mea-

sured to the nearest O.l'C with a inercury thermometer, whereas

salinity (S) was determined (nearest 0.5 ppt) using a refractometer

(Behems 1965).

Oysters were tonged at midmonth. Ten commercial-sized (75-

124 mm) oysters were selected; a small piece of mantle tissue

(about 4 mm") was removed from each oyster and assayed for P.

marinus after incubation in fluid thioglycollate for 1 week (Ray

1966). The intensity of infection was scored using Mackin's

(1962) O-to-5 scale as modified by Craig et al. (1989). Weighted

incidence (WI) was calculated as the sum of the disease code

numbers divided by the number of oysters in the sample, and

percent infection (PI) of the sample was recorded.

A specific rate of parasite division (rj) was related to T and S

according to the formula of Hofmann et al. (1995):

rJT]
=

rJTo] e'
0.0693(T(t)-To)

(1)

where e = 2.718. To = 20°C. rj[T]
= the specific rate of cell

division (day"'). rj[Tf|] is the rate at 20°C and the exponent cor-

responds to a Qio of 2.0. (At Tq = 20°C and S = 20 ppt, rJXo]
= 0.555 day"'; that is, the population doubles in size in about 2

days.) At 10 ppt or less, the rate of cell division is decreased and

the equation takes the form;

rJT.S]
=

rJT„.S„l (S/10) e'
0.0693(T(t)-To)

(2)idi'"^i
-

'd

where Sq
= 20 ppt and rj|T„.S„]

=
rJT„]

= 0.555 day"' (Hof-

mann et al. 1995). When parasite density is high, the specific rate

of cell division decreases according to the equation;

rd(p),,.
= 3 r,(T,S) (C,AVj)- (3)

where rj(T,S) is determined from equation (2), j is oyster size, and

k is infection class such that j,k is the infection level at a given

size; (3 is a parasite scaling factor equal to 2.454 x 10* g ash-free

dry weight (AFDW) cell"', and 7 is a unit-less parasite density

scaling factor equal to -1.5 according to Hofmann et al. (1995).

The parasite number (C,,) was calculated from a measured WI

value (X) according to the conversion of Choi et al. ( 1989):

1071
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Ck = 1409.9 V W, (10" ^). (4)

The oyster weight (Wj) is 3.0 g AFDW. appropriate for oysters

from 75 to 124 mm in length, and v is 5.0, which converts oyster

AFDW to wet weight (Hofmann et al. 1995).

A specific rate of parasite mortality (r^J was likewise calcu-

lated according to Hofmann et al. (1995) as:

r„(T,S) =
r,„„ e

-6(S(l)/Soe) -6(To-10/So) (S(t)-So)
(5)

where 5 = 0.081530°C"'. Density effects on mortality rate follow

the same relationship as was used for the density effect (equation

3) on parasite division rate:

UpV. = P r,„(T,S) (C,AV,)\ (6)

The specific rate of change (r) was thus calculated as the appro-

priate rj (equation 2 or 3) minus the appropriate r,„ (equation 5

or 6).

A time to a critical level of parasitism is calculated by assuming
that at a WI of about 1.5 an oyster population is experiencing

mortalities. Mackin (1962) states: "a population of live oysters

with a weighted incidence of 2.0 contains an intense epidemic, and

more than half the population may be in advanced stages of the

disease, with all of the individuals infected." A WI of 1.5 corre-

sponds to a C|^ of 194.500 hypnospores per oyster of 3.0 g AFDW
(equation 4).

The measured WI is converted to C^^ according to equation 4.

r is calculated as explained above using measured values for T and

S. and the time to reach a critical level of parasitism (tcnt) is found

by simulation. A Visual-Basic program, used to calculate r and as

part of an Excel spreadsheet module, is shown in Table 1.

RESULTS

Table 2 provides weekly measured environmental data (T and

S). midmonthly measured levels of infection (WI and PI), and

conversions and calculations generated by the model (C^, t^n,, r^.

r„, and r). Water temperature varied from 6.5°C (12/19/96) to

3I.9°C (7/30/93), whereas S ranged from 1.0 ppt (12/23/93 and

12/30/93) to 25.0 ppt (5/18/95). (Mid-month T and S are plotted in

Fig. la and lb, respectively.) Weighted incidence was highest

(2.66) on 11/14/96 and lowest (0.00) on 3/19/92 (Fig. Ic): PI

ranged from to 100%. Values of C^, calculated from measured

WI values, ranged from 21,148 (even when WI was 0.00) to

1,085,308 (at WI = 2.66). (That C, = 21,148 when WI = 0.00

is implied in equation 4 and is due to false negatives of the thiogly-

collate method.) Greatest values of parasite division rate (r^) were

typically found in the late summer and early fall (as high as 0.582

on 8/17/95). Likewise, greatest values of parasite mortality rate

(r„,) were commonly found during the winter and early spring (as

high as 0.553 on 4/7/94 and 12/19/96). The specific rate of change
(r), the difference between tj and r^, is thus generally greatest in

the late summer and early fall (Fig. Id). The t^r,, is. of course,

lowest when r is highest (Fig. le).

The behavior of the model was observed (Fig. 2) by calculating

ten, at various combinations of T (5, 10, 15, 20, 25, 30, and 35°C)

and S (5, 10, 15, 20, 25, 30 and 35 ppt) using initial C,, values of

10.000 (Fig. 2a), 50,000 (Fig. 2b), 100,000 (Fig. 2c), and 150,000

hypnospores (Fig. 2d). (To make the graphs easier to read, values

of t^rii ^60 were assigned a value of 60 days; this is also a

practical upper limit, since with monthly sampling, values s60

days should not be of critical concern.) As T, S, and initial C^

increase, t^n, progressively decreases. For example, consider con-

ditions representing a cool, wet winter (1 0°C, 10 ppt) versus a hot.

dry summer (30^C, 25 ppt) at different initial values of C,^ (Fig. 2).

With an initial C^, of 10,000 hynospores (Fig. 2a) at 10"C and 10

ppt, ter„. is 3=60 days: at 30°C and 25 ppt, tcn, is <10 days. With

an initial C^ of 150,000 hynospores (Fig. 2d) at 10°C and 10 ppt,

tcrif is again &60 days, whereas at 30°C and 25 ppt, t^n, is <1 day.

DISCUSSION

The relationship of temperature and salinity to levels of infec-

tion of P. inarinus in the eastern oyster is well documented (e.g.,

see Mackin et al. 1950, Ray and Mackin 1955, Mackin 1962,

Soniat 1985). These two factors, however important, do not ex-

plain most of the variation in levels of infection observed in the

field. Soniat (1985). for example, showed that the interaction of

temperature and salinity explained only about 49% of the variation

in weighted incidence of infection. Clearly other factors are im-

portant. These include, but may not be limited to, pollution and

other human influences, host nutrition and growth, spawning and

reproduction, age and resistance, oyster density and distribution,

and disease vectors (Soniat 1996)—factors that comprise part of

the oysters' history (Powell et al. 1996). However, it is impractical,

if not intractable, to ascertain and measure all of the factors that

determine levels of P. inariiuis in oysters. Nevertheless, determin-

ing T and S. considering their interaction in a model, measuring
WI at reasonable intervals, and iteratively calculating a time to a

critical level of parasitism (tf-^,) should be useful to oyster man-

agement.

The data to support the model, namely, environmental data (T

and S) and WI of P. iiuiriiiiis. have considerably distinct attributes.

The collection of environmental data is easily automated, rela-

tively inexpensive, and in some cases instantaneous. In contrast,

obtaining WI data is relatively expensive and time consuming, and

not amenable to automation. Applications of the model should

therefore make best use of limited WI data and abundant environ-

mental data. This might best be achieved by a stratified sampling

program in which oysters are sampled for P. nuirimis in a few

broad salinity zones. Decisions could therefore be made on a zone-

by-zone basis, as
t<--n, changes from season to season. The model

justifies a broad delineation of zones in which the levels of para-

sitism could be characterized as (I) of "no immediate concern"

(e.g.. tcnt > 30 days), (2) of "current concern" (e.g, l^^^ < 30

days), and (3) of "immediate concern" (t^-r,, approaching days).

Management decisions that would be aided by a better estimate of

t(-ni include early harvesting oysters in the "zone of immediate

concern," transplanting of oysters to the "zones of no immediate

concern" (Andrews and Ray 1988), and timing and positioning

freshwater inputs into estuaries (Chatry et al. 1983). Sampling

decisions would also benefit since when t^ni becomes less than the

sample interval (in this case 1 mo), more fine-scaled measurements

might be initiated.

The model behaves reasonably in that as T, S, and initial Cj_

increase, the t^-^, progressively and predictably decreases (Fig. 2).

Calculations of tc^, using the data set (Table 2) also show the

expected decrease in the late summer and early fall (Ray and

Mackin 1955, Mackin 1962). The model does not predict future

values of WI because it cannot predict future values of T and S. It

can be used to determine trends in tcn, and help reduce the risks

associated with oyster cultivation. Thus, a single low value of t^n,
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TABLE 1.

A Visual-Basic program used to calculate time to critical level of P. marinus (tent), using temperature (T), salinity (S), and parasite number

(C,,) as input values.

Const normal density
= 300000

Const alpha
= 0.0693 1

Const beta = 3.454 *
(10'* 8)

Const delta = -0.08153

Const gamma = -1.5

Const SO = 20

Const TO = 20

Const crit = 194800

Function rd (T As Double, S As Double, Ck As Double, Wj As Double) As Double

Const RdO = 0.25

If S < 10 Then

mult = S / 10

Else

mull = 1

End If

rdt = RdO * mult *
Exp (alpha

* (T - TO))

If (Ck < = normal density ) Then

rd = rdt

Else

rd = beta *
rdt

*
|(Ck / Wj)

^
gamma]

End If

End Function

Function rm (T As Double, S As Double, Ck As Double, Wj As Double) As Double

Const rmO = 0.3

If ((T- 10) >= 10) Then

e = T- 10

Else

e = 10

End If

rmt rmO *
Exp (delta

*
(S / SO)

*
e)

*
E.xp (delta

*
[(TO

- 10) / SO) *
(S -

SO))

If (Ck <= normal density) Then

rm = rmt

Else

rm = beta * rmt *
f(Ck / Wj)

^
gamma]

End If

End Function

Function tCrit (T As Double. S As Double, Ck As Double, Wj As Double) As Double

Tm =

r =

While (Ck <= crit)

Tm = Tm + 1

rdt = rd (T, S, Ck, Wj)
rmt = rm (T, S, Ck. Wj)
r = rdt - rmt

Ck = Ck *
(1 +r)

If Tm > 999 Then Ck = crit + 1

Wend
tCrit = Tm

End Function

is not necessarily cause for alarm. For example, in 1992. 1993. and

1995, tcn, was often <7 days, but never reached days the fol-

lowing week. In contrast, in 1994, 1996, and 1997, t(.^„ reached

days on numerous occasions (Table 2).

As constructed, the model errs on the side of caution for two

reasons. First, although a Wl of 1 .5 in oysters is of concern it is not

catastrophic but merely an indication of possible problems. Sec-

ondly, the model does not consider recruitment and growth, in

which young uninfected oysters replace the old, infected, and dy-

ing ones. (The more complete and complex model of Hoffman et
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T.\BLE 2.

Sample date, weekly temperature (T, "O and salinity (S, pptl. weighted incidence (WD, and percent infection (PI) measured at mid-month.

Values of initial parasite number (C|^) are converted from mid-monthly \VI values for each weekly combination of T and S. (Thus, WI and

PI are repeated in the table.) A calculated time to critical level of P. marinus (t^ ,i,, days) is shown, with corresponding values of specific rate

of parasite division (r^, day"'), specific rate of parasite mortality (r„, day"'), and the specific rate of change (r, day"'), where r = rj
-

r„.

Date
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TABLE 2.

continued

Date \\l PI Ck rd

3/25/1993
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TABLE 2.

continued

Date
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Figure 1. Changes in water temperature (a), salinity (b), VVI (weighted

incidence of P. marinus, cl. r (specific rate of change of P. marinus. A).

and t,^|, (time to critical level of P. marinus, el. Temperature ( C). and

salinity IpptI are mid-month values taken when \\T was determined,

whereas r (day 't and Ij^^i, (daysl are calculations for each month

generated from the model. Monthly values are plotted for all param-
eters from March 1992 to November 1997. Complete sample dates and

data are given in Table 2.

4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49

Figure 2. Time to critical level of P. marinus ^i^^„) in days calculated

for various combinations of T (temperature in C), S (salinity in ppt)

for an initial parasite number C,,. The scale on the y-axis is used for T,

S, and ti ,1,.
The x-axis is simply an iteration number for a T and S

combination input into the model which generates a t^rir Values for

initial C^ are 10.()(M) a), 50.000 b). 100.000 c), and 150,000 hypnospores

d). Calculations are based on an oyster of 3.0 g ash-free dry weight.

al. 1995, Powell et al. 1996 does.) Thus, a self-sustaining popula- time of year from which it was (determined. For example, a ten, of

tion of oysters should be less susceptible to catastrophic decline a few days in early spring is of much greater concern than the

than one that is not self-sustaining (e.g.. bedded oysters). Consid- same value in the late fall when water temperatures are rapidly

eration must also be given not only to the \.Q„^ value, but also to the declining.
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The model is used to present as a hypothesis which relates

temperature, salinity, and initial disease level to time to a critical

level of infection. With more frequent measurements of T and S.

more frequent estimates of tc, could be made, improving its re-

liability. It is our hope that the simple format in which the model

is presented, and its modest data requirement, will encourage its

testing and application in numerous estuaries.
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RESPONSE OF SETTLING OYSTER LARVAE, CRASSOSTREA VIRGINICA, TO SPECIFIC

PORTIONS OF THE VISIBLE LIGHT SPECTRUM'

PATRICK BAKER* AND ROGER MANN
Virginia Institute of Marine Science

Gloucester Point. Virginia 23062

ABSTRACT Settlement site choice was used to lest the ability of conipetent-to-settle oyster [Crassostrea virginica) larvae to detect

specitlc portions of the visible light spectrum. Larvae were permitted to settle on illuminated or shaded sides of vertically oriented

settlement substrates. Five light treatments were used, including white light (400-700 nm), three fractions of white light: red light

(600-700 nm), green light (450-575 nm. peak at 525 nm), blue light (400-500 nm. peak at 425 nm); and total darkness. In total

darkness, no settlement preference for either side of the substrates was detected. In all light treatments, larvae settled in significantly

higher numbers onto shaded surfaces than illuminated surfaces. Crassostrea virginica larvae respond to most portions of the visible

light spectrum, unlike many previously studied marine invertebrate lar\'ae. This ability may reflect the diverse light conditions in the

largely estuarine habitat of this species.

KEY WORDS: Crassostrea virginica. larvae, settlement, light

INTRODUCTION

Phototactic behavior in marine larvae can contribute to site

selection during the settlement process even though the presence

or absence of light is not required for settlement (Baker 1997).

Pediveliger (competent-to-settle) larvae of the American oyster.

Crassostrea virginica (Gmelin). settled primarily on shaded sur-

faces of substrates in laboratory trials (Ritchie and Menzel 1969).

The pediveliger larva of some bivalve mollusks, including oysters

(Ostreidae). has a distinct pigmented region termed the eyespot.

and believed to be photosensitive. Cole ( 1938) initially described

the eyespot and its presumed function for the larvae of the oyster

Ostrea edulis. although Thompson et al. (1996) point out that

research clarifying "eyespot"" function is still needed.

Coastal planktonic invertebrates are usually unresponsive, or

only weakly responsive, to long \'isible light wavelengths (orange

and red). Serpulid polychaete larvae, which are negatively photo-

tactic when swimming, are responsive to blue and green light

(400-550 nm), but are indifferent or respond weakly to orange and

red light O600 nm) (Young and Chia 1982. Marsden 1986. 1988,

1990). Barnacle (Balamis impnnisus Darwin) nauplii. which are

positively phototactic. respond strongly to blue and green light,

and also to long-wave ultraviolet (350 nm). but show a marked

decrease in response to wavelengths above 600 nm (Lang et al.

1979). The larvae of some estuarine brachyuran crabs, including

Sesanna reticulatuin and Uca minax, appear to be most sensitive

to light wavelengths of 500-600 nm (green to orange), but sensi-

tivity of most species declines sharply above 600 nm (Forward and

Cronin 1979). This phenomenon is not limited to lai^ae: coastal

planktonic adult arrow worms. Sagitra hispida Conant. are most

sensitive to blue and green light (400-540 nm) but much less

sensitive to wavelengths above 520 nm (Sweatt and Forward

1985). The above phototactic responses correlate with spectral

attenuation pattern in coastal oceanic waters in which red light

(>6()0 nm) is strongly attenuated, whereas violet to yellow light

(400-600 nm) is attenuated the least (Austin and Petzold 1984).

Crassostrea virginica is not primarily an oceanic species, like

'Contribution 2181 of the Virginia Institute of Marine Science.

*Present address; Dept. Ecology and Evolution, State University of New
York, Stonv Brook, NY 11794-5245.

most of the above examples, but occurs in greatest abundance in

estuaries. The adult and lar\ al life history of C virginica has been

reviewed by Stanley and Sellers ( 1986). In the estuarine environ-

ment of the Chesapeake Bay. Virginia, the attenuation of visible

light is greatest for short wavelengths (<500 nm). and greatest

during the summer when C. virginica larvae are most abundant.

Yellow and orange light (550-650 nm) generally have the greatest

irradiance (transmission) through the water column (Champ et al.

1980, van Tine 1987). The attenuation coefficient (a natural log

scale of light reduction with depth) in the Chesapeake Bay during

summer is about 3.1 at 400 nm. 1.6 at 500 nm. 1.1 at 600 nm. and

1.4 at 700 nm (van Tine 1987). At a depth of 1 meter, less than 5%
of the surface violet light (400 nm) penetrates, but about 30% of

the yellow and orange light (550-650 nm) is still present. Water

quality, including inorganic and organic particulate matter,

strongly affects light quality in estuarine waters (Pierce et al.

1986). It is probable, therefore, that C. virginica larvae experience

a wide range of light quality within a single estuary.

If oysters are unresponsive to certain portions of the visible

light spectrum, as are the larval species discussed above, then

water quality parameters that affect light quality (Pierce et al.

1986) could affect the ability of oyster larvae to use light as a

settlement cue. If oyster larvae do not respond to red and orange

light wavelengths, then much of the Chesapeake Bay would be a

light-poor environment to larval oysters (van Tine 1987). This

study addresses the question: Do larvae of oysters (C virginica)

respond to different portions of the visible light spectrum, as ob-

served by settlement site choice?

MATERIALS AND METHODS

Oyster larval settlement chambers were constructed from 1/8

inch (3 mm) thick black acrylic Plexiglas. One side was made of

clear acrylic to permit light entry. Each chamber had internal di-

mensions of 7.5 cm in height. 7.5 cm in width, and 2.5 cm in depth,

and a volume of about 60 ml. A clear acrylic bracket was placed

in the bottom of each chamber, at least 2 cm from the sides of the

chamber (Fig. 1 ). to hold a settlement substrate plate in a vertical

position. The vertical orientation of the settlement plate was used

to eliminate geotaxis (Pires and Woollacott 1983. Baker 1997) and

barokinesis (Crisp and Ghobashy 1971. Mann and Wolf 1983) as

confounding settlement cues.
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Figure 1. Diagram of a settlement chamber.

Settlement substrate plates were cut from adult oyster iCras-

sostrea virginica) shells, 3x3 cm square by 2 mm thick, and

ground to equal roughness on both sides. Settlement plates were

placed in seawater two days prior to use. to allow bacterial growth

on the shell surfaces; water-soluble compounds from oyster shell

and some levels of bacterial colonization induce settlement in

Cmssostrea (Hidu et al. 1978, Fitt et al. 1990). The tops of each

chamber were covered with a black acrylic plate to reduce evapo-

ration, but were not airtight.

The light source used for this study was a pair of new 48-inch

Philips cool white fluorescent tubes. About 9.'S'7r of the light output

of the fluorescent lamp was between 400 and 700 nm, based on

specifications provided by the manufacturer. The light source was

fixed at 25 cm from the settlement chambers (chambers were

arranged in rows facing the tluorescent tubes). Total visible light

flux from the fluorescent lamp was measured with a Li-Cor radi-

ometer-photometer. Model LI-185A, using an on-deck light sen-

sor. Neutral density black scrim was used to regulate light inten-

sity. Light entering the settlement chambers was 2.4-2.6 microE-

insteins ((xE) m"" • m'", after all filters were in place. This range

is equivalent to midsummer light intensity at about a 5 m depth in

the lower Chesapeake Bay, using a light attenuation coefficient (k)

of 1.1, and assuming surface insolation of 500 |jiE
• m"" • s'" (Wet-

zel and Neckles 1 986). Light levels used in similar trials by Ritchie

and Menzel (1969) were 25-50 foot candles (=5.2-10.4

(xE
• m"" •

s'").

Five light treatments were used: white, red, green, blue, and

total darkness. White light was unfiltered from the fluorescent

lamp. The total darkness treatment consisted of settlement cham-

bers made entirely of black acrylic, which blocked all light, with

no clear acrylic panel. For red, green, and blue light, theatrical

light filters (Rosco and Lee brands) were used. Transmittance

spectra of filters were measured with a Shimadzu spectrophotom-

eter. Model UV 160. The red filter was Roscolux Medium Red

overlaid with Lee Orange; this combination transmitted wave-

lengths only above 600 nm. The green filter was Roscolux Dark

Yellow Green (470-600 nm, peak at 525 nm), and the blue filter

was Lee Deep Blue (380-525 nm, peak at 425 nm). Both green and

blue filters transmitted some far red (above 740 nm) light, but

these wavelengths were mostly above the fluorescent lamp output.

Light filters and black scrim were attached directly to the outside

of the settlement chambers.

Competent-to-settle pediveliger larvae of Crassostrea virginica

were reared at 20 ppt salinity in the Virginia Institute of Marine

Science oyster hatchery. Approximately 500 larvae, in 55 ml of 20

micron-filtered seawater (20 ppt). were pipetted into each settle-

ment chamber. A fan was used to circulate air past the settlement

chambers, and temperature within the chambers remained at 25-

28°C throughout the trial.

All settlement trials ran simultaneously for 24 h at constant

light conditions. There were six settlement chambers for each color

treatment, and each series of trials (five treatments) was run twice,

for a total of 12 replicates per treatment. At the end of each trial,

settled juveniles (spat) on the illuminated ("front") and shaded

("back") surfaces of each substrate plate were recorded. Settle-

ment on each side (illuminated and shaded, or front and back in the

case of the no-light treatment), was expressed as a proportion of

total settlement for each substrate plate. The difference between

proportional settlement onto shaded and illuminated surfaces was

calculated for each replicate substrate.

Paired-sample Mests were used to test the null hypothesis that

the mean proportional difference between illuminated and shaded

(front and back) for each light treatment was equal to zero (Zar

1996). Prior to analysis, the absolute of each difference was trans-

formed using the arcsine-square root transformation (Zar 1996),

and then converted back to its original sign.

RESULTS

In total darkness, no significant settlement difference between

front and back surfaces of the settlement substrate plates was de-

tected. In all other treatments, proportional settlement of Crassos-

trea virginica was significantly higher onto shaded sides of settle-

ment plates. Results are summarized in Table 1 .

Larval mortality was less than 1% in any treatment, and larvae

that had nol settled were still swimming. About 10-12% of the

larvae in each trial settled, which was typical for hatchery-reared

C. virginica larvae al that time (Baker 1994).

DISCUSSION

Competent-to-settle larvae of Crassostrea virginica respond to

red, green, and blue portions of the visible light spectrum in the

same manner as they do to white light. In this regard, they are

unlike many previously studied coastal larvae, which appear to be

unable to use orange or red light (Lang et al. 1979, Young and

TABLE 1.

Summary of differences of settled Crassostrea viginica between back

(shaded) and front (illuminated) surfaces. Values are given for mean

proportion of larvae settled on shaded (Back) surfaces; the means

(A Mean) and standard deviations (A STDS) of the differences

between proportions on shaded and illuminated surfaces, and type I

error probabilities (p) from one-sample /-tests (based on

arcsine-square root data transformations).
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Chia 1982, Marsden 1986. 1988, 1990). Coastal waters that trans-

mit little usable light to other species still transmit sufficient light

in the longer wavelengths to be a settlement cue for C. viri;iincci

larvae.

The breadth of the spectral responsivity of C. vii\^iiiica larvae

reflects the range of water column conditions this species encoun-

ters. The spectral transmittance of sea water is strongly modified

by dissolved and particulate terriginous matter, and thus varies

between and within estuaries (Pierce et al. 1986). The adult habitat

of C. virginica, and thus the habitat of competent-to-settle larvae,

ranges from oceanic to seasonal salinities as low as 5%6 (Wells and

Gray 1960, Stanley and Sellers 1986). A broad spectral respon-

sivity would be a beneficial adaptation for a species occupying this

range of habitats. The brine shrimp. Anemia sulinu, also has a

broad spectral sensitivity, and also occupies highly variable water

column conditions (temporary ponds), although peak sensitivity

appears to be below 600 nm (Aiken and Hailman 1978).

On the other hand, light is not a required settlement cue for C.

virginica. In both this study and others (Richie and Menzel 1969,

Baker 1997), C. virginica larvae settled in the total absence of

light. Gravity appears to be a strong settlement cue by itself Either

light avoidance or geota.\is could permit larvae to settle on lower

surfaces of adult oyster shells in the field, but the settlement pat-

terns that result are equally marked in darkness (Baker 1997),

indicating gravity as a sufficient cue. Gravity is a constant, light is

not. Furthermore, other cues are also available: C. virginica has

been shown to settle in response to water-bom chemicals from

conspecifics (Hidu et al. 1978), and C. gigas. a similar species,

settles in response to chemicals produced by certain bacterial con-

ditions on the substrate (Fitt et al. 1990).

The question then arises: Why has C. virginica evolved a pho-

totactic response during settlement? Assuming that the eyespot is,

in fact, a photosensory organ (Thompson et al. 1996), why does it

develop only in the competent-to-settle larvae?

One possibility is that phototaxis permits a 'Tine-tuning" of

the settlement response. Oysters, unlike most bivalve mollusks,

cement permanently to the substrate immediately upon settlement,

and cannot subsequently adjust their habitat choice (Kennedy

1996). Laboratory studies deliberately reduce variables and pro-

vide larvae with clear choices (up-down, light-dark), but natural

ecosystems are likely to be more complex. It is. therefore, probably

of selective advantage to invest in additional sensory systems to

gain as much information as possible about a potential permanent

home.
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RECRUITMENT PATTERNS OF THE EASTERN OYSTER, CRASSOSTREA VIRGINICA, ALONG
A CREEK GRADIENT IN HOUSE CREEK, LITTLE TYBEE ISLAND, GEORGIA
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ABSTRACT Our goal i,s to produce large, deep-cupped, single oysters, Crassoslrea rirginicu, for the halt-shell and steamer market.

However, oysters in Georgia are small and grow in clusters because of high recruitment rates and lack of appropriate substrate upon

which oyster spat can settle. It was hypothesized that oyster recruitment would be lower at sites farther back into a tidal creek

presumably because of high tidal flushing rates (40% e.xchange per tide). To test this hypothesis, spat collectors were deployed monthly

at 10 sites along two branches of House Creek. Little Tybee Island, Georgia from April to November. 1996. The total number of oysters

on each collector was enumerated and 30 oysters per site were measured for shell length. Significant differences in recruitment rates

were observed between sites (p < .001). Generally, oyster spat recruitment was lowest at the most remote sites in a tidal creek and

increased seaward. The recruitment rate at one site was higher than expected based on our hypothesis. However, the percent cover by

adult oyster reefs at this site was also higher and may explain the higher recruitment rate. Therefore, our data supports the hypothesis.

Based upon the results of this study, the most remote sites in a tidal creek with relatively low percent cover by adult oyster reefs should

exhibit low recruitment rates. It may therefore be possible to reduce oyster clustering by culturing oysters in these areas for grow-out

to market size.

KEY WORDS: Oysters, aquaculture, fouling, recruitment, Crassoslrea virgiiuca. spatfall

INTRODUCTION

Georgia has 450.000 acres of salt marsh, most of which is

undeveloped and relatively unpolluted. Given this, and the ideal

environmental conditions of salinity (10 ppt-30 ppt) and water

temperature (8-30°C). the Georgia coast has the potential to be a

prime location for Eastern oyster. Crassoslrea riri;iiika (Gmelin).

aquaculture (Heffeman and Walker 1988). Due in part to a large

tidal amplitude (2.4-3 m), oyster population dynamics are unique

in that oysters in Georgia occur mostly in the intertidal zone (Har-

ris 1980). Therefore, oyster culturing techniques used successfully

in areas where oysters occur subtidally might not be as effective in

Georgia, Specific culturing techniques need to be developed for

Georgia that account for the unique environmental characteristics.

Dame et al. (1984) noted that oyster reefs reach their greatest

biomass and density in the southeastern United States, in particular

South Carolina and Georgia. However, the oysters are relatively

small and tend to grow in clusters, making harvesting and subse-

quent handling difficult. Also, high recruitment rates and the lack

of appropriate substrate for setting cause oysters to settle upon and

compete with each other. This results in overcrowding such that

oysters only have room for lateral growth. Oysters grown in such

conditions are long, narrow, and shallow, and the meat is of little

commercial value (Adams et al. 1991).

Eighteen months of growth are required for an oyster to attain

legal market size in Georgia (Heffeman and Walker 1988). Thus,

oysters must grow through at least one spawning cycle. May
through October (Heffeman et al. 1989). where oyster spat (juve-

nile oysters that have successfully recruited) may settle upon cul-

tured oysters. O'Beirn et al. ( 1995) determined that oyster recruit-

ment in Georgia can be higher than recruitment rates observed in

other parts of the southeastern United States. Mean monthly re-

cruitment rates as high as 35.000 spat/m" have been documented

(O'Beirn et al. 1994). The degree of fouling by oyster spat presents

a serious problem for oyster aquaculture in this region.

It may be possible to control the degree of fouling by growing

oysters to market size in areas of low oyster recruitment. There-

fore, identifying areas of low recruitment would be useful infor-

mation in developing aquacultural techniques. We hypothesized

that oyster recruitment would be lower at sites farther back into a

tidal creek presumably because of high tidal flushing rates. The

hypothesis of this experiment was based upon the results of a

two-yr study of oyster recruitment conducted by 0"Beim et al.

(1997) in the Duplin River. Sapelo Island. Georgia. They found

that areas farther back in this tidal river had lower recruitment rates

which may be attributed to the larvae being flushed out of these

areas during tidal changes. This is a possibility because Ragotzkie

and Bryson (1955) showed that a 40% water exchange occurred

with each tidal cycle for the Duplin River. Therefore, the most

remote locations in tidal creeks might be the best for oyster grow-

out because oyster spat fouling might be reduced by larvae being

washed out with the tide.

This study monitored the temporal and spatial patterns of re-

cruitment, spat size, and water temperature at 10 sites in House

Creek. Identifying spatial recmilment patterns will enable us to test

the hypothesis. Studying temporal and spatial patterns of recruit-

ment, spat size, and water temperature will provide important in-

formation in developing oyster aquacultural techniques.

Sile Description

This study was carried out in House Creek which is part of the

Little Tybee Island complex located just outside Savannah. Geor-

gia (Fig. 1 ). The area is predominated by salt marsh and small tidal

creeks, Wassaw Sound is the primary source of water for both

branches of House Creek utilized in this experiment. One branch

of the creek is connected to another water source, the Bull River,

at high tide and the other branch is a dead end. Under our hypoth-

esis, sites closest to Wassaw Sound and the Bull River should have

higher recruitment rates than the sites farthest back into the creek.

In addition, we expected to observe a gradient of recruitment rates

from sites farthest back in the creeks seaward. In this case, cul-
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35- 37' 35- 36' 35- 35' 35' 34' 35" 33'

Figure 1. Oyster spat collection sites in House Creek, Little Tvbee Island, Wassaw Sound, Georgia.

turing methods could be employed so that spat could be collected

from areas of highest recruitment and transplanted to areas of low

recruitment for growout to market size.

METHODS

To test our hypothesis. 10 sites were chosen along both

branches of House Creek: one where the creek branches, five along

the larger branch that is influenced by the Bull River, and four

along the second branch (Fig. 1 ). Rebar frames were permanently

installed at each site to ensure that the collectors were positioned

at mean low water, near a living oyster reef, and approximately 15

cm off the shell bottom. The collectors were gray PVC pipes (2 cm
in diameter, cut in 15-cm segments, of which 12.5 cm was used in

the analysis, which resulted in a total surface area of 0.01 m") with

longitudinal grooves and embedded calcium chips. The four col-

lectors were placed on PVC frames designed to fit on the rebar

frames (Fig. 2). Prior to deployment, the collectors were condi-

tioned in a raceway with running sea water for several days.

The study was initiated on 27 March 1996 at which time the

first set of collectors was deployed at each site. The collectors were

replaced with a new set on a monthly basis and the study was

terminated on 24 November 1996. After the deployment period,

the collectors were lightly rinsed with fresh water to remove any

loose debris and oyster larvae that were not fully cemented to the

substrate. For the purpose of this study, we defined oyster spat as

oysters that had metamorphosed, cemented, and exhibited a fan of

shell growth. Therefore, larvae that were washed away because

they had not fully cemented were not considered spat.

On a monthly basis, all the oysters on each collector were

counted using a dissecting microscope (lOx). In addition. 30 oys-

ters were measured for shell length (umbo to lip) per site. When
less than 30 spat settled per site, all oyster spat were measured.

Oysters smaller than 10 mm were measured with an ocular mi-

crometer in the microscope. Oysters larger than 10 mm were mea-

sured using Vernier calipers.

Optic StowAway Temperature Loggers from Onset Computer

Corporation were deployed at each site. The probes were placed in

plastic bags with holes and then placed inside PVC pipes with

holes to mhibit biofouling. These units were weighted down with

a brick and attached to the rebar frame using heavy fishing line.

The water temperature loggers were programmed to take measure-

ments every six min. The data were downloaded to the Optic

Shuttle and then directly into the computer via the Optic Base

Station on a monthly basis.

The areas occupied by the adult oyster reefs were estimated by

multiplying the longest length by the longest perpendicular width

of each reef within a 30.5 m radius of the collectors. The resulting

number was divided by the area of a circle with a 30.5 m radius

and multiplied by 1009?- to get the percent cover by the adult oyster

reefs at each site. The oyster reefs included shell as well as living

oysters. These data were collected in March 1998. It is possible

that the areas occupied by the oyster reefs changed during the

interval between the end of the recruitment study and the collec-

tion of this data. However, this was intended to provide an estimate

only, and based upon personal observation it is unlikely that the

areas changed enough to substantially effect the estimate.

The raw monthly recniitment data were converted to the aver-

age number of spat per collector (n = 4) at each site and then

analyzed using Friedman's Method for Randomized Blocks. First,

months were used as blocks (b = 6) and then sites were used as

blocks (b = 10) to determine if there were differences in recruit-

ment between sites and months, respectively. The raw monthly

size data were converted to the average spat size (n = 30, when

available) at each site and then analyzed using Friedman's Test,

again blocking months (b = 6) and sites (b = 10). independently

(Conover 1980). The purpose for deploying collectors during the
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Gray, grooved PVC collectors

Reinforcement bar home

Figure 2. Spat collectors attached to an exchangeable PVC frame mounted on a permanent frame on site made of rebar.

months of April and November was to ensure that we did not miss

the beginning and end of the recruitment period. We did not expect

to observe recruitment during those months, although it is possible.

Therefore, only those months in which recruitment was actually

observed were used in the analysis of the recruitment and size data.

In October, although no recruitment was observed at sites 2. 4, and

8. they were still used in the analysis and assigned the lowest rank

in their blocks. If significant differences were detected, the mul-

tiple comparisons test suggested by Conover (1980) was used to

determine which sites or months were significantly different from

each other.

Daily (n = 225) and biweekly In = 3100) water temperature

averages were obtained from the raw data at each site. Monthly

water teinperature averages were calculated as the mean of the

daily water temperature averages (n = 30) at each site. The daily

water temperature averages (n = 30) were analyzed using one-way

analysis of variance (ANOVA) to detennine if there were signifi-

cant differences in water temperature between sites for each

month. The test was conducted with equal sample sizes for April,

July, and August, and unequal sample sizes for the remaining

months because the temperature probes failed at several sites. If

differences were observed, a Tukey-Kramer test was used to de-

termine which sites were significantly different from each other

(Sokal and Rohlf 1995). The statistical package used for the

ANOVA and Tukey-Kramer tests was JMP (SAS Institute 1989).

RESULTS

The average number of spat per collector (n = 4) at each site

is plotted over time in Figure 3. Recruitment was first observed in

May at all 10 sites. All sites demonstrated peak recruitment rates

in June and another small peak was observed in September at most

sites. Recruitment ended at sites 2, 4, and 8 in September, whereas

the other seven sites last exhibited recruitment in October. Sites 1

and 2 demonstrated the largest peaks, with means of 457 and 650

spat/0.01 m". respectively, and had a total of more than 2.000 spat

settle during the season. The lowest recruitment rates were ob-

served at sites 4 and 10. neither of which exhibited a mean of more

than 10 spat/0.01 m" during any time period or a total of more than

100 spat settling during the entire season.

There were significant differences in the average number of

spat per collector (n = 4) between sites when months were

blocked (Friedman, p < 0.001 ). Table 1 shows the results of the

multiple comparisons test to determine which sites were signifi-

cantly different. Sites 1. 7. and 9 were ranked the highest in re-

o
U
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(irciner than 2000

:>puf per season

r
—

I

Bcmeen 100 and 2000—
spat per season

^ Uss than 100

spat per season

Figure 3. Mean number of spat collected per month per site for the ten

sites in House Creek, Little Tybee Island, Georgia.



1088 MORONEY AND WALKER

TABLE 1.

The results of the multiple comparisons test on the average

recruitment data to determine which sites were

significantly different.

Ranking of Recruitment by Site

Multiple Comparisons p = 0.05

High-

Site: 1 10

> Low

8 4

This test was warranted because the Friedman test on the average number

of spat per collector (n =
4), using months as blocks, resulted in significant

differences (p < 0.001) between sites. Only months in which recruitment

was observed were used in the Friedman test. Sites underlined by the same

line are statistically the same.

cruitment and were significantly higher than sites 8 and 4. which

were ranked the lowest. However, there is a high degree of overlap

of significance based on this test.

A summary of the rankings of the total number of spat settling

during the season, the results of the multiple comparisons test on

the average recruitment data, and the percent cover by adult oyster

reefs at each site is presented in Table 2. The ranking of the total

number of spat settling during the sea.son is based upon Figure 3.

Table 1 is used to rank the sites according to the results of the

multiple comparisons test on the average recruitment data. Sites

where the percent cover by adult oyster reefs was greater than 10%

were ranked high, between 5 and lO'yJ' were ranked medium, and

less than 5% were ranked low. The location of each site along both

branches is also described. Site 1 is considered part of both

branches because it is located where House Creek bifurcates.

When sites were blocked, there were significant differences in

the average number of spat per collector (n = 4) between months

(Friedman, p < 0.001 ). The results of the multiple comparisons test

to determine which months were significantly different are shown

in Table 3. Each month was significantly different in recruitment

from the rest, with the exception of May and September which

were statistically the same. June was ranked the highest in recruit-

ment and October was ranked the lowest.

The average spat size (n = 30 when available) at each site is

plotted over time in Figure 4; it ranged from 0.37 mm to 4.92 mm.

Spat size was highly variable within sites. However, the data seem

to exhibit a general trend: a peak in spat size occurred in June,

followed by another peak in August or September.

When sites were blocked, significant differences in the average

spat size (n = 30 when available) were observed between months

(Friedman, p < 0.001 ). The results of the multiple comparisons test

to determine which months were significantly different are shown

in Table 4. August and September were statistically the same in

ranking of oyster size, as well as October and May. All other

comparisons were significantly different. June was ranked the

highest in spat size and October and May were ranked the lowest.

When months were used as blocks on this data, there were no

significant differences between sites (Friedman, p > 0.05).

The average oyster recruitment versus water temperature is

plotted in Figure 3. The average oyster recruitment is the average

number of spat per collector (n = 4) per month and site. The water

temperature is the monthly average at the corresponding site.

There were several sites where the temperature probes failed to

collect data during the entire month of collector deployment. These

sites were not included in this plot. Oysters settled within a water

temperature range of 23.5-29.0°C. Maximum recruitment oc-

curred at a water temperature of 27.5°C. Heaviest recruitment

occurred in June when water temperatures increased to 27°C.

rather than in September when water temperatures decreased to

27°C (Figs. 3 and 6). However, a small peak in oyster recruitment

was noted in September.

Figure 6 is a plot of the water temperature over time throughout

the recruitment season. The water temperature is the average of the

biweekly water temperature averages at all 10 sites. On 16 April, sites

8 and 9 had significantly higher water temperatures than the other

eight sites (Table 5): therefore, those two sites were plotted separately

on that date. The water temperahire rose steadily between 16 April

and 26 June 1996. Between 26 June and 20 August, the water tem-

perature leveled off at about 28.5°C. Following 20 August, the water

temperature decreased to a low of about 14.5°C in December.

TABLE 2.

A summary of the rankings of the total number of spat settling during the season, the results of the multiple comparisons test on the

average recruitment data, and the percent cover by adult oyster reefs at each site along both branches. The location of each site along both

branches is described.

Branch Site

Location Along
Branch

Number
of Spat

Multiple

Comparisons

Percent

Cover

Large

Small

1

2

3

4

5

6

1

7

g

9

10

Most seaward

Most remote

Close to Bull River

Close to Bull River

Most seaward

Most remote

h

h

m
1

m
m
h

m
m
m
1

h

m

1

h

m
1

1

h

h

h

h

1

h

1

Site 1 is considered part of both branches because il is located where House Creek bifurcates.

Key: (h)igh: >2000 spat: Sites 1, 7 & 9: >10':/f: (mledium: 100-2000: 2. 5. 6. 3 & 10: 5-10; (Dow: <100: 8 & 4; <5,
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TABLE 3.

The results of the multiple comparisons test on the average

recruitment data to determine which months were

significantly different.

Ranking of Recruitment hy Month

Multiple Comparisons p = 0.05

High-

Month: June July May September August

—» Low

October

This test was warranted because the Friedman test on the average number

of spat per collector (n =
4), using sites as blocks, resulted in significant

differences (p < .001) between months. Only months in which recruitment

was observed were used in the Friedman test. Months underlined by the

same line are statistically the same.

The results of the ANOVA and Tukey-Kratiier tests pei^'otTiied

on the daily water temperature averages (n = 30) are shown in

Table 5. Significant differences in water temperature were ob-

served between sites (ANOVA. p < 0.05) during the months of

April. August, November, and Decetnber. Of those, the only

month during which oyster recruitment was observed was August.

However, the Tukey-Kramer test (p
= 0.05) was unable to detect

significant differences in water temperature between the sites dur-

ing August. During April, sites 8 and 9 were significantly higher in

water temperature than all the other sites (Tukey-Kramer, p
=

0.05). In November and December, the Tukey-Kramer test (p
=

0.05) was able to detect significant differences in water tempera-

ture between sites, however, there is a high degree of overlap.

DISCUSSION

In general, oyster recruitment began in May. peaked in June,

demonstrated another small peak in Septetnber. and tertninated in

October (Fig. 3). When sites were blocked, there were significant

differences in the average number of spat per collector between

months (Friedman, p < 0.001, Table 3). June was ranked the high-

est month which corresponds to the peak recruittnent period in

June. Since another small peak was observed in September, it

would be expected that September should be ranked second. How-

ever, the recruitment rate in July was higher than September, but

July was exhibiting a decreasing trend and was therefore not con-

sidered a peak. These general seasonal patterns were similar to

those observed in this region by other authors (Kenny et al. 1990,

McNulty 1953, O'Beirn et al. 1996).

TABLE 4.

The results of the multiple comparisons test on the average spat size

to determine which months were significantly different.

Ranking of Spat Size by Month

Multiple Comparisons p = 0.05

Month:

Large
-

June August September July

> Small

October May

This test was warranted because the Friedman test on the average size of

30 spat (when available), using sites as blocks, resulted in significant

differences (p < 0.(X)1 ) between months. Only months in which recruitment

was observed were used in the Friedman test. Months underlined by the

same line are statistically the same.

More than 8.000 spat settled in June (the sum of all sites and

collectors), whereas less than 50 spat settled in October. These

results support the findings of Kenny et al. ( 1990) in that the within

year variability in recruitment numbers may be high. In addition,

Kenny et al. (1990) noted that these temporal patterns are fairly

consistent among years for each geographic location, and that the

peak recruitment periods coincide with the spawning patterns of

the local adults. Yet, O'Beirn et al. (1997) found that spawning

events were not necessarily followed by peaks in recruitment. This

emphasizes the point that recruitment is dependent upon many
factors, which include rate of gametogenesis and spavining, water

temperature, salinity, food availability, tidal flushing, etc. Perhaps,

in the year O'Beirn et al. ( 1997) conducted the study, these other

factors had more important roles in determining recruitment rates.

Based upon our hypothesis, we expected to observe the highest

recruitment rate at site 1 (the site closest to Wassaw Sound). Along
the small branch of House Creek we expected a gradient of re-

cruitment rates, the lowest at site 10 and increasing seaward. The
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1996

Figure 6. The mean water temperature in House Creek. Little Tybee

Island. Georgia. Significant differences in water temperature was de-

tected only at sites 8 and 9 on April 16, thus the separate data point

graphed on that date.

large branch is influenced by the Bull River at site 5 at high tide.

Along the large branch we expected site 1 to be the highest, the

sites closest to the Bull River (sites 5 and 6) to be the next highest,

and a gradient between sites I and 5. Consistent with our hypoth-

esis, both the number of spat settling and the multiple comparisons

test revealed that recruitment at site 1 was significantly higher. In

fact, the number of spat settling is consistent with our hypothesis

TABLE 5.

The results of the analysis of variance on the daily water

temperature averages (n = 30) to determine if there were significant

differences between sites for each month.

Ranking of Temperature by Site per Month

ANOVA Tukey-Kramer p = (]

Month p-Value High Lo\(

Apnl
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creasing to 27^C. This might suggest that 27°C is an optimum

temperature for oyster recruitment. However, additional studies

would need to be conducted to verify this.

Our goal is to produce large, deep-cupped, single oysters for

the half-shell and steamer market in Georgia. A quality product

may be obtained by reducing the degree of clustering and provid-

ing the spat with the potential for fast growth. By deploying spat

collectors in July or August, after the peak recruitment period,

fouling by additional spat would be considerably reduced because

the majority of setting would have already occurred. This, coupled

with the larger spat observed in August and September, would

provide the newly settled spat with fast growth potential and re-

duced crowding.

Since 18 months of growth are required for oysters to reach

market size in Georgia (Heffeman and Walker 1988). the cultured

oysters would then be exposed to additional oyster spat fouling

during the second recruitment season. However, culturing oysters

in areas of low recruitment would further reduce such foulinti

without adversely affecting the growth potential. Based upon the

results of this study, the most remote sites in a tidal creek with

relatively low percent cover by adult oyster reefs should exhibit

low recruitment rates. In addition, biofouling during the recruit-

ment season can further be reduced by culturing oysters in mesh

bags placed intertidally on the river bottom (Adams et al. 1991,

Moroney 1997).
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ABSTRACT Two static allometric condition indices and two static histological indices were assessed in detennining whether oyster

shell blistering induced by Boccardia knoxi infestations affected the health of infested oysters. Analysis of variance. Spearman's

correlation analysis, and a-posteriori power analysis were used to assess the condition indices. The use of the dry weight condition

inde.\ CIn I
and the shell volume condition index CI,, were first validated after checking for confounding due to increased

shell weight and loss of shell volume resulting from blistering. No significant differences in condition were detected between the sexes

within the three subjective shell grades chosen to represent varying levels of shell blistenng. Loss of condition was detected by three

out of the four indices; the CIne5h:sheii •^nd Cln^shcv both detected significant differences, but did not have the required level of power
to reject the null hypothesis of no effect. However, for heavily blistered oysters the highly significant reduction in oocyte size (CI^oj^..^)

supported rejection of the null hypothesis. The loss of condition was considered insignificant in terms of subtidal oysters production,

but demonstrates the parasitic effect spionids can ha\'e even under ideal growing conditions. The only index not detecting an effect,

CIgonad area ^ad thc lowcst power (<3%). illustrating the importance of performing a-posteriori power analysis. The resuUs of the

analysis of variance (ANOVA). Spearman's rank nonparametnc correlation coefficients (SCC). and power analysis all indicated the

Clneshsheii ^^^ '^c mosi Sensitive of the four indices compared. The negative effects of shell blistenng induced as a result of B. knoxi

infestations rendered this species a parasite of Pacific oysters in Admiralty Bay.

KEY WORDS: Spionid polychaete. Spionidae. Boccardia. Polydora. Pacific oyster. Crassostrea gigas. shell blisters, aquaculture,

subtidal, power analysis

INTRODUCTION

The effects spionid polychaete worm infestations can have on

oysters have been confusingly portrayed in the literature. Some

studies have detected a parasitic effect resulting in decreases in

condition due to infestations (Wargo and Ford 1993, Lunz 1941)

whereas others imply commensalism with no significant effect

(Stephen 1978, Medcof 1946) or even greater condition (Schleyer

1991). Spionid worms can infest oysters by two means: boring

through the shell structure from the e.xtemal suiface using meta-

bolic acids (Haigler 1969), or enteiing the mantle cavity of the

oyster as larvae and thus settling within the shell (Handley and

Bergquist 1997, Skeel 1977, "Whitelegge 1890). The latter results

almost immediately in oysters secreting a blister of either conchio-

lin or shell material to wall out the intruder from the shell. In

response to the former, shell blistering can result if the worms bore

through the inside shell surface and penetrate the mantle cavity.

Loss of condition is expected in oysters secreting shell blisters; as

the oysters have to expend energy making the blisters (Blake et al.

1996), they lose internal shell volume, and the blisters' irregular

shape may interfere with the feeding currents within the mantle

cavity (Korringa 1951 ). The presence of blisters inside the mantle

cavity also requires that the oysters increase shell deposition to

regain internal shell volume and shape.

The cause of some of the confusion over the etiological status

of spionids may be due to a combination of inappropriate methods

used to detect spionid impacts and low statistical power when a

null result is concluded. The relationship between environmental

variables and the apparent "'health'" of oysters has been investi-

gated using ecophysiological indices to summarize the physiologi-

cal activity of the animals (Lucas and Beninger 1985). The most

Present address: NIWA, P.O. Box 893 Nelson, New Zealand

popular methods used to measure physiological effects of spionid

infestations in bivalves have been ""static" condition indices

which determine the health of the host at a single point in time

using shell \olume as a parameter (Wargo and Ford 1993. Lunz

1941). These indices may, however, be inappropriate if con-

founded by the loss of shell volume and increased shell deposition

resulting from infestations (Handley and Bergquist 1997).

In New Zealand, shell blisters in Pacific oysters have been

attributed to a number of spionid species, especially Polydora

websteri in intertidal cultivations in the North Island (Handley and

Bergquist 1997), and Boccardia knoxi infesting South Island sub-

tidal cultivations (Handley 1995, 1997). In these studies a dry

weight condition index recommended by Lucas & Beninger (1985)

detected a biologically insignificant correlation with loss of con-

dition in infested oysters in intertidal cultivations (Handley and

Bergquist 1997). but no adverse impacts on condition in subtidal

oyster populations (Handley 1997).

Condition indices relate the tissue weight of the animal to some

estimate of shell size, with reductions in condition implying con-

sumption of stored energy reserves (Newell 1985). The primary

energy reserve stored by marine bivalves is the metabolite glyco-

gen (Barber et al. 1988) which is responsible for the creamy con-

dition and sweet taste of "fat" oysters (Beaumont and Fairbrother

1991). The gametogenic cycle of oysters is influenced strongly by

the condition of oysters, with glycogen being used up during ga-

metogenesis (Perdue and Erickson 1984, Mason and Nell 1995).

One of the most accurate techniques reported to assess the meta-

bolic costs of parasitism in oysters is the "gamete volume frac-

tion" derived histologically from the ratio of the gonad to visceral

area (Mori 1979, Perdue et al. 1981, Newell and Barber 1988).

More recent histological techniques have been developed to com-

pare the size of gametes to quantify any effect on gamete produc-

tion (Barber et al. 1988). To quantify the true effects of a parasite.
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host individuals with infestation ranging from nil to severe must be

sampled from within the same population (Newell and Barber

1988).

The aim of this study was to test the null hypothesis (H„) that

spionid-induced shell blistering did not affect the condition of

subtidal Pacific oysters. This was done by using two static allo-

metric condition indices and two static histological condition in-

dices. The validity of the condition indices in terms of confounding

were tested, and power and correlation analyses were used to

compare the sensitivity of the condition indices.

METHODS

Experiment

Oysters were collected from the experimental oyster growing
site "B" in Admiralty Bay. Marlborough Sounds (Handley 1997).

One hundred and twenty intact oysters of a similar size were

selected from a population of oysters grown on plastic sticks after

they had been separated and scrubbed clean of fouling organisms.

These oysters had previously been shown to contain a proportion

of blistered oysters and were sampled on the 2 December 1995

which was the time during which B. knoxi had been previously

recorded to induce shell blistering as gonad condition increased

(Handley 1997).

Analysis

After cleaning, each oyster's shell volume was individually

measured by displacement before being labelled with rubber bands

and plastic tags (Roper etal. 1991, Medcof and Needier 1941). The

oysters were carefully opened with a sharp knife and separated into

three subjective categories: "0" containing no shell blisters: "1"

containing 0-50% of the internal shell covered by blisters, and

"2" containing <50% of the internal shell blistered. The oysters

were then sexed by removal of gametes by a small scalpel incision

of the gonad at the base of the adductor mussel. Eight oysters from

each sex were then selected to best represent each category. The

oyster meats were individually removed and weighed wet. before

and after a standard transverse .section had been removed from

behind the labial palps (Wilson et al. 1993, Perdue et al. 1981).

The gonad sections were fixed in Davidson's solution for 24 h and

then transferred to 70% ethanol in preparation for histological

sectioning and staining (Barber et al. 1988). The remaining meat

fractions and shells were dried to a constant weight at 80°C (Roper
et al. 1990) after the shucked shell displacement volumes had been

measured.

Static Condition Indices

The dry weight (CInesh>heii) and shell cavity (Cln^hsheii) con-

dition indices (Roper et al. 1991) were derived from the above

measurements after the whole dry ineat weights had been deter-

mined from the dry meat weight fraction, given the assumption
that the two wet weight fractions of oyster had the same water

content when sectioned:

"> CIn^5„:sheii
=

dry nieat weight (mg)/dry shell weight (g)

(2) Cln^^h,,^
=

dry ineat weight (mg)/shell cavity volume

(ml).

Histology

Histological sections 4-5 |j.m thick were obtained with a Jung

1 130 rotary microtome and stained with a standard Ehrlich's he-

matoxylin and counterstained with Eosin (cf. Myers Hematoxylin;

Barber 1996, Perdue et al. 1981).

Histological Indices and Image Analysis

The gamete volume fraction or "relative fecundity" (Cl„„„jj.^^^)

and oocyte areas
(Cl„„^.y,j)

were determined from the histological

sections using OPTIMAS video image analysis software viewed and

calibrated through a dissecting microscope and video camera (Barber

1996, Lowe et al. 1982, Perdue et al. 1981. and Barber et al. 1988).

The area of 50 oocytes was measured usuig OPTIMAS:

(1) Clg„„3j ^^^^
= area of gonad (mm~)/area of entire visceral

mass (mm")

(2) CI„„^.y,^,
= cross sectional area of 50 female gametes

(|xnr).

Statistics

Fixed factor analysis of variance (ANOVA. PROC GLM; SAS

1992) was used to test the null hypothesis (H„): spionid-induced

shell blistering had no impact on oyster condition as measured for

the balanced data for the CIn^,h:sheii. CInesh:cv- and CI„„,„j ,„,.

Mixed model ANOVA was used to test the same H,, for the bal-

anced data for
CIo„^,^,j using the mean squares error of the nested

replicate interaction term to test significance between shell grades.

The data sets were first log,,, transformed as they were growth
related (LaBarbera 1989) and checked for normality and homoge-

neity of variances before ANOVA procedures. Spearman's rank

nonparametric correlation coefficients (SCC. SAS; PROC CORR)
were also produced to test the H„, and a-posteriori power analysis

was performed for each ANOVA to determine the power of not

committing a "Type 11" error or accepting a false H„ (Searcy-

Bemal 1994. Koele 1982).

RESULTS

Oysters grown in the vicinity of this site have a history of

spionid infestations with 60% containing shell blisters due to in-

festations dominated by Boccardia knoxi (Handley 1995. 1997).

Visually there appeared to be no differences in the condition of the

oysters, with all oysters in a "fat" condition. Histologically, all

gonads were approaching "stage 3", the females having teardrop-

shaped eggs and follicular channels or "curtains" evident, the

male follicles being dark (basophilic) with sperm heads, and the

center consisting of sperm tails which were paler staining (Wilson

et al. 1993, Dinamani 1974).

Although a trend was evident in the CI,i^,^h:sheii and Cld^^h^v

data suggesting that females had greater condition index values

than males, the 95% confidence intervals showed there was no

significant difference between sexes (Fig. 1) and the mixed model

ANOVAs failed to detect a significant difference between sexes

for each of the condition indices (Table lA-F). These data were

subsequently lumped within shell grades and reanalyzed. ANOVA
comparing ineans between shell grades using the CI^^.,,,, .,^5,11

and

CInesh cv both detected a loss of condition due to shell blistering

between shell grades (Table 2, Fig. 2). These indices were not

confounded, with no significant differences detected between dry

shell weights or shell voluines between shell grades (Table IB &
D. Table 2). The dry meat weights were, however, significantly

different between grades across both sexes (Table lA, Table 2).

Decreasing shell quality was significantly correlated with a de-

crease in condition measured by the Cln^shsheii but not by the
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TABLE 1.

Analysis of variance for (A) oyster dry meat weights, (B) oyster dry shell weights, (C) oyster dry weight condition index, (D) oyster shell

volume, (E) oyster volume condition index, (F) oyster gonad/visceral mass condition index, and (G) oyster oocyte area condition index

December 1995.

Test of hypotheses for fixed model ANOVA
Dependent variable: Dry meat weights

Source DF
Shell Grade 2

Sex 1

ShellGrade*Sex 2

B

Test of hypotheses for fixed model ANOVA:

Dependent variable: Dry shell weights

Source DF
Shell Grade 2

Sex 1

ShellGrade*Sex 2

Type 111 SS

0.138

0.046

0.005

Type 111 SS

0.023

0.019

D.0 1 5

MS
0.069

0.046

0.002

MS
0.011

0.019

0.008

F

4.89

3.23

0.16

F

1.11

1.85

0.75

Pr>F
*

ns

ns

Pr> F

ns

ns

ns

Test of hypotheses for fixed model ANOVA:

Dependent variable: Clneshsheii

Source DF
ShellGrade 2

Sex 1

ShellGrade*Sex 2

D
Test of hypotheses for fixed model ANOVA:

Dependent variable: Shell volume

Source DF
ShellGrade 2

Sex 1

ShellGrade*Sex 2

Type 111 SS

28424.168

6041.096

2774.957

Type III SS

0.071

0.045

0.069

MS
14212.084

6641.0957

1387.478

MS
0.036

0.045

0.034

F

5.05

2.36

0.49

3.60

2.72

Pr>F

ns

ns

Pr > F

ns

ns

ns

Test of hypotheses for fixed model ANOVA:

Dependent variable Cln^^^^^

Source DF
ShellGrade 2

Sex 1

ShellGrade*Sex 2

Type 111 SS

232.112

42.803

33.689

MS
116.056

42.S03

16.844

F

3..30

1.22

0.48

Pr>F

ns

ns

Test of hypotheses for fixed model ANOVA:

Dependent vanable:
Clj„„^j ,,„

Source DF
ShellGrade 2

Sex 1

ShellGrade*Sex 2

Type 111 SS

0.002

0.053

0.035

MS
0.001

0.053

0.018

F

0.03

1.38

0.45

Pr>F

ns

ns

ns

Test of hypotheses for mixed model ANOVA:

Dependent variable:
CI;,„y,5

Source DF

ShellGrade

Oyster (ShellGrade)

2

21

Denominator

Type 111 SS

0.234

0.052

Denominator

DF
21

576

MS

0.052

0.006

4..545

9.042

Pr> F

DF, degrees of freedom; SS, sums of squares; MS. mean squares; F, f statistic; Pr > F; *Pr< 0.001. *Pr <0.01. *Pr<0.05.

low to determine whether shell blistering affected relative fecun-

dity without increasing the sample size. As a loss in condition was

detected by the other indices, the results of the Clgo^ad area test

provided a good example of the value of calculating the power of

statistical tests before acceptitig the null hypothesis, given that the

four condition indices used on the same oysters in this study pro-

duced different results with highly variable statistical power, it is

not surprising there is confusion in the literature as to the etiologi-

cal status of spionids around the world.

Despite a measurable decrease in condition detected in this
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TABLE 2.

Analysis of variance. Spearman's correlation coefficients (SCO and power values for oyster dry meat vieights. oyster dry shell vieights,

oyster dry vieight condition index, oyster shell volume, oyster volume condition index, oyster gonad/visceral mass condition index, and oyster

oocvte area condition index. December 1995.

Dependent variable

Test of hypotheses for fixed model ANOVA and SCC:

Source: Shell grade

DF Type III SS MS Pr > F

"Power" of
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due to adverse environmental change, given tlie intuitively attrac-

tive concept that stress lowers resistance, rendering individuals

more prone to parasitism (Newell and Barber 1988). Thus, spio-

nid-induced impacts may not be trivial for all conditions, for ex-

ample, if the oysters are in a stressed state or in poor condition

because of overcrowding, limiting food availability. Shell blister-

ing under these circumstances could produce commercially and

biologically significant effects. As gonad development is linked to

reductions in nutritive reserves of glycogen (Perdue and Enckson

1984). the state of gonad development would play an important

role in the response of the oysters to the intrusions of spionid

polychaetes within their shells. As there are reports of spionid

infestations causing mortality in oyster populations (Nelson and

Stauber 1940, Whitelegge 1890. Wisely et al. 1979). further in-

vestigations are needed into their effects over varying stages of the

gametogenic cycle and under different environmental stresses.

These studies could help elucidate the stress thresholds that render

the oysters susceptible to shell blistering which result from spionid

infestations.

Spionid polychaetes do not derive a nutritional benefit from

their host; rather they are in loose association with their host

(Rohde 1982. 1993). Parasitism has been defined as "a close as-

sociation between two organisms, one of which, the parasite,

depends on the other, the host, deriving some benefit from it"

(Rohde 1982). Spionids species that have no obvious effect on the

host can be classified as "latent parasites" which have no obvious

effects on the host (Rohde 199,^). For example, the Boccurdia

species found infesting the external shells of intertidal oysters in

the Mahurangi Harbour had no apparent effect on the oysters

(Handley and Bergquist 1997). Some researchers have implied

commensalism by spionids whereby the spionids utilize food sup-

plied in the external or internal environment of the host (Thomson

1954). If the association damages the host, then the commensal

becomes a parasite (Rohde 1982). The results of this, and previous

studies detecting negative impacts of spionid worms on oysters,

render them parasites, for example, if they induce the formation of

shell blisters either during settlement or during the process of

burrowing within the shell (Odening 1976). Further debate about

the biological significance of spionid infestations will continue

until experiments integrating a range of gametogenic conditions

and environmental stresses are carried out to determine the thresh-

olds of stress induced by these parasites. Such studies could have

important practical applications in aquaculture pest management.
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ABSTRACT The Great Wicomico River is a small, irap-type estuary on the western shore of the Chesapeake Bay that once supported

substantial oyster populations. These populations were es.sentially eliminated by the combined effects of Tropical Storm Agnes in 1972,

and subsequent disease mortalities related to Perkinsus marimis and Haplosptiridium nelsoni. Oyster broodstock enhancement was

initiated in June 1996 by the construction of a three-dimensional intertidal reef with oyster shell, followed by the "seeding," in

December 1996, of that reef with high densities of large oysters from disease-challenged populations in Pocomoke and Tangier Sound.

Calculations of estimated fecundity of the reef population suggest that oyster egg production from this source is within an order of

magnitude of total egg production in the Great Wicomico River prior to Tropical Storm Agnes. Field studies in 1997 indicate spawning

by reef oysters from July through September. P. marirms prevalence increased from 32% in June to 100% in July, whereas intensity

increased from June to September; H. nelsoni was absent. Plankton tows recorded oyster larval concentrations as high of 37.362 ± 4.380

m"' on June 23. Such values are orders of magnitude higher than those typically recorded in Virginia subestuaries of the Chesapeake

Bay in the past three decades, and lend support to a premise that aggregating large oysters may increa.se fertilization efficiency. Drifter

studies suggest strong local retention of larvae, a suggestion reinforced by marked increases in local oyster spatfall on both shellstring

collectors and bottom substrate compared with years prior to 1997. In locations where local circulation promotes larval retention, the

combination of reef construction with broodstock enhancement may provide an accelerated method for oyster population restoration.

KFA' WORDS: Oyster. Crassostrea viri^inica. Great Wicomico River, reefs, fecundity, larvae, oyster settlement

INTRODUCTION
The Eastern oyster. Crassostrea virgiiiica (Gmeliii). plays an

important ecological role in the Chesapeake Bay and its tributaries

as well as being the focus of a substantial commercial fishery.

Oyster reefs developed in recent geological time as the current

Chesapeake Bay was inundated by rising sea level. By early Co-

lonial times, oyster reefs had become significant geological and

biological features of the Bay. Intensive exploitation since Colo-

nial times, combined with more recent impacts of two protistan

parasites. Perkinsus iiuiriiius (

"

'Dermo'
"

) and Haplosporidiiim nel-

soni ("MSX"'), have lead to the degradation of these reefs such

that only two-dimensional
'

"footprints"
"

of the.se former reefs re-

main. Today, these '"footprints" maintain drastically reduced oys-

ter populations. The Virginia Marine Resources Commission

(VMRC) supports an extensive replenishinent program throughout

most of its portion of the Bay. Traditional replenishment programs

have focused on spreading thin veneers of shell substrate for larval

settlement over coastal and estuarine bottoms. The purpose of this

practice is to provide a suitable substrate for settlement at mini-

mum cost. Ideally, the end product is the retrieval of seed or

market-size oysters from these shell ""plants": however, these

thin, two-dimensional carpets bear little resemblance to the intri-

cate, three-dimensional reefs that once supported a large oyster

population.

More recent replenishment programs ha\e focused on the con-

struction of three-dimensional reefs that resemble more closely

what was found in Colonial times. Since 1993. reefs have been

constructed in the Piankatank. Great Wicomico. Coan, Yeo-

comico. and James Rivers in the Virginia portion of the Chesa-

peake Bay. and Lynnhaven Bay on the southern side of the Bay
mouth. These reefs are built on the ""footprints" of former reefs

and consist of several mounds of shell that protrude out of the

water at low tide (e.g.. Bartol and Mann. 1997). Reef communities

have been allowed to mature naturally with no addition of brood-

stock oysters to the reef based on the premise that oysters would

recruit to the reef from the plankton, and because there was no

resident population of disease-infected oysters, would develop as a

predominantly disease-free population. This was not found to be

the case on an artificial reef built in the Piankatank River. Virginia

(Mann et al. 1996. Mann and Wesson 1996). Endemic diseases did

become established in the reef populations; however, the vertical

relief of the reefs enhanced growth to such an extent that the

oysters grew larger and faster than on adjacent "flat" oyster reefs.

From 1993 to 1996 oyster populations on the Piankatank River

reef developed to densities of 50-70 oysters m~" (Mann and Wes-

son unpublished data). This compares with densities of 200-350

m~" on the most commercially productive reefs (flat) in the James

River system (Mann and Wesson unpublished data. Mann and

Evans 1998). The disparity in these values suggests that develop-

ment of very dense and stable oyster communities on constructed

reefs is a long-term event that is delayed in regions that suffer poor

natural recruitment, and may be accelerated with an initial stocking

of broodstock.

The current study describes the impact on local plankton com-

munities and oyster settlement of an artificial reef, constructed in

1996-1997 in the Great Wicomico River (Fig. 1 ) that was initially

"seeded" with reproductively capable oyster populations. Specifi-

cally, the study sought to determine temporal spawning patterns of

'"seeded" oysters, estiinate the fecundity and larval production

from oysters on the reef and examine subsequent larval abun-

dance, distribution, and settlement in relation to local circulation

patterns.

METHODS AND MATERIALS

Data Collected as Part of Long-Term Monitoring

In order to describe the ecological impact of the reef, it is

necessary to present 1997 data in the context of a brief historical
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description of oyster populations. Original surveys of the limits of

oyster distribution in the Great Wicomico River were provided by

Baylor (1896) and subsequently revised by Haven et al. (1981).

Temporal (intra- and inter-annual) description of oyster settlement

(spatfall), population density, and demographics are available from

continuing Virginia Institute of Marine Science (VIMS) stock

monitoring programs.

The spatfall survey has been completed annually from 1965 to

the present. The collectors used to monitor spatfall were oyster-

shellstrings, which consist of 12 oyster shells of similar size (about

76 mm, max. dimension) drilled through the center and strung

(inside of shell down) on heavy gauge wire. Shellstrings were hung

0.5 m off the bottom at each station. Up to 16 stations have been

used at various times throughout the history of the spatfall surveys;

however, for consistency between years, this study reports only the

six stations (see Fig. I) that have been used yearly since 1965.

Shellstrings were replaced after a I -week exposure (with occa-

sional deviations) from June through September, and the number

of spat that attached to the smooth underside of the middle 10

shells were counted with the aid of a dissecting microscope.

The fall dredge survey provides information about spatfall and

recruitment, summer mortality, and inter-annual changes in abun-

dance of seed and market-size oysters. This survey has been com-

pleted yearly from 1971 to the present, excluding 1974-1976.

Figure 1 shows the geographical locations of the bars sampled in

the Great Wicomico River during this time. As with the shellstring

data, only the most consistently sampled stations were used in the

analysis. Three stations (Fleet Point, Whaley East, and Haynie

Point) have been sampled since 1986. Analysis was limited to

these three stations. Three to four 0.5 bushel samples of bottom

material were taken at each bar using a 24-inch dredge having

4-inch teeth. For each sample the following were determined:

number of market-size oysters (>76 mm, max. dimension), number

of small oysters (below market size and yearlings), and the number

of spat (young of the year oysters). In the ca.se where only 0.5

bushels were counted, they were standardized to one bushel by

doubling the counts. In the fall of 1995 and 1997, a collaborative

survey effort between VMRC and VIMS resulted in a formal stock

assessment on the oysters in the Great Wicomico River using

patent tongs (Chai et al. 1992). The five oyster reefs that were

sampled in the Great Wicomico River in 1995 and 1997 are shown

in Figure 1. For each reef a uniform grid was generated over a

current reef boundary map. Each grid location had a reference that

could be located electronically by LORAN from the research ves-

sel. Grid references were assigned a sampling order from a random

number table to generate a randomized sampling grid. Samples

were collected using hydraulic patent tongs with an opening of I

m". All of the retained material was washed, and counts of live

oysters as spat (young of the year), small oysters (<76 mm, max.

dimension), and market oysters (>76 mm, max. dimension) were

taken. Adequacy of sampling was assured using guidelines of Bros

and Cowell ( 1987), as described in Mann and Evans ( 1998).

Estimation of Historical Egg Production, Fertilization and

Embryo Production

To place in context the impact of adding broodstock, estimates

of historical egg production when adult oysters were still abundant

54'-

37-

50'"

46'-

l^'
"^^.^^"^^.n'^p^

Chesapeake Bay

10 1 Km.

1

Figure 1. Map of the Great Wicomico River showing the locations of various stations used throughout this study (1-12) and the location of the

artificial reef (R). Shellstring stations are represented by sites 1, i. 6-7, 9, and 11, fall dredge stations are represented by sites 6, 7, and 9, patent

long stations are represented by sites 4-5, 7, and 1(1-11. Egg production was calculated using the area of shell bottom covering sites 2-12, Inset

shows the location of the (Jreat Wicomico River within the Chesapeaite Bay system. The numerical key identifying stations corresponds to that

used throughout the current text. 1: Glebe Point, 2: Rogue Point, 3: HudnalPs, 4: Shell Bar, 5: Sandy Point, 6: Haynie Point, 7: Cranes Creek,

8: Whaley West, 9: Whaley East, 10: Dameron Marsh/Ingram, 11: Fleet Point. 12: Cockrell Creek.
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in the river are required. Quantitative historical stock assessment

data for the Great Wicomico are lacking, but there are current data

for extant reefs in the James River in similar salinity regimes

which have similar qualitative (based on dredge sur\ey data) popu-

lation demographics. A combination of revised Baylor survey data

(Haven etal. 1981) of reef area in the Great Wicomico (Fig. l)and

current James River quantitative stock assessment data (Mann and

Wesson unpublished. Mann and Evans 1998) were used to esti-

mate historical oyster demographics in the Great Wicomico (see

Table 1). Since salinity plays a role in reproductive success, it was

necessary for the reefs being compared to have similar salinity

regimes. Reefs in three salinity regimes (8.5. 10.5. and 1.3.5 ppt.

see Mann and Evans 1998) in the James River were used in the

calculation. Egg production per unit area for each reef in the James

River, based on the appropriate size frequency distribution, was

estimated by methods described in detail in Mann and Evans

(1998) using size-specific fecundity taken from Thompson et al.

( 1996). panty in sex ratio as suggested by Cox and Mann ( 1992).

and density-dependent fertilization efficiency as described by

Levitan (1991).

1997 Field Studies

The location selected for the study was Shell Bar Reef in the

Great Wicomico River. Virginia (location R in Fig. 1). The reef

was constructed in June of 1996 by deploying old oyster shells

from a barge with a crane into a series of intertidal structures

approximately 215 m long and 18 m wide. Broodstock oysters

from the Tangier and Pocomoke Sound regions were planted on

the reef in December of 1996. Oyster standing stock and density

was obtained from VMRC records (Olsen and Wesson 1997).

According to these records. 2.281 bushels of oysters were planted

on the 3,900 m" reef in December of 1996. Estimating 500 oysters

per bushel (Wesson, personal communication), density of brood-

stock oysters on the reef was approximately 300 m"". Oysters

surviving as .sparsely distributed individuals in many regions of the

Bay are continually exposed to intense disease challenge and se-

lection pressure. Consequently, they would be expected to have

higher resistance to disease than low salinity populations where

intermittent disease pressure fails to eradicate genetically suscep-

tible individuals, which then continue to breed with more resistant

individuals and thus fail to promote the process of developing

uniformly high resistance. Tangier and Pocomoke Sounds are lo-

cations where higher salinities (25-30 ppf) occur, but oyster den-

sities are low (<1 m~-). thus failing to maximize the fertilization

efficiency. The intent of aggregating the few remaining oysters

from disease endemic areas was to increase fertilization efficiency

of freely released gametes.

Field studies were conducted biweekly from the 23rd of June

through the 22nd of September 1997 (total of 8 field days). This

time frame was chosen based on the historical timing of spat

settlement in the Great Wicomico River system. To obtain a de-

scription of tidal patterns of circulation and larval abundance in the

system, all sampling was effected over one complete tidal cycle

(approximately 12 h). Surface temperature for all field studies was

measured near the reef (Station Nl; in Fig. 2) throughout the

duration of the study. Temperature and salinity at the surface and

bottom of the water column were obtained at three sites (Fig. 2)

starting on July 28th (dates of collection coincided with the cir-

culation study). Bottom water was collected using a Niskin bottle.

Temperature was measured with an alcohol thermometer and sa-

linity was measured with a refractometer.

Oyster Reproductive Biology and Disease Status

Initial broodstock oyster size frequency on the reef was ob-

tained by measuring 150 oysters collected with the aid of hand

tongs. Total egg production on Shell Bar reef, after broodstock

enhancement, was calculated using density and size frequency

data, as described in detail in Mann and Evans (1998).

Temporal patterns of gametogenic development of the brood-

stock oysters on the reef was examined by collection, with hand

T.4BLE 1.

Estimates of historical egg production in the Great Wicomico River using demographics obtained from analogous reefs in the James River

in 1993.
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Figure 2. Location of zouplankton (GVV 1-3) samples and water samples (N 1-3) taken in the (Ireat Wicomico River. R denotes the location of

the reef; 9 & 10 mark the main channel in the river.

tongs, of 25 oysters per sampling day for a total of 200 oysters.

Sections of the gonad and visceral mass were removed and fixed

in Bouin's solution. Following fixation, specimens were dehy-

drated in alcohol, cleared in xylene, and embedded in paraffin wax.

Histological sections were cut at 7-10 (j,m. stained m Delafield's

hematoxylin, and counterstained in eosin Y following the meth-

odology of Humason (1962). Developmental stages were identi-

fied based on those originally described for C. virgiiiica by

Kennedy and Battle (1964) and for C. gigas by Mann (1979).

Stages of gonadal development were defined as follows;

( 1 ) Inactive: No evidence of the presence of follicles periph-

eral to the digestive gland. Sex is essentially indetermin-

able.

(2) Early active: Male. Many follicles filled primarily with

spermatogonia and spermatocytes. No spermatozoa. Fe-

male. Eggs not well developed. A few nuclei in oocytes,

but no nucleoli. Oocytes are still attached to the follicle

wall.

(3) Late active: Male. Follicles predominately filled with sper-

matids. Characteristic swirling pattern of spermatozoa with

tails oriented toward the center beginning to be evident, but

follicle is not completely filled. Female. Some free oo-

cytes. Most have distinct nuclei, with fewer than 509c hav-

ing distinct nucleoli.

(4) Rii^e: Male. Swirling of tails in the middle of the follicle.

Female. Primarily free oocytes. Greater than SOVr have a

distinct nuclei and nucleoli. All of the oocytes are about the

same size.

(3) Spaw)ting or spent: Male. Most follicles are empty or par-

tially so. Some phagocytes present. Female. Granular look-

ing eggs (ameobocyte activity). Eggs of varying sizes that

appear to be breaking down. Follicles are empty or partial-

ly so.

Monthly assays to determine Perkin.siis iiiciriinis and Haplospo-

ridium nelsoni (MSX) infections were effected using oysters col-

lected for the reproductive development portion of the .study. Per-

kinsus infection and prevalence were measured by Fluid Thiogly-

collate assay (Ray 1963). MSX infections were detected using

paraffin histology, as in Burreson et al. (1988).

Plankton Studies

A series of 36 zooplankton samples were taken on each sam-

pling day (three replicates per site, per tidal stage). Samples were

collected at three stations in the river (Fig. 2). Plankton samples at

GW-1 describe larval abundance near the reef. GW-2 describes

abundance in the main channel of the river, and GW-3 describes

abundance near the sand spit at Sandy Point, a feature that affects

and effects some local retention in the system. Samples were col-

lected using a 0.3 m diameter. 3: 1 aspect ratio zooplankton net

(Sea Gear Corporation. Melbourne, FL). The filtering surface con-

sisted of an 80 fxm Nytex mesh cone attached to a PVC collection

bucket lined with 80 )j.m mesh. The net was attached to a metal

ring and towed by a three-point bridal system attached to the ring.

The net was towed 0.05-0.10 ni below the water surface at ap-

proximately 1.5 m sec"' for 3.25 min. The nets used were cali-

brated in a separate study following the same protocol (Harding

and Mann, in review). Samples were taken over a full tidal cycle.

All samples were immediately preserved in 95% ethanol.

Samples were split using a 0.5 L Folsom plankton splitter

(Wilco Supply Company, Cass, MI). Final splits were filtered

through a 400 |j.m Nytex mesh filter to remove large zooplankton

that interfered with the counting. To ensure that no oyster larvae

were lost in this process, samples were randomly chosen and

counts were made before and after filtering. The difference be-

tween these counts was less than 1%. Non-enumerated splits, as

well as the filtrate from the final splits, were archived. Counts of

umbo stage oyster veligers (larvae) in each subsample were made
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v\itli the aid of a dissecting scope. To verify adequate mixing (i.e.,

a homogenous mixture of larvae within the sample), both halves of

the final split were counted, and coefficients of variation (CV)

were calculated following Van Guelpin et al. (l')82). Acceptable

CVs for invertebrate samples range from 5 to 20%. Counting error

of the total abundance of organisms within a sample was kept to

\07c or less by ensuring (when possible) that at lea.st 100 veligers

were counted from each subsample. Total number of larvae per

sample was obtained by multiplying the number of veligers in the

.split by the split number. The number of larvae per m' was then

obtained by dividing the total number per sample by the volume of

water filtered. The mean volume of water filtered, was determined

to be 1.054 m"" in a separate net calibration study (Harding and

Mann, in review).

Circulatiuii Studies

Simple surface drogues (drifters) were constructed after the

method of Davis et al. (1982) (Fig. 3). This design was used to

ensure that the drifter was moved by the currents in the system

with little input froiu the wind. The drifters were released at vari-

ous sites around the reef and in the main channel of the river. The

drifter locations were recorded approximately every hour using a

hand held GPS system. The drifters were followed over one full

Figure 3. Design of surface drogue (drifter) used in the circulation

studies.

tidal cycle. In the event that a drifter ran aground, it was reposi-

tioned to another location, with exact location depending on the

stage of the tide. Throughout the course of the sampling season, a

total of 23 drifter paths were obtained on 5 separate days. Of the

23 drifter tracks obtained, 6 were discarded because of multiple

lost GPS points and 3 were discarded because of excessive stop-

page (they ran aground at least three times). This left a total of 14

drifter tracks to be analyzed. Drifter time and location information

was loaded into the Geographical Information Systeni/ArcView

computer program in the Coastal Inventory Program at VIMS. The

drifter paths were then plotted in ArcView software and mean

current speeds were estimated for each series of drifter recordings.

These were then compared with predicted tidal flow for Sandy

Point in the Great Wicomico River system (Tides and Currents for

Windows, version 2.2. Nautical Software Inc.).

RESULTS

Data Collected as Part of Long- Term Monitoring

Spatfall estimates obtained from the historical shellstring data

are summarized in Table 2. From 1965 through 1971 spatfall in the

Great Wicomico River was relatively high with mean weekly val-

ues (number of larval oysters physically adhering to the substrate)

ranging from 1 to 494 spat/shellstring per week. In 1970 nearly all

stations received a moderate (20-50 spat/shellstring) to heavy (>50

spat/shellstring) peak value and the settlement period extended

over most of the summer-fall .season. In 1971. no significant

settlement occurred until late fall. In 1972. due to Tropical Storm

Agnes, oyster settlement was at or near zero at all stations. This

year marked the beginning of a major decline in spatfall in the

river. The years 1973 through 1979 were characterized by a very

light settlement, usually less than one spat/shellstring per week.

Starting in 1980. settlement events again became more consistent

(lasting throughout most of the season) and heavier (2-38 spat/

shellstring per week). This increase in the number of spat in the

1980s coincided with a heavy private "planting" of a large num-

ber of small (seed) oysters on private lease grounds in the Great

Wicomico; however, as these were harvested in the late 1980s and

early 1990s, a further decline in the number of .spat was observed.

The latest signal in the river occurred during the 1997 setting

season, after the artificial reef was built and stocked with brood-

stock oysters. In 1997, spatfall was recorded between the end of

June and the beginning of September, with a peak set occurring in

mid- to late July. During this peak settlement period, spatfall

ranged from to 29.3 spat/shellstring per week, with the most

intense sets occurring upstream or immediately adjacent to the reef

(Glebe Point. Hudnall. Haynie Point, and on the reef itself; Fig. I).

Mean spatfall estimates for 1997 from shellstring data ranged from

1.4 to 43 spat/shellstring per week.

The fall dredge data taken from the VIMS databa.se (VIMS

archive) can be summari/ed as follows (Table 3): Between the

years 1971 to 1987. the number of small oysters ranged from 90 to

over 600 per bushel for all three stations (Fig. I ). During this time

the number of spat per bushel ranged from a low of in 1972 (the

year of Hunicane Agnes) to a high of 1.900 per bushel in 1987.

This year marked the beginning of a slow decrease in the number

of oy.sters in the system. For the past 3 ys. numbers of small

oysters have ranged from 31 to 126 per bushel. 1987 also marked

the beginning of essentially the absence of market-size oysters in

the system. Before 1987 there were comparatively more market

oysters (0-128) per bushel than after (0-22 oysters per bushel).
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TABLE 2.

Spatfall survey data from shellstrings reported as average spat/shellstring per week.
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TABLE 3.

Dredge survey data reported as number of market (>76 mm), small l<76 mm), and spat per hushel.
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Size Distribution (midpoint in mm)

Figure 4. Size frequency distribution of broodstock oysters on Shell

Bar reef (n = 150).

GW 2 to a low of M all stations on several different sampling

days. Larvae were most abundant at all stations on the 23rd and

30th of June, and on the 14th of July (Fig. 9). From the 14th of July

onward, there was a continuous decrease in the number of larvae

seen in the water column. Coefficient of variation for most samples

was within the accepted limits of between 5 and 20% (Van

Guelpin et al. 1982). Higher CVs were observed when larval abun-

dance was below 10 m"\
The total number of larvae m"^ was transformed to meet the

assumptions of normality and homogeneity of variance. Differ-

ences in larval abundance between tidal stage and station were
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Figure 5. Surface temperature measured at station Nl from .lune 23 to

September 22, 1997.
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Figure 7. Seasonal changes in gonadal development by sex in Crassos-

trea virginica oysters collected on the reef from June 23 to September
22, 1997. Number of male and female oysters sampled on each day are

represented by the numbers above and beloH each bar.

corded and/or estimated. Tidal cycle was recorded as the stage or

stages of the tide occurring between a particular observation and

the previous observation. For example, if the tide was ebbing for

the first half of a drifter deployment, then changing to slack water

for the second half, it was recorded as E-S. If the tide was flooding

for the entire deployment, then tidal stage was recorded as F. Mean

<^
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Figure 8. Progression of Perkinsiis infections in broodstock oysters

over the 1997 reproductive season (n = 25).
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Figure 9. Log number of larvae m" '

averaged over each sampling day

(averaged over all four stages of the tide).

velocities recorded by the drifters ranged between and 15.9

cm/sec. Maximum predicted tidal cunent was between 10 and 20

cm/sec on all sampling days.

From the 14 drifter tracks analyzed, four patterns of movement

were observed (Fig. lOA-D). Four of the 14 drifters followed the

predicted tidal current, traveling downstream during the ebb tide,

remaining approximately in the same place during slack water,

then traveling upstream with the flooding tide. One drifter out of

those four remained in the channel and drifted toward marker 9

before turning with the tide (Fig. lOA). The other 3 drifters re-

mained in the channel, further upstream from Sandy Point (Fig.

lOB provides an example).

Ten of the 14 drifters analyzed did not follow the predicted tide.

Of these 10. 7 traveled downstream with the predicted tide, but

turned westward, away from the channel, several hours before the

predicted tide turned (see Fig. IOC for example). The other three

drifters traveled downstream until they arrived in the shallow re-

gion west of Sandy Point. Despite being repositioned, they essen-

tially remained in the same area even during a flood tide (e.g., see

Fig. lOD). These patterns of movement illustrated in Figures IOC

and lOD indicate that some local retention of larvae is occurring

upstream of Sandy Point.

TABLE 5.

SNK multiple comparisons test on larval abundance (p = .05).

A. Ranking of Larval Abundance by Station

Station

High

GW-1 GW-:

Low
GW-3
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Figure 10. Representative examples of the four patterns of drifter traclis (A-D) observed over the course of the study. Inset shows predicted tidal

currents for Sandy Point, with arrows representing approximate times of deployment (in) and retrieval (out) of the drifters. Time is reported

in Eastern Standard (E.S.) Military time. R denotes the location of the reef and 9 and 10 mark the main channel in the river.

DISCUSSION

Egg Production

Egg production estimates for broodstock oysters planted on the

reef were found to be similar to estimates of production seen

throughout the entire system in historic times (when oysters were

abundant in the river). Though the estimates are similar they

should be viewed with caution because of our inability to offer

better values for disease- and salinity-related modifiers of fecun-

dity. These are both discussed in Mann and Evans ( 1998) and are

widely acknowledged in the literature as having major effects on

the bioenergetics of oysters, and yet they are still poorly described

in a quantitative sense.

The model used in the calculation of fertilization efficiency

taken from Levitan's (1991) work on echinodenns, involves a

series of assumptions concerning synchrony and completeness of

spawning, half-life of gametes in the water column, dispersal or

dilution, and probability of fertilization given absolute concentra-

tions of sperm and eggs. There is a notable absence of models in

the literature describing fertilization efficiency for sessile bivalves.

The employment of the Levitan model in the current application
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Figure 10. Continued.

was deemed reasonable based on the similarities in small scale

hydrodynamic conditions seen in both Levitan's model and estua-

rine oyster reefs. Other options for models are discussed by Levi-

tan et al. (1991), Oliver and Babcock (1992), and Benzie et al.

(1994). Based on the hydrodynamics of the Great Wicomico, con-

trasting models such as the one for high-energy environinents seen

in Denny and Shibata ( 1989) are inappropriate for u.se in the Great

Wicomico system. The current model assumes synchrony in

spawning throughout the entire oyster population; however, local

synchrony is more appropriate when discussing these populations.

The lack of synchrony throughout the population is demonstrated

by the variation in developmental stage seen in this and other

studies (e.g.. Haven and Fritz 1985) that observe spatial variation

in settlement. Localized synchrony in spawning on the other hand

is highly probable, so the cumulative effect of these localized

events approximates in magnitude that of a single synchronous

spawning in the entire population. In other words, the cumulative

output from multiple spawnings that occurs throughout the re-

productive season (typically a maximum of 2-3 per season based

on historical spatfall observations) are within an order of magni-

tude of the single synchronous spawning event estimate of pro-

duction.

Oyster Reproductive Biology and Disease Status

Both histological evidence and the presence of significant num-

ber of larvae in plankton samples indicate spawning of the trans-
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planted bloodstock oysters on Shell Bar reef. Based on the larval

abundance data, and an estimated 14 to 21 days spent in the water

column by C. virginica larvae, inferences can be made about the

timing of spawning. Oysters from the reef probably spawned con-

tinuously from mid-June to the end of July, with a few late spawn-

ings occurring in the beginning of August. C. virgiiuca populations

in the Chesapeake Bay have been reported to spawn from June to

August (Kennedy and Krantz 1982). Gonad data from broodstock

oysters on the reef support this observation. Though histological

evidence of spawning was not observed until mid-July, ripe males

and females were observed by mid-June. Small sample numbers

(25 oysters per sampling day compared with a resident population

of approximately 1.1 x 10*' individuals) and spatial asynchrony of

spawning on the reef inay have confounded the definition of the

first spawning event.

Pcikiiisus infections progressed through the broodstock popu-

lation throughout the summer, but did not result in catastrophic

mortalities. The effect of Perkinsus on adult oysters, mainly re-

duced fecundity, increases as intensity of the disease increases

(Choi et al. 1994). In the broodstock oysters, intensity was highest

toward the end of the sampling season, after the majority of the

spawning had already taken place, suggesting that disease was

probably not a limiting factor in the production of larvae.

Plankton Studies

Larval concentrations at the surface were found to be signifi-

cantly higher during the flood tidal stage, suggesting that the larvae

are acting as more than just passive particles. Larvae are capable

of depth regulating with changes such as density and salinity,

associated with a change in tidal cycle, such that a net transport of

larvae upriver is possible (Hidu and Haskin 1978, Mann 1988). On
most of the sampling days in this study, there was some stratifi-

cation occurring in the water column at stations N2 and N3 (in the

channel). The lack of physical stratification at Nl may have been

due to the shallower depths at this station. Despite the lack of

stratification at Nl, the suggestion of larval depth regulation with

the changes in tidal stage are still supported by the absence of a

significant interaction between tidal stage and station.

It has been proposed that larval retention in an estuarine system
and subsequent movement upstream is brought about through a

combination of passive transport and active larval swimming (Car-

riker 1951. Kunkle 1957, Haskin 1964). Oyster larval concentra-

tions reported in the literature over the past 75 years range from 1 2

m"-' to 660,000 m'' (Table 6). Wood and Hargis (1971) report

larval abundance at the surface during maximum flood tide in the

James River, with concentrations of larvae ranging between 300

and 800 m"\ They found that minimum concentrations (<100

m""') were encountered during slack water, following the ebb tide.

The highest larval concentrations reported in the literature were

recorded in Delaware Bay as 660,000 m"' (Nelson and Perkins

1931) and 125.500 nr' (Nel.son 1927). These numbers are ex-

tremely high when compared with concentrations found in this

study, but the date of the observations must be taken into account.

In a more recent study by Mann ( 1988) in the James River, much

lower concentrations of between 1 2 and 1 1 3 mT^ were reported.

The concentration of larvae found, reported in this .study, is ex-

tremely high when compared with other reports made for years

after the onset of disease and decimation of broodstock oyster

populations in the Chesapeake Bay subestuaries. Though not of the

same order of magnitude seen in historical times, the present report

of concentration of larvae in the Great Wicomico is still several

TABLE 6.

Oyster larval concentrations reported in the literature over the

past century.

Larval
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seed-producing river, with larvae that are produced ni the lower

reaches being moved upstream and subsequently settling on up-

stream oyster beds (Ruzecki and Hargis 1989. Mann 1988). The

important feature ot retention in the James River is the tidal-related

gyre-like circulation in Hampton Roads. Thus, retention of larvae

can occur in estuaries that have characteristics in direct contrast to

the
"

"typical" trap-type estuary.

Impact of Broodslock Seeding from a Management Perspective

The demonstrated positive impact of broodstock addition to the

Great Wicomico reef prompts the question as to the efficacy of this

approach for widespread restoration efforts in the Chesapeake Bay

and elsewhere. In comparison with prior reef construction efforts.

the addition of broodstock to the reef in the Great Wicomico River

approximately doubled the initial monetary investment, however,

the ecological impact on replenishment was rapid in comparison.

In just I y observed settlement of spat was comparable to historic

conditions. Increased spatfall in 1997 has stimulated a resurgence

of interest in deployment of substrate on private leased oyster

grounds in the Great Wicomico in 1998 in anticipation of contin-

ued high recruitment. A blanket endorsement for the construction

and broodstock enhancement of reefs should still, however, be

avoided. Location of any proposed reef construction is critical to

its possible success. Though the typical definition of a trap-type

estuary is u.seful in general location, knowledge of historic oyster

reef topography can be critical at a finer spatial scale. Indeed, our

study supports the use of both historical data sets and circulation

studies of a target system as a common precursor to management

decisions involving reef construction. Location definition should

be followed by numerical estimation of optimal stocking density.

The current study stands as an example of how a modest (com-

pared with historical numbers) number of large oysters planted at

a high density of 300 in"" can have an immediate impact in an

effort to restore decimated oyster populations to historic condi-

tions.
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STUDIES ON TRIPLOID OYSTERS IN AUSTRALIA. X. GROWTH AND MORTALITY OF
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ABSTRACT Growth and mortality of triploid Sydney rock oysters, Saccostrea commerciaiis (Iredale and Roughley) were compared

with those of sibling diploids at 13 oyster farms in 10 estuaries in New South Wales (NSW). Although results varied between farms,

after 2-2'/2 years on commercial oyster leases, triploids were on average 30.7% heavier and 8.6% larger in shell height than sibling

diploids. Seven of the 13 farms had triploids with a mean weight of at least market size (40 g) after 2-21 ; years while no farms had

diploids of the same mean weight. The growth advantage of triploids began to be expressed at specific sizes rather than ages,

specifically at a mean whole weight above 5-10 g or shell height of 30-40 mm. In general, tnploids appeared to grow faster compared

with diploids at higher water temperatures. Although readily accepted by processors during cooler seasons, triploid Sydney rock oysters

developed a patchy, discoloration of the gonad during warmer months that may affect marketability during summer. Mortality of

tnploids was significantly (p < .01) lower than that of diploids at 6 of the 13 farms and did not differ (p > .05) at 6 of the remaining

7 farms. The growth coefficients were lower and mortality higher for wild-caught diploids than both hatchery-reared diploids and

triploids. Triploid Sydney rock oysters were found to offer significant commercial advantages over diploid oysters because ol faster

growth rates and lower mortality when grown under commercial oyster farming conditions across a range of estuaries in NSW.

KEY WORDS: Growth, farming, oysters, triploid, mortality

INTRODUCTION

Sydney rock oysters generally take from 3 to 4 years to reach

marketable size (Nell 1993) compared with 1 '/2-3 years for Pacific

oysters, Crassostrea gigas. Thunberg (Graham 1991 ) in Australia.

Increasingly. Pacific oysters (predominantly from Tasmania and

South Australia) are taking over traditional Sydney rock oyster

markets. Adoption of tnploid technology may help New South

Wales' (NSW) farmers to remain competitive against industries

based on the faster growing Pacific oyster. Nell et al. (1994) com-

pared the performance of triploid and diploid Sydney rock oysters

in a small scale trial in Port Stephens, NSW over 2'/; years. At the

end of the study, the triploids were on average 41% heavier and

reached market size 6-18 months earlier than their diploid siblings.

However, results varied among the four sites tested within the one

e.stuary (range 32—48.8% difference in whole weights of diploids

and triploids). The benefits of triploidy are known to be influenced

by environmental factors such as food availability (Davis 1989a)

and temperature (Davis 1989b, Shpigel et al. 1992), Oyster farm-

ing in NSW is practiced throughout the coastal areas of the state,

across a range of environmental conditions (particularly tempera-

ture). At the conclusion of the preliminary study, there were no

commercial bivalve hatcheries operating in NSW. To commercial-

ize production and farming of triploid Sydney rock oysters, po-

tential hatchery operators needed to be assured that the benefits of

triploidy could be extended to other oyster-growing estuaries, us-

ing commercial farming methods. In this study, to enable the com-

mercialization of triploid technology, we compared the growth and

mortality of diploid and triploid Sydney rock oysters grown on

oyster farms throughout NSW by commercial oyster farmers. This

*Present address; Fisheries WA, Research Division, PC Box 20, North

Beach, WA 6020, Australia.

study also provides a comparison of normal, diploid oyster growth

across a range of NSW estuaries.

METHODS

Induction of Triploidy and Ploidy Determination

Triploid (300 x 10") and diploid (60 x 10'') sibling larvae were

produced in February 1994 from 48 female and 6 male oysters

from Port Stephens, NSW. Triploidy was induced in zygotes using

the method described in Nell et al. (1996) with a cytochalasin B

(CB) concentration of 1.25 mg/L. Larvae were stocked directly

into 20,000 I larval rearing tanks (three triploid and one diploid).

Percentage triploidy was determined by direct chromosome

counts at 4 h in embryos (Nell et al, 1996) and by flow cytometry

for shelled larvae and spat.

iMrvae and Spat Rearing

Larvae were reared using standard hatchery techniques for Syd-

ney rock oysters (Prankish et al. 1991 ). The three triploid treatment

tanks were combined by day 5 due to low survival and similar

percent triploid readings (78,3-81.5%). Screening at water

changes was conservative to allow for initial slow growth of trip-

loid larvae following exposure to CB (Wada et al. 1989). Larvae

were settled on ground scallop shell between days 18 and 22 and

reared in the hatchery for 5 weeks before being transferred to

outdoor upwelling units. Spat were on-grown to a size of 7-10

mm.

Oyster Management

Thirteen commercial oyster fanners in 1 1 different estuaries

throughout NSW (Fig. 1) from Pambula Lake (36°58'S,

149°54'E) to Hastings River (3I°25'S, 152°55'E) were each sold

25,000 diploid and 25.000 sibling triploid spat between July and
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TABLE 2.

Time" taken (months) to reach a «hole weight of 10, 20, 30, and 40 g by diploid and triploid Sydney rock oysters Saccostrea commercialis

grown by commercial oyster farmers in New South Wales.
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Figure 3. Continued.

Salinity and temperature data were measured weekly by farm-

ers using a thermometer and hydrometer.

Statistical Analyses

All whole oyster weight and shell height data are presented in

figures as means ± 95% confidence intervals. Weighted means of

whole weight, shell height, and mortality data were calculated for

farms with more than one size grade or site:

- ^w,x,
x„,

= ^=

where X„. is the weighted mean calculated from the mean. X, of

each n grades, and each X, weighted by a factor W, (Sokal and

Rohlf 1995). The total number in each grade was used as a weight-

ing factor and was estimated from the total weight of all oysters for

each grade divided by the mean weight of individual oysters for

that grade.

Growth coefficients (d,,,) were calculated from comparisons of

hatchery stock with wild-caught diploids to account for differences

in initial whole weights and in the duration of the experiment

(Spencer and Gough 1978):

90
/-•

''°
Duration (days)

xln
Final weight (g)

^
Initial weight (g)

Mortality data were analyzed for significant differences (p
=

.05) by Chi-squared contingency tables (Sokal and Rohlf 1995).

Initial and final height and weight data were analyzed for signifi-

cant differences using ANOVA (Sokal and Rohlf 1995) after ho-

mogeneity of variance was confirmed using Cochran's test (Winer

1991). Size data were log,o transformed where necessary. Where

several grades were present at the end of the experiment, a random

subsample (the size of which was determined by the proportions in

each grade) was used for ANOVA.

RESULTS

Induction of Triploidy

The mean triploidy reading on day was 79.9 ± .92% (mean ±

SE; n = 3 groups of 60 larvae) which increased to 87.8% by 10

weeks' post-settlement. Flow cytometry of gill tissue biopsies

from oysters from three farms (Hastings River, Kaniah River, and

Clyde River) in January/February 1996 gave a mean triploid level

of 88 ± 4.0% (mean ± SE. n = 3 groups of 183-292 oysters).

iMnal and Spat Rearing

Poor water quality during the larval run resulted in low survival

to settlement (7.5% diploids and 2.0% triploids) with set rates of

56.3% for diploids and 43.2% for triploids. Spat in upweller sys-

tems were affected by "post-settlement mortality" (Frankish et al.

1991 ) in April 1994. Survival from settlement in early March 1994

to May 1994 was 26% for diploid and 31% for triploid spat, re-

spectively. As spat were graded over the same mesh but not

matched for size before being supplied to farmers (to avoid match-

ing slow-growing triploids with fast diploids), initial sizes of dip-

loids and triploids were sometimes different. However, this gen-

erally favored the diploids with initially larger diploids (p < .05) at
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TABLE 5.

Initial and finaP whole weights'' of diploid, triploid, and ulld-caught diploid Sydney rock oysters Saccoslrea commercialis grown by

commercial ov.ster farmers in New South Wales.
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TABLE 7.

Growth coefficients" and cumulative mortality of diploid, triploid, and »ild-cauglit diploid Sydney rock oysters Saccostrea commercialis

grown by commercial oyster farmers in New South Wales.

Growth Coefficient (Go„) Cumulative Mortalitv ( % )

Estuary""
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STUDIES ON TRIPLOID OYSTERS IN AUSTRALIA. XI. SURVIVAL OF DIPLOID AND
TRIPLOID SYDNEY ROCK OYSTERS (SACCOSTREA COMMERCIALIS (IREDALE AND

ROUGHLEY)) THROUGH OUTBREAKS OF WINTER MORTALITY CAUSED BY MIKROCYTOS
ROUGHLEYI INFESTATION
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^NSW Fisheries. Port Stephens Research Centre
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'Scliool of Acjiiacultiire. University oj Tasmania

Lininceston, Tas. 7250. Australia

ABSTRACT Diploid and tnploid Sydney rock oysters, Saccoslrea commercialis. were grown at seven sites in New South Wales

(NSW) for 25-28 months and exposed to the parasite Miiirocytos roughleyi over two consecutive winters during the period August-

November 1994 to December 1996. Triploids showed a higher survival rate than diploids. Over the second winter/spring, average

cumulative mortality of diploids across all sites, was 35.0% (range 6.7-76.8%) compared with only 12.2% (range 4.0-18.1%) for

triploids. This reduction in mortality during the second year of culture on leases, combined with the growth and condition advantages

that triploidy confers, could provide the Sydney rock oyster industry in NSW with significant improvements in profitability.

KEY WORDS: Disease, oysters, triploid, winter mortahty

INTRODUCTION

Production by the oyster farming industry in New .South Wales

(NSW). Australia is iiregularly affected by three principal dis-

eases: winter mortality caused by the protistan parasite, Mikrocytos

roughleyi (Farley et al. 1988), QX caused by the haplosporidian

parasite, Marteilia sydneyi (Perkins and Wolf 1976). and mud-

worms, the most hanriful of which is Pohdora weh.steri (Skeel

1979).

Winter mortality can cause losses of up to 80% of a crop of

market size oysters (Wolf 1967) with most mortality occurring

from late winter to spring. The disease is limited to the mid- to

southern part of the range in which S. commercialis is farmed (Nell

1993). corresponding to its greater prevalence in colder waters

(Roughley 1926). In addition, cold autumn/winter temperatures

following dry autumn weather (resulting in high estuarine salini-

ties) are generally associated with an increase in the severity of

infestation by M. roughleyi (Wolf 1967). This may account for the

frequently observed association between oysters with high meat

condition and those affected by winter mortality as spawning is

generally stimulated in S. commercialis by high temperatures and

a reduction in salinity (Nell and Smith 1988). Alternatively, meat

condition may have a more direct effect on the incidence of winter

mortality.

M. roughleyi infestation of oysters (winter mortality) is char-

acterized by the appearance of yellow to brown lesions on the

labial palps, mantle, gills, gonad, and/or adductor muscle (Rough-

ley 1926. Wolf 1967). Oysters eventually lose the ability to remain

closed when exposed to air at low tide. Despite the identification

of the species responsible for winter mortality (Farley et al. 1988),

the tnechanisms by which M. roughleyi infests Sydney rock oys-

ters and its physiological effects are still poorly understood.

Mortality has frequently been compared between diploid and

triploid bivalves with varying results (e.g.. Barber and Mann 1991.

*Present address: Fisheries WA. Research Division. PC Box 20, North

Beach. WA 6020. Australia.

Meyers et al. 1991, Mathiessen and Davis 1992). Several authors

have proposed that any enhanced performance of triploids over

diploid oysters results from 'hybrid vigor" derived from their

greater heterozygosity (e.g.. Beaumont and Fairbrother 1991,

Hawkins et al. 1994). However, these authors were referring to

melosis 1 triploids which are generally (depending on the recom-

bination rate) more heterozygous than both diploids and meiosis II

triploids (Guo et al. 1992b. Hawkins et al. 1994). In fact, a com-

parison of mortalities between meiosis 1 and meiosis II triploids,

and that of diploid oysters frequently illustrates the opposite trend,

i.e.. higher mortality of meiosis I triploid bivalves as embryos or

during growout compared with both meiosis 11 triploids and dip-

loids (Stanley et al. 1984, Beaumont and Kelly 1989, Guo et al.

1992a). Consequently, the greater heterozygosity of meiosis II

triploids compared with diploids would not be expected to influ-

ence their relative mortality rates.

In an earlier study in Woolooware Bay. NSW (Nell et al. 1994),

a comparison of mature diploid and triploid Sydney rock oysters

showed no significant difference in mortality (45.9% of triploids

and 41.3% of diploids) over a winter/spring season (May to De-

cember 1992). Oysters in Woolooware Bay are frequently affected

by winter mortality and the experimental oysters displayed signs

typical of the disease. On the basis of that experiment, a difference

in susceptibility of diploids and triploids to winter mortality would

not be expected. A commercial fanning trial of diploids and trip-

loids conducted throughout NSW at 13 oyster farms between 1994

and 1996 revealed, however, a greater overall rate of mortality of

diploids compared with triploids (Hand et al. 1998). Data for sib-

ling diploid and triploid oysters are presented here from the seven

commercial oyster leases in four NSW estuaries where winter

mortality was observed during this study.

METHODS

Production of SpaI

The methods of triploidy induction along w ith those for rearing

the larvae and spat are described in the associated commercial

129
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farming study on triploid and diploid Sydney rock oysters in NSW
(Hand et al. 1998).

Oyster Management

Oysters used in this study formed part of a larger commercial

scale farming trial with diploid and triploid Sydney rock oysters on

13 oyster farms distributed along the NSW coast. Spat (25,000) of

each ploidy were supplied to participating farmers between August

and Noveinber 1994 and monitored regularly for growth and mor-

tality until December 1996. Mortality data were collected for all

sites (Hand et al. 1998) but only the data from seven sites from

four estuaries [Lake Painbula (sites I. 2. and 3), Woolooware Bay

(Georges River farms 1 and 2). Brisbane Waters, and Tilligerry

Creek (farm 2)] that were identified as having oysters with w inter

mortality during the course of the study are presented here.

Oysters in these four estuaries suffer regularly from winter

mortality being in the mid- to southern half of the state. Winter

mortality in the oysters was diagnosed from the appearance of

yellow to brown lesions on the labial palps, gills, mantle, adductor

muscle, and/or gonad (Roughley 1926). All participating farmers

grew the diploid and triploid oysters using the same standard com-

mercial methods; stocking densities were standardized within es-

tuaries (Hand et al. 1998), As this study was based on commer-

cial farming methods, oysters were graded at all sites when large

size ranges developed to allow "normar' growth of small oysters

by removing competition from larger oysters.

Initially, oysters from Georges River, farm 2. were divided

between two leases in the same bay. As there was little difference

in growth and mortality of oysters between the two leases after 12

months, these oysters were recombined. Oysters at Lake Pambula

were divided among three farmers (sites 1-3) when they reached a

large enough volume (after 6 months at site 3).

As is commercial practice (Nell et al. 1988), oysters were

moved where possible during winter to avoid infestation by M.

roughleyi. Oysters from both Georges River famis were moved to

up-river leases from May/June through to November/December

during the second winter (1996). Tilligerry Creek oysters were

moved up-river in August and were returned in November during

the first winter ( 1995) and August to December during the second

winter (1996).

An additional comparison to the hatchery diploids and triploids

was possible at the Brisbane Waters" site with wild-caught diploids

(provided by the farmer) grown under the same conditions as

hatchery stock.

Sampling Strategy

Being a commercial-scale study, the large number of oysters at

each site (50,000 in total) made sampling of all stock logistically

difficult. For this reason, mortality was assessed from a random

iOVc (by volume) of stock every 2 months until November 1995

when the sampling frequency was changed to once every 3

months. Where several grades were present, a weighted mean of

mortality was determined (see Statistical Analyses). Oyster shells

from dead oysters were returned to trays/baskets after each sam-

pling episode (unless all stock was brought in for sampling) to

maintain equivalent apparent mortality between sampled stock and

stock remaining on leases. Total weight for both diploid and trip-

loid groups was measured every 2 months for the first 6 to 9

months of the study to assess overall losses of stock as well as

proportions in each grade. As handling became more difficult with

the increase in volume of stock, farmers were given the choice of

bringing in either a random 25% or all stock every 6 months for

measurement of total weight. Weights of dead oysters and over-

catch were weighed and accounted for when total weights were

measured.

Temperature and salinity were determined weekly by farmers

using a thermometer and hydrometer. Salinity values were calcu-

lated using a density/temperature conversion table (Wolf and Col-

lins 1979).

Statistical Analyses

Monthly percent mortality is presented as a weighted mean

when ovsters were in several grades:

^wx

where X„ is the weighted mean of mortality calculated from the

mean. X, of each of n grades, and each X, weighted by a factor W,

(Sokal and Rohlf 1995). The total number in each grade was used

as a weighting factor and was estimated from the total weight of all

oysters for each grade divided by the mean weight of individual

oysters for that grade (Hand et al. 1998). Cumulative percent

mortality was calculated for the period June-December for both

years to determine the effects of winter mortality, which are gen-

erally expressed from June to October (Nell and Smith 1988) (as

sampling was 3 monthly, November and December were in-

cluded). Monthly mortality (frequency dead/alive) and cumulative

mortality were analyzed for association with ploidy level using

Chi-squared contingency tables (Sokal and Rohlf 1995).

Initial shell heights of hatchery diploids and triploids and wild-

caught diploids were compared using analysis of variance (Sokal

and Rohlf 1995) after homoscedasticity was contlnned with Co-

chran's test (Winer et al. 1991).

RESULTS

For all seven sites, signs consistent with the disease winter

mortality (see Oyster Mamifiement) were found in both diploid and

triploid oysters. Salinity and temperature data are shown in Figure 3.

Tilligerry Creek

Winter mortality signs were noted in diploids and triploids

from Tilligerry Creek in August 1995 but mortality was low «2%)
for both ploidy types (Fig. I ) with no significant effect of ploidy

on mortality (p > .05). However, there was a significant association

between ploidy and cumulative mortality over the winter/spring of

1995, with higher mortality of diploids compared with triploids

(Table 1). Oysters were moved in August of both years to
"

"over-

winter" at a site in Port Stephens (Tea Gardens) where they have

previously been less prone to the disease (unfortunately, salinity

and temperature data are unavailable for the Tea Gardens site).

Although some mortality occurred (Fig. 1), winter mortality signs

were not evident during the winter/spring of 1996. Mean tempera-

tures and salinities (where data are available) indicate generally

cooler temperatures (13.8°C c.f 15.5 'C) and similar salinities

(27.3%o c.f 27.2%<:) for the winter of 1995 compared to 1996.
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winter at this site at 13.9°C and i\.0%( c.f. 13.6" and 29.59'cf for

1995 and 1996. respectively.

Georges River: Farm 2

Winter mortality signs were evident in both diploids and trip-

loids during both 1995 and 1996 winter/spring seasons, with gen-

erally higher mortality in diploids than triploids (Fig. 1). This was

particularly evident during the second winter (1996) with cumu-

lative mortality of 45.0*^ of diploids compared with only 14.27f of

triploids (Table 1 ). Ploidy level had a significant (p < .01) effect on

cumulative mortality over winter/spring for both years (Table 1 ).

There was little difference between mean salinity over winter 1995

(29.2%r) and 1996 (29. 59?^); similarly, mean temperature over win-

ter in 1995 was 13.2°C compared with 13.6°C over the 1996

winter season.

Lake Pambula: Sites 1-3

Winter mortality signs were observed during the second winter

corresponding to an increase in monthly mortality in both diploids

and triploids at all three sites (Fig. 2). The effect on cumulative

mortality was greatest at site 1 with 49.9'7f of diploids and 16.4%

of triploids dying between June and December 1996. For all three

sites there was a significant association (p < .01) between ploidy

level and mortality with a higher cumulative mortality of diploids

occurring in all cases (Table I ). A small increase in mortality of

diploids was noted in March 1996 at site 3 but not at the other two

sites. Mean winter temperatures at Lake Pambula were lower than

the more northern sites for both 1995 and 1996 (1 1.9 and 12.8°C.

respectively). Salinity was high compared with other sites and

similar for both winter seasons (32.9 and 32.8%c).

DISCUSSION

The high mortality of wild-caught diploids at the Brisbane Wa-

ters site during the first winter season ( 1995) compared with rela-

tively low hatchery diploid and tripioid mortality, may be attrib-

uted to the greater mean size of wild-caught oysters. Larger oysters

are known to be more susceptible to winter mortality (Wolf 1967).

The difference in susceptibility of diploids and triploids to winter

mortality was most pronounced at this site, and greater in the 1996

than in the 1995 winter. Despite the cumulative mortality of trip-

loids ( 16.9%) being similar to that of triploids at the other sites

(mean: 12.2%; range 4.0-18.1%), visual inspection of a sample of

hatchery diploids at this site showed they were severely affected

by the parasite (76.8% cumulative mortality). Oysters at Brisbane

Waters were not moved over winter to avoid infestation (in con-

trast to oysters at both Georges River sites and Tilligerry Creek),

accounting for the higher mortality of diploids. However, this does

not explain the relatively low mortality of triploids at Brisbane

Waters. A similar trend of greater tripioid survival relative to

diploids through outbreaks of winter mortality was found for all

sites: average cumulative mortality over winter/spring, 1996 of

diploids across all seven sites was 35.0% (range 6.7-76.8%) com-

pared with only 12.2% for triploids (range 4.0-18.1%) despite

farmers at three of the sites using standard disease management

strategies (i.e.. moving stock during winter/spring). Average mor-

tality of triploids at the eight unaffected sites in the associated

farming study was 6. 1% during the same winter/spring period and

was 7.0% for diploids. Triploids appear to have some inherent

property that enables them to cope better than diploids with infes-

tation by M. roughleyi. However, triploids are not resistant to

infestation by M. roughleyi and do not always survive outbreaks of

the disease better than diploids. Nell et al. ( 1994) compared diploid

and tripioid Sydney rock oysters at a site in Woolooware Bay,

NSW and found no significant difference in mortality between

May and December (winter-spring). Similarly, although data are

not available, high mortality with signs of M. roughleyi infestation

of both diploid and tripioid Sydney rock oysters was observed at a

site in Lake Merimbula. NSW over winter 1996 (P. Maguire pers.

obs., oyster farmer. 1996).

Cold winter temperatures and high salinity are the main factors

associated with increased mortality from M. roughleyi infestation

(Wolf 1967) and this is generally supported by the conditions prior

to and during outbreaks in the present study. Most mortality oc-
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Figure 3. Surface water salinity and temperature data for oyster farms in NSW from August 1994 to December, 1996.

curred when mean winter water temperatures were 14°C or less

and mean salinity 29%<) or higher. Physical conditions do not.

however, explain the particularly severe outbreak of winter mor-

tality at Brisbane Waters in 1996. Conditions of temperature and

salinity at the Brisbane Waters site in 1996 were not particularly

unfavorable compared w ith the remaining sites, yet 77% of hatch-

ery diploids died (c.f. \T7c of triploids).

Winter mortality generally affects the larger oysters in a popu-

lation (Wolf 1467). This may simply be due to the greater volume

of water filtered by larger oysters, increasing the likelihood of

being exposed to the parasite, or a cumulative effect of parasite

exposure in older/larger oysters. Many farmers also believe that

oysters with high meat condition are more susceptible to the dis-

ease. The increased survival of triploids compared with diploids is

therefore contradictory, as triploids in the associated farming study

(Hand et al. 1998) were on average 30% heavier and generally

had better meat condition over winter than sibling diploids (R. E.

Hand unpublished data). A comparison of mortality and growth

data suggests a size-threshold for both diploids and triploids above

which they are more susceptible to the disease. That is, when

exposed to M. roiighleyi. mortality seemed to be greater in oysters

at or above a mean size of 40 mm shell height and 10 g whole

oyster weight. Although this is an approximate size only and

smaller oysters are still affected (to a lesser extent) by the disease.

it is similar to the size at which triploid Sydney rock oysters show

a growth advantage over diploids (Hand et al. in press); that is.

when diploids are diverting a greater proportion of their energy to

gametogenesis. This may indicate a relationship between the state

of gonad development (or gonad composition) and the effect of

winter mortality on oysters and is supported by the fact that diploid

oysters of better meat condition are more susceptible to the dis-

ease. As triploids had a higher meat condition than diploids over

winter it is likely that the changes in gonad composition of diploids

with increasing size (as opposed to meat condition) is influencing

susceptibility to the disease. That is. the different composition of

the triploid gonad, due to limited gamete development (and similar

to the immature diploid), may either confer an advantage to the

oyster when challenged by the disease or discourage initial infes-

tation.

The protistan parasite Perkinsus mariniis causes the disease

'Dermo' in American oysters Crassostrea virginica. The propor-

tions of phospholipids and specific fatty acids in P. marinus, com-

pared with the host oyster indicate possible active assimilation of

fatty acids from the oyster ( Volety et al. 1995). P. marinus has also

been shown to cause a reduction of up to 40% of free amino acid

levels in oysters (Paynter 1996) which disturbs the animal's os-

moregulatory capacity. Fatty acids, lipids, and amino acids con-

stitute important energy reserves to animals during periods of low

food availability (Stryer 1988) such as are experienced in winter in

NSW (Roughley 1926). M. roiighleyi infested oysters are often

characterized by an inability to maintain valve closure when out of

water. This has usually been attributed to the appearance of lesions

in the adductor muscle (Roughley 1926). The same symptom in P.

marinus infested oysters has been attributed to lower glycogen

levels in the adductor muscle of infested oysters (Dwyer and Bur-

nett 1996). Glycogen levels in diploid oysters generally fluctuate

throughout the year with a similar pattern to condition inde.x. Lev-

els over winter are generally low following spawning in summer/

spring; in contrast, triploids maintain relatively stable glycogen

levels throughout the year (Nell ct al. 1994). Smith (1991) found
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no difference in glycogen levels in S. coinmerciaJis with varying

degrees of winter mortality although a general decline occurred

over winter and glycogen was measured on a whole meat basis

rather than in individual tissues such as the adductor muscle. M.

roughleyi may have an effect similar to P. marimis of reducing

localized energy stores when whole body levels of glycogen are

generally low. In addition, a disturbance of free fatty acid and

amino acid levels during winter (when lipids and amino acids are

important sources of energy) would have serious physiological

consequences which triploids may be able to avoid, having higher

glycogen stores available. Infestation may also be related to initial

free fatty acid levels which would be higher in overmature dip-

loids. That is. oysters that retain developed gametes for an abnor-

mally long period suffer changes in lipid metabolism leading to

abnormally high levels of free fatty acids in the gonad (Mori

1979). Oysters are more likely to retain gametes through to winter

during years of cold winter temperatures and low rainfall (condi-

tions that are also known to increase the incidence of winter mor-

tality) (Nell and Smith 1988).

In conclusion, although triploid Sydney rock oysters do not

always survive M. roughleyi infestation better than diploids, in the

present study triploidy had a significant (p < .01) effect on mor-

tality at six of the seven sites where winter mortality occurred

during the final year on leases. If these results could be applied on

a broad scale to estuaries where winter mortality accounts for a

major proportion of stock losses and costs, farming of tnploid

Sydney rock oysters could substantially improve the profitability

of commercial oyster fanning in NSW. That is. farming triploid

Sydney rock oysters using standard disease management practices

would, on average, reduce the loss of stock to winter mortality by

65%, in the final year on leases (when oysters are most valuable as

well as normally being more susceptible to the disease).
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ABSTRACT Changes in community structure of an intertidal. macrobenthic community in the vicinity of a Crassostrea gigas

(Thunberg) cultivation site were studied. Samples were taken underneath trestles, in access lanes and at a control site. No evidence of

organic enrichment was found, linked to the highly dissipative nature of the study site, the latter as evidenced by the granulometric

composition of the substrate and the species encountered. Compared to the community at a control site, the macrofauna in the access

lanes has undergone species displacements and changes in numerical abundance of surtlcial living forms and shallow, fragile

hurrowers. This is postulated to be linked to physical disturbance by heavy vehicle traffic.

KEY WORDS: Macrofauna. oyster cultivation, Cnissosneii gigiis, impact

INTRODUCTION

Over the last few decades a considerable aniotMit of scientific

literature has been devoted to the environnicnial impacts associ-

ated with coastal aqtiactilture. This has been primarily driven by

the increasing importance of aquaculture as a coastal resource and

potential conflicts arising from perceived negative impacts of sus-

pended finfish culture. These usually take the form of modifica-

tions in the soft-sediment community structure in the vicinity of

the aquaculture sites (Gowen and Bradbury 1987, Henderson and

Ross 1995) or interactions of chemicals used on the farms with the

surrounding ecosystem (Pillay 1992).

Although on a world-wide scale bivalve aquaculture is perhaps

of less economic importance than fintlsh culture, in some countries

considerable areas of coastline are dedicated to either mid-water

mussel culture or intertidal oyster and clam cultuie. In terms of

benthic community modifications, some of the environmental ef-

fects of suspended bivalve culture are similar to those described

for finfish farming (Mattson and Linden 1983). In contrast, most

studies on intertidal culture have either failed to demonstrate any

significant changes in benthic community structure (Mojica and

Nelson 1993) or have only detected minor changes (Nugues et al.

1996. Kaiser et al. 1996. Spencer et al. 1996). Nevertheless, in

view of the large spatial scale of many intertidal bivalve aquacul-

ture operations, the potential exists to induce large-scale changes

(Nugues et al. 1996). in contrast to the usual smaller spatial scale

of finfish operations. In the USA. acute disturbances, such as the

manipulation of burrowing decapods with pesticide treatments or

mechanical harvesting in intertidal bivalve culture (Simenstad and

Fresh 1995) are thought to strongly influence ecosystem carrying

capacity. These potential habitat and community changes are con-

sidered important in the UK. Canada, and Ireland in view of the

often close proximity between bivalve mariculture operations and

sites of nature conservation interest, particularly in relation to birds

(Dickson et al. 1990).

Very few studies have been carried out on benthic community

changes associated with intertidal oyster (Cras.'sostrea giga.s) cul-

ture. Castel et al. ( 1989) provide summarized information on total

abundance and biomass changes at two intertidal sites in Arca-

chon. France, one site having trestle-type cultivation and the other

having "pair" culture on the seabed. Nugues et al. (1996) studied

benthic community changes in more detail at one site (trestle-type

cultivation) in the River Exe. UK. Summarized information on

environmental impacts of large-scale bottom-type cultivation in

Washington and Oregon (USA) is found in Simenstad and Fresh

( 1995). In contrast, biodeposition from pseudofecal and fecal pro-

duction by C. giga.s and the resulting chemical changes in both the

sediment and overlying water column have been extensively stud-

ied (Deslous-Paoli et al. 1987. 1992, Somin et al. 1983).

The aims of the present contribution were to assess potential

changes in macrofaunal community structure underneath trestles

and in access lanes associated with large scale oyster culture in

Dungarvan Bay,

METHODS

The present study was carried out during September 1995 in

Dungarvan Bay, SE Ireland, the second largest oyster cultivation

area in Ireland, producing about 500 tonnes of C. gigas per year.

Oyster cultivation is carried out in the mid- to low intertidal region

of the bay, with all growing sites adjacent to each other along the

southern shoreline. The actual studied cultivation area was the

most northeastern site (approx. area 12.5 hectares), and had been

established as a growing site for 6 years prior to sampling. Oysters

are grown in poches on trestles fastened onto metal frames.

Twinned rows of trestles are positioned perpendicular to the water

line, with access corridors in between each twinned set. The pro-

duction of the site is approximately 200 tonnes of seed oysters per

annum.

Two different treatments were sampled, corresponding to dif-

ferent potential impacts: ( 1 ) directly underneath oyster trestles,

potentially subjected to additional organic input from oyster fecal

or pseudofecal material (designated as Trestle); and (2) in access

corridors, potentially subjected to compaction of sediment due to

the use of heavy vehicles (designated as Lane). In addition, a

Control site was established 300 m away from the edge of the

cultivation area. All sampling sites were situated approximately at

midtide level.

Ten samples were obtained from each treatment, with samples

randomly positioned within each treatment area. Samples for fau-

nal analysis were obtained by manually removing the substratum
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TABLE 1.

Sedimentary characteristics of treatments.

Lane Trestle Control

% Gravel

% Coarse sand

% Medium sand

% Fine sand

% Silt-clay

% Organic matter

1.631 (0.36S)

1. 349-' (0.264)

5.415" (0.685)

91.460" (1.105)

0.144(0.008)

0.963 (0.007)

1.442(0.239)

0.894^(0.067)

4.005" (0.261)

93.486" (0.382)

0.173(0.002)

0.964 (0.007)

1.986(0.423)

2.5 19''" (0.351)

9.300"-" (0.990)

85.833"" (1.367)

0.363(0.145)

0.967 (0.006)

0.619"'

10.650*

14.404*

14.586*

1.975"'

0.138"'

Mean values and standard errors are given, together with results from a one-way ANOVA test on arcsin transformed data.

*
p < .0001 or

"'
nonsignificant. Values sharing the same superscript are significantly different (Bonferroni post-hoc comparison, p < .05).

within a 0.1 m" square frame which was pushed into the sediment

to a depth of 25 cm. Samples were puddled on a 0.5 mm sieve,

preserved in a 10% fonnalin-seawater mixture to which Rose Ben-

gal was added, and sorted by eye. Samples for the analysis of

sedimentary parameters were obtained by means of a 0.002 nr

corer pushed 5 cm into the substrate. Granulometry was assessed

following the methods outlined in Buchanan (1984). with the re-

sults expressed as % gravel (>2 mm). % coarse sand (2 mm-710

|xm). % medium sand (250 (x-710 jjim). % fine sand (63 |j,m-250

|ji,m). and % silt-clay (<63 |xm). Organic matter was assessed by

the loss-on-ignition method (Buchanan 1984).

Although not quantified, notes were taken on the presence of

any epifaunal species occurring in the vicinity of the samples.

Following enumeration of ta.xa. the biomass of each taxon was

determined using the ash-free dry weight method (Rumohr 1990).

On the basis of ranked abundance and biomass figures. Abundance

Biomass Comparison (ABC) curves were drawn (Warwick 1986).

These curves were statistically compared with the W statistic

(Clarke 1990). The following diversity and evenness indices were

calculated: S-total number of species. Ind: total number of indi-

viduals. H'-Shannon-Wiener Index. Sl-Simpsons' Dominance In-

dex, and J-Pielou"s Evenness Index. Formulae of all these indices

can be found in Heip et al. (1988).

Univariate community measures such as diversity indices have

been shown to be less sensitive to anthropogenic disturbances than

multivariate approaches (Keough and Quinn 1991). Hence, a De-

trended Correspondence Analysis (DCA) (see Jongman et al.

1987) was performed on the numerical abundance matrix.

RESULTS

The sediment at all three treatments consisted of sand, with

only minor portions of either the less than 63 fxin and the larger

than 2 mm fractions being present. Significantly lower levels of

coarse and medium sand and higher levels of fine sand were

present at the Lane and Trestle treatments than at the Control

treatment (Table 1 ). In terms of % organic matter, no significant

differences existed among the treatments (Table I ).

Of a total of 21 macrobenthic species encountered, only nine

showed significant differences in terms of numerical abundance

TABLE 2.

Densities (numbers/m~) and biomass (mg/m~) (mean value ± standard error) of species in treatments, together with results from a

Kruskal-Wallis test.
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TABLE i.

Mean values (±standard error) for biotic indices of treatments, together with results from a pairwise Mann-Whitney test.

Lane Trestle Control Lane vs. Control Trestle vs. Control

s
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biomass values over all 10 samples in each treatment, are shown in

Figure 2. Since in both the Trestle and the Control treatment the

biomass curve lies above the abundance curve, it is assumed that

these represent a relatively undisturbed community (Warwici<

1986). In the Lane treatment the numbers curve lies above the

biomass curve, indicative of a more disturbed community com-

pared with the other two treatments. The W statistic values of the

Trestle and Control do not differ significantly (Table 4), but a

significant difference existed between the W values in the Lane

treatment compared with the Control treatment (Table 4). These

Cumulative percentage

1(X) r

1 10

Species rank

Figure 2. Composite ABC curves for eacli treatment: I.ane (topi.

Trestle (middle), and Control (bottom), (abundance is shown as a full

line, biomass as a dotted line).

results are in agreement with the visual interpretation of the ABC
curves.

Relatively high numbers of the epifaunal decapods, Carcinus

inaenas (L.). Crangon ciringon (L.). and Palaemoii serratiis (Pen-

nant), were noted underneath trestles and in surface depressions in

access lanes. In contrast, very few C. maenas and C. crangon and

no P. serratns were found at the Control site.

DISCUSSION

In common with other aquaculture practices, intertidal oyster

cultivation has the potential to induce organic enrichment. Cer-

tainly in view of the high fecal and pseudofecal production (Somin

et al. 1983) and the possibility of altered hydrodynamic forces

(Kirby 1994) combined with the large spatial scale of oyster cul-

tivation, this organic enrichment could theoretically be deleterious

to oyster growth in addition to causing large scale changes in

benthic community functioning. The present results do not. how-

ever, indicate that the benthic community at the Trestle treatment

is undergoing any form of organic enrichment, as neither elevated

levels of organic matter were encountered nor were potential or-

ganic enrichment indicator species, such as C. capitata. encoun-

tered in densities usually associated with organic enrichment

(Pearson and Rosenberg 1978). Although densities of C. capitata

were indeed elevated at both impacted treatment, and especially at

the Trestle treatment, this may be more related to the opportunistic

nature of C. capitata rather than organic enrichment (see Warren

1977). Also, the results from the ABC analysis suggest a relatively

undisturbed community (Warwick 1986). In all likelihood the

highly dissipative nature of the cultivation site prevents a build-up

of organic matter and fines underneath the trestles. This is sup-

ported by the fact that the species composition at the noncultivated

control area appears to be indicative of a high-energy sandy beach

environment (Eleftheriou and Nicholson 1975. Allen and Moore

1978).

On the other hand, the nuiuerical abundance of C. capitata was

significantly higher at the Trestle treatment, whereas several other

species exhibited a lower abundance. In addition, a lower diversity

coupled to a higher dominance (although both not statistically

significant) was also observed. It thus appears that the presence of

oyster trestles induces a minor shift in the total species pool, re-

sulting in some species displacement and changes in numerical

abundances of sensitive species. In the absence of any evidence of

organic enrichment, the possibility of heightened predation by epi-

faunal decapods and fishes could be considered as the cause. Cer-

tainly, the trestles act as refuges for scavenging crabs and shrimps,

with numerous individuals of C. maenas. C. crangon, and P. ser-

ratns observed underneath and in between the trestles and these

species being virtually absent on the open sands of the adjacent,

noncultivated area.

In contrast, all analyses, especially the ordination plot and the

ABC analysis, appear to indicate that the Lane treatment is under-

going a slightly more pronounced form of disturbance. Even

though the close proximity of the trestles may influence the

benthic community structure due to the causal agents of organic

deposition, hydrodynamic forces, and predation, in the absence of

evidence for organic enrichment and in view of the differences in

ciminiunity structure between both impacted treatments it is pos-

tulated that this is evidence of physical disturbance. Frequent

heavy vehicle traffic for maintenance and harvesting purposes may
indeed alter the surficial sediment matrix due to the combined



Impact of Oyster Cultivation on Macrofauna

TABLE 4.

Mean values of VV statistic (±standard error) per treatment, together with results from a pairwise t-test.

Lane Trestle Control Lane vs. Control Trestle vs. Control

0.022 (0.073) 0.101 (O.IOI) 0.197 (0.050) -2.30* -0.85"'

dt 18.
*
p < .05 or

"'
nonsignificant.

action of compaction and displacement. This may selectively re-

move species or reduce numerical abundance of surficial living

forms, such as small-bodied crustaceans (B. i^uilliaiu.soiiiaiia. M.

nuiculatiis. G. crinicornis) and shallow, fragile burrowing bivalves

( /". teiniis). An alternative hypothesis, that this change in commu-

nity structure is caused by a reduction in hydrodynamic forces,

would not appear plausible, as. although a general shift from crus-

tacean dominance to polychaete dominance has been associated

with a decrease in hydrodynamic force (Eleftheriou and Nicholson

1975), bivalve molluscs are usually considered to be indicative of

more sheltered conditions (Eleftheriou and Mclntyre 1976).

Hence, the reduced numerical abundance of T. tenuis in the Lane

treatment as compared with the Control treatment can thus not be

solely attributed to a reduction in hydrodynamic action, even

though slightly elevated amounts of fine sand were encountered in

both the Lane and Trestle treatments. The observed slightly el-

evated diversity indices at the Lane treatment may indicate an

intermediate level of disturbance, both in terms of severity and

frequency, which results in a higher species diversity (Connell

1978), akin to the beneficial effects of low organic enrichment

(Pearson and Rosenberg 1978).

Previous studies on the potential benthic impact of intertidal

ovster cultivation demonstrated clear evidence of organic enrich-

ment causing reduced macrofaunal abundance and diversity (Cas-

tel et al. 1989, Nugues et al. 1996). findings which are not sup-

ported by the present study. This is attributed to the more dissi-

pative nature of the present study site, with both the studied sites

of Castel et al. (1989) and Nugues et al. (1996) being lower energy

sites than the present site, as exemplified by the higher percentages

of fines at the nonimpacted sites in those studies.

Generally our findings support the hypothesis that in contrast to

the negative environmental effects associated with suspended bi-

valve cultivation, only minor changes are observed in terms of

altered macrofaunal community structure. Nevertheless, a consis-

tent but minor change in macrofaunal community structure was

observed in the access corridors, which is assumed to be related to

physical disturbance caused by heavy vehicle traffic, resulting in

compaction and dispersal of the surficial sediment layers.
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ABSTRACT A 1 : 100.000 scale map delineating the .subtidal oy.ster resource zones within the Barataria and Terrebonne estuaries was

developed. Strategies to accomplish the task included interviews with Louisiana oystermen and state biologists to develop a draft map,

field sampling to document oyster (Crasso.':lrea virginica). Dermo {Perkinsiis maritnis). and oyster drill {Stramoiula haemastoma)

abundances, use of historical salinity data to aid in map verification, and public meetings to allow comment on a draft before final map

preparation. Four oyster resource zones were delineated on the final map: a dry zone where subtidal oysters may be found when

salinities increase, a wet zone where subtidal oysters may be found when salinities are suppressed, a wet-dn zone where subtidal

oysters may be consistently found due to favorable salinities, and a high-saliniTy zone where natural oyster populations are predomi-

nantly found in intertidal and shallow waters. The dry zone is largely coincident with the brackish-marsh habitat, with some

intermediate-type marsh. The wet-dry zone is found at the interface of the brackish and saline marshes, but extends further seaward

than up-estuary. The wet zone and the high salinity zones are areas of mostly open water fringed by salt marshes. The dry zone

encompasses 91.775 hectares, of which 48,788 hectares are water (53%). The wet zone encompasses 83,525 hectares, of which 66,958

hectares are water (80%). The wet-dry zone encompasses 171,893 hectares, of which 104.733 hectares are water (61%). The high

salinity zone encompasses 125.705 hectares, of which 1 13,369 hectares are water (90%). There is a clear trend of increasing water

habitat in the four zones over the past 30 years, and oysters are now cultivated on bottoms that were once marsh. The map should be

useful in managing the effects upon oysters of freshwater diversions into the estuaries. It provides a pre-diversion record of the location

of oyster resource zones and should prove helpful in the seaward relocation of oysters leases.

KEY WORDS: Oyster, Crassoslrea virginicu. management. Louisiana, wetland loss, coastal restoration, map

INTRODUCTION resource managers in solving problems related to oyster resource

displacement.

Throuchout its lone history, the Louisiana oyster industry has No oyster resources mapping project of this magnitude has ever

experienced fluctuating salinities that have influenced the distri-
been undertaken within the two estuaries. Mackin and Hopkins

bution of oysters (Van Sickle et al. 1976, Orlando et al. 1993). In (1961), using O'Neirs (1949) vegetation map, identified some

the Barataria and Terrebonne estuaries, many oystermen have productive oyster areas within Louisiana. In 1981. the U. S. Dept.

adapted to fluctuating salinities by leasing grounds along salinity
of the Interior issued the Ecological Atlas of the Mississippi Del-

gradients which allows them to operate in wet, dry. and average
t^ic Plain Region delineating some major areas of oyster leases

years (Melancon et al. 1987. Perret and Chatry 1988. Dugas et al. along the Louisiana coast (U.S. Dept. Interior 1981).

MATERIALS AND METHODS

Map Development

1997). The oyster grounds in Barataria and Terrebonne estuaries,

80,000-1- hectares, comprise 50-60% of the state's private leases.

As Louisiana develops its strategy of freshwater diversions into

the estuaries as one means of stemming wetland losses, displace-

ment and destruction of some oyster-producing grounds is inevi- jhe map of oyster distribution was developed by interviewing
table (Melancon 1990a). We developed a map of the current dis-

oystermen and state of Louisiana field biologists. Twenty-seven
tribution of the oyster resource zones within the Barataria and

oystermen with an average experience of 29 years in the industry

Terrebonne estuaries to assist oystermen and state and federal
(range, 8-50 years) were initially interviewed to develop a draft

map. Each oysterman was asked to delineate, on a 1:100,000 .scale

map of the Barataria and Terrebonne estuaries, the zones where

Present address: Louisiana Department of Environmental Quality, 104 "^tural subtidal oyster populations could always be sustained dur-

Lococo Dr., Raceland, LA 70394. 'ig wet and dry estuarine conditions (periods of abundant Iresh-

**Present address: Louisiana Department of Natural Resources, Coastal water and low salinities and periods of drought and high inland

Restoration Division. Baton Rouge. LA 70804 salinities). Once this zone was drawn, each was asked to draw

1143
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zones where natural suhtida) oyster populations could be sustained

during wet or dry periods. A higii salinity zone was identified

(seaward of the wet zone to the Gulf), where cultivated oysters are

temporarily bedded and natural populations exist in shallow and

intertidal habitats. Oystermen were instructed to draw zones only

in those areas where they had knowledge of the oyster resources.

A composite draft map. delineating the four oyster resource zones,

was then submitted for review to 14 field biologists with the Loui-

siana Department of Wildlife and Fisheries (LDWF); six biologist

recommended shght revisions.

A second draft of the map was submitted to the public at three

meetings held in different coastal communities within the estuar-

ies. All 1.200 state-registered oystermen were notified of the meet-

ings by mail and announcements also appeared in eight coastal

community newspapers. At each meeting, the 1:100,000 scale sec-

ond-draft map was reviewed. Any oysterman who wanted to sug-

gest a revision was given a smaller ( 1 ;580,000 scale) version of the

map upon which to draw his recommended change. Some revi-

sions were a collaborative effort of two or three oystermen. The

name, address, years of experience, and the number of acres leased

or controlled were recorded for each participant. Forty-five oys-

termen at the public meetings reviewed the second draft of the map
with 14 of them recommending revisions. The suggested revisions

were incorporated into a third draft of the map and resubmitted to

the field biologists who had reviewed the original draft. No further

recommendations were made and the third version of the map
became the final draft. A total of 86 oystermen and biologists

contributed to the development of the oyster resource map.

The base map used for the drafts and final version was the U.

S. Geological Survey's 1:100,000 DLG data file of the Louisiana

coast. Boundaries for the map were produced from the Louisiana

Department of Environmental Quality's (LDEQ) water quality

segment data file. Boundary lines for each of the four oyster re-

source zones were digitized and saved using Arc-Info (version

6. 1 .2) software on a Data General Avion Unix work station located

at the Louisiana Department of Natural Resources (LDNR). The

final maps were plotted using a Calcomp 58000. 44-inch color

electrostatic plotter. Land and water acreage within each oyster

resource zone was obtained from the 1988-90 U. S. Fish and

Wildlife Service (LISFWS) Louisiana habitat data file.

Field Validation

Field validation of the oyster resource zones included a field

survey of sites 1-59 (Fig. 1) to document subtidal oyster abun-

dance and size frequency, the presence of the oyster drill, 5/)i;-

monita (
= Tliais) haemastoma, and the occurrence of the parasite

Dermo, Perkinsus (
= Dennocystidium) marinus. Most of the field

sites were sampled between May and October 1993, except for

station 22 (4/18/93). The parasite survey began on July 24. 1993

and ended on September 23, 1993; thus some of the field sites were

revisited. Salinity measurement at each field site was determined

with a Hydrolab Surveyor II. A bamboo pole was used to sound the

bottom for oysters and shells. Once reef or concentrated shells

were discovered, buoys were placed to mark the location. Repli-

cate 1-min tows were taken between buoys with a hand-operated

12-tooth oyster dredge, 61 cm wide. The "length" of live oysters

was measured in millimeters (umbo to the most distant point on the

lip of the shell) and were assigned to 25 mm size classes.

A subset of 10 live oysters (N) s=76 mm in shell length were

harvested from 24 selected stations (#1,4. 9, 11, 13, 14, 16, 18, 19,

24, 25, 28, 29, 31, 32, 35, 37, 39, 42, 47, 49, 52, 53, and 56) and

Figure 1. I.ocation of the Barataria and Terrebonne oyster sample stations, #I-#59, and Louisiana Department of Wildlife and Fisheries salinity

stations, #60-#81.



Oyster Resource Zones of Louisiana 1145



1146 E. Melancon, Jr. et al.

DRY ZONE

N = 318 oysters

:&-50 51-75 76-100

SHELL LENGTH (nun)

WET ZONE

26-50 51-7S 76-100

SHELL LENGTH (mm)

mOH SALINITY ZONE

N = 68 oysters

26-50 51-75 76-100

SHELL LENGTH (mm)

-WET-DRY ZONE

N- 1,101 oysters

26-50 51-75 76-100

SHELL LENGTH (mm)

Figure 3. Length-frequency of live oysters in 25-mm size classes from the four resource zones.

analyzed for Demio (Ray 1966). A parasite intensity code (C) of

(uninfected) to 6 (heavily infected) was assigned to each oyster

according to the criteria of Quick and Mackin (1971). Percent

infection (PI) and the mean population disease intensity or

weighted incidence (WI) were calculated, where Wl = (X C)/N

(Mackin 1962).

Besides the 59 field sites, 22 other sites (stations #60-81) were

used to validate the delineation of the four oyster resource zones

by using records of bottom salinity (Fig. 1). The records were of

5-y (1989-93) monthly mean bottom salinities obtained from the

LDWF (Melancon et al. 1994).

RESULTS AND DISCUSSION

Four resource or habitat zones were delineated where, based

upon prevailing salinity conditions, subtidal oysters may be found

(Fig. 2). The four zones are a diy zone in the upper regions of the

estuaries, where subtidal oysters may be found when salinities

increase; a wet zone in the mid-to lower regions of the estuaries,

where subtidal oysters may be found when salinities are sup-

pressed; a wet-diy zone in the mid-section of the estuary, where

subtidal oysters may be consistently found due to favorable salini-

ties; and a high-salinity zone in the lower estuary, where natural

oyster populations are predominantly found in intertidal and shal-

low waters (usually <0.3 m below MLW) and where cultivated

populations are often temporarily bedded (Melancon 1990b).

When mapped, the zones form an m-shaped pattern, with the zones

extending seaward under the influence of freshwater contributions,

especially those of the Atchafalaya River, Bayou Lafourche, and

the Mississippi River. The more significant flows of the Atchafa-

laya and Mississippi Rivers extend the wet/dry zone to the edge of

I FMAMJ JASONDJ FMAMJ JASONDJ FMAMI JASOND J FMAMJ JASONDJ FMAMJ JASON
YEARS BY MONTHS

—•— WET-DRY ZONE —A— HIGH SALINITY ZONE —B— WET ZONE o DRY ZONE

Figure 4. Mean monthly salinities for the four oyster resource zones using Louisiana Department of Wildlife and Fisheries stations #60-#81. for

the period 1989-93.
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TABIK 1.

Weighted incidence (\\1) and percent infection (I'll of I'lrkinsiis

marimis. and mean numbers of drills per dredge tow for the four

resource zones.
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dient and relatively low values for all. are typical of wet

year conditions (St. Amant 1938, Gunter 1979. Soniat 1985 and

1996).

The Barataria-Terrebonne oyster resource zones correlate well

with coastal vegetation zones, both of which relate to long-term

salinity regimes (Fig. 3 1. The dry zone is largely coincident with

the brackish-marsh habitat, with some intermediate-type marsh.

The wet-dry zone is found at the interface of the brackish and

salt marsh, but e.xtends further seaward than up-estuary. The wet

and high-salinity zones are areas of mostly open water fringed

by salt marshes. Water habitat, using 1988-90 USFWS Habitat

data, is equal to 34% (48,788 hectares) of the dry zone, 61%

(104,733 hectares) of the wet-dry zone, 80% (66,958 hectares)

of the wet zone, and 90% (1 13,369 hectares) of the high-salinity

zone (Fig. 5).

The USFWS habitat data from 1956, 1978, and 1988/90 show

a trend of increasing water habitat in the four zones over the past

thirty years (Fig. 6). Since 1958, water acreage has increased 77%
in the dry-zone, 67% in the wet-dry zone, 41% in the wet-zone,

and 9% in the high-salinity zone. An increase in water acreage is

potentially an increase in available oyster habitat. Oysters now are

cultivated on bottoms that were once marsh.

The rationale of the map is that salinity is the main determinant

for subtidal oyster presence when all other environmental condi-

tions are met. However, the presence of an oyster population

within a resource zone implies neither commercial numbers or

quality of oysters. The map is useful in predicting the effects upon

oyster habitat of freshwater diversions into the estuaries. It pro-

vides a pre-diversion record of the location of oyster resource

zones and should prove helpful in the seaward relocation of oysters

leases. The state of Louisiana and the oyster industry are presently

using the map for this purpose.
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.ABSTRACT One of the primary obstacles to undersianding why some oyster populations are successful and others are not is the

complex interaction of environmental variables with oyster physiology and with such population variables as the rates of recruitment

and juvenile mortality. A numencal model is useful in investigating how population structure originates out of this complexity. We

have monitored a suite of environmental conditions over an environmental gradient to document the importance of short time-scale

variations in such variables as food supply, turbidity, and salinity. Then, using a coupled oyster disease population dynamics model,

we examine the need for short time-scale monitoring. We evaluate the usefulness of several measures of food supply by comparing

field observations and model simulations. Finally, we evaluate the ability of a model to reproduce field observations that derive from

a complex interplay of environmental variables and address the problem of the time-history of populations. Our results stress the need

to evaluate the complex interactions of environmental variables with a numerical model and. conversely, the need to evaluate the

success of modeling against field observations of the results of complex processes. Model simulations of oyster populations only

approached field observations when the environmental variables were measured weekly, rather than monthly. Oyster food supply was

estimated from measures of total particulate organic matter, phytoplankton biomass estimated from chlorophyll a, and total labile

organic matter estimated from a regression between chlorophyll a and total labile carbohydrate, lipid, and protein. Only the third

measure provided simulations comparable to field observations. Model simulations also only approached field observations when a

multiyear time series was used. The simulations show that the most recent year exerts the strongest influence on oyster population

attributes, but that the longer time-history modulates the effect. The results emphasize that year-lo-year changes in environment

comnbute substantially to observed population attributes and that multiyear environmental time series are important in descnbing the

time-history of relatively long-lived species.

KEY WORDS: Crassosrrea virgiiiica, modeling, Pertcinsus mantms, population dynamics, seston

INTRODUCTION supply and turbidity, independent of salinity, may explain these

The American oyster. Crassostrea virginica, is notable for its diverse observations (Hofmann et al. 1992. Powell et al. 1994b).

ability to maintain commercial populations over a wide latitudinal Food supply and turbidity are contrapuntal variables in their in-

range and over a wide range of local environmental gradients, tluence on oyster ingestion. Increased food supply normally results

chief of which are gradients in salinity, turbidity, and food supply. in increased ingestion, until ingestion is restricted by gut passage

Although the American oyster is a well-studied species, the inter- time (Hughes 1980). Increased turbidity reduces ingestion rate by

action of salinity, temperature, and food supply on commercially reducing food quality and reducing filtration rate (Powell et al.

productive populations is still poorly understood and the degree to 1992b. Loosanoff and Tommers 1948). Thus, food supply and

which other variables, such as current flow, are important under turbidity are important mediators of population success over a

certain conditions remains largely unknown. Nevertheless, the in- wide range of environmental conditions.

teraction of salinity, turbidity, and food supply with the annual The persistence and productivity of oyster populations is de-

temperature cycle and their joint influence on the susceptibility of termined by a complex interaction of such environmental variables

the American oyster to disease may explain much of the yearly as temperature and food supply with oyster physiology and with

variability observed in oyster populations. such population variables as rates of recruitment and juvenile mor-

The interaction of these variables, however, produces complex tality. Modeling studies have emphasized this complexity (Powell

and sometimes counterintuitive results. Some high-salinity popu- et al. 1992b. Powell 1994b. Buxton et al. 1981. Soniat and Brody

lations are productive, despite high disease intensities and heavy 1988). The complexity is also apparent in experimental studies

adult mortality, conditions that produce local extinctions else- evaluating the importance of many variables in population success

where. Some low-salinity populations exhibit poor growth and (e.g.. Buxton et al. 1981, Bayne et al. 1988, Olafsson et al. 1994).

low-productivity, despite the absence of disease, conditions that Combining field observation and numerical modeling to inves-

produce commercially important populations elsewhere. Modeling tigate the complex basis for population structure rests first on the

of oyster population dynamics has indicated that variations in food collection of data necessary to describe the environmental and

1149
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biological milieu. Typically, data collection faces sampling limi-

tations imposed by time and resources. Four aspects of this prob-

lem are pertinent. First, in many cases, only a limited suite of

environmental and biological variables can be measured; however,

the choice of which variables to measure may not be easily deter-

mined. Some may be more important in some places than in others,

and the simplest to measure may not be the most important. Sec-

ond, in some cases, as in the case of food supply, uncertainty exists

in what should be measured. Various estimators of food supply, for

example, include total organic carbon, total organic nitrogen, chlo-

rophyll a. and lipid/carbohydrate/protein (Soniat et al. 1984, Soniat

and Ray 1985. Wilson-Ormond et al. 1997). The assimilation ef-

ficiency of oysters varies profoundly across a variety of food re-

sources differentially targeted by these measures (Langdon and

Newell 1990. Powell et al. 1992b. Tshikhon-Lukanina 1982).

Third, the frequency of sampling is an issue. Studies normally

target sampling on once per month intervals. Fegley et al. (1992)

and Wilson-Ormond et al. (1997) have shown the importance of

short time-scale changes in environmental variables for oyster

populations. Hofmann et al. (1992) emphasized the importance of

the timing of phytoplankton blooms relative to the seasonal tem-

perature cycle. Thus, events on less than month time-scales may be

crucial in understanding population success. Fourth, on the other

hand, Ulanowicz et al. (1980) and Powell et al. (1996), among
others, discussed the importance of the time-history of the popu-
lation in shaping population structure. Thus, the length of the time

series may be crucial in interpreting differences in population

structure. Any population represents the time-history of environ-

mental events over at least the last few generations. The degree to

which any one year's events control future population structure is

not well understood, but certainly disease epizootics seem to have

a multiyear history of development and decay (Powell et al. 1996).

This generational effect will restrict the infomiation gained from

comparisons of simultaneously run biological and environmental

sampling programs, while lengthening the necessary sampling pe-

riod to encompass a longer time series.

The purpose of our investigation is threefold. First, we moni-

tored a suite of environmental conditions over an environmental

gradient to document the importance of short time-scale variations

in such variables as food supply, turbidity, and salinity. Then,

using a model, we examined the need for short time scale moni-

toring. Second, we evaluated the usefulness of several measures of

food supply by comparing field observations and model simula-

tions obtained using them. Finally, we evaluated the ability of a

model to reproduce field observations that derive from a complex

interplay of environmental variables, and we sought to determine

the adequacy of our choice of monitoring variables. Along the

way. we addressed the problem of generational memory or the

time history of populations. Our results stress the need to evaluate

the complex interactions of environmental variables with a nu-

merical model and. conversely, the need to evaluate the success of

modeling against field observations of the results of complex pro-

cesses.

MATERIALS AND METHODS

Sample Sites and Pralocol

Environmental variables, seston composition, and oyster popu-
lation parameters were sampled from April 1992 to March 199.'^ at

three sites in the Terrebonne Basin of southcentral Louisiana.

Sample reefs along a salinity gradient were chosen to provide

accessible, unharvested, unplanted, subtidal, and persistent popu-
lations of oysters. All sites were adjacent to Bayou Petit Caillou. a

local source of fresh water. Site 1 (Savin Canal) is a low-salinity,

protected (bayou-like» habitat, water depth 0..^ to 0.6 m. Site 2

(Bay Cocodrie) is an exposed bay-edge, low-salinity location with

a depth of 0.6 to 0.9 m. Site 3 (Bay Tambour) is higher in salinity

and semiprotected (bayou side of a marsh island in an open bay),

water depth 0.3 to 0.6 m.

Environmental \ ariables

Environmental variables were measured weekly. Water tem-

perature was measured to the nearest 0.1 °C with a mercury ther-

mometer. Salinity was determined (nearest 0.5%f) using a refrac-

tometer (Beherns 1965).

Seston

Water was sampled weekly from 0.3 m above the reef with a

hand-operated peristaltic pump. Between 100 and 250 niL (de-

pending upon turbidity) was filtered through 47-mm Gelman A/E

glass fiber filters. The filters and filtrate were dried for I h at

103°C to obtain seston dry weight and subsequently ashed at

550°C for 15 min to determine particulate inorganic and particu-

late organic matter (POM) (American Public Health Assoc. 1971 ).

Twenty-five niL of water was filtered through 25-mm Whatman
GF/F glass fiber filters, extracted in 60:40 v:v 90% acetone: di-

methyl sulfoxide, and read on a Turner Designs Model 10 fluo-

rometer to measure chlorophyll a (Shoef and Lium 1976).

Food potentially available for oysters was estimated in three

ways. First, measured POM was used directly. Second, chlorophyll

a was converted to phytoplankton biomass using a chlorophyll-to-

mg carbon conversion of 40 (Parsons el al. 1961 ) and a mg carbon-

to-mg dry weight conversion of 2.14 (Widdows et al. 1979) as

described by Wilson-Ormond et al. (1997). Third, food was esti-

mated using a regression equation relating total labile carbohy-

drate, total protein, and total lipid to chlorophyll a obtained from

studies in Galveston Bay, Texas (Soniat el al. 1984).

Food = Total carbohydrate -i- Total lipid -i- Total protein

= 0.088 * chlorophyll a + 0.520

where chlorophyll a is in p-L L"'. and food is in mg DW L"'. This

third method has the interesting attribute of increasing oyster food

supply above that estimated by chlorophyll a and also increasing

food supply disproportionately during the winter, when chloro-

phyll a values are normally low.

Oysters

About 0.13 nv of reefal material (enough to fill a 13.2-L

bucket) was collected monthly by longing. Live oysters, boxes

(dead articulated shells), and single shells were separated. Live

oysters were tallied and assigned to a 25 mm size class (e.g., to

24 mm. 25 to 49 mm). Shells and live oysters were examined for

the presence of spat.

Ten commercial-size (>76 mm) live oysters were culled,

cleaned of attached epifauna, and anterior-to-posterior length was

measured to the nearest mm. Displacement volume before and

after shucking was used to calculate mantle cavity volume (Galt-

soff 1964). Gonadal thickness and adductor muscle diameter were

measured with vernier calipers (nearest 0.1 mm) to calculate go-

nadal index.
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Gonadal Index ^

average gonadal thickness (mm)

averaae diameter adductor musele (mm)
100

(Soniat and Ray 1984). Sex was determined by blotting gonadal

material onto a glass slide and observing the tissue at 100 X. Dry

weight was determined by drying at 80 to 85°C to constant weight.

Condition index was calculated as follows.

Condition Index :

oyster dry weight (g)

mantle cavity volume (mL)
100

(Hopkins 1444).

A small piece of mantle tissue (about 4 mm") was used to assay

for Perkinsiis marinus (Ray 1966). Infection intensity was scored

using Mackin's ( 1962) O-to-5-point scale as modified by Craig et

al. (1989). Population infection intensity was calculated as

weighted incidence (WI).

WI = -

Mackin's disease code number

n

Oyster Perkinsus marinus Model

The oyster population dynamics model consists of separate

components for the postsettlement oyster population and Perkinsus

miiriniis. The two model components are coupled by the relation-

ships that describe the removal of oyster energy by the parasite to

support its metabolic needs, relationships that relate rates of para-

site cell division and mortality to host mortality, and the influence

of P. marinus on oyster physiology. The postsettlement compo-

nent, as described by Powell et al. (1995), consists of a size-

structured model that includes the processes regulating growth,

reproduction, and death of oysters from newly settled juveniles to

adults. These processes include assimilated ingestion as it depends

on filtration rate, ambient food supply, and assimilation efficiency;

filtration rate as a function of oyster size, temperature, salinity.

turbidity, and current flow; respiration as it depends upon size,

teinperature, and salinity; and the apportionment of net production

into somatic and reproductive growth as a function of temperature

and time of year. The Perkinsus marinus component, as described

by Hofmann et al. (1995). consists of processes controlling cell

division and cell mortality as a function of temperature, salinity,

and cell density; transmission rate as a function of oyster popula-

tion density, P. marinus prevalence, and P. marinus infection in-

tensity; and host mortality as a function of cell density. A flow-

chart of the coupled oyster disease model appears as Figure 1.

The model was solved numerically using an implicit (Crank-

Nicolson) tridiagonal solution technique with a I -day time step.

Environmental forcing factors in the model are salinity, teinpera-

ture, current flow, food supply, and turbidity. Environmental vari-

ables were input into the model from measured time series at each

of the three sites. Daily values used by the model were obtained by

linear interpolation between each measurement and the next. The

model simulates oyster biomass, rather than length. Model results

were expressed as length using a dry weight-to-length relationship

obtained from the three studied populations.

Dry weight(g)
= 2.4 x 10*" Lengthtmm)-''''-^

All simulations began on January I (Julian day 1 ) or May 20

(Julian day 140) and ran for 6 years. Each simulation was initial-

ized with an oyster size-frequency distribution representative of

the sampled site or by permitting the settlement of spat on day 140.

The oyster population was initialized with a P. marinus prevalence

of SO'/f to reduce the time required to bring the model into equi-

librium with the environmental variables. Typically, this took

about 12 to 18 months of simulation. Thus, discussion focuses on

the final 4 years of the 6-year simulation. Specific variables set for

each simulation are shown in Table 1 .

RESULTS

Field Measurements

Environmental Variables

Temperature was similar al all three sites and varied from 12°C

in December to 31°C in July (Fig. 2). Salinities were highest at

Bay Tambour (site 3, Fig. 2c), often >5%f above sites I and 2.

Salinity remained above 10%c, except during the winter months.

Salinities were similar at sites 1 and 2 and hovered around 10%o

except during the winter, when salinities below 5%c were fre-

quently recorded (Fig. 2a.b). Salinity was more variable on short

time scales in Bay Cocodrie (site 2).

Site 1 was typically the least turbid (Fig. 3a). Total seston

rarely exceeded 60 mg L"
'

. No seasonal pattern was evident. Total

seston was generally higher at sites 2 and 3. often exceeding 40 mg
L"' (Fig. 3b,c). Again, no seasonal pattern was evident.

Food Supply

A moderately distinct bloom occurred during May to July at all

three sites. Chlorophyll a concentrations exceeded 20 |JLg L"' dur-

ing some of this period (Fig. 3), however highest values did not

occur simultaneously. Values were higher earlier (in May) in Bay
Tambour (site 3), but rose to peak values in July at the lower-

salinity sites (Savin Canal, Bay Cocodrie). Concentrations fell to

persistently low levels (<I0 (xg L'') for the remainder of the year

at all three sites. No fall bloom was evident at any site.

Particulate organic matter was correlated with total seston,

rather than chlorophyll (POM vs. seston: r" = 0.86, 0.94. 0.89;

POM vs. chlorophyll: r" = 0.02. 0.10. 0.05; stations 1, 2, and 3,

respectively [Fig. 4]). Values routinely were I07f or less of total

seston.

Oysters

Most oysters were 25 to 99 mm long (Fig. 5) and the size-

frequency distribution remained stable throughout the year. No

oysters exceeded 150 mm. Site 1 had the smallest oysters, on

average. By the end of the study, oysters were somewhat larger at

site 3 than at sites 2 or 1. Juvenile oysters (0-24 mm) were most

abundant in early spring and late summer, and were normally most

abundant at site 3.

At all stations, gonadal index peaked in April or May and was

lowest in November (Fig. 6). Second, smaller peaks occurred in

July at site I , August/September at site 2, and September at site 3.

Sex was indeterminant from November through February coinci-

dent with low values of gonadal index; otherwise, the commercial-

size oysters were predominantly female. Condition index paral-

leled gonadal index in being highest in April/May and lowest in

November (Fig. 6). However, condition index was relatively lower

during the second peak in gonadal index than during the spring,

and particularly low at site 3.

Perkinsus marinus prevalence was highest at the higher-salinity

site (Bay Tambour, site 3) and lowest at site 2 (Bay Cocodrie),

where frequent low-salinity events occurred. Prevalence rarely
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Figure 1. Flow chart for the Crassoslrea virginica-Perkinsiis mariiuis model described b) Powell et al. (1995) and Hofmann et al. (1995). Note

the following corrections to Table 3 of Hofmann et al. (1995): (J
= 3.2454 x 10", e = 9.57 x 10"'", I,

= 1.16 x 10"^.

dropped below 50% at site 3 and never rose above 40% at site 2

(Fig. 7). Weighted incidence followed the same general trend,

never exceeding 0.35 at site 2 and 0.9 at site 1 . but averaging above

0.5 at site 3. Weighted incidence was lowest during the winter at

sites 1 and 3. Weighted incidence was much more variable at site

2, coincident with the more variable salinity at this site. Overall, P.

marinus prevalence and infection intensity followed the expected

pattern with temperature and salinity at these sites. Lowest infec-

tion levels occurred at the lower salinity sites and during the colder

periods of the year.

Model Simulations

Food Supply

The first set of simulations examined the adequacy of various

measures of food supply. A crucial prediction, in judging the ad-

equacy of an input variable describing food supply, is the size

frequency of the simulated adult population. In oysters, adult size

is environmentally controlled, and, within a local area, food supply

will be a significant determining factor of adult size (Hofmann et

al. 1994). A second important parameter is the spawning season

and the pattern of spawns. The amount of energy devoted to ga-

mete production is sensitive to oyster net production, which is

largely determined by the availability of food (Hofmann et al.

1992).

The size frequencies of three simulated populations obtained

using the environmental conditions for site 3 (Bay Tambour) and

the three different food supplies are shown in Figure 8. Other

model parameters were set, as given in Table 1. Simulations for

sites 1 and 2 yielded qualitatively similar results. In comparison to

the actual population shown in Figure 5, particulate organic matter

yields a simulated size frequency of adults much too large: stan-

dard estimates of phyloplankton biomass from chlorophyll yields a

simulated size frequency much too small. Using an estimate of
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TABLE 1.

Parameters used for simulations.

Simu-

lation Site" Dav r
Size Fre-

quency' Food'' F. mahnits

Rate of

Recruit'

Mortality

Size Range'

Rate of

Mortality'^

Sampling

Frequency'' Figure

I.
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Site1

'e.

Q Condition Index

Gonadal Index

Sitel

'«.

'v.;:v:s.n>s,'''&.or^^-or''/.
'.9^ «4'

•'«&.

^i!j-'-i>? "-ilj "-5j •"•-«>?

Figure 6. (Gonadal index and condition index of oysters from the three

sampHng sites over the study period. Note that the y-axis scale differs

between plots: (A) site 1. Savin Canal: (B) site 2. Bay Cocodrie; (C) site

3, Bay Tanihour.

a low assimilation efficiency cannot produce a realistically simu-

lated oyster population because the timing of the seasonal variation

in food supply would be incorrect.

Chlorophyll a certainly measures an impoilant component of

oyster food (Berg and Newell 1986. Epifanio and Ewart 1977).

Estimating food supply as phytoplankton biomass generates most

important seasonal events in the oyster's life cycle. Growth, re-

productive development, and spawning all occur at approximately

the correct time in simulated populations, unlike that observed

when POM was used. However, phytoplankton biomass simply

does not provide an adequate food supply. Oysters remain too

small, and reproductive development ends too early in the fall,

coincident with the decline in phytoplankton standing stocks ob-

served after July. Literature values will not suppoil a higher as-

Site2

Sites

'^. ^.'^•*.5o..'^-%,'^-o.'- Ir^.

'-'.7^>-.>;''V'*-4VV°^-.r-4^^^^^^^

Figure 7. Perkiiisiis marinus prevalence and infection intensity for

oysters from the three sampling sites over the study period: note that

the v-axis scale differs between plot.s; (Al site 1, Savin Canal: (B) site

2, Bay Cocodrie; (C) site 3, Bay Tambour.

similation efficiency (75% in these simulations! (Powell et al.

1992b. Tenore and Dunstan 197.^, Valenti and Epifanio 1981).

Thus, phytoplankton biomass is not a complete measure of oyster

food.

Soniat et al. (1984) and Soniat and Ray (1985) demonstrated

the importance of including a nonchlorophyll-explained food re-

source in the estimate of oyster food supply. They used the sum of

three labile organic fractions: lipid, protein, and labile carbohy-

drate. In every test, this estimate of oyster food supply produced

simulated oyster populations that most closely resembled those

observed in the field. .Similar results were obtained in simulations

of oyster populations from Delaware Bay (Powell et al. 1997).

Galve.ston Bay (Powell et al. 1994a), Gulf of St. Lawrence (un-

publ. results), Chesapeake Bay (unpubl. results), and for a second

oyster species, C. gigas (Kobayashi et al. 1997). The regression

equation also has the interesting attribute of increasing oyster food
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-^^^^^^^t^'
Size (mm)

Figure 8. Comparison of simulated oyster population size frequencies

at the end of year 6 for site 3 (Bay Tambourl using three different food

resources: particulate organic matter (POM): phytoplankton biomass

estimated directly from chlorophyll using the conversion factors of

Widdows et al. (1979) and Parsons et al. (1961) (Chi); and food esti-

mated from a regression between chlorophyll and total lipid, protein,

and labile carbohydrate (LPC).

supply disproportionately in the fall and winter when phytoplank-

ton stocks fall to seasonally low levels, as observed at the Loui-

siana sites. In the Gulf of Mexico, water temperatures remain high

enough throughout the winter that oysters remain active for much

of the time. Although a loss of condition is typically observed in

larger animals (e.g.. Fig. 6), growth may continue in juveniles.

Phytoplankton biomass as the sole food resource produces an un-

acceptably large drop in biomass in simulated populations during

the winter and does not produce the observed growth in juveniles.

Appropriate w inter population dynamics only occur if total labile

organic matter is used.

Data and simulation both suggest that oysters depend upon a

nonchlorophyll-explained food resource to supplement their diet

and that this dependency is disproportionately important during the

fall and winter in the Gulf of Mexico when phytoplankton stocks

m
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Figure 11. Comparison of o>ster deasih [dashed line -
Iog||,(abundance)]

and reproductive effort defined as the amount of gametic tissue

spawned [solid line in log,„(joules)] in a population exposed sequen-

tially to the three environmental time series. Years 1 and 4 represent

site 3 (Bay Tambour) conditions: years 2 and 5, site 2 (Bay Cocodrie)

conditions; years 4 and 6, site 1 (Savin Canal) conditions.

abundance to abnormally high densities. Expansion and contrac-

tion are primarily a function of fecundity, larval survival, and

postsettlement mortality. Distant brood stock supplying larvae may
also play a significant role. Oyster population dynamics are char-

acterized by thresholds that bound conditions yielding expansion

or contraction and that prevent the existence of long-term equilib-

10.0

JMMJSNJMMJSNJMIVIJSNJMMJSNJMMJSNJMMJSN
Year 1 Year 2 Year 3 Year 4 Year 5 Year 6
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Figure 12. Comparison of Perkinsiis marinus prevalence in a popula-

tion exposed sequentially to the three environmental time series.

Dashed line, the entire population. Solid line, the market-size portion

of the population with prevalence calculated by assuming that oysters

with <4,(H)t) cells g dry wt
'

are recorded as uninfected. Years 1 and 4

represent site 3 (Bay Tambour) conditions; years 2 and 5, site 2 (Bay

Cocodrie) conditions: vears 4 and 6, site 1 (Savin Canal) conditions.
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Figure 13. Comparison of Perkinsiis marinus infection intensity in a

population exposed sequentially to the three environmental time series

for market-size oysters (>76 mm) (solid line) and the entire population

(dashed line). Years 1 and 4 represent site 3 (Bay Tambour) condi-

tions: years 2 and 5, site 2 (Bay Cocodrie) conditions; years 4 and 6,

site 1 (Savin Canal) conditions.
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Figure 14. Comparison of simulated total population dcnsitv

|log,|,(abundance)| of oysters at sites 1 (Savin Canal, dashed line) and

3 (Bay Tambour, solid line) exposed to the respective site-specific en-

vironmental time series for 4 continuous years, but with identical rales

of larval survival and juvenile mortality at both sites.
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Figure 15. Comparison of simulated total population density

(log|„(abundance)] of oysters at sites 1 (Savin Canal, dashed line! and

3 (Bay Tambour, solid line) exposed to the respective site-specific en-

vironmental time series for 4 continuous years, but with a higher rate

of larval survivorship and a lower rate of juvenile mortality at site 1.
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Figure 16. Comparison of simulated Perkinsiis mariiiiis infection in-

tensity of oyster populations at sites 1 (Savin Canall and 3 (Bay Tam-
b((url exposed to the respective site-specific environmental time series

for 6 continuous years, but with a higher rate of larval survivorship

and a lower rale of juvenile mortality at site 1; solid line, site 1 (Savin

canal): dashed line, site 3 (Bay Tambour); thin line, entire population:

thick line, market-size oysters.

J J J J
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Figure 17. Comparison of simulated total population density

[log|„(abundance)] of oysters at site 1 (Savin Canal) exposed to the

site-specific environmental time series for 4 continuous years, but with

differing rates of juvenile mortality: solid line, low juvenile mortality;

dashed line, high juvenile mortality.

ria under a constant environmental regime, as shown in our simu-

lations. The inference from these simulations is that oyster popu-
lations are normally either expanding or contracting and that the

year-to-year variations in environment are overwhelmingly impor-
tant in restricting the time alloted to each process. It follows that

multiyear sampling of environmental variables is extremely im-

portant.

The short-term effect of such environmental variables as the

effect of an increase in temperature on the rate of P. marinus cell

division is relatively easy to simulate. However, many population

attributes integrate a longer history of environmental change. Any

population is a product of the time-history of the environmental

and biological processes that have occurred over a number of

generations, and these processes will change seasonally and from

year to year. Thus, a detailed comparison between simulation re-

sults and field observations will always yield inconsistencies be-

cause of the limited time span of the environmental data and,

because the repetition of environmental data from one year to the

next is unlikely to mimic field conditions. In particular. Simula-
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Fijjure 18. Comparison of simulated ojsler densities |lojJ,|,(abundaniel|

in a population exposed sequentially to the three environmental time

series. Years 1 and 4 represent site 3 (Bay Tambour) conditions: years

2 and 5, site 2 (Bay Cocodrie) conditions; years 4 and 6, site 1 (Savin

Canal) conditions. Solid line, results using the weekly environmental

measurements with daily values obtained by linear interpolation be-

tween measurements; dashed line, results using the average of four

weekly samplings to define the monthly value and daily values ob-

tained by linear interpolation between the 15th of each month.

tions should be more accurate using longer time series, and a direct

correlation between environment and many population attributes

should not be anticipated. Most studies of oyster populations using

long-term time series have identified significant lag effects of

months to years in duration, for this reason (Ulanowicz et al. 1980,

Allen and Turner 1989, Wilson-Ormond et al. 1997, Powell et al.

1992a). Our simulations and those of. for example, Powell et al.

(1996), which focused on P. muriniis epizootics, have shown the

importance of multiyear history.

To examine the influence of multiyear time series and relative

influence of the most recent year in the time series, we appended

the environmental variables for the three sites so that the environ-

mental conditions of site 3 were followed by those for site 2 and

then those for site 1. For brevity, we show results only for this

sequence, which is a high-low -moderate salinity time series. The

results emphasize the importance of multiyear environmental time

series in describing the time-history of a relatively long-lived spe-

cies. Only with a multiyear time series introducing interannual

environmental variation did the simulated populations at each site

confomi to fleld observations. The results also emphasize that the

most recent year exerts the strongest impact, as anticipated, par-
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Figure 19. Comparison of spawning [log,„(joules)] in a population

exposed sequentially to the three environmental time series. Years 1

and 4 represent site 3 (Bay Tambour) conditions; years 2 and 5, site 2

(Bay Cocodrie) conditions; years 4 and 6, sile 1 (Savin Canal) condi-

tions. Solid line, results using the weekly environmental measurements

with daily values obtained by linear interpolation between measure-

ments; dashed line, results using the average of four weekly samplings

to define the monthly value and daily values obtained by linear inter-

polation between the 15th of each month.
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Figure 20. Comparison of ferkinstis marinus infection intensity in a

population exposed sequentially to the three environmental time series.

Years 1 and 4 represent site 3 (Bay Tambour) conditions; years 2 and

5. site 2 conditions; years 4 and 6. site 1 (Savin Canal) conditions. Solid

line, results using the weekly environmental measurements with daily

values obtained by linear interpolation between measurements;

dashed line, results using the average of four weekly samplings to

define the monthly value and daily values obtained by linear interpo-

lation between the 15th of each month. Thin line, the entire popula-

tion; thick line, the market-size population.
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Figure 21. Comparison of simulated oyster densities [log,„(abundance)]

in a population exposed sequentially to the three environmental time

series. Years 1 and 4 represent site 3 (Bay Tambour) conditions: years

2 and 5, site 2 (Bay Cocodrie) conditions; years 4 and 6, site 1 (Savin

Canal) conditions. Solid line, results using the environmental measure-

ments for week I to define the value on the 15th of each month. Dashed

line, analogous results using the environmental measurements for

week 2. Dotted line, analogous results using the environmental mea-

surements for week 3. Dot-dashed line, analogous results using the

environmental measurements for week 4.

ticularly in such environmentally sensitive variables as spawning
and P. mannus infection intensity, but that the time-history modu-

lates the effect of the most recent environmental signal.

The simulations reveal a distinct gradient between sites 3, 1,

and 2 in the susceptibility of populations to local extinction. In

particular, site 3 is bette)' able to support its own population

through reproduction. The smiulations show the importance of the

environmental conditions measured at site 3 and suggest that low

salinity populations in the Terrebonne Basin are sustained either

by outside laival settlement or by year-to-year variability in envi-

ronmental conditions, pioviding that good years occur tYequently

enough. Achieving a persistent population at site 2 requires either

higher larval survival or lower postsettlement inortality than at site

3, if the salinity regime remains constant. Although the present

field data cannot distinguish the two alternatives, because the num-

ber of predators is unknown, it is lilcely that site 2 and probably site

1 require an external source of larvae during consecutive low-

salinity years to limit the chance of local extinction.

It is interesting that a reasonable simulation is achieved by

sequentially juxtaposing the environmental time series, while

Hi
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Figure 22. Comparison of spawning |log,||(Joules of gametes

spawned)] in a population exposed sequentially to the three environ-

mental time series. Years 1 and 4 represent site 3 (Bay Tambour) time

series; years 2 and 5, site 2 (Bay Cocodrie) conditions: years 4 and 6,

site 1 (Savin Canal) conditions. Solid line, results using the environ-

mental measurements for week 1 to define the value on the 15th of

each month. Dashed line, analogous results using the environmental

measurements for week 2. Dotted line, analogous results using the

environmental measurements for week 3. Dot-dashed line, analogous

results using the environmental measurements for week 4.

maintaining the same biological characteristics for the oyster

population (e.g.. rates of larval survival and juvenile mortality).

Population persistence and. therefore, adequate simulations can be

created by persistent shifts in the environment or by biological

gradients in larval settlement, juvenile mortality, etc. Very likely,

sequential shifts in environmental regime are also associated with

changes in predator abundance and rates of larval recruitment;

however, the simulations indicate that simple sequential shifts in

environmental variables adequately explain the observed popula-

tion attributes in these Terrebonne Basin sites. This indicates, for

example, that fecundity during good years (
= site 3 conditions)

may be sufficient to permit population persistence during bad

years (
= site 2 conditions) in this area. Whether populations per-

sist without an external larval supply will depend upon the relative

frequency of these good and bad years. The suggestion from these

simulations is that population dynamics at these sites is most in-

fluenced by the time-history of environmental change and less

influenced by variations in predator abundance and larval survi-

vorship.

However, these populations are heavily influenced by disease

and, on occasion, by low-salinity mortality, which adds an impor-

tant mortality gradient at these sites and in the simulations. Non-

diseased populations or populations where disease is a minor con-

tributor to mortality would certainly behave differently. Further-

more, all three sites are in areas where oyster drills are probably

not a major source of mortality; whereas, crabs are. Crab densities

are less influenced by environmental gradients (Powell et al.

1997), and. thus, rates of crab-induced mortality may be similar

among all three sites. Therefore, the data and simulations do not

completely discount the importance of determming predator abun-
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Figure 23. Comparison of Perkinsus mariiiiis infection intensity in

market-size oysters in a population exposed sequentially to the three

environmental conditions. Years 1 and 4 represent site 3 (Bay Tam-
bour) time series: years 2 and 5, site 2 (Bay t'ocodrie) conditions; years

4 and 6, site 1 (.Savin Canal) conditions. .Solid line, results using the

environmental measurements for week 1 to define the value on the

15th of each month. Dashed line, analogous results using the environ-

mental measurements for week 2. Dotted line, analogous results using

the environmental measurements for week 3. Dot-dashed line, analo-

gous results using the environmental measurements for week 4.
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Figure 24. Comparison of Perkinsus marinus infection intensity in the

entire population of oysters exposed sequentially to the three environ-

mental conditions. ^ ears 1 and 4 represent site 3 (Bay Tambour) time

series; years 2 and 5, site 2 (Bay Cocodrie) conditions: years 4 and 6,

site 1 (Savin Canal) conditions. .Solid line, results using the environ-

mental measurements for week 1 to define the value on the 15th of

each month. Dashed line, analogous results using the environmental

measurements for week 2. Dotted line, analogous results using the

environmental measurements for week 3. Dot-dashed line, analogous
results using the environmental measurements for week 4.

dances in understanding the mechanisms producing the observed

oyster population attributes, but they do emphasize the necessity of

a long-term series of environmental conditions.

Our results indicate the power of combining field research and

simulation modeling in understanding the processes producing ob-

served population stmcture. In this case, the combination of the

two has distinguished the potential importance of environmental

shifts and biological interactions and suggested further research to

test these hypotheses. In addition, the combination has permitted

estimation of the sensitivity of these populations to local extinction

and the likely mechanisms. Of course, many of these inferences

could have been obtained by examining a very long-term dataset

for these populations, but resources normally preclude the long-

term collection of the intensive dataset on population attributes

required for observational inference.

The Importance of Adequate Sampling

Sampling frequency is often determined by funding. In plan-

ning a field research program on oyster population dynamics, the

immediate question is: how intensive must sampling be to permit

an adequate evaluation of observed population attributes or to

produce adequate model simulations? A comparison of monthly
versus weekly data in the time series clearly shows that field

observations are not adequately simulated using monthly environ-

mental data, at least for these Terrebonne Basin sites. Whether

even shorter time-scale sampling would provide a further improve-
ment over weekly sampling is untested, but has been assumed in

recent modeling studies in Galveston Bay (Powell et al. 1994a) and

Delaware Bay (Powell et al. 1997). where hourly or daily envi-

ronmental data have been used. Regardless, obviously, weekly

sampling provides a quantum leap in accuracy over monthly data

in simulations and, presumably, a fundamental improvement in the

ability to evaluate the mechanisms determining population struc-

ture in natural populations.

The Importance of Sampling Time

Very little consideration has been given to the timing of sam-

pling during the month. In the spring, week 1 is routinely colder

than week 4. In the fall, the opposite is true. However, much of the

population attributes of the oyster population for the year are es-

tablished in the crucial period of the spring when temperature is

rising, as is food supply (Hofmann et al. 1992). Colder tempera-
tures do not permit oysters to take advantage of the increase in

food supply, and, on the average, more food is available in the later

weeks of each spring month. Hofmann et al. (1992) discussed the

crucial nature of the timing of the spring bloom and the rise in

temperature in the spring. The opposite conditions in the fall are

less important, because oyster metabolism slows down, and food

supplies are normally low. Thus, sampling time and frequency are

important, particularly in the spring, and. as important, is the rec-

ognition that explicit sampling time must be retained in all analy-

ses rather than permitting a monthly sampling to pertain simply to

the entire month.

In this study, a sampling fell no more than 10 days from the

middle of the month in the most extreme case; however, simulation

accuracy was substantially degraded if these values were assumed

indicative of the entire month. The simulations emphasize the

importance of a change in environmental signal over a few weeks
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or less during the spring and early summer. The simulations also

emphasize that the temptation of applying monthly measurements

at one time to other monthly data obtained at an independent time

must be eschewed. For example, comparing monthly mean envi-

ronmental conditions with a single event stock assessment a week

or more different in time will likely produce inaccurate compari-

sons that fail to clarify the reasons for population success or fail-

ure.

CONCLUSIONS

The comparison of direct observations of oyster populations

through field sampling and the population attributes obtained from

simulation modeling emphasizes the importance of combined field

and modeling studies to develop hypotheses about how environ-

ment and biology infiuence population attributes and to design

field sampling programs. Simulations only approached field ob-

servations with weekly sampling and with the correct food re-

source estimated. Simulations also only approached field observa-

tions when the assumption was made that oyster populations are

chronically in disequilibrium with the environment so that year-

to-year changes in environment contribute substantially to ob-

served population attributes. This latter finding, of course, is well

documented in a number of studies of time series in oyster popu-

lations (Ulanowicz et al. 1980, Allen and Turner 1989). Finally, in

these simulations, the influence of environment and Perkinsus

maiiinis disease seemingly overwhelmed the influence of year-to-

year changes in predator abundance or larval survival in establish-

ing the population attributes in the field at our TeiTcbonne Basin

sites. At least in this area of the Gulf of Mexico, weekly sampling

of environmental variables would seem to be more important than

a more detailed monthly enumeration of predator abundances, al-

though the latter would certainly be beneficial. Probably, this find-

ing is typical of the Gulf coast, where P. inarinus is prevalent, but

it may not apply throughout the range of the American oyster.
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FEASIBILITY OF BIOLOGICAL CONTROL OF ALGAL FOULING IN INTERTIDAL OYSTER
CULTURE USING PERIWINKLES
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ABSTR.ACT The effectiveness of the use of periwinkles (Linohna littorea L.) to control the fouling algae in oyster bags was tested

at the Eo estuary in northwest Spain. Growth was higher for Japanese oysters {Crassosrrea fiigas Thunberg) when cultured with than

without periwinkles (87.74 g vs 60.07 g of mean wet weight). This biological control of fouling shortens the growth period and thus

reduces production cost. The system appears to be one of the most effective and most environmental friendly methods of limiting the

negative effect of the seaweeds in intertidal oyster culture.

KEY WORDS: Biofouling. Japanese oyster, periwinkle, Eo estuary

INTRODUCTION

Biofouling i.s a major problem currently facing marine technol-

ogy. In the marine environment, materials submerged experience a

series of discrete physical, chemical, and biological events which

result in the formation of a complex layer of attached organisms

known as biofouling (Abarzua and Jakubowski 19951. These or-

ganisms likely reduce water flow through bivalve culture enclo-

sures and ultimately, the flux of food particles to the bivalves.

Also, many fouling organisms are suspension feeders and inay

compete with cultured bivalves for food (Lodeiros and Himmel-

man 1996). Therefore, in oyster culture, intensive competition for

living space and food develops among oysters and fouling organ-

isms (Arakawa 1990).

A number of physical (e.g.. heat, exposure to sun. boiling,

concentrated brine bath) and chemical (e.g.. insecticides, herbi-

cides) techniques have been developed to limit biofouling in oyster

culture (Arakawa 1980, 1990, Marteil 1979). Although these meth-

ods are effective, they increase labor costs during growout. There-

fore, an efficient, inexpensive means of ensuring maximum water

flow to oysters is greatly needed (Enright et al. 198.^).

Compared with chemical methods of eradicating fouling (e.g.,

DDT, chlorides), biological control is less likely to produce side

effects such as pollution and it holds promise for the future of the

fisheries industry (Arakawa 1990). Unfortunately, biological con-

trol of fouling is an undeveloped field in shellfish culture, even

though several studies indicate it is efficient (e.g., Hidu et al. 1981,

Enright et al. 1983, Minchin and Duggan 1989). In addition, there

are no long-term studies evaluating the economical and biological

effects of the use of techniques to control fouling.

The objective of this study was to determine the economical

and biological suitability of using periwinkles to control biofoul-

ing. by comparing the growth and survival of oyster sets with and

without periwinkle. As algae are the most important fouling or-

ganisms in our area, we chose in the natural environment the

periwinkle as the control agent, a major algal grazer.

MATERIALS AND METHODS

Two sets of Japanese oysters, Crassostrea gigas ( 163,000 oys-

ters, 1.02 g mean live weight) were placed in bags in the intertidal

zone of the Eo estuary in May 1995. In one set the oysters were

maintained without periwinkles as a control and in the other, peri-

winkles were added to the bags. In both sets, the density of oysters

was about 240 oysters per bag.

Periwinkles were collected in the Eo estuary and placed in the

bags with oysters the next day when oysters were planted. Density

was about 250 periwinkles per bag and 3.2 g mean live weight.

Both sets were cultured for 1 8 months in standard oyster bags

(1 X 0.5 m, 6 mm diameter) which were placed on metal tables (0.6

m high and 3 m in length). All bags were turned over each spring

and autum to prevent the oysters from attaching to the bag and to

reduce algae on the upper side of the bags. To estimate mortality,

we opened 1 oyster bags per set and determined the percentage of

live oysters per bag. Forty oysters from each set were randomly

collected from theses 10 bags every 3 months. Oysters were

washed and then weighed to the nearest 0.1 g.

Weight and survival data were log (log,Q) and percentage trans-

formed, respectively. Then they were tested for normality (Lillie-

fors test, p > .1) and homogeneity of variance (Bartlett test, p >

.05). After that, we employed one-way analysis of variance

(ANOVA) to compare differences in weight between the two treat-

ments on each date. ANOVA was also used to study survival

differences at the end of the experiment. Weight frequency distri-

butions of oysters in the two treatments at the end of the experi-

ment were compared using a Kolmogorov-Smirvov test (p > .05).

RESULTS AND DISCUSSION

In the Eo estuary the most important fouling organisms in

oyster culture are algae which colonize the upper sides of bags

(mainly Enteromorpha cimipressa Greville. E. prolifera Muller.

Ulva sp., Ceramiiin nvdulosiim Ducluzeau. and Polysiphonia sp.)
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and tunicates and sponges which colonize the lower sides. The

latter organisms accounted for less than 109^ of total biofouling.

The grazing of the periwinkle reduced algae, likely increasing the

flow of water and food particles into the bags, thus increasing the

growth of oysters, but. as they do not prey or compete with oysters,

survival was similar in both treatments. So mortality was similar (p

> .1) whether periwinkles were present or not (Fig. .^).

The mean live mass of oysters was significantly higher in the

treatment with than without periwinkles (p < .001 ) (Fig. I ). More

importantly, the percentage of oysters that reached commercial

size (>80 g) in treatment with periwinkles was twice that without

periwinkles (47.6% vs 21.17%) (Fig. 2| (p < .001 ). The growth of

oysters without periwinkles was comparable to that obtained in

previous studies in the intertidal zone using stocking densities

similar to ours (Berthome et al. 1986, Guerra et al. 1987), whereas

growth of oysters in hags with periwinkles was higher. Periwinkles

showed a reduced growth (from 3.2 g mean live weight to 3.8 g),

and although they could be sold for additional revenue, labor costs

would also be much increased as it is very difficult to select peri-

winkles from the oysters, empty shells, and fouling organisms.

Extrapolation of our growth and survival data until all oysters

were of harvestable size indicate that the main advantage of using

periwinkles is that the cycle of culture can be reduced from 4 to 3

years, which considerably reduces the production costs (Table 1 ).

Labor costs were reduced as less hours were needed to .select the

commercial-sized oysters. Nevertheless, it is .still necessary to turn

over the bags as this operation allows homogeneous growth re-

sulting from the redistribution of oysters in the bags.

In conclusion, the results presented here suggest that the use of

periwinkles in algae control has a great potential as a fouling

control method, which could be easily applied in oyster culture.

TABLE 1.

Estimated parameters for complete cycle of culture until all oysters

reach commercial size.
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CULTURED OYSTERS, CRASSOSTREA VIRGINICA, GENETICALLY SELECTED FOR FAST
GROWTH IN THE DAMARISCOTTA RIVER, MAINE, ARE RESISTANT TO MORTALITY

CAUSED BY JUVENILE OYSTER DISEASE (JOD)

BRUCE J. BARBER. CHRISTOPHER V. DAVIS, AND
MAYA A. CROSBY
School of Marine Sciences

University of Maine

Orono. Maine 04469

ABSTRACT Growth and mortality of halchery-produced juvenile oysters. Crassoslreii virainiai. selected for fast growth were

compared with unselectcd. wild oysters at sites in Maine (DamariscoUa River) and Massachusetts (North Bay) where Juvenile Oyster
Disease (JOD) is enzootic. Over the course of the study. JOD occurred primarily in Maine, even though prevailing temperature and

salinity at both sites were conducive for JOD development. From July to November 1996. mean shell height of .selected oysters was

greater than that of wild oysters at both sites. At the end of the study, mean shell height of both selected and wild oysters was greater

in Massachusetts than in Maine. Mean cumulative mortality of both groups was greater in Maine than Massachusetts. Only in Maine
was mean cumulative mortality of wild oysters greater than that of selected oysters. Differences in growth and mortality of oysters

between sites were due primarily to the differential timing and severity of JOD occurrence. In addition, the difference in survival

between selected and wild oysters in Maine was not related to differences in size between groups at the time of initial exposure to JOD.

Thus, we conclude that occurrences of JOD are site specific (not dependent on source of seed), and that under challenge from JOD,
selected oysters not only grow faster than wild (unselected) oysters, but exhibit a genetically based tolerance of this disease.

KEY WORDS: Cnissoslicii virginica. selection. Juvenile Oyster Disease, growth, mortality

INTRODUCTION

The culture of oysters, Crassostrea virginica (Gmelin 1791) in

the northeastern United States has been severely impacted since

1988 by mortalities of hatchery-produced seed caused by Juvenile

Oyster Disease (JOD). Signs of the JOD syndrome include reduced

growth, shell deformation (cupping of left valve), tissue emacia-

tion, mortality approaching 100%, and heavy conchiolin deposits

on inner valve surfaces (Bricelj et al. 1992, Davis and Barber 1994.

Lewis et al. 1996). JOD is site- and species-specific. Certain lo-

cations in Maine, Massachusetts, and New York have chronic

disea.se outbreaks but others do not. Only hatchery-produced C.

virginica is affected by JOD (Bricelj et al. 1992); Ostrea ediilis

cultured in close proximity to C. virginica does not contract the

disease (Crosby and Barber unpublished data). Although a specific

causative agent has yet to be identified, Lewis et al. (1996) dem-

onstrated that JOD is transmissible and that greatest transmission

occurs at water temperatures of 22-26°C and salinities of 18-30

ppt.

Mortality caused by JOD is inversely related to size, with co-

horts having a mean shell height of <25 mm at the time of initial

JOD occurrence, experiencing the greatest mortality (Bricelj et al.

1992, Davis and Barber 1994). JOD occurs only during summer

months, primarily at water temperatures >20°C (Bricelj et al.

1992). Seasonal aspects of JOD were investigated by Barber et al.

(1996) who produced eight cohorts of oy.sters at 2-wk intervals

throughout a growing season and found that mortality was depen-
dent on the timing of placement in the field; cohorts deployed
before the end of May and after tnid-August had <20'7f mortality,

but all other cohorts had mortalities >65'/r. The cohort that was

deployed in May was exposed to JOD, but because it had reached

a mean size of >25 mm at the time of JOD occurrence, suffered

minimal mortality; the cohort deployed in mid-August also expe-
rienced little effect from JOD. It was concluded that etiological

agent(s) of JOD are only present or active seasonally, but that

within the "window of infection," signs of JOD (reduction in

growth, valve cupping, mortality) were not manifested until .^—1

wk after placement in the field (Barber et al. 1996).

Knowledge of the timing of JOD outbreaks and the relationship

between mortality and oyster size has led to disease management

techniques which include producing .seed early in the spring or in

the fall as well as using nursery sites where JOD does not occur

(Barber et al. 1996). Additional benefit can be achieved by utiliz-

ing oysters selected for fast growth. A program of genetic selection

for fast growth of C. virginica was initiated at the University of

Maine in 1986 in conjunction with the state's expanding oyster

culture industry (Hawes et al. 1989). In general, "selected" sub-

lines [parents from the largest 20% (total weight) of the previous

generation of selected oysters] have outperformed "control" sub-

lines (parents from the entire weight distribution of the previous

generation of control oysters), both in terms of growth and survival

in the Damariscolta River. Maine, where JOD is endemic (Davis et

al. 1990. 1991, Davis and Barber unpublished data). Thus, though
these oysters have been con.sciously selected for fast growth, they

have also, by default, been selected for resistance to JOD mortality

in recent years. To assess the effectiveness of this selection process
to dale, we compared growth and survival of a selected cohort with

that of an unselected, JOD-susceptible cohon al two locations

where JOD is enzootic.

METHODS

Broodstock oysters used to produce the "selected" cohort were

the largest 20% (total weight) of surviving Flowers F, selected

oysters produced in 1994. Parents of the unselected "wild" oys-

ters (not previously exposed to JOD) came from natural beds in the

Piscataqua River, Maine. Broodstocks were conditioned separately

beginning in Februai^ 1996. Both groups were induced to spawn

using thermal shock on 23 May. 1996. The number of parents

contributing gametes was 13 males and 5 females for the selected

group and 8 males and 1 2 females for the wild group.

Larvae were reared in 2000 I conical tanks containing filtered
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( 10 (xm) water from the Damariscotta River, which was replaced

every other day. Temperature in the tanks was maintained at 22-

24°C and food (mixed diet of Isochiysis galhiiiui. Tetniselmis sp..

and Tluihissiosira pseudonana) was added twice per day. Eyed
larvae were collected ajid placed into a setting tray containing

mini-cultch (crushed oyster shell) on a screen. After the settlement

period (48 h), spat were placed in downwellers and fed a diet

similar to that given larvae.

Spat (2-3 mm shell height) were placed at two sites: Dama-

riscotta River, Newcastle, Maine (lat 44°01 'N; long 69°32'W) and

North Bay. Osterville, Massachusetts (lat 41°37'N; long 70°26'W)

on 4 and 5 July 1996. respectively. Five replicate trays, each

containing 500+ oysters (stocking density
= 2.000 oysters/m"),

were deployed for both selected and wild groups. Oysters at both

locations were sampled regularly between July and November

1996. On each sampling date, shell height measurements were

obtained from a subsample of 50 individuals per replicate using

either image analysis (from photographs) for small (<5 mm) oys-

ters or digital calipers for larger oysters (>5 mm). The averages

obtained from each of the five replicates were used to calculate

mean shell height for that date. All individuals were checked for

general health and all dead oysters were counted and removed

from trays. Cumulative mortality was calculated as the sum of

instantaneous mortality rates (log^ finite rate). Finite mortality rate

was defined as the number of oysters that died during each time

(sampling) interval divided by the number of oysters alive at the

beginning of the interval (Krebs 1972). Mean cumulative mortality

was calculated for each group on each date using the five replicate

cumulative mortalities.

At the North Bay site, salinity was recorded on each sampling

date with a refractometer. and temperature was recorded every 3 h

with a datalogger (Onset StowAway). At the Damariscotta River

site, salinity was determined biweekly with a YSl salinometer and

temperature was recorded every 6 h with a thermograph (Ryan
RTM 2(M0).

For each sampling date, mean shell heights and cumulati\e

mortalities (arcsin transformed) of both selected and wild groups

were statistically compared between sites using a one-way
ANOVA and Duncan's Multi-Range post hoc te.st and within sites

using a /-test (DataMost 1995).

RESULTS

In the Damariscotta River. Maine, growth of both groups was

rapid between 4 July and 16 August, but slower thereafter (Fig. 1 ).

Mean shell height in the wild group on 16 August (16.5 mm)
increased only slightly to a final mean shell height of 18.7 (±2.8

SD) mm on 21 November. In contrast, the selected group contin-

ued to grow until 12 September, reaching a mean shell height of

33.5 (±0.5 SD) mm on 21 November. Mean shell height of selected

oy.sters was significantly greater than that of wild oysters on all

sampling dates (p s .0002).

Selected oysters also grew faster than wild oysters in North

Bay, Massachusetts (Fig. 1). Compared with the Damariscotta

River site, however, growth of both groups was more continuous

and occurred over a longer period of time (5 July to 17 October).

On 14 November, mean shell height of the wild group was 27.7

(±1.3 SD) mm and that of the selected group was 38.9 (±0.5 SD)

mm. Differences in mean shell height between selected and wild

groups were significant on all sampling dates (p
< .0034).

Differences in growth were also noted between sites (Fig. 1 ). In
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in the Damariscolta River continued for a longer period of time

and mortality was delayed relative to wild oysters. This is evidence

of an inherent tolerance of JOD which allowed selected oysters in

the Damariscotta River to attain a closer size, in spite of heavy

JOD, to those in North Bay, where prevailing temperature was

greater and JOD was not a factor. Thus, differences in growth of

selected oysters observed between sites were more likely a reflec-

tion of differences in JOD pressure than the 2.5°C daily tempera-

ture differential.

Mortality of both selected and wild oysters was minimal in

North Bay because JOD did not manifest itself until late in the

growing season, after which both groups had exceeded 25 mm in

mean shell height. In the Damariscotta River, however, heavy

challenge by JOD resulted in differential mortality between se-

lected and wild groups. Greater survival of the selected group can

be attributed to either faster growth or a greater disease resistance

derived from previous selection by JOD. or a combination of both.

Previous research has demonstrated that once oysters attain a shell

height of 25-30 mm, mortality caused by JOD is 20% or less

(Bricelj et al. 1992, Davis and Barber 1994). More important than

size at the time of mortality, however, is size at the time of initial

exposure to JOD infectious agent(s). Barber et al. (1996), in a

study of the seasonal impacts of JOD. found that a cohort having

a mean shell height of 27. 1 mm at the end of July, 3—4 weeks prior

to the onset of major mortality in smaller cohorts, had a fmal

cumulative mortality of 19%; cohorts having a mean shell height

of 22 mm or less experienced mortality ranging from 65 to 95%.

In all cases, signs of JOD did not appear until 3^ weeks after

initial deployment; it was concluded that this period of time rep-

resented an incubation period for the JOD etiological agent (Bar-

ber et al. 1996). In this study, mortality of wild oysters in the

Damariscotta River began in late August. Three weeks before the

onset of mortality (2 August) thus represents the time of first

exposure to JOD etiological agent(s). On this date, mean shell

height of the selected group was 13.2 mm and mean shell height of

the wild group was 10.6 mm, both well below the 25 mm refuge

size. Thus, on the basis of size alone, it would be expected that

both groups of oysters would have experienced similar mortality.

The fact that cumulative mortality in the selected group was

only 11.2% (compared with 95.7% in the wild group), however,

suggests strongly that this group of oysters has a genetically based

tolerance of JOD as a result of previous exposure to and selection

by the disease. Indeed, the selected line used in this study (Flowers

F,) is the offspring of previous generations that have been grown
in the Damariscotta River, where JOD has been endemic since

1988 (Davis and Barber 1994, Barber et al. 1996, Davis and Barber

unpublished data). Fariey et al. (1997, 1998) used survivors of

JOD outbreaks exhibiting shell checks (presumably due to the

effects of JOD) in New York to produce progeny that exhibited

survival rates 2.5-35 times greater than those of susceptible oys-

ters of the same age, depending on location. Thus, it appears that

local environments can influence the performance of a selected

line at a particular location, as was noted by Rawson and Hilbish

(1991) for growth in juvenile Mercenaria mercenaria.

Genetic selection of oysters for disease resistance has been

previously documented. In cases where diseases have caused mas-

sive mortality in host populations, natural selection has resulted in

increased disease tolerance in offspring of surviving organisms.

This has been reported for populations of C. virginica affected by

Malpeque disease and diseases caused by protozoan parasites Per-

kinsus marinus. Haplosporidium costale. and H. nelsoni (Needier

and Logie 1947, Andrews and Hewatt 1957, Andrews and Casta-

gna 1978, Haskin and Ford 1979). Evidence of naturally acquired

disease resistance to H. nelsoni mortality in populations of C
virginica in Delaware Bay led to a program of selective breeding

to ascertain whether improved survival was heritable and could be

enhanced relative to natural populations (Ford 1988). Ford and

Haskin (1987) reported improved survival of oysters through six

generations of selection by H. nelsoni.

In spite of success at selecting for disease resistance, little is

known of the defense mechanisms that lead to improved survival

in selected strains. The absence of a clear defense mechanism has

led to the conclusion that resistance to H. nelsoni mortality is under

the control of multiple genes, and results in selected oysters being

generally superior physiologically (Ford and Haskin 1987, Barber

et al. 1991). Similariy. Baud et al. (1997) found that strains of

oysters. Ostrea edulis. selected for resistance to the parasitic pro-

tozoan. Bonamia ostreae. grew faster and had lower mortality than

control groups in the absence of disease pressure, but under less

than optimal nutritional conditions. It was suggested that in this

case, selection for disease resistance had resulted in an increased

tolerance of stress in general. Identification of the mechanism of

resistance to JOD mortality awaits determination of an etiological

agent.

The results of this study provide another approach for improv-

ing oyster production in areas where JOD is endemic. As previ-

ously reported, the effects of JOD can be minimized by obtaining

seed that is greater than 25 mm in shell height at the time of

exposure to JOD (Davis and Barber 1994, Barber et al. 1996). This

size can be achieved by conditioning broodstock out of season so

as to obtain seed early (May) or late (August) in the year. Produc-

ing seed early in the year will ensure that a size >25 mm is attained

before the onset of JOD. Placing seed in nursery trays after mid-

August will avoid exposure to JOD that summer but requires hold-

ing the seed over the winter; subsequent deployment early the

following spring will ensure that size-based tolerance to JOD is

attained. Continued selection for fast growth will decrease the time

required for oysters to attain the critical size refuge. The finding

reported here, that oysters selected for fast growth in the Dama-

riscotta River. Maine, also have a genetically based resistance to

JOD mortality, will serve to further reduce the impacts of this

disease.
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SYSTEMIC GREGARINE-LIKE PROTOZOA IN JUVENILE PACIFIC OYSTERS, CRASSOSTREA
GIGAS (THUNBERG 1793)
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ABSTRACT During a detailed survey of Pacific oyster, Cni.ywslren gigii.'i. juvenile health at intensive rearing facilities during 1996

and 1997. systemic Gregarine-like protozoa were found in seed oysters planted on certain nursery beds. The organisms were never

found in seed oysters from intensive production tank facilities. The infections were not associated with morbidity and mortality and

appeared to be of limited pathologic significance. The organisms occurred systemically in seed oysters and were most commonly found

in vesicular connective tissue with minimal to no associated host response. Oyster seed planted on three nursery bed areas in

Washington became infected but those planted in Areata Bay. California never became infected. Infection intensity and prevalence

initially increased after planting, then declined. The organisms are extremely rare in adult oysters and the data suggest that juvenile

oysters essentially outgrow the infections without detectable clinical pathologic effects. Spore stages were never observed and a

definitive taxonomic affinity could not be established.

KEY WORDS: Bivalve mollusc. Gregarine-like. health management, aquaculture

INTRODUCTION

Production of bivalve molluscs, including the Pacific oyster,

Crassostrea gigas (Thunberg. 1793), is practiced in Washington

and other west coast states. Since the late 1970s this shellfish

industry has become increasingly based on intensive hatchery and

nursery production of lai-val and seed shellfish. It has also pio-

neered the development of many new features of intensive hatch-

ery and nursery production for various species of bivalves. These

seed and larval products are disseminated along the Pacific coast

of North America and to other regions.

To increase the efficiency of juvenile Pacific oyster production

and to initiate a comprehensive health management program, in-

cluding ongoing surveillance for infectious diseases, we began an

oyster seed health program in 1996 in California, Hawaii, Oregon,

and Washington. This program intentionally focused on the gross

and microscopic examination of organs and tissues of shellfish to

provide an assessment of lesions and disease processes. One of our

objectives in using this approach was to avoid the mistake of

microbiologically characterizing real or apparent shellfish diseases

without understanding the nature, course, and consequences of the

disease on the affected bivalves.

During the shellfish seed health survey, we discovered the pres-

ence of apparently benign systemic protozoa in early stage juvenile

oysters planted on certain nursery beds. Similar organisms have

been briefly reported previously in adult nianila clams {Tapes phil-

ippinanim. Adams and Reeve. 1850) from British Columbia

(Bower el al. 1992) and referred to as Gregarine-like Apicom-

plexa, although their taxonomic affinity has not been definitively

established. Similar individual organisms have also been rarely

observed by the senior author of this paper and others (personal

communications. S. Bower, T. Meyers) since about 1982 in the

tissues of adult Pacific oysters. In adult oysters and manila clams,

these organisms are considered to have limited or no pathologic

significance. During the course of this study we discovered a

higher intensity and prevalence of these Gregarine-like organisms

in juvenile oysters planted under certain conditions. Although the

organisms also appear to be of limited pathologic significance in

juvenile oysters, it is important to document their occurrence, sig-

nificance, and key features regarding conditions under which the

oysters can become infected.

MATERIALS AND METHODS

Over 200 cultures of juvenile Pacific oysters, Crassnstrea

gigas. were examined sequentially through their development

during 1996 and 1997. The shellfish were collected both with-

in intensive commercial production facilities from tanks and up-

weller systems and on oyster seed beds in Washington and Cali-

fornia. Seed oysters originating from intensive nurseries were

sampled from the tank facilities prior to being planted on nursery

beds. The water filtration systems at each nursery facility varied,

but at a minimuin. consisted of sand filtration providing a nominal

50 |j.m filtration. Juvenile oysters placed on beds were seed set

on cultch and placed in slacked vexar bags. These bags were then

placed on bottom grounds in traditional nursery areas in North

Puget Sound, Grays Harbor, and Willapa Bay, Washington and

in Areata Bay. California. Three batches of seed oysters were used

in the study and planted at an average shell height of between

I and 5 mm in August and November 1996 and May 1997 (Tables

1 and 2) on three nursery beds in Washington and one in Cali-

fornia.
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TABLE 1.

Infection by Gregarine-like organisms of liatcliery seed placed on nursery beds in August 1996.
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To estimate the prevalence of the Gregarine-like protozoa in

additional intensively reared nursery seed and in field-planted

adult oysters, we examined records of examinations of 2,580 seed

oysters and 630 adult oysters from Washington state made by the

senior author of this paper since 1995.

RESULTS

Mortality Lstimalion and Clinical Observations

Samples of juvenile shellfish used for this study and examined

during the 1996-1997 seed health surveillance program are listed

in Tables 1 and 2. None of the samples from which we found the

Gregarine-like Apiconiplexa were characterized by any clinically

observable signs of morbidity or any mortality episodes.

Histological Characterization of Organisms and Host Response

The Gregarine-like organisms were found within the circula-

tory system in various tissues but most commonly in the vascular

spaces of the vesicular connective tissue around the digestive or-

aans. Occasionallv. Ihev were observed in the vasculature of the

gill. They were found at any location within the vasculature of the

connective tissue but often were concentrated near the intestine

and particularly at the posterior aspect of the body near this organ.

Intensity of infection was variable, as shown below, and can be

visualized from a low to medium to high intensity in Figure la to

Ic, respectively, which corresponds to infection intensity catego-

ries 1 to 3. In the high infection intensities, the organisms tended

to accumulate in focal concentrations (Fig. Ic).

The Gregarine-like organisms were ovoid to egg-shaped and

measured up to 17.6 (xm in length by 10.5 (xm in width and

contained a central nucleus with prominent dark staining nucleolus

(Fig. Id). They were nonreactive to PAS stain, and Giemsa stain

did not differentiate any structures not visible in H&E stained

sections. The organisms were bounded by a simple membrane and

did not display any structures representing spore walls or spore

formation.

Minimal host inflammatory response was associated with the

occurrence of these organisms. There was no clear or marked

increase in cellularity. as would be expected from hemocyte infil-

tration, even in the heaviest infections. Occasionally. Gregarine-

like organisms were found surrounded by single host hemocytes

"Vira.;^
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(Fig. 2) indicating some degree of recognition of the organisms by

the oysters as nonself material.

Prevalence, liilensily. and Distribution of Infections

The Greganne-Uke organisms were never found in the three

samples from the 1996 to 1997 study totaling 185 juvenile oysters

held within intensive tank rearing facilities in Washington (Tables

1 and 2|. A review of seed examination records conducted from the

same facilities since 1995 found no occurrences of the organisms

in an additional 2.580 seed oysters examined.

During the seed health surveillance study, however, oysters

planted on three bed areas in Washington were infected at a preva-

lence of up to 100% with varying intensities (Tables I and 2). Seed

planted in August 1996 in North Puget Sound became the most

heavily infected, increasing in prevalence to lOOVf by April 1997

but then declining slightly in prevalence by July 1997. The infec-

tion intensity index was more variable but followed a similar pat-

tern, reaching a peak in April 1997 but declining markedly by July

1997, as the oysters increased in size. A somewhat similar pattern

of infection was noted in seed planted in Grays Harbor and Wil-

lapa Bay. Washington, but both prevalence and infection intensity

were lower. No infected seed were found in a total of 183 seed

oysters planted and examined from the Areata Bay, California site.

Seed planted in November 1996 and May 1997 also became

infected but at a lower prevalence and intensity than seed planted

in August 1996. A maximum prevalence of 50% was found and a

maximum infection intensity of 8.6 was recorded, in comparison

with a maximum infection intensity of 20.3 in the seed planted in

August 1996.

^r'

2—
Figure 2. Gregarine-like organisms in juvenile Pacific oysters. Two

organisms at arrows liave been surrounded by single host hemocytes.

Bar = 10 Mm; hematoxylin and eosin.

In the review of examination records since 1995 from Wash-

ington oyster beds, no organisms were found in 630 adult oysters.

DISCUSSION

Occurrence and Pathologic Significance

These systemic protozoa appear to have limited pathologic sig-

nificance for Pacific oysters. Even in the heaviest infections ob-

served, there was no tissue damage observed by histology and only

limited suggestions of a host inflammatory response. At the heav-

iest infections, the organisms might consume significant nutri-

tional resources from the seed oysters but no clinical effects were

evident.

The oyster seed appear to essentially outgrow the infection as

they increase in size above 2 cm shell height. We observed a small

decrease in infection prevalence and a decrease in infection inten-

sity in all of the July 1997 samples of seed planted on nursery beds

in August 1996. The infection intensity of the oysters planted in

November 1996 actually increased between April and July 1997

but was still lower than comparable prevalence and intensity data

from the seed planted in August 1996, and the seed was smaller

than that of the former group. The seed planted in May 1997

showed only a relatively low prevalence and infection intensity by

July.

The extremely low prevalence in adult Pacific oysters, which

was too low to be numerically estimated from a sample of the 630

adult oysters examined but is known from rare but unquantified

previous anecdotal reports, demonstrates that at some stage of

development the infections are either eliminated or diluted by

growth of tissue to the point where they become undetectable. It is

doubtful that the infection disappears from the adult oyster popu-

lation because of the death of infected seed because there is no

indication of tissue damage, morbidity, or mortality in the seed

oysters. Although we did not follow the infections in oysters be-

yond a shell height of 2 to 3 cm in this study, the declining

infection intensity and prevalence in the three samples of largest

seed, which was planted in August 1996. supports the view that

oysters outgrow the infection.

These observations suggest that both time of planting and seed

size are related to the infection prevalence and intensity in seed

oysters. Data from the three planting dates showed that the highest

infection intensities occuned from November to May in the seed

planted in August 1996. The infection intensities of seed actually

planted in November and May never reached levels comparable to

those reached by the seed planted in August. This suggests that the

source of infection may be present over the entire year but at a

higher level during the summer and fall months.

Similarly, in manila clams, as reported by Bower et al. ( 1992),

the infection of Gregarine-like Apicomplexa that resemble those in

the oysters are reported to be of limited or no pathologic signifi-

cance, although it is not known if the clam and oyster organisms

represent the same species. However, both species may represent

an abenant host for their respective organisms. Thus, it is possible

that these organisms have a well-developed host-parasite relation-

ship in some other species. Gregarine-like organisms are reported

from the digestive tract of penaeid shrimp (Lightner 1996) but are

also considered to be of limited pathologic significance unless they

occur at very high infection intensities.

It is interesting to note that whatever the nonnal host of this

species is, it appears to be present in several embayments of Wash-

ington state but not in Areata Bay, California. It is also important

to note that the organisms are not present in seed held in intensive
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nursery systems which received sand-filtered water. Therefore, it

is reasonable to conclude that there is essentially no chance of

disseminating the organisms by the geographic distribution of seed

from these facilities.

Identity of the Organisms and Significance of Gregurines

There was no indication of spore formation in these organisms
and therefore no information on which to base a taxonomic iden-

tification. As noted above. Bower et al. (1992) referred to mor-

phologically similar organisms in adult manila clams as Gregarine-

like Apicomplexa. It should be emphasized that the ta.xonomic

identity of the organisms we report on here is unknown, and mor-

phologic similarities to Gregarines may be superficial and of no

taxonomic significance.

In the manila clams. Bower et al. ( 1992) described pear-shaped

organisms, similar in size to those reported here, occurring extra-

cellularly between epithelial cells of the gastrointestinal tract and

also showed a focal infection in the circular muscle of the digestive

tract. These infections caused some distortion of the gut but mini-

mal intlammatory response. In adult manila clams from Redonda

Island, the authors found 8/10 clams infected and most were con-

sidered light mfections. They did not find dividing forms; all were

associated with the gut and found extracellularly. and appear to be

approximately the same size as the organisms described in this

paper.

Gregarine organisms have been described from Eastern oysters.

Crassosirea virginica (Gmelin 1791). Early reports ascribed mor-

bidity and mortality to infection by Nematopsis nstrearum

(Prytherch 1940) and Nematopsis prytheirhi (Sprague 1949). In a

subsequent series of experimental studies. Sprague and Orr ( 1935)

could not confirm or refute the Prytherch ( 1940) view that Nem-

atopsis is a significant pathogen. These authors noted that cepha-
line gregarines are not known for being highly detrimental to their

hosts, that these species do not reproduce asexually. and that num-

bers of spores do not increase in the host by reproduction of the

parasite in the host. The organisms are generally considered to

have limited pathologic significance. Alternatively. Sawyer et al.

(1973) reported a gregarine-like parasite from Crassostrea vir-

ginica that was associated with focal sloughing of digestive tract

epithelium.

Nascimento et al. (1986) reported Nematopsis in Crassostrea

rhizophorae from Brazil but reported no unusual mortality of oys-

ters that could be attributed to the infection: they also stated that

there was no evidence of any harmful effect of the parasite on the

oysters. They showed parasite cysts in interstitial spaces between

the connective tissue fibers with no inflammatory reaction and

concluded that the parasite is a resting stage which does not propa-

gate or grow within the oyster.

This study documents organisms of unknown taxonomic affin-

ity but with at least superficial resemblance to Gregarine-like Api-

complexa in juvenile Pacific oysters and demonstrates their limited

pathologic significance, as well as their absence from tank-reared

seed. Hopefully, it will also help prevent future misidentification

of these organisms as more significant molluscan pathogens, such

as haplosporidans. which may have previously occurred.
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ABSTRACT Techniques were developed for holding and conditioning of ea.stern oysters. Cnis.sostreii vii!>inicti (Gmelin). in a

recirculating system. Oysters collected in Februar)' from public oyster grounds off the coast of Louisiana were maintained in a

recirculating system for 8 wks. For conditioning, water temperature in the system was gradually raised with a heat pump from 14°C,

and held at 25°C for 6 wks. Oysters were fed a diet of algal paste (Isochrysis galbana for the first 6 wks and Cliaetocerus calcitrans

for the last 2 wks). Water quality, mortality. Perkinsus marinus infection, gonad development, and physiologic condition (dry

tissue-to-dry shell ratio, dry tissue-to-wet tissue ratio, digestive diverticula tubule ratio) were monitored. At weeks 7 and 8. the

laboratory-held oysters were compared with field controls held at Grand Isle. Louisiana. Water quality in the system remained within

target ranges. Mortality was low (18 of 300 oysters stocked) and not associated with P. marinus infection. In the laboratory at week
I. the gonads of all oysters sampled were classified as immature or in early development. By week 5. the gonads of 73% of oysters

sampled were classified as mature. Physiologic condition decreased in the laboratory. Field controls reached a higher mean gametic

stage and were in better physiologic condition at the end of the 8-wk study. These differences were attributed to differences in nutrition

available between the field and laboratory. This study demonstrated that conditioning of Crassostrea virginica is possible in a closed,

recirculating system, although improvements in nutrition would be useful.

KEY WORDS: Ciassostieii virginica. conditioning, gametogenesis. histology, aquaculture. recirculation

INTRODUCTION

The eastern oyster, Crassostrea virginica (Gmelin 1791 ). sup-

ports a valuable commercial fishery. The annual harvest value is

measured in millions of dollars in the United States (MacKenzie

1996). However, the industry has been plagued with multiple prob-

lems in recent years, resulting in decreased oyster production

(MacKenzie 1996, Andrews 1991 ) and creating a need for research

in oyster genetics.

This has made necessary the development and improvement of

culture techniques, including design of recirculating systems for

holding and conditioning of broodstock. Typically, work is limited

to the natural spawning period (April to October), and even then

oysters require repeated monitoring for gonadal maturation. Ad-

ditionally, research away from the coast requires continual moni-

toring and transport of oysters for use in the laboratory. Further

problems include the costs and labor associated with obtaining

suitable water sources. Thus, development of a recirculating sys-

tem for holding and ripening of oysters in the laboratory would

extend the oyster spawning season and expand research opportu-
nities. In addition, such systems would allow containment of ge-

netically modified organisms, including those produced by gene
transfer (Kapuscinski and Hallerman 1991). The ability to condi-

tion oysters in an artificial system is a first step toward contain-

ment of the complete life cycle in the laboratory.

The reproductive ecology of C. virginica is well described

(Shumway 1996. Thompson et al. 1996). The primary cue for

gamete development seeins to be temperature, and research has

addressed the effects of temperature on gametogenesis (Price and

Maurer 1971, Loosanoff and Davis 1953). Gametogenesis and

spawning begin with increasing temperatures in the spring and

summer, and the existence of oysters acclimatized to local

environinents. with specific temperature requirements in reproduc-

tion, have been reported (Loosanoff 1969). Oysters are routinely

conditioned through temperature manipulation in research hatch-

eries using natural seawater and foods (Dupuy et al. 1977). Labo-

ratory studies on temperature and gametogenesis have utilized

natural seawater for water exchange in holding systems (Robinson

1992. Price and Maurer 1971 ). Some research has been conducted

on the maintenance of oysters in a laboratory environment. Tol-

erance levels of oysters to various water quality conditions have

been reported (Epifanio and Sma 1975, Epifanio et al. 1975), as

have guidelines for feeding regimes and rations (Epifanio and

Ewart 1977). Several studies have also addressed design and main-

tenance of recirculating systems (MacMillian et al. 1994. Thiekler

1981).

The goal of this project was to develop techniques for holding

and conditioning of C. virginica in a recirculating system. To our

knowledge, this is the first study on the conditioning of oysters in

such a system. Oysters collected during winter in Louisiana coastal

waters were brought into the laboratory, and conditioning was

attempted over an 8-wk period by incremental raising of tem-

perature from I4°C to 25°C. Laboratory-held oysters were com-

pared with oysters from natural waters before and after the holding

period. Our objectives during the study were to monitor ( 1 ) water

quality, (2) mortality and disease. (3) changes in gonad condition,

and (4) changes in physiological condition.
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MATERIALS AND METHODS

Eastern oysters were collected from public oyster grounds in

Hackberry Bay Louisiana (29°40'00"N, 90°02'30"W) on February

19, 1997. Hackberry Bay oysters were selected because of report-

edly low levels of PerkiiisKS marimis infection in this population

(Supan, unpublished data). The oysters were kept on ice. and trans-

ferred to the Louisiana State University Aquaculture Research Sta-

tion (ARS) on February 21. Of these, 50 were processed upon

arrival at the ARS to establish a baseline reference. Another 600

oysters were cleaned of external debris and split into two groups of

300 each.

One group was transported to the Louisiana State University

oyster hatchery at Grand Isle, Louisiana (29°12'30"N,

90°02'30"W) to serve as a field reference. These were suspended

from a pier in 1.25-cm mesh ADPl* bags, and were exposed to

ambient conditions over the course of the experiment.

The second group was placed in a closed, recirculating system

in the laboratory for conditioning {Fig. 1). The system was com-

posed of two 500-L rectangular, fiberglass tanks (259 cm x 91 cm

X 20 cm) connected to a 1500-L sump (244 cm x 122 cm x 65 cm).

Standard PVC pipe (5.08-cm. schedule 40 pipe, unless otherwise

indicated) was used for all plumbing. Each tank had a ball valve to

control water delivery, a Venluri orifice on the water inlet for

aeration, and an internal standpipe to control water level. Tem-

perature was maintained within 1°C by an in-line heat pump (l-hp,

13,300 BTU/hr; ACRY-TEC, San Diego, CA) with an electric

remote control (model T775B, Honeywell Inc., Golden Valley,

MN) between the sump and holding tanks. A separate loop from

the sump provided filtration and sterilization. In this loop, water

flowed through a 0.30-m' upwelling bead filter (Malone et al.

1993) and a 25-W ultraviolet light (Rainbow Plastics, El Monte,

CA). Nitrifying bacteria in the effluent of a functioning bead filter

were used to inoculate this filter. Bacterial growth in the filter was

promoted with the addition of sodium nitrite and ammonium chlo-

ride for 4 wks before the study began (Malone and Manthe

1985). Two 5.2-cm diameter PVC foam fractionators were con-

structed (Wheaton 1977) and used in an additional sump loop to

remove dissolved orgunics when excessive foaming was noticed.

A V4-hp centrifugal pump (Maxim, Moorpark, CA) was attached to

the sump and drove water through the system. The system was

filled with artificial salt water (Fritz Super Salt, Fritz Industries

Inc., Dallas, TX) at a salinity of 15 ppt.

The laboratory oysters were fed a diet of algal paste produced

from a continuous turbidostat culture maintained at the ARS

(Theegala 1997). Paste was stored refrigerated until use (within 2

months). Isochiysis galbana (clone T-Iso) was fed for the first 6

wks and Chaetoterus calcitrans for the final 2 wks. The

amount of paste fed was calculated based on dry weight (Epifanio

and Ewart 1977), and prepared daily in the following manner: 140

g of paste was removed from storage at 4°C, weighed, dissolved in

system water, and passed through 75-fJLm and 15-)xm nylon mesh

to disperse the algal cells. This mixture was added to the oyster

tanks and allowed to circulate through the system. The backwash

effluent from the beadfilter was returned to the sump daily, allow-

ing total conservation of salt water, and providing a potential nu-

tritional supplement of bacteria and dissolved organics to the oys-

ters.

The study lasted 8 wks, from February 21 to April 15, 1997.

Oysters were acclimated during week 1 in the system at 15°C. At

day 10, temperature was increased 2°C every 2 days until reaching

25°C, which was maintained for the remainder of the study. Labo-

ratory samples of 50 oysters were removed from the tanks at weeks

I. 3. 5. 7, and 8 for analysis of disease, gonad development, and

physiologic condition. Of each sample, 30 oysters were assayed

for P. imiriniis infection and sectioned for histology. The remain-

ing 20 were processed for determination of physiologic condition.

On weeks 7 and 8, 50 reference oysters were brought from Grand

Isle as field samples and processed as described above. The whole

wet weight of every oyster processed was recorded.

Water Quality

Water quality was monitored weekly (although daily measure-

ments were made during weeks 2 and 3). A Hach® test kit (Model

FF-3, Loveland, CO, USA) was used to measure ammonia con-

TABLE 1.

Comparison of observed and target water quality values in the

recirculating system during an 8-\vk study on conditioning of

Crassostrea rirginica

Figure 1. Design of recirculating system used to condition Crassostrea

virgiiiica. B = biological filter. H = heat pump. P = pump, F = foam

fractionators, UV = ultraviolet light.

Parameter
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TABLE 2.

Gametic stages assigned to histologic sections, and used to classif)

gonad dc>elopnient in Crassoslrea lirginica

Stage Description

1 (immature) Follicles small and contracted. Some early sex cell

(such as pro-oogonia) may be poorly visible.

2 (developing) <5% of all gametes mature.

3 (early maturity) 6-50% of all gametes mature.

4 (maturity) 51-75% of all gametes mature.

5 (late maturity) 76-100% of all gametes mature.

6 (regression) Proliferation of hemocytes and cytolysis evident,

some mature cells may remain.

centration (mg/L NH,-N). nitrite concentration (mg/L NOi-N).

pH. hardness (mg/L CaCO,). and alkalinity (mg/L CaCO,). Dis-

solved oxygen was measured with a YSI oxygen meter (Yellow

Spring. CO), and salinity with a hand-held reftactometer. Toler-

ance levels from the literature (Galstoff 1964, Epit'anio and Sma

1975, Epifanio et al. 1975) were used as guidelines for acceptable

water quality conditions (Table 1). Temperature was measured

daily with u submersible thermometer.

Mortality and Disease

Levels of P. iminnus infection were measured using the fluid

Ihioglycolate method (Ray 1966). A sample of rectal tissue was

obtained aseptically and incubated in Ihioglycolate media for at

least 7 days. The tissue sample was smeared on a glass microscope

slide, stained with LugoFs iodine, and examined at lOOx with

brightfield microscopy for presence of hypnospores. Infection lev-

els were assigned a value ranging from (no detectable infection)

to 6 (heavily infected, more than 1.000 hypnospores in a 5-mm

field) (Quick and Makin 1971). From these values, infection

prevalence (percent infected oysters per sample), intensity (aver-

age intensity of infection among infected oysters), and weighted

incidence (average intensity of infection for the entire sample)

were calculated (Quick and Makin 1971).

Dead oysters (individuals with gaping shells) were identified

and removed from the tanks daily. If possible, a small rectal tissue

sample was collected and inspected for P. marinus infection ( 12 of

18).

Gonad Development

Gonad development was assayed histologically. Standardiza-

tion of sectioning is necessary for histologic comparisons among

oysters (Morales-Alamo and Mann 1989). Accordingly, process-

ing involved removing a 4-5 mm cross-section of each oyster just

posterior to the junction of the labial palp and gill, and preserving

this tissue in Davidson's fixative (Howard and Smith 1983). A

4-(j.m section was obtained ~l mm from the junction, mounted and

stained with GilFs hematoxylin and eosin (Howard and Smith

1983). Sections were characterized using features identified by

Morales-Alamo and Mann ( 1989). Gonad development was clas-

sified as one of six stages (Table 2). For each oyster sectioned,

gametic stage and sex (male, female, hermaphrodite, or unidenti-

fiable) were recorded. Observations were made with brightfield

microscopy at lOOx. The mean gametic stage for each sample was

calculated.

Physiological Condition

Physiological condition was closely monitored in this study for

several reasons. A primary concern was the usefulness of the algal

paste as a complete food source for oysters. Other concerns were

the effect of temperature stress, water quality, and P. inarinKS

infection. Therefore, physiologic condition was characterized with

three assays, two traditional condition indices and an assay based

on the morphology of the digestive diverticula.

The two traditional condition indices used were the ratio of dry

tissue-to-dry shell (Rainer and Mann 1992). and the ratio of dry

tissue-to-wet tissue (Lucas and Benniger 1985). Oysters were

cleaned of external organisms and debris, opened, and the tissues

and shell were separated and weighed (wet weight). Tissues and

Figure 2. Water temperature (open squares) in recirculating system over the 8-wk experiment. Daily (shaded columns) and cumulative mortality

(line) are indicated. The date (day 16) of highest ammonia level (4.2U mg/L) is indicated by an arrow.
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shells were dried at 100°C for 48 h, dry weights were recorded,

and the ratios were calculated.

Histologic slides were used for evaluation of digestive diver-

ticula atrophy based on the methods of Winstead ( 1995). The area

of the slide containing the digestive gland was divided into four

quadrants, and five tubules were measured from each quadrant, for

a total of 20 measurements from each oyster. Evaluations were

done with lOOx phase contrast microscopy using image analysis

software (Optimas® 5.1a, Bioscan. Inc., Edmunds, WA). The total

tubule area and the tubule lumen area were outlined by hand with

a computer pointer (mouse), and the ratio of lumen area to total

area was calculated and recorded in spreadsheet software (Mi-

crosoft Excel*, Microsoft Corp., Roselle, IL). A diverticula score

was calculated for each oyster as the average of these 20 ratios, and

a mean diverticula score was calculated for each sample.

Statistical Methods

Data were analyzed with the General Linear Models procedure

(SAS Inc., Cary. NC). One-factor analysis of variance (ANOVA)
was used to compare among mean values of weighted incidence of

P. marinus infection, gametic stages, dry tissue-to-dry shell ratios,

dry tissue-to-wet tissue ratios, and diverticula scores. A Duncan's

Multiple Range Test was used to separate sample means. A sig-

nificance level of p < .05 was used in all statistical analyses.

RESULTS

Water Quality

Water quality remained within the desired ranges throughout

the study (Table 1 ). The system maintained temperatures within

1°C of the target temperatures (Fig. 2). However, transient in-

creases in ammonia concentration were observed in weeks 2 and 3

as the temperature was increased (Fig. 2). The highest ammonia

concentration was recorded on day 16 (4.2 mg/L). By day 21,

concentrations had declined (0.2 mg/L) and remained negligible

throughout the rest of the experiment.

Mortality and Disease

Mortality and P. marinus infection were low throughout the

experiment. Of the 300 oysters stocked in the system, 13 deaths

occurred during the acclimation period (week 1 ), followed by 5

deaths over the next 7 wks (Fig. 2). The weighted incidence of P.

marinus infection did not exceed 1.00 (lowest level of infection)

during the study. However, significant differences in weighted

incidence of infection were noted among samples {p < .017) (Fig.

3). The highest observed weighted incidence of infection (0.70)

was found in the week 7 field sample, followed by the week 7

laboratory sample (0.65). The lowest observed level of infection

(0.10) was from the week 1 sample. During the study, 12 of the 18

oysters that died were examined for P. marinus infection. Of these,

2 were found to be infected, and each had an infection level of 1

(1 to 10 hypnospores per sample) (Table 3).

Gonad Development

Gametogenesis proceeded in the oysters during the experiment.

At week I, all of the gamete scores in the oysters sampled (29 of

29) were Stage 2 or lower (immature or developing). By week 8,

73% (22 of 30) of oysters sampled in the laboratory were at Stages

4 or 5 (mature) (Table 4). However, 93% (28 of 30) of field oysters

sampled in week 8 were at Stages 4 or 5. The mean gametic stage

increased through time, and significant differences were found (p

< .0001) (Fig. 3). For all samples, the lowest mean value
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TABLE 3.

Perkinsus marinus infection in Crassostrea virginica samples during an 8-wk study"
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rence of infected individuals in Gulf Coast populations of C. vir-

ginica can be 100% (Craig et al. 1989). However, the initial in-

fection incidence of P. mahuus in the oysters in this experiment

was 10% (Table 3). Although the technique used here to diagnose

infection was less sensitive than other techniques (e.g., full body

burden), especially with light levels of infection, high levels of

infection would be obvious (Bushek et al. 1994). The mean level

of infection for all samples remained less than 1.0 (lowest level of

infection) for the entire 8 wks of the study. No mortalities during

the experiment appeared to be due to P. marinus infection. Most

mortalities (13) occurred during week 1 before the temperature

was raised, and were presumably due to stress from harvesting,

storage, transport, and stocking. The low level of mortalities ( 18 of

300 oysters stocked) and P. marinus infection suggest that other

disease problems and severe stress due to poor nutrition or water

quality were not present.

In healthy eastern oysters, gametogenesis would be expected to

proceed at a water temperature of 25°C, and during the study, the

majority of the oysters in the system reached maturity within 8

wks. Because gametogenesis in oysters in coastal waters begins

during the time covered in this study (Shumway 1996). develop-

ment was expected in the field controls. However, at the end of the

study, oysters from the field control had a higher mean level of

development. Nutrition is important in broodstock conditioning

(Robinson 1992. Munanaka and Lannan 1984). and it is probable

that oysters in natural waters obtained superior nutrition. More-

over, because artificial salt water was not replaced in the labora-

tory system, the oysters in the natural environment may have ben-

efited from nutrients lacking or depleted in the laboratory. It

should be noted that a mixture of algal species fed to oysters

enhanced long-term growth in a recirculating system (Epifanio and

Mootz 1976), whereas the oysters in our study were fed only a

single algal species (resuspended from paste) at any time.

Factors causing oysters to utilize energy reserves, such as star-

vation, disease, spawning, or elevated temperatures, can cause a

decrease in tissue weights and lower dry tissue-to-dry shell ratios

(Mann 1978, Gabbot and Walker 1971). In this study, this condi-

tion index in the laboratory was reduced after week 1. The oysters

came into the laboratory in good condition, remained in good
condition in the field, but declined in the laboratory. Several ex-

planations are possible. Spawning (Lucas and Beninger 1985) and

P. marinus infection (Paynter and Burreson 1991) can cause de-

creases in dry tissue-to-dry shell ratios. Because little (if any)

spawning gjccurred in the laboratory and field populations, and P.

marinus infection was low in each, the likely causes for the poorer

condition in the laboratory were temperature and nutrition. After

week 2. oysters in the laboratory were exposed to an average

temperature of ~25°C. A temperature-related increase in metabolic

demand coupled with potentially poorer nutrition in the laboratory

could have reduced condition. Previous studies with Ostrea edulis

maintained for 4 wks in flow-through systems showed decreased

condition compared with field oysters, attributable to higher tem-

perature and less available food (Gabbot and Walker 1971).

Differences were observed when the ratio of dry tissue-to-wet

tissue was considered as an indicator of physiologic condition. A

high proportion of water in tissues (and the associated low ratio of

dry tissue:wet tissue) indicates a state of depleted energy reserves,

possibly from starvation, disease, or winter conditions (Lucas and

Benniger 1985). The oysters apparently suffered stress before

stocking, resulting in a decreased ratio in the initial sample (week

1 ). Oysters recovered in the system and ratios increased in the

following wks (although ratios decreased slightly in weeks 7 and

8, they remained significantly higher than in the week 1 sample).

The ratios from the field samples of weeks 7 and 8 were higher

than in the laboratory samples from those wks. A decrease in this

ratio has been reported for C. virginica in a food-limited environ-

ment (Rheault and Rice 1996), and nutritional problems in the

laboratory could have caused the differences observed between the

field and laboratory samples. The decrease in weeks 7 and 8 in the

laboratory was associated with a shift in the species of algae being

fed to the oysters. For the last 2 wks of the study, Chaetocerus

calcitians replaced Isochrysis galbana as the food source, possibly

causing the observed decreases.

The final measurement of physiologic condition was based on

morphology of digestive diverticula. This technique has been cor-

related with starvation or salinity stress, and provides a general

indicator of stress in oysters (Winstead 1995). The tubule ratios

from weeks 1 and 3 were high as the oysters became acclimated to

the increased temperature and artificial environment. Scores then

became significantly lower, indicating reduced stress on the oys-

ters in the laboratory, and possibly acclimation to the laboratory

environment. However, scores obtained from the field samples

were significantly lower than the laboratory samples in weeks 7

and 8. These scores agreed with the other measures of condition

and suggested that the oysters in the laboratory were more stressed

than those in the field. Again, a probable explanation is that field

oysters received a superior diet.

In this study, gamete development was obvious in oysters held

in the recirculating system with temperature manipulation. Water

quality was maintained despite temperature changes, and mortality

and disease were not problems. Oysters from field controls

achieved a higher level of gametic development in 8 wks, and had

a better physiologic condition, perhaps due to a more complete

diet. This indicates a need for nutrition improvement, but demon-

strates that broodstock conditioning of C. virginica is possible in a

closed, recirculating system.
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ABSTRACT The genetic characteristics of wild and suspension-cultured blue mussels from three lagoons of the Magdalen Islands

were determined from the study of seven enzyme loci. Only .^.5'7f of mussels scored at the MPI* locus were identified as Myuhis

trossulus. For M. ediilis. no major differences could be detected in allelic frequencies of wild mussels within and among the lagoons,

indicating that gene tlow around the Magdalen Islands is high. High levels of gene flow are also inferred from the high F„ and N^n

values. Temporal stability is suggested by homogeneity in allelic frequencies of mussels from different size classes (assumed to

represent different cohorts) sampled within each lagoon. An important heterozygote deficiency was observed in wild mussels from the

House Harbour and the Great Entry lagoons where the mean Ho was 0.34 and 0.32. respectively. In contrast, there were no significant

heterozygote deficiencies or excesses at most loci in wild mussels from Amherst Basin whose Ho = 0.50. The degree of heterozygosity

was significantly higher in the wild mussels from Amherst Basin than in those from the other two lagoons. Significant decreases in

the degree of heterozygosity were observed in suspension-cultured mussels I and 2 y after their transfer as spat from Amherst Basin

to grow-out sites in the Great Entry and the House Harbour lagoons. One possible explanation for the observed decreases in the degree

of heterozygosity is that a substantial number of heterozygotes collected in Amherst Basin may be lost through fall-off during

suspension-culture activities, as suggested by the lower mean heterozygosities of sleeved mussels at both grow-out sites (mean Ho =

0.35-0.381.

KEY WORDS: Mytiliis ediilis. Mytihis trossulus. allozymes, allelic frequencies, heterozygosity, gene flow

INTRODUCTION 1995) and blue mussels are cultivated in the Magdalen Islands, we

needed to improve our understanding of these species" distribution

The Gulf of St. Lawrence is a well-known area where the in the area,

distribution of Mytihis ediihs and M. trossulus overlaps and hy- A previous study using reciprocal transfers suggested the ex-

dridization occurs (Gosling 1992b). Although M. trossulus has istence of genetic differentiation among populations of blue mus-

been reported in numerous locations along the Gulf of St. sels in the Magdalen Islands (Myrand and Gaudreault 1995). This

Lawrence and the Atlantic coasts of Nova Scotia and Newfound- study showed that with one exception, populations collected from

land (Varvio et al. 1988. McDonald et al. 1991. Bates and Innes closely neighboring areas (-65 km between the most distant popu-

1995. Mallet and Carver 1995). the information regarding its pres- lations) were all susceptible to high summer mortalities. The most

ence in the Magdalen Islands which are located in the Gulf is resistant stock came from Amherst Basin and experienced an over-

scarce (Tremblay et al. 1998c). The composition of mussel stocks all mortality rate of 18% between June 1990 and November 1991

from the lagoons of the Magdalen Islands may differ relatively to at all sites. In contrast, mussels from Great Entry and House Har-

these species. As M. trossulus seems to be less productive than M. bour lagoons showed overall mortality rates of 89% and 78%,

edulis for mussel culture (Freeman et al. 1992. Mallet and Carver respectively, over the same period. As these mussels were kept

under the same environmental conditions, the observed differential

mortality was attributed to genetic rather than to environmental

Present address; GIROQ. Departement de biologie. Faculte des Sciences factors. The results from several studies in other regions support

et de Genie. Universite Laval. Quebec. Canada. GIK 7P4. such conclusion (Dickie et al. 1984. Mallet et al. 1987. Mallet and
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Carver 1989, Mallet et al. 1990. Sephton 1991, Fuentes et al.

1992).

It was proposed that variations in resistance to summer mor-

tality among populations from the Magdalen Islands are related to

differential metabolic responses resulting from differences in het-

erozygosities (Tremblay et al. 1998 a.b.c). The genotypic frequen-

cies of suspension-cultured mussels from the resistant stock of

Amherst Basin were generally in agreement with Hardy-Weinberg

expectations whereas a significant heterozygote deficiency was

observed for those from the susceptible stock of the Great Entry

lagoon (Tremblay et al. 1998c). Tremblay et al. (1998c) also found

a negative correlation between multiple-locus heterozygosity and

maintenance requirements for individuals from these two stocks.

They proposed that the higher degree of heterozygosity of the

Amherst Basin mussels confers an energetic advantage to this

stock. Further, Tremblay et al. (1998 a,c) observed that mussels

from the susceptible stock had higher maintenance requirements

than those from the resistant stock during periods of negative

energetic balance. The susceptible stock from the Great Entry

lagoon also had a higher thermal sensitivity, a negative scope for

growth, an increased reliance on protein catabolism. and an in-

creased period of lysosomal activity during the first half of August

(Tremblay et al. 1998a,b,c). These results could be explained by

the higher energetic needs of the Great Entry stock and are in

agreement with previous studies on mollusks indicating that more

heterozygous individuals have a higher protein synthesis effi-

ciency and a higher scope for growth than more homozygous
individuals (see Hawkins 1991). Although, the universality of the

heterozygosity-fitness relationship has been questioned (Houle

1989, Jorgensen 1992, Britten 1996), it has been suggested by

many authors that a higher heterozygosity may translate into faster

growth rates and longer survival, particularly in stressful condi-

tions (Hawkins et al. 1986, Zouros and Foltz 1987, Hawkins et al.

1989, Volckaert and Zouros 1989. Beaumont 1991, Koehn 1991,

Gosling 1992b. Mitton 1993, Bayne and Hawkins 1997). Despite

the marked differences in heterozygosity observed between sus-

Amherst Basin

(AB)

Figure 1. Map of the Magdalen Islands showing the sampling locations. Letters "a" to "e" refer to mussel beds in each lagoon. Letter "s"

corresponds to the spat sampling locations, number "I" and "2" refer to mussels in suspension-culture for 1 and 2 y, respectively. Number "1"

in Amherst Basin indicates the location of the mussels left undisturbed on collectors for I whole year.
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pension-cultured mussels from two of the local stocks. Great Entry

lagoon and Amherst Basin, (Tremblay et al. 1998c). the wild mus-

sel populations of the Magdalen Islands have not been character-

ized genetically yet.

In this study, the genetic variation of wild mussels (including

spat) from Amherst Basin, the Great Entry lagoon, and the House

Harbour lagoon is described. Genetic variability is also measured

on mussels from Amherst Basin which were sleeved and trans-

ferred as spat to growout sites in the Great Entry and the House

Harbour lagoons for periods of 1 and 2 y. The specific objectives

of this study were to ( 1 ) examine whether local stocks are formed

with varying mixtures of M. ediiiis and M. trossidus. (2) test

whether local wild stocks are genetically differentiated despite

their proximity, and (3) compare the genetic variability of wild and

suspension-cultured mussels. This study will provide a genetic

basis to interpret past and future studies on blue mussels in the

Magdalen Islands.

MATERIALS AND METHODS

Sampling

All mussels were sampled in October 1995 except when stated

otherwise. Mussels were collected from all known wild beds; five

beds in the House Harbor lagoon (HH-a to e). three in the Great

Entry lagoon (GE-a to c), and three in Amherst Basin (AB-a to c)

(Fig. 1). These samples consisted entirely of subtidal individuals

since no intertidal populations are present in the Magdalen Islands.

Taken together, the samples from mussel beds in each lagoon

likely included several cohorts because of the large size range

observed (Table 1 ). Spat (3 to 4-nio-old) were collected in each

lagoon on artificial collectors immersed in June 1995 and har-

vested in October 1995. In addition, we also sampled young mus-

sels left undisturbed on artificial collectors in Amherst Basin dur-

ing 1 y. Finally, we sampled suspension-cultured mussels origi-

nating from Amherst Basin which were transferred as spat to

growout sites in the House Harbour and the Great Entry lagoons in

late fall. These suspension-cultured mussels were provided by the

local mussel growers and sampled 1 and 2 y after their transfer to

the growout sites. The samples of suspension-cultured mussels in

the Great Entry lagoon were obtained in July 1996 instead of

October 1995. as were all the other samples. Therefore, the 1- and

2-y-old suspension-cultured mussels sampled in the House Har-

bour lagoon were transferred in fall 1993 and 1994, respectively;

those sampled in the Great Entry lagoon were transferred in fall

1994 and 1995.

The samples collected from the mussel beds within each lagoon

could have been pooled to get a larger sample size. Indeed, it can

be assumed that the small size of the lagoons, especially Amherst

Basin (-3 km"), and the prevailing water circulation patterns

(Koutitonsky and Booth 1996) would favor panmixis within each

lagoon. However, all samples were analyzed individually to detect

any possible genetic heterogeneity caused by spatial microstruc-

ture or by temporal Wahlund effect. Approximately 90 individuals

were used to characterize the wild mussels in each laaoon whereas

TABLE I.

Sampled groups, sample size, shell length (mean ± SD) and the relative frequency of Mytiliis eduUa, M. trossuliis and their hybrids.
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TABLE 2.

Allelic frequencies, observed (Ho) and expected iHe) heterozygosities at 7 polymorphic loci for the sampling sites in Amherst Basin (AB), the

Great Entry lagoon (GE), and the House Harbour (HH) lagoon.

Locus/
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TABLE 2.

continued

Locus/

Allele



TABLE 3.

Allelic frequencies, observed (Ho) and expected (He) heterozygosities at 7 polymorphic loci for mussels left undisturbed on collectors in

Amherst Basin during 1 yr (.AB-1) and also mussels taken from .\mherst Basin and transferred as spat for suspension-culture to growout
sites in the Great Entry and the House Harbour lagoons for 1 (ABGE-1 and ABHH-1) and 2 (ABGE-2 and ABHH-2).
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TABLE 3.

continued

Locus/

Alleles
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(Table 5). Thus, data from 1- and 2-y-old suspension-cultured

mussels were pooled for each growout site. Allelic frequencies of

wild mussels from Amherst Basin were similar to those of their

congeners transferred for suspension-culture to the House Harbour

lagoon but were significantly different from those transferred to

the Great Entry lagoon at the LAP* and MPI* loci (Table 5).

Conformance to the Hardy-Weinberg Equilibrium

The proportions of observed heterozygotes over all loci (Ho) in

wild mussels (mussel beds and spat) from Amherst Basin were

generally in good agreement with values expected (He) under the

Hardy-Weinberg equilibrium at 5 out of the 7 loci (Table 3). In

contrast, those from the House Harbour and the Great Entry la-

goons showed marked deviations from the Hardy-Weinberg ex-

pectations at 5 and 6 loci, respectively. The Ho values in Amherst

Basin samples were 0.49-0.50 whereas the He varied between 0.52

and 0.58 (Table 2). In contrast, the Ho values for the different

groups of wild mussels from the Great Entry lagoon varied from

0.27 to 0.36 and were much lower than the He values (0.52-0.54).

The same trend was observed in the House Harbour lagoon where

Ho varied between 0.31 and 0.36 compared with He values of

0.49-0.57.

Degree of Heterozygosity

The degree of heterozygosity was compared for six groups of

mussels: wild mussels from Amherst Basin (AB-Wild), the House

Harbour lagoon (HH-Wild) and the Great Entry lagoon (GE-Wild).

suspension-cultured mussels taken as spat from Amherst Basin and

transferred to growout sites in House Harbour (ABHH) and Great

Entry (ABGE) lagoons, and mussels from Amherst Basin left un-

disturbed on collectors for 1 y (AB-1 ). The frequency distributions

of the degree of heterozygosity (number of heterozygous loci per

individual) for these groups are shown in Figure 2. Wild mussels

from Amherst Basin had a higher degree of heterozygosity than the

wild mussels from the House Harbour lagoon (Z = -6.35, p
=

.0001) and the Great Entry lagoon (Z = -7.40. p
= .0001).

However, wild mussels from both the House Harbour and the

Great Entry lagoons had similar values (Z = -0.83. p
= .41 ). No

difference was found between wild mussels from Amherst Basin

and those left on collectors in this lagoon (Z = 0.34, p
= .74) or

between suspension-cultured mussels in both lagoons (ABGE vs

ABHH: Z 1.28, p 20). However, the wild mussels from

Amherst Basin had a higher degree of heterozygosity than their

congeners transferred for suspension-culture to either the House

Harbour (Z = -3.43, p
= .0006) and the Great Entry lagoons (Z

= -4.87. p
= .0001).

Gene Flow and Genetic Distances

Values of Njn calculated for each locus were high for wild

mussels from the three lagoons (Table 6). If we assume that the

differences between loci are not due to natural selection, an overall

value of 83 is estimated from the Fsl mean value over all loci. Such

high values suggest that considerable gene flow is taking place

between the lagoons of the Magdalen Islands.

The Nei"s unbiased genetic distances among the six groups of

pooled samples (c.f. section on Degree of Heterozygosity) were

small and varied between 0.000 and 0.035 (Table 7).

DISCUSSION

Mussels from the wild beds of the three lagoons did not differ

according to their relative composition of M. trossulus and M.

ediilis. The occurrence of M. trossulus is very low in the Magdalen
Islands and only 3.5% of all sampled mussels were assigned to this

species. The same relative abundance of M. trossulus among mus-

sel beds suggests that its occurrence was maintained at a low level

over the years as the large range of shell lengths indicates the

probable presence of several cohorts. This hypothesis is also sup-

ported by Tremblay et al. (1998c) who found only 2.4% of M.

trossulus in samples collected in 1992 and 1993. The high water

temperature (>20°C) reached in summer (Myrand 1991, Myrand
and Gaudreault 1995) may partly explain the low occurrence of M.

trossulus since this species on the Pacific coast of North America

shows some signs of stress at temperatures as low as 13°C (Hoff-

man and Somero 1996). Further, M. trossulus is known to be a

more northerly species than M. edulis (Gosling 1992a). However,

the factors influencing the distribution patterns of both species in

eastern Canada are not well understood yet (Bates and Innes 1995,

Mallet and Carver 1995). The low occurrence of M. trossulus in

the Magdalen Islands is in agreement with values reported from

the neighboring Prince Edward Island and Northumberland Strait

area (Mallet and Carver 1995). As observed in other studies (Free-

man et al. 1994, Bates and Innes 1995, Mallet and Carver 1995),

we found only few hybrids. The differential susceptibilities of the

Magdalen Islands stocks to summer mortality (Myrand and Gaud-

TABLE 5.

Multiple heterogeneity .V" tests calculated with Monte-Carlo simulations to compare the allelic frequencies of suspension-cultured mussels

transferred to growout sites for I and 2 y and wild mussels from .\mherst Basin (.\B-\Vild) to those coming from this lagoon and

transferred as spat to growout sites in the Great Entry (ABGE) and the House Harbour (ABHH) lagoons.
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Figure 2. Frequency distributions of the degree of heterozygosity (nb

of heterozygous loci per individual) of wild mussels (mussel beds +

spat) from the three lagoons (.\B-\vild. GE-wild, and HH-wild). from

mussels left undisturbed on collectors for 1 y in Amherst Basin I.4B-1 )

and from suspension-cultured mussels transferred as spat from Am-

herst Basin to growout sites in the House Harbour (ABHH) and the

Great Entry (.ABGE) lagoons for 1 and 2 y combined. Mean number

(± SE) of heterozygous loci are presented for each group.

reault 1995) do not result from dit't'erent mixtures of M. edulis and

M. trossulus.

We have not detected large differences in allelic frequencies of

M. edulis from the three studied lagoons which suggests that these

mussels belong to a panmictic population. Further, heterogeneity

in allelic frequencies seems to be higher within rather than among
the lagoons. This is most likely due to the small sample size from

some wild beds. For example, the allelic frequencies of HH-c

mussels at the MPl* locus were significantly different from the

other mussel beds (Table 4) due to the presence of only two ho-

mozygotes for the allele MPI*-C which is rather rare in these beds

(Table 2).

TABLE 6.

FsT indices for each locus and estimated values of the number of

migrants per generation (.\,m) for wild mussels (mussel beds and

spat) in the three lagoons.

Locus N,.m

EST- 1

EST-2

GPI

MPI
ODH
LAP
PGM
Mean over all loci

0.007

0.003

0.004

0.002

0.001

0.001

0.001

0.003

36

83

62

125

250

250

250

83

Homogeneity in allelic frequencies is not surprising given the

importance of gene flow that seems to take place among the la-

goons. Indeed, an overall N.h; value of 83 is considered very high

and largely sufficient to prevent differentiation of populations due

to genetic drift (Slatkin 1981). The low values of genetic distances

are in agreement with this observation and also indicate low dif-

ferentiation among the mussels of the different lagoons. This high

level of gene flow possibly results from the interaction between the

pelagic life of mussel larvae, the water circulation patterns, the

topography (small size and shallow depth) of the lagoons, and the

prevalence of winds. The pelagic life of mussels typically lasts 2-4

weeks in the Magdalen Islands (Roussy and Myrand 1997) but the

duration of this stage could be as long as 6 months for M. edulis

(Lane et al. 1985). This may ensure a wide dispersal and substan-

tial mixing of different populations (Gosling 1992b). The capacity

of byssus drifting by young post-larvae (Lane et al. 1985) may also

increase population mixing. Water circulation is rather uniform

into each of the three lagoons as a result of their simple topogra-

phy, and some water flow is observed between the House Harbour

and the Great Entry lagoons (Koutitonski and Booth 1996). Maxi-

muin depth varies from 3 m in Amherst Basin to 7 m in the House

Harbour and the Great Entry lagoons, and the prevalence of winds

keeps the water column well mixed (Myrand 1991. Roy et al.

1991).

Wild mussels from the House Harbour and the Great Entry

lagoons exhibit an important heterozygote deficiency which is not

detected in Amherst Basin. The mean heterozygosity at the 7 loci

was 0.32 for wild mussels from the Great Entry lagoon and 0.34

for those from the House Harbour lagoon compared with 0.50 for

mussels from Amherst Basin. The mean heterozygosity of mussels

from Amherst Basin was in agreement with Hardy-Weinberg equi-

librium and corresponds to values obtained from natural popula-

tions of adult mussels (Koehn and Gaffney 1984, Diehl and Koehn

1985, Gaffney 1990) and mussels reared in the laboratory (Beau-

mont et al. 1983). This difference in heterozygosity between Am-

herst Basin mussels and those from the other two lagoons is sur-

prising given the apparent importance of the gene flow. Thus, we

can hypothesize that the changes in heterozygosity occurred after

settlement. Selection seems to act against heterozygotes in the

Great Entry and the House Harbour lagoons since their proportion

is much lower. A more detailed study would be needed to examine

possible causes for this difference in heterozygosities between

wild stocks. The similar deficiencies in heterozygosity of the
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TABLE 7.

Matrix of Nei's unbiased genetic distances calculated for wild mussels (mussel beds and spat) and for suspension-cultured mussels

transferred as spat from Amherst Basin to growout sites in the Great Entry and the House Harbour lagoons.

Groups of Mussels GE-Wild HH-Wild AB-Wild ABGE ABHH AB-I

Wild mussels from the Great Entry lagoon (GE-Wild)

Wild mussels from the House Harbour lagoon (HH-Wild)

Wild mussels from Amherst Basin (AB-Wild)

Cultured mussels in the Great Entry lagoon (ABGE)

Cultured mussels in the House Harbour lagoon (ABHH)
Mussels left on collectors for 1 y in Amherst Basin (AB-1)

l).0(.)() 0.003
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MOLECULAR IDENTIFICATION OF FOUR SPECIES OF MUSSELS FROM SOUTHERN CHILE
BY PCR-BASED NUCLEAR MARKERS: THE POTENTIAL USE IN STUDIES INVOLVING

PLANKTONIC SURVEYS

JORGE E. TORO*
Instituto de Biologia Marina Dr. Jiirgen Winter R.

Universidad Austral de Chile

Casilla 567, Valdivia. Chile

ABSTRACT PCR amplification of two nuclear DNA fragments UTS and GLU-5) and subsequent restriction fragment polymorphism
(RFLP) were applied to mantle tissue samples from four species of Chilean mussels, Mytilus edulis chilensis. Choromynlus chorus,

Aulacomya ater. and PerumytUus piirpiiralus. and to individual D-shape lar\-ae of Myliliis edulis and M. trosstdiis from Newfoundland,
in order to look for specific banding patterns for each of the Chilean species. Both nuclear DNA-based markers produced species-

specific banding patterns and may therefore be able to differentiate larvae from the four Chilean mussels during studies that rely on

plankton sur\eys.

KEY WORDS: Polymerase chain reaction, species identification, mussels, larvae, Chile

INTRODUCTION

Most marine bivalves have a prolonged, mobile, planktonic
larval stage, giving the potential for wide dispersal of larvae (Crad-

dock et al. 1995). Studies carried out to provide an insight into the

relationship between benthie mussel communities and planktonic

distribution of mussel larvae are based on the use of detailed

morphological analyses of plankton samples (Ramorino and Cam-

pos 1983, Pulfrish 1997). When these investigations are carried out

in areas where more than one mussel species are sympatrically or

parapatrically present, some difficulties regarding the identifica-

tion of larvae are often encountered (Cragg 1996, Olsen 1991),

especially in temperate waters where the reproduction is highly
seasonal determined (Bayne 1976) and most invertebrate species
have overlapping spawning times (Olive 1992. Michin 1993).

Moreover, the size and shape of prodissoconch II shells of larval

bivalves vary considerable (Loosanoff and Davis 1963, Bayne
1965, Pulfrish 1997), making the use of identification guides more

difficult. In southern Chile, mussels species from four genera
—

Myrihis. Choromytilus. Aulacomya. and PerumytUus—are often

found sharing the same ecosystem (Soli's and Lozada 1971, Lozada

et al. 1974, Varela and Valenzuela 1983, Winter et al. 1984. Sim-

pfendorfer et al. 1995) and therefore difficulties are expected when

analyzing plankton samples for mussel larvae identification. Mo-
lecular genetics markers have become indispensable tools in the

study of natural populations of marine organisms (Avise 1987).

The polymerase chain reaction (PCR) (Mullis and Faloona 1987,

Buffery 1993) has the potential to afford a sufficiently sensitive

method to be applied to invertebrate larvae (Olson et al. 1991 ) such

as Mytilus edulis larvae (Corte-Real et al. 1994, Sutheriand et al.

1998) and M. edulis and Mytilus trossulus larvae at very early

stages (<48 h) (Toro unpublished data). This technique, using spe-
cific genetic markers, could be very useful as an aid to the studies

involving planktonic surveys of bivalve larvae.

MATERIAL AND METHODS

Chilean mussels Mytilus edulis chilensis (Soot-Ryen, 1955),

Aulacomya ater (Molina, 1782), Choromytilus chorus (Molina.

*Presenl address: Ocean Sciences Centre. Memorial University of New-
foundland. St. John's, N.F. Canada AlC 5S7.

1782), and PerumytUus purpurarus (Lamarck) were collected at

Corral Bay and at the location of Chaihuin, X Region, southern

Chile. Each mussel (n = 20) was dissected and a small piece of the

mantle border was fixed in 95% ethanol. Approximately 50-100

mg of each fixed mantle-edge tissue was coarsely chopped and

digested in 500
|jlI

of lysis buffer (50 mM Tris-HCL (pH 8.0):

1.09r SDS; 25 mM EDTA) with 200 ^g proteinase K at 37"C

overnight. The solution was then extracted once with 500 jxl of an

equal volume of phenol-chlorofomi-isoamyl alcohol (24:24:1) fol-

lowed by ethanol precipitation. The extracted DNA was resus-

pended in 200
|jlI

of ultra-pure sterile distilled water. A PCR-based
nuclear species marker developed by Heath et al. (1995), based on

the internal transcribed spacer (ITS) regions between the 18S and

28S nuclear rDNA coding regions was applied in the present study.

The primers used were ITS I 5-TTTCCGTAGGTGAACCTG-3'
and ITS2 5'-CTCGTCTGATCTGAGGTCG-3', with an expected
PCR gene fragment size of 1,250 bp. Standard PCR amplifications
were carried out in 25-|j.l reaction mixtures containing DNA tem-

plate. 0.2 mM each of the four deoxyribonucleotide triphosphates

(dNTPs). 2.0 mM MgCK. primers at 0.4 mM. I unit of Taq DNA
polymerase (Promega), the manufacturer-supplied PCR buffer,

and sterile distilled water. The reaction mixtures were overiaid

with a drop of mineral oil to prevent evaporation, and were then

placed in a programable thermocycler (MJ Research, Inc). The
thermal cycler protocol consisted of an initial denaturation at 94°C
for 3 min. followed by 35 cycles of 94°C for 20 sec, 50°C for 20

sec, and 72°C for 2 min. Following the DNA amplification, a

restriction analysis was applied to each PCR product obtained. An
amount of 5 (il of each amplified PCR-products was digested for

12 h at 37"C with 0.5 U of the restriction enzyme Hhal in a total

volume of 15 (xl, including 3 p.1 of buffer supplied by the manu-
facturer (Pharmacia) and 6.5

|j.l
of ultra-pure distilled water. The

digested products were electrophoresed for 30 min at 1 12 V on 3%
agarose gels in 0.5 x TBE (Tris-borate-EDTA) buffer. The restric-

tion fragment length polymorphims (RFLPs) were visualized by

placing the gels in a solution of ethidium bromide and photo-

graphed under ultraviolet illumination. A second nuclear-DNA

marker developed by Rawson et al., (1996), targets the gene en-

coding the mussel polyphenolic adhesive protein. This protein is

produced by the endocrine gland in the foot of a mussel and is used

for its attachment to the substrate. The primers used were JH-5
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5'-GTAGGAACAAAGCATGAACCA-3' and the reverse primer

JH54 5'-GGGGGGATAAGTTTTCTTAGG-3'. PCR amplifica-

tions were carried out in 25-(a.l reaction mixtures containing ap-

proximately 50 ng of DNA template. 2.5 nmol of dNTPs. 2.0 mM
MgCU. 50 pmol of each primer, and 1 U of Taq DNA polymerase

(Promega), the manufacturer-supplied PCR buffer, and sterile dis-

tilled water. The reaction mixtures were overlaid with a drop of

mineral oil to prevent evaporation, and were then placed in a

programmable thermocycler. The thermal cycler protocol con-

sisted of an initial denaturation at 94°C for 3 min, followed by 30

cycles of 94°C for 20 sec. 53°C for 20 sec and 72°C for 45 sec.

PCR products were then directly resolved on 3% agarose gels

stained with ethidium bromide and scored for species using Po-

laroid photos taken under UV light.

Larvae from M. edulis and M. trossulus were obtained by sev-

eral plankton tows (20 |j.m mesh) at Bellevue. and Chance Cove,

Newfoundland during September 1996. Also, larvae from pure A/.

edulis and M. trossulus vjere obtained by rearing larvae from ar-

tificial laboratory crosses of the two species (Scarpa et al. 1994.

Toro and Sastre 1995, Toro and Paredes 1996). Total DNA ex-

traction from 200 individual larvae from each species at each

location and 60 from each pure larval culture was carried out. The

procedure was similar to that described for the mantle tissue, ex-

cept that larvae were previously measured and isolated under a

stereo microscope (at 40x magnification) using a Pasteur pipette.

The individual larva was then placed in a 1.5 ml Eppendorf tube

and washed twice in 0.5 ml distilled water before DNA extraction.

Individual mussels were scored for genotype at each marker locus

on the basis of diagnostic RFLPs. All samples were analyzed at

Memorial University of Newfoundland.

RESULTS

The restriction digestion of the 1,250 bp ITS PCR amplified

product with Hhal produced four specific RFLPs (Fig. I). In M.

edulis chitensis. the 1,250 bp fragment was cut into two 450 bp

fragments and two 180 bp fragments. In Ch. chorus, the ITS-PCR

product was cut into two 344 bp fragments, two 160 bp fragments,

and several <I00 bp fragments. In .4. aler. a 440 bp fragment. 280

bp fragment. 160 bp fragment, and several <I00 bp fragments

Figure \. Photo-negative of ethidium bromide-stained agarose gel

transilluminated with ultraviolet light showing the KFLF patterns pro-

duced by the digested PCR product of ITS from the four species of

Chilean marine mussels; Myliliis edulis iliilemis (lane 15). Clioromytilits

chorus (lane C), Aulacomya liter (line U), Perumylilus piirpuratus (line

E), and from the D-shape larvae from Mylilus edulis (line F), Mytilus

trossulus (line (J). Line A: molecular weight marker (Gibco BRL I kb

ladder) and line H: negative PCR control.

were produced. In P. purpuratus. a 300 bp fragment, 260 bp frag-

ment, 220 bp fragment, 180 bp fragment, and several <134 bp

fragments were produced. This assay was able to distinguished all

four species of Chilean mussels (Fig. 1). In all Mytilus edulis

larvae, the banding pattern was similar to M. edulis chilensis. In all

Mytilus trossulus larvae, the ITS-PCR product was cut into two

280 bp fragments, two 180 bp fragments, and several <100 bp

fragments (Fig. 1 ).

The Glu-5 PCR assay produced also species-specific banding

patterns, except for P. purpuratus (Fig. 2). In M. edulis chilensis,

three primary bands of 200, 300, and 500 bp were produced. When
this assay was applied to Ch. chorus, four primary bands of 540.

330, 290, and 200 bp were produced. In A. ater, a strong band at

560 bp and two less clear bands at 396 bp and 200 bp were

detected. In P. purpuratus, this PCR assay produced several <I34

bp bands that were not clearly resolved in the 3% agarose gels. In

Mytilus edulis larvae, this PCR assay produced a single 350 bp
band and in M. trossulus larvae a single primary band of 240 bp
was produced (Fig. 2).

The results from the two nuclear DNA-based markers were

consistent among individuals within species, between adults and

larvae and also within species samples from different geographic

regions.

DISCUSSION

Both DNA-based markers produced species-specific banding

patterns and may therefore be able to differentiate larvae from the

four Chilean mussels during studies that rely on plankton surveys.

PCR-based assays of genetic markers have become a valuable tool

in ecological studies: they are more sensitive than allozyme tech-

niques, and can be applied in minute quantities of material such as

bivalve planktonic larvae, even before the deposition of the final

larval shell, which is a requisite for a more accurate species iden-

tification based on shell shape (Pulfrish 1997).

The mussel larvae is associated with a free-swimming plank-

totrophic stage; the larvae spend several weeks feeding in the

water column and are capable of dispersing hundreds of kilometers

(Bayne 1965, Chanley and Andrews 1971, Craddock et al. 1995).

This has limited studies of ecology and recruitment processes in

these invertebrates (Butman 1987, Olsen 1991. Pawlik 1992. Ro-

driguez et al. 1993, but see Hunt and Scheibling 1998). Moreover,

Figure 2. Photo-negative of ethidium bromide stained agarose gel

transilluminated with ultraviolet light showing the RFLP patterns pro-

duced by the Pt'R-product of GLlI-5 from the four species of Chilean

marine mussels; Mytilus edulis chilensis (lane B), Choromytilus chorus

(lane C), .Aulacomya ater (line D), Perumytilus purpuratus (line F) and

from the D-shape larvae from Mytilus edulis (line F), Mytilus trossulus

(line t;i. Line A: molecular weight marker (Gibco BRL 1 kb ladder)

and line H: negative PCR control.
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the potential transport of exotic marine species as plankton in

ballast water (Carlton and Geller 1993. Geller et al. 1994. Heath et

al. 1995) has also been of great concern and this has stressed the

need for accurate larval identifications. In the present study, wild

mussel larvae <L'>0 jxm from plankton tows and D-shape larvae

from laboratory crosses, preserved in 95% ethanol. were success-

fully gcMotyped using two PCR-based markers. This technique and

the use of PCR primers that are highly specific to the target species

is therefore potentially very useful in studies concerning the ecol-

ogy of mussel larvae. Also, population genetic analyses of natural

populations, including all stages and age-classes, are now feasible

and eventually this could provide more evidence of the importance

of selective and random processes affecting larval dispersal, pat-

terns of settlement, postsettlement transport of juvenile molluscs,

and recruitment.
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SELECTIVE FEEDING AND BIODEPOSITION BY ZEBRA MUSSELS AND THEIR RELATION
TO CHANGES IN PHYTOPLANKTON COMPOSITION AND SESTON LOAD
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Department of Ecology and Evolution

State University of New York
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ABSTRACT We examined Ihe abiiily of zehra mus.sels (Dreissena polymorphii) to preferentially ingest or reject various phytoplank-
ton species and nonliving panicles. Our objective was to determine if preferential ingestion by zebra mussels could explain the changes
observed in the Hudson River since their invasion: ( I ) decline of cyanobacteria, Microcystis in particular, (2) rise to dominance by
diatoms, and (3) very small change in total seston load. We found that zebra mussels are capable of efficiently sorting and rejecting

particles. Not only were clearance rates higher when the cyanobacterium Microcystis was present in suspension, but Microcystis was

preferentially ingested over almost all other particle types tested. Diatoms were generally rejected as diffuse pseudofeces which were

easily resuspended, even in still water. The rejection of cattail (Typlui) detritus by zebra mussels corresponds to the rejection by oysters
(Crassostrea virginica) of cord grass iSparliiw) detntus particles (Ward et al. 1998). Pseudofeces of clay or detritus particle types were
also very diffu.se. In a few cases, however, clay or detritus particles, rather than phytoplanklon cells, were preferentially ingested by
zebra mussels. The interaction of selective feeding by zebra mussels with resuspension of diffuse biodeposits by tidal mixing may
explain the differential decline of phytoplanklon groups and nonliving particles in the Hudson River.

KEY WORDS: Zebra mussels, particle selection, clearance rates

INTRODUCTION

Suspension-feeding organisms, such as bivalves, can influence

the function of ecosystems to a great extent. In dense populations,

bivalves can dominate total ecosystem metabolism (Murphy and

Kremer 1985, Boucher-Rodoni and Boucher 1990, Dame et al.

1992), nutrient cycling (Jordon and Valiela 1982, Dame et al.

1991. Asmus et al. 1995). and grazing of primary producers (Clo-

em 1982, Officer et al. 1982). Grazing of primary producers moves

energy through ecosystems by coupling pelagic and benthic pro-

cesses; organic materials are removed from suspension and are

deposited on the bottom as feces or pseudofeces. or excreted back

to the water column (Dame and Patten 1981. Newell and Field

1983. Smaal and Prins 1993). In many estuarine and coastal sys-

tems, bivalves effectively control phytoplanklon biomass, harvest-

ing up to 100% of the phytoplankton primary production (Carlson

et al. 1984. Asmus et al. 1990, Gerritsen et al, 1994).

The introduction and spread of the zebra mussel [Dreissena

polyimirpha) (Pallas) has added a previously absent guild of or-

ganisms to North American freshwater ecosystems. Though native

bivalves and other organisms certainly contribute to phytoplankton

grazing (Strayer et al. 1994, Gaboon and Owen 1 996, Garaco et al.

1997), zebra mussels are fouling organisms that can attain ex-

tremely high densities and have the capacity to filter large quan-
tities of water (Reeders et al. 1989. Roditi et al. 1996). As a result

of their great clearance rates, phytoplankton biomass has decreased

by over 60% in many systems in which zebra mussels have be-

come established (Holland 1993, Leach 1993. Fahnenstiel et al.

1995). Phytoplankton biomass in the Hudson River. New York,
has dropped by 90%' since zebra mussels invaded in 1 99 1 (Garaco

et al. 1997). In some systems, phytoplankton composition has also

changed since invasion (Heath et al. 1995. Vanderploeg et al.

1996). The Hudson River phytoplankton community has shifted

from prevalence of cyanobacteria to diatoms (Smith et al. in press).

Despite the massive reduction in phytoplankton biomass in the

Hudson River, water transparency has increased by only 12%,

owing to the persistence of nonliving particles (Garaco et al. 1997.

Strayer et al. in press). This is in contrast to other systems in which

transparency has increased by 33-100% (Holland 1993, Maclsaac

and Rocha 1995).

Studies on marine bivalves have demonstrated their ability to

sort particles based on size (Vahl 1972, Stenton-Dozey and Brown
1992, Defossez and Hawkins 1997) and quality (MacDonald and

Ward 1994, Arifin and Bendell-Young 1997, Ward et al, 1997),

However, the capacity to sort and preferentially ingest particles

varies among bivalve species (Mohlenberg and Riisgard 1978,

Prins et al. 1991, Ward et al. 1998). It is evident that drops in

phytoplankton biomass are the result of zebra mussel filtration, but

it is less clear to what extent zebra mussels are directly responsible
for changes in phytoplankton community composition. In this

study we examined preferential ingestion by zebra mussels of vari-

ous Hudson River phytoplankton species and nonliving particles.

Our objective was to determine if differential ingestion and rejec-
tion by zebra mussels could explain the observed changes in the

Hudson River phytoplankton community and the lack of change in

turbidity. In addition, we examined the effect of suspension com-

plexity on sorting, and compared selection of phytoplankton spe-
cies with information on assimilation efficiencies. This is the first

study to determine zebra mussel particle preferences by directly

examining pseudofecal composition by means of flow cytometry.

MATERIALS .^ND METHODS

Mussels

Specimens of Dreissena polymorpha were collected from the

Hudson River at Tivoli, New York, or from the Huron River. Ann

Arbor. Michigan. Mussels were maintained in 40 L aquaria at
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16°C and fed a daily ration of cultured phytoplankton plus a mix-

ture of preserved diatoms (Diet C. Coast Seafoods. Co., Quilcene.

Wash). Partial water changes (ca. 20%) were performed on alter-

nating days; freshwater was prepared according to Sprung (1987).

Particles

Phytoplankton cultures were obtained from the University of

Texas Culture Collection and grown in a modified f/2 media (Guil-

lard and Hargraves 1993); working stock .solutions were added to

distilled water, rather than seawater. resulting in ppt salinity.

Cultures were grown at room temperature, under a 16:8 h light and

dark regime. Species of phytoplankton that are typically found in

the Hudson River were cultured for use in experiments: Cyclotella

meiieghiiiiami (LB 2455; barrel-shaped, 18X6 jj.m). freshwater-

acclimated Thalassiosira sp. (LB 2054; barrel-shaped, 15 X 1.3

jjLm) (Bacillariophyceae). Micractinium sp. (LB 2614; spherical, 6

|j,m), Crucigenia tetrapedia (63; disk-shaped, 5X11 \x.m), Scene-

desmus quadriccntda (LB 614; four cells stacked, total 25 X 10

(xm) (Chlorophyceae), and Microcystis aeruginosa (LB 2386;

spherical. 4 |xin) (Cyanophyceae). Cells were measured using an

ocular micrometer.

Nonliving particles of detritus and clay were also used in the

experiments. Dead cattail (Typha sp.) leaves from the previous

growing season were collected from a marsh on the Hudson Ri\er

for use as detrital material. Leaves were washed of debris, and

processed in a blender with distilled water for 5 min. The resulting

suspension was sieved through a nylon screen to include particles

less than 20 p-in; 90% of the particles were =s3.5 (xin. as measured

by a Coulter Multisizer. Clay suspensions were produced by add-

ing kaolin (hydrated aluminum silicate. Fisher Scientific, Co.,

Pittsburgh, PA) to distilled water and agitating vigorously. All clay

particles were =s20 p.m and 90% of the particles were =£2.5 |xm.

Both Txpha detritus and clay suspensions were made 1 day before

use in experiments and were refrigerated overnight.

Particle Selection

A series of particle selectivity experiments was perfonned. Ze-

bra mussels were scrubbed and allowed to purge themselves for 24

h before experiments. Particle suspensions were prepared by di-

luting phytoplankton cultures and/or nonliving particle stock so-

lutions with filtered (0.45 fjim) Hudson River freshwater to total

concentrations of 10' particles mL"'. Combinations of two or three

particle types were provided in nearly equal proportions. Indi-

vidual mussels were placed in beakers in 200 mL of the particle

suspension. Ten experimental beakers and two or three control

beakers, without mussels, were run concurrently. To keep particles

homogeneously in suspension, beakers were gently aerated

throughout the measurements. The behavior of the mussels, wheth-

er open or closed, was carefully monitored. Water samples of 1 mL
each were taken at the beginning of the experiments and after

30-90 min. Particle concentrations did not decline below 65% of

the starting value. Biodeposits were removed from the beakers as

they were produced by the mussels; feces were discarded and

pseudofeces were collected for analysis. Following experiments,

the mussels were measured, the tissues were removed from the

shells, and the tissue dry mass was determined by oven drying at

60°C for 24 h.

The abundance of particle types in water samples and pseu-

dofeces was determined using a FACScan portable flow cytometer

(Becton Dickson, San Jose, CA) equipped with a 15 mW, 488 nM

argon laser. Samples of both water and pseudofeces were agitated

vigorously before analysis to disrupt any aggregations. Phy-

toplankton cells were differentiated by chlorophyll fluorescence

(>650 nm) and phycoerythrin fluorescence {560-590 nm) emis-

sions, forward scatter (a measure of size), and 90" side scatter.

Nonliving particles were differentiated from phytoplankton cells

based on their lack of pigmentation, as well as forward and side

scatter. The volume of sample analyzed was determined gravi-

metrically.

The proportions of particle types in the samples were deter-

mined from the flow cytometry data. To examine the degree of

acceptance or rejection of particle types, we calculated a modified

electivity index (EI) as follows:

EI = -[(P- S) /((? + S) - (2
* P *

S))]

where P is the particle ratio in the pseudofeces and S is the particle

ratio in the suspension (Jacobs 1974, Bayne et al. 1977). Electivity

index can range from -
1 .0 to 1 .0. A positive EI for a given particle

type indicates preferential ingestion (depletion of the particle type

in the pseudofeces compared with the suspension), and a negative

EI indicates rejection (enrichment of the particle type in the pseu-

dofeces compared with the suspension). Electivity indices were

compared with zero using a one-sample, two-tailed, nonparametric

Wilcoxon signed-rank test. These analyses test the null hypothesis

that electivity of a particular particle type is equal to zero (no

sorting).

To better illustrate the efficiency of particle selection, sorting

efficiency (Iglesias et al. 1992, MacDonald and Ward 1994) was

calculated:

SE (P/S)

This index, which ranges from to 1. represents the percentage

enrichment or depletion of a particle type in the pseudofeces com-

pared with the suspension.

Clearance Rates

Particle depletion data from the above selectivity experiments

were used to calculate clearance rates (mL h~'). Some clearance

rates were determined separately from the selectivity experiments.

These experiments were conducted in the same manner as the

selectivity experiments except as follows. Fifteen experimental

beakers and three control beakers were run concurrently. Feces and

pseudofeces were removed from the beakers as they were pro-

duced by the mussels; both were discarded. The abundance of

particles in the water samples was determined using a Coulter

Multisizer II, equipped with a 75 |jim aperture tube, and set to draw

500 (xL. Samples were diluted with electrolyte solution and gently

agitated. Counts were corrected for dilution and background count.

Particle depletion data from either the fiow cytometer or

Coulter Multisizer was used to calculate clearance rates according

to Coughlan (1969). Clearance rates were corrected for particle

abundance changes in the controls and for the time that each mus-

sel was open. Clearance rates were standardized to a 15 mg dry

tissue mass (corresponding to a mussel of approximately 20 mm in

length) using the allometric exponent for bivalves of 0.88 (Kryger

and Riisgard 1988).

Analyses of variance were performed for groups of experi-

ments with at least one common particle type to test the null

hypotheses that there were no effects of particle combination on

clearance rates. If a null hypothesis was rejected, Dunnett's mul-

tiple comparison test was used to identify specific two-particle
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clearance rates that differed from the clearance rate of the common

particle alone. Statistical analyses were conducted using JMP \er-

sion 3.1.6 software (SAS Institute Inc. 1994). A significance level

of 0.05 was used.

RESULTS

Particle Selection

At the end of all experiments, proportions of provided particles

were not significantly different in the experimental beakers with

zebra mussels than they were in control beakers. This indicates that

zebra mussels removed different particle types and particle sizes

from suspension with equal efficiency. Analyses of pseudofeces.

however, showed that zebra mussels sort particles for rejection or

ingestion once they have entered the mantle cavity, on the gills

and/or labial palps. Most particle combinations tested resulted in

significant Els (Fig. 1). Though there was a tendency for smaller

particles to be accepted for ingestion over larger particles, this was

not always the case (Fig. 1).

The cyanobacterium. Microcystis, was preferentially ingested

over nearly all other particles (Fig. IC). Sorting efficiencies indi-

cate that pseudofeces were depleted of Microcystis by up to bl'Tc.

compared with the suspension. There was no sorting between clay

and Microcystis (Fig. IC).

Zebra mussels generally rejected species of green phytoplank-

ton with larger cell sizes. Sceneclesmus was rejected in fa\or ot

Acceptance or rejection of:
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B)

222r

Figure 2. Dreissena polymnrpha. Electivitv indices for individual particle types in suspensions of three particle types. A positive EI indicates

selection of the particle type, a negative EI indicates a rejection of the particle type. Suspensions of (A) Microcystis, Tlialassiosira. and Cyclolella,

(B) Microcystis, Micractinium, and Scenedesmus, and (C) Microcystis, Crucigenia, and Scenedesmus.* Indices significantly different than zero (p

< .05). (Means ± SE, n = 10).

increased clearance rates above that of the diatoms alone (Fig.

3E, 3F).

DISCUSSION

Our study is the first to determine zebra mussel selection of

phytoplankton species by directly examining pseudofeces by
means of flow cytometry. We found that zebra mussels are capable
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Figure 3. Oreissena polymorpha. Clearance rates of single-particle

type suspensions and pairs of particle types, standardized to an animal

of 15 nig dry tissue mass. Clearance rates of combination suspensions

were compared with those of the common particle types alone: (A)

clay, (B) Typha detritus. (C) Microcystis, (D) Crucigenia, (E) Thalas-

siosira, and (F) Cyclolella.* Clearance rates significantly different than

the common particle type alone (p < .05). (Means ± SE, n = 15).

of efficiently sorting particles. Our results are consistent with the

changes in phytoplankton community composition that have oc-

curred in the Hudson River estuary since invasion by the zebra

mussel. The main phenomena in need of explanation were (1 ) the

decline of cyanobacteria. Microcysris in particular. (2) the rise to

dominance by diatoms, and (3) the very small change in total

seston load, which is dominated by clay particles. The interaction

of selective feeding by zebra mussels with resuspension of diffuse

biodeposits by river mixing, due in part to tidal forces, may explain

the differential decline in phytoplankton groups that has occurred

in the Hudson River.

Before invasion of the Hudson River by zebra mussels, colonial

and single-celled cyanobacteria. especially Microcystis aeruginosa

and Microcystis sp., often reached summer bloom densities of over

10^ cells L^' (Howells and Weaver 1969. Marshall 1988). Since

then, cyanobacteria have nearly disappeared from the river (Smith

et al. in press), decreasing from 36 to 47f of the total number of

cells (Marshall 1988. Smith et al. in press). Similarly, Noordhuis et

al. (1992) documented the absence of cyanobacteria blooms in

Dutch ponds following zebra mussel stocking. Consistent with the

disappearance of cyanobacteria from the Hudson River and from

the Dutch ponds, we found that not only were zebra mussel clear-

ance rates higher when Microcystis was present in suspension, but

also that Microcystis was preferentially ingested over almost all

other particle types tested. Our results corroborate those of other

workers. Bastviken et al. (1998) indirectly measured selection in

short-term microcosm experiments by comparing gross (no resus-

pension of feces and pseudofeces) and net (feces and pseudofeces

resuspended) clearance rates for different phytoplankton. They
found that single-celled Microcystis is among those phytoplankton

cleared most efficiently from Hudson River water by zebra mus-

sels.

In some lake systems, however, zebra mussels are reported to

promote Microcystis blooms (Vanderploeg et al. 1996) or have no

effect on Microcystis abundance {Lavrentyev et al. 1995), suggest-

ing that Microcystis is not a preferred food. Blooms of cyanobac-

teria have been observed in Lake Erie, Saginaw Bay, and Oneida

Lake since zebra mussels invaded (Health et al. 1995, Maclsaac

1996, Vanderploeg et al. 1996), and microcosm experiments in

Saginaw Bay show that zebra mussels have no effect on the abun-

dance of Microcystis (Lavrentyev et al. 1995). In these cases, there

may be mechanical or chemical inhibition of clearance of Micro-

cystis by zebra mussels. For example. Microcystis in Saginaw Bay
is primarily in the form of large, gelatinous colonies (Lavrentyev
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et al. 1995) which appear to mechanically disturb filtering in some

bivalves (Kamermans 1992. Smaal and Twisk 1997). In addition,

some strains of Microcystis aeruginosa are toxic to bivalves, zoo-

plankton, and fish, causing mortalities or reduced feeding activity

(Birger et al. 1978, Keshavanath et al. 1994. .Shaw et al. 1997).

However, we have found that clearance rates of a to.xic strain of

single-celled Microcysiis (LB 2385) were no different from those

of a nontoxic strain (LB 2386) (Baker and Levinton unpublished

data). It is unclear what proportion of Microcystis in the Hudson

River occurred as colonies or was toxic, prior to the zebra mussel

invasion.

Total phytoplankton cell densities have decreased since the

invasion of the Hudson River by zebra mussels, but the proportion

of diatoms has increased from 14 to 76% of the total number of

cells (Marshall 1988. Smith et al. in press). Species of diatoms

appear to have been affected unequally; there was a tendency for

smaller genera to decline in relative abundance whereas larger

diatom genera were unchanged or increased (Smith et al. in press).

We found that diatoms were generally excluded from ingestion

and rejected as diffuse pseudofeces. In addition, clearance rates for

suspensions with diatoms, especially Cyclotella. were lower than

those for other suspensions. Bastviken et al. ( 1998) also found that

diatoms were cleared at net rates lower than those of other phy-

toplankton. These observations are consistent with the increase in

relative diatom abundance in the Hudson River since the zebra

mussel invasion.

Though less dramatic than the relative increase in diatoms, the

proportion of green phytoplankton has also increased in the Hud-

son River (Smith et al. in press) from 2 to 5% since zebra mussels

invaded (Marshall 1988. Smith et al. in press). Again, smaller cells

tended to decline, \vhile larger cells, such as Scenedesmus. in-

creased in relative abundance (Smith et al. in press). In our study,

zebra mussels generally rejected larger species of green phy-

toplankton from ingestion. For example, Scenedesmus was always

rejected and clearance rates were very low when suspensions in-

cluded this species. Preliminary rejection of particles such as

Scenedesmus appears to take place on the gills, before reaching the

labial palps. Using endoscopic examination and video recording,

we have observed that when zebra mussels are fed Scenedesmus

and Microcystis together. Scenedesmus moves toward the labial

palps in a mucus string above the ventral food groove, while

Microcystis moves deep within the groove and. presumably to the

mouth (Baker et al. 1998).

There has been very little change in the amount of nonphy-

toplankton material in the Hudson River since the invasion of

zebra mussels (Caraco et al. 1997). The concentration of sus-

pended particulate matter, such as silt and detritus, is only 15%

lower than the average annual load of 20 mg L~' (Cole et al. 1991,

Caraco et al 1997. Strayer et al. in press), compared to a drop in

phytoplankton biomass of 90% (Caraco et al. 1997). Given this, we

might expect that such particles are not removed from suspension

by zebra mussels. However, we found that zebra mussels removed

different particle types and particle sizes, including clay and de-

tritus, from suspension with equal efficiency, as indicated by the

lack of change in suspended particle proportion. This is not sur-

prising, given that zebra mussels retain even 1 jjim particles with

greater than 90% efficiency (Sprung and Rose 1988, Roditi et al.

1996, Baker and Levinton, unpublished data). In a few cases, clay

or detritus particles, rather than phytoplankton cells, were prefer-

entially ingested by zebra mussels. We observed that pseudofeces

of detritus, and especially clay particles, were easily resuspended.

even in still water. This, combined with the vigorous tidal flow of

the Hudson estuary, would explain the modest drop in seston con-

centrations.

The changes that have taken place in the Hudson River—
disappearance of cyanobacteria, increase in relative abundance of

diatoms, and lack of change in turbidity
—are not always typical of

systems invaded by zebra mussels. For example, in Lake Erie,

there has been a proportional decline in all major groups of phy-

toplankton (Nicholls and Hopkins 1993). In lakes and slow-

moving rivers, there have been concomitant drops in turbidity,

resulting in transparency increases of from 33 to 100%, presum-

ably due to removal of clay and detritus from the water column

(Holland 1993, Maclsaac and Rocha 1995). These proportional

declines in particle types are consistent with observations that

zebra mussels do not preferentially remove particles from suspen-

sion (Roditi et al. 1996. Bastviken et al. 1998). What then, is the

underlying cause of the disproportional changes in the Hudson

River? It appears that the Hudson River is sufficiently turbulent

and tidally mixed to resuspend bottom material (Cole et al. 1992.

Caraco et al. 1997). Therefore, particles deposited on the bottom as

feces or pseudofeces are likely to be resuspended to the water

column. We found that large diatoms and nonliving particles were

generally rejected and that pseudofeces consisting of the these

particles were very diffuse. Biodeposits of this type would be

particulariy susceptible to resuspension. Our study helps explain

why diatoms have become the dominant phytoplankton in the

Hudson River, why there has been very little change in turbidity,

and why cyanobacteria, which is preferentially ingested, has dis-

appeared since the invasion of zebra mussels.

In our study, selectivity of phytoplankton species differed, de-

pending on the complexity of the offered suspension. For example.

Cyclotella was preferentially ingested relative to Thalassiosira in

combinations of three particle types, but was not preferentially

accepted when paired with Thalassiosira only. This implies that

the phytoplankton assemblage that exists before invasion is im-

portant in determining the effects that zebra mussels will have on

future phytoplankton species composition. Therefore, we might

expect different trajectories of phytoplankton populations in dif-

ferent water bodies, depending on the starting conditions. When

modeling the effects of bivalve grazing on phytoplankton species

composition in a given body of water, it may be necessary to

include contextual selectivity measurements, as well as species-

specific phytoplankton growth rates.

Our results show a general hierarchy of selectivity for nonliv-

ing particles and phytoplankton species, modulated by the specific

composition of the phytoplankton species presented to the mussels.

The rejection of Typha detritus by zebra mussels corresponds to

the rejection by oysters of cord grass {Spartina) detritus as par-

ticles of relatively little nutritive content (Ward et al. 1998). Clay

particles were ingested to a surprising degree. Previous studies

(Somin et al. 1988. Gatenby et al. 1996) show that clay may
enhance bivalve growth and this may apply to zebra mussels as

well.

The hierarchy of selectivity might be expected to correspond to

assimilation efficiency, but few data exist to test this hypothesis.

Unpublished data (H. Roditi, personal communication) show the

following order of assimilation efficiency for zebra mussels: Mi-

crocystis > Thalassiosira > Chlorella. If we assume that selectivity

of Chlorella is similar to our results for other green phytoplankton,

then the order of assimilation efficiency corresponds generally to
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our order of selectivity by D. polymorphu. This provides evidence

that selectivity does have a reward in the degree of assimilation.
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ISOLATION AND CHARACTERIZATION OF A cDNA ENCODING AN ACTIN PROTEIN FROM
THE ZEBRA MUSSEL, DREISSENA POLYMORPHA
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ABSTR.ACT A full-length complementary DNA (cDNA) encoding an actin protein was isolated from a zebra mussel testis library

and subsequently sequenced. The cDNA consisted of 1.484 base pairs with an open reading frame of 1.128 base pairs. It encoded a

protein of 376 amino acids with high similarity to cytoskeletal actin sequences. PCR and Northern blot indicated the presence of the

mRNA for this actin in testes, ovaries, and siphons.

KEY WORDS: Actin. Dreissena polymorpha. niollusks, zebra mussel

INTRODUCTION

Actins are contractile and structural proteins ubiquitous in vir-

tually all eukaryotic cells, playing a role not only in motility but

also in determination of cellular shape and cytokinesis. Several

isoforms have been reported in higher veilebrates, divided into

muscular (class II) and cytoplasmic actins (class I) (for review see

Rubenstein 1990). The actin isoforms are highly homologous, but

can be distinguished by the N-terminal parts of their primary struc-

ture. The muscular pro-actin amino acid sequences specify a Met-

Cys-Asp/Glu N-lerminus, and the cytoplasmic actin amino acid

sequences start with Met-Asp/Glu in their N-terminus. Most of the

invertebrate actins thus far reported seem to be of the class II type.

The zebra mussel. Dreissena polymorplia. has been causing

ecological and biofouling problems since its accidental introduc-

tion into the Great Lakes region of North America in the mid-

1980s (Hebert et al, 1989, Ram el al. 1992). Zebra mussel popu-

lations in Lake St. Claire, believed to be the initial site of intro-

duction, experienced a 1,000-fold increase between 1988 and 1990

(Hebert et al. 1991 ), and zebra mussels have since spread through-

out most of the Mississippi River tributaries and the Hudson River

watershed (for review see Ram & McMahon, 1996). A second

exotic species of dreissenid mussels, commonly called the quagga

mussel (Dreissena bugensis). has also appeared in the Great Lakes

(Marsden et al. 1996). The rapid growth in population of the mus-

sels is caused by their high fecundity (Borcherding 1991 ), and their

rapid spread has been facilitated by their free-swimming larval

stage, lasting up to several weeks. For these reasons there has been

great interest in reproduction and early development of these mus-

sels. Zebra mussels have been intensely studied for the last decade;

however, there have been few studies on the molecular level. As a

first step to molecular expression studies in the field of cell cycle

and reproduction of the zebra mussel, we isolated a cDNA clone

encoding actin from a testis library, which may provide a useful

tool in future molecular studies.

MATERIAL AND METHODS

Animals

Sexually mature zebra mussels were collected in Lake St.

Claire, Michigan. To distinguish between zebra mussels and

quagga mussels, restriction fragment length polymorphism

The nucleotide sequence reported in this paper has been submitted to the

GenBank database under the accession number: AF082863

(RFLP) in the mitochondrial cytochrome C oxidase subunit I gene

(COI) was used as a diagnostic molecular marker (Baldwin el al.

1996).

RNA Isolation and Preparation of a cDS'A Library

RNA was isolated from mature testes using TRIzol (Gibco

BRL; Gaithersburg. MD), and poly A + RNA was purified (mRNA
mini kit, Qiagen). From 5 jxg of this mRNA, cDNA was synthe-

sized using an oligonucleotide containing a poly(dT) sequence and

a Xliol restriction site. EcoRI adaptors were ligated, and the cDNA
was directionally cloned into EcoRl-Xhol sites of an Uni-ZAP XR
vector (Stratagene, La Jolla, CA).

After amplification of the library, several microliters of the

library were plated and eight plaques were isolated, excised in

vivo, and partially sequenced. One clone was identified as encod-

ing zebra mussel actin. This clone was completely sequenced in

both directions with the dideoxy chain termination method (Sanger

et al. 1977) using a Perkin Elmer cycle sequencing kit.

Northern Blot

RNA and mRNA were isolated from mature ovaries, mature

testes, and siphon tissue as described above. mRNA was separated

on a I % MOPS/formamide gel and blotted onto a Hybond-N mem-

brane (Amersham; Arlington Heights, IL), A 700 bp PstI fragment

containing the N-terminal part of the actin cDNA was used as a

probe in Northern blots; 25 ng of this DNA was labeled with

[^"P]dATP by random priming (Random Prime, Gibco BRL). The

Northern blots were prehybridized in hybridization buffer [con-

taining 40 mM phosphate-buffered sodium (pH 7.4). 25% form-

amide, 6 X SSC ( I X SSC = 150 mM NaCl and 15 mM sodium

citrate), 0.1% sodium dodecyl sulfate (SDS), 100 p.g/mL dena-

tured herring sperm DNA, 0.1% polyvinylpyrrolidone, 1 mM
EDTA and 2 x Denhardts solution (1 x Denhardts solution is 0.1%

polyvinylpyrrolidone. 0. 1 % bovine serum albumin, and 0. 1 % Fi-

coll 400)], and blots were incubated with the probe in the same

hybridization buffer at 42-C. After 18 h of hybridization, filters

were washed twice for 30 min with 0.2 x SSC at 56°C. Autora-

diography was performed (2 weeks exposure with two amplifica-

tion screens at -80°C).

Reverse Transcriptase Polymerase Chain Reaction (RT PCR)

cDNA was generated from 2 \xL RNA of mature ovaries, ma-

ture testes, and siphon using a superscript RT kit (Gibco BRL).

Specific primers were designed for zebra mussel actin: (5' gag-

gagcaccagtcctattgac 3' and 5' caatgcclgggaacatggtag 3'), PCR was
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performed on 1 |jlL cDNA in 50 jxL reaction volume witin 1 .25 U

Taq Polymerase (Gibco BRL) in 1 x of the provided PCR buffer

with a final concentration of 1 .5 mM MgCK, 0.25 |xM of each

primer, and 0.2 mM of dNTP mix. DNA was amplified in

the Perkin Elmer Cetus thermocycler (Norwalk. CT) at eOT
with a 10-min 94^C hot start and a final extension at 72°C for 10

min. Twenty-five cycles produced a detectable amount of PCR

product.

RESULTS AND DISCUSSION

Eight clones were randomly picked from the zebra mussel testis

library, in vivo excised, and partially sequenced. One clone showed

high identity with previously reported actin proteins (Fig. I). The

clone consisted of 1,484 base pairs with an open reading frame of

1 , 1 28 bp encoding a protein of 376 amino acids. The coding region

tgcaggccggagcgaacgtttggatttattttcgtacgttgagtcggacatctcttaaac 61

atgtgtgacgaagacgttgcagctcttgtcattgacaatggatctggaatgtgcaaagct 121MCDEDVAALVIDNGSGMCKA 20

ggttttgcaggagacgatgctccaagagccgtgtttccctcgattgtcggccgaccaagg 181GFAGDDAPRAVFPSIVGRPR 40

catcagggtgtgatggttggtatgggtcagaaggacagctatgttggagatgaggcccag 241HQGVMVGMGQKDSYVGDEAQ 60

agcaagagaggt:atcctcaccctcaagtaccccattgaacacggtiatcgtcaccaactgg 301SKRGILTLKYPIEHGIVTNW BO

gatgatatggagaagatctggcatcacaccttctacaatgagctccgtgtcgccccagag 361DDMEKIWHHTFYNELRVAPE 100

gagcacccagtcctattgactgaagccccacteaacccaaaggccaacagggaaaagatg 421EHPVLLTEAPLNPKANREKM 120

acccagatcatgtttgagaccttcaacaccccagcaatgtacgttgctatccaggcagta 4S1TQIMFETFNTPAMYVAIQAV 140

ttgtcactgtatgcatccggtcgtaccactggtattgtgatggactctggtgatggtgtg 541LSLYASGRTTGIVMDSGDGV 160

tctcacactgttcctatttatgaaggttacgctcttccccacgccattctgcgtcttgac 601SHTVPIYEGYALPHAILRLD 180

ctggctggtagagatcttacagattatctcatgaaaatcctcactgaacgtggctattca 661LAGRDLTDYLMKILTERGYS 200

ttcacaaccacagctgaacgtgaaattgtcagagacattaaagaaaagctttgctatgtt 721FTTTAEREIVRDIKEKLCYV 220

gcacttgactttgagcaggaaatgcaaactgcagccagttcaagctccttggaaaagagc 781ALDFEQEMQTAASSSSLEKS 240

tatgagctccctgacggtcaggtcatcaccattggaaacgagcgattccgttgcGcagag 841YELPDGQVITIGNERFRCPE 260

gcaatgttccagccatctttcctgggtatggaatctgccggtatccatgaaaccacctac 901AMFQPSFLGMESAGIHETTY 280

aacagtattatgaagtgtgatgtagatatccgtaaagacttgtatgccaacactgtcctt 961NSIMKCDVDIRKDLYANTVL 300

tctggtggttctaccatgttcccaqgcattgccgacagaatqcagaaqgaaatcacagcc 1021SGGSTMFPGIADRMQKEITA 320

cttgctccatccacgatgaagatcaagatcattgctcccccagagaggaaatactctgtc 1081LAPSTMKIKIIAPPERKYSV 340

tggattggtggctccatcctggcctctctgtcaaccttccagcagatgtggatcagcaag 1141WIGGSILASLSTFQQMWISK 360

caggagtatgatgaggctggaccatccatagtccacagaaagtgcttctaaatcttaaaa 1201QEYDEAGPSIVHRKCF- 37 6

aaaactgtctaaacttgcaaaccagtcatgtactggaaactggatctgtttattgttgaa 1261

gtattactttattgtcagtattacttaattaaggctgtgctatacaagatctgtaattcg 1321

agttgtgagaaggggttgtgctttgataggacagttgcatgcttaattgttcatttgtgc 1381

aattatgtggcatggtgacaaacaattttcaaataatgtggctgtgaaagaaAATAAAta 1441

aaaacgt.tcgatttaatgtaaaaaaaaaaaaaaaaaa 1484

Figure 1. Nucleotide and deduced amino acid sequence of a Dreissena

polyiiwrpha testis cDNA clone encoding actin. The nucleotides and

amino acid residues are numbered from the 5' terminus of the clone

and the putative initiation methionine, respectively. The regions used

as primers for PCR are underlined. The polyadenylation signal is

capitalized.
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ABSTRACT Dreissena polymorpha. the zebra mussel, originated in the Caspian and Black Sea basin, and has invaded waterbodies

of the Former Soviet Union (FSU), eastern, and western Europe during the last 200 years. Since 1771 more than 2,000 papers on the

distribution, taxonomy, biology, ecology, and control of species and subspecies of Dreissena were published in Russia and FSU,

however, this work has not been generally available. We review work conducted in the FSU over the last 100 years on the tolerance

of D. polymorpiia to different abiotic conditions in waterbodies of various types in order to provide non-Russian-speaking scientists

access to this rich body of literature. D. polymorpha is one of the few bivalve molluscs well adapted to live from entirely fresh water

to brackish waters. Different subspecies appear to have different salinity tolerances, ranging from completely fresh water to I8.5^c.

Zebra mussels require at least 23'7r oxygen saturation, although they can survive several days in anaerobic conditions. The quagga

mussel, D. bugensis. however, is much more tolerant of low oxygen conditions. The upper temperature limit for zebra mussels is around

32-34°C. Zebra mussels are most abundant on hard surfaces, particularly rocky surfaces, and on macrophytes. Water motion, aerial

exposure, freezing, and the other physical factors including temperature, salinity, and oxygen affect the distribution of zebra mussels

among and within waterbodies. Many of these factors are expected to covary, or differ predictably among waterbodies, driving

distribution and abundance patterns as well as patterns of invasibility that we see both within and among waterbodies.

KEY WORDS: Zebra mussels, salinity, oxygen tolerance, temperature, substrate

INTRODUCTION

Invading exotic species are presently considered to be one of

the greatest threats to native ecosystems throughout the world

(Vitousek 1994). One of the best known recent aquatic invaders to

North America is the zebra mussel. Dreissena polymorpha and to

a lesser extent, the quagga mussel. Dreissena bugensis. Because of

the large environmental and economic impacts of the D. polymor-

pha invasion in the Great Lakes region and major rivers of eastern

USA and Canada, scientists and natural resource managers across

Canada and the USA, as well as other countries that have not yet

been invaded, are attempting to prevent and plan for likely further

invasion of this bivalve. Although Dreissena species have recently

invaded North America (Hebert et al. 1989), D. polymorpha has

been an aggressive invader in fresh waters across countries of the

former Soviet Union (FSU). and eastern and western Europe for

200 years, following the activities of humans, especially the build-

ing of canals, shipping, and commercial fishing (Starobogatov and

Andreeva 1994. Karatayev et al. 1997). Given this long history,

there has been a great deal of research in eastern and western

Europe on species and subspecies of Dreissena. Due to language

and political barriers, however, work performed and published in

the FSU has only recently become available to western and En-

glish-speaking scientists (listed in Schloesseret al, 1994, reviewed

in Karatayev et al. 1997).

In a recent review. Karatayev et al. (1997) summarized work

conducted in eastern Europe and the FSU on the effects of D.

polymorpha invasion on aquatic communities, and where possible,

contrasted these results with current and ongoing research in North

America. In this review, our goal is similar. We review work that

has been conducted in the FSU addressing physical factors that

influence the presence and abundance of dreissenid mussels and

how those factors could affect distribuliini in different types of

waterbodies. We present this review to familiarize scientists with

this body of work and. where possible, contrast this work with

work conducted in North America. This should not. however, be

considered a comprehensive review of North American literature.

We hope that familiarity with past work from the FSU will help

science progress faster; using an existing body of research and

literature allows more sophisticated questions to be addressed than

would be possible if we knew nothing about the biology of Dreissena.

In addition, comparing and contrasting results of research from the

FSU with work from North America is valuable. If findings are

similar, it strengthens our ability to make generalizations, and if

findings are different, we can begin to determine what environ-

mental or other factors are responsible for such differences.

In this review we examine several specific physical factors,

including salinity, oxygen, and temperature, that are known to

affect the presence and abundance of dreissenids. We then address

how these factors affect the differences in abundance of dreissenids

among different types of waterbodies. Although we present these

factors individually, they are not necessarily independent. Many
factors will covary. and there are likely to be interactions among
factors that have a much greater impact on dreissenids than would

be seen by examining factors individually. In addition, some fac-

tors may be more common in certain environments, contributing to

between-habitat differences observed. However, to date there is no

dataset available in a form where multifactor analysis can be used

to address the impacts of all of these specific factors (Ramcharan

et al. 1992a). Hopefully, as attention is drawn to the need for such

data and as work progresses, specific data will become available

allowing this type of analysis.

Because of differences between English and Russian language
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alphabets, and no reliable convention for the translation of letter

combinations or words between these two languages, there may be

differences among publications in the spelhng of author names and

Enghsh titles of works. In this worlc, whenever possible, we use

standard temiinology and spelling, and use American library stan-

dards for the titles of journals (Alkire 1969a,b).

SALINITY

Dreissena biigensis, which has invaded some, but not all of the

Laurentian Great Lakes but has not been important invader in FSU
or the rest of Europe (Karatayev et al. 1997). naturally occurs in

waters with salinites <57(c (Starobogatov and Andreeva 1994). In

contrast, D. polymorpho is found in a wide range of salinities

(Kinzelbach 1992, Shkorbatov et al. 1994, Starbogatov and An-

dreeva 1994, Lyakhnovich et al. 1994). However, it appears that

there are several subspecies of D. polyiuorpha. each with a more

narrow but different tolerance to salinity (Logvinenko and Star-

obogatov 1968. Galperina and Lvova-Kachanova 1972, Kinzel-

bach 1992, Lyakhnovich et al. 1994, Rosenberg and Ludyanskiy

1994, Shkorbatov et al. 1994, Starobogatov and Andreeva 1994)

(Table I). Thus, D. polxmorpha polyinorplni and D. polyiutirplui

andriisovi populate the Caspain Sea (Logvinenko and Staroboga-

tov 1968, Galperina and Lvova-Kachanova 1972, Lyakhnovich et

al. 1994, Shkorbatov et al. 1994, Starobogatov and Andreeva

1994). D. polxmorpha obtusicarinata (Andr.) and D. polyinorplni

aralensis (Andr.) are widespread in the Aral Sea (Khusainova

1954, Khusainova 1958, Yablonskaya 1960a. Yablonskaya 196()b,

Zenkevich 1963, Mordukhai-Boltovskoi 1972, Yablonskaya et al.

1973, Starobogatov and Andreeva 1994). Natural distributions

along salinity gradients, distribution changes due to human-caused

TABLE L

Upper salinity limit for different subspecies of Dreissena polymorpha
found in various Haterbodies.
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An experiniental sludy ot the salinity tolerance of D. pohiuoi-

plui polymorpha in the upper reaches of the Volga River (Kuiby-
shev and Kostroma reservoirs) showed that the salinity threshold at

which %Y'/c of animals are physiologically stressed and stop filter-

ing, is about \%r (Antonov and Shkorbatov 1983). In contrast, the

50% stress threshold for zebra mussels from the Volga River Delta

is 4.7^.8%c (Antonov and Shkorbatov 1983). Salt tolerance of

populations decreases with increasing distance from the Caspain
Sea, and has been suggested to be based on genetic differences

(Antonov and Shkorbatov 1983. Antonov and Shkorbatov 1984.

Shkorbatov 1986. Shkorbatov and Antonov 1986. Shkorbatov et

al. 1994). However, definitive long-term experiments to determine

if these populations level differences are due to acclimation or

acclimatization still need to be conducted. In laboratory experi-

ments to te.st the effects of rapid changes in salinity on D. poly-

morpha polymorpha it was found that rate of salinity change af-

fects salinity tolerance: lower salinities are lethal when change is

rapid than when there is a gradual increase in salinity (Kaipevich
1947a. Karpevich 1947b. Karpevich 1952a, Karpevich 1955a.

Shkorbatov et al. 1994).

Thus, in Europe. D. polxmorpha polymorpha can live in salini-

ties up to 6%f (Table I ). North American studies have found simi-

lar salinity limitations (Kilgour et al. 1994. Walton 1996). Given

the salinity tolerances of this subspecies, it should be able to spread

widely into estuaries and brackish waters in North America as has

been predicted by Strayer and Smith (1993). However, a salinity

limit of I0-I4%(. suggested by these authors, is high. Only D.

polymorpha amlriisovi, D. polymorpha ohtiisicarinata and D.

polymorpha aralensis have been found at such high salinities in

other parts of the world.

Dreissena polymorpha andriisovi

D. polymorpha polymorpha and D. polymorpha andrusovi are

both found in the Northern Caspian Sea (Logvinenko and Star-

obogatov 1968. Galperina and Lvova-Kachanova 1972. Lyakh-
novich et al. 1994. Shkorbatov et al. 1994. Starobogatov and An-

dreeva 1994). For both subspecies, benthic distribution and bio-

mass are inversely correlated with salinity (Vinogradov 1959.

Osadchikh 1963. Lyakhnovich et al. 1994). The salinity of the

Caspian Sea increased more than UTi, from 1937 to 1940 and. as

a consequence, the biomass and distribution of both D. polxmor-

pha polymorpha and D. polymorpha andrusovi were dramatically
reduced (Karpevich 1947a, Karpevich 1952a, Karpevich 1952b,

Vinogradov 1959, Osadchikh 1963, Lyakhnovich et al. 1994).

Subsequently, when the salinity was reduced, abundance increased

and reached previous levels by the end of the 1960s. The salinity

of the Northern Caspian increased again, and by the end of the

1970s was >10%r. causing another drastic decrease in the biomass

and cover (Lyakhnovich et al. 1994).

Although both subspecies occupy similar habitats, they differ in

some of their habitat requirements. Especially high densities of D.

polymorpha andrusovi are found on silty-shell sediments in the

eastern and southern areas of the Northern Caspian Sea (Star-

obogatov and Andreeva 1994). and I), polymorpha andrusovi has

a higher salinity tolerance than D. polymorpha polymorpha. up to

Il-I3%c (Table I). Different field studies have found different

salinity optima for D. polymorpha andrusovi, ranging from 5 to

lO^rr (Karpevich 1947b). 3 to 79?f (Vinogradov 1955). and 3 to

8%c (Lyakhnovich et al. 1994).

In laboratory experiments, optimal salinities for D. polxmorpha

andrusovi was the same for mussels from either low (4'?t) or high
( 10%c) salinity habitats and ranged from 2 to I2%<: (Shkorbatov et

al. 1994). D. polymorpha andrusovi can survive for a short time at

salinities from to I79?f. and even at extremes of 19 to 10%c.

However. D. polymorpha andrusovi cannot form stable popula-
tions in waters <2%f. or >I2-I4%c (Shkorbatov et al. 1994).

Interestingly, the distribution of D. polymorpha andrusovi in

other regions of the Caspian Sea has sharply decreased due to the

invasion of another mussel. Mytilaster lineatus (Gm.). This mussel

was accidentally introduced into the Caspian Sea from the Black

Sea in the 1920s with motorboats transpoiled by train during the

Russian Civil War (Logvinenko 1965). M. lineatus has a greater
tolerance of hypoxia and appears to have out competed D. polx-

morpha andrusovi (Starobogatov and Andreeva 1994).

Dreissena polymorpha ohtusicarinata and Dreissena

polymorpha aralensis

D. polymorpha ohtusuarinata and D. polxmorpha aralensis

have higher salinity tolerance than other subspecies of D. polx-

morpha, and at the end of the 1950s were the dominant benthic

animals in the Aral Sea (Khusainova 1954, Khusainova 1958,

Yablonskaya 1960a. Yablonskaya 1960b. Zenkevich 1963. Mor-

dukhai-Boltovskoi 1972. Yablonskawa et al. 1973. Starobogatov
and Andreeva 1994), D. polymorpha ohtusicarinata was found in

salinities up to 18.49;f (Lyakhnovich et al. 1994). According to

Zenkevich (1963), the average historic salinity of the Aral Sea

during natural hydrological conditions was 10.29fY. Intensive use

of water from rivers (Amu-Darya and Syr-Darya) flowing into the

Aral Sea for irrigation caused a dramatic increase (up to 28%o) in

the salinity (Kotlyakov 1991 ). Subsequent to increased water sa-

linity since the 1960s, the abundance and density of all subspecies
of Dreissena has decreased (Mordukhai-Boltovskoi 1972,

Yablonskaya et al. 1973). An especially dramatic reduction in D.

polymorpha ohtusicarinata was observed in the mid-1970s, and

now this subspecies is believed to be completely extinct (Andreeva
and Andreev 1990b. Bekmurzaev 1991. Starobogatov and Andre-

eva 1994).

D. polymorpha aralensis was found near estuaries of the Amu-
Darya and Syr-Darya Rivers and in waterbodies of the Aral Sea

drainage basin (Starobogatov and Andreeva 1994). Experimental
studies and field observations demonstrated that adult D. polymor-

pha aralensis can survive in salinities from 0.6 to I7.69c<:. and its

larvae can survive from 2.0 to 17.69tc (Khusainova 1958). By
1980, after an increase in salinity, D. polymorpha aralensis dis-

appeared from the aral sea (Andreeva and Andreev 1990b, Star-

obogatov and Andreeva 1994); however, it may still be found in

other waterbodies of the Aral Sea drainage basin (Starobogatov
and Andreeva 1994).

Unfortunately, the effects of physical factors other than salinity

on the different subspecies of D. polymorpha have not been ex-

tensively studied, and the majority of research has been conducted

on D. polymorpha from freshwater habitats, and therefore, D. polx-

morpha polymorpha. Unless otherwise indicated, the remainder of

the literature we review is research on D. polymorpha polxmorpha.

TEMPERATURE

The lower temperature limit for D. polymorpha is 0°C: zebra

mussels cannot survive freezing (Luferov 1965). Mikheev (1967a)

studied the filtering activity of zebra mussels from the Pyalovskoe
Reservoir (Russia) at low water temperatures. He found that latero-
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frontal cilia of gill filaments are completely motionless at 0.5°C,

and the lateral cilia barely move at that temperature. The activity

of the cilia increases with rising temperatures. At 2°C some of the

latero-frontal cilia become active, but not all; active rows of latero-

frontal cilia are adjacent to nonmoving cilia on the same gill. At

3°C all of the cilia become active (Mikheev 1967a). Reeders and

Bij de Vaate (1990) also reported an increase in filtering rate at

3°C.

Although filtering initiates at a low temperature, growth and

development in D. polyitiorplni require much higher temperatures.

Many studies have found that 10°C is the minimal temperature for

growth and development in D. polymorpha (Lvova-Kachanova

1972, Alimov 1974, Lvova 1977, Karatayev 1983, Lyakhnovich

and Karatayev 1988, Mackie 1991, Karatayev and Lvova 1993.

Jantz and Neumann 1992, Lyakhnovich et al. 1994). Morton

( 1969b, 1969c) found that D. polymorpha grows only when water

temperature is >l 1°C.

Field studies have shown that spawning in D. polymorpha is

initiated at 15-18°C (Kachanova 1961, Kachanova 1962,

Kirpichenko 1964, Puchkova and Polivannaya 1967. Hillbricht-

Ilkowska and Stanczykowska 1969, Kirpichenko !971a,

Kirpichenko 1971b, Korpichenko 1971c, Lvova-Kachanova 1972.

Galperina 1976, Skalskaya 1976, Suter-Weider and Zimmermann

1976, Lvova 1977. Stanczykowska 1977, Lvova 1980. Karatayev

1981, Lewandowski 1982a, Karatayev 1983, Stanczykowska et al.

1983a, Karatayev 1988, Karatayev and Lvova 1993, Lvova et al.

1994). Similar temperature thresholds have been observed in North

American studies (Fraleigh et al. 1993, Mackie 1991. Mackie

1993, Leach, 1993, Garton and Haag 1993).

In contrast to spawning, European and North American studies

have found that veligers can be found in the plankton when tem-

peratures exceed 12°C (Shevtsova 1968a. Wiktor 1969. Sloka

1969, Komobis 1977, Sprung 1987, Sprung 1989, Borcherding

1991, Sprung 1991, Borcherding 1992, Neumann et al. 1993.

Sprung 1993, Ram et al. 1993), and some authors report finding

larvae at 8-9°C (Yaroshenko and Naberezhny 1971. Kachalova

and Sloka 1964). However, spawning of D. polymorpha at tem-

peratures lower than IO°C is doubtful, particularly as zebra mus-

sels do not appear to grow or develop below 10°C. Karatayev

(1983) suggested that veligers observed at low temperatures might

have been carried downstream by currents from warmer parts of

reservoirs or connected waterways.

Natural field experiments on the effects of temperature on the

growth and reproduction of zebra mussels have been provided by
research conducted in the cooling reservoirs of themial and nuclear

power plants. Heating can increase the growth rate and productiv-

ity of D. polymorpha (Stanczykowska 1976, Elagina et al. 1978,

Karatayev 1983, Karatayev 1984, Karatayev 1990, Lvova et al.

1994). The density and biomass of D. polymorpha are usually

higher in areas of cooling reservoirs where water temperatures are

2-6°C above natural temperatures (up to 30°C) than they are in

areas where temperatures are not elevated (Pidgaiko 1974, Mor-

dukhai-Boltovskoi 1975, Soszka and Soszka 1976, Korgina 1978,

Karatayev 1983, Grigelis and Raciunas 1984, Karatayev 1988).

For example, the production/biomass coefficient for zebra mussels

in areas heated 1 .5-5°C above normal by the Lukomlskaya Ther-

mal Power Station is 50% higher, and the average seasonal growth

is 57-100% higher than for zebra mussels grown in unheated

waters (Karatayev 1983, Karatayev 1984, Karatayev 1990. Lvova

et al. 1994). In addition, D. polymorpha starts spawning earlier in

the season in waterbodies wanned by cooling waters (Karatayev

1981, Lewandowski and Ejsmont-Karabin 1983). Thus, in the

heated zone of the Konin Lakes, D. polymorpha reproduction be-

gins in April, but not for another 2 months in the unheated zone

(Lewandowski and Ejsmont-Karabin 1983). In heated areas of

cooling reservoirs larvae are also found in the plankton longer than

in unheated areas (Komobis 1977. Lewandowski and Ejsmont-

Karabin 1983, Stanczykowska et al. 1988). suggesting that spawn-

ing takes place over a longer period.

Numerous studies have been conducted in both the field (in

cooling reservoirs of thermal and nuclear power stations) and labo-

ratory to determine the upper temperature limit for adult D. poly-

morpha (Shkorbatov 1981, Shkorbatov and Antonov 1980,

Karatayev 1983, Protasov et al. 1983a, Protasov et al. 1983b,

Antonov and Shkorbatov 1984, Shkorbatov and Antonov 1986,

Shkorbatov 1986, Afanasiev and Protasov 1987, Antonov and

Shkorbatov 1990, Afanasiev and Shatokhina 1993, Shkorbatov et

al. 1994, Antonov 1997). Laboratory studies conducted by Shkor-

batov et al. are the most detailed. They carried out long-term

studies of zebra mussel tolerance to high temperatures from dif-

ferent regions of the FSU (Shkorbatov and Antonov 1980, Shkor-

batov 1981, Antonov and Shkorbatov 1984. Shkorbatov 1986,

Shkorbatov and Antonov 1986, Antonov and Shkorbatov 1990,

Shkorbatov et al. 1994. Antonov 1997). In the laboratory they

found that the temperature threshold where 50% of the population

is stressed (do not filter, but effects are reversible, P, 50%) for

different populations of D. polymorpha from Volga River varied

from 24.8 to 28.1°C, and the 100% thermal stress threshold (P,

100%) is between 28-3 1°C. Lethal temperatures for the popula-

tions studied, where 50% of mussels die (L(50) and where 100% of

mussels die (L,100) are 30.7-33.0 and 33.5-36.0°C, respectively

(Shkorbatov et al. 1994). These authors found that the upper tem-

perature limit for zebra mussels depends on the climatic zone from

which they were collected. The highest thermal tolerance has been

observed for D. polymorpha from the Volga Delta (46°N), and the

lowest for zebra mussels from the Rybinskoe Reservoir (59°N)

(Antonov and Shkorbatov 1984, Shkorbatov and Antonov 1986,

Shkorbatov 1986. Shkorbatov et al. 1994). Within a waterbody,

higher thermal tolerance (=1°C) was found for D. polymorpha
from heated areas as compared with unheated areas of the Kos-

tromskaya Thermal Power Station (Russia) cooling reservoir

(Shkorbatov and Antonov 1986, Shkorbatov et al. 1994).

Upper temperature limits for zebra mussels observed in the

field rather than the lab might be a better predictor of geographic

limits to D. polymorpha spread. Afanasiev (1986) found that zebra

mussels can be inhibited by temperatures higher than 27°C, and

even short exposure to 29°C can eliminate more than 70% of a D.

polymorpha population (Afanasiev et al. 1988). However, many
authors have shown that D. polymorpha can live at s^30°C

(Karatayev 1983. Prota,sov et al. 1983b, Vladimirov 1983,

Karatayev 1984, Afanasiev and Protasov 1987. Lyakhnovich and

Karatayev 1988. Karatayev 1992, Afanasiev and Shatokhina 1993,

Karatayev and Lvova 1993, Protasov and Sinitsina 1993. Sinitsina

and Protasov 1993, Lyakhnovich et al. 1994, Aldridge et al. 1995),

and can survive in cooling reservoirs at temperatures up to 32-

34°C (Table 2).

The most detailed field studies of thermal tolerance of zebra

mussels in FSU were conducted in Lukomskoe Lake, a cooling

reservoir for the Lukomlskaya Thermal Power Station. Experi-

ments were conducted using caged zebra mussels placed in three

different areas: the unheated area of the reservoir (zone 111), the

area with moderate heating ( 1.5—1.9*^0 above normal, zone ID. and
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TABLE 2.

Upper temperature limit for Dreissena polymorpha in various waterbodies.

Waterbodv
Temperature

References

Adult zebra mussels

Lukomskoe Lake

Zaporozhskoe Reservoir

Canal of the Pridnieprovskaya Power Station

Kuchurganskiy Liinan

Cooling reservoir of the South-Ukrainian Nuclear Station

Cooling reservoir of the Chernobyl Nuclear Station

Veligers

Konin Lakes

Canal Dnieper-Krivoi-Rog

32

31.5

32

32

33

34

29

30

Karalayev 19S3

Lyakhnovich et al. 1994

Lyakhnovich et al. 1994

Vladimirov 1983

Sinitsina and Protasov 1993

Protasov et al. 1983b

Lewandowski and Ejsmont-Karabin 1983

Shevtsova 1968a

the area with the highest degree of heating (4.8-10.8°C above

noimal, zone I) (Karatayev 1983. Karatayev 1984. Karatayev

1992) (Table 3). Mortality was greatest when temperatures ex-

ceeded 32°C (Tables 2. 3). In general, zebra mussels survived

temperatures up to 31-34°C (Table 2). In North America, zebra

mussels from rivers have been shown to have thermal limits of

around 30-32.5°C (Aldridge et al. 1995). Zebra mussel larvae

appear to be less tolerant of high temperature than adults

(Shevtsova 1968a. Lewandowski and Ejsmont-Karabin 1981)

(Table 3).

D. hugensis appears to be less tolerant of high temperatures

than D. polymorpha (Dyga and Zolotareva 1976. Antonov and

Shkorbatov 1990, Domm et al. 1993). Dyga and Zolotareva (1976)

found that in the heated zone of the Zaporozhskoe Reservoir,

quagga mussels can survive up to 30.5°C. lower than the tolerance

of D. polymorpha (Table 2).

OXYGEN

The tolerance of dreissenids to low oxygen conditions has been

the focus of many field and laboratory studies (Ovchinnikov 1954.

Feigina 1959. Mikheev 1967a. Mikheev 1967b, Spiridonov 1971.

Shkorbatov 1981. Antonov and Shkorbatov 1984. Shkorbatov and

Antonov 1986. Shkorbatov et al. 1994). Initially. Zhadin (1946)

suggested that D. polymorpha do not occur in habitats where the

oxygenation falls below 91'7f of full saturation. Later Ovchinnikov

(1954) found, in the Rybinskoe Reservoir, that D. polymorpha live

in areas with oxygen content higher than 70-80%. and Feigina

(1959) found that D. polymorpha can survive in waters with oxy-

gen concentration not less than 50% of full saturation. More recent

work has shown a critical theshold of 25% oxygenation for D.

polymorpha (Mikheev 1961. Spiridonov 1972. Shkorbatov et al.

1994). However, zebra mussels can survive for several days in

anoxic conditions, depending on the temperature. Mikheev (1964)

found that 100% ofD. polymorpha in anaerobic conditions died on

the sixth day of exposure at 17-18°C. on the fourth day at 20-

2rC. on the third day at 23-24°C. and that small mussels were

more sensitive to the lack of oxygen. Karpevich ( 1952a) found that

D. pohmorpha in anoxic conditions at I7-I8°C can survive 4—5

days. Spiridonov (1972) reported 100% mortality of zebra mussels

in anoxic conditions at 20°C after 6-7 days. Similar results have

TABLE 3.

Mortality of Dreissena polymorphs in experimental cages in the most heated (I), medium heated (II). and unheated (III) zones of Lukomskoe

Lake (from Karatayev 1983).
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been obtained for D. polyiuorpha from the Kuibyshevskoe Reser-

voir (Shkorbatov et al. 1994).

D. hugensis appears to be more tolerant of low oxygen condi-

tions than D. polymorpha. Although Shkorbatov et al. (1994)

found that all D. polymorpha died under anoxic conditions at the

fourth day of exposure, all D. hugensis survived through the fourth

day. Birger et al. (1975) also showed that D. polyiuorpha requires

higher oxygen concentrations than D. hugensis.

Observations in the field of the distribution of D. polymorpha

support laboratory findings. In the Zaporozhskoe Reservoir, zebra

mussels are never found in deep waters, where the oxygen content

near the bottom decreases to 3-5% of full saturation during the

summer season (Lyakhnovich et al. 1994). Because of high oxygen

requirements. D. polymorpha cannot survive in or above silts.

which actively absorb oxygen (Lvova 1978, Lyakhnovich et al.

1994). In the Kuibyshevskoe Reservoir (Russia), D. polymorpha

grows on 5.5 m submerged dead trees that were stranded when the

reservoir was created by flooding a forest. It does not grow on the

bottom 1 m of trees over the silty sediment (Lyakhov and Mikheev

1964). High densities of zebra mus.sels overgrow trees to the very

bottom at another site in the same reservoir with a constant water

current and oxygenation (Lyakhov and Mikheev 1964).

Construction of a cascade of reservoirs on the Dnieper River

(Ukraine) changed the hydrological regime in the Zaporoshskoe

and Dnieprovskoe reservoirs, increasing siltation and decreasing

oxygen levels. D. hugensis replaced D. polymorpha as the domi-

nant species in these reservoirs becau.se it has a higher tolerance

for silt and low oxygen, and now 80-90% of the mussels in these

two reservoirs are D. hugensis (Zhuravel 1967, Birger et al. 1968,

Lubyanov and Zolotareva, 1976). The density and biomass of

quagga mussels in the Zaporozhskoe Reservoir are as high as

100,000-130,000 m- (10-12 kg m"-| (Dyga and Zolotareva

1976). Similar patterns were observed in other reservoir cascades

in the Ukraine, where D. hugensis displaces D. polymorpha as the

dominant species (Zhuravel 1965, Zhuravel 1967, Birger et al.

1968, Zagubizhenko and Lubyanov 1971, Birger et al. 1975. Plisin

1979).

SUBSTRATE

One of the main factors that affects the distribution and abun-

dance of D. polymorpha is suitable substrate for attachment (Zha-

din 1946, Mordukhai-Boltovskoi 1960. Karatayev 1983, Lyakh-
novich and Karatayev 1988, Lyakhnovich et al. 1994, Karatayev

and Burlakova 1995a). In most lakes, rock and sometimes coarse

sand can be the most suitable substrate for zebra mussel attach-

ment (Zhadin 1948, Lubyanov 1957, Zhuravel 1967. Khusainova

1958. Zhuravel 1959, Lyakhov 1961, Gasunas 1965, Grigoryev

1968, Gontya 1971, Kirpichenko and Lyakhov 1976, Draulans and

Wouters 1988, Karatayev and Burlakova 1995a, Nalepa et al.

1995. Burlakova 1998) (Table 4). However, in shallow parts of

large lakes and reservoirs, even on suitable substrates, particularly

sands, zebra mussels can be limited by water motion if the water

motion is great enough to dislodge mussels or moves the sediment

and mussels, stranding them above water or burying them (Lvova

1977, Karatayev 1983, Lyakhnovich et al 1994, Karatayev and

Burlakova 1995a, Maclsaac 1996, Burlakova 1998). Shelly sedi-

ments (Berg 1938, Mordukhai-Boltovskoi 1960, Stankovic I960,

Kuznetsov 1970, Nekrasova 1971, Lvova 1977. Karatayev and

Tischikov 1979, Karatayev 1983, Lyakhnovich and Karatayev

1988, Bij de Vaate 1991. Lyakhnovich et al. 1994). silty sand

(Yablonskaya 1955, Khusainova 1958, Mordukhai-Boltovskoi

1960, Gavrilov et al. 1976, Kovaleva 1969, Karatayev 1983,

Lyakhnovich and Karatayev 1988, Lyakhnovich et al. 1994), and

submerged portions of macrophytes (Feigina 1950, Khusainova

1958, Grigoryev 1965, Butenko 1967. Shapkarev and Angelovski

1978, Lewandowski 1982b. Karatayev 1983. Lyakhnovich and

Karatayev 1988, Lyakhnovich et al. 1994, Karatayev and Burla-

kova 1995a. Burlakova 1998) are also suitable substrates for D.

polymorpha.

Zebra mussels can be extremely abundant on submerged mac-

rophytes (Khu.sainova 1958, Yablonskaya 1960b, Gontya 1971,

Dyga and Lubyanov 1975, Lvova, 1977, Lvova 1978, Lewan-

dowski 1982b, Lewandowski 1983, Karatayev 1983, Lyakhnovich

and Karatayev 1988. Lyakhnovich et al. 1994. Karatayev and Bur-

lakova 1995a). The longevity of macrophyte steins or fronds is

usually shorter than the life span of zebra mussels. When macro-

phyte stems die back, D. polymorpha falls to the bottom and usu-

ally die. especially when the lake bottom under the macrophytes is

covered by mud with little oxygenation (Gaidash and Lubyanov

1975, Lewandowski 1982b, Karatayev 1983, Lyakhnovich et al.

1994, Burlakova 1998). Therefore, zebra mussels on macrophytes

are usually much younger than on other substrates (Yablonskaya

1960b, Gaidash and Lubyanov 1975. Lewandowski 1982b,

Karatayev 1983, Lewandowski 1983, Lyakhnovich et al. 1994,

Burlakova 1998). Submerged macrophytes with perennial stems or

fronds (Chara sp., Fontinalis sp., Elodea canadensis. Ceratophyi-

lum sp.) are colonized by D. polymorpha up to 3 years old,

whereas plants with stems that die back annually (Mrriophrllum

spicatum. Potamogeton sp.) have only yearling individuals (Stanc-

zykowska and Lewandowski 1980, Lewandowski 1982b).

The poorest substrate for zebra mussels is silt (Zhadin 1946,

Kachanova 1963, Biryukov et al. 1964, Nekrasova 1971, Lvova

1977, Karatayev 1983. Draulans and Wouters 1988. Lyakhnovich

and Karatayev 1988. Lyakhnovich et al. 1994. Karatayev and Bur-

lakova 1995a. Burlakova 1998). However. D. polymorpha can live

on silty sediments if plant fragments, wood, shells, or stones are

available for attachment (Zhadin 1946. Zhadin 1948. Mordukhai-

Boltovskoi 1960. Nekrasova 1971, Karatayev 1983). Zebra mus-

sels can use the hard fragments for initial attachment and subse-

quently can attach to each other forming druses (Lubyanov 1960,

Mordukhai-Boltovskoi 1960. Karatayev 1983, Lyakhnovich and

Karatayev 1988, Lyakhnovich et al. 1994).

Similar results have been found in North America. Although D.

polymorpha has been reported to colonize areas dominated by silt

in the Laurentian Great Lakes (Hunter and Bailey 1992, Dermott

and Munawar 1993), Hunter and Bailey ( 1992) found that D. poly-

morpha colonized soft substrates in Lake St. Clair by lateral ex-

tension of druses which originated from attachment to small pieces

of hard substrate, usually live unionid mussels, unionid shells, or

clusters of zebra mussels.

High densities of zebra mussels may also be found in newly

constructed reservoirs where the bottom is covered with only a thin

layer of silt (Kovaleva 1967, Kovaleva 1969, Spiridonov 1971,

Mikheev and Novik 1971, Kirpichenko and Lyakhov 1976, Kova-

leva 1973). As reservoirs age and silt builds up, zebra mussel

densities decline (Lyakhov and Mikheev 1964, Kirpichenko 1968,

Mikheev and Novik 1971, Lvova 1977). After the construction of

the reservoir for the Kaunas Hydroelectric Power Plant (Litvenia)

in 1961. rocky areas were abundant and zebra mussels were found

at high densities. By 1972. 80% of the bottom was covered by silt,

resultins: in a dramatic decrease in zebra mussel density (Bubinas
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TABLE 4.

Density and biomass of Dreissena polymorpha on various substrates in different types of waterbodies.



1226 Karatayev et al.

unpublished data) have shown that zebra mussels are found most

often in mesotrophic lakes, are found less often in oligotrophic and

meso-oligotrophic lakes, least often in eutrophic lakes, and do not

inhabit dystrophic lakes. However, as Karatayev et al. ( 1997) point

out. the presence of zebra mussels in a lake will decrease chloro-

phyll levels, lowering the trophic status of a lake subsequent to

invasion. Better information about the trophic status of lakes when

they are initially invaded will help answer this question.

Studies on the effects of trophic status on zebra mussels have

shown that the maximum density of D. polymorpha shifts to shal-

lower depths with increasing lake eutrophication ( Karatayev and

Burlakova 1995a, Burlakova 1998). Moreover, the maximum

depth of zebra mussels within a lake increases with decreased

trophic status. One possible mechanism for this pattern is that the

decrease in water clarity, with increased eutrophication, reduces

the depth of submerged macrophytes, which are an important sub-

strate for zebra mussels. In addition, increased eutrophication leads

to increased siltation in lakes, reducing the area of suitable sub-

strates. This results in shifting the D. polymorpha distribution to

shallower parts of lakes (Karatayev and Burlakova 1995a, Burla-

kova 1998). These hypotheses can be tested as we gather more

comparable information for more lakes with different trophic

status.

Reservoirs

In reservoirs formed by the damming of rivers, D. polymorpha
colonizes all suitable substrates, often at high densities (Zhuravel

1952, Lyakhov 1961, Kovaleva 1967, Lyakhov 1967, Kovaleva

1973, Mordukhai-Boltovskoi et al. 1974, Lyakhov and Mor-

dukhai-Boltovskoi 1976, Lvova 1977, Lvova 1980, Lyakhnovich

et al. 1994). For example, D. polymorpha colonized the

Dnieprovskoe Reservoir, formed by damming the Dnieper River,

during the first few years after its construction in 1932 (Zhuravel

1952). During the Second World War the dam was removed when

the Soviet army retreated in 1941, and the density of D. polymor-

pha in the former reservoir portion of the Dnieper River dramati-

cally decreased. After reconstruction of the reservoir, D. polymor-

pha again attained high densities (Zhuravel 1952).

Especially high densities of D. pohmorpha form in reservoirs

created by flooding forested areas, because zebra mussels colonize

flooded stumps, trunks, and branches of trees and brushwood

(Zhuravel 1952, Luferov 1963, Lyakhov and Mikheev 1963, Lya-
khov and Mikheev 1964, Gromov 1965. Mordukhai-Boltovskoi

and Dzuban 1966, Luferov, 1966, Lyakhov 1967, Spindonov
1967, Gubanova 1968, Gubanova 1969, Spiridonov 1970, Spin-

donov 1971, Andronova et al. 1976, Kirpichenko and Lyakhov
1976, Konstantinov and Spiridonov 1977, Lvova 1977, Spiri-

donov 1978, Lyakhnovich et al. 1994) (Talbe 1). In the flooded

areas of the Kuibyshevskoe Reservoir (Russia) which did not have

trees, D. polymorpha was found in 46% of samples at an average

density of 5 1 8 m"~, whereas in the areas that were flooded forests,

zebra mussels were found in 80*^ of samples at an average density

of 3.150 m~" (Lyakhov and Mikheev 1964). In the Volgogradskoe

Reservoir (Russia) the highest density (22,000 m~") and biomass

(4 kg m"^) of D. polymorpha are also found in flooded forest areas

(Spiridonov 1967, Spiridonov 1970), and in the Sylvenskiy Bay of

the Kamskoe Reservoir, the density of D. polymorpha in flooded

forest areas was as high as 37 1 ,703 nr~ with a biomass of 1 1 .4 kg

m"" (Gubanova 1968).

In reservoirs that are drawn down during the winter. D. poly-

morpha disappears from the shallow areas (Kachanova 1963,

Mikheev 1964, Gromov 1965, Kirpichenko 1968, Mikheev and

Novik 1971, Konstantinov and Spiridonov 1977, Lvova 1977,

Lvova 1980, Pligin 1978, Lyakhnovich et al. 1994). Zebra mussels

attached to large invertebrates, such as unionid mussels, that mi-

grate to deeper waters survive (Mikheev and Novik 1971, Lyakh-

novich et al. 1994). Thus, the shallow areas of reservoirs subject to

draw downs or fluctuating water levels are usually inhabited only

by yearling mussels. In the Uchinskoe Reservoir (Russia) this ai'ea

extends to a depth of 1.5 m (Lvova 1977, Lvova 1978), and, in the

Kremenchugskoe Reservoir (Ukraine), down to 2 m, and covers

18% of the reservoir area (Lyakhnovich et al. 1994). However,

Mikheev and Novik (1971 ) found that zebra mussels can survive in

the shallow drained areas under ice for long periods at tempera-

tures near 0°C, but not lower. They found that zebra mussels died

only in the parts of reservoirs that drained in the autumn, before ice

cover.

Extremely high densities of D. pohmorpha have also been

found on various artificial substrates in reservoirs (Protasov et al.

1983a, Afanasiev and Protasov 1987, Toderash and Vladimirov

1990, Lyakhnovich et al. 1994). For example, on the concrete

walls of the cooling reservoir of the Chernobyl Nuclear Power

Station (Ukraine), the density of D. polymorpha was 248,000 ni~~,

and biomass was 12 kg m"" (Protasov et al. 1983a). This extremely

high density of zebra mussels formed due to both the presence of

suitable artificial substrate and constant water currents.

Rivers

In rivers, zebra mussels are most affected by unidirectional

water flow, disturbance due to water flow, suspended sediment,

and minimal suitable substrates for attachment. Frequently, large

molluscs (bivalves and gastropods) will be the most abundant hard

substratum for zebra mussel attachment in rivers, and are some of

the most often used substrates for attachment in any type of water-

body (Sebestyen 1937, Zhadin 1948, Zhuravel 1957, Zhuravel

1959, Lubyanov 1956, Zhadin and Gerd 1961, Wiktor 1963,

Kachalova and Sloka 1964, Kuchina 1964, Butenko 1967. Wolff

1969, Mikheev and Novik 1971. Lewandowski 1976, Elagina et al.

1978, Karatayev 1983, Karatayev and Tischikov 1983, Tischikov

1984, Arter 1989, Lyakhnovich et al. 1984. Lyakhnovich et al.

1994, Karatayev and Buriakova 1995a, Ricciardi et al. 1996,

Karatayev et al. 1997). Often, unionid mussels are the only suitable

substrata for zebra mussel attachment in rivers (Zhadin 1948,

Lubyanov 1956, Lubyanov I960, Kachalova and Sloka 1964,

Kuchina 1964, Tischikov 1984. Lyakhnovich et al. 1984, Lyakh-

novich et al. 1994). For example, in the Sevemaya Dvina River the

density of zebra mussels is low (<10 m""), and zebra mussels are

found only on unionid mussels and occasional stones (Kuchina

1964). Similarly, zebra mussels are found most frequently on

unionid mussels in the Daugava River (Kachalova and Sloka 1964)

and Berezina River (Lyakhnovich et al. 1984).

Other factors preventing zebra mussels from attaining high

densities in rivers are the movement of bottom sediments and high

concentrations of suspended matter, especially during periodic

flooding (Zhadin 1946, Zhadin 1959, Lubyanov 1956, Lubyanov

1960, Kuchina 1964, Kondratiev and Spiridonov 1970, Stanc-

zykowska 1977, Nedostup 1988. Lyakhnovich et al. 1994). Khu-

sainova (1954, 1958). and Mordukhai-Boltovskoi (I960) found

that zebra mussels are rare in rivers with constant high concentra-

tions of suspended matter, as it inhibits filtering activity.
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Unidirectional water flow makes it difficult for local popula-

tions of zebra mussels in rivers to increase in density, as larvae are

swept dow nstream. However, high densities of D. polynwrpha can

form in rivers flowing from lakes or reservoirs populated by zebra

mussels (Lubyanov 1957, Kirpichenko 1963. Lyakhnovich et al.

1984. Clevlen and Frenzel 1993. Karatayev and Burlakova 1995a)

which provide a supply of larvae and coloni/nig juveniles.

High densities of zebra mussels can also form in the lower

courses of rivers and deltas because of very slow flow, and reduced

movement of bottom sediments (Kuchina 1964. Grigoriev 1965.

Kharchenko and Shevtsova 1983, Lyakhnovich et al. 1994). In the

lower Danube River the average density of D. polymorpha is 1.000

m~" and the biomass is 185 g m^" (Kharchenko and Shevtso\a

1983). Extremely high densities of zebra mussels are also found in

the South Bug Liman (Ukraine) (Grigoriev 1965), where in the

shallow areas the density of zebra mussels on seniisubmerged

macrophytes (Pragmites coiiiiminis) is 169,000 m~". and biomass

is 3-5 kg m"", but at other sites without macrophytes, the density

is 1.730 m~~. and biomass is 1.240 g m~~.

Canals

Canals are distinct from lakes and reservoirs because there is a

constant, unidirectional water current, and differ from rivers be-

cause bottom sediments are much more stable and the concentra-

tion of suspended matter is much lower (Karatayev 1983. Burla-

kova 1998). Extremely high densities of zebra mussels form in

canals (Kachanova 1962, Kachanova 1963, Puchkova and Poli-

vannaya 1967. Shevtsova 1968b, Lvova-Kachanova 1971, Kaftan-

nikova 1975. Komobis 1977. Lvova 1977. Stanczykowska 1977.

Karatayev 1983, Sokolova et al. 1981, Shevtsova and Kharchenko

1981. Kharchenko and Shevtsova 1983, Afanasiev 1987, Lyashenko

and Kharchenko 1988, Lyakhnovich et al. 1994). The average

biomass of zebra mussels in the Uchinskoe Reservoir (Russia) was

117-1.044 g m~", in the canal outflowing from this reservoir, the

average biomass was 3-5 kg m"^ (Lvova 1977), In canals con-

necting the Konin Lakes (Poland), which are heated, the average

density of zebra mussels was 40.000 m"". in the lakes the densities

varied from 100 to 1,100 m"" (Komobis 1977). In Lukomskoe

Lake (Belarus) the average density of zebra mussels in 1978 was

758 m~", with a biomass of 124 g m~". whereas in the canal

outflowing from this lake the average density of zebra mussels was

58 times, and biomass was 55 times higher (Karatayev 1983). The

maximum density of D. pohmorplm in the North-Crimean Canal

was 19.899 m~". and biomass was 4.7 kg m"" (Shevtsova and

Kharchenko 1981). Extremely high densities (30.000 m"-). and

biomass (50 kg m"") of zebra mussels were found on the walls of

the Dnieper-Donbass Canal as well (Kharchenko and Shevtsova

1983).

DISCUSSION AND GENERAL FINDINGS

Physical factors affect the distribution and abundance of zebra

mussels among and within waterbodies, often in predictable pat-

terns (Table 5). Important driving factors affecting the distribution

of zebra mussels include suitable substrate, oxygen content, salm-

ity, and temperature extremes. Factors affecting population density

and growth are temperature and suitable substrate for attachment.

Lethal temperatures (below 0°C and above 30^C) control zebra

mussel distribution, as do critical temperatures for growth and

spawning.

Abiotic factors such as desiccation, salinity, and oxygen can set

limits to the distribution of D. polymorpha and its many subspe-

cies. Some of these factors vary in a predictable fashion. Desic-

cation can happen at the surface of waterbodies whose water level

fluctuates, either naturally as with rivers and lakes, or due to hu-

man control as with reservoirs and canals. Salinity in a liman.

estuary, or small sea is greatly affected by the influx of fresh water

either through rainfall (climatic conditions) or the control of rivers

and canals. Increases in salinity decrease D. polymorpha abun-

dance and survivorship. Oxygen content of waters can be affected

by many factors. Oxygen content will decrease with increased

temperature and metabolic activity of living organisms, including

microbes. High rates of primary productivity or decomposition and

low rates of water flow can create bottom waters with very low

oxygen content as is seen in eutrophic lakes and reservoirs. Oxy-

gen content can also be affected by sediment type, as some sedi-

TABLE 5.

Physical factors limiting Dreissena polymorpha populations in various waterbodies.
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merits such as silts can actively adsorb oxygen, reducing its content

in surrounding waters.

As a result of the abiotic factors discussed, the minimum depth

where zebra mussels are found is from 0.1 to 0.5 m. depending on

local water level fluctuations and the probability of freezing

(Stanczykowska 1976, Karatayev 1983. Karatayev 1988. Lyakh-

novich and Karatayev 1988, Lyakhnovich et al. 1994, Burlakova

1988). The abundance of suitable substrate for attachment also

affects depth distributions of zebra mussels. Many studies have

found that in lakes and reservoirs zebra mussels have a maximum

density at depths from 1 to 5 m (Kachanova 1963, Lvova-

Kachanova 1971, Lvova-Kachanova and Izvekova 1973, Wish-

newski 1974, Stanczykowska 1975, Stanczykowska et al. 1975,

Lvova 1976, Stanczykowska 1977, Lvova 1978, Karatayev 1983.

Stanczykowska et al. 1983b, Karatayev 1988, Lyakhnovich and

Karatayev 1988, Lyakhnovich et al. 1994, Karatayev and Burla-

kova 1995a). However, when suitable substrate and water oxygen

conditions occur deeper, as in Bodensee (Germany), the maximum

density of D. polyinorpha was recorded between 5-15 m depth

(Grim 1971), and at 18 m in Lake Garda (Italy) where the density

was 24,000 m~" (Franchini 1978). In Lake Erie, maximum density

(3,443 m"") and total wet bioinass (.^40.9 g m"") of zebra mussels

were found at 1(V20 depth (Dermott and Munawar 1993).

In the profunda! depths of lakes, zebra mussels are usually

limited by lack of suitable substrate for attachment and low oxygen

(Lubyanov 1965, Lvova 1979, Karatayev 1983. Lyakhonovich and

Karatayev 1988, Lyakhnovich et al. 1994, Karatayev and Burla-

kova 1995a, Burlakova 1998). In places with suitable substrate and

good oxygen conditions, zebra mussels spread down to greater

depths (Shapkarev 1969, Walz 1973, Franchini 1978, Staroboga-

tov and Andreeva 1994). In Garda Lake, zebra mussels spread

down to 50 m (Franchini 1978) and in Bodensee to 55 m (Walz

1973). D. polyinorpha andrusovi inhabits the Caspian Sea down to

200-300 m (Mordukhai-Boltovskoi I960. Starobogatov and An-

dreeva 1994). However, in the hypolimnion of lakes, zebra mus-

sels never attain high densities, even on suitable substrate, because

of low temperatures for growth and lower oxygen conditions

(Grim 1971. Walz 1973. Walz 1978a. Walz 1978b).

In the Laurentian Great Lakes, driessenids occur at extreme

depths. In Lake Erie. D. polymoiphu and D. hugensis are relatively

abundant in the profunda! zone (Dermott and Munawar 1993). In

general, the proportions of quagga mussels, which are more toler-

ant of low oxygen conditions, increase with depth whereas zebra

mussels decrease (Zhuravel 1957, Zhuravel 1959. Zhuravel 1967.

Mackie 1991. Mills et al. 1993. Dermott and Munawar 1993). In

Lake Ontario, both quagga and zebra mussels coexist at depths of

8-1 10 m in varying proportions, with only the quagga mussel

found at 130 m (May and Marsden 1992. Mills et al. 1993). Be-

cause there are no similar lakes to the Laurentian Great Lakes in

the FSU. we have no similar data to compare.

In shallow parts of large lakes and reservoirs zebra mussels can

be limited by movement of consolidated sand or stone sediments

and high concentrations of suspended matter (Lvova 1977.

Lyakhnovich et al. 1994). D. polyinorpha seems unable to survive

in waterbodies with constant concentrations of suspended matter

greater than 10^0 g m"' (Mikheev 1967b). However, zebra mus-

sels can live where the concentration of suspended matter is peri-

odically greatly increased, such as in the Taganrog Gulf of the

Azov Sea, where the content of suspended matters periodically

increases (during storms) up to 500 g m""* (Lyakhnovich et al.

1994).

Physical factors are important in determining both the distri-

bution and abundance of zebra mussels. Many of these factors,

acting alone of in combination, are responsible for the patterns that

we see in nature, both within and among waterbodies. Further

research is required to determine how these factors may covary or

act in concert to affect the biology, distribution, and abundance of

zebra mussels. Our goal has been to facilitate access to the large

body of scientific research that has been conducted over .several

decades in the FSU on zebra mussels and physical factors that

affect their distribution and abundance. Hopefully, access to this

research will allow us to move forward to find generalizations, and

where appropriate, determine differences in the causal factors af-

fecting the distribution and abundance of zebra mussels.
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GENETIC RELATIONSHIPS OF SEVERAL AMBLEMINI SPECIES (BIVALVIA: UNIONIDAE)
IN ARKANSAS
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ABSTRACT Allozyme analysis of 16 loi:i was utilized to Uclciiiune the genetic relationships lor tour species of mussels in the Tribe

Amblemini (Amblema plicata plicala (Say), Plectoinerus domheyanus (Valenciennes), Quudrula pustulosa pustulosa (I. Lea), and Q.

iliiudriila (Rafinesque)). Conspecific genetic distance was quite low between populations for each species, with ranges of 0.012-0.113.

The congeneric distance for Q. p. pustulosa and Q. quadrula was determined to be 0.333. Distances between genera ranged from 0.396

to 0.787, similar ranges to those of other unionid species studied. Genetic distance oi Amblema and Plectoinerus was greater than that

expected based on previous studies, with Plectoinerus more closely related to Quadrula than to Ainhlcma.

KEY WORDS: Unionidae, genetic analysis, allozyme

INTRODUCTION

The freshwater bivalves of the family Unionidae are a rich

taxonomic group with longstanding difficulties in classification. A
historical reliance on conchological features, which exhibit a high

degree of phenotypic plasticity, has obscured the existence of con-

vergent and parallel evolution (Kat 1983a, Davis 1984). Attempts

to clarify higher taxonomic relationships have resulted in the usage

of various soft anatomical and reproductive features for taxonomic

analysis (Heard and Guckert 1971, Davis and Fuller 1981, Kal

1983b). More recently, immunologic and allozyme analyses have

been utilized (Davis and Fuller 1981, Davis et al. 1981. Kat 1983a,

Kat 1983b, Kat and Davis 1984, Stivens and Mdeiman 1992).

Davis et al. (1981) found close genetic relatedness by way of

allozyme analysis among species possessing radically different

shell morphologies and geographic distributions.

The tribe Amblemini, endemic to North America, is character-

ized by eight genera and 27 species (Davis and Fuller 1981, Davis

1984, Williams et al. 1993). The tribe Amblemini is characterized

by relatively old genera having lineages persisting more than 10

million years (Davis et al. 1981). Genetic distances between gen-

era should therefore be intennediate between more recent groups

such as the Pleurobemini and ancient groups, such as the Marga-

ritiferinae and Anodontini (Davis 1984). The genera within this

tribe originated as early as 10 million years ago (Davis et al. 1981 ).

This study utilized cellulose acetate electrophoresis and histo-

chemical staining of allozymes to determine the genetic distance

for three genera and four species of the tribe Amblemini. Amhlcimi

plicata plicata (Say). Plectoinerus domheyanus (Valenciennes),

Quadrula pustulosa pustulosa (I. Lea), and O. quadrula

(Rafinesque) are dominant community members within the Cache

and White rivers, which belong to the Mississippi River drainage

system (Christian 1995). Each species studied is widely distributed

within the Mississippi River drainage (Williams et al. 1993). No

Arkansas mussel populations have been previously studied by al-

lozyme analysis.

Davis (1984) identified a high genetic distance between genera

of the Amblemini. However, on the basis of immunologic and

morphologic features, Davis and Fuller (1981) placed the genera

Amblema. Megalonaias. and Plectomerus as congeneric. Our pri-

mary objective in this study was to test the genetic relationships of

these species through biochemical allozyme analysis. Since Chris-

tian (1995) and Posey (1997) reported that occasional individuals

collected in Arkansas streams possess intermediate anatomic char-

acteristics between Q. p. pustulosa and Q. cjiiadrula, a secondary

objective was to determine the genetic distance between these two

species which may be hybridizing.

MATERIALS AND METHODS

Genetic distance was determined within populations for the

lower regions of the Cache and White rivers in Arkansas. Three

sequential downstream mussel beds were chosen for each river:

miles 37, 36, and 35 (sites A, B, and C, respectively) for the Cache

River, and miles 63.5, 57.2. and 48.5 for the White River (sites D,

E. and F. respectively). Four species of bivalves were studied, with

12-36 individuals of two species collected from each site. Hookah

rig diving was used to obtain the mussels in the summer of 1994.

Mussels were brought back to the laboratory on ice and processed

immediately or frozen at -70°C. Voucher specimens have been

deposited in the Unionacea collection of the Arkansas State Uni-

versity Museum of Zoology (ASUMZ).

Adductor muscles were homogenized in equal volumes (w/v)

of Tris-HCI buffer (pH 7.0). Electrophoresis of homogenate was

performed on cellulose acetate plates at 200 volts for 15 min in TG
buffer (0.025 M Tris; 0.192 M Glycine) at room temperature (2

mA/plate). Nine enzyme systems representing 16 loci were se-

lected for analysis based upon their expression in adductor muscle.

The enzymatic loci were as follows: fumarase (FUM-1. FUM-2:

E.C. No. 4.2.1.2); glutamate-oxaloacetate transferase (GOT- 1.

GOT-2; E.C. No. 2.6.1.1); i.socitrate dehydrogenase (IDH-1. IDH-

2; E.C. No. 1 . 1. 1.42); lactate dehydrogenase ( LDH- 1 , LDH-2; E.C.

No. 1.1.1.27); malate dehydrogena.se (MDH-1. MDH-2; E.C. No.

1.1.1.37); malic enzyme (ME-1. ME-2; E.C. No. 1.1.1.40); man-

nose phosphate isomerase (MPI-1. MPl-2: E.C. No. 5.3.1.8); phos-

phoglucose isomerase (PGI-1; E.C. No. 5.3.1.9); and phosphoglu-

comutase (PGM-1, PGM-2; E.C. No. 2.7.5.1) (lUBNC 1984). The

distance of migration for each specific enzyme was visualized by

histochemical staining (Hebert and Beaton 1989).

Individual genotypes were used as original data with allele

frequencies, locus heterozygosity, genetic identity, and Net's un-

biased genetic distance determined using the program BIOSYS-1

(Swofford and Selander 1989).
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TABLE 1.

Allele frequencies, mean direct count heterozygosities (H), and polymorphism (P) of each of the four species at each site''



Genetic Relationships of Amblemini 1239

TABLE 1.

continued
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Distance

.40 .32

^

-c

Q. guadrula, WR-D

Q. tpiadrula, WR-F

Q. guadnjla, CR-C

C. quadz-ula, WR-E

Q. pustulosa, WR-D

Q. pustulosa, WR-E

Q. pustulosa, WR-F

P. doinbeyanus ,
CR-A

P. dombeyanus, CR-B

P. dombeyanus, CR-C

A. plicata, CR-A

A. plicata, CR-B

.80 .72 .64 .56 .48 .40 .32 .24 .16 .08 .00

Figure 1. Phenogram showing Nei's unbiased genetic distance (1978) between populations species and genera of A. plicata. P. dombeyanus, Q.

pustulosa. and Q. quadrula in the White IWR) and Cache River (CR). .Arkansas. Cophenctic correlation = 0.916.

ous taxa sharing a genetic identity of 0.90 were typical of conspe-

cifics, somewhat greater than that determined by Davis (1984) for

freshwater mussel populations (I
= 0.87). Conspecific genetic

distances of the present study fell within those as determined by

Davis (1984) and Nei (1978). with the least genetic similarity for

a single population of P. dombeyanus (Site C), which exhibited

high monomorphism (I
= 0.893 to Site A). Intraspecific genetic

identities for other Unionid mussel species studied are generally

high, although values as low as 0.822 (D = 0.196) were reported

for Elliptio coinplanata (Lightfoot) conspecifics (Kat and Davis

1984) (Table 3). Berg et al. (1998) identified low genetic diver-

gence between populations of Q. quadrula (x = 0.009; range

0.0005-0.037). even populations separated by 1.550 river miles.

These authors concluded that these seven populations studied

could be reduced to two interactive metapopulations, and attrib-

uted the low distances to high gene flow. Our Q. quadrula mussel

populations were much closer in geographic distance yet possessed

greater genetic distances and significant differences between loci

(Johnson et al. 1998).

Gene flow between populations serves to minimize genetic

distances between populations (Slatkin 1987). particularly popu-

lations of close proximity such as in the present study. Dispersal

can occur at the gamete, juvenile, and adult stage of the life cycle

to facilitate gene flow. Mussels are sessile animals for which

glochidia and the downstream flow of gametes are the possible

stages whereby significant migration can occur.

Fish hosts play an important role in the genetic structure of

mussel populations by facilitating gene flow. Generalism for host

selection may improve opportunities for transformed juvenile to

TABLE 2.

Values of Nei's (1978) genetic identity (above the diagonal) and

genetic distance (below the diagonal) for Amblemini in the Cache

and White rivers, Arkansas.

Population



Genetic Relationships of Amblemini 1241

TABLE 3.

Mean values of D and standard deviations for pairvvise comparisons of conspecific populations vvithin the family Unionidae.

Conspccitic Population Comparisons

No.

Populations x ± S.D. Range Source

Tribe Anodontini

Anodonhi amiumi (Linnaeus)

A. cataracla (Say)

A. cygnea (Linnaeus)

Pseudanodonia complanata (Rossmassler)

Tribe Lampsilini

Ltiinpsilis carioMi (Say)

L radiani (Gmelin)

L. radiatu (Gmelin)

Leplodea ochracea (Say)

Tribe Pleunibemini

Elliptio complwnila (Lightfool)

E. crassidens (Lamarck)

E. icterina (Conrad)

E. mamchaeli (Clench & Turner)

Tribe Amblemini

A. p. plicula (Say)

P. dombeyaniis (Valenciennes)

Q. p. pustulosa (I. Lea)

Q. quadrula (Ratlnesque)

Q. quadrula (Rafinesque)

18

5

3

2

3

5

3

15

3

9

2

0.064 ±N/A 0,()00-().252 Nagel et al. 1996

0.034 ±0.037 O.OOI-O.OSl Davis et al. 1981

0.008 + N/A 0.000-0.012 Nagel et al. 1996

0.000 ±N/A N/A Nagel et al. 1996

0.071 ± 0.021 0.041-0.091 Stiven and Alderman (1992)

0.018 ± 0.010 0.001-0.033 Kat and Davis (1984)

0.015 ±0.005 0.009-0.021 Kat (1983b)

0.018 N/A Stiven and Aldemian (1992)

0.043 ±0.025 0.014-0.196 Davis et al. (1981); Kat and Davis (1984)

0.010 ±0.006 0.005-0.018 Davis (1984)

0.097 ± 0.050 0.025-0. 1 84 Davis et al. ( 1 98 1 )

0.014 N/A Davis (1984)

0.035 N/A Present study

0.074 ± 0.030 0.040-0. 1 1 3 Present study

0.034 ±0.013 0.027-0.050 Present study

0.009 ± 0.0 1 1 0.0005-0.037 Berg et al. { 1 997 )

0.051 ±(.).030 0.012-0.084 Present study

0.222). whereas congeneric genetic distances for Unionids range

from 0.010 to 1.323 for differing clades (Table 4). Genetic dis-

tances should be coirelative with time of divergence for genera, as

is demonstrated by greater genetic distances for older lineages

such as Anodonini and Lampsilini. as compared with lower genetic

distances for the more recent Pleurobemini (Davis 1984). These

intermediate values obtained for Amblemini are consistent with

the geological record.

Tribal genetic distances for the present study ranged from 0.396

for Quadrula versus Plectomerus to 0.787 for Amhiema versus

Quadrula, with a mean genetic distance of 0.687 ± 0.152. These

intergeneric values are greater than that identified by Mulvey et al.

( 1997) comparing Amblema and Megalonaias (0.516). In compar-

ing studies of other tribes these values are similar to those obtained

by Davis (1984) (x = 0.651; range 0.358-0.935). yet lower than

those of Stivens and Alderman (1992) {range 0.825-1.146).

Of particular interest was the genetic relationship of P.

domheyaiuis to A. p. plicata. On the basis of immunologic and

TABLE 4.

Mean values of D and standard deviations for pairwise comparisons of congeneric and tribal species within the family Unionidae.

Congeneric Species Comparisons
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morphologic data. Davis and Fuller { 1981 ) suggested that the gen-

era Amblema. Plectomerus. and Megaloiuiias were congeneric.

This close genetic relationship was not identified by Lydeard et al.

(1996) nor in the present study; P. dombcyanus was most closely

related to Q. p. pustulosa. Lydeard et al. (1996) studied the phyl-

etic relationships among Unionidae combining sequence data from

the 16S rRNA gene and moiphologic/reproductive data. They
identified a closer relationship of A. plicata and P. doinbeyaniis

than to Quadrula. and questioned the taxonomic utility of the Tribe

Amblemini. Other researchers have identified incongruence be-

tween anatomical and genetic relationships among freshwater bi-

valves (e.g., Hombach et al. 1980, Davis 1981; Hoeh 1990). yet

good congruence in immunologic and allozyme data (Davis and

Fuller 1981 1. Further evidence of the uncertain ta.xonomic status of

the Unionidae is that Davis and Fuller (1981) found a closer im-

munologic relationship between Elliptio (Tribe Pleurobemini) and

Amblema than between Amblema and Plectomerus.
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ABSTRACT During the last 2 years, extracts from cultured oysters [Ostrea ediilis and Crassosrrea gigas) intended for screening for

paralytic shellfish poisoning (PSP) toxins have on several occasions been lethal to mice upon extended observation periods. The

prolonged observation time in the PSP toxins assay was toxins responsible for amnesic shellfish poisoning (ASP), The symptoms
observed in the mice deviated from those of both PSP and ASP, Based on lack of knowledge of the toxic pnnciple. and the obligation

to protect public health, oyster marketing has been stopped on such occasions. The probable solution of the problem was suggested
to us by oyster farmers who, via international contacts, brought to our attention similar Canadian experiences. They found that

occasionally oysters accumulate large amounts of zinc which are lethal to mice when amounts injected intraperitoneally exceed about

450 jjLg in a'20 g mouse. When analyzing zinc levels in the suspect Norwegian oyster extracts, correlation with the Canadian data was

very convincing, indicating the same "false positive" result in our analyses. Zinc at this level presents no health threat to humans with

normal consumption of oysters. This article is written as a caution to other regulatory personnel involved in oyster monitoring against

installing unnecessary restraints on oyster farmers before considering the possibility of zinc giving "false positive" results.

KEY WORDS: Oysters, zinc. PSP. false positives

INTRODUCTION

Mussels and oysters in Norway are routinely analyzed for the

presence of algal toxins before they legally can be marketed. The

monitoring program consists of methods for quantification of tox-

ins contributing to diarrhetic shellfish poisoning (DSP), paralytic

shellfish poisoning (PSPl. and amnesic shellfish poisoning (ASP),

Though the two former intoxications have been known for many

years. ASP was reported for the first time following an incident in

Canada in 1987. ASP is caused by an amino acid called domoic

acid. Presence of domoic acid in mussels can be detected when

injecting the PSP extracts intraperitoneally (i.p.) in mice. Symp-
toms of ASP appear in 3—4 h. and consequently the mice are

observed for several hours. During the last 2 years, extracts from

cultured oysters (mainly the Norwegian flat oyster Ostrea edulis.

but occasionally Crassostrea gigas originally from the Pacific)

tested for PSP/ASP toxins in mice have given unusual symptoms,
not associated with either PSP or ASP, leading to mouse death

within a few h. The reason for this unknown toxicity was obscure

since the mouse lethality could not be explained by any known

marine algal toxins nor microorganism, and it resulted in problems
for the oyster farmers. Experiences of an oyster farmer led to a

suggestion of a solution to the problem through a request via the

international data network, Canadian scientists experienced similar

problems which they found were due to specific accumulation of

zinc in oysters. With this background information, analyses of zinc

and several other metals in oysters were performed in an attempt

to find the compound responsible for the unknown toxicity,

MATERIALS AND METHODS

Oysters (Ostrea edulis and Crassostrea gigas). as well as mus-

sels, are sent to the Norwegian College of Veterinary Medicine for

detection of toxin before they can be marketed. The analyses are

routinely aimed at screening samples for DSP, PSP, and more

recently. ASP toxins.

Extraction for PSP {and ASP) Toxins

The extraction is pertormed according to the AOAC method for

PSP toxins (1995). Wet oyster tissue is homogenized and extracted

in 0,1 N HCl, giving a final concentration of 100 g oyster tissue in

200 mL, and with a pH adjusted to 3 ± 0.5.

Mouse Bioassay

Mice weighing between 15 and 20 g each are injected intra-

peritoneally with 1 mL of the extracts, and symptoms and survival

times are registered.
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TABLE 1.

Results from routine screening of oysters iOstrea edulis and Crassostrea gigas) in 1996/97.'

Sample Site Date of Sampling Survival Time Symptoms''

Bjerga 0sters. O. edulis

Bjerga 0sters, O. edulis

Bjerga 0sters, O. edulis

Bjerga 0sters. O. edulis

Sealife. C. gigas

Sealife, C. gigas

Sealife. C. gigas

Sealife. C. gigas

Sealife. C. gigas

Sealife. C. gigas

Aga musling, O. edulis

Aga musling. O. edulis

Aareljord. O. edulis

Taroskjell, O. edulis

96-10-22

96-12-03

97-02-11

97-02-21

96-08-06

97-04-29

97-06-10

97-10-07

97-11-04

97-12-01

97-11-30

97-12-09

97- 11 -.30

97-12-10

2 h 30 min/-l-18 h

1 li4.S niiiV4-l8 h

4-18 h

2 h 30 min

>24 h

4-18 h

>24 li

4-18 h

2-1 h

6-8 h/>24 h

>24 h

30 min

4-18 h/>24h

30 min

Intermediate

Strong/intermediate

Intermediate

Intermediate

None

Intermediate

None

Intennediate

Strong

Intermediate/weak

None

Strong

Weak

Strons

"(Two mice for each sample), i.p. injections in mice of 1 mL extracts representing 0.5 g mussel meat.

''The symptoms showed escalating differences in severity; when the mice died within a few hours, the symptoms were marked, dominated by the mice

lying down, turning on their sides, breathing heavily, paralysis of the hind legs, stretching of the hind legs, immobilization, and finally respiratory arrest.

When the mice survived more than 2 h, the symptoms was less severe, and paralysis of the hind legs was less obvious. Some of the mice surviving 24

h showed symptoms of being affected (sick, reduced mobility), but no paralysis of the hind legs was observed.

Pathological Examinaliuns

A necropsy was performed immediately following death of the

mice. Sections from the brain, lungs, heart, liver, kidneys, and

intestines were fixed in 10% phosphate-buffered formalin, pro-

cessed routinely, and stained with hematoxylin and eosin.

Metal Analyses

The oyster extracts were surveyed for several metals at the

National Veterinary Institute. Extracts for mercury were wet di-

gested with nitric acid 65% (w/v) and perchloric acid 70% (w/v),

and all other extracts were diluted with 15% v/v concentrated

HNO, before analysis. All elements were detennined by atomic

absorption spectroscopy (AAS) (Vandecasteele and Block. 1993)

with external calibration and deuterium background correction

(Varian Spectr AA 400). Mercury was analyzed by cold-vapor

AAS (CVAAS). Aluminum, cadmium, and lead were analyzed by

electrothermal graphite furnace AAS-technique (ETAAS) with py-

rolytical platforms. A mixed modifier of palladium and magne-
sium nitrate was used for the determination of aluminum and cad-

mium, and a modifier of palladiutn and ammonium dihydrogen-

phosphate was used for the determination of lead. Copper and zinc

were analyzed by tlame AAS-technique (FAAS) with lean flame

of acetylene/air. The recovery varied between 105 and 120%. and

the reproducibility between 5 and 10%. The detection limits for the

elements (in p-g/L) were as follows: Al (0.7). Cd (0.04), Pb (0.42).

Hg (2.24), Cu (30), and Zn (7).

RESULTS

Table 1 shows the results from the analyses of oysters per-

formed during 1996 and 1997. As can be seen samples collected in

the winter periods were all toxic with one exception, whereas the

few samples collected during the summer period were nontoxic.

Analyses of several essential as well as nonessential metals in

selected oyster samples frotn Table I were performed, as shown in

Table 2. Metal analyses were caixied out on toxic as well as non-

toxic samples of oysters.

Results from the analyses of zinc are shown in Table 3 per-

tnitting estimation of correlation between zinc levels and i.p. tox-

icity in mice. The table shows that lethal effects of oyster extracts

correspond with zinc levels of about 400 p,g/20 g mouse. Based on

short survival time and geographic location, the oyster extract from

Aga (97-12-09) was selected for studies of dose-related toxicity,

including pathological studies. According to the results shown in

Table 4. lethal effects seem to be associated with i.p. injection of

samples containing zinc above approximately 400 p.g/20 g mouse.

No organ changes were demonstrated upon gross and histo-

pathological examinations. The oysters from Aga (97-12-09) were

selected for dose-response studies based on short survival time in

the routine assay, before results from the zinc analyses were

known. Since the zinc level was relatively modest in this sample,

another oyster sample, from Bjerga 97-02-21. was also tested in a

dose-response manner (Table 5). From the Table one can see that

acute toxicity of the oyster extract is dose dependent, and lethal

effects correspond with zinc levels of about 400 (jLg/20 g mouse.

DISCUSSION

The problem was recognized when the mice injected with oys-

ter extracts according to the method for PSP (and ASP) toxins

displayed symptoms deviating from those of PSP and ASP when

TABLE 2.

Result of metal analyses of selected oyster samples from Table 1."

Sample
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TABLE 3.

Association between zinc level injected i.p. in mice, adjusted to 20 g

bod> «ei};lil (as in the PSP mouse bioassav) and survival time (two

mice) for each sample.

Sample, Zn-Conc.

Date of

Sampling

Zn. Mg/20

g h.w. Survival Time

Bjerga

790 (xg/mL

Sealife

120 |jLg/mL

Sealife

300 jji.g/mL

Aga
410 |a.g/mL

Taroskjell

770 ixg/niL

97-02-21

97-(J6-10

97-12-01

97-12-09

97.12.10

1 .050

1 .056

150

160

400

375

482

497

963

1.027

2 h 30 mm
2 h 30 mm
>241i

>24h

>24h

6-8 h

30 min

30 min

30 min

30 min

the mice were observed for several hours. When PSP to.xins are

present, the mice die within a short time (minutes) with severe

cramps. Death time is determined as time elapsed from completion

of injection to last gasping breath (AOAC 1995). The reactions

upon i.p. injection of ASP toxin, on the other hand, are character-

ized by involuntary scratching of both shoulders with the hind legs

typically within 7-21 minutes upon injection (Todd 1993). Move-

ments become increasingly uncoordinated, the mice fall on their

sides and eventually die. In the case with extracts of cultured

Norwegian oyster (Ostrea edulis) sampled at different locations

and Crassostrea gigas from one location, the mice showed general

weakness, fell on the side, displayed paralysis and stretching of the

hind legs, and eventually died without any signs of cramps. Death

times varied between 30 min and 18 h with the different extracts.

When blue mussels i.Mytilus edulis) from the same location as one

of the positive oyster extract (Bjerga 0sters) were analyzed no

toxicity in the mice was observed (data not shown). This indicated

a specific toxic factor associated with oysters. Presence of micro-

TABLE 4.

Toxicity in mice injected (i.p.) with 1 mE of stepwise dilutions of

oyster {Ostrea edulis) extract from .Aga (97-12-09).'

Zn Cone, of Mouse pg Zn/20 Survival,

Extracts No. g b.w. Min Symptoms

410 |xg/mL

410 (jLg/mL

410 ^JLg/mL

273 |xg/mL

273 jig/mL

273 jjLg/mL

205 fji,g/mL

205 jjLg/mL

205 (jLg/mL

137 |xg/mL

137 M.g/mL

137 ^JLg/mL

O.IN HCl

O.IN HCl

O.IN HCl

1 512.5

546.7

497.0

321.2

341.3

376.6

273.3

282.8

264.6

182.7

166.0

176.8

35

21

32

>210

>210

>210

>210

>210

>210

>210

>210

>210

>210

>210

>2K)

Strong symptoms.

paralysis of hind legs.

gasping before death

General weakness.

slow motions, legs

backwards

No symptoms

No symptoms

No symptoms

" Doses were calculated per 20 g body weight which is standard lor the PSP

assay (three mice/dose).

TABLE 5.

Toxicity in mice upon injections (i.p.) with stepwise dilutions of

oyster {Ostrea edulis) extract from Bjerga (97-02-21).°

Zn-Conc.

of Sample

.Mouse

No.

pg Zn/20

g b.w.

Survival

Time Symptoms

790 |xg/mL

790 (ig/mL

395 fxg/niL

395 M.g/mL

198 |j.g/mL

930 2 h 5 min Weakness, lays on side.

1

,000
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toxicity in mice. When assessing possible human toxicity it is

important to consider oral versus intraperitoneal toxicity. Gener-

ally, toxic compounds are between one and two orders of magni-

tude less acutely toxic via the oral route compared with i.p. injec-

tions. In the case of zinc, we have no data on oral toxicity in mice,

but in rats the LD,,, from acute oral toxicity of inorganic zinc

solutions is about 2.3 g/kg body weight. According to McCulloch

et al. (1989), toxicity of a zinc-chloride solution is somewhat lower

than the toxicity of zinc in mussels, having a lethal effect upon i.p.

injections of about 600 |j.g/20 g mouse, corresponding to 30 mg/kg

body weight. Zinc is not considered very toxic to man when in-

gested via the gastrointestinal tract, and even a level of about 1 ,000

|xg/100 g of oyster meat does not present a health problem for

consumers (Brown and McPherson 1992). The intentionally high

consumption of oysters by the aforementioned oyster farmer indi-

cates the same.

Hiltner and Wichmann (1919) had already found high zinc

levels in oysters (Ostrea edidis). Others (Gaarder and Alvsaker

1941, Julshamn 1981a) have confirmed those zinc values. The

authors reported values of 4 g Zn/kg dry matter in whole oyster (O.

edutis) sampled at the same place on the Western coast of Norway

(Inneroy). The results indicate that the zinc content in water has

not increased during the 40-y span between the two investigations.

Norwegian flat oysters (Ostrea edidis) show natural high zinc

levels and higher levels than Pacific oyster (Crassostrea gigas)

and American oyster (Crassostrea virginica) (Pringel et al. 1968).

This seems to correspond with our data, although the number of

analyses performed is small. In a study on seasonal variations in

the content of elements in oysters (Ostrea edidis), the zinc content

of immature oyster tissue showed the highest values in April. May,
and August (Julshamn 1981b). Zinc content also changes during

maturation and spawning.

This has been an important lesson for us: When unusual results

are obtained, both a literature survey and requests via international

data systems may prove helpful. The problem with literature

searches are that you do not know what to ask for, whereas a

general request to international experts might reach somebody
with similar experience.
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FROM THREE SITES IN MAINE
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ABSTRACT Bioaccumulation of lead in manne organisms has been a concern of researchers, government, and other food safety. The

feeding habits of the American Lobster. Homarus Americanus, prior to recruitment into the fishery, gives rise to its potential

accumulator of environmental contaminants. Three sites indicative of common lobster fishing areas were selected along the coast of

Maine to assess and establish baseline level for lead contamination. From each of these sites, lobsters averaging in weight between 450

and 550 g. were collected and samples were taken from the gills, meats (mixture of tail and claw meat), and the hepatopancreas to be

analyzed for lead concentration. Lead levels ranging from 20 to 101 ppb were found. Levels were higher in the hepatopancreas and

meats than in the gills. There were interactions between location and body portion resulting from the higher levels in the hepatopancreas
and meats. The levels found were significantly below the FDATEPA limits on edible portions.

KEY WORDS: Lead, bioaccumulation. American Lobster, environmental contamination

INTRODUCTION

Environmental contamination by heavy metals such as lead

(Pb) is generally reflected by an increase in the tissues of aquatic

animals. Several investigations by researchers (Naq\'i and Howell

1993a,b; du Preez et al. 1993; Pastor et al. 1994) have shown that

crustaceans are bioaccumulators of heavy metals like lead and as

such are indicators of environmental contamination. Naqvi and

Howell (1993a) studied the uptake of cadmium and lead in Red

Swamp Crayfish and found that these metals accumulate in the

exoskeleton, hepatopancreas, gills, mid-gut glands, and abdominal

muscles of crayfish. They found that uptake was timedependent
and crayfish rapidly accumulate these metals, where they remained

in tissues for a long period of time. In another study using Red

Swamp crayfish. Naqvi and Howell ( 1993b) showed that lead has

detrimental effects on the reproduction of the crayfish and subse-

quently on the crayfish farming industry. Lead contamination

would have similar detrimental effects on the lobster industry of

Maine. The freshwater crab. Poianumautes warreni. was used to

study the accumulation of zinc and lead by du Preez et al. (1993).

They found the level of lead was approximately 87 parts per mil-

lion (ppm) in the gonads and carapace tissues. The research made

no conclusion concerning the use of freshwater crabs as biomoni-

tors. Pastor et al. ( 1994) analyzed several marine organisms (fish,

mollusks, and crustaceans) for heavy metals (cadmium, lead, and

mercury). They found a wide range of lead concentrations, from

53-2220 parts per billion (ppb). in the various organisms. Pastor et

al. concluded that mollusks are useful bioindicators for cadmium

and lead.

The American lobster (Homarus Americanus) is caught and

used largely for human consumption. Concern has been raised

about the presence of lead in these crustaceans, and the concern

over lead contamination is important to the long-term survival of

the lobster fishery and the human consumption of harvested lob-

sters. The American lobster is carnivorous, a bottom feeder, and as

such is likely to bioconcentrate heavy metals if these metals exist

in the surrounding environment. Since lobsters exhibit limited

movement until they are at the size/age recruited to the fishery,

they become a representative of their environment (Daniel et al.

1989). In a study of trace elements in a fishery resource. Hall et al.

(1978) reported lead levels of 500-600 in a mixture of claw and

tail meats of the American lobster. In a calibration study for trace

metals in biological tissues, Berman and Boyko (1986) reported an

average of 5.57 (±1.70 SD) ppm lead in the lobster hepatopan-

creas. Peterson and Mortensen (1994) found a range of 0.031-

0.070 ppm of lead in lobsters on the Danish national markets. In a

Maine Department of Environmental Protection (MeDEP) report,

Sowles et al. (1996) detected levels of 1.31 (±0.44 SD) ppm lead

in the meats (mixture of tail and claw meats) of lobsters and 0.66

(±14 SD) in the hepatopancreas. Though these data are varied and

cover a wide range of areas, they also indicate a need to quantify

lead levels in lobsters in further detail. The purpose of this study

was threefold: to sample the lobster fishery along the coast of

Maine in response to lead consumption concerns, establish base-

line levels for lead in Maine lobsters, and compare those levels

with the FDA limits for concern in human consumption.

MATERIALS AND METHODS

At each of three sampling locations along the coast of Maine

(Bremen. Pine Point, and Stonington, Maine), 18 commercially
harvested lobsters were collected. Figure 1 gives the locations of

the sampling sites along the Maine coast. These sites were selected

because they are major lobster buying points and as such are fairly

representative of the lobster fishery in Maine. These sites also

represent three main areas of interest for potential contamination

and are major lobster fishing areas. Pine Point is in the southern

Maine coastal area near Casco Bay. a high population center, and

therefore considered not to be a clean region; Bremen is in the

mid-coast region of Maine and a large lobster buying port; and

Stonington is the beginning of the downcast section of the Maine

coast. The lobsters harvested for this study were of legal size,

ranging in weight from 455 to 567 gs. The lobsters were stored in

plastic bags on ice during transport to the University of Maine

analytical laboratory. Body portion samples from the gill, tail

meat, and hepatopancreas of each of the lobsters were taken and

used for laboratory analysis. The samples were excised and pre-

pared for lead analysis.

Low temperature dry ash method (Moyse and Fernandez 1987)
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Figure 1. Sampling site locations along the coast of Maine.

was used to test for lead contamination. Samples were placed in

crucibles, cleaned with dilute nitric acid, and dried in a non-force-

draft oven and dry-ashed at 423'"C. After ashing, the samples were

digested in a nitric acid and hydrogen peroxide mixture as per the

standard method. A graphite furnace (model 188, Thermo Jarrell

Ash. Franklin. MA) and atomic absorption spectrophotometer

(model Video 12. Instrumentation Lab. Franklin. MA) were used

to assess the samples for detection of lead levels. Samples were

analyzed individually and care was taken to prevent cross-

contamination. Following the normal lead analysis procedure of

the university analytical laboratory, all samples were run in trip-

licate and reagent blanks were analyzed. The reagent blank values

were subtracted from the sample values and the result is reported

herein. All data reported in the results were above detection limits

of the methods and instruments used.

The results from the laboratory analysis were analyzed using

the analysis of variance procedure, general linear models (GLM).

of the Statistical Analysis System (SAS). The.se analyses and the

means separation tests were performed using the Duncan's Mul-

tiple Range Test (SAS 1990).

RESULTS AND DISCUSSION

Table 1 summarizes the lead level data in ppb showing average
and standard deviation by location and body portion. Total body
lead level reported is the mathematical average of the gill. meat.

and hepatopancreas levels. The general trend of the data suggests

that the lowest levels of lead are found on the gill followed by the

TABLE 1.

Average and standard deviation (±SD) lead levels for American

lobster, Homanis Americaiiiis, given in ppb by location and body

portion sampled.

tail meat and then the hepatopancreas. This trend is followed with

the exception of the Stonington location where, overall, it exhibits

greater variation in the data.

The results exhibit high SDs so a two-way analysis of variance

(ANOVA) was performed to resolve sources of variation. ANOVA
revealed significance in the body portion and the interaction of

location and body portion. As seen in Table 1, there is a positive

correlation between lead level and body portion at the various

locations. Physiologically, it is expected that lead would be con-

centrated in the hepatopancreas as it serves the same filtration

function as does the liver in humans. Lower values are seen in the

gill area as expected. These trends are shown in Tables I and 2.

Also, there is high variability within location that contributes sig-

nificantly to the model. The analysis reveals significance (p « .05)

between location and body portion. Lobsters from the Stonington

location had higher concentrations of lead in the tail body portion.

This interaction may be an artifact of high variation between lob-

ster and within location variation. No site-specific or analysis-

specific data collected contribute to the reason. There was no

positive correlation between lead level values in one body portion

to values in other body portions within the lobster.

The means separation data are given in Table 2. In the means

separation using the Duncan's New Range Test, no difference was

found between locations. The means separation on body portion

yielded two significantly different groups of means; the higher

group included the tail and hepatopancreas means and the lower

group the gill mean. Because of the large variation in this study,

the tail and hepatopancreas means were not significantly different.

These results contradict a previous study by Sowles et al. (1996)

TABLE 2.

Means separation performed by Duncan's Multiple Range Test.

Means with different letters are significantly different.

Location

Body portion

Gill Meats

Bremen 25.67 (±67.96)

Pine Point 17.89 (±16.25)

Stonington 20.97 (±24.07)

61.07 (±6.72)

76.95 (±6.87)

161.59 (± I.'53.56)

Hepatopancreas

93.72 (±6.81)

100.22 (±103.30)

51.00 (±33.39)

Location

Bremen

Pine Point

Stoninizton

Mean (ppb) Body Portion'

60.14 a

64.56 u

76.67 a

Gill

Hepatopancreas

Tail

Mean (ppb)

21.51 a

82.23 b

100.23 b

' There i^ a significant inleraction of location and body portion.
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that proposes a preliminary relationship of (hepatopancreas lead

level concentration) = 0.30 x (meat lead level concentration). As

stated previously, it is expected that the gill would be the lowest in

lead concentration. Since lead would concentrate in the body

mostly due to ingestion, the amount of lead found in the gills

would represent a fraction of the lead that was brought in through

the gills during the process of ventilation and secretion as opposed

to being ingested. Because of concentration, the meats and hepato-

pancreas portion lead levels are more indicative of the amount of

lead in the lobster available for human consumption.

The locations selected in this study were representative of lob-

ster fishing areas along the entire coast of Maine. The results of

this study are well below those found by other researchers previ-

ously discussed and establish good baseline data. Lead levels do

not appear to be a public health issue in the consumption of Maine

lobster.
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EFFECT OF AN ORGANOPHOSPHORUS INSECTICIDE, FENITROTHION, ON SURVIVAL,
OSMOREGULATION, AND ACETYLCHOLINESTERASE ACTIVITY IN DIFFERENT LIFE

STAGES OF TWO PENAEID SHRIMPS: PENAEUS STYLIROSTRIS AND PENAEVS VANNAMEl
(CRUSTACEA, DECAPODA)
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ABSTRACT The acute toxicity of fenitrothion was studied in seawater (36 PSU = 1060 ± 10 mosmkg"') in larval, postlarval, and

juvenile instars of the shrimp Penaeus stylirostris and Penaeus vannamei. The effects of this organophosphorus insecticide on juvenile

hypo-osmoregulatory capacity (hypo-OC), i.e.. the difference between the osmolality of the haemolymph and that of seawater) and

muscle acetylcholinesterase (AChE) activity were then recorded for both species at lethal and sublethal concentrations. In P. styliros-

iris. 24 and 48 h LCjoS for nauplii were above 500 M-g'"'- The 24-h LC50S ranged from 160 ixgl"' (zoae 2) to 12 and 10 (igl"' (mysis
3 and postlarval instar l)and from 11.2 n,gr' (juveniles of 8 g) to 18.9 |xgl"' (juveniles of 20 g). The 48-h LC,,,s ranged from 42 p,gl"'

(zoae 1) to 2 (xgr' (mysis 3) and from 10.5 |xgl"' (juveniles of 8 g) to 16.3 (xgr' (juveniles of 14 g). In P. vaiwamei. 24 and 48 h

LC50S for nauplii were above 500 (xgl"'. The 24 h LC50S ranged from 324 p.g\~' (zoae 1) to 12 and 9 (xgl"' (mysis 3 and postlarval

instar 1) and from 19.2 fjLgl"' (juveniles of 7 g) to 41.5 p-gl"' (juveniles of 18 g). The 48 h LC^oS ranged from 29 ixgl"' (zoae 2) to

10 and 8 |j.gl"' (mysis 3 and postlarval instar 1 ) and from 19.2 (xgr' (juveniles of 8 g) to 28.7 ixgr' (juveniles of 12 gl. Thus, for both

species, tolerance to fenitrothion in seawater decreased with the larval development but increased with the weight of the juveniles. P.

vannamei was more tolerant to fenitrothion than P. stylirostris. at most stages. In P. sty'lirostris. fenitrothion decreased hypo-OC and

AChE activity. The decrease in hypo-OC was dose and time dependent. After 24 h of exposure at different sublethal fenitrothion

concentrations. hypo-OC and AChE activity decreased significantly by 5-22% and by 13-18%. respectively. In P. vannamei. hypo-OC
and AChE activity did not vary after exposure to sublethal concentrations. Only juveniles exposed to lethal concentrations and

moribund shnmps showed significant AChE activity decreases. Hypo-OC and AChE activity appeared as good indicators of physi-

ological disturbance because of the pesticide in P. iryliroxnis but not in P. vannamei.

KEY WORDS: Acetylcholinesterase, crustaceans, fenitrothion. organophosphorus insecticide, osmoregulation, peneids

INTRODUCTION soning in fish (Lockhart et al.. 1985; Zinkl el al.. 1987) and aquatic

invertebrates (Macek et al.. 1972: Day and Scott. 1990).

Fenitrothion [0.0-dimethyl 0-(3-iTiethy!-4-nitrophenol) phos- Although data on the inhibition of crustacean AChE activity by

phorothioate] is one of the most effective organophosphorus (OP) OP insecticides are abundant (Coppage 1974; Schoor and Brausch.

insecticides and is widely used because of its rapid degradation in '980; Reddy and Rao. 1988; Repetto et al.. 1988; Morgan and

the environment and its relatively low toxicity to mammals. It
Kiceniuk. 1990; Reddy et al.. 1990; Bocquene and Galgani. 1991;

represents a potential threat for nontarget species such as fresh- ^alli et al.. 1994), little direct attention has been focused on the

water and marine invertebrates (Bhagyalakshmi and Ramamurthi. effect of these insecticides on osmoregulation (Pequeux. 1995).

1980; Tronczynski. 1990; Lignot et al.. 1997). Fenitrothion can The ability to osmoregulate (osmoregulatory capacity) has been

contaminate the aquatic environment through drift of aerial spray. proposed, however, as an indicator of the physiological condition

either during crop spraying or during mosquito killing programs.
of crustaceans, particularly peneid shrimps (Charmantier et al..

watershed drainage, and/or accidental spillage (Clark et al., 1987). 1989). It has proved sensitive to a wide array of adverse condi-

Crustacean aquaculture is mainly based on the culture of peneid tions. such as turbidity (Lin et al., 1992), low pH (Allan and

shrimps (Lee and Wickins, 1992), and is conducted in coastal areas Maguire, 1992). low oxygen concentrations (Charmantier et al..

potentially subject to pollutants in general, and fenitrothion in 1994), presence of metals (Bambang et al.. 1995a, Bambang et al,

particular. 1995b), ammonia (Young-Lai et al., 1991; Lin et al., 1991. 1993;

Fenitrothion. like other OP insecticides, is a potent inhibitor of Chen and Cheng. 1996) in the medium and, recently, insecticide

acetylcholinesterase (AChE) activity, an enzyme essential to the and tributyltin oxide exposures (Lignot et al.. 1997. 1998).

correct transmission of nerve impulses (Fukuto 1990; Kennedy. The objectives of this research were to (1) evaluate the acute

1991), OP insecticides act as nerve poisons by blocking synaptic toxicity of fenitrothion to the peneid shrimps Penaeus stylirostris

transmission in the cholinergic parts of the nervous system, i.e., by and Penaeus vannamei for larval, postlarval, and juvenile instars

inhibiting the activity of AChE. The reduction in or inhibition of by determining the 24 and 48 h median lethal concentrations

this enzyme activity has been used successfully in combination (LC^i.s); (2) detennine the hypo-osmoregulatory capacities and

with other ineasurements (e.g., chemical residues, behavior and/or muscle acetylcholinesterase activities of animals subjected to le-

toxic response) as a tool in the diagnosis of organophosphate poi- thai and sublethal concentrations of fenitrothion; and (3) detennine

1251
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whether such measurements are useful diagnostic tools to detect

sublethal toxicity of low concentrations of fenitrothion.

MATERIALS AND METHODS

Animals

Larval and posiiaival instars were collected from the hatchery

of AQUACOP (Ifremer research center in Tahiti, French Polyne-

sia) and v\ere used on site. The developmental stages were deter-

mined by microscopic examination according to the method of

Hudinaga (1942).

Juveniles were collected at the AQUACOP center from 500 nr

earthen ponds and were transferred to the on-site laboratory and

kept in tanks for 3 days (S = 36 ± 1 PSU. T = 27 ± 1°C. 12 L/12

D photoperiod). Each tank contained 2 m^ of filtered recirculated

seawater. Juveniles were fed FUC® dry pellets (composition: 40%
of crude protein. S% of lipids, and 12% of ash) (Cuzon, pers.

comrn.) during the first 2 days of the acclimation period. Animal

wet weights ranged from 8 to 20 g for P. sn-lirostris and from 7 to

18 g for P. vannamei. Intemiolt stages of juveniles were deter-

mined by microscopic examination of antennal scales according to

the method of Drach and Tchemigovtzeff ( 1967).

Acute Toxicity of Fenitrothion

Acute toxicity tests were used to estimate the fenitrothion con-

centration, expressed as the LC50, which is the lethal concentration

to 50% of the test organisms in the time period prescribed by the

test. Experimental conditions for the LC^d determinations were

based on EPA recommendations (Rieder. 1985; Klemm et al.,

1990). Acute tests with water renewal every 24 h were used. LC^„s
and 95% confidence intervals were determined for larval and ju-

venile stages after 24 and 48 h of exposure. LCs,, and 95% con-

fidence intervals were calculated with a computer program based

on the probit model described by Finney ( 1962) and Zitko ( 1982)

and adapted by R. Mounet-Guillaume (unpublished). Twenty ani-

mals per concentration were used and were divided into groups of

10 shrimps per tank.

Larval toxicity tests were acute static tests conducted in Petri

dishes containing 40 ml of seawater (SW). Passive diffusion

through the surface allowed aeration of the water samples. Nauplii

at mixed stage III-V were used. Zoeae I-III and mysis I-III at the

beginning of their stages were retained. During exposure, nauplii

were not fed, zoeae were fed Phaeodactyhim tricninitiim, and my-
sis were fed Anemia nauplii. Postlarval acute toxicity tests were

conducted in plastic boxes containing 250 ml of SW. Continuous

aeration and food (adult Anemia sp.) were provided. For juveniles,

plastic tanks containing 40 L of SW were used. Continuous aera-

tion was provided. Only juveniles in intermolt stage C were re-

tained. Juveniles were not fed during exposures. For larval, post-

larval, and juvenile instars, experiments were conducted in seawa-

ter at 36 ± 1 PSU and 27 ± l°C with a 12 L/12 D photoperiod.

Test solutions were prepared using successive dilutions from a

fenitrothion stock solution containing 500 (o-g fenitrothion. I

~' The

stock solution was prepared by dissolving reagent-grade feni-

trothion (99% purity) from Bayer AG in technical grade acetone.

For each fenitrothion toxicity test, a control group was exposed to

a quantity of acetone equivalent to the maximum amount of test

solution used in each test (50 jxl for larval and postlarval instars

and 500
(j,l

for juvenile instars). Only the results of those tests

where the acetone test group mortality was less than 10% were

retained. The absence of body movement and immobility of heart

and scaphognathite after repeated touches with a probe were con-

sidered as proof of mortality. Regular observations were made and

dead individuals were removed 3, 6, 12, 24, and 48 h after the

beginning of the tests.

In order to determine the stability of the fenitrothion concen-

trations in the test media. 500 ml SW samples were collected after

0, 24, and 48 h of contamination, and fenitrothion was titrated on

a Hewlett Packard gas chromatograph (internal column diameter 2

mtn. oven temperature 175°C) according to the method developed

by Mestres et al. (1969). Samples were extracted using equal quan-

tities of ethylic ether and petroleum ether. Extracts were evapo-

rated up to 1 ml and directly injected into the gas chromatography

equipment. Initial concentrations of I. 2. 4, and 20 (xgl"' were

used. The recovery rate of fenitrothion during gas chromatography

titrations was 90%.

Effect of Fenitrothion on Osmoregulatory Capacity

Hypo-osmoregulatory capacity (hypo-OC) was determined in

juveniles by establishing the difference between their hemolymph

osmolality and the osmolality of the external medium (Charman-

tier et al., 1989). These osmolalities expressed in mosmkg"' (100

mosmkg'' = 3.4 PSU) were measured on a Wescor 5500 osmom-

eter requiring 10 p.1 samples. The effect of fenitrothion was evalu-

ated by determining hypo-OC in full-strength SW at 1060 ± 10

mosmkg"' (= 36 PSU) after a given period of exposure to the

insecticide. Hemolymph was sampled from juveniles by inserting

the needle of a l-ml hypodermic syringe into the ventro-lateral

sinus of the abdomen. The wet weight of the shrimps was deter-

mined after each determination. Only animals in intermolt stage C
were retained for the titrations.

In P. styUrostris. the effect of time was measured for one sub-

lethal concentration (10 fJ-gl"') over 12 h (experiment 1: short-

term time effect). The effect of the concentration of fenitrothion

was then determined after 24 and 48 h of exposure at sublethal and

lethal concentrations using 20 animals per concentration divided

into groups of 10 shrimps per tank (experiment 2: dose effect after

24 and 48 h of exposure). In P. vannamei. the effect of sublethal

and lethal concentrations of fenitrothion was determined after 24

and 48 h of exposure using 20 animals per concentration with 10

shrimps per tank (experiment 3: dose effect after 24 and 48 h of

exposure). Juvenile P. styUrostris and P. vannamei used in these

experiments weighed 13.5 ± 1.4 g and 14.2 ± 2.0 g, respectively.

Effect of Fenitrothion on Muscle Acetylcholinesterase Activity

In vitro acetylcholinesterase activities were determined in ju-

veniles of P. styliroslris ( 1 3.5 ± 1 .4 g) and P. vanmimei ( 1 2.0 ± 1.1

g) after a 24-h period of exposure to fenitrothion at sublethal

concentrations. Prior to enzyme activity determinations, samples

(whole abdomens) were frozen for 48 h (exp. A) and 24 h (exp. B)

at -SO'C. Muscle tissues were suspended in 0. 1 M Tris buffer, pH
= 8 and homogenized for 20-30 sec using an Ultraturrax homog-
enizer. Extracts were then centrifuged at 12,000 G for 10 rnin.

Supematants were immediately frozen at -20°C. Muscle homoge-
nates were used to determine their protein content and AChE ac-

tivity. AChE activity was determined according to the spectropho-

tometric method of Ellman et al. ( 1961 ) modified for microtitration

plate reading (Automated microplate reader EL309, Bio-Tek In-

struments) by Galgani and Bocquene (1988). For protein determi-

nation, the method of Bradford ( 1976) was employed using 0.1 M
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Tris buffer. pH = 8 (Bocquene et al.. 1990). and bdvine serum

albumin as standard. All essays were done in quadruplicate.

Slatistical Analysis

Statistical comparisons of experimental data were performed

by one-way and two-way analysis of variance (ANOVA) and Fish-

er's Least Significant Difference test (LSD.) by using the software

Statview 4.01 Abascus Concept (ns: not significant; *p < .05. and

**p < .01).

RESULTS

Fenitrothion Concentration in the Media

The results of titrations of fenitrothion concentrations per-

formed on test solutions after 24 and 48 h of experiments are given

in Table 1 . Water samples were taken from parallel series without

the animal. Fenitrothion concentrations varied moderately in the

media with a decrease of 15-20% within 48 h. Nominal values of

fenitrothion concentrations were used thereafter.

Acute Toxicity of Fenitrothion

LC.;,, values of 24 and 48 h for the various larval, postlarval.

and juvenile instars of both species are given in Table 2. The rate

of nauplii mortality was below 50% in all tested fenitrothion con-

centrations, therefore their 24 and 48 h LC50 values were over 500

|jig fenitrothion. 1"'. Tolerance to fenitrothion then decreased in

exposed larvae, from zoae to mysis instars. In P. srylirostris. 24

and 48 h LC^,, values ranged from 160 to 12 ixgP' and from 42 to

2 pLgl"', respectively. In P. vannamei. 24 and 48 h LC^o values

ranged from 324 to 12 (o-gP' and from 29 to 10 (igl"', respectively.

The first postmetamorphic instar. PL 1, of both species also showed

high susceptibility to fenitrothion; 24 h LC^,, values were between

7.7 and 10 (xgl '. In juvenile instars. tolerance to fenitrothion

increased with increasing wet weights. Juvenile P. vannamei

showed higher fenitrothion tolerance (higher LC^,, values) than

juvenile P. stxiirostris: e.g.. for P. vannamei and P. srylirostris

juveniles of similar wet weight ( 14 g). 24 h LC,„ values were 28.5

jjLgr' and 17.6 p-gP', respectively.

Effect of Fenitrothion on Osmoregulatory Capacity

In P. stylirostris

Experiment 1: short-term time effect. Hypo-OC of control ju-

veniles remained stable over the 12 h experiment (Fig. 1). In

juveniles exposed to 10 ixgl"', hypo-OC was not affected after I h

but it decreased by 1 1, 17.3. and 22%' compared with the controls

at 3, 6, and 12 h of exposure, respectively. The effects of the 10

TABLE \.

Fenitrothion loss (in % ) in scawater accordins to initial

concentrations and time. Number of samples per condition: 3.

TABLE 2.

Penaeus stylirostris and P. rannamei: fenitrothion 24 and 48 hr LC,

with 95% confidence limits for larval, postlarval, and

juvenile instars.
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Figure 2. Effect of 24 h (A) and 48 h of exposure (B) to 0, 6, 8, 10, 12,

and 14 figl
'
of fenitrothion at 27°C in seawater (1060 ± 10 niosmkg"')

on hjpo-OC of juvenile (13.5 ± 1.4 g) Penaeus stylirostris. 7 < n < 11.

The results are given as means ± SD.

compared with the controls (Fig. 2A). After 48 h of exposure, the

hypo-OC of juveniles exposed to 10, 12, and 14 ^-g'' of feni-

trothion also decreased by 18. 5. and 10*^. respectively, compared
with the controls (Fig. 2B). These hypo-OC decreases with in-

creasing sublethal and lethal concentrations of fenitrothion were

statistically significant for both times of exposure (F = 9.19, p <

.0001 and F = 7.89. p < .0001. respectively).

In P. vannamei

Experiment 3: dose effect after 24 and 48 h of exposure. After

24 and 48 h of exposure. hypo-OC did not vary with increasing

sublethal fenitrothion concentrations except at the lethal 25 p-gl"'

fenitrothion concentration where it decreased (Fig. li/K and 3BI (F

= 14.6. p < .0001 after 24 h of exposure and F = 3.29. p
= .01 1

after 48 h of exposure). The Fisher" post-Hoc test indicates that

only the 25 ixgP' lethal fenitrothion concentration for both the 24

and 48 h experiments induced significant differences compared
with the control group.

-350

-300-

A 24h exposure

ns ns ns ns **

B 48h exposure

-250-

350-

5 10 1.5 20 2.5 5 10 15 20 25

Fenitrothion concentration (|ig/l)

Figured. Effect of 24 h (A) and 48 h of exposure (B) to 0, 5, 10. 15,20.

and 25 Mg'"' of fenitrothion at 27"C in seawater ( 1060 ± 10 niosmkg"')

on hypo-OC of juvenile (14.2 ± 2.0 gl Penaeus vannamei. 7 < n < 15.

The results are given as means ± SD.

Muscle Acetylcholinesterase Activity

In P. stylirostris

After 24 h of exposure. AChE activity decreased at all tested

sublethal fenitrothion concentrations (4. 6. and 8 jJigr') by 18. 13,

and 16%. respectively (F = 3.032; p < .05) (Fig. 4). AChE activity

decreases were all significant compared to the controls.

In P. vannamei

After 24 h of exposure. AChE activity of shrimp showing no

behavioral sign of contamination did not vary at sublethal and

lethal fenitrothion concentrations (F = 0.14, p
= .93) (Fig. 5A).

In moribund shrimp. AChE activity sharply decreased with in-

creased lethal fenitrothion concentrations (F = 10.44. p
= .0003)

by 15.5 and 30% at 20 and 30 p-gl"'. respectively (Fig. 5B). At

these concentrations, AChE activities were significantly different

compared with the controls. Differences in AChE activities were

observed in controls between replicates A and B which had been

subjected to different freezing periods (48 and 24 h) prior to en-

zymatic determinations.

DISCUSSION

Fenitrothion appeared very toxic to P. vaninmiei and especially

to P. stylirostris. For both species, a rapid decrease in the feni-

trothion tolerance was observed after 24 and 48 h of exposure from

larval to juvenile instars. A similar high sensitivity towards feni-

trothion has previously been reported for other crustacean species

(Table 3). Among peneid shrimps, fenitrothion appeared less toxic

to P. vannamei and P. stylirostris than to P. aztecus and P. japoni-

ciis (McLeese. 1976; Kobayashi et al., 1985; Lignot et al., 1997).

For instance. 24 and 48 h LC^^ values ranged from 10.5 to 41.5

p-gP' for P. stylirostris and P. va/i/tflwe/ juveniles and from only

1.0 to 2.5 jxgr' for P. aztecus and P. japonicus.

The rapid decrease in fenitrothion tolerance observed in P.

stylirostris and P. vannamei from the highly resistant nauplii to the

Zoea 1 might originate from physiological changes. During the

first 24 h after hatching, nauplii derive energy from yolk and thus

700 -I
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«
W
u
<

500

400

300 -

200 -

100

Fenitrothion concentration (ng/l)

Figure 4. Effect of 24 h of exposure to 0, 4, 6, and 8 figl"' of feni-

trothion at 27 C in seawater (1060 ± 10 mosmkg"') on acetylcholines-

terase activity (AChE) of juvenile (13.5 ± 1.4 g) Penaeus stylirostris. n

= 8. The results are given as means ± SD. .-^ChE activity is expressed

as mU/mg protein; 1 mlJ is 1 fimol of substrate hydrolyzed/l per min.
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TABLE 3.

Lethal concentrations (LC^,,) of fenitrothion in different crustacean species.

Species



Effects of Fenitrothion on Peneid Shrimps 1257

LITERATURE CITED

Allan. G. L. & G. B. Maguire. 1992, Effects of pH and salinity on surM\al.

growth and osmoregulation in Pcmiciis iiionodun Fuhricius. Aqiuutil-

nire 107:33^7.

AvelinMary. S. R.. R. Sarojini & R. Nagahhushanani, I98fi. Size and sex-

dependant tolerance capacity to organophosphorus pesticides in the

freshwater prawns, Macrohrachiiim lanierii. Comp. Physiol. Ecol. 1 1:

20(1-202.

Bamhang. Y.. G. Charmantier & J. -P. Trilles. 1995a. Effect of cadmium on

survival and osmoregulation of various developmental stages of the

shrimp Penaeus japonicus (Crustacea. Decapoda). Mar. Biol. 123:443-

450.

Bambang. Y., P. Thuet. M. Chamiantier-Daures, J. -P. Trilles & G. Char-

mantier. 1995b. Effect of copper on survival and osmoregulation of

various developmental stages of the shrimp Penaeus japonicus Bate

(Crustacea, Decapoda), Aquatic Toxicol 33:125-139.

Baticados, Ma. C. L. & E. A. Tendencia. 1991. Effects of Gusathion A on

the survival and shell quality of juvenile Penaeus monodon. Aquaciil-

ture 93:9-19.

Bhagyalakshmi. A. & R. Ramamurthi. 1980. Recovery of acetylcholines-

terase activity from fenitrothion-induced inhibition in the freshwater

field crab (Oziotelphusa senex senex). Bull. Environ. Contam. Toxicol.

24:866-869.

Bjenegaard, P. & T. Vislie. 1985. Effect of mercury on ion and osmo-

regulation in the shore crab Carcinus maenas (L.). Comp. Biochem.

Physiol. 99A:75-83.

Bjerregaard, P. & T. Vislie. 1986. Effect of copper on ion and osmoregu-
lation in the shore crab Carcinus nuienas (L.). Comp. Biochem. Plixsiol.

82C:227-230.

Bocquene. G. & F. Galgani. 1991. Acetylcholinesterase activity in the

common prawn iPalaemon serratus) contaminated by carbaryl and

phosalone: choice of a method for detection effects. Ecotox. Environ.

Safen 22:l-S.
'

Bocquene, G., F. Galgani & P. Truquet. 1990. Characterization and essay

conditions for use of AChE activity from several marine species in

pollution monitoring. Mar. Environ. Res. 30:75-89.

Boitel. F. & J.-P. Truchot. 1989. Effects of sublethal and lethal copper
levels on hemolymph acid-base balance and ion concentrations in the

shore crab Carcinus maenas kept in undiluted sea water. Mar. Biol.

103:495-501.

Bradford. M. 1976. A rapid and sensitive assay of protein utilizing the

principle of dye binding, ,4/iii/. Biochem. 772:248-264.

Caldwell. R. S. 1974. Osmotic and ionic regulation in decapod Crustacea

e,\posed to methoxychlor. pp 197-223. /;;; F.J. Vemberg and W. B,

Vemberg (eds.). Pollution and Physiology of Marine Organisms. Aca-

demic Press, New York.

Charmantier, G., N. Bouaricha, M. Charmantier-Daures, P. Thuet & J. P.

Trilles. 1989. Salinity tolerance and osmoregulation capacity as indi-

cators of the physiological state of penaeid shrimps. Spec. Pubis. Eur.

Aquacult. Soc. 10:65-66.

Charmantier, G., C. Soyez & Aquacop. 1994. Effect of molt stage and

hypoxia on osmoregulatory capacity in the peneid shrimp Penaeus

vannamei. J. Exp. Mar. Ecol. 178:233-246.

Chen, J.-C. & S.-Y. Cheng. 1996. Hemolymph osmolality, acid-base bal-

ance, and ammonia excretion of Penaeus japonicus Bate exposed to

ambient nitrite. Arc/i. Environ. Contain. Toxicol. 30:151-155.

Clark, J. R., P. W. Borthwick, L. R. Goodman, J. P. Jr. Patrick. E. M. Lores

& J. C. Moore. 1987. Effects of aerial thermal fog applications of

tenthion on caged pink .shrimp, mysids and sheepshead minnows. J.

American Mosquito Cont. Assoc. 3:46(>-472.

Coppage, D. L. & E. Matthews. 1974. Short-term effects of organophos-

phate pesticides on cholinesterases of estuarine fishes and pink

shrimps. Bull. Environ. Contam. Tox. 11:483^88.

Day, K. E. & L M. Scott. 1990. Use of acetylcholinesterase activity to

detect sublethal toxicity in stream invertebrates exposed to low con-

centrations of organophosphate insecticides. Aquatic Toxicology 18:

101-114.

De Lisle, P. F. & M. H. Jr. Roberts. 1994. The effects of salinity on cad-

mium toxicity in the estuarine mysid Mysidopsis bahia: roles of os-

moregulation and calcium. Mar. Environ. Research 37:47-62.

Drach, P. & C. Tchemigovtzeff. 1967. Sur la methode de determination des

stades d'intermue et son application generale aux crustaces. Vie Milieu

I8A:595-6I0.

Ellman, G. L.. K. D. Courtney, V. Andres & R. M. Featherstone. 1961. A
new and rapid colorimetric determination of acetylcholinesterase ac-

tivity. Biochem. Pharmacol. 7:88-95.

Ernst, W. R. & K. G. Doe. 1989. A comparison of the aquatic toxicity of

fenitrothion flowable and technical liquid technical formulations. Wa-

ter Poll. Res. J. Canada 24:553-568.

Finlayson, B. J. & R. A. Rudnicki. 1985. Storage and handling as sources

of error in measuring fish acetylcholinesterase activity. Bull. Environ.

Contam. To.xicol. 35:790-795.

Finney, D. J., 1952. Probit analysis: a statistical treatment of the Sigmoid

response curve, 2nd ed.: Cambridge Univ. Press., London, 318 pp.

Fukuto, R. 1990. Mechanism of action of organophosphorus and carbamate

insecticides. Environm. Health Perspectives 87:245-254.

Galgani, F. & G. Bocquene. 1988. A method for routine detection of

organophosphates and carbamates in sea water. Environ. Technol. Let-

ters 10:311-322.

Galli, R., H. W. Rich & R. R. Scholtz. 1994. Toxicity of organophosphate
insecticides and their metabolites to the water flea Daphnia magna, the

Microtox test and an acetylcholinesterase inhibition test. Aquatic Toxi-

cology 30:259-269.

Hatakayema. S. & Y. Sugaya. 1989. A freshwater shrimp (Paryiita com-

pressa improvisa) as a sensitive test organism to pesticides. Environ.

Poll. 59:325-336.

Hemingway, J.. J. Miyamoto & P. R. J. Herath. 1991. A possible novel link

between organophosphorus and DDT insecticide resistance genes in

Anopheles: supporting evidence from fenitrothion metabolism studies.

Pest. Biochem. Physiol. 39:49-56.

Hiltibran, R. C. 1982. Effects of insecticides on the metal-activated hydro-

lysis of adenosine triphosphate by bluegill liver mitochondria. Arch.

Environ. Ccmtam. Toxicol. 11:709-717.

Hohreiter, D. W.. R. E. Reinert & P. B. Bush. 1991. Effects of the insec-

ticides carbofuran and fenvalerate on adenylate parameters in bluegill

sunfish {Lepomis macrochirus). Arch. Environ. Contam. Toxicol. 21:

325-331.

Hudinaga, M. 1942. Reproduction, development and rearing of Penaeus

japonicus (Bate). Japan. J. Zool. 10:305-393.

Johnston, J. J. & M. D. Corbett. 1985. The effects of temperature, salinity

and a simulated tidal cycle on the toxicity of fenitrothion to Callinectes

sapidus. Comp. Biochem. Physiol. SOC: 145-149.

Jones, M. B. 1975. Synergistic effects of salinity, temperature and heavy
metals on mortality and osmoregulation in marine and estuarine iso-

pods (Crustacea). Mar. Biol. 30:13-20.

Keizer, J.. G. D'Agostino. R. Nage, T. Volpe. P. Gnemi & L. Vittozzi.

1995. Enzymological differences of AChE and Diazinon hepatic me-

tabolism: correlation of in vitro data with the selective toxicity of

diazinon to fish species. Science Total Environ. 171:213-220.

Kennedy. S. W. 1991. The mechanism of organophosphate inhibition of

cholinesterase—proposal for a new approach to measuring inhibition.

///- P, Minneau (ed.). Cholinesterase-Inhibiting Insecticides. Elsevier

Science Publishers B. V.. Amsterdam, pp. 73-88.

Klemm. D. J., L. B. Lobnng & W. H. Horning. 1990. Manual for the

evaluation of laboratories performing aquatic toxicity tests. In: Envi-

ronmental Monitoring Systems Lcdjoraloiy. U.S. Environmental Pro-

tection Agency, Cincinnati. Ohio. EPA/600/4-90/031, pp. 108.

Kobayashi. K., Y. Nakamura & N. Imada. 1985. Metabolism of an or-

ganophosphorus insecticide, fenitrothion, in tiger shrimp P. japonicus.

Bull. Jap. Soc. f/.v/i. 5 1 :599-603.

Kobayashi, K.. R. M. Rompas, T. Meakawa. N. Imada & Y. Oshima. 1990.

Changes in metabolic activity of tiger shrimp larvae at different stages



1258 LiGNOT ET AL.

to fenitrothion. an organophosphate insecticide. Bull. Jap. Sci. Fish.

56:489-196.

Konno. Y. & T. Shishido. 1994. A fenitrothion-msensitive mechanism of

the Caddistly. Clieiininkipsyclii- hrevilineata (Trichoptera: Hydropsy-

chidae). a dominant species in pesticide-polluted rivers. Appl. Entomol.

Zool. 22:113-116.

Konno, Y. & T. Shishido. 1996. Metabolism of fenitrothion in the resistant

and susceptible Diamondback moth, Plutella xylostella L. (Lepi-

doptera: Yponomeutidae). J. Pest. Sci. 21:17-21.

Lawson, S. L., M. B. Jones & R. M. Moate. 1995. Effect of copper on the

ultrastructure of the gill epithelium of Carcinus maenas (Decapoda:

Brachyura). Mar. Poll. Bull 31:63-72.

Lee, D. O'C. & J. F. Wickins. 1992. Crustacean fanning. Blackwell Sci-

entific Publications. Univ. Press., Cambridge. 392 pp.

Lignot, J.-H., G. Chamiantier & J. -P. Trilles. 1997. Effects of an organo-

phosphorus insecticide, fenitrothion. on survival and osmoregulation of

various developmental stages of the shrimp Penaeus japonicus (Crus-

tacea, Decapoda). Mar. Biol. 128:307-316.

Lignot, J.-H., F. Pannier, J.-P. Trilles & G. Charmantier. 1998. Effects of

Tributyltin oxide on survival, osmoregulatory capacity and Na*, K*,

ATPase activity of the shrimp Penaeus japonicus (Crustacea, Deca-

poda). .\quat. Toxicol. 41:277-299.

Lin, H. P., G. Charmantier & J. P. Trilles. 1991. Toxicite de I'ammonium

au cours du developement postembryonnaire de Penaeus japonicus

(Crustacea, Decapoda). Effet sur I'osmoregulation. C. R. Acad. Sci.

Paris 3\2an):99-\05.

Lin, H. P.. P. Thuet, G. Charmantier & J. P. Trilles. 1992. Effects of

turbidity on survival, osmoregulation and gill Na*-K* ATPase in ju-

\enile shrimp Penaeus japonicus. Mar. Ecol. Prog. Ser. 90:31-37.

Lin, H. P., P. Thuet, J. P. Trilles, R. Mounet-Guillaume & G. Charmantier.

1993. Effects of ammonia on survival and osmoregulation of various

development stages of the shrimp Penaeus japonicus. Mar. Biol. 117:

591-598.

Lockhart, W. L., F. J. Metner, F. J. Ward & G. M, Swanson, 1985. Popu-

lation and cholinesterase responses in fish exposed to malathion sprays.

Pest. Biochem. Physiol. 24:12-18.

Macek, K. J., D. F. Walsh, J. W. Hogan & P. P. Holz. 1972. Toxicity of the

insecticide dursban to tlsh and aquatic invertebrates in ponds. Trans.

Amer. Fish. Soc. 101:420-427.

McLeese, D. W. 1976. Olfactory response and fenitrothion toxicity in

American lobsters {Homarus americanus). J. Fish. Res. Board Can.

31:1127.

Mestres, R., G. Leonardi, C. Chevallier & J. Tourte. 1969. Residus de

pesticides. Methode de recherche des residus de pesticides dans les

eaux naturelles. Ann. Fals. E.xp. Chim. 684:75-85.

Morgan, M. J. & J. W. Kiceniuk. 1990. Effects of fenitrothion on the

foraging behavior of juvenile Atlantic salmon. Environ. Toxicol. Cheni.

9:489^96.

Nonnotte, L., F. Boitel, & J. P. Truchot. 1993. Waterborne copper causes

gill damages and heniolymph hypoxia in the shore crab Carcinus mae-

nas. Can. J. Zool. 71:1569-1576.

Pawar, K, R. & M. Katdare. 1982. Gill lesions in freshwater prawn Mac-

robrachium kistnetisis (Tiwari) after intoxication with organophosphate

insecticide fenitrothion. Poll. Res. 1:59-62.

Pawar, K. R. and M. Katdare. 1984. Effects of sub-lethal and lethal con-

centrations of fenitrothion, BHC, and carbofuran on behaviour and

oxygen consumption of the FW prawn Macrohrachium kisiiwnsis (Ti-

wan). Arch. HydrobioL. Vol. 99, pp. 398-103.

Pequeux, A. 1995. Osmotic regulation in Crustaceans, J. Crust. Biol.. Vol.

15, pp. 1-60.

Reddy, M. S. and K. V. R. Rao. 1988. In vivo recovery of acetylcholines-

terase activity from phosphamidon and methyl parathion induced in-

hibition in the nervous tissue of peneid prawn {Metapenaeus monoc-

eros). Bull. Environ. Contain. Toxicol.. Vol. 40, pp. 752-758.

Reddy, M. S., P. R. S. Kodavanti & K. V. Ramana Rao. 1990. Toxic im-

pact of phosphamidon on protein degradation in phasic and tonic

muscles of marine prawn. Penaeus indicus (H. Milne Edwards). Arch.

Intern. Physiol. Bioch. 98:347-352.

Reddy, A. N., N. B. R. K. Venugopal & S. L. N. Reddy. 1992. Effect of

endosulfan 35C on ATPases in the tissues of a freshwater field crab

Baiytelphusa guerini. Bull. Environ. Contatn. Toxicol. 48:216—222.

Repetto. G., P. Sanz & M. Repetto. 1988. In vivo and in vitro effect of

trichlorfon on esterases of the red crayfish Procaniharus clarkii. Bull.

Environ. Conlani. Toxicol. 41:597-603.

Rieder. D. 1985. Acute toxicity test for estuarine and marine organisms

(shrimp 96-hour acute toxicity test). In: Hazard Evaluation Procedure.

Standard Evaluation Procedure. U.S. Environmental Protection

Agency, Office of Pesticide Programs, Washington, D.C. EPA-540/9-

85-010, 11 pp.

Rompas, R. M., K. Kobayashi, Y. Oshima, N. Imada, K. Yamato & Y.

Mitsuyasu. 1989. Relationship between toxicity and acetylcholinester-

ase inhibition of some thiono- and oxo-form organophosphates in tiger

shrimp larvae at different stages. Nippon Suisan Gakkaishi 55:669-

673.

Sarojini, R., R. Nagabhushanam & Sr. Avelin Mary, 1986. Effect of feni-

trothion on the reproduction of the freshwater prawn Macrobrachiwn

lamerii. Ecotox. Environ. Safety 11:243-250.

Schoor, W. P. & J. Brausch. 1980, The inhibition of acetylcholinesterase

activity in pink shrimp (Penaeus duorarum) by methyl parathion and

its oxon. Arch. Environ. Contam. Toxicol. 9:599-605.

Symons, P. E. K. 1976. Dispersal and toxicology of the insecticide feni-

trothion predicting hazards of forest spraying. Residue Rev. 68:1-36.

Takimoto. Y.. M. Oshima & J. Miyamoto. 1987. Comparative metabolism

of fenitrothion in aquatic organisms. III. Metabolism in the Crusta-

ceans. Daphnia pulex and Palaemon paucidens. Ecotoxicol. Environ.

Safe. 13:126-134.

Thurberg, F. P., M. A. Dawson & R. Collier. 1973. Effects of copper and

cadmium on osmoregulation and oxygen consumption in two species of

estuarine crabs. Mar. Biol. 23:171-175.

Tronczynski, J. 1990. Programme de recherche sur les produits phytosani-

laires en zones littorales et estuariennes. IFREMER DR0-90-05-MR,

39 pp.

Vijayalakshmi, P. & K. V. Ramana Rao. 1985. Effects of phosphamidon on

tissue aminotransferase activities in Metapenaeus monoceros (Fabri-

cius). Indian J. Mar. Sci. 14:165-166.

Young-Lai. W. W.. M. Charmantier-Daures & G. Charmantier. 1991. Ef-

fect of ammonia on survival and osmoregulation in different life stages

of the lobster Homarus americanus. Mar. Biol. 110:293-300.

Zinkl, J. G., P. J. Shea, R, J, Nakamoto & J, Callman. 1987. Technical and

biological considerations for the analysis of brain cholinesterase of

rainbow trout. Trans. Amer. Fish. Soc. 116:570-573,

Zitko, V. 1982. Letcur. the lethality curve program. Tech. Rep. Fish. Aquat.

Sci. Can. 1134:1-10.



Joiirmil oj Shellfish Rcscanh. Vol. 17, No. 4, 1259- 12(1 1, ^98,

A DEVICE FOR ACCURATE AND RAPID SIZE MEASUREMENTS OF MOLLUSCS
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ABSTRACT The construction and use of a measuiing device for hard-shelled molluscs is described. The instrument is easy to use

and has an accuracy of ±0.1 mm. Its adavantage over a caliper ruler or other commonly used devices (i.e.. measuring boards) is that

it allows for measurement of large numbers of specimens in a very short time without loosing accuracy m the individual measurement.

KEY WORDS: Measuring box. hard shelled molluscs, integrated caliper rule, size measurements

INTRODUCTION

Population studies require large number of individual size mea-

surements to obtain representative and statistically sound data

(Pauly. 1985: Sparre and Venema, 1987). In most instances, time

and manpower is limited, however. The consequence is often that

either the number of individual (accurate) measurements taken is

too small or that tiiany measurements are taken at the expense of

accuracy.

Fisheries scientists and aquaculturists studying the dynamics of

mollusc populations know this problem from their field work on

vessels, at landing places, at the fish market, or at aquaculture

farms. In addition, fisherman and resellers usually do not like to

spend hours watching scientists measure their precious shellfish.

The caliper rule seems to be the most accurate measuring de-

vice, but the handling can be time consuming, especially when

dealing with animals of irregular shape. Other methods such as

measuring boards or bo.xes allow for faster measurements but they

are less accurate. In order to overcome this problem we designed

a measuring box with an integrated caliper rule which allows for

rapid and easy measurement of hard-shelled organisms (Plate 1).

Its accuracy is ±0.1 mm. the design is simple, and it is easy to

clean. With this device up to 600 snails (Thais coronata coronata)

can be measured in about I h. The original version of this device

was a bo,x with a scale and an included slide, which was used by

one of us (M. Wolff) to measure commercially harvested Ar-

gopecteii purpuranis in Perii back in the early 80s (Wolff. I98.'>).

It provided fast handling but low accuracy (±1 mm), so we decided

to change the design.

CONSTRUCTION OF THE DEVICE

The Box

Acording to the measurements in the diagram (Fig. la. b) the

box was cut of a solid PVC-block with a CNC milling machine.

We used PVC as it is relatively cheap, easy to work, and resistant

to seawater. Another advantage is that the finished device weighed

little tnore than I kg. At the side where the caliper rule is attached.

3 mm of the PVC-block had to be cut out to provide space for the

moving part of the caliper rule (Fig. la). Stainless steel screws

(M6, 20 mm length) were used for attaching the caliper rule to the

box. The attachment was fixed with M5 screws (20 mm) to the

movable part of the caliper rule. The holes were drilled with a

helicoil drill and helicoil threads were then inserted. These metal

threads keep the pitches from wearing out when the caliper rule

has to be dismounted for cleaning. Drainage holes (5 mm) were

drilled into the bottom of the box. The attachment (Fig. Id) was

also made of PVC. with metal threads inserted into the drill holes.

as described above. Rubber patches were glued to the bottom of

the box to provide hold on smooth surfaces.

The Caliper Rule

A sturdy caliper rule (stainless steel) of about 300 mm in length

was used. A good quality is recommended as it is crucial for the

overall stability of the device. After being cut to the desired length,

the holes were eroded into the tempered steel, as indicated in

Figure Ic. We strongly recommend that the device be profession-

ally made as its accuracy depends on exact construction. A preci-

sion engineer can build the device on the basis of the technical

drawing (Fig. 1 ).

USING THE DEVICE

The size of our tool was chosen for animals between 10.0 and

100.0 mm. The main advantage is that the caliper rule is fixed and

the attachment provides a large area for measuring animals. Fur-

thermore, the box can be used to position animals correctly, which

is sometimes difficult when using a normal caliper rule. Measuring

animals has to be done with care, as the attachment is fixed only

with two screws and is the most sensitive part of the whole device.

Its durability depends largely on how carefully it is used. We had

no problems during a 1 '/: year study in northern Brazil where

several thousand animals were measured. To keep the metal parts

from corroding, a good oil (e.g.. Ballistol ) should be applied before

and after each use. This guarantees smooth action of the movable

parts and protects the metal from the seawater.

We are confident that the interested reader will find this instru-

ment very useful.
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Plate 1. Slio«s> the top view of the flnished (and well used) device.
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THE EFFECTS OF MOWING SPARTINA ANGLICA DUR-

ING NOVEMBER. DECEMBER, JANUARY AND FEBRU-

ARY IN TRIANGLE COVE, CAMANO ISLAND.
WASHINGTON. Jerry Bentler. Tulalip Tribes Fisheries De-

partment, 7615 Totem Beach Road. Marys\ille. Washington

98271.

Preliminary tests by Bentler ( 1997) indicated potential for high

efficacy using winter mowing as a control methodology for Spar-

tina auglica and 5. aherniflora in North Puget Sound. Four test

plots in Triangle Cove, Camano Island, Washington, were cut

during November and December of 1996. and January and Feb-

ruary of 1997 to test the feasibility of use for larger, produc-

tion scale control. Each plot received two treatments and was

compared to a control. The first treatment was an initial cutting

with a sickle bar mower. The second treatment occurred after

flushing by the tide and consisted of mowing to the substrate with

weedeaters.

Stemcounts of randomly selected plots were conducted in July.

1997. Data indicates that November and December treatments had

the greatest efficacy. January had almost no effect, and February

treatments may stimulate growth. Further cutting experiments are

recommended for November, and perhaps October.

QUILCENE-BRINNON SCHOOLS SHELLFISH SCIENCE

CLUB: A MODEL SHELLFISH FARM ON HOOD CANAL.

Colleen A. Burge and Amalia C. Baker, Seniors at Quilcene

High School. Quilcene. WA 98.^76. John Pitts and Charles Baker,

Advisors

The Quilcene-Brinnon Schools Shellfish Science Club is an

educational, high school club that raises oysters and teaches the

community about water quality. The oysters are raised on both

Quilcene and Dabob bays off the Hood Canal. 4.7 acres of beach

was donated by Jefferson County and the Washington Department

of Fisheries and Wildlife. The oysters raised are sold at fairs,

festivals and an annual community dinner. At these functions wa-

ter quality brochures are handed out to stress the importance of

clean water to the community.

Student members have a variety of educational activities for

participation, from business procedures to labor intensive work.

The club"s main goal is to raise enough money to take a fun and

educational, aquaculture related field trip every two years.

Quilcene High School students have managed and operated the

model farm for over three years, receiving two environmental

awards, one locally and one nationally. The club hopes to continue

to raise oysters and teach the community about the importance of

water quality.

RESULTS OF VOLUNTEER BEACH ASSESSMENT PRO-

GRAM ON THE PUGET SOUND BEACHES OF KING

COUNTY. WASHINGTON. Robert N. Brenner. King County

Department of Natural Resources.

Citizen volunteers were recruited via news releases to local

newspapers and radio stations to collect various data which were

used to assess the current condition of the local beaches and to

determine whether significant changes had occurred over the

twenty years since two investigators surveyed five of the beaches

as part of their doctoral research/thesis work. The volunteers as-

sisted with or accomplished invertebrate surveys and seaweed sur-

veys. The volunteers also conducted clam population estimates

following the Washington Department of Fish and Wildlife sam-

pling protocol. The volunteers collected data used to draw topo-

graphic maps of most of those beaches. Most of the seventeen

beaches in the study area have been surveyed twice over the past

three years.

The data did not show significant changes in the invertebrate

populations or the sea weeds. There was evidence of destruction of

the beaches and declines in the numbers and sizes of various

invertebrate and algae target species which are attributable to over-

enthusiastic harvesting and poaching.

It was found that using volunteers is a cost effective avenue for

conducting labor intensive surveys. This is also a very effective

educational tool.

WESTERN REGIONAL AQUACULTURE INDUSTRY
SITUATION AND OUTLOOK REPORT: A SHELLFISH
PERSPECTIVE. Kenneth K. Chew. William K. Hershberger.

and Derrick R. Toba, Western Regional Aquaculture Center,

School of Fisheries Box .357980, University of Washington. Se-

attle, WA 98195-7980.

A survey to estimate the aquaculture production in the twelve

western states was conducted for the Western Regional Aquacul-

ture Center (WRAC). The western region includes Alaska, Ari-

zona, California. Colorado, Idaho, Montana, Nevada, New

Mexico, Oregon, Utah. Washington and Wyoming. This .study was

designed to 1 ) provide production estimates for all species cul-

tured, and identify the states in which they are produced; 2) pro-

vide information on the current status of each industry and esti-

mate future (year 2000) production; and 3) determine product

forms sold by the producers and provide the average selling price.

Information on finfish (salmon, trout, catfish, tilapia and others),

shellfish (oysters, mussels and others), aquatic plants and non-

foodfish were collected for the survey.

Total aquaculture production for the western region was

1 53.000 pounds, which was valued at $181,000. The three leadin.g

states. Washington (72 million pounds). Idaho (45 million pounds)

and California (27 million pounds) combined to produce over94'.'f

of the total weight. California ($56 million), Idaho ($57 niillion)

and Washington ($56 million) combined to account for 9495- of the

total value of aquaculture production in the western region.

Of the total western region aquaculture production, 67 million
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pounds (44%) and valued at $20 million (1 1%) were shellfish. Five

states reported commercial shellfish aquaculture harvests and

sales: Alaska. Arizona. California. Oregon, and Washington. In

each of the coastal states, oysters comprised the majority of shell-

fish production. Other species harvested included mussels, clams,

scallops, abalone. crawfish, and shrimp. Trends over the past ten

years were analyzed for each state and species.

A STOCK REBUILDING PLAN FOR THE NATIVE OLYM-
PIA OYSTER iOSTREA LURIDA ) ON PUBLIC TIDELANDS
IN WASHINGTON STATE. Anita E. Cook and J. Anne Shaf-

fer, Washington State Department of Fish and Wildlife. 1000 Ft,

Whitney Road. Brinnon. WA 98320; Brett R. Dumbauld and

Bruce E. Kauffman, Washington State Department of Fish and

Wildlife. P.O. Box 190. Ocean Park. WA 98640.

The Olympia oyster (Ostrea lurida) is native to the state of

Washington. Its numbers, as well as distribution were drastically

reduced after European settlement, predominately due to overhar-

vest and pollution. The non-native Pacific oyster {Crassostrea gi-

gas). which is relatively easily cultured and reproduces naturally in

the Hood Canal area and Willapa Bay. has become the most abun-

dant oyster in Washington state. Pacific oysters represent over

99% of the commercial oyster harvest.

The Washington State Department of Fish and Wildlife

(WDFW) is cuiTcntly investigating the status of the Olympia oys-

ter, with the goal of increasing native oyster populations on public

tidelands where they once existed and assuring that they do not

become threatened or endangered. WDFW is developing an Olym-

pia oyster stock rebuilding plan. We give a brief synopsis of the

plan to date including historical background and current distribu-

tion of the native oyster, management, harvest, predators, genetic

considerations, and habitat and water quality issues. Finally, we

summarize the goals and objectives of the rebuilding plan and

some proposed actions in hopes of stimulating discussion among

representatives from the oyster industry, academia. tribes, govern-

ment agencies and other affected parties.

ROCK SCALLOP CULTURE: THE IMPORTANCE OF AT-

TACHMENT. Carolynn S. Culver, John B. Richards, and

Henry M. Page, Depanment of Ecology. Evolution and Marine

Biology and Marine Science Institute. University of California,

Santa Barbara. California 93106.

Many are excited about the potential culture of the rock scallop,

Ciassadoma gigantea (formerly Hiiiiiites miiltirugosiis). With re-

cent advances in larval rearing techniques, seed will soon be avail-

able for experimental grow-out. However, knowledge of effective

grow-out methods are still lacking. Unlike other scallops. C. gi-

guiitea typically cements to a hard substrate as a juvenile (at a shell

length of approximately 3=20 mm). The biological significance of

this cementing stage is little understood. Furthermore, factors

regulating the cementing process are unknown. Understanding the

biological importance of cementation and determining whether the

process can be manipulated will be required before efficient grow-

out methods can be developed.

Initial studies have examined the importance of attachment and

scallop orientation at various current speeds. At high current

speeds (3=9 cm/sec) scallops preferred to be vertically oriented

within the water column. Preference for a specific orientation in

relation to water tlow. presumably one which optimizes feeding.

was not as strong as originally suspected. In addition, scallop

orientation to water flow did not change in response to a change in

flow direction. The results and implications of these studies, which

required the construction of specially designed experimental flow

tanks, will be discussed. In addition, potential factors regulating

the cementing process will be described. Our observations on at-

tachment have prompted us to believe that manipulation of the

cementing stage will be required for development of effective

grow-out methods.

COMPARISON OF TWO PSP TOXICITY TESTING
METHODS, ANATOMICAL DISTRIBUTION. AND INDI-

VIDUAL VARIABILITY IN PSP TOXINS IN THE GEO-

DUCK CLAM. Kelly M. Curtis, University of Washington.

School of Fisheries. Box 357980. Seattle. WA 98195.

The geoduck clam, Panope abrupta. is a valuable economic

resource in the state of Washington where it is harvested and sold

as a food product. However, the clam bioaccumulates the PSP

producing dinotlagellate. Alexandrium catenella. which increases

the risk of PSP poisoning to consumers, and may reduce its value

as a food item for human consumption. Historically, levels of PSP

toxin in the tissues of geoducks were not considered a problem; it

was assumed that the gut was thrown out. In addition, traditional

"hot" areas of Puget Sound were closed to harvesting. Now. it has

been learned that various Asian and Tribal communities are actu-

ally consuming the gut. and the traditional "hot" areas were A.

caleneUa blooms occur are being opened to harvest.

From August through December. 1997. geoducks will be col-

lected from two "hot' tracts within Puget sound. Neck, mantle and

visceral ball will be tested separately for toxicity, using the recep-

tor-binding assay and the mouse bioassay. Analyses of the data

will address these questions, and will be discussed: What is the

anatomical distribution of PSP toxins in geoduck? How do the

receptor-binding assay and the mouse bioassay compare in testing

for PSP? What is the clam to clam variability, does it vary with

depth or season, and is it consistent between the two tracts?

New information regarding variability in geoducks may lead to

a revision of the current monitoring program for PSP in geoducks,

protect public health, minimize product recall, and minimize loss

of income to state and tribal harvesters.
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BURROWING SHRIMP CONTROL AND EELGRASS DIS-

TRIBUTION IN WASHINGTON STATE COASTAL ESTU-

ARIES. Brett R. Dunibauld. Washington State Department ot

Fish and Wildlife. P.O. Box 190. Ocean Park. WA 98640. Sandy

Wyllie-Echeverria, School of Marine Affairs. University of

Washington. Seattle. WA 98195.

The distribution of eelgrass (Zosleia spp.) in coastal estuaries

of Washington state is directly influenced by oyster aquaculture

practices. Though little researched, harvest practices such as

dredging are suspected to cause direct loss. In contrast, we ob-

served enhancement in areas where the pesticide carbaryl had been

applied to control burrowing thalassinid shrimp (Neotrypaea cali-

forniensis and Upogehia pugettensis) and began an experimental

investigation into the mechanism of shrimp/eelgrass interaction.

Results from small scale intertidal spray experiments con-

ducted in an area where Neotrypaea is very abundant suggest that

eelgrass seeds sprout equally well in areas where shrimp are

present and where they have been controlled with carbaryl. Sub-

sequent growth of small sprouts however, is inhibited by the pres-

ence of shrimp and the young plants ultimately perish as shrimp

become active in the spring. Oyster harvest activity typically oc-

curs in the fall when eelgrass has begun to senesce and disperse

seed. All of these considerations must be taken into account when

managers weigh the- functional results of aquaculture practices at

the larger estuarine ecosystem scale.

THE NASCENT INVASION OF GREEN CRAB {CARCINUS

MAENAS) IN WASHINGTON STATE COASTAL ESTUAR-

IES. Brett R. Dunibauld and Bruce E. Kauffman, Washington

State Department of Fish and Wildlife. P.O. Box 190. Ocean Park.

WA 98640.

The presence of green shore crab (Carciinis maenas) which are

native to Europe was documented in coastal estuaries of Wash-

ington state, U.S.A. during the summer of 1998. All crab appear to

be of approximately the same age class having presumably re-

cruited to the estuaries in 1997. Their present distribution with

abundance greatest near the mouth of these estuaries appears to

implicate larval transport along the Pacific coast as the probable

vector for introduction.

Surveys conducted during summer 1998 suggest that the

present distribution is restricted to the low intertidal salt marsh

where potential competitors, particulariy larger Dungeness crab

are less abundant. Green crab were most abundant in Spariimi,

another invasive species which has clearly altered the intertidal

environment in Willapa Bay. No green crab were found in subtidal

channels or in areas where oyster aquaculture was being practiced,

but this may be due to the early level of infestation (highest av-

erage
= 2 crab/tiap/24 hr). A plan for continued monitoring and

potential control of green crab in Washington estuaries is outlined.

USE OF OYSTER SHELL TO CREATE HABITAT FOR JU-

VENILE DUNGENESS CRAB IN WASHINGTON
COASTAL ESTUARIES: STATUS AND PROSPECTS. B. R.

Dumbauld and R. E. Kauffman, Washington Department of Fish

and Wildlife. Willapa Bay Field Station. P.O. Box 190. Ocean

Park. WA 98640, D. A. Armstrong and E. Visser, School of

Fisheries, Box 357980, University of Washington. Seattle. WA
98195. L. Cole-Warner, Seattle District U.S. Army Corps of En-

gineers. P.O. Box 3755. Seattle, WA 98124.

The deployment of oyster shell in estuarine intertidal areas to

create habitat for juvenile Dungeness crab [Cancer magistei) is

now routinely used as a mitigation technique for "unavoidable

losses" of crab during dredging operations in Grays Harbor and

Willapa Bay along the southwest coast of Washington State. Origi-

nal feasibility studies were conducted in 1986/87 for a project

administered by the U.S. Amiy Corps of Engineers which widened

and deepened the navigation channel in Grays Harbor. Since that

time, several studies have elucidated the ecology of crab and other

organisms that recruit to the shell reefs that are created and have

also refined the procedures used to calculate the number of crabs

lost due to dredging and those produced by the shell placement.

While the shell produces crab habitat, initial assumptions about the

longevity of the shell have proved to be overly optimistic and the

shell often sinks or is covered with silt before the end of the first

summer after deployment. In addition, competition with shore

crabs Hemigmpsus oregonensis. has caused juvenile Dungeness

crab to be displaced. We summarize results of these studies, make

some ecological comparisons of habitat value with "natural
"

habi-

tats such as eelgrass that also act as intertidal crab nursery areas,

and present initial results from an ongoing mitigation effort which

seeks to produce a more persistent living oyster reef in Willapa

Bay.

POLYCULTURE OF HAUOTIS RUFESCENS AND PAL-

MARIA MOLLIS UNDER REDUCED FLOW CONDITIONS
AND ARTIFICIAL ILLUMINATION. Ford Evans and Chris

J. Langdon, Hatfield Marine Science Center. Oregon State Uni-

versity. Newport, OR 97365.

Seasonal rates of dulse [Palmuria nuillls) consumption by 10 to

80 mm red abalone (Haliolis rufescens) were compared with dulse

growth rates under three How conditions (1,6, and 35 water vol-

ume exchanges per day) and three light regimes (natural light

alone, natural light supplemented with either 12 or 24 h artificial

illumination). These consumption and production measurements

were used to estimate maximum possible stocking densities of red

abalone cultured with dulse as a food source and in situ biofiher.

Dulse production declined with reduced flow rate during spring

and summer, but not during winter. The use of supplemental illu-

mination had a significant (p < 0.05) beneficial effect on dulse

production, especially m winter when dulse production ranged

from 14 g wet wt. m"" d
'

with natural light alone to 320 g wet wt.
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m~" d~' with 24 h supplemental illumination. The rate of dulse

consumption by abalone can be expressed as a function of abalone

whole body wet weight regardless of season (winter, spring and

summer).

A maximum of 4,300 10 mm abalone could be sustained per

110 1 culture container (stocked at 9 g 1"' dulse) during spring

under 24 h artificial illumination and 35 water volume exchanges

d~'. Only 80 10 mm abalone could be sustained per culture con-

tainer during winter under ambient light conditions and one water

volume exchange d"'.

BURROWING SHRIMP RECRUITMENT TO ESTUARINE
INTERTIDAL HABITATS. Kristine L. Feldman and David A.

Armstrong. School of Fisheries. Box 357980. University of

Washington. Seattle. Washington 98195, Brett R. Dumbauld,

Washington State Department of Fish and Wildlife. Willapa Bay

Lab. P.O. Box 190, Ocean Park, Washington 98640.

Ghost shrimp. Neotiypaea californiensis. and mud shrimp.

Upogebia pugettensis. are common in estuarine sediments along

the Pacific coast of North America. Although both species infaunal

burrowers. they differ in a number of life history characteristics

such as timing of postlarval settlement, feeding mode, and burrow

morphology, which may differentially affect their patterns of re-

cruitment to intertidal habitats. This paper will review on-going

studies investigating different aspects of burrowing shrimp recruit-

ment to Washington coastal estuaries such as spatial and temporal

patterns of distribution, recniitment to intertidal shell and mud

substrates, and effects of oyster culture practices on abundance of

young-of-the-year shrimp.

INTRASPECIFIC COMPETITION WITHIN SCALLOP
SPAT COLLECTOR BAGS. Marcel Frechette, Institut Mau

rice-Lamontagne. Minstere de Peches et des Oceans. Mont-Joli.

Quebec. Canada. G5H 3Z4

Scallop culture usually involves three steps: spat collection,

intermediate culture in pearl nets and finally growout or bottom

seeding. Using pearl nets is costly. The scallop industry in

Magdalen Islands. Quebec, has been considering to perform inter-

mediate culture in the spat collector bags, thus bypassing the pearl

nets phase. To be efficient, this must be done at population den-

sities high enough to be profitable, while minimizing intraspecific

competition. Testing for intraspecific competition in controlled

experiments poses insurmountable practical difficulties because of

uncertainty in spatfall intensity. Therefore the intensity of compe-

tition was asses.sed from the relationship between body size and

population density. Installing collector bags at different depths in

the water column provided initial density groups spanning one

order of magnitude. Preliminary analysis shows that competition

among scallop spat did occur, but not at all depths in the water

column.

IDENTIFYING THE KUMAMOTO OYSTER: A FIRST
STEP IN BROODSTOCK RESTORATION AND IMPROVE-
MENT. Patrick M. Gaffney, University of Delaware. Lewes. DE
19958. Dennis Hedgecociv, University of California Bodega Ma-

rine Laboratory. Bodega Bay. CA 94923. Anja Robinson, Hat-

field Marine Science Center. Newport. OR 97365.

The Kumamoto oyster. Crassostrea sikamea, is a valuable part

of the oyster industry in the Pacific Northwest, where it was in-

troduced inadvertently with shipments of seed oysters (C. gigcis)

from Japan earlier this century. Although a number of growers

have broodstock Kumamoto oysters, previous work has raised con-

cern that their genetic integrity may be threatened by two factors:

hybridization with the Pacific oyster C. gigas. and loss of genetic

variability as a result of small effective population sizes.

As the first step towards preserving and improving the existing

Kumamoto broodstock population, growers want to identify non-

destructively oysters that are pure C. sikamea and separate them

from C gigas or hybrid oysters. Analysis of DNA markers am-

plified by the polymerase chain reaction (PCR) is an attractive

alternative method that can be applied to small tissue snips, eggs

and larvae. Previously, Banks et al. ( 1993) demonstrated the use of

PCR-amplified mitochondrial genes to distinguish between Pacific

and Kumamoto oysters. However, this approach cannot be used to

identify hybrids, which possess only the maternal mtDNA geno-

type. For this reason, we developed a nuclear gene marker that can

discriminate between the two species and their Fl hybrids.

We have typed several hundred biopsied oysters supplied by

growers. Some lots contained substantial numbers of Pacific oys-

ters, while others were almost pure Kumamoto. Although the re-

lationships among surviving Kumamoto populations are not yet

known, the prospects for a broodstock restoration program are

good. To date, no hybrids have been found. This suggests either

that hybridization was never that extensive, that growers have

learned to be more discriminating, or possibly that hybrids do not

survive well in the field.

THE GROWTH AND RECRUITMENT RATES OF BUT-

TER CLAMS ON SELECTED BEACHES IN THE STATE
OF WASHINGTON. Stuart A. Goong, School of Fisheries. Uni-

versity of Washington. Seattle. WA 98195.

The butter clam iSaxidomus gigaiUeiis Deshayes) is a highly

valued recreational shellfish species, but the commercial harvest

has been historically small in Washington. However, harvests have

increased in recent years, and basic information on the ecology and

biology of the clam is necessary to establish a sound management

regime. The primary objective of this study will be to determine

the growth and recruitment rates of butter clams on three beaches

in the Puget Sound Basin. The beaches that are included are Birch

Bay State Park. Double Bluffs Beach, and Potlatch State Park. The

beaches represent the northern, middle and southern portions of the
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Puget Sound Basin, respectively. The growth rates will be deter-

mined by measuring lengths-at-age for clams collected from each

beach. The recruitment rates will be determined by examining the

age distributions of the clams from each beach. E.xamination of

external shell annuli is central to the investigation. The annuli

represent annual checks in the shell which can be used to age the

clams. They will therefore allow determinations of both lengths-

at-age and age distributions. A small number of shells will be thin

sectioned in order to allow finer resolution in annuli. Annuli from

these thin sections will be compared to external annuli from the

same clams in order to verify that they represent annual checks.

Secondary objectives in this investigation include the determina-

tion of clam siz.e distributions for the beaches in this study, the

examination of the hinge ligament for annual checks and the ex-

amination of any relationship between shell thickness and age.

After a clam is aged fifteen to twenty years, the resolution in

new annuli becomes very poor. Hinge ligament checks or in-

creased shell thickness may allow a more refined understanding of

the age distribution of this clam. The growth and recruitment

rates of butter clams in Washington are poorly understood. This

research will increase our understanding of butter clam biology

and therefore contribute to a scientifically sound management

strategy.

SURVIVAL, GROWTH, AND PATTERNS OF SEXUAL
MATURATION OF TASMANIAN PACIFIC OYSTERS,
CRASSOSTREA GIGAS, IN WASHINGTON STATE. Man-

fred T. Kittel and K. K. Chew, School of Fisheries. Box 357980,

University of Washington, Seattle, WA 98195.

The F, generation of Tasmanian Pacific broodstock oysters,

Crassostrea gigas. transferred from Tasmania to Washington state

in 1994, was studied in comparative growout trials and laboratory

analyses. Survival, growth, and shell morphology data were col-

lected over an 18-month period from the Tasmanian oysters and

control C. gigas of local origin. Seasonal changes in gonadal pro-

liferation and glycogen storage were determined by quantitative

histological examination and biochemical analysis of glycogen

content. Results of these studies show that the F, progeny of the

introduced oysters experienced significantly fewer mortalities at

one of the experimental growout sites. In addition, the Tasmanian

oysters attained a significantly greater shell length, whole volume,

and whole weight than the controls. Patterns of gonadogenesis and

glycogen storage are presented. A molecular genetic analysis by

allozyme electrophoresis and PCR-RFLP methodology to charac-

terize the introduced oysters as a distinct population is in progress.

Based on their performance during the experimental grow-

out, these Tasmanian oysters may be of value to oyster growers

as distinct stocks or as broodstock for intraspecific hybridiza-

tion.

SURVIVAL OF OYSTER {CRASSOSTREA GIGAS) LAR-

VAE EXPOSED TO RODEO AND THE SURFACTANTS

LI700, RIl. AND X77. K. M. Kubena and C. E. Grue, Wash-

ington Cooperative Fish and Wildlife Research Unit. University of

Washington. School of Fisheries. Box 357980. Seattle, WA. T. H.

DeWitt, Battelle Pacific Northwest Laboratory, 1529 West Se-

quim Bay Road. Sequim. WA.

Smooth cordgrass iSparrimi altenufloni). native to the Atlantic

Coast, was accidentally introduced into Willapa Bay. in the late

1800s. Its distribution in the Bay has recently increased dramati-

cally displacing mudflat habitat critical to a variety of fish and

wildlife, including the commercially important Pacific oyster. Ef-

forts to control Sparriiui have been complicated by concerns over

potential non-target effects of Rodeo, the only herbicide approved

for use on Spartina in Washington. Both glyphosate. the active

ingredient of Rodeo, and the commonly used surfactants are

known to adsorb to sediments. We conducted sediment toxicity

tests with Pacific oyster pediveliger larvae in which larvae were

exposed for 4 days to sediments spiked with Rodeo and the sur-

factants. The median lethal concentrations of the tank mixes were

between 3,400 and 5,000 ppm glyphosate and varied with the

surfactant added. Survival of larvae exposed to 3,353 ppm gly-

phosate and X77 was statistically different from controls, whereas

tank mixes with LI700 and Rll were less toxic (statistically dif-

ferent from controls at 5.030 ppm). Toxic levels identified in the

present study are more than two orders of magnitude less than

maximum levels (16 ppm dry weight) of glyphosate detected in

sediment after hand and aerial applications to control Spartina in

Willapa Bay.

UPDATE ON THE MOLLUSCAN BROODSTOCK PRO-

GRAM. Chris J. Langdon, Hatfield Marine Science Center. Or-

egon State University. Newport. OR 97365.

The primary focus of the Molluscan Broodstock Program

(MBP) is the genetic improvement of Pacific oysters through ge-

netic selection. Pairs of oysters from either Willapa or Dabob Bay

"wild" populations were crossed to produce about 150 full-sib

families. The families were planted at five commercial sites along

the West coast, U.S.A. Survival, growth and meat yields of planted

families will be compared when they reach market size and top per-

forming families will be used to produce the next MBP generation.

Interim live weights of families planted in 1996 were measured

at sites in south Puget Sound and Willapa Bay in summer 1997 to

determine if it will be possible to predict final rankings of families

at market size from their relative live weights after about 10

months of growth. At both sites we have found significant diiier-

ences in live weights of families, with some families weighing

almost twice as much as other families at the Puget Sound .site. Six

families were ranked among the top 15 families of both sites,

indicating that these families performed well at both sites, despite

environmental differences.
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THE MEDITERRANEAN MUSSEL (MYTILUS EDULIS

GALLOPROVINCIALIS) IN PUGET SOUND AND
COASTAL AREAS. Scan E. Matson, School of Fisheries. WH-

IG, University of Washington. Seattle. WA 98195.

The Meditenanean mussel (Mytilus ediilis galloprovincialis) is

currently cultured in Puget Sound in addition to the native mussel

{Mytilus edulis trossulus). Massive mortalities common in the na-

tive mussel due to hemic neoplasia have not been observed in the

Mediterranean mussel. The Mediterranean mussel also yields

much more meat per individual. These factors make it valuable for

culture. Controversy exists whether the native mussel will be dis-

placed by the Mediterranean mussel either by out competing for

physical space or by extensive hybridization. Previously, gallo-

provincialis has been found in embayments of high maximum

annual .sea .surface temperature, where salinity is high and tluctu-

ates little. Environmental and temporal factors limit the reproduc-

tion, hybridization, and distribution of these two sibling species.

The two spawn at different times of the year with some overlap.

This study will document the distribution of the Mediterranean

mussel and its hybrids in Puget Sound using allozyme electropho-

resis. Sites in Oregon. California, and British Columbia will also

be sampled to allow data comparison to previous studies. The

PGM-2 locus is diagnostic in distinguishing these two mussels and

their hybrids. This locus and four to six other loci known to be

valuable in identifying these sibling species will be used to deter-

mine the proportions of each mussel and their hybrids in each

sampled population. These proportions will be related to environ-

mental factors such as minimum and maximum annual sea surface

temperatures, salinity, site sub.strate characteristics, proximity of

aquaculture operations, and net surface current dynamics.

MODELING THE GROWTH OF BOTTOM CULTIVATED
SHELLFISH: A PRACTICAL APPROACH. Carter R. New-

ell, Great Eastern Mussel Farms. Inc.. P.O. Bo\ 141. Tenants

Harbor, ME 04860.

In order to increase seed to harvest yields and reduce the grow-

out period for bottom cultivated shellfish such as mussels and

oysters, a modeling approach was used to establish the growth vs

density relationships for individual aquaculture lease sites (Camp-

bell and Newell, 1997; Newell, Campbell and Gallagher. 1997

JEMBE in press) in Maine, USA. A step-by-step methodology

requires the following input data in order to characterize the supply

and demand of food at the sites;

1. CuiTcnt speed and direction from a finite-difference flow

model.

2. Annual curves of surface particulate phytoplankton and de-

trital carbon and nitrogen around the period of high tide at the edge

of the lease site.

.^. Water depth, temperature and total particulate matter

(SPM).

4. Shellfish filtration rates (demand).

5. Absorption efficiency of phytoplankton and detritus.

6. Physiological rate equations for the species of interest.

7. Settling rates of natural particulates at the site.

Using a model developed specifically for mussels

(MUSMOD©), seeding densities were adjusted at three Maine

farms to reduce grow-out time by 50% and increase seed to harvest

yields. Application of the model to oysters in west coast waters

will also require an analysis of density-dependent growth within

culture units (i.e. oyster bags) as well as larger-scale effects of

.seston depletion over the lease site. An appreciation of the impor-

tance of small-scale (i.e. 50-lOOm) differences in current speed

within least sites will allow for better utilization of those sites if

seeding densities are adjusted accordingly.

APPLICATION OF FLOATING UPWELLING SYSTEM
(FLUPSY) FOR IMPROVED SURVIVAL AND GROWTH
OF PACIFIC OYSTER SEED (CRASSOSTREA GIGAS) IN

ALASKA. Raymond L. Ralonde, University of Alaska Fair-

banks, School of Fisheries and Ocean Sciences. Marine Advisory

Program, 2221 E. Northern Lights Blvd. #110. Anchorage. AK
99508.

Alaska regulations allow only Pacific oysters Crassostrea gi-

gas less than 20 mm in shell length to be imported into the .state for

aquaculture. The influences of Alaska's northern latitude and small

size of the Pacific oyster seed cause high variability in growth and

survival that severely hampers expansion of the oyster farming

industry. Application of floating upwelling system (FLUPSY)

nursery technology was tested on 5 mm Pacific oyster seed with

the objectives to evaluate changes in seed survival and growth,

develop improvements in FLUPSY design and operation, and mea-

sure the economic impacts of nursery culture on oyster farm op-

eration.

With application of FLUPSY nursery technology farmers will

experience a 10-30% reduction in mortality, improved uniformity

in growth, and an estimated 40% reduction in farm construction

and operation costs. Reduced variability of growth and survival

improves production inventory estimates and access to larger,

more secure markets. Continuing research is directed toward de-

veloping and refining design criteria and operation protocols for

efficient application of FLUPSY nursery technology.

PHYSICAL AND BIOLOGICAL IMPACTS ON GROWTH
AND MORTALITY OF CRASSOSTREA GIGAS. Jennifer L.

Ruesink, Department of Zoology. University of British Columbia,

6270 University Blvd., Vancouver, B.C. V6T IZ4.

What limits the spread of introduced Pacific oysters'? On the

west coast of North America, Crassostrea gigas rarely occurs

outside of warm, protected bays, and ranges may be constrained by

physical and/or biological factors that change over a gradient of

wave exposure. In Barkley Sound, Vancouver Island, the presence
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of oysters is inversely related to the abmidances of strongly-

interacting inteilidal species. I transplanted spat to wave protected

and exposed areas and performed a 2x2 factorial experiment ma-

nipulating competitors and predators. In early summer 1997.

growth and survival were higher at protected than at exposed sites.

Predator exclusion improved survival of oysters, but removal of

competitors actually reduced survival. Microhabilat appeared ex-

tremely important for oyster growth, as all spat on ;i single piece

of cultch tended to be affected similarly.

INVESTIGATIONS USING OYSTER CONDITION INDEX

TO MONITOR THE AQUATIC ENVIRONMENT OF V\ IL-

LAPA BAY WASHINGTON. Ervin J. Schumaeker, School of

Fisheries. University of Washington. Box 3,S79S(). Seattle. WA
98195. Brett R. Dumbauld and Bruce E. Kauffman, Washington

Dept. of Fish and Wildlife. PC Box 190. Ocean Park. WA 9864(1.

Natural set and hatchery reared Pacific oysters. Crassostrea

gigcis. were transplanted to two sites within and just outside the

mouth of the Willapa River. Samples from each of the four groups

were taken monthly and oyster condition index (CI) determined on

individual oysters using a gravimetric method and the Westley

volumetnc method which has been used by the Washington De-

partment of Fish and Wildlife (WDFW) since the early 1960's.

Findings from this study have shown that the gravimetric and

Westley volumetric methods are linearly con'elated when per-

formed on the same oysters and that the less time consuming and

more precise gravimetric method can be used as an accurate gauge

of oyster CI.

Relationships between oyster CI and short-term and long-term

variations in aquatic conditions such as temperature, salinity, chlo-

rophyll (( content, and nutrient levels are being determined through

ANOVA and multiple regression. Placement of the oyster test sites

was also done to monitor watershed activities (esp. storm events)

and their effects on oyster CI.

Goals for this investigation include the standardization of the

methods for determining oyster CI the use of this index as an

indicator of conditions and trends in an estuarine environment, and

determining if responses differ for hatchery reared and natural set

oysters.

THE EUROPEAN GREEN CRAB IN OREGON. Sylvia Ya-

mada, G. Allison, K. Cleveland, and C. Hunt, Zoology Depart-

ment, Oregon State University. Corvallis. Oregon 97330. N. Rich-

mond and J. Schaefer, Oregon Department of Fish and Wildlife,

Box 5430 Charleston. Oregon 97420.

The European Green Crab {Carciinici nuieiuis) has invaded and

become established on several coastlines outside its natural range.

Because this species can be an important predator, establishment

of the green crab can cause serious changes in invaded communi-

ties such as displacement of endemic species through competition,

dramatic reduction of prey populations and economic hardship on

local aquaculture industries.

In 1989-1990. the green crab was discovered in San Francisco

Bay and since spread south into Monterey Bay, and is now estab-

lished north in Humboldt Bay. In March 1997. the green crab was

discovered in Coos Bay. Oregon. Biologists and aquaculturists are

very concerned that this crab will spread throughout Oregon.

Washington and British Columbia.

We are monitoring this invasion-in-progress by collecting base-

line data on the population structure of native crab and prey spe-

cies in Coos. Winchester. Alsea and Yaquina Bay. We predict that

the predatory and competitive effects of the green crab will be

most noticeable in low salinity estuaries because this niche pres-

ently is not occupied by an efficient crab predator.
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HYDROSTATIC PRESSURE OPENING OF OYSTERS, A

NEW TOOL TO SHUCK AND KILL BACTERA SIMULTA-

NEOUSLY? Haejung An, Osu-Seafood Laboratory. 2001 Marine

Dr.. Rm 23.^ Astoria. Or 97103-.^427.

High hydrostatic pressure (HHP) treatment has received a wide

range of attention because of its effect on microorganisms and

enzymatic activity, the two most detrimental factors to deteriorate

quality and accelerate spoilage of foods. HHP treatment applied to

fresh oysters has shown promising results by reducing the number

of aerobic bacteria at medium pressure range and by opening shells

at relatively low pressure range. With the advancement of tech-

nology, it may be possible to apply the HHP treatment in process-

ing fresh oysters in commercial operations, and its potential effects

on extending shelf life, reducing pathogens, such as naturally

present Vibrios in fresh oysters and opening of live oyster shells

will be discussed.

SETTLEMENT BEHAVIOR OF DUNGENESS CRAB, CAA'-

CER MAGISTER, MEGALOPAE WHEN EXPOSED TO
CHEMICAL AND VISUAL CUES FROM THE SHORE
CRAB, HEMIGRAPSUS. Janel L. Banks, Undergraduate Envi-

ronmental Science. Huxley College. Western Washington Univer-

sity, Washington 98225, Dr. Paul A. Dinnel, Shannon Point Ma-

rine Center. Anacortes, Washington, 98221.

Artificial habitat is often created to augment populations of

commercially valuable species. The complex structure of the habi-

tat serves to provide refuge from predation. In Grays Harbor. WA.

this concept is being applied by establishing intertidal oyster shell

plots for Dungeness megalopae settlement. Previous monitoring of

these plots revealed a negative relationship between Hemigmpsiis

populations and Dungeness crab juveniles within the shell plots.

The present study investigated the relationship between the pres-

ence of Hemigrapsus and the settling behavior of Dungeness

megalopae. The study also explores the predaiton interactions be-

tween Hemigrapsus and Dungeness crab instars.

Dungeness crab megalopae avoid the vicinity of Hemigrapsus.

whose presence is detected chemically, not visually. Results sup-

port the hypothesis that Dungeness megalopae are avoiding the

presence of Hemigrapsus when selecting areas to settle. Hemi-

grapsus predation upon Dungeness crab, with carapace width of 8

cm. begins to occur when the shore crab is approximately 1 .5 times

the size of the Dungeness. Percentage mortality of Dungeness

instars by predation increases as the size ratio (Dungeness crab:

Hemigrapsus) increases.

IS THE LABORATORY PERFORMANCE OF PACIFIC

OYSTER SPAT, CRASSOSTREA GIGAS, EXPOSED TO
VARYING SALINITIES. PREDICTIVE OF PERFOR-
MANCE IN THE FIELD? Chris Brooks and Chris Langdon,

Oregon State University. Hatfield Marine Science Center. 2030 S.

Marine Science Drive. Newport, OR 97365.

Broodstock selection of oysters is a lengthy process which may

take up to three years. In an effort to study the feasibility of

shortening this time period. 72 representative oysters from each of

the 14 full-sib families available were individually tagged as 7-10

mm spat. Commercially available Kumamoto, triploid and tetra-

ploid oysters were included for comparison. Spat were placed into

uncrowded upwellers and fed to excess on a diet of Chaetoceros

cakitrans. and Isochrysis galbami. Whole wet weights and sur-

vival were measured approximately bi-monthly for 11 months.

Half of the oysters were expo.sed to increasingly severe (i.e.,

30ppt-5ppt) salinity fluctuations that simulated typical winter tide

cycles and a 1996 .storm event in Oregon's Yaquina Bay. The

pre-flood family rankings of specific growth rate and survival were

similar between fluctuating and constant salinity conditions, based

upon Spearman Rank Correlation, (rho = 0.893, 0.833 respec-

tively). Mean family SGR values ranged from 4.56% to 1.3%. The

five families with the highest pre-flood mean SGR were the tet-

raploids. followed by diploid families #106, #108, #105 and the

triploids. Results of the family rankings in the laboratory environ-

ments compared with their rankings at two different grow-out sites

in the Yaquina Bay estuary will be presented.

OYSTER SUMMER MORTALITY—AN UPDATE ON ON-

GOING SEA GRANT SPONSORED RESEARCH. D. P.

Cheney, R. Elston, and B. MacDonald, Pacific Shellfish Institute,

120 State Ave. N.E. #142. Olympia. WA 98501-0600 and PO Box

687, Carlsborg, WA 98324.

While oyster production on the U.S. west coast has not expe-

rienced the catastrophic losses from disease plaguing the east

coast, mass mortalities periodically occur on commercial farms.

Pacific oysters (Crassostrea gigas) from growing areas in Wash-

ington. Oregon and California sporadically experience larger than

expected die-offs in summer months. Sharp increases in mortality

from Puget Sound, Washington from June to September are con-

sidered the classical example of west coast summer mortality.

More recently, losses of seed and adult oysters in Europe have also

been attributed to summer mortality.

Work began in early 1998 on a Sea Grant Program funded

study to more precisely characterize summer mortality in a variety

of culture conditions and locations, definitively describe the rela-

tionship to infectious disea.ses, and identify water quality and sea-
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sonal patterns. Also, underway is a field component to investiga-

tions into the oyster thermal stress response and an assessment of

induced thermal tolerance to reduce mortalities. In addition, man-

agement practices for commercial cultivation are being evaluated

as possible measures to reduce the frequency and extent of oyster

losses.

Ambient environmental conditions monitored to date indicate

oysters are subject to extreme variations in a number of parameters

during intenidal cycles. Peak temperatures neared 53°C during

exposure at low tide, and dissolved oxygen levels were below .^

mg/1 under neap tide conditions. Mortalities occurred in all size

groups and under varying culture conditions. Triploid oysters had

a cumulative mortality rate of up to 2 1/2 times diploid oysters

planted at the same density. Preliminary histological analysis in-

dicated changes which could result in metabolic stress and clini-

cally observed gaping and weak shell closure. Expression of ther-

mal stress proteins occurred in animals from all sampled stations.

Further evaluation of these results and additional field research is

underway.

PSP IN GEODUCKS: VARIABILITY, ANATOMICAL DIS-

TRIBUTION, AND COMPARISON OF TWO TOXICITY
TESTING METHODS. Kelly M. Curtis, University of Wash

ington. School of Fisheries. Box 357980, Seattle. WA 98195.

The purposes of this study were to: (1) determine variability in

paralytic shellfish poisoning (PSP) toxicity in the geoduck clam

(Panope abrupta). i.e., within a single population, between various

sets of populations, and .seasonally; (2) determine anatomical dis-

tribution of PSP toxins; and (3) compare two PSP testing methods.

From summer through winter 1997. 15-20 geoducks were col-

lected biweekly from a shallow and a deep location in each of two

tracts in Puget Sound. Washington: Agate Pass (AP) and Quarter-

master Harbor (QH). Geoducks were dissected into siphon, mantle,

and visceral portions. All portions were assayed separately using

the mou.se bioassay (MBA), while only the visceral portions were

assayed using the receptor binding assay (RBA).

Results indicated that individual variability was high in the

shallow areas with coefficients of variation (CV) ranging from

20-98%, and lower in the deep areas (CV = 1 8-62%). Seasonally,

variability did not change in either of the QH areas and increased

in both of the AP areas. Only shallow geoducks were toxic in QH.
All geoducks were toxic in AP, with the shallow ones significantly

more toxic 18% of the time. Anatomically. PSP toxins were iso-

lated to the visceral ball in all geoducks throughout the study

period. There was a highly significant positive correlation between

the MBA and RBA. with the RBA slightly overestimating the

MBA at lower toxicity levels.

Variability information will aid fishery managers in maximiz-

ing utilization of the resource, while at the same time protecting

public health from the dangers of PSP.

INTENSIVE BIVALVE HEALTH MANAGEMENT. Ralph

Elston, Pacific Shellfish Institute. PC Box 687. Carisborg, WA
98324. Jerry Heidel, Oregon State University. Corvallis. OR.

Joth Davis, Taylor Resources. Shelton. WA, and Dan Cheney,

Pacific Shellfish Institute, Olympia, WA.

Growout of edible shellfish is practiced on a more or less

extensive basis, but intensive hatchery production is now an es-

sential part of culture. Intensification brings new challenges for

health and disease management including a variety of highly op-

portunistic and aggressive infectious agents as well as nutritional

and genetic diseases, and toxic conditions.

Infectious diseases that have emerged in intensive hatchery and

nursery operations include velar virus disease, herpes virus dis-

ease, vibriosis, hinge ligament disease, acute and chronic extapal-

lial bacterial infections, bacterial mat disease, amebotlagellate dis-

ease and invasive ciliate disease. A recent example are bacterial

mats resulting in debilitating infections of juvenile geoducks, Pan-

ope abrupta. These infections are initiated by Cytophaga-like bac-

teria that colonize the external shell surface and subsequently in-

vade the mantle of juvenile clams, necrotizing the entire mantle.

The bacterial mats may interact with the texture of composition of

juvenile geoduck shells since this condition has not been observed

in any other species.

These conditions can be managed and ameliorated using prin-

ciples of responsive health management. In many cases, there is a

great deal of information lacking that is needed to fully accomplish

the goal of maintaining healthy cultures of shellfish in the hatch-

ery, nursery and in grow out areas. Sanitation and health manage-

ment are two distinct objectives of intensive bivalve high health

program that will discussed. Both objectives should be met by

identifying standards, monitoring and responding to deviations in

sanitary or health and condition standards.

Supported in part by NMFS Saltonstall Kennedy Program and

USDA Small Business Innovative Research Proaram.

ECONOMIC FEASIBILITY OF CO-CULTURING RED
ABALONE HALIOTIS RUFESCENS WITH RED MAC-
ROALGAE PALMARIA MOLLIS AT TWO GEOGRAPHI-
CALLY DISTINCT LOCATIONS. Ford Evans and Chris

Langdon, Oregon State University, Hatfield Marine Science Cen-

ter, 2030 S. Marine Science Dr.. Newport. Oregon 97365.

The abalone industry on the west coast of the United States

relies primarily on the harvest of wild macroalgae as a food source.

Unpredictable weather events and strict governmental regulations

may limit the availability of these algae to aquaculturists in the

future. Recent studies have shown co-culture of red abalone (Hali-

otis nifescens) with the red macroalga dulse (Pabnaria mollis) to

be an effective method of abalone production. When co-cultured

v\ ith abalone, dulse is a nutritious food source as well as an in situ

biofilter. In addition, the producer can control dulse quantity and

quality at the fann site.
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Data from these previous studies allowed the development of a

bioeconomic model for abalone/dulse co-culture. This paper ex-

amines a series of enterprise budgets for hypothetical co-culture

farms located in Oregon and Hawaii. These farms were hatchery/

nursery operations which grew 500.000 abalone to 20 mm shell

length. The farms in Hawaii and Oregon were identical, apart from

different management practices and environmental conditions.

Results showed abalone were, in general, cheaper to produce in

Hawaii than in Oregon. This was primarily due to the fact that

artificial lights were required in Oregon to achieve the light inten-

sities that occur naturally in Hawaii. The use of an artificial diet to

supplement dulse as a food source reduced costs in all treatments.

The model further indicated that juvenile abalone could be grown

economically in Oregon over winter with the use of both supple-

mental illumination and a diet consisting of a combination of dulse

and artificial feed.

THE GROWTH OF BUTTER CLAMS (SAXIDOMVS Gl-

GANTEUS) ON SELECTED BEACHES IN THE STATE OF
WASHINGTON. Stuart A. Goong and Kenneth K. Chew,

School of Fisheries, University of Washington. PO Bo,\ .^.57980.

Seattle, WA 98195.

The butter clam is among the most valuable species for recre-

ational shellfish harvesters, but is currently of little commercial

importance in Washington. Recently, a small commercial harvest

began for the clam, and commercial interest is expected to in-

crease. Basic information on the biology of the clam is neces.sary

to establish a sound management regime.

The primary objective of this study is to examine the growth

rates of butter clams on three beaches in the Puget Sound Basin

and to detennine whether these rates may differ. If growth rates are

significantly different, then a more localized management strategy

may be required to protect the productivity of the stock. Otherwise,

a more generalized management approach may be adequate. The

beaches included in this study are Birch Bay State Park. Double

Bluffs Beach, and Potlatch State Park.

Growth rates were determined by measuring lengths-at-age for

clams collected from each beach. Using a second order linear

regression model, growth rates were found to be significantly dif-

ferent, with the fastest growth occurring at Double Bluffs Beach,

followed by Birch Bay. The growth rate at Potlatch was slowest,

although this was determined from a relatively small sample of

animals. Von Bertalanffy growth curves produced using nonlinear

regression yielded similar results. Clams in the 3-1- age class are

expected to reach a length of 43 mm at Double Bluffs, 40 mm at

Birch Bay. and 35 mm at Potlatch. In the 2-1- age class, only clams

from Double Bluffs are expected to reach a legally harvestable size

of 33 mm.

THE VARNISH CLAM (NVTTALLIA OBSCURATA): AN-

OTHER COMMERCIAL SPECIES? William A. Heath, BC

Fisheries Ministry. Seafood Development Section. 2500 Cliffe Av-

enue. Courtenay. BC Canada V9N 5M6.

Originally from Japan, the varnish or dark mahogany-clam

(Nuttallia obscurata), was unintentionally introduced to the Strait

of Georgia. BC during the 1980s- 1 990s. This attractive-looking

clam reaches sizes to 2.25" (55 mm) and is found mainly in sand-

gravel substrate to 8" (20 cm) in the high to mid-intertidal zone. At

present, quantitative data on its distribution are limited, but further

sampling is in progress. Preliminary data indicates that this exotic

species is widely distributed on beaches in the Strait of Georgia,

but it has also been reported in Puget Sound. Washington and in

Barkley Sound, BC. Commercial concentrations have been found

on some clam tenures in Baynes Sound, BC. A small quantity of

product was test marketed recently, with favourable response from

food services customers regarding appearance, meat:shell ratio and

shelf-life characteristics. Due to food safety concerns related to

marine biotoxin (PSP) retention times, further harvest has been

curtailed in BC until sufficient data are available to shellfish safety

agencies (e.g.. Canadian Food Inspection Agency) to detennine

appropriate safety protocols. Preliminary data indicate similarities

with levels of PSP found in Manila clams and Pacific oysters

during a toxic bloom in Okeover Arm, BC. Provided that safety

issues are resolved satisfactorily, the Ministry of Fisheries is pre-

pared to approve the licensing of varnish clam culture on shellfish

tenures. Harvest of this species from untenured areas will be sub-

ject to Department of Fisheries and Oceans policy considerations.

The potential for developing this introduced species into a valuable

shellfish product appears to be very high, providing an exciting

new opportunity to diversify the shellfish industry.

CROSSBREEDING TO IMPROVE PACIFIC OYSTER
BROODSTOCKS: UPDATE OF USDA-WRA PROJECT.
Dennis Hedgecoclc. University of California, Davis. Bodega Ma-

rine Laboratory. Bodega Bay, CA 94952-0247.

This collaborative project has four major objectives; (1) to test

the performance of hybrids made by crossing inbred lines, at a

commercial scale, (2) to make new inbred lines from select pedi-

greed families in Oregon State University's Molluscan Broodstock

Program. (3) to synthesize triploids and eventually tetraploids from

WRAC inbred lines and test their pertormance, and (4) to enable

early detection of metabolic potential for growth by determining

the metabolic basis of hybnd vigor. Four hybrid spawns have been

carried out at the Taylor Resources, Inc.. hatchery on Dabob Bay,

each yielding 8-10 million seed, which have now been planted in

Thomdyke and Samish Bays. In the hatchery, two mixed-hybrid

groups grew faster and settle 2-7 days earlier than larvae firom

typical commercial spawns. DNA markers will be used at harvest

to determine the relative pertbrmances of different hybrids in these

mixed groups and thus the best inbred lines for further crossbreed-
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ing. DNA markers are also being used to map genes causing

growth heterosis in F2 and F3 hybrid populations. New inbred

lines were initiated by sib-mating within the nine, top-performing

MBP families grown in Tomales Bay. Seventeen triploid groups

have been synthesized with one-, two-, and three-way combina-

tions of inbred-line genomes. Inbred triploids have the slowest

larval growth, but differences between triploids made from recip-

rocal hybrid females are sometimes evident (i.e.. AB does not

equal BA). Triploids are being reared to provide broodstock for

tetraploid induction. Finally, of the \?i physiological traits com-

pared in inbred and hybrid larvae, most in multiple experiments,

six show no relationship to growth heterosis (total protein, mito-

chondrial density, lipid content, assimilation rate, shell growth,

and carbonic anhydrase activity). Four factors (respiration and

feeding rates, sodium ion pump activity and protein synthesis)

show a relationship to heterosis in some but not all experiments,

while three factors (embryo respiration rates and whole-body and

specific protein turnover rates) show a consistent relationship with

growth heterosis. The growth advantage of hybrids appears to be

based on a greater metabolic efficiency, with lower rates of protein

turnover and respiration. Dramatic differences in respiration rate

are evident as early as 15 hrs post-fertilization, suggesting that

hybrids "'get out of the starting blocks early." Two-dimensional

gel-electrophoretic analyses show that a few. small, acidic proteins

are responsible for most of the inbred vs. hybnd difference in

whole-body protein turnover. These proteins can be sequenced and

their genes mapped.

PERFORMANCE OF GALLO MUSSELS FROM DIFFER-

ENT SOURCE POPULATIONS. Kurt Johnson, Taylor Re-

sources. Inc.. 701 Broadspit Road. Quilcene. WA 98376.

Taylor Resources Inc. operates commercial mussel farms using

Mytilus edulis galloprovincialis (Gallo) mussels at different sites

in Puget Sound. Seed for these farms is produced in the Taylor

Resources Hatchery. We have the opportunity to improve the per-

formance of mussels through the control of brood stock. This study

is a beginning point in our brood stock program by evaluating the

performance of different mussel populations. We also looked at the

performance of diploid versus triploid mussels. Brood stock Gallo

mussels were collected from the Totten Inlet farm selected survi-

vors from the Holmes Harbor farm. Dyes Inlet wild populations

and Sequim Bay wild populations. Seed mussels were raised in the

hatchery, planted on lines in Holmes Harbor, then transferred to

oyster bags for final grow out. During final grow out the popula-

tions were sampled for survivorship and weight. At the end of the

study differences were evident in survival production and size

among some of the populations and between diploids and triploids.

The results suggest that the source population of brood stock and

ploidy is important in farm performance of the mussels. The results

also lead to questions about the genetic differences of Puget Sound

Gallo stocks, their origins and length of time as Puget Sound

residents.

THE ARRIVAL OF THE EUROPEAN GREEN CRAB.
CARCINUS MAENAS, IN OREGON ESTUARIES. Chris

Hunt and Sylvia Behrens Yamada, Zoology Department. Oregon

State University, Corvallis, Oregon 97331-2914 and Neil Rich-

mond, Oregon Department of Fish and Wildlife. P.O. Box 5430.

Charleston. Oregon 97420.

Since its first discovery in Coos Bay. OR in 1997. Carcinus

inaenas, is now found in at least seven Oregon estuaries: Coos,

Alsea,Yaquina, Siletz, Salmon, Netarts and Tillamook. All of the

crabs found in Coos Bay in 1997 were large crabs, ranging in size

from 54-86 mm CW (carapace width). We estimate that they

represent the 1995/1996 year class. Similar sized crabs were found

in Tillamook and Netarts Bays this year. During the summer of

1998. a new year class appeared in Oregon estuaries as well as in

Humboldt Bay, CA to the south and Willapa Bay and Grays Har-

bor, WA to the north. These crabs averaged 14 mm CW in June.

27 mm in July and 48 mm in August. This coast-wide colonization

event is correlated with unusually strong northward moving

coastal currents off the Oregon coast from September 1997 to

spring of 1998. Tran.sport of larvae from well established popula-

tions to the south, rather than oyster transport, appears to be the

mechanism for the appearance of this new year class. This research

was supported by Oregon Sea Grant.

UPDATE ON THE MOLLUSCAN BROODSTOCK PRO-

GRAM. Chris Langdon, Coastal Oregon Marine Experiment Sta-

tion. Hatfield Marine Science Center, Oregon State University.

The Molluscan Broodstock Program (MBP) focuses on im-

proving commercial oyster production on the West Coast by both

genetic selection and development of effective broodstock man-

agement strategies. Researchers at Oregon State University (OSU)

together with industry partners have implemented a selective

breeding scheme for Pacific oysters that involves comparing the

performance of full-sib families planted at different commercial

sites on the West coast. Selection of superior families for produc-

tion of subsequent generations should result in long-term improve-

ment in commercial oyster yields.

Since MBP's inception in 1995. about 250 oyster families have

been planted at commercial sites in Alaska, California, Oregon and

Washington. Significant differences in family performance have

been observed with top performing families yielding about twice

the meat yields per bag compared with the poorest families, sug-

gesting excellent potential for genetic improvement.

In spring 1998. we crossed the top performing families from

Hog Island. Tomales Bay. California, to produce a second genera-

tion that was planted with Hog Island in the fall. We will compare
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the performance of these families with that of families derived by

crossing unselected "wild" oysters as well as oysters produced by

industry.

Genetic "finger-printing" of broodstock oysters used in the

MBP breeding program ensures that pedigrees are correct contami-

nation of subsequent MBP generations is avoided.

LARVAL SURVIVAL AND GROWTH OF MYTILUS TROS-

SULUS AND M. GALLOPROVINCIALIS HYBRIDS. Sean E.

Matson, J. P. Davis, and K. K. Chew, School of Fisheries, Uni-

versity of Washington. Seattle, WA 98195.

Expenments were performed to determine whether survival

and growth differences existed between the larvae of two locally

occurring species of marine mussels and their reciprocal hybrids at

iwo different salinities. The two species used were Mytilus iros-

sulus. the Baltic mussel, and M. galloproviiiL talis, the Mediterra-

nean mussel. Preliminary results are presented.

Broodstock were collected from essentially monospecific

populations and were screened morphologically. They were posi-

tively identified at two DNA loci using polymerase chain reaction

(PCR) and restriction fragment length polymorphism (RFLP) tech-

niques.

The four crosses were M. trossuhis x trossulus (TxT), trossidus

female x i>(illoprovincialis male (TxG), galloprovincialis female x

trossulus male (GxT). and galloprovincialis x galloprovincialis

(GxG). The low salinity treatment was 20 parts per thousand (ppt)

and the high salinity was 30ppt. The low salinity treatment was

applied after three days.

Survival at day three was analyzed as arcsine transformed per-

cents using one-factor analysis of variance (ANOVA). The TxT

cross survived significantly better than the other three crosses at

day three (p<0.05). Size at age was measured as shell length in

microns and analyzed using two-factor ANOVA. At day 14, the

mean shell length of all crosses differed significantly except TxG

and GxG (p<0.05). These were smaller than the other two crosses.

The mean size of low salinity cultures was significantly larger than

that of high salinity cultures. Different crosses reacted differently

to salinity (p<0.05). This was because mean size for the GxG cross

was nearly equal between high and low salinities.

GREEN CRABS AND NATIVE PREDATORS: POSSIBLE

LIMITATIONS ON THE WEST COAST INVASION. P. Sean

McDonald, Gregory C. Jensen, and David A. Armstrong,

School of Fisheries. University of Washington, Seattle. Washing-

ton 98195.

The European green crab, Carcinus maenas, is a voracious

predator and aggressive colonizer. Introduction of the species to

West Coast estuaries and subsequent rapid range expansion have

led to predictions of impact on native species and local aquacul-

ture.

We conducted a survey of established populations of Carcinus

and native crab in Bodega Harbor, California. A recruitment ex-

periment was initiated in an inlertidal oyster shell habitat. The

results of the study are synthesized with recent data from Wash-

ington estuaries and significant historical literature concerning

Carcinus. Observations of juvenile and adult Carcinus behavior

were also undertaken.

Preliminary data suggests that native West Coast predators and

competitors may restrict Carcinus distribution and impact. We.st

Coast populations appear to be limited to Spartina beds, high in-

tertidal areas, and low-salinity refuges. Incidence of limb autotomy

in Bodega Carcinus occupying areas inhabited by Cancer produc-

tus and C. antennarius was significantly higher (81%) than in

crabs found in areas free of Cancer spp. (-W7f ) or European popu-

lations (42'7r). Recruitment of Carcinus into intertidal oyster shell

habitat may be limited by Hemigrapsus oregonensis. In experi-

mental shell plots monitored for six months, Carcinus density was

less than 6 crabs • m"^ while Hemigrapsus density increased to

nearly 1000 crabs m"^. Potential interactions with other Pacific

Northwest predators are discussed, as well as areas for future

investigation.

REVIEW OF STUDENT STUDIES ON JUVENILE GEO-

DUCKS AT MALASPINA UNIVERSITY COLLEGE'S
FISHERIES AND AQUACULTURE PROGRAM. Melissa

Milne and Jesse Ketler, Fisheries and Aquaculture Diploma Pro-

gram at Malaspina University College.

Since 1994 a series of studies have been conducted by the

Fisheries and Aquaculture Program at Malaspina University/

College on the Pacific Geoduck. Panopa ahrupta. These studies,

supported by Fan Seafoods Ltd, have included: morphometric re-

lationships, orientation and digging behaviour, effects of crab pre-

dation, salinity tolerance tests, and most recently a study of moon-

snails as predators of juvenile geoducks.

The first moonsnail study was designed to assess predation

mode and rate by the Arctic moonsnail, Cryptonatica ajfinis. on

juvenile geoducks. The results indicated that Arctic moonsnails

(shell diameter 28-30 mm) did prey on geoducks (28-30 mm shell

diameter) at a rate of 1.5-2.5 geoducks per moonsnail/week. The

snails either bored into the geoduck shell or apparently digested

the entire juvenile without boring.

A second study assessed the Lewis's moonsnail, Polinices

lewisii, as a predator of juvenile geoducks and was also designed

to compare food preference between geoducks and the Manila

clam. Tapes philippinarum. The moonsnails used averaged 103

mm shell length, the manila clams 30-50 mm. and the geoducks

15-21 mm. The observed predation rates were very low for both

species of clams and further trials are needed to clarify the impor-

tance of the Lewis's moonsnail for geoduck aquaculture.
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WATER QUALITY, SHELLFISH AND PUBLIC HEALTH
IN TOMALES BAY. CALIFORNL\. Paul G. Olin, University

of Ciaifomia Sea Grant Extension. Santa Rosa. CA 95403. Gregg

Langlois, California Department of Health Services. Berkeley. CA
94704.

In October of 1993, the California State Legislature passed the

Shellfish Protection Act to protect water quality in shellfish grow-

ing areas. The ACT mandated the Regional Water Quality Control

Board to assemble a technical advisory committee whenever a

commercial shellfish growing area is threatened to identify and

remediate pollution sources. In January of 1994. the Tomales Bay

Shellfish Technical Advisory Committee was formed and in 1995

a study was conducted to identify potential pollution sources.

The results of the study indicated that significant colifomi in-

puts were derived from surface waters flowing into the Bay. Po-

tential sources of colifomis in the Bay are manure from livestock

and dairy cattle, wildlife scat and human sewage entering the Bay

via faulty septic systems for from boaters.

In May of 1998 there was an outbreak of food borne illness

associated with consumption of raw oysters that was traced to a

viral pathogen unique to humans. This resulted in a closure of Bay

waters to shellfish harvest for 26 to 81 days. This outbreak clearly

demonstrates the need to aggressively monitor septic systems. This

recommendation was made by the Shellfish Technical Advisory

Committee in 1994 and was not acted on. The chronology of this

outbreak will be presented along with a discussion of stepped up

efforts to prevent a reoccurrence.

A SPRAY-DRIED SCHlZOCHYTRWM-fiKSED DIET CAN
COMPLETELY REPLACE LIVING ALGAE FOR REAR-
ING JUVENILE MUSSELS (MYTILUS GALLOPROVINCIA-

LIS). Ebru Onal and Chris Langdon, Coastal Oregon Marine

Experiment Station and Department of Fisheries and Wildlife, Hat-

field Marine Science Center, Oregon State University.

Growth experiments were conducted with juvenile (0.04-0.21

g live wt.) mussels (Mytihis galloprovinciaUs) fed on a diet of

living algal cells {a mixture of Chaetoceros sp. (CHAET) and

Isochnsis gulhana (Tahitian strain; T-ISO)] either partially or

completely substituted with a spray-dried diet based on

Schizochytrium sp. (SCHIZO; Docosa Gold. Sanders Brine Shrimp

Company, Utah).

Preliminary experiments with mussels indicated that combina-

tion of SCHIZO and Spindina (
=
Arthrospira) phitensis (SPIRO;

Spirulina 50, Sanders Brine Shrimp Company, Utah) was a prom-

ising substitute for living algal diets. Subsequently, we found that

a full ration of algae (1:1 by cell number CHAET and TISO) could

be completely substituted with an equivalent dry weight of 1 : 1 (by

wt.) mixture of SCHIZO and SPIRO with no significant (Scheffe

test; p>0.05) adverse effect on final live weights.

Furthermore, growth of mussels fed on living algal rations

could be significantly (Scheffe test; p<0.05) improved with

supplements of either a 1:1 (by wt.) mixture of SCHIZO and

SPIRO or SCHIZO alone.

IDENTIFICATION AND TRACKING OF THE SOURCES
OF MICROBIAL POLLUTION IN SHELLFISH GROWING
WATERS. Mansour Samadpour, Assistant professor. Depart-

ment of Environmental Health. School of Public Health and Com-

munity Medicine. University of Washington. Seattle. WA 98195.

The lack of appropriate methodology for tracing bacterial con-

tamination in the environment is a major impediment in identifi-

cation and control of the sources of these pollutants and adversely

affects the decision-making process in water quality management,

and management of fisheries resources. Several methods for track-

ing genetically engineered microorganisms have been used, but

their utility is limited to the detection of organisms carrying re-

porter genes or their products. Limited efforts to track sources of

natural bacterial populations have been made, the approach used

was based on quantitation of indicator organisms at various sites.

These studies invariably have resulted in raising more questions

rather than providing answers. I have developed and tested a track-

ing system for identification of sources of microbial pollution. The

methodology can be used to assess the impact and contribution of

point and non-point sources of fecal pollution (animals, septic

tanks, farms, sewage treatment plants, etc.) on the fecal coliform

level in shellfish growing waters. It can also be used to map the

distribution, transportation, and movement of indicator organisms

and microbial pathogens in watersheds and water.

The Ribo-Tracking method has been used to determine the

sources of fecal colifomis in a variety of settings. Results of one of

the recent studies involving shellfish growing areas in Grays Har-

bor. Washington will be presented and discussed.

RELATING OYSTER CONDITION INDEX TO THE
AQUATIC ENVIRONMENT OF WILLAPA BAY WASH-
INGTON. Ervin J. Schumacker. School of Fisheries. University

of Washington. PO Box 357980. Seattle. WA 98195, Brett R.

Dumbauld and Bruce E. Kauffman. Washington Department of

Fish and Wildlife. PO Box 190. Ocean Park. Washington 98640.

Natural set and hatchery reared Pacific oysters, Crassostrea

gigus. were transplanted to two sites within and just outside the

mouth of the Willapa River as it enters Willapa Bay. Samples from

each of the four groups were taken monthly and oyster condition

index (CI) determined on individual oysters using a gravimetric

method, a volumetric method and a dry shell method.
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Findings from this study have shown that ihe gravimetric

method is linearly related to the volumetric method currently in

use by the Washington Department of Fish and Wildlife and can be

used as an accurate gauge of oyster CI with much less time and

effort. The dry shell method may also be applicable with oysters of

the same year-class.

Site differences for CI response are noted in the study and

relationships between oyster CI and variations in environmental

conditions such as temperature, salinity, chlorophyll a content, and

sediment loads are determined by multivariate analysis.

Goals for this investigation include the recommendation of a

standard method for determining oyster CI. the use of this index as

an indicator of conditions and trends in an estuarine environment.

and determining if hatchery reared and natural set oysters differ in

their response to aquatic conditions.

were taken at 5 minute intervals to measure proportions of eggs at

each meiotic stage. These data indicated a temperature and salinity

combination for optimal triploidy induction of 15°C and 30 ppt..

with the meiotic period between expulsion of the first and the

second polar body lasting 20 minutes, beginning at 50 minutes post

fertilization.

We also investigated two chemical treatments, cytochalasin B

(CB) and 6-dimethyIaminopurine (6-DMAP). to evaluate their

suitability for triploid induction in geoducks. We found optimal

triploid induction (>959r > resulted from a 600 M 6-DMAP treat-

ment using our optima. Preliminary data indicates survivorship to

straight hinge was about 20'7f . Survivorship to metamorphosis was

highly variable among groups, which could not be attributed to a

single factor. Surviving triploid geoducks have been outplanted to

evaluate growth and survivorship.

INDUCTION OF TRIPLOIDY IN THE GEODUCK CLAM.
PANOPE ABRUPTA. Brent A. Vadopalas, School of Fisheries.

University of Washington, PC Box 357980, Seattle, Washington

98195. Jonathan P. Davis, Baywater Incorporated. 15425

Smoland Lane. Bainbridge Island. Washington 981 10.

The development of geoduck culture techniques coupled with

increased market demand led to cultured intertidal geoduck beds.

Concerns then arose regarding the potential genetic risk posed by

the reproductive contribution of hatchery outplants to wild stocks

that may be genetically different. Although an ongoing study to

determine the genetic stock structure of Puget Sound geoducks has

yet to yield definitive results, the development of techniques to

produce sterile triploids would enable geoduck culture to proceed

irrespective of any genetic differences found. Moreover, triploid

geoducks may exhibit an increased growth rate.

Geoduck eggs were fertilized and distributed among three tem-

perature and three salinity treatments to test the effects of these

factors on the timing and synchrony of meiotic events. Samples

GROWTH AND SURVIVAL OF INTRODUCED AND NA-

TIVE BLUE MUSSELS {MYTILUS SPP.) IN GEORGIA
STRAIT, BC: PROSPECTS FOR MUSSEL AQUACUL-
TURE. Jenia Yanick and Daniel Heath.

Recently, permission was granted by the Ministry of Agricul-

ture. Fisheries and Foods (now Ministry of Fisheries) to begin

commercial rearing and harvesting of imported species of blue

mussels (Mylilus ediilis and M. galloprovinclalis) in BC. Histori-

cally there has been little or no commercial harvest or culture in

British Columbia due to the small size attained by the native blue

mussel (M. trossulus). As it was unknown whether this influx of

non-native mussels could become an environmental concern in

Georgia Strait, it was proposed that an investigation be made into

the feasibility of using mussels already present in Georgia Strait

(native and non-native) as brood stock for future mussel culture.

Presently mussels collected from Georgia Strait are being grown

and monitored at Yellow Island Aquaculture Ltd. YIAL is an

organic salmon farm interested in the potential of expanding into

mussel aquaculture and is located on Quadra Island. BC.
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TRYING TO COVER THE BASES: SEVEN YEARS EXPE-

RIENCE OF ONE NEW YORK TOWN'S SHELLFISH EN-

HANCEMENT EFFORTS AND THE INCORPORATION
OF AN OYSTER MARICULTURE TRAINING PROGRAM
FOR COMMERCIAL FISHERMAN. J. Aldred and Craig

Hassler. East Hampton Town Shellfish Hatchery. 159 Pantigo

Road. East Hampton. NY 11937. G. Rivara, Cornell Cooperative

Extension of Suffolk County Marine Program. 3690 Cedar Beach

Road. Southold. NY 11971.

The eastern end of New York's Long Island has had its tradi-

tional marine resource based economy sorely tested in the past

decade. There has been a near elimination of several of the most

\aluable fisheries due variously to Hudson River contaminants in

fish, unusual smothering algae blooms locally known as brown

tide, more stringent regulatory and water quality standards and

competition from recreational interests. Relief has been sought

partially through intensified resource enhancement efforts focus-

ing on the shellfishery. The Town of East Hampton intensified its

intermittent shellfish enhancement efforts in 1991 by instituting a

hatchery based production program with a goal of distinbuting ten

million seed shellfish onto public beds annually. Systems for brood

stock conditioning, spawning, larval and post set culture, nursery

and field griiw out have been designed to integrate the production

of oysters, hard clams and bay scallops to meet the desired needs

of the community. Certain oyster and hard clam harvest returns

showing strong hatchery influence have proven promising; never-

theless, the elevated expectations of some in the community has

lead to the consideration of a more direct inclusion of fishing

community members in an extension of the husbandry process.

Through New York State and the F.l.G. program of NMFS and in

cooperation with Cornell Cooperative Extension, twenty interested

fishermen in the Town are participating in a pilot scale oyster

culture training program, each receiving one hundred thousand

seed oysters and the gear in which to grow them using simple off

bottom culture techniques. In part, the program is attempting to

encourage a coalescence of the public and private benefit of in-

creased shellfish resources in the public domain.

FRACTAL DIMENSION AND COMPLEXITY OF OYSTER
REEFS AS MODIFIERS OF FISH UTILIZATION AND
SURVEYS OF REEF RESIDENTS. T. D. Alphin, R. J. Grif-

fitt, and M. H. Posey, Department of Biological Sciences, Uni-

versity of North Carolina at Wilmington. 601 S. College Road.

Wilmington, NC 28403.

The utilization of structure by fish has been studied and re-

viewed in a number of papers from freshwater and marine systems.

Within estuarine systems there has been less work done on the

value of different structural habitats and on the factors that influ-

ence utilization of structural habitats. In southeastern North Caro-

lina, seagrasses (shown in other areas to be a prefened habitat

type) are absent froin the estuarine system, leaving oyster reefs as

the major structural habitat in intertidal and shallow subtidal areas.

We conducted surveys of oyster reefs in three tidal creeks systems

to establish composition and abundance of non-fish species using

this structure. This data was collected using pit traps. The second

part of this study takes an initial look at how overall shape and

complexity (fractal dimension) of an oyster reef influences the

number of fish using it. Fish were sampled within the reef and two

meters away from the edge of the reef (fish caught on the edge

were presumed to utilize the oyster as a refuge to dart to while

foraging on adjacent sand flats). Photographic analysis was used to

determine fractal dimension and convolution of edge for five oys-

ter reefs. No difference was detected in the total number of fish

using a reef (within the reef and on the edge) regardless of fractal

dimension. However, fractal dimension did have a significant ef-

fect on the proportion of fish foraging within a specific reef com-

pared to immediately outside the reef.

ARE OYSTER REEFS ESSENTIAL FISH HABITAT? USE

OF OYSTER REEFS BY ECOLOGICALLY AND COM-
MERCIALLY IMPORTANT SPECIES. D. Breitburg, The

Academy of Natural Sciences, Estuarine Research Center, St. Le-

onard. MD 20685. T. Miller, University of Maryland. Center for

Environmental Science. Chesapeake Biological Laboratory. So-

lomons, MD 20688.

Are oyster reefs essential fish habitat (EFH)'? The Magnuson-

Stevens Fishery Conservation and Management Act defines EFH

as "those waters and substrate necessary to fish (inclusive of fin-

fish, shellfish, crustaceans and others) for spawning, breeding,

feeding, and or growth to maturity." Oyster reefs certainly qualify

as EFH under this definition because of their importance to the

oysters themselves. However, a larger que.stion remains as to

whether oyster reefs can be considered "essential" and necessary

for finfish and crabs. If their importance to finfish and crabs jus-

tifies the designation of oyster reefs as EFH. we need to determine

which kinds of fish and crabs justify the EFH designation and what

characteristics of oyster reefs are required to enhance finfish and

crab abundance, feeding and reproduction. Research at a number

of sites along the Atlantic and Gulf of Mexico Coasts strongly

indicates that there is a resident finfish assemblage that is depen-

dent on oyster reef habitat. For these finfish species, the physical

extent of oyster reefs, there suitability as refuges from predators

and as sites for reproduction, and the level of production of inver-

tebrate prey of finfish supported, are likely to affect abundance,

growth and reproduction. In addition, the vertical relief of reefs

can influence the oxygen environment to which resident fish are

exposed, the delivery and distribution of larvae and the abundance

of planktonic prey. A much larger number of finfish species and
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blue crab utilize oyster reel's for feeding and, in some cases, shel-

ter. We will use results of our ongoing study in the Patuxent River.

as well as those of other researchers, to discuss the importance of

oyster reefs to these species that are more loosely associated with

oyster reefs, the importance of physical scale of restoration efforts,

and the potential importance of the spatial distribution of reefs in

the estuarine landscape.

MAKING A CASE FOR COMMUNITY-BASED RESTORA-

TION INITIATIVES: AN EXAMPLE FROM HAMPTON
ROADS. VIRGINIA. R. D. Brumbaugh, L. Sorabella, C. Ol-

iveras, W. J. Goldsborough. Chesapeake Bay Foundation. 162

Prince George Street. Annapolis. MD 21401. J. Wesson, Virginia

Marine Resources Commission. 2600 Washington Avenue. New-

port News. VA 23607.

Oysters remain at historically low levels throughout the Chesa-

peake Bay. Efforts to restore oysters in recent years have focused

on establishing a series of sanctuaries, or no-take zones, to increase

broodstock populations in selected tributaries. While parasites con-

tinue to affect the rate of recovery in these tributaries, innovative

management strategies, advances in aquaculture technology, and

the availability of parasite-tolerant broodstock from the lower

Chesapeake Bay have provided ways to directly involve the public

in restoration of this public resource. In 1996. citizen volunteers

helped transplant appro.ximately 750.000 large wild-caught oysters

onto a one-acre broodstock sanctuary reef in the Great Wicomico

River, Virginia. Spawning by those oysters resulted in a 10 to

200-fold increase in juvenile oyster abundance throughout that

river in 1997. Using this experience as leverage for involving the

public, citizens groups and school programs have been enlisted to

grow large numbers of hatchery produced native oysters for re-

stocking similar sanctuary reefs throughout the Chesapeake Bay.

The.se volunteers are now actively engaged in a unique partnership

with government management agencies in an effort to restore na-

tive oysters to the Chesapeake Bay. Efforts to supplemental natural

oyster populations in Virginia using hatchery-produced oysters

began in May 1998 with a transplanting of 65.000 hatchery-

produced oy.sters onto two reconstructed, strategically located,

sanctuary reefs in Hampton Roads, Virginia. Additional oysters

produced by citizen oyster growers will be transplanted in late

summer and early fall. The results of citizen's restoration activities

to date culminating in this first year's transplanting efforts will be

presented.

THE USE OF AN HYDROACCOUSTIC PROCESSING
SYSTEM FOR SHELLFISHERIES MAPPING AND RE-

SOURCE MANAGEMENT. G. M. Burnell, Aquaculture De

velopment Centre. University College Cork. Ireland. E. O'Leary

and N. Connolly, Coastal Resources Centre. University College

Cork. Co. Cork. Ireland. O. Oskarsson, Marin Matteknik AB. Box

4082, Vastra Frolunda. Sweden. J. Breslin, Marine Institute. Fish-

eries Research Centre, Abbottstown. Dublin 15, Ireland, D. Burns,

Seabed Surveys International Ltd., The Marina Crosshaven, Co.

Cork. Ireland.

A seabed classification system with the trade name RoxAnn'^'

has been successfully used in resource delineation for several com-

mercial bivalves. It is essentially a "black box"' attached to a stan-

dard single beam echosounder transducer mounted on the hull of a

small ves.sel. The reflected signals are analysed to give "rough-

ness" and "hardness" coordinates which are displayed in real time

as a colour coded track. Once the data has been ground truthed

using conventional sampling techniques it is possible to survey at

speeds of up to 20 km per hour. The RoxAnn^'*' track data can then

be analysed using MICROPLOT post processing software to pro-

duce .3-D maps of the seabed sediments incorporating bathymetric

data. RoxAnn'^' goes further than seabed mapping as it can detect

assemblages of benthic plants and animals which are dense enough

to modify the echosounder signals. For example it has successfully

detected aggregations of Iceland scallops Chlainys islaiidica and

the clam Mercenaria iiieixeiiaria in Canada and mapped the bio-

mass of mussel beds (Mytilus edulis) in Sweden and Ireland. By

using a hydrographic 7°. 200 khz transducer it has been possible to

reduce the "footprint" down to a diameter of 2.5m at 20m depth

and to experimentally detect the scallop Pecten maximus in Nor-

way at densities as low as 2 per m". The relevance of this tech-

nology to shell fisheries management arises from its ability to

accurately map substrates and to locate certain aggregations of

shellfish like mussel seed beds. Therefore animals can be matched

to habitat and restoration progress can be monitored with regular

RoxAnn'"*' surveys.

DNA-BASED MOLECULAR DIAGNOSTICS FOR HAP-

LOSPORIDWM NELSONI (MSX) LIFE CYCLE STUDIES.

E. M. Burreson, N. A. Stokes, and B. S. Flores, Virginia Institute

of Marine Science, College of William and Mary, Gloucester

Point, VA 23062, S. E. Ford, K. A. AIcox, and J. R. Pharo,

Haskin Shellfish Research Laboratory, Rutgers University. Port

Norris, NJ 08349.

The oyster pathogen Haplosporidium nelsoni. the agent of

MSX disease, has caused extensive oyster mortality in the eastern

LInited States since 1957. The life cycle stage infective to oysters

and the source of that stage have not yet been identified. Attempts

to infect oysters directly with H. nelsoni spores have been unsuc-

cessful, thus leading to speculation that parasite transmission be-
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tween oysters occurs via an obligate intermediate host. We have

developed H. nelsoni spores that have been unsuccessful, thus

leading to speculation that parasite transmission between oysters

occurs via an obligate intermediate host. We have developed H.

iielsimi-apecific polymerase chain reaction (PCR) and (;; situ hy-

bridization (ISH) diagnostic assays. These assays have been opti-

mized for use with environmental samples and are being used in

the search for the putative intermediate host(s). Samples of water

and sediment fractions and of macroinvertebrates have been taken

from MSX-endemic areas of York River, VA and Delaware Bay

since March 1996. Total genomic DNA has been extracted from

each sample and subjected to PCR amplification. Samples that

have yielded H. nelsoni PCR product have been more frequent

from the York River than from the Delaware Bay, corresponding

to the MSX disease prevalence in oysters from these locations. ISH

is being used to screen PCR-positive macroinvertebrate samples to

discriminate between true infections and those where H. nelsoni is

simply adhering to the external surface or passing through the gut.

THE INFLUENCE OF ECOLOGICAL PROCESSES ON
TRANSMISSION OF PERKINSUS MARINUS: DISPERSAL,

DILUTION, AND HOST FILTRATION. D. Bushek, and A. J.

Erskine, Baruch Marine Field Laboratory, Baruch Institute for

Marine Biology and Coastal Research. University of South Caro-

lina, PO Box 1630, Georgetown, SC 29442, R. Dame, Department

of Marine Science, Coastal Carolina University. PO Box 1954,

Conway, SC 29528, Loren Coen and Nancy Hadley, Marine

Resources Research Institute, South Carolina Department of Natu-

ral Resources. PO Box 12559. Charleston. SC 29442-2559.

Perkinsus marinus is a serious impediment to the recovery of

eastern oyster populations (Crassosirea virginica). The mecha-

nisms that drive and maintain epizootics remain unclear. Warm

temperatures and high salinity are thought to drive epizootics

while cold winters followed by low salinity stall epizootics. Some

studies show that transmission decreases with distance from in-

fected oysters while other observations imply that transmissible

stages are broadly dispersed. A recent model predicts that heavy

oyster recruitment can stall an epizootic by reducing the per capita

infective dose. Conversely, rapid reductions of oyster populations

may concentrate transmissible stages in remaining oysters. We are

studying transmission dynamics of P. marinus within intertidal

creeks in South Carolina. Oyster biomass to creek basin volume

was equalized among eight intertidal creeks. Specific pathogen

free (SPF) oysters were deployed at 0. 50. 100 and 150 m from the

creek mouth in August 1997. Infections were detected at all loca-

tions after one month and progressed from a mean of 155 to 6,896

parasites g"' between September and January. Distance from creek

mouth did not affect infection onset or progression and differences

among creeks were not consistent over time. i.e.. all sites behaved

similarly. After removing oysters from four creeks, new SPF oys-

ters were deployed in February and again in June 1998. Following

the spring deployment all oysters became infected within two

weeks, but infections progressed little by May 1998 (17 to 52

parasites g"'). Details of this study will be presented including

results from summer 1998 and preliminary results from fall 1998.

SUMMER MORTALITY IN PACIFIC OYSTERS: OBSER-

VATIONS ON THE INFLUENCES OF WATER QUALITY
AND CULTURE METHODS. D. P. Cheney, R. Elston. and B.

MacDonald, Pacific Shellfish Institute, 120 State Avenue N.E.

#142, Olympia, WA 98501-0600 and PO Box 687, Carlsborg, WA
98324.

Pacific oysters (Crassosirea gigas) account for the bulk of the

oysters produced on the west coast of North America. Virtually, all

of these oysters originated from seed stocks imported from Japan

between the 1920's and 1970's. Culture of the Pacific oysters

began in a small number of rural sites and spread rapidly so that

today commercial culture is carried out in many non-urban em-

bayments in Washington, Oregon, northern California, northern

Mexico, southern British Columbia and portions of Alaska. While

oyster production on the U.S. west coast has not experienced the

catastrophic losses from disease plaguing the east coast, mass mor-

talities periodically occur on commercial farms. Oysters from

growing areas in Washington, Oregon and California sporadically

experience larger than expected die offs in summer months. Sharp

increases in mortality from Puget Sound, Washington from June to

September are considered the classic example of west coast sum-

mer mortality. More recently, losses of seed oysters in Europe

have also been attributed to summer mortality. Work began in

early 1998 on a Oyster Disease Research Program study to more

precisely characterize summer mortality in a variety of culture

conditions and locations, definitively describe the relationship to

infectious diseases, and identify water quality and seasonal pat-

terns. Additionally, both a field component that investigates oyster

thermal stress response and an assessment of induced thermal tol-

erance to reduce oyster mortalities are underway. Management

practices for commercial cultivation are also being evaluated as

possible measures to reduce the frequency and extent of oyster

losses.

INTERTIDAL OYSTER REEF HABITAT DEVELOPMENT
AND FUNCTIONING: COMPARISON OF DEVELOPED
AND REFERENCE SITES AFTER FOUR YEARS. L. D.

Coen, E. L. Wenner, D. M. Knott, B. W. Stender. N. H. Hadley,

M. Y. Bobo, D. L. Richardson, Marine Resources Research In-

stitute. SCDNR. Charleston. SC 29412. R. E. Giotta, University

of Charleston, Graduate Program in Marine Biology, 217 Fort

Johnson Rd, Charleston, SC 29412.

The goal of a 1995 meeting in Williamsburg was to review and

synthesize current knowledge and approaches concerning oyster

reef habitats. There, several projects were nearing completion.
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others were just beginning, but most were subtidal with minimal

tides. In SC four years ago, we began a long-temi study to evaluate

intertidal oyster reef development and function. Using an experi-

mental approach, we constnicted replicate experimental reefs pair-

ing these with natural reefs at two sites (Inlet Creek-reference and

Toler's Cover-developed) differing in urban development and oys-

ter harvesting status. Descriptive and experimental data were col-

lected, including; (I) water quality. {2| associated transient and

resident faunas; (3) oyster population studies; and (4) predator-

prey (see poster) and Dernio and MS.X disease relationships. First,

the intertidal physical regime is very different from the subtidal

one, especially with respect to temperature. Second, after four

years, we have begun to analyze associated transients and resi-

dents. Preliminarily, within-site resident species richness was simi-

lar between natural and experimental reefs after one year. Faunal

densities were similar between reef types at Toler"s Cove. Inlet

natural reefs supported greater resident densities throughout most

of the first year. Biomass showed a different pattern, reflecting

Geukensia abundance at Inlet. The transient reef community
showed no significant differences in overall abundance or species

richness between experimental and natural reefs at either site.

Palaemonetes spp. were a major component on all reefs sampled,

often exceeding 150/m~. Third for SPF-oysters, subtidal>intertidal

growth, but survival was poor. Disease levels were higher at Tol-

er's than Inlet Creek. We are currently sampling transient faunas in

tidal creeks of adjacent intertidal oyster reefs, salt marsh and mud

flats and examining food web relationships evaluating habitat link-

ages.

"...ONE BRIEF SHINING MOMENT KNOWN AS CLA-
MALOT...": THE CEDAR KEY STORY. S. Colson, Suwannee

River Water Management District. PC Box 376, Cedar Key, FL.

32625, and L. N. Sturnier, University of Florida Cooperative

Extension Service, PC Box 89, Cedar Key, FL 32625.

The heritage and culture of rural communities along Florida's

Big Bend coastline have been intrinsically linked with commercial

fisheries for generations. Over the past decade, closures of oyster

harvesting grounds and a state-imposed ban on gill nets triggered

economic decline and despair in this area. A transition to shellfish

aquaculture as an alternative employment opportunity has been

facilitated through the recent efforts of federally-funded, job re-

training programs. From the placement of the first program gradu-

ates onto leases in 1993, the industry now supports over 250 hard

clam growout operations on 950 acres of state-owned submerged

lands with sales, farm gate value, in 1997 estimated at $10 million.

The promise of prosperity has created a new excitement and com-

mon bond among the individuals that make up these communities.

With a renewed sense of purpose and cohesion, people are working

together to promote their livelihoods, and above all, to protect the

coa.stal waters so critical to the success of these ventures. This

revitalization has also spurred a reaction and responsiveness to the

emergent industry by local governments and by state and federal

agencies. Citizens of Cedar Key have formed advisory groups to

work closely with elected officials and agency representatives in

the planning and implementation of a wide range of water quality

activities. These include storm water and wastewater treatment,

environmental education and water quality monitoring programs.

Sustainable hard clam aquaculture operations have proven to be an

excellent opportunity to both protect and preserve the region's

environmental qualities as well as support economic activity.

OLYMPIA OYSTER STOCK REBUILDING STRATEGY
FOR WASHINGTON STATE. A. E. Cook, Washington Depart-

ment of Fish and Wildlife, Point Whitney Shellfish Lab, 1000

Point Whitney Road, Brinnon. WA 98320. J. A. Shaffer, Wash-

ington Department of Fish and Wildlife, Point Whitney Shellfish

Lab, 1000 Point Whitney Road, Brinnon, WA 98320, B. Dum-

bauld and B. Kauffman Washington Department of Fish and

Wildlife, Nacotta Field Laboratory, PC Box 190, Ocean Park, WA
98640.

The Olympia oyster (Ostrea hirida) is native to the state of

Washington. Once the basis for a thriving, state wide oyster in-

dustry, its numbers were drastically reduced by the mid I940's.

Water quality and overharvesting are thought to be the major fac-

tors in its near demise. The Pacific oyster (.Cmssostrea gigcis) has

since replaced the Olympia oyster in Washington and world mar-

kets. The Washington Department of Fish and Wildlife is now

developing an Olympia oyster stock rebuilding strategy. The goal

of the strategy, to restore the Olympia oyster within its historical

geographic range, is quite simple, but offers many challenges. Key

elements of the draft strategy include historical and curtent distri-

bution of. habitat and water quality impacts to, interspecies inter-

actions with, and Tribal co-management of the Olympia oyster.

Partnering with local commercial shellfish interests and the gen-

eral public provides new opportunities for restoring the native

oyster, and is a top priority for state management of this species.

Suggested priorities for implementation of the strategy will be

discussed.

SHOREBIRD USAGE AND PREDATION ON OYSTER
REEFS AT FISHERMAN'S ISLAND VIRGINIA, U.S.A. J.

A.Crockett, M. W. Luckenbach and F. X. O'Beirn, Virginia

Institute of Marine Science, School of Marine Science, College of

William and Mary, Wachapreague, VA 23480.

Characterizing ecological function is an essential feature of

restoration research. For oyster reef habitats, this research has

generally focussed on subtidal processes involving invertebrates

and finfish, often overlooking the utilization of the reef by terres-

trial and avian predators. Intertidal reefs, however, may provide

important habitat and foraging grounds for shorebirds. We con-

ducted a shorebird survey within and adjacent to an area encom-
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passing thirteen reefs constnjcted of three substrates (surf clam

shell, oyster shell and coal ash pellets) near Fisherman's Island,

VA, U.S.A. All birds found on the reefs and adjacent habitats were

identified and counted. We documented the roosting and foraging

behavior of the American Oystercatcher Haemotopus pallianis

which feed most extensively on the reefs constructed with oyster

shell. We estimated the predation pressure by the American Oys-

tercatcher on oysters by documenting prey capture rates and then

extrapolating over the period of aerial exposure. Examination of

the reef surface provided an estimate of the size frequency of live

oysters and those showing evidence of oystercatcher predation.

Our findings indicate that avian predators may have a significant

impact on the development of restored oysters reefs and contribute

to energy flow from the reef system.

TESTING THE ROLE OF OYSTER REEFS IN THE
STRUCTURE AND FUNCTION OF TIDAL CREEKS WITH
A REPLICATED ECOSYSTEM SCALE EXPERIMENT:
SYSTEM LEVEL VARIABILITY AND RESPONSE TO RE-

MOVAL OF OYSTERS. R. F. Dame, E. Koepfler, L. Gregory.

and T. Prins, Coastal Carolina University, Conway, SC 29326.

and D. Allen. D. Bushek. C. Corbett, D. Edwards. B. Kjerfve.

A. Lewitus, J. Schubauer-Berigan, S. Thomas and students,

Baruch Marme Field Laboratory. University of South Carolina,

Georgetown, SC 29442.

Data from an ongoing replicated ecosystem level experiment

that addres.ses the ecological role of oyster reefs in tidal creeks is

summarized. Geomorphology and hypsometry were determined

for eight similar tidal creek systems in North Inlet Estuary. South

Carolina, U.S.A. Oyster biomass. which ranged from 2 to 24 g dry

wt. m""* of water, was standardized to 8 g dry weight m"\ Sub-

sequently, several structural and functional attributes (water qual-

ity, phytoplankton and bacterial productivity, oyster growth and

recruitment, nekton utilization, total creek metabolism and nutrient

cycling) were monitored in each creek for one year to determine

system variability. In January 1998. after the first year of moni-

toring was complete, oyster reefs were removed from four of the

eight creeks in a randomized block design. Monitoring continued

so that Before reef removal and After reef removal data can be

compared among Control (no reefs removed) and Impact (reefs

removed) creeks in completely replicated BACl design. Pre-reef

removal data indicated high seasonal variability and significant

variability among creeks. Relative differences among creeks were

stable—creeks generally maintained the same rankings throughout

the year. Analysis of subsequent monitoring will look for changes

in the behavior of creek attributes before and after oyster reef

removal. This study will span El Nifio and La Nina events as well

as intervening years. The BACI design accounts for such ovenid-

ing effects, enabling this study to not only examine the impacts of

removing oysters, but also examine differences in system response

to major perturbations when oyster reefs are present or absent.

SHELLFISH STOCK ENHANCEMENT. MANAGEMENT
AND RESTORATION IN THE BAY OF MONT SAINT-

MICHEL. BRITTANY FRANCE. J. C. Dao, IFREMER Centre

de Brest. 29280 Plouzane. France.

The Bay of Mont Saint-Michel is located on the west part of the

English channel off France. It belongs to a larger coastal ecosys-

tem called "Normand-Breton Gulf (ICES area Vile) of 8400 Km2

open to the west and the north, including the channel islands

(United Kingdom). The large and shallow area is remarkable for

the large amplitude of the tides and for the size and diversity of the

bivalves communities. Shellfish exploitation is based on farming

(flat-oyster, cupped oyster, mussel) and part of the fishing in the

gulf (native flat oy.ster, warty-venus, clams, pectinids). Production

in the bay averages 7000 tonnes of oysters and 10000 tonnes of

mussels annually. Most of the shellfish farming requires the intro-

duction of juveniles since there is no natural recruitment. Manage-

ment is based on the primary productivity on intertidal areas de-

voted to a single species and delimited by private leases. Profes-

sional regulations (biomass and spatial distribution) are regularly

reviewed by the shellfish farmers organizations. Interactions with

the open ecosystem (invasion by a competitive gastropod, Crep-

idula fomicata), and water quality in the estuarine areas are taken

in account.

ENTEROCOCCI AS A TRACER OF WASTE DISCHARGE
CONTAMINANTS IN ESTUARINE SHELLFISH. S. De

Luca, G. D. Lewis, and R. G. Creese, University of Auckland,

School of Environmental and Marine Science, Leigh Marine Labo-

ratory, PC Box 349. Warkworth. New Zealand.

Wastes are often discharged into estuaries and harbours, and

commonly contain contaminants such as heavy metals, pesticides,

detergents, and synthetic chemicals which are likely to adversely

effect human health and marine organisms. Faecal bacteria, also

found in such waste discharges, can be used as quick, simple and

inexpensive tracers of these contaminants. Faecal bacteria are ac-

cumulated by shellfish in a similar way to contaminants, and their

presence in water, sediment and shellfish tissue samples can indi-

cate the potential presence of other pollutants. Enterococci were

used to trace storm water and other discharges in a NE New

Zealand harbour where Aiistr(>ve)\iis siiilchhiiiyi (little neck clam)

and Macomona liliiiini (wedge shell) are commonly found. Shell-

fish tissue samples taken 2-monthly over 2 years indicate a sea-

sonal nature to the levels of bacteria detected. High levels in w inter

correlate with increased rainfall and, therefore, greater runoff and

stomiwater flows. A further experiment was carried out over 12

days in winter to ascertain the effect of rainfall events on levels of

Enterococci in water, sediment and shellfish tissue. The results

indicated an immediate increase in levels of bacteria in stormwater

with high rainfall. Harbour water, clam tissue and sediment were

similariy affected the day following high rainfall, but tissue from

the deposit-feeding wedge shell was not significantly affected.
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Shellfish and human health are likely to be at greater risk from

lethal and sublethal effects of contaminants contained in waste

discharges during winter months or episodes of high rainfall, when

runoff and stormwater flows are greatest.

INDICATORS OF EFFECTS OF WASTE DISCHARGES
ON THE NEW ZEALAND LITTLE NECK CLAM AUSTRO-

VENUS STUTCHBURYI. S. D. De Luca. R. G. Creese, and G.

D. Lewis, University of Auckland. School of Environmental and

Marine Science. Leigh Marine Laboratory. PO Box 349. Wark-

worth. New Zealand.

Coastal waters are commonly used for disposal of sewage.

stormwater and other wastes, and it is these same coastal areas that

are used for recreation and shellfish gathering. This research is to

determine robust indicators of shellfish "health" which are sensi-

tive to waste inputs such as stormwater. sewage and septic tank

leachate. A multidisciplinary approach is used, with a broad array

of microbiological, ecological and biochemical parameters being

investigated. Experiments using enterococci as a tracer of these

discharges indicated that during high rainfall the concentration of

enterococci significantly increased in stormwater point source,

harbour water, surficial sediment and clam flesh. Another site,

which has several stormwater drains and streams discharging into

it and where there are houses {and therefore septic tank leach

fields) close to the foreshore, was chosen as the focus of a study

testing potential biochemical indicators of metabolic stress. A ref-

erence site with no houses nearby or point source inputs was also

studied. The biochemical methods used for the determination of

glycogen, adenylate energy charge and total adenylate pool in clam

foot muscle are presented. Preliminary results indicate no signifi-

cant difference between sites for glycogen or adenylate energy

charge. However, total adenylate pool was higher at the reference

site than the putative impact site. As a consequence of these re-

sults, controlled experiments in running seawater aquaria are cur-

rently being carried out in order to ascertain at what concentration

of specific contaminants the biochemical indicators are affected in

A. stutchburxi.

THE BRAS DOR LAKES OYSTER INDUSTRY. C. Dennis.

Eskasoni Fish and Wildlife Commission. Eskasoni. Cape Breton.

N.S. BOA IJO, Canada.

In times past, the River Denys Basin has supported a thriving

wild oyster industry. Aquaculture for oysters increased during the

1970's and 80's. Due to changes in the market, the industry dried

up. There has recently been a rebirth in interest in the aquaculture

industries all over the Atlantic provinces. Eskasoni First Nation

has been attempting to restore the oyster aquaculture industry

through the presentation of a workshop in Orangedale which dis-

cussed the problems faced by the industry, including the lack of

reliable seed, the closing of shellfish areas through sewage con-

tamination and the lack of reliable markets. Through the work-

shop, the Eskasoni Fish and Wildlife Commission agreed to begin

two tasks—to help implement a stakeholders group which will

address the problem of sewage contamination in the basin and to

implement an Oyster Growers Association which could act as an

advocate for oyster aquaculture in the Lakes. There has been in-

terest expressed by various government agencies to assist in the

development of these groups to bring the oyster industry back to its

former prominence in Nova Scotia.

MAINTAINING THE SHELLFISH NICHE IN THE NEW
MILLENNIUM—THE PACIFIC COAST OYSTER GROW-
ERS ASSOCIATION APPROACH. W. F. Dewey, Taylor Shell

fish Company. 130 S.E. Lynch Road. Shelton. WA 98584.

Intense population growth, the associated pollution, coupled

with demand for competing uses of our marine estuaries (views by

NIMBVs, recreation) are jeopardizing the survival of West Coast

shellfish farmers. Watershed ecosystem management has become

the rage as resource managers and politicians grapple with balanc-

ing the demands and impacts of this increased growth. The Pacific

Coast Oyster Growers Association recognizing if they are to main-

tain shellfish's niche in that watershed eco.system. growers need to

be proactive on several fronts. Shellfish farmers need to walk the

talk. No longer is it adequate to go to hearings, profess themselves

as the canaries in the mineshaft and ask everyone upstream to fix

their problems. PCOGA is embarking on an effort to develop coast

wide shellfish farming Best Management Practices (BMP's). They

are exploring developing those BMP's into a programmatic Habi-

tat Conservation Plan to provide regulatory stability under the

Endangered Species Act and impending salmonid listing. The Pa-

cific Shellfish Institute (PSI). the research arm of PCOGA is purs-

ing funding for shellfish ecosystem research as its highest priority.

PCOGA members are being encouraged to get involved on local

watershed planning committees, with growth management plan-

ning, on Conservation Districts, with environmental groups and

other watershed stakeholder groups to educate as to the value of a

healthy shellfish resource as part of the ecosystem. Only armed

with this proactive arsenal and establishing ourselves as the most

responsible user group in the ecosystem will shellfish farming

survive into the new millennium.

BLUE MUSSEL FISHERY IN DENMARK. P. Dolmer. Danish

Institute for Fisheries Research, Dep. of Marine Fisheries, Char-

lottenlund Castle, DK-2920 Charlottenlund. Denmark.

The blue mussel. Mytilus edulis, is a dominant species in Dan-

ish coastal waters. The species forms dense mussel beds and is an

important controlling component of pelagic primary producers.

The mus.sel stocks are exploited by an extensive fishery resulting

in comprehensive reductions of local mussel populations. Danish

Institute for Fisheries Research (DIFRES) has for years partici-
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pated in studies on the direct effect of the fishery of mussels by

dredge such as resuspension of sediment and disturbance of

benthic invertebrates. In addition, studies on mussel population

dynamics, mussel bed structures and the ecological role of the

mussels enable an evaluation of the indirect effects of mussel

dredging. In 1996 the effects of mussel dredging on the benthic

community was .studied. A diver identified commercial dredging

tracks, and the benthic infauna was sampled by van Veen grab

inside the tracks and just outside. A field experiment analysed the

effect of dredging at the benthic fauna in four study sites. At two

of the plots, experimental dredging exposed half of the plot. The

fauna at the study sites was quantified by sampling before dredg-

ing, and again one day. one week, and one month after dredging.

The infauna was sampled by van Veen grab and the epifauna was

quantified from UW-photos. The talk integrates the results from

the different studies in order to evaluate the mussel fishery in a

larger ecosystem context.

AN ECONOMIC ANALYSIS OF AN OYSTER HABITAT
RESTORATION PROJECT TO OFFSET DAMAGES DONE
BY HURRICANE ANDREW TO THE OYSTER RE-

SOURCES IN CENTRAL. COASTAL LOUISIANA. R. J. Du-

gas, Louisiana Department of Wildlife and Fisheries, 1600 Canal

Street, New Orleans. LA 70890, W. R. Keithly. Center for Coastal

Energy and Environmental Resources, Louisiana State Unisersity,

Baton Rouge, LA 70803. D. Lavergne, Louisiana Department of

Wildlife and Fisheries. PC Box 98000. Baton Rouge, LA 70898.

On August 25. 1992. Hurricane Andrew devastated the Loui-

siana coast east of Atchafalaya Bay, passing through several of the

designated public oyster grounds. Sustained winds near the center

of this Category 4 storm were 130 mph for five hours or longer,

and caused Gulf water surges in excess of 20 feet at the shoreline.

These surges displaced substantial amounts of marsh and bottom

sediments redepositing them throughout the adjacent waterbottoms

in the area. Some of the state's most productive oyster reefs were

in these waterbottoms that were buried by the displaced sediment

and accompanying vegetation. The immediate assessed value of

the damage to the impacted area, which did not include the long-

term impact of the lost habitat necessary for future production, was

estimated in excess of S26 million. Under the Interjurisdictional

Fisheries Act Program, administered by the U.S. Department of

Commerce's National Marine Fisheries Service. Louisiana re-

ceived $5.1 million federal funding for restoration efforts of the

oyster communities on some of the Louisiana public oyster

grounds. This presentation will concentrate on the economic re-

turns from this effort to restore damaged oyster resources in the

Terrebonne Parish region, which was in the direct path of Hum-

cane Andrew. Monitoring oyster harvesting activities since the

restoration efforts have indicated a significant benefit to cost ratio.

USE OF OYSTER SHELL TO CREATE HABITAT FOR JU-

VENILE DUNGENESS CRAB IN WASHINGTON
COASTAL ESTUARIES: STATUS AND PROSPECTS. B. R.

Dumbauld and B. E. Kauffman, Washington Department of Fish

and Wildlife, Willapa Bay Field Station, PC Box 190. Ocean Park.

WA 98640. D. A. Armstrong and E. Visser, School of Fisheries,

Box 357980, University of Washington, Seattle, WA 98195.

The deployment of oyster shell in estuarine intertidal areas to

create habitat for juvenile Dungeness crab (Cancer magister) is

now routinely used as a mitigation technique for "unavoidable

losses" of crab during dredging operations in Grays Harbor and

Willapa Bay along the southwest coast of Washington State. Origi-

nal feasibility studies were conducted in 1986/87 for a project

administered by the U.S. Army Corps of Engineers which w idened

and deepened the navigation channel in Grays Harbor. Since that

time, several studies have elucidated the ecology of crab and other

organisms that recruit to the shell reefs that are created and have

also refined the procedures used to calculate the number of crabs

lost due to dredging and those produced by the shell placement.

While the shell produces crab habitat, initial assumptions about the

longevity of the shell have proved to be overly optimistic and the

shell often sinks or is covered with silt before the end of the first

summer after deployment. In addition, competition with shore

crabs Hemigrapstis oregoiieiisis. has caused juvenile Dungeness

crab to be displaced. We summarize results of these studies, make

some ecological comparisons of habitat \ alue w ith "natural
"

habi-

tats such as eelgrass that also act as intertidal crab nursery areas,

and present initial results from an ongoing mitigation effort which

seeks to produce a more persistent living oyster reef in Willapa

Bay.

POTENTIAL USE OF RAY'S FLUID THIOGLYCOLLATE
MEDIUM TO DETECT AND QUANTIFY PERKINSUS
MARINUS IN ENVIRONMENTAL WATER SAMPLES.
R. C. Ellin and D. Bushek, Belle W, Baruch Institute for Marine

Biology and Coastal Research, University of South Carolina, PC

Box 1630, Georgetown, SC 29442.

Perkinsus mariiws is a major pathogen of the eastern oyster,

Crassostrea virginica. Many studies have examined the physi-

ological responses of C. virginica to P. niariniis and host -
parasite

responses to changing physical parameters (salinity and tempera-

ture); however, few studies have investigated the transmission dy-

namics that drive this relationship. Horizontal transmission of P.

marinus occurs via the water column. Accurate methods for quan-

tification of P. marinus in the water column are necessary to study

transmission dynamics. P. marinus in environmental water

samples can be enumerated with competitive molecular PCR as-

says or an antibody probe coupled with flow cytometry. These

methods are expensive and there is some uncertainty surrounding

possible cross reactivity of the antibody probe. Ray's Fluid

Thioglycollate Medium (RFTM) as.say is an inexpensive, accurate
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methodology to assess P. inarinus infection intensities within oys-

ter tissue, hemolymph, feces, and pseudofeces. Documentation of

the use of RFTM to analyze environmental water samples does not

exist. We used RFTM to detect P. iiiariiius in environmental water

samples. Experiments investigating the feasibility of the use of

RFTM as a method of P. marinus enumeration in environmental

water samples will be presented.

SHELLFISH HEALTH MANAGEMENT FOR ENHANCE-

MENT, RESTORATION AND CULTURE ON THE WEST
COAST. R. A. Elston and D. Cheney, Pacific Shellfish Institute.

PC Box 687. Carlsborg. WA 98324 and 120 State Avenue N.E.

#142, Olympia, WA 98501-0600.

Pacific and kumamoto oysters (Crassostrea gigas and C. sika-

inea) and manila clams (T. pbilippinanim) are widely cultured on

the west coast of North America. Native bivalve culture is rela-

tively limited by several species such as the geoduck clam (Panope

abnipta) and native littleneck clam {Protothaca stamineu) are part

of an emerging technology that supplies seed and adult shellfish

for enhancement, restoration, and commercial production. It is

essential that health management procedures be in place to prevent

the dissemination of infectious diseases during these activities and

to reduce operational costs. Studies on cultured seed stock in

Washington. Oregon. California and Hawaii revealed opportunis-

tic but significant bacterial pathogens and several other conditions.

No diseases considered certifiable were found. A broader mortality

and health study of adult oyster stocks is underway to elucidate

causes of periodic mortality and establish an ongoing program of

health surveillance. Developing technology for new species in cul-

ture must include health management and disease prevention in the

intensive culture facilities. Morphologic pathology is the basis of

disease evaluation but needs to be supplemented by microbiologi-

cal and molecular methods for diagnosis and characterization of

infectious diseases. Shellfish health programs for commercial pro-

ducers are under development in order to better understand the

disease process related to shellfish mortalities and product losses,

and to foster practices that will enhance shellfish health. The health

program consists of standards for brood stock management, hatch-

ery and grow out operations, a response plan for disease outbreaks,

record-keeping requirements and standards for evaluation and

training.

INVESTIGATION OF THE STRESS RESPONSE. SUMMER
MORTALITY AND DISEASE RESISTANCE OF OYSTERS,
CRASSOSTREA GIGAS AND CRASSOSTREA VIRGINICA.

C. S. Friedman, G. N. Clierr, J. S. Clegg, A. H. Hamdoun, J. L.

Jacobsen, S. A. Jackson, and K. R. Uhlinger, Bodega Marine

Laboratory, Univ. California Davis, PC Box 247, Bodega Bay, CA
94923,

The ability to mount a stress response is often essential for an

organism's survival, especially for oysters inhabiting dynamic and

stressful environments which experience summer mortalities. We

have characterized and response of Pacific oysters, Crassostrea

gigas, to heat shock, hypo-osmotic acclimation and disease. Pa-

cific oysters synthesized heat shock proteins (HSP) in the 70 kD

family and exhibited prolonged induced thermotolerance (ITT. at

least 3 wk) after exposure to heat shock. Hypo-osmotic acclima-

tion delayed HSP production and tolerance to lethal temperatures.

Oysters challenged with NocarJia synthesized HSPs in a pattern

similar to control animals. However, the degree of ITT was re-

duced in oysters with nocardiosis. We are investigating the inter-

action between heat shock, nocardiosis and immune function in

order to assess the role of several stressors and host defense/repair

mechanisms in summer mortality. Oysters held at 1 2^^C required

an elevation in temperature of over 2r'C to induce HSP produc-

tion. Animals acclimated to 22°C produced HSPs after a tempera-

ture increase of only 15°C (heat shocked at 37°C). Thus, the tem-

perature needed to induce a stress response may be related to the

upper thermal limit of the oyster (43.5-44°C) and may not be based

solely on the magnitude of thermal shock. The Eastern oyster, C.

virginica, produced HSPs after heat shock in the same manner as

the Pacific oyster. However, the magnitude of ITT was reduced

relative to that of Pacific oysters held under the same culture and

experimental conditions.

COOPERATIVE REGIONAL OYSTER BREEDING PROJ-

ECT. S. K. Allen, Jr., and P. M. Gaffney, Aquaculture Genetics

and Breeding Center, Virginia Institute of Marine Science, Glouc-

ester Point, VA 23062 and College of Marine Studies, University

of Delaware, Lewes, DE 19958.

CrosBreed is a cooperative regional program involving inves-

tigators from Delaware, Maryland, New Jersey, and Virginia,

states whose oyster industries have been hard hit by the oyster

di.seases MSX and Dermo. Its primary goal is to evaluate the

performance (growth and survival in the presence of both MSX
and Dermo) of several selected oyster lines in several mid-Atlantic

environments. Five oyster lines created in 1995 from first genera-

tion Delaware Bay synthetic lines selected for resistance to MSX
were deployed at three sites (VA, MD and NJ) in August 1995. A

locally produced control group as well as a global control group

(of New Jersey origin) were also deployed at each site. At regular

intervals from fall 1995 through fall 1997, samples from all groups

at all sites were examined for MSX and Dermo, as well as overall

growth and survival. In the two higher sahnity sites (VA, NJ) both

growth and survival were markedly better in CROSBreed lines

than control lines, with all groups showing high survival during the

first 12-18 months. At the lower salinity site (MD), survival was

poor during the first year but high afterwards, with the local con-

trol pert'orming best. No differences in growth rates among CROS-

Breed and control groups appeared at this site. All lines developed

Dermo at the VA and NJ sites. CROSBreed lines showed lower

di.sease frequency and prevalence than the global controls at the

VA site and pertormed comparably at the NJ site. Little or no
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Dermo appeared at the MD site. Little MSX was observed at any

site. Even in the absence of strong MSX pressure, the CROSBreed

lines perfonned well, demonstrating their cunent value as well as

their potential for further development of dual-disease resistant

lines. These results also demonstrate the \ alue of controlled field

trials in evaluating the performance of selected lines.

PHYSIOLOGICAL AND GENETIC CORRELATES OF
DERMO DISEASE RESISTANCE IN THE EASTERN OYS-

TER. M. Faisal. S. Kaattari. and P. M. Gaffney, Virginia Insti-

tute of Marine Science. Gloucester Point. VA 23062 and College

of Marine Studies. University of Delaware. Lewes. DE 19958.

We are using a set of 14 full-sib families, which represent

genotypes from nearly the entire geographical range of C. vir-

^iiiica. to explore genetic and physiological sources of variation in

host resistance to Dermo disease. Objectives of our project are: 1 )

to determine the correlation between putative physiological indi-

cators of disease resistance and actual resistance as measured by

natural disease challenge; 2) to determine the genetic component

of vaiiation in the putative physiological indicators of disease re-

sistance; 3) to determine the genetic component of variation in

Dermo disease resistance after natural disease exposure; 4| to de-

velop additional rmclear DNA markers for the eastern oyster ge-

nome map; 5) to determine inheritance and linkage relationships

among new and existing genetic markers (DNA and protein) using

these pedigreed reference families. Variation among families will

provide a first estimate of the genetic component of disease resis-

tance and the genetic contribution to variation in the measured

physiological traits. Correlations between measured physiological

traits and disease resistance will be evaluated to determine whether

the former can serve as good indirect estimators of the latter. In

addition to further clarifying the role of these physiological pro-

cesses in disease resistance, this information may provide ODRP-

sponsored efforts to develop a reference set of pedigreed families

for genomic mapping of the oyster, and represents a first step

toward mapping of markers associated with disease resistance

genes in oysters.

WHERE ARE THE SUBTIDAL OYSTERS? AN EXPERI-

MENTAL EVALUATION OF PREDATION, TIDAL EL-

EVATION, AND SILTATION ON OYSTER iCRASSOS-

TREA VIRGINICA) DISTRIBUTION IN SOUTH CARO-
LINA. R. E. Giotta. Grice Marine Biological Laboratory, 205

Fort Johnson Road. Charieston. SC 29412, L. D. Coen. Marine

Resources Research Institute, SCDNR, 217 Fort Johnson Road.

Charleston, SC 29412.

Oyster (Crassostrea virginica) populations in the southeastern

U.S. are primarily intertidal. making them distinct from the well

studied subtidal populations of the northeastern U.S. and the Gulf

of Mexico. Four concurrent experiments examined how physical

and biological factors interact to affect oyster distribution in a

South Carolina tidal creek. Three tidal positions (intertidal. sub-

tidal on-bottom, and subtidal off-bottom) and two predator treat-

ments (exclusion cage and partial cage, or control) were employed

to evaluate effects of tidal ele\ation. predation, and siltation on

survival and growth of hatchery-reared oysters and on long term (7

mos.) oyster recmitinent. Preliminary results for small (1-2 mm
SH) oysters suggest that predator exclusion and tidal position did

not have a significant effect on oyster survival. For larger (26—40

mm SH) oysters, however, survival was significantly greater in

exclusion cages than controls at the two subtidal position; there

was no significant difference between caged and control survival

intertidally. Oyster growth was not affected by exclusion cage, but

was higher subtidally on- and off-bottom than intertidally. Long

term oyster recruitment varied significantly with tidal position.

More oysters with a smaller final mean size recruited to the inter-

tidal trays than to the subtidal. on-bottom trays; recruitment to the

subtidal off-bottom trays was not different from the other two

positions. Preliminary results regarding effects of siltation appear

equivocal and are discussed. In summary, results indicated that

subtidal oyster growth exceeds intertidal growth, but without pro-

tection from predation survival is low subtidally. Predation appears

to be an important factor limiting subtidal oysters in this area.

WATERMEN. RESEARCHERS, AND COMMERCIAL
AQUACULTURISTS WORKING TOGETHER TO RE-

STORE MARYLAND'S EASTERN AMERICAN OYSTER
POPULATION. M. Gluis. South Australian Research and De-

velopment Institute (SARDI). South Australia.

The Chesapeake Bay population of the Eastern American Oys-

ter {Crassostrea virginica) has been substantially reduced by the

effects of the pathogenic organisms Perkinsus marinus (Dermo)

and Haplosporidium nelsoni (MSX). This has had a large envi-

ronmental, social and economic impact on the Chesapeake Bay

and watermen that derive income from the collection of these

oysters. This project was conducted jointly with the Maryland

DNR. Corp of Engineers and the Maryland Watermens Associa-

tion. The main goal was to produce as many oysters as possible

and use these to re-seed areas that were known to have a low

incidence of "Dermo" and "MSX". Added benefits to this were; 1)

The demonstration of aquaculture methods as an alternative for

watermen to enhance viability of their traditional "wild catch' in-

dustry. 2) The restoration of the The Maryland Department of

Natural Resources" Piney Point Aquaculture Center to operational

standard. 3) The development of microalgea and oyster nursery

skills of the Maryland DNR staff. 4) The increased settlement and

survival of Eastern Oyster larvae grown using an adequate diet and

reduced stocking density, 5) Settlement rates of cultched and

cultchless spat was 19% and 66% respectively. These spat were

then transferred to nursery sites within the Chesapeake Bay.
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ENHANCING A TRADITION: OYSTER FARMING FOR
CHESAPEAKE WATERMEN. D. L. Leonard, National Ma-

rine Fisheries Service. 1315 East West Highway. Silver Spring.

MD 20910, D. J. Grosse. TerrAqua Environmental Science and

Policy, LLC. 3754 Jeniter Street. N.W.. Washington. DC 20015.

R. S. Kallen, RSK Strategies. 1870 North Larabee Street. Chi-

cago. IL 60614. R. C. Karney, Martha's Vineyard Shellfish

Group. Box 1552. Oak Bluffs. MA 02557.

The 1.200 inhabitants of Smith and Tangier islands are direct

descendants of British colonists who settled these islands in the

early 1700s. Since the mid- i 800s the islands' economies have

depended upon crab and oyster harvesting. The recent declines in

shellfish resources threaten the livelihood of the local walemien.

To offer an additional economic option compatible with the is-

land's unique lifestyle we designed a project which de\'elops an

integrated oyster industry, capable of producing, processing and

marketing oysters year-round. The goal is to offer watermen an

additional economic option while supporting these islands and

their unique lifestyle. Project success will depend on the number of

watermen involved, their success in raising and marketing oy.sters

and their ability to make the industry economically self-sustaining.

While the major diseases that contnbuted to the oyster decline

(dermo and MSX) will likely persist for the foreseeable future, the

impact of the disease can be minimized by: ( I ) brood stock selec-

tion for disease tolerance and fast growth; (2) minimizing disease

exposure by delaying spawning and using low salinity nursery

sites; and (3) using techniques such as off-bottom culture to pro-

mote faster growth and minimize disease impacts. Increasing pro-

duction is only half of the equation. The remaining challenge is

getting the oysters to markets. In cooperation with the watemien.

we are developing a marketing plan to maximize income and em-

ployment by identifying markets, determining costs of producing

and delivering oysters to markets, and estimating anticipated rev-

enues from (I J clump oysters and (2) singles or cultchless oysters.

basins due to a weak water exchange and eutrophication. In 1997.

a project started aiming at an improvement of the oxygen condi-

tions by increasing the mussel populations in the fjords. The in-

crement of mussels is attained by on and off bottom farming for

human consumtion. The main part of these waters is allowed for

shellfish growing as a majority of the sewage systems are con-

nected to well developed purification plants.

OYSTER REEF COMMUNITIES IN THE CHESAPEAKE
BAY (ORCCB): A PUBLIC EDUCATION TOOL SUPPORT-
ING OYSTER REEF RESTORATION. J. M. Harding, V. P.

Clark, and R. .Mann. Virginia Institute of Marine Science, Col-

lege of William and Mary, Gloucester Point. VA 23062.

Current Chesapeake Bay oyster restoration efforts focus on

oyster reefs as living habitat supporting complex ecological com-

munities. Public support of ongoing oyster restoration efforts de-

pends on an awareness of the oyster's commercial importance and

the major interconnections between oyster reef communities and

water quality, recreational fisheries, and tidal communities. We are

developing a research-based public education tool. Oyster Reef

Communities in the Chesapeake Bay (ORCCB) that synthesizes

information on oyster reef and tidal habitat ecology, scientific

methods, and ongoing research projects within the Chesapeake

Bay. Connections between tidal habitats, successful recreational

fisheries, and oyster reef community health and restoration will be

emphasized within a modular framework. The main objective of

the ORCCB software is to clearly describe the background and

results of our active reef research program into relevant informa-

tion easily accessible by the general public. The ORCCB CD
includes interactive, data-based management scenarios as well as

suggestions for classroom resources and activities. This software

will be supported by full documentation and an Internet web site.

RECYCLING OF NUTRIENTS FROM SEA TO LAND
WITH MUSSEL [MYTILUS EDULIS) CULTIVATION. J.

Haamer, Institute of Coastal Research. National Board of Fisher-

ies. Nya Var\et. byggnad 31. 42671 Vastra Frolunda Sweden.

Benthic suspension feeders like mussels have a dominant in-

fluence on the flux of nutrients. In the Baltic Sea Mvtiliis edidis

colonize the hard bottoms from the surface down to more than 30iti

depth and in one investigated area on the Swedish coast Mxtilus

amounted to 86'7f of animal ash free dry weight on the hard bot-

toms. Owing to a low salinity (0.7'/f PSU) there is little competi-

tion for space and the main predators like crabs and starfishes are

absent in the Baltic. The large biomass of mussels in the Baltic is

considered to have a stabilizmg effect on the ecosystem and de-

creases the negative effects of eutrophication by removing phy-

toplankton biomass from the pelagic system. On the Swedish West

Coast most sill fjords suffer from temporary anoxia in the deep

OYSTER REEF RESTORATION AS A HABITAT EN-

HANCEMENT TOOL FOR RECREATIONALLY VALU-
ABLE FINFISHES. J. M. Harding and R. Mann. Virginia In

stitute of Marine Science. The College of William and Mary.

Gloucester Point, VA 23062.

The Chesapeake Bay provides nursery and feeding habitat for

many recreationally and commercially valuable finfish species.

Three dimensional living oyster reefs provide natural habitat en-

hancement for fishes such as striped bass (Morone saxatilis) and

bluefish iPomatomus saltatrix). Diet and distribution patterns of

these fishes across seasonal and diurnal scales were examined at

three study sites in the Piankatank River. Virginia. Fish were col-

lected with gill nets from a sand bar. a shell bar. and a three

dimensional oyster shell reef during thirty-six hour sampling sta-

tions in 1996 and 1997. Bluefish and striped bass were consistently

more abundant on the oyster reef than at either of the off reef sites.

Teleosts were dominant prey items for both bluefish and striped



ICSR, Hilton Head Island, South Carolina Abstracts. November 18-21, 1998 1303

bass; fish caught on the oyster reef consumed more species of

teleosts than fishes from non-reef sites. Small henthic reef fishes

such as naked gobies {Gobiosoma base) were frequent prey items

for reef—associated bluefish and striped bass. In 1996. naked goby

and striped blenny {CliiisinoJes bosqiiiaitiis) abundance on the reef

declined in late June during the same time window that striped

bass abundance around the reef peaked. Length at age relationships

for bluefish and striped bass suggest that reefs are preferred habitat

for young (~ Age 1-2) fish of both species. Continued restoration

of oyster reefs and the associated communities will enhance habi-

tat for these species and other important finfishes.

MODELING THE MSX PARASITE IN EASTERN OYSTER
{CRASSOSTREA VIRGINICA) POPULATIONS: MODEL
DEVELOPMENT. IMPLEMENTATION AND VERIFICA-

TION. E. E. Hofman and J. M. Klinck, CCPO Crittenton Hall.

Old Dominion Unnersity. Norfolk. VA 23529. S. Ford and E. N.

Powell. Haskin Shellfish Research Laboratory, Rutgers Univer-

sity. Pon Norris, NJ 08349.

A model simulating the host-parasite-environmental interac-

tions of Eastern Oysters (Crassostrea virgiiiica) and the pathogen.

Haplosporidium nelsoni. which causes the disease MSX, has been

developed. The nrodel is physiologically-based and is structured

around proliferation and death rates of H. nelsoni under different

environmental conditions. Equations describing these rates were

constructed using data from long-term field observations, and field

and laboratory experiments. Simulations that use environmental

conditions characteristic of Delaware Bay reproduce the observed

seasonal H. nelsoni cycles and consequent oyster mortality. These

simulations show the effect of environmental factors, such as sa-

linity and cold temperatures, on controlling the intensity and

prevalence of H. nelsoni infections. However, biological controls

from density-dependent feedback on H. nelsoni proliferation and

H. nelsoni sponilation events also greatly affect disease prevalence

and intensity. The oyster-//, nelsoni model provides a quantitative

framework for guiding future laboratory and field studies as well

as management efforts.

MISSISSIPPI SHELLFISH RESTORATION AND EN-

HANCEMENT PROJECT. J. D. Jewell. S. Gordon, and M.

Buchanan, Mississippi Department of Marine Resources. 1141

Bayview Avenue, Suite 101. Biloxi, MS 39530, B. Randall. Gulf

Coast Research Laboratory. PC Box 7000. Ocean Springs. MS
39566-7000.

Mississippi experienced extreme adver.se weather conditions,

including storms, hurricanes (Andrew, Erin, and Opal), and heavy

rainfall, from August 1992 through December 1995. These events

cause significant flooding, oyster mortality, and degradation of

oyster habitat through sedimentation and over burden. Mississip-

pi's oyster reefs are primarily located in the western Mississippi

Sound near the confluence of several major river systems. These

rivers crested well above flood stage for extended periods during

the disaster period. This major influx of fresh water and sediments

caused mortalities on oyster reefs and resulted in heavy infestation

of near shore oyster reefs by the hooked mussel, Ischadium recitr-

viini. Encrustation by this mussel rendered entire reefs unharvest-

able. Mississippi Department of Marine Resources (MDMR) per-

sonnel assessed damage to the oyster reefs, and submitted an ap-

plication to the U.S. Department of Commerce (NOAA-NMFS)
for funding of the restoration and enhancement efforts which in-

cluded surveying of reef areas, cultivation of reef areas, and plant-

ing of cultch materials. MDMR personnel surveyed reef areas to

determine which areas were excessively silted over and assessed

which areas needed cultch material or areas that were suitable for

oyster reef development. Two modified dredges were towed over

the reefs to re-expose existing shell and to break up and reduce the

hooked mussel encrustation. MDMR contracted the planting of

cultch materials. Cultch materials were transported to pre-selected

sites on barges and deployed by high-pressure water hoses, spread-

ing them evenly in a thin layer over the bottom. Preliminary results

from these efforts are presented.

POOR WATER QUALITY? NOT IN MY BACKYARD! THE
EFFECTIVENESS OF NEIGHBORHOOD POND ASSOCIA-

TIONS IN THE PROTECTION AND IMPROVEMENT OF
SHELLFISH GROWING WATERS ON MARTHAS VINE-

YARD. R. C, Karney. Martha's Vineyard Shellfish Group, Inc.,

PO Box 1552, Oak Bluffs, Mass. 02557.

Neighborhood pond associations have proven to be an espe-

cially effective force in the protection and enhancement of local

coastal ecosystems. Environmental managers who are wise enough

to forge partnerships with these local organizations will be re-

warded with the energy, commitment, and passion reserved for

issues that hit close to home. With the vigilante zeal of a Neigh-

borhood Crime Watch, local pond associations are the eyes and

ears that sound the first alerts of environmental pollution. With the

efficiency of a local militia, they rally to the cause as volunteers

with financial commitment and effective political organization.

The environmental accomplishments of neighborhood groups on

Martha's Vineyard are impressive. The Edgartown Harbor Asso-

ciation funded a water quality smdy resulting in the establishment

of a free septage pumpout facility for boaters. The Friends of

Sengekontacket (Pond) provided the leadership to coordinate a

local, state and federal partnership to complete a major dredging

project which restored filled shellfish habitat and nourished an

eroding barrier beach. The Lagoon Pond Association funded a

court battle to limit pier construction. The Tisbury Great Pond

Think Tank and Tisbury Water Ways have addressed farm and

roadway runoff with fencing, buffer strips and innovative catch

basins. All of the associations have conducted successful public

education programs, water quality monitoring studies, protective
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zoning initiatives and fundraising activities to protect shellfish

habitats and water quality.

THE DEMAND FOR OYSTER RELAYING ACTIVITIES IN

LOUISIANA, 1973-96. W. R. Keithly and A. Diagne, Center for

Coastal Energy and Environmental Resources. Coastal Fisheries

Institute. Louisiana State University. Baton Rouge, LA 70803.

R. J. Dugas. Louisiana Department of Wildlife and Fisheries.

1600 Canal Street. New Orleans. LA 70890.

Approximately one-third of Louisiana's oyster growing waters,

much of it privately leased, is classified as either restricted or

prohibited at any given time. Relaying of oysters from closed to

approved waters is a costly process. As such, the demand for

relaying activities is likely to be more prevalent under certain

economic and environmental conditions. The demand for relaying

can be inferred from the number of permits issued on an annual

basis. The demand for these permits, furlhemiore. is a derived

demand and. according to economic theory, should respond posi-

tively to increase in the output price of the final product (i.e.. the

harvested oyster price) and negatively to increases in input costs.

Theory would also suggest that the demand responds inversely to

relative oyster abundance. Specifically, the greater the overall

abundance of oysters the less need there is to incur the additional

costs associated with relaying as a means to secure sufficient quan-

tities of the marketable product. To test this theory, the number of

permits issued on an annual basis during the 1987-95 period was

regressed against the deflated price of the harvested product, an

indicator of oyster abundance, and a discrete demand shifter to

"capture" the influence of additional costs that were incuired post

1987 associated with the added requirement that a bonded enforce-

ment agent be on site when relaying activities are taking place. The

results, in general, conformed to the theory. Specifically, the

analysis suggested that a one percent increase in the deflated price

of the harvested product resulted in a more than four percent

increase in the demand for permits, ceteris paribus. Likewise, the

increased costs associated with the requirement that a bonded en-

forcement agent be present resulted in a statistically significant

decline in the demand for relaying activities, ceteris paribus. The

results derived from the analysis will be the basis of the presen-

tation.

VOLUNTEERS CAN DO MORE THAN DIG A DUCK. T.

King, Washington Sea Grant Program. University of Washington,

1 1840 N. Hwy 101, Shelton, WA 98584. H. Beattie, Washington

State Department of Fish and Wildlife. 1000 Point Whitney Road.

Brinnon. WA 98320.

Geoduck clams, often called gooey ducks or G.O. ducks, are

perhaps the most talked about clam species by visitors to the

Pacific Northwest. The geoduck's native range is from Baja. Cali-

fornia to Alaska from the -i-3 foot tidal height to -400 feet deep.

and lives for over 100 years. The cultivation of geoducks has been

underway in Washington State since 1970. With the cultivation of

hatchery seed and the development of predator exclusion devices,

enhancement of public beaches is a viable venture. Cunently, the

enhancement of recreational beaches generally yields a 20^0%
survival rate. However, the labor needed to install the exclusion

devices can often make the enhancement time consuming and

expensive. Since 1996, Washington Sea Grant and the Washington

Department of Fish and Wildlife have been working together to

involve groups such as 4H. Boy Scouts. Girl Scouts and commu-

nity members to help enhance local recreational beaches. This

effort has lead to fun filled geoduck planting adventures. To date

over 1,400 hours of volunteer work have been logged to plant

38.000 geoducks. The successful recruitment and management of

volunteers is essential to this program since installing the geoduck

"condos" and planting the geoducks are but one aspect of the

enhancement effort. Retrieving the condos after a year and patrol-

ling the planted areas for human predators and polluters over the

next 4 to 5 years are other important volunteer functions. Working

together to suppoil geoduck enhancement efforts has lead to in-

creased recreational opportunity and heightened awareness of the

marine environment.

RESTORING PASCAHANNA BAR—A PARTNERSHIP BE-

TWEEN A POWER PLANT AND A STATE OYSTER
HATCHERY. T. W. Klares, Environment Specialist, Natural Re-

source Management Department, Potomac Electric Power Com-

pany. 1900 Pennsylvania Ave. NW. Washington, D.C. 20068-

0001. R. E. Bohn, Oyster Recovery Program Manager. Maryland

Department of Natural Resources. Piney Point Aquaculture Cen-

ter, PO Box 150. Piney Point. MD 20674.

In 1996. a group of employees from the Potomac Electric

Power Company's (PEPCO) Morgantown Generating Station and

the company's corporate Environment Group formed a project

team with the objective of improving the productivity of a natural

oyster bar. The 85-acre bar. named Pascahanna. sits just off-shore

of the fossil-fueled power plant in the Potomac River. To provide

oysters for the bar. company biologists
—aware that state of Mary-

land resource managers were targeting oyster bars in lower-salinity

waters such as those found in Morgantown for transplanting hatch-

ery reared "disease-free" seed oysters
—

developed a partnership

with one of the state's oyster hatcheries, Piney Point Aquaculture

Center. Responsibilities of the partnership involved the production

of seed oysters for the bar by Piney Point, and an essential adop-

tion of the management of the 85-acre bar by the PEPCO workers.

Specifically, this "adoption" included providing I ) data feedback

on growth, mortality, and disease infestation; 2) manual labor at

the hatchery: 3) engineering assistance; and 4) transportation of all

oysters destined for Pascahanna. The first year of the partnership,

1996. saw no production of oysters at all from Piney Point due to

unfavorable environmental conditions (i.e., unusually low salini-
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ties). Oyster production al Pnie> Point boomed in 1997 with the

complete renovation and upgrade of the facility. Subsequently,

over 2 million oysters were placed overboard on Pascahanna bar

that year. To accommodate transpoilation of the increased produc-

tion in 1997. PEPCO also provided transportation for over 8 mil-

lion oysters to other Potomac oyster bars, as well as to sites around

the Chesapeake Bay for most of the 50 million oysters produced at

the hatchery. The partnership continues in 1998 with an estimated

2 million oysters delivered by PEPCO for bars other than Pasca-

hanna. and a target of planting I million oysters on Pascahanna

later this year.

QPX A PROTISTAN PARASITE OF HARD CLAMS (MER-

CENARIA MERGESARIA ) AND ITS IMPORTANCE TO RE-

HABILITATION EFFORTS. J. N. Kraeuter and S. E. Ford

Haskin Shellfish Research Laboratory, Institute for Marine and

Coastal Sciences and New Jersey Agriculture Experiment Station.

Rutgers University. Port Norris. NJ 08349. R. Sniolowitz, Labo-

ratory for Aquatic Animal Medicine and Pathology. University of

Pennsylvania. Marine Biological Laboratory. Woods Hole. MA
02543. D. Leavitt, Department of Biology. Woods Hole Oceano-

graphic Institution. Woods Hole. MA 02543. L. M. Ragone,

Calvo School of Marine Science Virginia Institute of Marine Sci-

ence. College of William and Mary. Gloucester Pomt. VA 23062.

QPX, a protistan parasite has recently been associated v\ith

mortality of hard clams. Meneiuiria mercenaiia. This parasite has

been found from Prince Edward Island. Canada. Cape Cod. Mas-

sachusetts, and the ocean lagoons of New Jersey and Virginia.

Tissue sections of hatchery produced seed clams and hatchery

clams during their first year of field growout failed to show QPX.

The parasite appears in the second year of growout and can cause

very high (>75'7f ) mortalities. In 1995. clams from NJ hatcheries,

being grown in Du.xbury and Provincetown. MA. experienced high

mortality, and heavy QPX. In late 1996, a New Jersey clam grower

noted heavy mortality in stocks purchased from South Carolina in

1995. These were diagnosed to be infected with QPX. Other NJ

growers have experienced mortality of SC seed purchased in 1996

and 1997. NJ seed planted in nearby plots has not experienced

heavy mortality. In 1996. Virginia began a hard clam survey, and

has found the parasite in a number of cultured clam plots. Virginia

growers have not experienced heavy mortalities. Our current un-

derstanding of this parasite lacks many critical details, but QPX

may invade clams stressed by poor growing conditions or other

factors. There is an indication that genetics of particular stocks

and/or latitudinal shifts of stocks may be an important risk factor.

This hypothesis suggests, if rehabilitation or stock enhancement is

the primary goal, that the use of seed from local stocks may be of

critical long term importance, even if such seed costs more.

QUAHAUG {MERCENARIA MERCENARIA) STOCK RES-

TORATION PROJECT IN PRINCE EDWARD ISLAND,

CANADA. T. Landry. M. Ouellette, and N, MacNair, Depart-

ment of Fisheries and Ocean. PO Bt)x 5030. Moncton. N.B.,

E1A4Y I.Canada.

Quahaug iMenemina mercenaria) production and harvesting

in Prince Edward Island is continuing to be an important commer-

cial and recreational activity. Over the past 20 years, aquaculture

techniques have been evaluated in an attempt to increase the pro-

duction of quahaugs. with limited success. The present project is

looking at areas where small intervention in the biological cycle of

this species could improve the recruitment and survival levels,

similar to how desilting and shelling activities have contributed to

the production of oyster. The first phase of this project started in

May, 1998 and will look into the reproduction cycle of quahaug in

a .study bay. The natural recruitment and survival patterns in rela-

tion to habitat characteristics are also investigated and the prelimi-

nary finding will be presented.

RED AND GREEN ABALONE SEED GROWOUT FOR RE-

SEEDING ACTIVITIES OFF POINT LOMA, CALIFOR-

NIA. D. Lapota. G. Rosen, C. H. Liu, C. Norita, and J. Chock,

Naval Space and Warfare Systems Center. Marine Environmental

Quality Branch. Code D362. 53475 Strothe Road. San Diego. CA
92152-6310.

At present, there is a statewide moratorium on the harvesting of

any abalone species from San Diego County north to San Fran-

cisco. CA. Harve.sts of the main species which comprise the fish-

ery (the red abalone Haliotis rufescens. the green abalone H. fitl-

gens. and the pink abalone H. cornigata) have plummeted to an

all-time low of .several hundred thousand pounds of abalone per

year. Over-fishing and now several diseases have recently been

identified in abalone. which are creating concern within the indus-

try with respect to the recovery of the fishery. Presently, hatchery-

bought red and green abalone seed are being cultured for eventual

re-planting into the Department of the Interior Cabrillo National

Monument. Abalones are being cultured in a flow-through tank

system at our Biological Effects Program test facility located near

the mouth of San Diego Bay and fed on a mixed diet. The seed are

approximately 45 mm in size and will be transplanted when they

attain the size of approximately 75-mm in size. Previous attempts

at reseeding within California waters have failed for various rea-

sons, but the present effort will use seed 3 times larger than past

efforts. Reseeding success will be assessed by annual dive surveys

and should help future reseeding efforts for shellfish restoration.
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RESOURCE VALUATION AND BEST MONITORING
STRATEGIES FOR SOFTSHELL CLAM {MYA ARENARIA)
RESOURCES OF CHARLOTTE COUNTY, NEW BRUNS-

WICK. CANADA. K. L. LeBlanc. Eastern Charlotte Waterways

Inc., 17 Main Street. St. George. NB. EGG 2Y0 Canada.

Softshell clams are harvested over the entire southern coast of

New Brunswick. The resource is a vital part of Charlotte County's

economy and the clam industry directly employs nearly 500 local

diggers. Presently, many softshell clam areas in Charlotte County

are closed because of poor or uncertain water and clam tissue

quality. Federal agencies continue to declassify and/or condition-

ally close many growing areas because of decreases in monitoring

effort (due to diminishing financial resources). However, harvest-

ing in these areas might be made possible by sharing these efforts

between Provincial and Federal Agencies and industry. For ex-

ample. Pocologan Harbour is conditionally opened in accordance

with a detailed sampling regime developed by government and

industry. The harvest of clams from this traditional flat has gen-

erated more than $1,000,000 from 1996-1998. More recently,

clam digging in the conditionally opened Chamcook Harbour

(through the same initiatives) generated more than $250,000 dur-

ing four weeks of harvest. More growing areas might be reclassi-

fied and reopened for digging only if such initiatives are continued.

Efforts between government and industry, including community

groups, will be required to guarantee the future existence of the

softshell clam industry. Eastern Charlotte Waterways, Inc. (ECW)

is currently developing a management plan for the monitoring of

Charlotte County's coastal growing areas. In addition, future ini-

tiatives will also be taken by all significant parties to develop be.st

management practices for the softshell clam industry as there are

few presently a\ ailable for the protection of this ecologically and

economically important resource.

UTILIZATION OF RESTORED OYSTER REEFS BY FISH-

ERY ORGANISMS: EXPERIMENTAL ANALYSES OF
PREDATOR-PREY RELATIONSHIPS. H. S. Lenihan and

G. W. Thayer, National Marine Fisheries Service, Beaufort Labo-

ratory. Beaufort. NC 28516, J. H. Grabowski. Institute of Marine

Sciences. University of North Carolina, Morehead City, NC 28557.

Oyster reef habitat is restored in Atlantic coast estuaries pri-

marily to revive the failing oyster fishery. The goals of our project

were to examine experimentally in North Carolina how species

diversity and abundance of fishes and crabs, and predator-prey

relationships among fishery organisms is influenced by (1) the

substrate type used to restore oyster reefs, and (2) a large-scale

disturbance, bottom water hypoxia. Fishes, crabs, benthic prey

populations, and gut analyses were sampled on experimental reefs

constructed of different materials (shell, small marl rock, large

rocks) over time in Pamlico Sound. The same response variables,

along with hydrographic conditions, were sampled on experimen-

tal reefs of different sizes at two water depths (3- and 6-m) in the

Neuse River before, during, and after a long-temi hypoxic event.

At both locations, southern flounder, pigfish. croaker, silver perch,

weakfish, gag grouper, sheepshead, and blue crab were found to

utilize and forage on oyster reefs. In Pamlico Sound, the most

abundant tlshes, pigfish, silver perch, pinfish, an flounder were

found to prefer small marl reefs, where the density of benthic

crustaceans (grass shrimp and amphipods) was highest. Fishes and

blue crabs also appeared to control the abundance and distribution

of crustaceans on reefs in the Neuse River. Bottom water hypoxia

had a dramatic effect on fishery and prey organisms: hypoxia

forced fishes and blue crabs onto shallow-water reefs where pre-

dation was intense and the abundance of forage species quickly

declined. In general, restored oyster reefs appear to provide im-

portant habitat for a wide variety of fishery organisms and their

prey. In addition, we compare the overall economic value of fish-

ery organisms that utilize seagrass beds and natural and restored

oyster reefs in Pamlico Sound and will present these findings.

USE OF WATER .JETTING FOR RESTORATION OF
SHELLFISH HABITAT IMPACTED BY LEAD SHOT. M. R.

Liberati, E. I. duPont de Nemours and Company. Barley Mill

Plaza 27. Wilmington, DE. 19880, J. H. Volk, Bureau of Aqua-

culture and Laboratory, Connecticut Department of Agriculture,

Rogers Avenue. Milford, CT 06460.

The Connecticut oyster industry has experienced tremendous

growth during the past decade due in part to the implementation of

culch seeding programs, and careful management of seed and har-

vest beds. The mouth of the Housatonic River provides a vital

habitat for oyster spawning and seedling development. Very pro-

ducti\e public and leased harvest areas are located beyond the

mouth of the river in Long Island Sound. Contiguous to the oyster

seed and harxest beds is a subtidal area where lead shot has ac-

cumulated from 60 years of off-shore shooting from a former gun

club. A 1992 order requires the removal by mechanical dredging of

an estimated 1,500 tons of lead shot contained in 400,000 cubic

yards of sediment. Due to the potential negative impacts to the

nearby oyster resources, alternatives to mechanical dredging were

evaluated. An innovative technique to accomplish lead shot burial

using water jetting was piloted to determine its effectiveness to

clear the benthic zone of lead shot.

PARALLELS WITH ISSUES AND PERSPECTIVES IN AR-

TIFICIAL REEF RESEARCH. W. J. Lindberg, Department of

Fisheries and Aquatic Sciences, University of Florida, 7922 NW
71st St., Gainesville, ¥L 32653.

Oyster reef and rock reef habitats differ in many obvious re-

spects, but as structural components of estuarine/marine ecosys-

tems, they also offer many functional comparisons and contrasts.

Practical issues pertaining to artificial reefs have afforded us op-

portunities to test various ecological processes, which, in turn, are
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now guiding artificial reef design and placement strategies. As just

one example, gag grouper (Mycteroperca iiiicrolcpis). a top resi-

dent piscivore. is apparently capable of density-dependent habitat

selection, and selects habitat patches primarily on the basis of

available shelter rather than food resources. Patch reef size and

spacing interact to affect gag residency times. The longest resi-

dency occurs on large, widely spaced patch reefs. And yet, growth

and relative weights are greatest on smaller patch reefs, where

shelter presumably limits local densities thus yielding higher per

capita prey availability. Such spatial processes are important be-

cause of trophic coupling betw een reef and non-reef compartments

of the system. An interesting comparison might be the extent to

which oyster reef and rock reef habitats function as structural

shelter versus sources of food for exploited species. As we con-

struct or restore reef habitat, we ought to design the projects in

accordance with the ecological processes thought to correspond to

specific management objectives, and in a way that facilitates test-

ing whether the anticipated effects are indeed manifested.

A RESOURCE-BASED METHODOLOGY TO ASSESS

DOCK AND PIER IMPACTS ON PLEASANT BAY. MA.

S. L. Macfarlane, Town of Orleans Conservation Department. 19

School Road. Orleans, MA 02653, J. Early, Island Foundation,

589 Mill Street, Marion, MA 02738-141 8, T. Henson, MA Coastal

Zone Management, 3225 Main Street, Barnstable, MA. T. Balog,

Town of Brewster Conservation Department, 2198 Main Street,

Brewster, MA 02631, and A. McClennen, Bayplan Steering Com-

mittee. 68 Evelyn's Drive, E. Harwich, MA 02633.

The preparation of a four-town resource management plan for

Pleasant Bay. Cape Cod. MA required a comprehensive assess-

ment of the present number of private piers on the bay, the prob-

ability of numerous additional piers in the future, and the potential

impacts from piers on the resources of the bay. The planning group

developed a methodology to account for various components rela-

tive to piers and their use. The study area was segmented into

twenty six geographic subsections. Each subsection was evaluated

for nine factors representing biological, physical, and human use

characteristics critical to the impacts of docks and piers. The nine

factors were: enclosed/open water bodies, water depth, shellfish

habitat, eelgrass, fringe marsh, density of existing structures,

moorings, navigational channels and recreational activity. Each of

the nine factors were assigned a value of "0", ".5'" or "l" where

indicated the least significance and 1 represented the greatest sig-

nificance. Results were tabulated and mapped according to re-

source sensitivity. The results indicate that a significant portion of

the Bay's shoreline is extremely resource sensitive. The environ-

mental impacts from construction and use of docks and piers in

these areas pose a direct threat to the extensive and fragile re-

sources and have been deemed inappropriate for new docks and

piers. Less sensitive areas may be more appropriate for construc-

tion of new docks and piers based on bay-wide criteria to be

formulated once the plan is implemented.

OYSTER REEF RESTORATION IN CHESAPEAKE BAY:

RECRUITMENT PATTERNS AND REEF DEVELOPMENT
IN VIRGINIA. R. Mann. M. L. Luckenbach. J. Wesson. I.

Bartol, J. M. Harding, M. Southworth and J. Nestlerode, Vir-

ginia Institute of Marine Science. The College of William and

Mary, and Virginia Marine Resources Commission, Gloucester

Point, VA 23062.

Since its programmatic inception in 1993, three dimensional

reef restoration in the Virginia portion of the Chesapeake Bay has

and continues to employ sites from the low salinity tributaries of

the southern shore of the Potomac River (Coan River), to small

"trap-type" (sensu Andrews) sub-estuaries on the western shore

(Piankatank and Great Wicomico Rivers), limited sites in a large

western shore sub-estuary (James River), creeks or embayments

with limited watershed on the eastern shore (Pungoteague Creek)

and near the mouth (Lynnhaven Bay), and a Bay mouth site at

Fisherman's Island on the Eastern Shore. Structures vary from

shell mounds (oyster, clams shell or a mixture) exposed at low tide

both with and without supplemental broodstock additions, sedi-

ment mounds, capped with shell, and manufactured substrates (fly

ash). From this cumulative data set is emerging a description of

recruitment patterns at varying spatial scales, including ( 1 ) within

the matrix of the surface shell layers at cm scales, (2) with depth

on the intertidal - subtidal dine at cm-m scales, (3) within sub-

estuaries at km scales, and (4) between sub-estuaries but within the

bay at 10-100 km scales. Scales (3) and (4) also represent a sa-

linity dine. In addition, recruitment at a limited sub set of sites can

be described in temporal scales of ( 1 ) weeks within a year, and (2)

up to four sequential years. An overview of these data is presented

in context of longer term (decade) historical data for recruitment of

ovsters in these sites.

RESTORED REEFS AS AN ENHANCEMENT AND MAN-
AGEMENT TOOL FOR SHELLFISH POPULATIONS. R.

Mann. Virginia Institute of Marine Science, The College of Wil-

liam and Mary, Gloucester Point, VA 23062.

Odum's calculation of the value of an area of salt marsh was a

significant advance in the recognition of salt marshes as valuable

components of the coastal ecosystem. Data from more recent in-

vestigations of submerged aquatic vegetation (SAV) has been

similarly successful in developing wide support for their restora-

tion in coastal regions. The challenge before use is to expand the

growing enthusiasm of the scientific community for oyster reef

systems as an enhancement and management tool for shellfish

populations to a wide acceptance of their value by the regulatory

community, recreational, and commercial fishing sectors, environ-

mental groups, and an informed general public. The contextual
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problem here is daunting, in that while we as individual research-

ers are compiling defensible quantitative studies of individual as-

pects of reef ecology, we await a synthetic summary of our col-

lective studies which has evolved sufficiently to insert reef devel-

opment as a continuing discussion item in broader efforts

addressing coastal and estuarine water quality, shoreline develop-

ment, nutrient reduction, finfish fisheries management, and eco-

system restoration. With this goal in mind three questions will be

addressed: (1) Over what spatial scale can reef enhancement ef-

fects be demonstrated (can we make a big enough impact to be

taken seriously?), (2) what time frames are required to develop a

sustained positive impact (can we become "players"" in a reasoned

time frame?), and (3j what will it cost in comparison to alternate

approaches?

RECONSTRUCTION OF A NATURAL OYSTER BAR IN

THE CHOPTANK RIVER USING HATCHERY PRO-
DUCED OYSTER SEED. D. Meritt, J. Takacs. and G. Baptist.

Horn Point Environmental Laboratory. University of Maryland,

Cambridge, MD 21613. K. T. Paynter, Department of Zoology.

University of Maryland. College Park. MD 20742. R. Pfeiffer.

Oyster Recovery Partnership. Annapolis. MD 20676.

The Maryland Oyster Recovery Action Plan calls for the use of

disease-free hatchery seed in the reconstruction of oyster bars in

specific zones where no oyster harvesting is allowed and no

Dermo or MSX-infected seed may be planted. This plan will allow

experimental projects to be peiformed to test how quickly oyster

seed will become infected in these areas and how diseases affect

oysters in relatively low salinity areas over a period of years.

Reconstruction of a natural oyster bar in the Choptank River was

initiated in 1995 with the deposition of I00.0(J0 bushels of dredged

fossil oyster shell on a 10 acre portion of a natural bar in the

Choptank River. This produced a large, hard platform on w hich the

hatchery, held in setting tanks 4 to 10 days after settlement then

moved to nursery sites in the Choptank River. After 4 to 6 weeks

at the nursery sites where the spat grew to approximately 15 mm.

they were planted on the prepared oyster bar. By October. 1995.

the spat had grown to an average height of 28 mm. Heavy fresh-

water input February-June 1996 has lowered the salinity at the site

to 3 ppt which may threaten the survival of the young oysters. May

sampling revealed no additional mortality due to the low salinity.

Surveys will continue through 1996 to determine growth, survival

and infection rates of the oysters.

THE INFLUENCE OF CREATED INTERTIDAL OYSTER
REEFS ON NEKTON USE OF ADJACENT CREATED
SALT MARSH HABITAT. D. L. Meyer. National Marine Fish-

eries Service. Southeast Fisheries Science Center. Beaufort Labo-

ratory. 101 Pivers Island Road. Beaufort. NC 28516.

Five year old created Sparliiui dhcinifloni marsh sites were

modified in summer 1992 by oyster cultch addition to the lower

intertidal fringe of randomly selected sections (cultched;, while

other sections remained unaltered (non-cultched). Fauna were col-

lected, using fyke nets, from the marsh treatments and natural

(reference) marsh over two years during spring, summer and fall to

examine the effect that enhancing habitat heterogeneity has on

faunal marsh use. Faunal use of both cultched and non-cultched

created marsh differed statistically from nearby reference marshes.

After seven years, resident fish, shrimp and crab use of non-

cultched marsh was frequently lower (p<0.05) than reference

marsh. Use of the both cultched and non-cultched created marsh by

Ciilliiiectes sapidiis. Pciiaeus aztecus. Puhiemonetes piigio. La-

godon rhomhoidcs. GohioneUus holeosomti. Gohionellus bosci,

Cxprinodoii variegatus. Fundidus lieteroclitus and Fimduhis ma-

jalis was significantly less than that of reference marsh. Disparities

for fish and decapod abundance between created and reference

treatments were more evident during summer w hen many species

ontogenetically shift feeding patterns from plankton to epibenthic

meiofauna. Prey species for marsh residents may be in lower abun-

dance in created marsh treatments due to significantly lower par-

ticulate organic mater content compared to reference marshes. Ad-

dition of an oyster cultch fringe to the marsh was beneficial to

resident marsh species use and those species with an affinity for

oyster substrate, including C. variegatus. F. lieteroclitus. C. bo-

leosoinu. G. bosci. P. pugio. and Palaemoiietes vulgaris. The pres-

ence of the cultch may serve as a barrier to juveniles of some

species, particularly Leiostonuis xautlnirus. and C. sapidus, which

move onto the marsh early in the tidal cycle.

JAPANS EFFORTS TO PROMOTE NEW CONCEPTS FOR
200 MILE EXCLUSIVE ECONOMIC ZONE AND THE
ROLE OF MARINO-FORUM 21. T. \Iorikawa, 6 4 Uchi

kanda 2-chome, Chiyoda-ku, Tokyo 101-004, Japan.

Until 1988. Japan had been the world's leading nation in fish

production; however, the fish catch has decreased significantly.

Total catch in 1996 was 7.4 million mt which was about 5 million

mt less than peak of the catch in 1988 due mainly to the sharp

decline in sardine landings. Fish resources in the water surround-

ing Japan have generally been under pressure in recent years be-

cause of the degradation of the coastal en\ironment and the im-

balance between population size and fishing effort. Nevertheless,

coastal fisheries production from capture fisheries has remained at

about 2 million mt over the past 30 years. This remaining at same

level in coastal production was mainly a result of Japan's efforts in

promoting stock enhancement and sustainable utilization of fish-

eries resources implemented under the "Coastal Fishing Grounds

Improvement and Development" and "'Sea Farming" projects. The

projects, still underway, are designed to enhance the productivity

of fisheries resources in the coastal waters through the creation and

improvement of fishing grounds and sea farming based on the

concept of restoring resources. It includes the installation of arti-

ficial fish reefs, development of suitable habitats for fishery re-

sources enhancement, creation or restoration of seaweed beds and
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tidelands. recovery or impro\enienl of existing fishing grounds by

dredging, creating water routes, and removing accumulated sludge

and restoration system of non or less dissolved oxygen sea bottom

layer. In recent years, new technologies have been developed and

implemented by Marion-Forum 21 under the projects. These in-

clude the use of a combination of audio signal training and pro-

tective fish reefs together and feed released juvenile fish to restore

and increase the population of targets species through the release

of seed in suitable areas of the sea while ensuring proper conser-

vation of existing natural stock which is called "Marine Ranching"

and development of a large scale artificial upwelling-flow-

generation system to increase the productivity of fishing grounds,

etc. Recently, in order to improve the reliablity of stable seed

production, as well as to reduce labor and space requirement for

mass production of marine rotifers, a continuous culture system

has been developed by Marino-Forum 21. Through the "Coastal

Fishing Grounds Improvement and Development" and "Sea Fann-

ing" projects taking with these new technological developments.

Japan pursues responsible fisheries practices as recommended by

the International Conference on Responsible Fishing.

USE OF UNDERWATER VIDEO TO MONITOR AND
QUANTIFY USE OF CONSTRUCTED OYSTER REEF
HABITATS BY MOBILE COMMERCIALLY AND ECO-
LOGICALLY IMPORTANT SPECIES. J. A. Nestlerode, Vir-

ginia Institute of Marine Science, College of William and Mary,

Gloucester Point, VA. 23062, M. W. Luekenbach and F. X.

O'Beirn, Virginia Institute of Marine Science, College of William

and Mary, Wachapreague, VA 23480.

Defining the role of oyster reefs as essential habitat for both

commercially and ecologically valuable fishes and crustaceans is a

crucial element in their restoration. Because of the nature of these

reef systems, these habitats are difficult to sample by conventional

fisheries methods. In an effort to quantify the use of reef habitats

and evaluate the success of constructed reef systems, underwater

video was used to compare fish use of the reef and unvegetated

subtidal mudflat immediately adjacent to the reef in relation to

tidal stage at Fisherman's Island. VA. Utilization of three reef area

sub-habitats (reef interior, reef edge, and subtidal mudflat approxi-

mately 5 meters away from the reef edge) by nekton was moni-

tored simultaneously at each of the three sub-habitats over an

entire daylight tidal cycle. Video highlights and methods for using

video in a quantitative manner will be presented.

TRENDS IN EARLY COMMUNITY DEVELOPMENT AND
TROPHIC LINKS ON CONSTRUCTED OYSTER REEF.

J. A. Nestlerode, Virginia Institute of Marine Science. College of

William and Mary. Gloucester Point. VA 23062. M. W. Lueken-

bach and F. X. O'Beirn, Virginia Institute of Marine Science.

College of William and Mary. Wachapreague. VA 23480.

Replicated small reef bases, constructed near the mouth of

Chesapeake Bay at Fisherman's Island in the summer of 1996. are

currently being monitored for the development of attached and

mobile organisms on the reef surfaces and for the presence of

nekton adjacent to the reefs and in nearby habitats. The reefs are

composed of three different substrate materials: oyster shell, surf

clam (Spisiila solidissimo) shell, and stabilized coal ash pellets and

although these artificial reef communities are presumably in early

stages of development, patterns in faunal abundances with respect

to substrate type and tidal elevation are apparent. These findings

have implications for the types of substrates and construction con-

figurations needed to support the development of epifaunal assem-

blages on constructed reef habitats. The ultimate goal of this study

is to use benthic and nektonic community data, along with trophic

transfer data, to develop a quantitative dynamic budget model for

energy flow for the reef .system. This model may be used to assess

ecological function of the constructed reef within the ecosystem

and may lead to the development of much-needed success criteria

for the evaluation of these types of constructed reef habitats in

estuarine systems. Innovative sampling methods for quantifying

benthic and nektonic fauna will be discussed and hypothesized

trophic links between these reefs and adjacent shallow water en-

vironments will be presented.

NORTH CAROLINA'S SHELLFISH HABITAT AND
ABUNDANCE MAPPING PROGRAM. E. B. Noble and M. D.

Marshall, North Carolina Division of Marine Fisheries. Morehead

City. NC 28557.

The North Carolina Division of Marine Fisheries shellfish map-

ping program maps the state's estuarine waters to locate shellfish

producing areas and delineate potentially productive bottom. Oys-

ter {Crassostrea virginica). clam (Mercenaria mercenaria). and

scallop (Argopecten irradians) concentrations are determined by a

stratified random sampling scheme. In 1987. the state's estuaries

were divided into system components based on set criteria. These

criteria ranked areas on shellfish habitat suitability (salinity, bot-

tom sediments, seagrass). water quality, shellfish production,

shellfish fisheries, and state management activities in the area.

Twenty-four habitat types (strata) were identified to further facili-

tate quantitative sampling. To date. DMF has mapped over 95.000

acres of North Carolina's estuarine bottom from the Cape Fear

River to the Newport River, including South River and areas in

Core and Roanoke sounds. Shellfish densities are sampled in each

stratum within each area and entered into a biological database.

Habitat coverage is included in the state's Geographic Information

System. The two databases are integrated to produce resource

maps of shellfish producing areas and potentially productive bot-

tom. Shellfish habitat and abundance maps identify and protect

essential fisheries habitat, such as marsh, seagrass and oyster reefs.

Information is used by coastal resource managers in the permit

review process, in the designation of critical habitat, and in shell-
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fish restoration and enhancement efforts. Cooperation with state and

federal agencies and universities is an important program objective.

OYSTER RECRUITMENT AS A FUNCTION OF SUB-

STRATE TYPE AND TIDAL ELEVATION. F. X. OBeirn.

and M. W. Luckenbach, Virginia Institute of Marine Science.

College of William and Mary. Wachapreague, VA 23480. J.

Nestlerode. Virginia Institute of Marine Science. College of Wil-

liam and Mary .Gloucester Point. VA.

Restoration of degraded oyster reef habitat generally begins

with the addition of substrate which serves as a reef base and site

for spat attachment. Remarkably, little is known about how sub-

strate type and reef morphology affect the development of oyster

populations on restored reefs. Three-dimensional, intertidal reefs

were constructed near Fisheinian's Island. VA: two reefs in 1995

using surf clam {SpisuUi sitliilisiiini} shell and eleven reefs in 1996

using surf clam, oyster shell and stablilized coal ash. We have

monitored oyster recruitment and growth quarterly at three tidal

heights (high-, mid- and low- intertidal) on each reef type since

their construction. Oyster recruitment in 1995 exceeded that ob-

served in the two subsequent years. High initial densities on the

1995 reefs decreased and stabilized at a mean of 418 oyster per m".

Oyster settlement occurred on all reef types and tidal heights in

1996; however, post-settlement mortality on the surf clam and coal

ash reefs exceeded that on the oyster shell reefs which remained

relatively constant throughout the year (mean = 773 oysters/m").

Field observations suggest that predation accounts for most of the

observed mortality and that the clam shell and coal ash reefs,

which have little interstitial space, suffer greater predation. Oyster

abundances were consistently greatest higher in the intertidal zone

on all reefs in each year studied. The patterns observed here lead

to the preliminary conclusion that the provision of spatial refugia

(both intertidal and interstitial) from predation is an essential fea-

ture of successful oyster reef restoration in this region.

SHELLFISH RESOURCE DEVELOPMENT ACTIVITIES

IN FLORIDA. B. D. Pierce, and J. D. Gunter, Department of

Environmental Protection; Di\ ision of Marine Resources; Bureau

of Marine Resource. Regulation and Development, 3900 Com-

monwealth Bhd. Mail Station 205. Tallahassee, PL 32399-3000.

Shellfish resource development activities are employed to in-

crease shellfish production in 21 of the 37 shellfish harvesting

areas within Florida. Restoration operations to enhance oyster pro-

duction include deposition of cultch. relaying, and seed transplant-

ing. Hard clam production has been enhanced by the establishment

of high density aquaculture lease areas and other aquaculture ac-

tivities. Other shellfish enhancement activities sponsored by the

state include: scallop restoration activities, assisting county gov-

ernments with stomiwater management programs to improve wa-

ter quality in shellfish harvesting areas, training county govern-

ment staff to evaluate and monitor shellfish harvesting areas, pre-

viously closed by the state due to budgetary restrictions, and

cooperative programs with local, state and federal agencies that led

to restoration of traditional haivest grounds previously closed due

to improperly treated sewage discharged from coastal communi-

ties. Two shellfish harvesting areas (Apalachicola Bay in Franklin

county and Cedar Key in Levy county) are provided as examples

where resource enhancement and aquacultural activities have a

profound effect with assisting fishermen displaced by the recent

ban on the gill netting industry and providing shellfish harvesters

with supplemental income in times of need.

REMEDIATION PROJECTS TO ADDRESS NON-POINT
SOURCE POLLUTION IN THE COMOX VALLEY. O. D.

Pinho, Comox Valley Project Watershed Society, #3-2401 Cliffe

Ave. Box 363 Courtenay. British Columbia. V9N 2L5 Canada.

The Baynes Sound, located on the east coast of Vancouver

Island in western Canada, is one of the province of British Co-

lumbia's prime shellfish culture areas (valued at S8 million).

Baynes Sound Stewardship Action Group (ESSAG) was formed in

1994 to address and remediate non-point sources of bacteriological

pollution which threaten the health of the Sound. Remediation

action projects for urban stomiwater, agricultural runoff, and mal-

functioning septic systems successfully involve dozens of funders

and community volunteers. In 1996, forty community volunteers

were trained to monitor bacteriological water quality at 60 storm-

drains for a six month period. Sixteen of the drains were found to

pose a high shellfish or human health risk (greater than 1000-

5000 CPU/ 1 00 ml). The program worked with municipal govern-

ments to identify sanitary sewer cross connections. To date, over

42 sanitary sewer/storm drain cross connections have been re-

paired. In 1997 and 1998 an agriculture education campaign aimed

at addressing pollution prevention reached 200 landowners. Hobby

and commercial farmers are offered up to $700 to assist them with

remediation activities such as streamside fencing, vegetation and

manure containment. Proper septic care and maintenance educa-

tion workshops and pump-outs occurted in the summer of 1996

and 1997. Community volunteers distributed information to their

neighbors and invited them to a "septic social / oyster barbecue" at

a nearby resident's home. 2000 information packages have been

distributed. Marine monitoring in the Comox Harbour (North

Baynes Sound) from 1995 to 1997, indicates a slight improving

trend in the frequency and magnitude of fecal coliform counts. The

frequency of counts greater than 43 MPN/lOO ml decreased from

1995 to 1997, however these low levels were also coincident with

lower rainfall levels.
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INCREASED DENSITY OF LARGE RANGIA CLAMS IN

LAKE PONTCHARTRAIN AFTER BANNING SHELL

DREDGING. S. VV. Abadie and M. A. Poirrier, Department of

Biological Sciences, University of New Orleans, Lakefront, New-

Orleans, LA 70148.

Raiigia cuneata is a relatively large clam that is found in oli-

gohaline areas of Atlantic and Gulf of Mexico estuaries. Rantiia is

common in Lake Pontchartrain, Louisiana, and accumulated shells

supported a mining industry from 1933 to 1990. Shells were pri-

marily used for construction of roadways, parking lots, levees and

in the production of cement. Based on mean densities, large clams

(> 20 mm) were abundant (95/m-) in a 1954 study, but less abun-

dant in 1973 (44/nr), 1982 « l/m") and 1984 (40/m-) studies.

Because baseline and comprehensive time sequence studies were

not done, it was unclear whether these differences in abundance

were caused by shell dredging. Forty-five sites were sampled in

1996 and 1997 to determine whether the number of large clams

had increased after shell dredging was stopped in 1990. Large

clams were abundant (mean density 137/nr) at most sites, but

absent in a area of about 200 knr which was affected by saltwater

intrusion and hypoxic conditions from the Inner Harbor Naviga-

tion Canal (IHNCl. Although large clams were absent from the

eastern Lake in prior studies, the highest density (722/m') was

found in this area. Based on the current distribution and density of

large clams, shell dredging had a significant impact and recovery

has occurred.

OYSTER BEDS AS ESSENTIAL HABITAT FOR DECA-

PODS AND FISH. M. H. Posey and T. D. Alphin. Department of

Biological Sciences. University of North Carolina at Wilmington,

Wilmington, NC 28403, T. K. Frazer, Department of Fisheries

and Aquatic Sciences, University of Florida, Gainesville, PL

32653. S. B. Blitch. St. Martins Marsh Aquatic Preserve Complex.

Florida Department of Environmental Protection, 5990 N. Talla-

hassee Road. Crystal River. FL 34428.

Oysters have long been managed as a fishery, however, the

habitat function of oyster beds is now receiving renewed attention.

Many decapods and fish depend upon structural habitats as ref-

uges, foraging areas, or nurseries. This function is widely recog-

nized for seagrass beds. Yet, the absence of seagrasses throughout

much of the southeastern United States and along portions of the

Gulf coast, indicates the potential importance of other structural

habitats in those areas. Over the past 7 years, we have examined

the potential role of oyster beds as essential decapod and fish

habitat, employing a combination of field observational and labo-

ratory experimental work to determine usage patterns and mecha-

nisms driving distributions. Sweep net and Breder trap sampling

indicates that, in addition to reef residents such as mud crabs, a

variety of transient species preferentially use oyster beds under at

least some conditions. These include common taxa such as pinfish.

grass shrimp, and juvenile blue crabs. However, oyster beds rep-

resent only one of several refuge habitats utilized by these tran-

sients and preference seems to vary spatially, temporally, and de-

pending on landscape characteristics. We are currently studying

regional patterns of juvenile blue crab use of oyster beds in the

presence and absence of other structural habitats to better under-

stand some of these modifying parameters for an important com-

mercial species. If oyster beds represent an essential, or even al-

ternative habitat, this emphasizes the need for management of

these systems even in locations where shell fishing is not feasible.

MODELING THE MSX PARASITE IN EASTERN OYSTER

{Crassostrea virginica) POPULATIONS: CHESAPEAKE BAY

AND DELAWARE BAY COMPARISONS. E. N. Powell and S.

Ford, Haskin Shellfish Research Laboratory. Rutgers University,

Port Norris, NJ, 08349, J. M. Klinck and E. E. Hofmann. CCPO,

Crittenton Hall, Old Dominion University. Norfolk, VA 23529, S.

Jordan, Cooperative Oxford Laboratory, 904 S. Morris St., Ox-

ford. MD 21654.

A series of simulations was done with a coupled oyster-

Haplosporidium nelsoni model to investigate the processes con-

trolling the prevalence and intensity of the MSX disease in oyster

populations in Chesapeake and Delaware Bays. The host-parasite

model was initially applied to Delaware Bay where it accurately

simulated the observed seasonal H. nelsoni cycles and consequent

oyster mortality. Migration of the host-parasite model to Chesa-

peake Bay required only two modifications, which indicates the

robustness of the model. The first was a change in the background

concentration of H. nelsoni spores in the spore sub-model, with a

lower value needed for the Chesapeake Bay to match observations.

It is believed that this modification reflects different water resi-

dence times in the two Bays. The second modification consisted of

incorporating salinity-dependence for H. nelsoni sporulation that is

specific to each Bay. This is thought to account for a possible

secondary host for H. nelsoni that is responding to ambient con-

ditions in each Bay. Using environmental conditions characteristic

of Delaware and Chesapeake Bay, the model was able to accu-

rately simulate the timing of H. nelsoni infections in oysters and

along-Bay gradient in MSX infection intensity and prevalence.

These results show cleariy the need for environmentally-based

management of diseased oyster populations.

ANALYSIS OF GENETIC VARIATION IN THE OYSTER

PATHOGEN PERKINSUS MARINUS. K. S. Reece and J. E.

Graves, Virginia Institute of Marine Science, College of William

and Mary, PO Box 1346. Gloucester Point. VA 23062, D. Bushek

and K. L. Hudson, Baruch Marine Field Laboratory. Baruch In-

stitute for Marine Biology and Coastal Research, University of

South Carolina, PO Box 1630. Georgetown, SC 29442.

Perkinsus marimis is a major pathogen of the eastern oyster

Ciassostrea virginica. Recently developed in vitro culture and

cloning methods have facilitated molecular genetic analyses of P.
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iiiuiiiiitx. We examined the genetic relatedness of P. mariiuis in

vitro cultures, and the clonal composition of cultures established

from infected oysters collected throughout the US range of the

parasite. Genetic relatedness of 59 geographic isolates and 34

inonoclonal cultures derived from these isolates was examined at

six polyinorphic nuclear loci by restriction fragment length poly-

morphism analysis. Distance anlayses indicated two major groups.

One cluster was composed predominately of isolates from the

mid-Atlantic and northeastern coastal areas of the United States.

The other group was dominated by isolates from southeastern At-

lantic and Gulf coast regions. Polymorphic simple sequence repeat

regions (microsatellites) of the P. marinus genoine are being iden-

tified and will be utilized along with polymorphic single-copy

nuclear loci to examine the population genetic structure of P.

inariinis. DNA sequence analysis of alleles at an anonymous

nuclear locus in heterozygous monoclonal cultures suggested that

DNA recombination may be occurring in cultured P. murnuis

cells.

SO HOW DO YOU EVALUATE A SHELLFISH RESTORA-
TION PROGRAM? R. J. Rhodes. South Carolina Marine Re-

sources Center. PC Box 12559, Charleston. SC 29422-2559.

Shellfish stocking and other shellfish enhancement programs

are often predicated on the notion that the wise application of

research and technology can improve or restore shellfish stocks.

Although seeking remedies for restoring shellfish resources is

critical, it is also important to estimate monetized costs and ben-

efits of proposed and/or existing restoration programs. Explicit

costs for shellfish restoration programs may include operating ex-

penses and capital for specialized equipment and facilities. A shell-

fish restoration program may also have significant implicit or op-

portunity costs because the program has or will use resources (e.g..

capital, skills, etc.) that could be employed in other activities.

Measuring economic benefits generated from shellfish restoration

programs may include the use of methods to estimate the "non-

market" value that recreational harvesters place on environmental

goods. These methods are usually oriented toward estimating de-

mand for particular species and/or sites. These demand estimates

often address "net willingness to pay" by recreational harvesters

and others that are attributable to improved or restored shellfish

stocks. Usually a cost and benefit analysis (CBA) of a restoration

program needs to be evaluated over a multi-year period. Conse-

quently, discounting is used to translate future dollars into equiva-

lent present value (PV) dollars, which allows a comparison of all

costs and benefits over a given time period. The resulting infor-

mation (e.g.. PV of benefits minus PV of costs) can be used to

compare various restoration alternatives or scenarios. If it is judged

that the overall benefits derived from a feasible range of restora-

tion alternatives are about the same, then a CBA really becomes a

cost-effectiveness analysis to estimate the least-cost restoration

program. An example of a shellfish restoration CBA will be dis-

cussed along with some common misconceptions regarding CBA.

AN UPDATE ON SHELLFISH RESTORATION PROJECTS
IN RHODE ISLAND. M. A. Rice, Dept of Fisheries, Animal and

Veterinary Science. University of Rhode Island. Kingston. R.I.

02881. A. R. Ganz, Rhode Island DEM, Div. of Fish and Wildlife,

Coastal Fisheries Laboratory, Succotash Road. Wakefield. RI

02879.

Preception of declining shellfisheries in Rhode Island has

sparked heightened interest in restoration of shellfisheries and

shellfish habitat. Past efforts in shellfishery enhancement has been

through the establishment of "spawner sancturaries" and a state

shellfish relay program. Notable programs include scallop resto-

ration in the coastal ponds in the 1970s and a relay program in

Greenwich Bay since 1981. Although relays continue due to their

popularity among shellfishermen. a number of aquaculture-based

restoration initiatives have recently emerged and the notion that

successful shellfish restoration requires a steady supply of larger,

predator-resistant seed is understood by most. Two projects are

underway using floating upwellers to produce seed for shellfish

restoration work including one at URl. Shellfish restoration has

been identified as an instructional tool at the secondary level. The

Rhode Island Public Bciwfii AqitiuHlture Project is a collaborative

project coordinated by the RI Seafood Council and the Greater RI

Regional Employment and Training Board with partners from the

shellfishing and marine trade industries, universities, and second-

ary and technical schools. Students are trained in the building and

operation of floating upwellers for rearing Mercenaha mercenaria

seed destined for planting in public shellfishing grounds. Efforts

are underway at URI to assess the economic viability of shellfish

restoration projects in Rhode Island based upon our local growth

and natural mortality rates. Current related proposals include state

legislation (H-8816) introducing a framework for private entrepre-

neurial efforts in aquatic habitat restoration, and the establishment

of a shellfish restoration hatchery in Portsmouth. RI by the Wa-

tenrorks Group. This is publication 3650 of CELS, University of

Rhode Island.

THE IMPACTS OF URBANIZATION ON SHELLFISH
HARVESTING WATERS: DEVELOPMENT OF TECH-

NIQUES TO IDENTIFY COLIFORM POLLUTION
SOURCES. G. I. Scott. L. Webster, B. Thompson. W. Ellen-

berg and P. Comar, NOAA, NOS, Charleston Center for Envi-

ronmental Health and Biomolecular Research. Charleston. SC

29412. G. P. Richards. US Department of Agriculture. Microbial

Food Safety Research Unit at Delaware State University. Dover,

DE.

Urbanization of upland areas adjacent to estuarine ecosystems

has resulted in significant inputs of bacterial and chemical con-

taminants in salt marsh ecosystems of the southeastern U.S. Dur-

ing the pioneering states of urban development, human waste dis-

posal needs are met by use of septic tank based technology. As

urban development proceeds and critical carrying capacity for hu-

man population density is reached, significant inputs of bacterial

pollution from septic tank discharges into estuarine ecosystems
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may result), often causing closure of shellfish harvesting waters

due to the presence of pathogenic bacterial /viral pollution. To

address this problem of bacterial contamination from human waste

associated with coastal urbanization, the Urbanization in Southeast

Estuarine Systems (USES ) Study has evaluated the effects of

human encroachment on estuarine surface water quality and oyster

health. Two estuarine ecosystems were chosen for study: North

Inlel (Nl). a pristine estuary which is a National Estuarine Re-

search Reserve site, and Murrells Inlet (Ml), one of the most

urbanized coastal areas in the state of South Carolina (based upon

population densities > 625/sq. mile). Bacterial indicators were

measured in surface waters and oysters. Results indicated that a

total of 677r of the surface water monitoring stations in Ml ex-

ceeded the SA water quality criteria for fecal colifomi bacteria

( LV 100ml) compared to only 337f of the stations in Nl. Poor water

quality stations in Ml were as.sociated with high densities of septic

tanks in close proximity to the estuary and other urban activities

(marinas, boat landings, and roadways). GIS overlays and statis-

tical analysis indicated that regions in MI with high levels of

PAHs. near roadways and marinas, also had concomitant high

fecal coliform bacteria densities. Fecal colifomi bacterial biotyp-

ing of surface waters indicated there were significant differences in

the speciation of coliform positive species in surface waters of MI

and Nl. In urbanized Ml. there was a greater occurrence of E. coli

bacteria, fewer stations which were coliform negative and a re-

duced number of bacterial species comprising the coliform group,

particularly soil sorbed microbes of the Pseudomonid family. Fecal

coliform bacterial biotyping of oysters indicated that unlike results

of surface waters, there were no significant differences in the

speciation of coliform positive species in oysters from Ml and Nl.

Study of oyster disease and Vibrio bacteria interactions indicated

that oysters parasitized by Perkiiisiis niaiiiuis as a result of the

higher salinity waters in MI estuary, had a greater portion of Vibrio

vulnificus (Ml = 113% versus Nl = 34.1%) and Vibrio para-

haemolyticus (Ml = 77.6% versus 53.2%) bacteria distributed

within internal tissues (gonad, digestive diverticulum, and adduc-

tor muscle) than in more external tissues (gills, mantle, and labial

palps). There were no significant differences between fecal and

total coliform distributions in Nl and Ml oysters, as the majority of

the bacterial burden was found in internal tissues. These findings

clearly indicate that fecal coliform bacteria pollution is associated

with urbanization and that closure of shellfish harvesting waters

may be perhaps the most significant, quantifiable impact from

urbanization.

OYSTER REEF BROODSTOCK ENHANCEMENT AS A

MECHANISM FOR RAPID OYSTER REEF REPLENISH-

MENT. M. Southworth and R. Mann. College of William and

Mary, Virginia Institute of Marine Science, PC Box 1346, Glouc-

ester Point, VA 23062.

Natural oyster populations in the Chesapeake Bay have become

severely depleted due to a combination of overfishing and disease.

Replenishment programs in the form of artificial reefs are cur-

rently in effect throughout most of the Virginia portion of the

Chesapeake Bay. Shell Bar reef, built in the Great Wicomico

River. Virginia in 1996 was supplemented with reproductively

active broodstock oysters from Tangier and Pocomoke Sounds.

The Great Wicomico River was historically a high seed producing

river, but production has decreased in recent years. Oyster larval

concentrations (plankton tows), gonad development, and circula-

tion data were collected in the river throughout the 1997 repro-

ductive season. The broodstock oysters spawned from mid-June

through mid-August, with a peak occurring from mid-June through

mid-July. Larval concentrations were several orders of magnitude

higher than the highest reported in the literature over the past 25

years. Larvae were significantly more abundant on the flood tidal

stage, suggesting some vertical migration with the changing tide,

thus aiding in their retention in the system. Settlement of larvae on

shellstrings and on bottom substrate, was higher than in recent

years. The most abundant settlement occurred near the reef and

upriver of the reef. Circulation patterns observed are favorable for

local retention of larvae in the system. Reef building, and subse-

quent transplants of broodstock onto these reefs, can be an effec-

tive management option provided the circulation patterns of the

system are similar to the Great Wicomico.

RESTORATION OF THE NEW ZEALAND LITTLE
NECKED CLAM, AVSTROVENUS STUTCHBURYI. M. .].

Stewart and R. G. Creese, Leigh Marine Laboratory, University

of Auckland, PC Box 349. Warkworth, New Zealand.

Austrovenus slulchburyi. is a shallow-burrowing, filter-feeding

clam, found in sheltered soft-shore intertidal habitats around New

Zealand. Adult clams haven an average shell length of 30^0 mm.

Population of A. stutchburyi are vulnerable to pollution, increased

sedimentation and overharvesting. Consequently, this popular re-

source has declined at many locations throughout New Zealand.

The decline of soft shore bivalves has only recently been recog-

nized in New Zealand. Therefore, restoration is a novel technique

for New Zealand, despite being increasingly used overseas. This

research investigates the potential for restoration of A. stutchburyi

. through studies of the ecology of A. stutclibuiyi . including ma-

nipulative field experiments to assess movement patterns, preda-

tion rates and responses to translocation. Due to the inherent dif-

ficulties in tagging and relocating infaunal bivalves, a relatively

new method has been trialed. Clams are tagged with small alumi-

num discs, enabling relation using a metal detector. Tag loss varies

between treatment types, being highest for small densely packed

clams. Over three sites, mean tag loss across all treatments was

8.8% ± 2.1%, after four months. This is likely to be an overesti-

mate, as only a subsample of individuals has been recaptured.

Laboratory studies show no significant difference in survival or

growth between tagged and untagged clams. Ability to rebury was

not affected by tags. All tagged and untagged individuals burrowed
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within 24 hours of being placed in tanks. Studies previously

thought logistically difficult are now feasible with this technique.

Results from these studies and results evaluating this technique for

monitoring enhancement will be presented.

Louisiana Oyster Task Force and the Gulf Oyster Industry Coun-

cil, provided guidance on program implementation and gave final

approval of project awards.

THE GULF COAST OYSTER INDUSTRY PROGRAM: AN
INITIATIVE TO ADDRESS INDUSTRY'S RESEARCH
NEEDS. J. Supan, Louisiana Sea Grant College Program. 107

Sea Grant Shop. Baton Rouge, LA 70803.

The Gulf Oyster Industry Program (GOIP) evolved as a re-

gional research program in response to petitions from the Louisi-

ana Oyster Task Force and Gulf Oyster Industry Council. These

organizations sought long-term research-based assistance from Sea

Grant to help the Gulf oyster industry reach its full economic

potential. Oyster producers in the Gulf states face myriad problems

associated with (a) the occunence of opportunistic bacteria, espe-

cially Vibrio vulnificus, in oyster growing waters; (b) multiple use

conflicts in traditional oyster grounds, especially those associated

with coastal restoration projects; (c) pollution impacts from up-

stream urban and industry development, nearby recreational

camps, and oil production facilities; (d) depletion of harvestable

stocks by oyster predators, competitors and diseases; (e) oyster

ground closures occasioned by outbreaks of to.xic marine algae; (f)

uncertainty about long-term stability of oyster leasing policies; and

(g) declining profitability that stems from a litany of conditions:

declines in seasonal meat yields, a changing work force, additional

product harvesting and handling regulations, limited technological

options, and the like. The GOIP proposal solicitation was con-

ducted as a nationwide competition for research funds in accor-

dance with National Sea Grant policy and legislative mandate. An

Industry Advisory Panel (lAP) of Gulf oyster harvesters and pro-

cessors spanning the five-state Gulf region identified specific

needs to provide a framework for setting research priorities. The

lAP, with two members from a Scientific Review Panel (SRP),

also determined which preliminary proposals would be selected for

development as full proposals. Eighteen full proposals totaling

$1.1 million were selected from thirty-five preliminary proposals

totaling $3.9 million in requested funds during the program's in-

augural year. These were circulated to peer scientists for detailed

reviews; at least three peer reviews for each proposal. Finally, the

SRP. comprised of six scientists who are generally familiar with

contemporary oyster research, and two members from the lAP.

selected eleven proposals based on scientific merit and written

peer reviews. Proposals dealing with human pathogens, oyster dis-

ease, labor and mechanization, point-source pollution, hatcheries

and genetics, harmful algal blooms, and coastal restoration were

selected to receive first year funds. Projects will be funded in

Virginia, North Carolina, Florida, Alabama, Mississippi, Louisi-

ana, Texas, and California. The GOIP Steering Committee, con-

sisting of Gulf region Sea Grant Directors, and representatives of

the National Sea Grant Office, the National Fisheries Institute, the

MIND YOUR ES AND C'S! AN EFFECTIVE APPROACH
TO SHELLFISH RESTORATION. K. A. Tammi and W. H.

Turner, The Water Works Group. Inc. PO Box 197. Westport

Pomt. MA 02791.

The Water Works Group. Inc. is a non-profit organization ded-

icated to shellfish restoration, particularly of bay scallops. Ar-

gopecten irnidiims in Massachusetts waters. In 1993. we initiated

the Bay Scallop Restoration Project (BSRP) in the Westport River

as a means to not only restore this prized shellfish, but also to

evoke public interest in water quality woes plaguing the river.

Presently, the BSRP is about to begin its sixth year of educational

programs and shellfish research. During this time, our research has

added to the scientific knowledge on scallop biology and ecology.

The progress of the BSRP research has been significant, involving

over 4.000 students. 600.000 volunteer hours. 24 full-time interns,

and 3 successful graduate student research projects; these efforts

culminated in a substantial bay scallop harvest for the Town of

Westport in 1 996. This restoration endeavor experienced its share

of difficulties. Having touted the four E's: Education. Economics,

Enthusiasm, and Environment to muster community support, we

thoroughly understood that grassroots shellfish restoration was

also about the four C's: Community, Cooperation, Coordination,

and Commitment. This discussion will focus on the political les-

sons learned while embarking on the BSRP. The importance of

shellfish restoration is a topic that cannot be addressed by one

group or governmental agency alone. A well coordinated, coop-

erative endeavor formulated at the community level is needed to be

effective. Without these components the ultimate goal can become

buried in politics. However, if executed property, grassroots shell-

fish restoration can produce real economic benefits with scientific

merit.

SHELLFISH STOCK ENHANCEMENT AND TRAINING

EFFORTS AT THE CORNELL COOPERATIVE EXTEN-

SION (SUFFOLK COUNTY) MARINE CENTER. K. W. Tet-

rault, G. J. Rivara. and R. M. Patricio. Cornell Cooperative

Extension-Suffolk County Marine Program, 3690 Cedar Beach

Road, Southold. NY 11971.

The Marine Center at Cornell Cooperative Extension of Suffolk

County. New York has maintained a shellfish hatchery for the past

eight years. The principal goal of the facility has been to provide

seed clams, oysters and bay scallops to local townships for the

enhancement of diminishing supplies on once prolific shellfish
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beds. In recent years, the Cornell hatchery has been involved in

numerous framing programs which have supplied local baymen

with the gear, seed and information necessary tor culturing shell-

fish to market size. In addition, tramnig in shellfish aquaculture

has been offered to college and high school interns. Tours of the

hatchery educate members of the local community in the principles

of aquaculture and techniques in shellfish restoration. Staff on the

aquaculture team are available to any individuals interested ui

culturing shellfish and provide a clearing house for information on

hatchery, nursery and growout techniques. The facility affords

itself the luxury of experimentation often not available to com-

mercial ventures and can pass the results, both negative and posi-

tive, to the industry. Primary research efforts include the follow-

ing: Use of high lipid strains of algae and their effects on larval and

post-set growth and survival; Design and use of axial flow up-

wellers: Plating techniques and stocking density on the survival of

the northern quahog; Gear and maintenance protocol necessary for

the winter survival of bay scallops. Bay scallops are of particular

concern due to the near total collapse of the stocks following

"brown tide" events.

UTILIZATION OF RUTGERS RESISTANT OYSTER
STOCKS TO ESTABLISH SUCCESSFUL NEW JERSEY
OYSTER FARM. S. M. Tweed. Rutgers Cooperative Extension

of Cape May County. 4 Moore Road. Cape May Court House, NJ

08210.

New Jersey oyster production has severely declined as a result

of MSX and DERMO infections in natural populations. Research-

ers at the Rutgers" Haskin Shellfish Research Laboratory, with

support from the Sea Grant Program and the State of New Jersey,

have developed and bred disease resistant American oyster stocks

(Crassostrea virginica) for more than .30 years. In 1996, a shellfish

company, Atlantic Capes Fisheries, became the first company to

attempt to commercial production of these resistant oysters in New

Jersey. Development of the oyster farm, coordinated by the Sea

Grant Marine Advisory Service Agent, included adapting rack and

bag and Taylor float techniques for conditions in Cape May

County and training personnel in field grow out and data collec-

tion. Oyster stocks consisted of highly selected resistant lines from

New England stocks and old Delaware Bay stocks. Growth and

survival of these stocks were compared at three grow out areas:

Great Sound. Cape May Harbor and Delaware Bay. Growth and

survival rates from these areas were used to develop a successful

farm production strategy and enterprise for a New Jersey oyster

farm. With successful training and production strategy, the farm

has grown from 65.000 oysters in 1996 to over one million oysters

in 1998. Additional support for the oy.ster farm was provided by a

Technology Transfer Grant from the New Jersey Commission on

Science and Technoloav.

ANTIOXIDANT ENZYMES, POTENTIAL VIRULENT
FACTORS. IN DIFFERENT STRAINS OF THE OYSTER
PROTOZOAN PARASITE. PERKINSUS MARINUS. F-L. E.

Chu, Virginia Institute of Marine Science, School of Marine Sci-

ence, College of William and Mary, Gloucester Point, VA 23062,

A. K. Volety. NRC, EPA. Gulf Ecology Division. 1 Sabine Island

Drive. Gulf Bree/e. FL 32561, S. Armknecht. Orbital Image

Corp. 21700 Atlantic Blvd. Dulles, VA 20166.

The oyster protozoan parasite. Perkinsus inarinus. is one of the

two important parasites causing severe mortality in the eastern

oysters {Crassostrea virginka) on the US east coast. Our recent

study suggests that P. inarinus cells and its extracellular products

(ECP) could scavenge the reactive oxygen intermediates produced

by oyster hemocytes or inhibit their production. The parasites" acid

phosphatase (AP), superoxide dismulase (SOD), and other anti-

oxidant enzymes are believed to play a role in scavenging or

inhibiting hosts" respiratory burst. Recent studies also suggest that

the virulence of P. niariniis vary with strains. The extra- and intra-

cellular activities of .AP. SOD. catalase. and glutathione peroxidase

(GP) were examined in six different P. nuirinus strains/isolates,

i.e., Delaware Bay, New Jersey (DB-NJ), Mobjack Bay. Virginia

(MB-VA). Barataria Bay, Louisiana (BB-LA), Laguna Madre.

Texas (LM-TX). Oxford. Maryland (OX-MD), and York River,

Virginia (YR-VA). It was found that no calatase or GP was de-

tected in P. marimis and its ECP. The YR-VA strain has signifi-

cantly higher extracellular AP activities (units/mg cell protein)

than all other strains. Intracellular AP activity was low ( 1 .0 unit/

mg total cell protein) in all strains. LM-TX strain had the greatest

intracellular AP activity. The mean SOD acfivity (ng SOD/mg
total cell protein) was higher in the YR-VA strain, but statistically

insignificant from the other strains. SOD activity was detected

only in the culture media of 97. and 114 days old P. nuirinus

culture. Results will be reported and discussed in relation to the

virulence of this parasite.

PROGRESSION OF DISEASES CAUSED BY THE OYSTER
PARASITES, PERKINSUS MARINUS AND HAPLOSPO-
RIDIUM NELSONI, IN CRASSOSTREA VIRGINICA ON
CONSTRUCTED INTERTIDAL REEFS. A. K. Volety, Na

tional Research Council, U.S. Environmental Protection Agency,

Gulf Ecology Division, 1 Sabine Island Drive, Gulf Breeze. FL

32561, F. O. Perkins, University of Hawaii at Manoa. 105 Bach-

mann Hall, 2444 Dole Street, Honolulu, HI 96822, A. R. Mann,

School of Marine Science. Virginia Institute of Marine Science,

College of William and Mary, PO Box 1346. Gloucester Point. VA

23062, P. R. Hershberg. Meteorology Department. Florida State

University, Tallahassee, FL 32306.

The progression of diseases caused by the oyster parasites,

Perkinsus marinus and Haplosporidium nelsoni. were evaluated by

periodic sampling (May 1994-Dec 1995) of oysters, Crassostrea
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virginiccL that set on an artificial reef located in the Piankatank

River, Virginia, in August 1993. The infections observed were

recorded as a function of 1 ) prevalence and intensity. 2) oyster size

and age. and 3) depth below mean low water at which the host

oyster was found on the reef. Only a very small (insignificant)

number of oysters were infected with the two species of pathogens

on the oyster reef during the first eleven months of life. In the

second year of oyster life, epizootiological patterns of disease

development followed temperature and salinity trends. Oysters at

residence depths =45 cm below mean low water exhibited sig-

nificantly (P<0.(JOOI ) higher prevalence and intensity of infections

than oysters at depths
= 90 cm. In contrast, oysters at residence

depths =90 cm had significantly higher growth rates (P<0.05)

than those at =45 cm. However, size differences were not sig-

nificant (P>0.05) at the end of the study. Results from the current

study may be used in managing oyster fisheries on natural or

artificial reefs.

GEORGIA BASIN INITIATIVE - CLEAN WATER ACTION
PLAN. D. B. Walker, Environment Canada. 224 West Esplanade.

North Vancouver. British Columbia. V7M 3H7. Canada.

The Georgia Basin is a large body of water located on the

pacific coast of Canada in the southwestern region of the Province

of British Columbia. The basin is bounded on the west by Van-

couver Island and on the south by State of Washington and Puget

Sound. On the eastern shores of the basin are the City of Vancou-

ver and to the north the waters of Desolation Sound. Rapid popu-

lation growth is placing stresses on existing source of water and

degrading aquatic ecosystems through pollution from non-point,

urban and agricultural runoff, sewage, combined sewer/storm

overtlows and industrial discharges. The Georgia Basin Initiative

is a five year action plan that will focus efforts to reduce/eliminate

significant sources of pollution both point and non-point to the

basin. Efforts will also concentrate on mitigating impacts of in-

creased growth and urbanization on aquatic ecosystems; reduce

water consumption through conservation and reuse: and take pre-

ventative and protective measures to ensure health and sustainabil-

ity of the basins ecosystems are not affected by harmful sub-

stances. One of the goals of the action plan will address water

quality in shellfish growing/harvesting areas with the result of

re-opening 25% of areas currently closed to harvesting. To achieve

this result will require partnering with all levels of government, the

industry and most importantly the community. Environment

Canada has undertaken this initiative as part of a long term strategy

to make sustainable development a reality in Canada in order to

help present and future generations of Canadians.

RESTORING OYSTER REEFS IN ALABAMA: A PRO-

GRAM TO ENHANCE SPORT FISHING AND INCREASE
OYSTER PRODUCTION. R. K. Wallace. Auburn University

Marine Extension and Research Center. 4170 Commanders Drive.

Mobile. AL 36615. D. B. Rouse, Auburn University. Department

of Fisheries and Allied Aquaculture. Auburn. AL. M. Van Hoose.

Alabama Department of Conservation and Natural Resources, Ma-

rine Resources Division, Dauphin Island. AL.

Portions of three unproductive oyster reefs totaling .30 ha in

Mobile Bay are being enhanced to provide both angling opportu-

nities and to re-establish oyster production. Reef areas were

marked with pilings and encircled by a low (I m). irtegular line of

concrete rubble to protect the remaining cultch material and to

create structure for fishing with Wallop-Breaux funding. The three

reefs and a productive reef were surveyed and assessed for stand-

ing crops of live oysters and available cultch to establish baseline

data prior to additional restoration efforts. One of the unproductive

reef areas is the subject of experiments to test hypotheses relative

to restoration. Hatchery produced oysters (spat and seed! were

placed on the existing bottom and on oyster shell pads constructed

20 and 40 cm above bottom to determine relative growth and

survival. Continuous recording instruments are monitoring oxygen

at two levels (bottom and 40 cm) and spat set is being checked at

all three sites. The largest reef, which was productive as recently

as 10 years ago, is scheduled to be planted half in oyster shell and

half in limestone while the remaining two reefs will be planted

based on findings from the experiments. These two reefs, which

were not well known to anglers prior to marking and addition of

structure, are already being heavily utilized and anecdotal reports

on fishing success have been good.

OYSTER REEF RESTORATION AND THE MANAGE-
MENT OF OYSTER BROODSTOCK SANCTUARIES IN

VIRGINIA. J. A. Wesson, Virginia Marine Resources Commis-

sion, Conservation and Replenishment Division. PO Box 756.

Newport News. VA 23607.

Fifteen three-dimensional oyster reefs have been reconstructed

since 1993. primarily with natural shell material. Initial intentions

were to allow natural settlement to populate the reefs with the

assumption that the improved habitat would impart some disease

resistance. Higher settlement and faster growth rates have been

observed on most reefs. In disease endemic areas, populations of

small oysters increased to levels comparable to the best bars in the

James River, but disease mortality has slowed the accumulation of

large oysters. In 1996, large, presumably disease tolerant oysters

were harvested from an open, low density area in Tangier Sound,

and relocated at higher densities onto a constructed reef in the

Great Wicomico River which is a "trap-type" estuary. The follow-

ing summer a 10 to 200 fold increase in spatset was observed

throughout an area 6 miles suiTounding this reef and later 50

thousand bushels of seed oysters were moved from this river to
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repopulate other areas. .Similar increases in spatset have occuired

in several other small rivers where large oysters have slowly ac-

cumulated following several years of harvest closure. The creation

of optimal, three-dimensional reef habitat with or without the ad-

dition of broodstock and the protection of oyster populations until

enough large, highly fecund oysters have accumulated to facilitate

dependable spatsets appears to be the quickest way to sustainable

oyster populations in Virginia. Thereafter, strategically placed

"sink" or harvest areas can be intermixed with the broodstock

areas to allow sustainable use of oysters by industry.

JUMP RUN CREEK SHELLFISH RESTORATION PROJ-

ECT. N. M. White, Landscape Architecture. Box 7701, NCSU.

Raleigh. NC 27695. D. E. Line. NCSU Water Quality Group. Box

7637. Raleigh, NC 27695, J. D. Potts, NC-DENR - Shellfish

Sanitation Section. PC Box 769. Morehead City. NC 28557. W.

Kirby-Smith, Duke Marine Lab, 1 1 1 Pivers Island Road. Beau-

fort. NC 28516. B. DolL NC Sea Grant. Box 8605. NCSU. Ra-

leigh, NC 27695. W. F. Hunt. Biological and Agricultural Engi-

neering. Box 7625, NCSU. Raleigh. NC 27695.

The objective of this multi-agency project is to 1 ) quantify the

effects of land use change on shellfish closures and 2) assess

techniques that can be used mitigate those impacts. This report is

based on preliminary analyses conducted over the last 18 months.

The project focuses on the 800-acre watershed in Carteret County.

NC that is the drainage for Jump Run Creek. Bacterial data from

1970 through 1998 indicate little change in overall loading since

1974, which is when closure management began. Recent grab

sample data from the tributaries indicate high levels of bacteria

during storm events and moderate levels during dry weather. The

majority of the loading is coming from the portion of the water-

shed draining an older, medium density neighborhood (single fam-

ily houses) and a trailer park. A door-to-door survey found two

malfunctioning septic systems, more than 100 pets, and the pres-

ence of wildlife. Change analysis of land use/land cover shows

hydrologic modifications were instituted in the 1970's. Dye studies

confirm that water moves through the watershed in hours indicat-

ing that bacterial mortality is insignificant. Future analyses include

ground water sampling, automated storm water monitoring, and

DNA tracking of fecal sources. Planned mitigation practices will

include riparian buffer restoration, stormwater wetland, bio-

retention, peat filters, and education. Locations and sizing of prac-

tices will be determined through GIS-based hydrologic analysis of

the watershed in conjunction with a community-design/

educational approach involving neighborhood citizens.

THE GENETIC EVALUATION OF BAY SCALLOP EN-

HANCEMENT SUCCESS ON THE GULF COAST OF
FLORIDA. A. E. Wilbur and T. M. Bert. Florida Marine Re-

search Institute. 100 Eighth Ave S.E.. St. Petersburg. FL 33701.

In recent years, the bay scallop, Argopecten irradians. has been

severely depleted over a substantial portion of its range in Florida.

Overfishing, habitat degradation, and toxic dinotlagellate blooms

have been cited as contributing factors in the collapse of many

populations in west-central Florida, but the precise cause is poorly

understood. The persistence of low scallop abundance and recruit-

ment in these areas suggests that local populations may depend

upon larval retention and self-seeding to maintain densities over

the short term, and that reduced larval supply in these areas (be-

cause of low abundances) may be slowing recovery. To address

this. Florida's Department of Environmental Protection initiated an

enhancement project on the west-central coast of Florida in 1997.

Hatchery-produced scallops, derived from broodstock collected

from the enhancement site, were planted in bottom cages to create

spawning aggregates in an effort to enhance local larval supply and

recruitment. Evaluating the success of these spawning aggregates

in increasing local larval supply and subsequent recruitment, re-

quires a mechanism for quantifying the proportion of new recruits

that are the offspring of the hatchery-produced scallops. We are

developing genetic markers (mtDNA. microsatellites and introns)

to distinguish between offspring resulting from the hatchery scal-

lops and those produced by wild scallops. This paper will evaluate

the efficacy of these genetic tags in monitoring the success of

scallop enhancement.

CAN GOVERNMENT - PRIVATE SECTOR PARTNER-
SHIPS WORK FOR RESOURCE RESTORATION? IF NOT.

WHY NOT? M. D. Willin.sky. Coastal Engineering. Inc., 1290

Bay Dale Drive. Arnold. MD 21012, D. L. Leonard. Director of

Fisheries. DNR-MD.. 580 Taylor Ave. Annapolis. MD 21401. M.

Gluis, Southern Shellfish Ltd.. Adelaide. S. Australia.

The oysters dramatic decline in Chesapeake Bay was caused by

multiple factors: severe under reporting of oyster landings, pater-

nalistic relationships between watermen and government, where

watermen hold the political power base, incidence of MSX and

Dermo, use of disease as an excuse for inaction, failure to protect

broodstock, use of dredged fossil shell as cultch, payment of wa-

termen to move diseased spat and general mistrust between wa-

termen, non profits, university, government and private sector. A

Round Table Action Plan to recover the oyster population was

tabled in 1992. Some recommendations were adopted, but no no-

ticeable improvement in the oyster population occurred. In 1996. a

new Director of Fisheries provided needed leadership. Team build-

ing between government, outside experts, university, non profits

and watermen led to a plan to convert an abandoned State property



1318 Abstracts. November 18-21. 1998 ICSR, Hilton Head Island, South Carolina

into a cost effective, large scale oyster settling facility. Coastal

Engineering, a company that designs, builds and operates aqua-

culture production facilities built and managed the project. The

facility was phenomenally successful achieving settlement rates 10

to 35 times greater than previously while producing 15 times the

predicted number of oysters. The team scrambled w ith its success

developing novel nursery techniques that resulted in rapid growth,

high survival and dramatically lower disease incidence. Despite

these results, once private sector project leadership ended, the

partnership foundered and government moved to dump the oysters.

Watermen, business and government barely recovered the project.

Was this a case of obvious success, engendering distrust and jeal-

ousy? Don't we all share a coinmon goal or do different agendas,

infighting and struggling over dollars destroy successful pro-

grams? Technical details, teamwork building and government-

private sector interactions will be addressed.
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STOCK ASSESSMENT OF CHESAPEAKE BAY BLUE CRAB (CALLINECTES
SAPIDUS RATHBUN)

L. J. RUGOLO,' K. S. KNOTTS,' A. M. LANGE," AND
V. A. CRECCO'
Fisheries Service
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Annapolis. Maryland 21401

'Office of Inlerfiovernwental and Recreational Fisheries

National Marine Fisheries Service. NOAA
Silver Sprini;. Maryland 20912

Connecticut Department of Environmental Protection
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Old Lyme. Connecticut 06371

ABSTRACT This stock assessment stemmed from concerns about declines in Chesapeake Bay blue crab commercial yield, survey

abundance indices, and economic peiformance in the 1990s. Blue crab vital rates and lite-history characteristics were described. A
risk-averse approach was adopted for parameter estimation. Extant (30 y) fisheries-independent and dependent data were compiled.

Current spawning stock biomass was at moderate levels, as compared to historical maxima; total stock biomass was at long-term

average levels since 1956. Juvenile recruitment has been variable since the 1950s. The stock is in long-term dynamic equilibrium,

demonstrating variable abundance as expected in a strongly r-selected species. No evidence of a persistent stock decline was found.

The decade of the 1980s was a period of above average abundance; the population modulated to average levels thereafter. Maryland
commercial catch per unit effort (CPUE) has remained fairly stable from 1982 to 1995. Baywide yield varied without trend since 1945.

cycling around the long-term mean with peaks in 1950. 1966. 1981. and 1993 and troughs in the mid-1950s and late 1970s to early

1980s. Baywide data since 1945 demonstrated a fivefold increase in directed effort (/) and an exponential decline in CPUE: rapidly

from 1947 to 1967. and without trend since 1970. The stock has supported inaximum sustainable yield (MSY) = 37-38.5 x lO*" kg

since 1945 with no observed change in the ability of the stock to replace itself or to provide historical average yield. We judged the

stock to be moderately to fully exploited at average levels of abundance. Stock-recruitment (S-R) analysis revealed weak relationships.

Density-independent effects accounted for little of the variability in the S-R model. Exploitation rates for 1956 to 1996 ranged from

30-45% for peeler/soft crabs and 40-55% for hard crabs. Fishing mortality (F) ranged largely between 0.8-1.0 (F < 1.20) since 1956

within ± 20% of the long-term mean; fully recruited F in 1996 was 0.87. Current F was below the threshold reference level of Pju'-r

= 1.21. where F^gp
= 1.17. Yield per recruit (YPR) modeling estimated Fy ,

= 0.36 and F^ax = 0.64. The stock is strictly growth

overfished with a 26% reduction in Fmq^ required to maximize [+2% gain) YPR. Longevity was established at 8 y. Tagging studies

showed that blue crabs live considerably longer than current convention (3 y). A life-table model reconciled the apparent disparity

between this convention and the life-history parameters used in the assessment. At current total mortality (Z) = 1.3, the mean age of

the observed stock would be 1.5 y (153 mm CW [carapace width]); 97.3% of all individuals would be ^3 y of age. The dramatic rise

in/since 1945 with the accompanying decline in CPUE was not associated with an increase in F. Catchability (q) has varied with/
from 1956 to 1995 as a result of gear saturation. Moderate reductions in /would not result in a proportional reduction in F because

of nonconstant q. The blue crab fishery is severely overcapitalized in terms of total effort. As a result of gear saturation, marginal

decreases in fishing effort would not realize proportional gains in CPUE, %MSP, or YPR. Substantial economic displacement would

be required to maximize YPR. Increases in %MSP and YPR could be realized through increased size limits and regulating the taking

of mature female crabs, without the displacement costs associated with effort reductions alone. We recommend a risk-averse man-

agement strategy: maintain current F below Fi,,,;. Management should be particularly averse to increases in effort that would

exacerbate current economic inefficiencies, or to increases in gear efficiency. The latter concern acknowledges the delicate interplay

between F and/in the fishery. Management should be proactive: stabilize and enhance the economic viability of the fishery and provide

protection for the stock through maintenance of 3=10% maximum spawning potential (MSP). It should consider adopting strategies

which increase YPR (e.g.. size limit measures on both sexes) and spawning potential (e.g.. limit directed fisheries on mature female

crabs).

KEY WORDS: blue crab. Callinecies sapichis. Chesapeake Bay. harvest, population, fishery, exploitation, stock assessment, status,

gear saturation

INTRODUCTION of the magnitude of recreational harvest and directed effort are

largely unavailable or poorly understood (Knott.s 1989). In 1983,

The blue crab (Callinectes sapidus Rathbun) supports the most 1988, and 1990, the Maryland Department of Natural Resources

important commercial and recreational fishery in the Chesapeake (MDNR) attempted to estimate recreational blue crab harvest in

Bay. The blue crab population of the Chesapeake Bay is distrib- cooperation with the National Marine Fisheries Service's Marine

uled throughout the bay and its tidal tributaries. In 1995, the bay- Recreational Fisheries Statistics Survey. Results of these surveys

wide commercial landings totaled .^3.5 x 10" kg (Rugoio et al., this indicated that the Maryland blue crab recreational harvest repre-

volume). Recreational fishing on blue crab in the Chesapeake is sented approximately 78.6. 49.5. and 25.9% (18.6, 9.7. and 5.2 x

also important in terms of annual exploitation, however, estimates lO'' kg), respectively, of the reported Maryland commercial har-
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vest in those years (Stagg et al. 1994). The 1990 survey was

regarded as the more rigorous of the three, nevertheless, weak-

nesses were identified in the definition of the sampling frame and

in the estimation of catch rates of certain segments of the fishery

(Stagg et al. 1994. Rugolo et al., this volume).

The blue crab supports economically important fisheries na-

tionwide. From 1990-1994, the average United States blue crab

landings approximated 96.0 x 10'' kg. worth an average $140.2

million. The e.\-vessel value of commercial Chesapeake Bay blue

crab harvest in 1990 to 1994 averaged $53.1 million in compari-

son. The most recent (1990) recreational harvest expenditures in

Maryland were estimated at $1 10 million (Stagg et al. 1994, Abbe

and Stagg 1996). The Chesapeake Bay has historically represented

the area of greatest blue crab production in the United States. From

1990 to 1994, 36.5, 29.2. 28.2, and 6. 17f of total United States blue

crab landings were derived, respectively, from the Chesapeake

Bay, the Gulf of Mexico, the Southern Atlantic, and Middle At-

lantic regions.

Chesapeake Bay blue crab landings have demonstrated inherent

variability among years (Pearson 1948. Van Engel 1958, Tagatz

1965, Abbe 1983; Lipcius and Van Engel 1990, Abbe and Stagg

1996, Rugolo et al. 1997, Rugolo et al., this volume). Coincident

with the recent decline in many important fisheries resources in the

Chesapeake, such as oyster, American shad, and striped bass, as

well as in several coastal migratory species that historically have

supported Bay fisheries (e.g., bluefish, weakfish, summer floun-

der), more recreational and coinmercial emphasis has been placed

on the Chesapeake Bay blue crab stock. In the mid-1990s, infor-

mation from Chesapeake Bay fisheries-independent surveys and

changing dynamics in the fisheries suggested cause for concern

regarding the health of the Bay"s blue crab population (Rugolo et

al. 1997). Declining commercial yield and research survey abun-

dance indices, decreasing economic performance of commercial

fishers, as well as indications of increased removals of females

from the stock all stimulated concern among the Bay states about

the status of the blue crab stock and the viability of the fisheries

(Rugolo et al. 1997. Anon. 1997). This research stemmed from that

concern. Our principal aim was to provide a fundamental under-

pinning for objective decisions on the conservation and utilization

of the Chesapeake Bay blue crab population.

In developing this stock assessment, we examined a variety of

fisheries-dependent and fisheries-independent time series data that

provided information on the status and dynamics of the Chesa-

peake Bay blue crab stock and its fisheries. Pertinent literature was

reviewed for information on blue crab biology, life-history, popu-

lation dynamics, and the historical pertbrmance of the fisheries.

Historic and current blue crab research results relevant to the de-

velopment of the assessment and to the interpretation of its find-

ings were considered. For the purpose of this assessment, the blue

crab population of the Chesapeake Bay and its tributaries was

considered a unit stock.

This stock assessment is the first integrated analytical approach

developed for the blue crab. Although this work provided an ef-

ficient use of available data through contemporary fisheries stock

assessment approaches, several data and informational deficiencies

were identified (Rugolo et al. 1997). We expect that future updates

of this assessment will benefit from improved biological and fish-

eries data, as well as from research results that advance our un-

derstanding of vital blue crab life-history and population dynamic

characteristics essential to assessing stock status.

We sought the answers to three questions as our operational

framework. First, what is the current status of the stock? Second,

what is the optimal, or target level of the stock? Third, what

management strategies can be adopted to achieve stock recovery if

the stock is suboptimal. or to maintain the stock at current levels

should remedial action be unnecessary? An extension of this

framework is risk assessment. That is, within the integrated ana-

lytical framework of the assessment, a specific aim was to provide

decision makers a flexible, adaptive system for considering the risk

associated with various management options on long-term stock

status and fishery health.

In the development of the 1997 Chesapeake Bay Blue Crab

Fisheiy Management Plan (Anon. 1997), results of this research

were central to decisions regarding the management of this im-

portant resource. This research has also contributed to the dialog

concerning critical biologic and life-history characteristics of the

blue crab and to the understanding of blue crab stock and fishery

dynamics. Our work has identified research and information needs

critical to an understanding of blue crab population dynamics. This

stock assessment was approved in April 1997 by the Chesapeake

Bay Stock Assessment Committee (CBSAC) of the National Ma-

rine Fisheries Service. NOAA under whose aegis it was conducted

and by the member states and participants of the Chesapeake Bay

Program.

MATERIALS AND METHODS

Where possible and essential for the reader's understanding, we

provide requisite data in tables and figures that were subject to the

analysis. Given the scope of this research, we were not able to

present all data and information that underlie the assessment. The

reader is referred to Rugolo et al. (1997) for a more complete

presentation of this information.

Adull Slock

We compiled and examined a variety of extant fishery-

dependent and fishery-independent time series data that provided

information on the status of the blue crab stock. Indices of relative

adult stock abundance were available from several research sur-

veys conducted in the Chesapeake Bay and its tributaries. These

included the baywide winter dredge survey (1990 to 1996), the

MDNR summer trawl survey ( 1977 to 1995), the Virginia Institute

of Marine Sciences trawl survey (1955 to 1995). the Calvert Cliffs

peeler pot survey (1968 to 1995) (Abbe 1983. Abbe and Stagg

1996), the Smith Island scrape survey ( 1948 to 1972), and the 1987

pot, trotline, and scrape study conducted by the Chesapeake Bio-

logical Laboratory. University of Maryland. Using intermediate

results of this work, we derived estimates of absolute blue crab

stock abundance and biomass for years 1956 to 1995. Trends in

relative and absolute abundance were examined to provide a first-

order approximation of the current status of the adult stock. Be-

cause direct aging of blue crabs is not possible, approximate ages

were assigned to survey carapace width (CW) data to derive age-

specific indices of abundance as: age (0-59 mm); age 1 (60-1 19

mm); age 2 (120-79 mm); and female spawners (s=130 mm).

Winter Dredge Survey

A Chesapeake Baywide winter dredge survey has been con-

ducted since 1989 through cooperative efforts of the Chesapeake

Biological Laboratory and the Virginia Institute of Marine Sci-

ences, College of William and Mary. This survey provides bay-

wide indices of blue crab relative abundance with sampling oc-
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curring during the time when crabs aestivate in the sediment. An-

nual survey sampling consists of a single lOO-m tow of a 2.8-m (6

foot) toothed commercial dredge at neariy 1.000 stations through-
out the bay. The dredge is equipped with a 15-inm mesh bag.

which is effective for the capture of small crabs. Data are collected

by sex and size class (mm); catch per unit effort (CPUE) is mea-

sured as the number of crabs/1.000 ni". Sex-specific age 1+ and

age 2-1- stock abundance indices are presented in Figures I

and 2.

Maryland Trawl Survey

The MDNR blue crab trawl survey ( 1977 to 1995) provides an

index of relative abundance for age 0+ crabs measured as the mean
number of crabs/tow. Survey sampling has occurred from May to

No\ember in the Chester River, the Choptank River, the Potomac

River, the Eastern Bay, Tangier Sound, and Pocomoke Sound. In

many years, some systems and months were unsampled. To pro-

vide an internally consistent measure of CPUE. we selected the

subset of the Choptank River, the Eastern Bay. and Pocomoke and

Tangier Sounds during July to September, which were sampled

fairly consistently each year. Annual indices of abundance were

calculated as the mean monthly CPUE for all areas combined.

Time series trends in relative abundance for age l-l- male and

female crabs are shown in Figure 3.

VIMS Trawl Survey

The Virginia Institute of Marine Sciences (VIMS) has con-

ducted a trawl survey since 1955 to measure trends in relative

abundance of selected finfish species. Sampling occurs in the

lower Chesapeake Bay and up to the freshwater intertace of the

James, York, and Rappahannock Rivers. Samples from approxi-

mately 100 stations are collected monthly by a 10-m wide shrimp
trawl towed for 5 minutes. Catch is sorted and enumerated by

species; biological data on a considerable portion (20-50.000/

month) of the catch is taken. This trawl prograin has undergone
several modifications in gear and sampling protocol since its in-

ception in 1955. Rugolo et al. (1997) describe the nature of

changes in the study that have affected catch rates of key targeted

species. Since 1979. the survey sampling protocol has remained

essentially unchanged.
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Figure 1. Baywide winter dredge survey relative abundance index

(number/1,000 m") for age 1+ (560 mm C\V) blue crabs bv sex for

1990 to 1996.
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Figure 2. Baywide winter dredge survey relative abundance index

(number/1,000 nr) for age 2+ (;

1990 to 1996.

120 mm C\\ ) blue crabs bv sex for

Indices of relative abundance for blue crabs are expressed as

the geometric mean catch/tow weighted by strata area. Recently.

comparative sampling has been conducted by the VIMS survey
staff using historical gear configurations in an effort to standardize

catch rates associated with each configuration. Provisional cor-

rected blue crab indices of relative 1968 to 1995 abundance were

derived based on this analysis and examined for trends in abun-

dance among years. The corrected relative abundance of age \ +

blue crabs collected from the James. York, and Rappahannock
Rivers, sexes combined, are shown in Figure 4.

Calvert Cliffs Survey

The CaKert Cliffs pot survey has been conducted since 1968

adjacent to the Calvert Cliffs Nuclear Power Plant in the Chesa-

peake Bay (Abbe 1983. Abbe 1987. Abbe and Stagg 1996). This

survey uses baited commercial peeler pots of 25-mm (I -in) mesh
to sample crabs at three sites. The most consistent sampling has

occurred between June and November of each year, when up to 60

pots were fished during alternate weeks. From 1968 to 1995.

113.002 blue crabs were caught in 18.106 pot days (Abbe and

Stagg 1996). Although peeler pots generally select for crabs larger

than 75 mm CW. crabs as small as 38 mm CW are taken.
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Figure 4. Virginia Institute of Marine Sciences trawl survey corrected

relative abundance index (mean number/tow) for age 1+ (2^60 mm
CVV) blue crabs sexes combined for 1968 to 1995.

Approximately 75% of crabs caught in this survey since 1968 were

larger than 1 20 mm CW.

Sex-specific relative abundance from this survey is expressed
as the arithmetic mean number/pot. Trends in survey CPUE for age
1+ male and female blue crabs from 1968 to 1996 are shown in

Figure 5. The trend in blue crab relative abundance from the Cal-

vert Cliffs survey and the Maryland blue crab harvest are highl\

correlated (Abbe and Stagg 1996. Rugolo et al. 1997. Rugolo et al..

this volume). Correlation coefficients of 0.72 and 0.70 were found

between survey CPUE and the Maryland pot and Maryland total

harvest, respectively, and 0.88 with the Maryland commercial pot

CPUE.

Smith Island Scrape Survey

In a project conducted by the Chesapeake Biological Labora-

tory, abundance and size composition data on blue crabs were

consistently collected from the Smith Island scrape fishery from

1948 to 1972 (except 1935. 1956. and 1959). The two components
of the sampling program consisted of weekly mean size and sex

composition of crabs captured by the same commercial fisher

throughout the season, and the mean daily CPUE (number/fisher/

day ) for each week of the season based on a subsample of all Smith

Island scrape fishers. The Sinith Island survey time series is based

on samples drawn from a small geographic area; however, no other

survey provides estimates of blue crab abundance over this period.

The Smith Island abundance trends provide a unique and useful

means to examine historic patterns in Chesapeake Bay blue crab

relative abundance.

The scrape fishery likely represents the most unbiased com-

mercial gear for estimation of size structure of the blue crab popu-
lation ss 120 mm CW; larger sizes are captured at lower rates either

because of gear selectivity or availability. We considered the

nominal age 2-i- (&I20 mm CW) abundance index to be less reli-

able than indices for age and age I (Figure 6). The Smith Island

scrape and Calveil Cliffs pot surveys both provide consistent sam-

pling for blue crabs, and the respective indices of abundance are

well correlated in the 5 years (1968 to 1972) when both surveys
were conducted (Rugolo et al. 1997). To ascertain the degree of

coherence in CPUE between these survey data, log-log regressions

were fit to the Smith Island and Calvert Cliffs size class abundance

data most efficiently captured by the gears. During 1968 to 1972,

the Calvert Cliffs age \+ and Smith Island age 1 indices were

highly correlated (R- = 0.96) and related according to CC,^ =

8.97--' X SI, Stronger conelations were found between the

CC| and SI, indices (R- = 0.99); strong correlations were found

between the CC,^ and SI,+ (R- = 0.95) and between the CC,^ and

SI,^ indices (R- = 0.93) (Rugolo et al. 1997).

The fact that these surveys were so highly correlated suggested
that a 50 y time series of survey relative abundance could be

developed by merging age-specific indices from the two surveys.

Because the Calvert Cliffs survey is on-going, we chose to express

historic Smith Island relative blue crab abundance in the currency
of Calvert Cliffs relative abundance—that is. impute the Calvert

Cliffs indices from 1948 to 1972 based on the functional form

noted. Calvert Cliffs age 1+ CPUE from 1968 to 1994 (observed)

and estimated (1948 to 1972) based on the log-log regression of

CC|^. on SI, CPUE indices are shown in Figure 7. Regression
results are shown in the inset.

Fishery-Dependent Stock Measures

Estimates of the total population abundance of the peeler/soft

crab component of the stock and the hard crab component of the
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Figure 5. Calvert Cliffs peeler pot survey relative abundance index

(mean number/pot) for age 1+ (3=60 mm CW) blue crabs sexes by sex

for 1968 to 1996.
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Figure ft. Smith Island scrape survey relative abundance index (mean

number/person/day) for age (0-59 mm CVV) and age 1 (60-119 mm
CW) blue crabs sexes combined for 1948 to 1972 (except 1955, 1956,

and 1959).



Chesapeake Blue Crab Stock Assessment 1325

O
Q.

LU
m
ID
Z
Z
<

u -



1326 RUGOLO ET AL.

<o

a:
LU
OQ

700

600

500

400

300 -

200

100

DHard Crab

Peeler/Soft Crab

65 70 75

YEAR

80 85 90 95

Figure 8. Estimated Chesapealte Bavwide total absolute abundance of

crabs in the peeler/soft crab and hard crab components of the stock

based on reported harvest values and the \ IMS survey-based esti-

mates of annual exploitation rate for 1956 to 1995.

indices for age 1 (60-1 19 mm CW) crabs were derived for 1968 to

1995 by sex (Fig. 12). Trends in age blue crab relative abundance

for years 1948 to 1972 measured by the Smith Island survey are

shown in Figure 6, absent years 1955. 1956. and 1959.

Fishery Yield and Catch per I'nit Effort

Historical (1945 to 1995) Maryland and Virginia commercial

landings of hard and peeler/soft crabs and total nominal directed

effort were compiled (Table 2) (Rugolo et al.. this volume). Data

from 1945 to 1972 for Virginia and through 1980 for Maryland
were obtained from the Bureau of Commercial Fisheries (later the

National Marine Fisheries Service) annual volumes of the Fisher-

ies Statistics of the United Stales. Data in subsequent years were

provided by the Virginia Marine Resources Commission (VMRC)
and MDNR. These commercial fisheries data are unadjusted re-

ported landings. Historic effort data were most complete for the

baywide pot fishery, accounting for 40-80% of the landings from

all jurisdictions from 1945 to 1995. and for 70% since 1981

(Rugolo et al., this volume). Directed fishing effort from the other
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TABLE 2.

Commerical harvest (10' kg) of hard and soft blue crab from Maryland and Virginia and the baywide total harvest, nominal effort/ and

standard catch per unit effort from 1945 to 1995.
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TABLE 3.

Potomac River blue crab harvest (10' kg) and effort (number of

commercial blue crab licenses issued) for 1964 to 1996.

Year Harvest Effort

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1,301

1.490

1.589

1,111

689

736

864

863

963

727

757

943

902

357

1.007

1.323

n/a

n/a

1.893

2 22 1

1.802

2.734

2.657

2,173

2.251

2.411

2.32 1

3.255

2.620

3,400

2,696

1,823

2,508

226

231

256

244

223

234

224

226

228

247

273

301

338

384

395

349

336

375

414

397

418

400

404

387

366

363

386

390

419

459

442

500

570

Annual fishing mortality rates (F) were obtained from these sur-

vey-based estimates of Z by subtraction of M = 0.375 (Table 4).

The reader is referred to Rugolo et al. ( 1997) for a more complete

presentation of data tables and representative width frequency his-

tograms from these surveys.
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Figure 17. Potomac River blue crab commercial harvest (K)'' k};) and

number of commercial blue crab licenses issued from 1964 to 1996.
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NOMINAL EFFORT (10"3)

Figure 18. Schaefer surplus production model for bayvvide blue crab

stock based on commercial harvest and nominal effort for 1945 to

1995. Estimated MSY is for commercial fishery only.

Life History Characteristics

Longevity

One of the population dynamic characteristics fundamental to

stock assessment is longevity. Longevity is the expected maximum

age that the species would attain under conditions of no fishing

(i.e.. F = 0)
—the so-called virgin stock. For practical consider-

ations, longevity can be considered as the age which the upper 95th

percentile of the unexploited population attains. The current con-

vention is that blue crabs in the Chesapeake Bay live a maximum
of 3 y, even in the absence of fishing (Van Engel 1958). This

convention is based on the observation of blue crabs held in cap-

tivity.

Results of a tagging study conducted in Albemarle Sound.

North Carolina provided compelling evidence that blue crabs at-

tain an age of at least 5 years (Fishier 1965). A life span of 5 y is

likely a minimum estimate of blue crab longevity, because intense

commercial fishing on the stock was coincident with the study;

thus, violating the assumption of virgin conditions. Based on Fishier

II)
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Figure 20. Ricker stock-rt'criiilnitnt model based on the VIMS trawl

survey female spawning stock index (S130 mm CVVl and age (0-59

mm CW) recruitment index for years 1956 to 1995.
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Figure 23. Relative exploitation rate on the blue crab stock calculated

from bayvvide harvest and the VIMS trawl survey abundance indices

(kg/tovM for age 1+ (2=60 mm CVV) and age 2+ (sI20 mm CW) blue

crabs.
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Figure 21. Ricker stock-recruitment model based on the VIMS trawl

survey female spawning stock index (3130 mm CVVl and the MDNR
trawl survey age recruitment index for years 1977 to 1995.

(1965), we initially assumed that longevity in blue crabs was 6

years. Results of a 1989 tagging study (McConnaugha 1991) on

mature female blue crabs in the Chesapeake Bay coiToborated

Fishier" s findings of age 5 y blue crabs present in the stock; ad-

ditional tag returns indicated that 6-year-old crabs were also

present. In 1995. two tags were recovered from the 1989 releases,

one each in the spring and fall of 1995. Because these two recov-

eries were mature females ( 1.5-2 y) when released, this suggested

that female blue crabs between 7.5-8 years of age exist in the

Chesapeake Bay stock under moderate-to-full rates of fishing mor-

tality. Given this information, we established a maximum theoret-

ical age (longevity) of 8 y for the Chesapeake Bay blue crab.

The use of an older maximum age from the range of likely

values is risk averse, because natural mortality (M) becomes a

smaller component of Z, and the threshold fishing mortality rates

are lowered. Rugolo et al. (1997) examined the impacts on esti-

mated mortality (Z) and biological reference points associated with

longevity of 4 y and 6 y. Results of their analysis illustrated that the

<

<

Q.
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Figure 22. Relative exploitation rate on the blue crab stock calculated

from baywide harvest and the Calvert Cliffs pot survey abundance

indices (kg/pot) for age 1+ (^60 mm CVV) and age 2+ (^120 mm CW)
blue crabs.
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Figure 24. Relative exploitation rate on the blue crab stock calculated

from Maryland harvest and the Calvert Cliffs pot survey abundance

indices (kg/pot) for age 1+ (5^60 mm CW) and age 2+ (^120 mm CW)
blue crabs.
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TABLE 4.

Length-based estimates of instantaneous fisliing mortality rate (F)

and exploitation rate (|i) on the peeler/soft and hard crab

components of the Chesapeake Ba) stock using Calvert Cliffs (CO
pot survey (1968 to 1995) and VIMS trawl survey (1956 to 19951

carapace-width frequency data and mean exploitation rate with

standard error for the respective periods.

07

Year

1956

1957

1958

1959

1960

1961

1962

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

Mean

SE

Exploitation Rate

(F) P/Soft

cc

0.52

0.99

0.80

0.95

0.87

0.68

0.70

0.72

0.74

0.56

0.68

0.75

0.59

0.96

0.70

0.75

0.95

0.94

0.83

0.68

0.70

0.77

0.74

0.78

0.98

0.95

1.11

1.00

VIMS cc VIMS

0.88

1.01

0.96

0.96

0,94

0.95

0.97

0.95

0.94

0.95

0.95

0.95

0.94

0.93

0.79

1.02

0.97

1.16

0.98

1.07

0.82

0.77

0.82

0.81

0.66

0.87

0.84

0.86

1.05

1.07

0.77

0.74

0.75

0.74

0.78

0.70

0.73

0.89

1.11

0.87

0.27

0.45

0.38

0.43

0.41

0..34

0.35

0.35

0.36

0.29

0.34

0.37

0.30

0,44

0.35

0.37

0.43

0.43

0.39

0.34

0.35

0.37

0.36

0.38

0.44

0.43

0.48

0.45

0.38

0.01

0.41

0.45

0.44

0.44

0.43

0.43

0.44

0.43

0.43

0.43

0.43

0.43

0.43

0.43

0.38

0.46

0,44

0,50

0,44

0,47

0,39

0,37

0,39

0.39

0.33

(1.41

0.40

0.40

0.47

0.47

0.37

0.36

0.37

0.36

0.38

0,35

0,36

0,41

0,48

0,41

0,42

0,01

Hard

cc

0,34

0,54

0,47

0.53

0.50

0,42

0,43

0,44

0,45

0,36

0,42

0,45

0,38

0,53

0,43

0,45

0,53

0,52

0,48

0,42

0.43

0,46

0,45

0,46

0,54

0,53

0,58

0,54

0,47

0,01

VIMS

(1,50

0,55

0,53

0,53

0,53

0,53

0.53

0.53

0.52

0.53

0.53

0,53

0,52

0,52

0,47

0,55

0,53

0,59

0,54

0,57

0,48

0.46

0.48

0.47

0.41

0.50

0.49

0.49

0.56

0,57

0,46

0,45

0,45

0,45

0,46

0,43

0,44

0,51

0,58

0,50

0,51

0,01

shorter the assumed lite span, the greater the gap between current

F and threshold F—a risk prone management outcome.

Natural Mortality Rate

The instantaneous rate of natural mortality (M) was estimated

using the International Council for the E,\ploration of the Sea

(ICES) convention; that is. 5% survivorship at nia.ximum age fol-
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Figure 25. Estimated Chesapeake Bay wide annual exploitation rate

(fi) on the peeler/soft crab component of the stock using length-based

estimates of instantaneous fishing mortality rates derived from the

VIMS trawl ( 1956 to 1995) and Calvert Cliffs pot (1968 to 1995) survey
data.

lowing negative exponential depletion (Anthony 1982. Vetter

1985). Using longevity of 8 y, M on Chesapeake Bay blue crabs

was estimated at 0.375.

Growth

Blue crab growth (CW at age) was modeled using the formu-

lation of von Bertalanffy (1938). The von Bertalanffy parameters

were estimated using the FISHPARM (Prager 1987) fisheries soft-

ware system (Fig. 29). Input data included ma.ximum age of 8 y.

and the current upper bound estimates of the size groupings for age

(0-59 mm), age I (60-1 19 mm) and age 2 (120-79 mm). Use of

presumptive ages based on size groupings was required, because

age data for blue crabs do not exist. Estimates of sizes for age 3-7

were unspecified in the model; a point estimate of 260 mm was

specified for age 8. We selected 260 mm as an estimate of the

mean carapace width at age 8 based on the fact thai 260 mm (10

1/4 in) was the largest crab caught in Maryland that could be verified.
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Figure 26. Estimated Chesapeake Baywide annual exploitation rate

(|[i) on the hard crab component of the stock using length-based esti-

mates of instantaneous Hshing mortality rates derived from the VIMS
trawl (1956 to 1995) and Calvert Cliffs pot (1968 to 1995) survey data.
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Figure 27. Estimated Chesapeake Baywlde instantaneous total mor-

tality rate (Z) based on carapace width frequency data from the VIMS

(1956 to 1995) and MDNR (1968 to 1995) trawl surveys.

The capture of two large ( 195 mm) peeler (i.e.. premolt) crabs in

the 1987 CBL study, as well as reported 254 mm (10 in) peeler

crabs in the Gulf of Mexico blue crab stock suggested that a

maximum observed size of 260 mm was reasonable for terminal

age of the vii\i;in stock. Specifying this size at maximum age

effectively constrained the von Berlalanffy model at its asymptotic

value CW., . We disregarded many anecdotal reports of considei-

ably larger (300+ mm CW) blue crabs in the Gulf of Mexico and

the New England regions. We recognize that the continuous

growth model of von Bertalanffy does not strictly reflect incre-

mental blue crab growth that occurs via molting. We felt that this

model was largely representative of mean blue crab carapace width

at age and sufficient for the purpose of the analysis. The von

Bertalanffy model is convenient, because estimates of K and CW^
needed in population dynamic modeling are emergent properties.

Sex-specific weight at carapace width was determined using

the function presented in Rothschild et al. (1992). This relationship

was based on a 1992 sample of 5.000 crabs of each sex collected

throughout the Chesapeake Bay by the baywide winter dredge

survey. Because YPR considers female survival and growth in

weight, the Rothschild et al. (1992) female weight at carapace

width function was used to estimate age-specific weight (g) as:
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TABLE 5.

The proportion at age of each cohort in the theoretical stocli (ages 0+) and the observed stock (ages 1+) under virgin conditions (Z = 0.375)

and varying levels of instantaneous total mortalitv (Z), and the resultant mean age of the theoretical and observed stocks for each level of

total mortality.
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STOCK INDEX

Figure 33. Spawning stock abundance per recruit analysis under the

Dome-2 maturity profile based on the VIMS trawl survey Female

spawning stock index (55 130 mm CVVl and the age (0-59 mm CW)
recruitment index for years 1956 to 1995. Biological reference points

Fwirm Forp, and F. ,,,. are indicated.

value that would theoretically avoid growth and recruitment over-

fishing. For the blue crab, F, q^^ was found to be less than F,, ,
and

Fmax- 'hus a portion of the potential equilibrium yield would be

theoretically lost to fisheries operating at this F. Rugolo et al.

(1997) compare SSA/R modeling results for all four maturity at

age profiles in terms of Fhigh- Fmed- ^"d Flow threshold values.

Gear Saturation Analysis

In this analysis, we examined the essential operational elements

of the Chesapeake Bay blue crab fisheries from 1945 to 1995.

Despite a near fivefold increase in total directed fishing effort

since 1945 (Fig. 13). annual exploitation rate (Fig. 25, 26) has

varied without trend. This dramatic rise in effort, coupled with

relatively stable harvest (Fig. 14). resulted in a decline in baywide
CPUE since 1945 (Fig. 15). Although recent estimates of F dem-

onstrate a slightly increasing trend (Table 4), this increase is within

the range of variability in these values since 1956. Assuming con-

stant q and stock size, fishing mortality would have been expected

to rise since (he mid-1950s in proportion to the observed rise in

effort. Because estimates of F did not increase in proportion to

increases in effort, the indication was that catchability has not

remained constant since the mid-1950s.

We considered that the assumption of constant
cj

has been

violated for the blue crab fishery owing largely to the use of static

capture gear as the primary means of harvest (Rugolo et al., this

volume). The mechanisms responsible for the lack of proportion-

ality between F and /'have not previously been examined for the

Chesapeake Bay blue crab fisheries. Varying catchability for sev-

eral finfish species has been attributed to changes in stock avail-

ability, gear selectivity, gear saturation, and changes in stock abun-

dance (Pope and Garrod 1975). If q for blue crabs declined as

commercial fishing effort increased, we hypothesized that gear

saturation was the principal cause, because the alternatives were

either unreasonable or counterindicated by this as.sessment. The

use of static gear in crustacean fisheries requires the target organ-

ism to enter the gear vdhintarily, which is in contrast to the capture

strategy of such mobile gear fisheries as trawls or purse seines.

We examined the hypothesis of gear saturation in the Chesa-

peake Bay blue crab fishery and its effects on catchability and

fishing mortality. Nominal fishing effort and estimates of historic

fishing mortality rates were subject to the analysis. Annual catch-

ability coefficients (q) were estimated as the ratio of fishing mor-

tality to effort:

q = Vlf (9)

To lest the hypothesis that
(/

is inversely related to nominal fishing

effort (/). the value off/ was related to/by a log-log regression as;

log(F//)
= loga-h B log(/) (10)

In the absence of independent estimates of catchability. Eq. (10)

has clear statistical problems, because fishing effort is contained in

both sides of the equality. For this reason, we further examined the

hypothesis of nonconstant q by a simple linear regression between

fishing mortality (F) and effort {f) by:

F = a -(- b/' (II)

If the catchability coefficient (</) is constant, the slope (b) of

Eq. (II) would be significantly greater than zero based on a paired

/-test at n-2 degrees of freedom. This outcome would indicate that

fishing mortality changes proportionally with effort at the rate q.

Conversely, if gear saturation is operative, the slope (b) should

either not differ significantly (p < .05) from zero or should differ

from zero in a negative direction. Either of these two latter out-

comes would indicate thai fishing mortality is not proportional to

effort as specified in Eq. (9) over the range of effort values ex-

amined.

Rugolo et al. (1997) also test the hypothesis of nonproportion-

ality between F and / resulting from gear saturation in the New

England American lobster (Homents americanus Milne-Edwards)

fisheries. This fishery has undergone similar historical rises in

directed fishing effort and a nonproportional rise in fishing mor-

tality. The results of the log-log regression analysis of catchability

(F//) and effort (/) in which q is derived from the ratio of length-

based Fs to nominal effort, are presented in Figures 34 and 35.

Results of the linear regression analysis of F on / using length-

based Fs and nominal effort are presented in Figures 36 to 38.

RESULTS AND DISCUSSION

Adult Stock

To gain insight into and to gauge the status of the adult stock,

fisheries-independent time series data on relative blue crab abun-

014

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

NOMINAL EFFORT (10-^3)

Figure 34. Observed log-log regression of fishery catchability iq) and

total baywide nominal fishing effort for 1956 to 1995. Catchability was

estimated from the ratio of VIMS trawl survey length-based estimates

of instantaneous fishing mortality (F) and nominal effort (/).
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During 1968 to 1995. the VIMS trawl survey corrected index of

relative age 1+ abundance (sexes combined) averaged 5.4 (se =

0.8) and ranged from a low of 0.4 in 1975 to a high of 17.6 in 1990

(Fig. 4). Both the 1990 age 1+ index (5.5) and the 1990 to 1995

average abundance (6.8. se = 2.3) lie within the 95'7c confidence

limits (5.4-8.9) on the 1977 to 1995 mean. Inspection of trends

from this survey also suggest that the decade of 1980 was a period

of sustained above average levels of age 1+ blue crab abundance.

The trends in age 1+ male and female blue crab abundance

measured by the Calvert Cliffs peeler pot survey revealed similar

patterns of abundance to those of other fishery-independent sur-

veys (Fig. 5). Relative male and female age 1+ CPUE (mean

number/pot) averaged 2.9 (se
= 0.3) and 3.1 (se = 0.4) respec-

tively fi-om 1968 to 1995, ranging from a low of 0.6 (1968) for

males and 0.3 (1968) for females, to a high of 8.6 in 1981 for males

and 10.4 in 1981 for females. The 1995 male (1.9) and female (1.6)

age 1+ abundance were below the respective lower 95% confi-

dence limit (2.3 for males and 2.4 for females) on the long-term

means from 1968 to 1995. This survey similarly showed that the

1980s was a period of above average abundance for both male and

female age \+ crabs. Abbe and Stagg (1996) and Rugolo et al.

(1997) found that the trend in relative blue crab abundance from

the Calvert Cliffs survey and the Maryland blue crab commercial

harvest were highly correlated. During 1968 to 1995. the Calvert

Cliffs age 1+ abundance index (sexes combined) was conelated

with the Maryland pot and Maryland total harvest (r~ = 0.72 and

0.70, respectively, p < .0001 ), and with the Maryland pot CPUE (r"

= 0.88, p < .0001 ) (Rugolo et al.. this volume). The change in

relative abundance in the exploitable stock measured by this sur-

vey was found to account for the majority of the change in Mary-

land commercial yield between 1968 to 1980 and 1981 to 1995

(Rugolo et al. 1997).

The historic Smith Island scrape study (1948 to 1972; Fig. 6)

and the Calvert Cliffs peeler pot survey (1968 to 1995; Fig. 5)

provided consistent sampling of age 0+ and age 1+ blue crabs

respectively. For the 5 years in which both surveys were conducted

(1968 to 1972). the respective indices of blue crab relative abun-

dance were found to be highly correlated, and the trend in age 1

CPUE from the Smith Island study was generally representative of

the pattern of commercial blue crab harvest in these years (Rugolo

et al. 1997). Based on reported harvest, relatively low stock abun-

dance was suggested during 1951 to 1960. Exploitable stock

abundance increased steadily from 1964 to 1995 with the notable

exception of 1968 (Fig. 6). When all sources of data are consid-

ered, such as reported commercial harvest and the Calvert Cliffs

and Smith Island surveys, 1968 represented the lowest recorded

blue crab stock abundance in Maryland since 1945. Based on the

strong concordance in the Calvert Cliffs age 1+ and Smith Island

age 1 indices during 1968 to 1972 (r^ = 0.96), we developed an

approximate 50 y time series of relative abundance by merging

age-specific indices according to the derived functional relation-

ship CC,.^
= 8.97"^ X SI,'*' (Rugolo et al. 1997). In this ap-

proach, we chose to express the historical Smith Island age 1 index

in the currency of Calvert Cliffs age I + abundance, because the

latter study is on-going, and these age groupings were most rep-

resentatively sampled by the respective surveys. The combined

Smith Island and Calvert Cliffs survey data revealed higher rela-

tive adult stock abundance during the period 1981 to 1995 than

during 1948 to 1980 (Fig. 7). The extended data series suggested

that the periods between 1951 to 1960 and 1968 to 1980 were

years in which blue crab abundance was below the long-term

average from 1948 to 1995.

Estimated baywide hard crab population abundance (Fig. 8)

from 1956 to 1995 varied widely, with the decade of 1980 seen as

a relatively above average period. From 1956 to 1995. the mean

population abundance was approximately 385 x 10" hard crabs (se

= 17.3 X 10"). The 1995 estimate of 399 x 10" crabs was above

the 1956 to 1995 mean, although within its 95% confidence limits.

Considering the inherent interannual variability expected from a

species such as blue crabs, and variability in the sampling pro-

grams, there is concordance in the trends of relative stock abun-

dance measured by the five fishery-independent surveys. These

time series data indicate that the Chesapeake Bay adult blue crab

stock is at long-term average levels of abundance measured during

1956 to 1995. Trends in relative stock abundance do not reveal a

contemporary stock demise, as anecdotal information suggested,

or a systematic long-term decline in abundance. The decade of the

1980s was consistently a period of above average stock abundance,

which was followed by a return to long-term average levels. Using

the derived annual exploitation rate estimates, the number of blue

crabs in the adult baywide population is at or slightly above the

long-term mean estimated since 1956.

Juvenile Recruitment

Among the fishery-independent surveys examined in this phase

of the analysis, the baywide winter dredge survey and the Smith

Island scrape study for age 0, and the Calvert Cliffs peeler pot

survey for age 1 were considered to provide representative mea-

sures of relative juvenile abundance. The baywide winter dredge

survey provides the broadest geographic coverage. Limited geo-

graphic coverage is not necessarily fatal for the purpose of inter-

annual comparisons of trends if the survey sampling protocol is

internally consistent among years and if the survey takes a repre-

sentative sample of the available stock each year. The MDNR
trawl survey age relative abundance index is potentially less

reliable than that from the other surveys because of the temporal/

spatial sampling problems noted, and age crabs are not fully

recruited to the gear.

Results from the baywide winter dredge survey revealed that

the 1996 age abundance index of 12.0 was the highest on record

for sexes combined and nearly twice that of the next highest year

(1990) at 6.0 crabs/1,000 m" (Fig. 9). During 1990 to 1996, juve-

nile blue crab recruitment from this survey has been relatively

constant. Juvenile recruitment measured by the MDNR trawl sur-

vey (Fig. 10) demonstrated widely varying levels of year class

strength between 1977 to 1995. The relative abundance of male

and female age crabs showed a generally increasing trend from

1987 to 1993 although the 1995 index was one of the lowest on

record. Average (1977 to 1995) male and feinale mean number/

tow were 2.8 (se = 0.5) and 3.4 (se = 0.6), respectively. Two

periods of average to above-average juvenile abundance were

seen, the first in the mid-1980s and the second during the late

1980s to eariy 1990s. During 1968 to 1995. the VIMS corrected

age blue crab abundance index for sexes combined varied with-

out trend and ranged from a low of 0.5 in 1974 to a high of 18.1

in 1990 (Fig. 11). Long-term (1968 to 1995) average group

relative abundance was 5.6 (se = 0.8). Although the 1995 index of

4.5 was approximately 20% below the mean, it was approximately

15% above average 1968 to 1979 recruitment of 3.9 (se = 1.0) and

within the 95% confidence limits (4.0-7.2) on mean 1968 to 1995

recruitment.
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Juvenile blue crab recruitment (age 1 ) measured by the Calvert

Cliffs peeler pot survey in 1968 to 1995 was fairly consistent

throughout the time series, with a period of high abundance in the

mid- 1980s (Fig. 12). Relative male and female age 1 mean num-

ber/pot averaged 0.7 (se = 0.1) and 0.4 (se = 0.1). respectively,

from 1968 to 1995 and ranged from a low of 0.07 (1968) for males

and 0.02 (1968) for females to a high of 2.9 in 1981 formales and

1.6 in 1981 for females. These data suggested a slightly increasing

trend in male and female recruitment to the stock, with the 1995

male (0.9) and female (0.4) relative abundances at 20.57r above

and 18.6% below the respective long-term means. Relative abun-

dance of age blue crabs for sexes combined measured by the

Smith Island scrape study varied without trend during the 25-y

period (Fig. 6). Juvenile recruitment peaked in 1950 and declined

to relatively constant levels thereafter, with the exception of 1968.

As shown in the Calvert Cliffs survey, 1968 represented the lowest

juvenile abundance recorded in Maryland since 1948. Estimates of

absolute peeler/soft crab abundance varied without trend during

1956 to 1995 and suggested that 1995 recruitment (39.2 x lO*"

crabs) was above the long-term mean of 35.8 x 10'' crabs (se = 2.7

X 10*) (Fig. 8). Caution is urged in interpreting these results in that

the baywide peeler/soft crab harvest, upon which these estimates

are derived, is not as well reported as hard crab harvest. If internal

biases in these data are random and not systematic or directional,

these stock size estimates can provide a basis for interannual com-

parisons.

Overall, the historic juvenile recruitment signal was noisy in

the long-term, as expected, considering the unique population dy-

namics of the species and the role of density-independent effects

on recruitment success. Current production of new individuals and

their recruitment to the stock can be considered to be at long-term

average levels for the last four decades. Trends in these data do not

provide compelling evidence of a failure in juvenile recruitment,

which was suggested prior to initiating this research.

Fishery Yield and Catch per i'nil Effort

Historic commercial time series data from the principal bay-

wide fisheries were examined in this phase of the study. Based on

recent time series of harvest and effort data, Maryland pot and

trotline CPUE has remained fairly stable over the 14-y time period

(1982 to 1995), and no evidence of a decline in performance of

these fisheries was observed (Fig. 16). Mean CPUE (kg/pot/

month) for the pot fishery increased from 12.9-19.6 from 1982 to

1985 and declined to 10.2 in 1994. Trotline CPUE (mean kg/

trotline-h/mo) increased between 1982 to 1985 from 10.2-17.1 and

remained fairly constant thereafter. The total yield of Chesapeake

Baywide commercial fisheries has varied without trend since 1945

(Fig. 14). Baywide harvest since 1945 seemed to cycle around the

long-term mean, with peaks in 1950, 1966, 1981, and 1993 and

troughs in the mid to late 1950s and late 1970s to eariy 1980s.

Baywide data from 1945 to 1995 suggest an approximate fivefold

increase in total nominal directed effort (Fig. 13). The fact that

baywide harvest has remained relatively stable since 1945, coupled

with a dramatic rise in fishing effort, was reflected in decreasing

CPUE in the baywide fishery (Fig. 15). Baywide commercial

CPUE declined rapidly from 1947 to 1967 and has been slightly

noisy and without trend since the late 1960s. These data indicate

that the Chesapeake Bay blue crab fishery experienced hyper-

depletion in which relatively constant harvest is obtained despite

increasing levels of directed effort (Rugolo et al. 1997). In their

study, Rugolo et al. (1997) examined hyperdepletion in the fish-

eries for C. sapidiis and H. ameriianiis. We provide here evidence

that coincident with the rise in fishing effort for the baywide fish-

ery, there was a decline in q because of gear saturation.

From 1981 to 1995, the Maryland commercial harvest data

(Table 2) suggested a period of increased yield. The baywide

commercial landings (Fig. 14) also revealed increased yield com-

mencing in the decade of 1980; although their magnitude was not

excessive when viewed in the long-term context, especially com-

pared to the yields of the mid- 1 960s. Cursory examination of these

harvest data suggested that the increase in yield in the 1980s was

an artifact of a coincident reporting system change in Maryland in

1981. Rugolo et al. (this volume) provided evidence that the in-

crease in yield to the Maryland fisheries after 1980 resulted from

an increase in underlying stock abundance. They examined two

measures of blue crab abundance that were independent of the

Maryland harvest data or the reporting system change; namely, the

Calvert Cliffs age l-l- stock abundance index and the Potomac

River harvest and effort time series data. Commercial blue crab

harvest from the Potomac River (Fig. 17) demonstrated increases

in yield after 1980 analogous to those seen in Maryland landings

without a change in the Potomac River reporting system. The mean

percentage change in the Potomac River blue crab harvest pre-

1 98 1 versus 1 98 1 and later accounted for all the percentage change

in the Maryland reported harvest between these periods (Rugolo et

al.. this volume). Second, the change in relative abundance in the

exploitable stock (127+ mm) measured by the Calvert Cliffs pot

survey accounted for 96% of the percentage change in Maryland

commercial yield before and after the change in reporting system.

The trends in abundance between the Calvert Cliffs survey data

and the Maryland commercial harvest have been shown to be

highly correlated (Abbe and Stagg 1996. Rugolo et al. 1997.

Rugolo et al.. this volume), and it seems that these data are inter-

nally consistent. The relative abundance of age 1+ blue crabs

measured by the MDNR trawl survey (Fig. 3) and the VIMS trawl

survey (Fig. 4) also suggested increased abundance in the exploit-

able stock in the 1980s. These measures of blue crab stock abun-

dance, which were independent of the Maryland harvest data, pro-

vided clear and compelling evidence that the increase in yield to

the Maryland fisheries after 1980 resulted from an increase in the

underiying abundance of the stock targeted by the fisheries at a

near constant rate of exploitation.

Surplus Production

Schaefer (1954) and Fox (1970) surplus production models

were fit to commercial blue crab harvest and total directed nominal

effort data (Table 2) for the purpose of estimating maximum sus-

tainable yield (MSY) for the baywide commercial fisheries. Nomi-

nal baywide directed effort showed a general upward trend, re-

flecting increased interest in the blue crab fishery during the last 50

y (Fig. 13). Changes in reporting methods and difficulties posed by

the absence of gear-specific efficiency measures increase the un-

certainty in these effort data: however, they are consistently de-

rived and are believed to reflect the general trends in the fishery over

time. Estimates of equilibrium yield derived from the Schaefer and

Fox surplus production models were similar. Estimated MSY from

the Schaefer model was 38.5 x 10'' kg (B,q = 0.67. B^q/k
= 5.7 x

10^ r^ = 0.02) while that from the Fox model was 37.2 x 10* kg

(B^q = 0.88, q
= 8.2 X 10"-, K = 4.6 x I0\ r" = 0.17) (Fig. 18,
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19). These MSY results were somewhat higher than Tang's (1983)

estimate, reflecting increases in harvest and effort in the baywide

commercial fisheries since his work was completed.

Both surplus production model fits were poor, in part because

historical fishing effort has not sufficiently eroded slock biomass.

an outcome requisite to good fit to these model forms. These

results provided some insight, nonetheless, into the dynamics of

the commercial fisheries and suggested that baywide commercial

MSY is 37-38.5 x 10" kg. These values of commercial yield were

approximated or exceeded in the mid-1960s and largely exceeded

after 1980. The 1995 baywide commercial yield of 33.5 x 10" kg

was slightly below equilibrium yield.

Stock-Recruilmeiil

We fit the Ricker (1954) stock-recruitment model to six adult

stock and seven recruit metrics for Chesapeake Bay blue crab.

Results of this analysis demonstrated weak or no relationships

between adult stock and subsequent recruitment. The various S-R

models revealed low reliability of fit and questionable utility for

predicting recruitment success at specified levels of spawning

stock biomass. The two best model fits resulted from the combi-

nation of the VIMS trawl survey female spawning stock index

(5^130 mm CW) in year t versus the VIMS survey age index in

year t -l- I (r-
= 0.27) (Fig. 20) and the MDNR trawl survey age

index in year t -i- 1 (r- = 0.21) (Fig. 21). Examinafion of the

VIMS and MDNR trawl survey indices of abundance revealed

higher correlations among age classes within year than for a year

class between years (Rugolo et al. 1997). Thus, resulting indices of

abundance from these surveys in any year might be influenced by

availability to the gear as well as by the underlying abundance of

the stock. Density-independent effects with potential influence on

blue crab recmitment success were examined for their contribution

to model variability. A method described in Tang (1985) was used

to incorporate environmental measures that correlate with recruit-

ment into the Ricker S-R model. We examined measures of bot-

tom water temperature, salinity and dissolved oxygen, and cumu-

lative river flow from the Susquehanna River through the mouth ot

the Chesapeake Bay. Tang (1985) was able to improve the fit of his

model of winter dredge fishery landings in year t (stock) against

Virginia commercial landings in year t + 1 (recruits) from r =

0.34 to 0,69 by incoiporating radiant energy, stream flow, and

minimum and average water temperatures. We found that the en-

vironmental factors that correlated with the two recruit metrics

were not significantly correlated with the density-independent pa-

rameter (a) of the Ricker model through multiple regression analy-

sis (VIMS age Os, p
= 0.7: MDNR age Os. p

= 0.8). We are

further analyzing density-independent effects that we consider to

be more influential on blue crab early life history survival or

recruitment to the stock. These effects include wind vectors that

govern blue crab larval transport, radiant energy that may increase

productivity, and therefore minimize the match-mismatch between

larval/juvenile crabs and their prey, and surface temperature that

should influence early life stages more than bottom conditions.

stock removed by the fishery each year. Relative exploitation rate

(Xrel- calculated using the Calvert Cliffs age l-t- and age 2+ mdices

as measures of stock biomass, varied without trend since 1968

(Fig. 22). These results suggested that exploitation decreased

slightly from the late 1960s through the mid-1980s. Subsequently.

(JLrei increased, but not to unprecedented levels; higher p-R^i oc-

curred in 1970 and 1987. Relative exploitation rate based on the

VIMS trawl survey age l-l- and age 2+ abundance indices did not

seem to have changed significantly during 1968 to 1995 (Fig. 23).

The 1968 and 1974 (age \ + ) and the 1975 (age 2+) jxr^l values

were comparatively high, which artificially dampened variability

in |Xrei in the remaining years. These data suggested that a slight

rise in |jirel occurred in 1993 to 1994; in 1995 exploitation re-

turned to previous levels. Using the MDNR commercial harvest

and the Calvert Cliffs age l-l- and age 2-i- CPUE data. p.R,:L in the

Maryland fisheries seemed to have risen since the mid-1980s, as

compared to the 1970s (Fig. 24). Relafive exploitation was slightly

higher in recent years followed by a decline in 1995. We recognize

that JJI.REL based on an index of exploitable stock biomass might be

less robust than the direct enumeration of fishing mortality rates.

Although simplistic, this analysis provided no definitive evidence

of an unprecedented rise in exploitation rate on the Chesapeake

Bay blue crab stock in recent years.

Absolute exploitation rates were estimated on the peeler/soft

crab and hard crab components of the stock for years 1956 to 1995

using the length-based estimates of total mortality (Z) and the

partial recruitment of each stock component to the fully recruited

rate of fishing mortality (F) (Table 4). For the peeler/soft crab

stock (primarily age 1 crabs), ix^bs ranged from a low of 0.33 in

1980 to a high of 0.50 in 1973 based on the VIMS survey (1956

to 1995) (Fig. 25). Mean ix^gs for these data was 0.42 (se
=

0.006). Using the Calvert Cliffs survey data ( 1968 to 1995). (Xabs

on this stock component ranged from 0.27 (1968) to 0.48 (1994),

with a mean ix^ss
= 0.38 (se = 0.01) (Fig. 25). Annual exploi-

tation rates on the baywide peeler/soft crab stock were noisy over

the long-term, with the majority of jx^bs values falling between

0.35-0.45. No marked increase in |j..m5,s
was evident in these data,

which would indicate over exploitation of the stock. Current (J-abs

was below the threshold exploitation rate of 0.46 for the peeler/soft

crab.

For the hard crab stock (primarily age 2-I-). p-^Bs ranged from

a low of 0.41 in 1980 to a high of 0.59 in 1973 based on the VIMS

survey (Fig. 26). Mean jjLabs for these years was 0.51 (se =

0.007). Using the Calvert Cliffs survey data, exploitation rates on

the hard crab stock ranged between 0.34 (1968) and 0.58 (1994),

with a mean ix^bs
= OAl (se = 0.01 ) (Fig. 26). The annual rate

of exploitation experienced by the hard crab stock was similarly

noisy in the long term, with the majority of values falling between

0.40-0.50. As seen for the peeler/soft crab stock, m-abs increased

slightly between 1991 to 1994 and declined in 1995 toward aver-

age levels. No recent increase in p-^Bs ih^'l would indicate over-

exploitation of the hard crab stock was observed. Both current and

historical jji^bs *'''" below the threshold (jl^bs of 0.61 for the hard

crab stock.

Exploitation Rates

We developed a measure of relative exploitation rate ([Xri.,)

and estimated absolute exploitation rate (|x,\bs) on the peeler/soft

crab and hard crab components of the stock. Relative exploitation

rate provided a means for assessing the time series trend in ex-

ploitation, while absolute exploitation rate is the fraction of the

Total and Fishing Mortality Rates

Instantaneous rates of total (Z) and fishing mortality (F) were

estimated for years 1956 to 1995 using length-based analysis

(Table 4). The time series Z estimates from the Calvert Cliffs.

VIMS, and MDNR fishery-independent surveys demonstrated no
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significant increasing trends since 1956. which would imply a

recent increase in fishing mortahly on the stock (Fig. 27. 28).

Within the range of variability in the Calvert Cliffs and baywide

winter dredge survey estimates of Z, marginal increases in total

mortality were observed for 1990 to 1994, followed by a decline in

1995. Using Calvert Cliffs research survey data, the time series of

total mortality was observed to be slightly noisy and cyclic from

1968 to 1995. All estimates of Z were less than 1.50; no increasing

trend in total mortality was observed. Based on the baywide winter

dredge survey data, a slight increasing trend in Z was detected

from 1992 to 1995. followed by a decline to more average levels

in 1996. All winter dredge survey-based estimates of Z were less

than 1.40. For the VIMS trawl series data, a slight rise in Z was

observed after 1991, followed by a decline in 1995 to average

levels. The recent highest Z from these data was in 1994 at 1.49,

with one year ( 1973) higher than this value since 1956. All VIMS

survey-based estimates of Z were less than 1.55. Using length data

from the MDNR trawl survey (1977 to 1995), the resulting time

series of Z was essentially flat and trendless. All estimates of Z

from this survey were less than 1 .40. Length frequency data from

the 1987 CBL study showed that Z was less than 1.20.

Fishing mortality rates derived from the length-based analysis

demonstrated no significant directional trends over the period of

record ( 1956 to 1995) (Table 4|. Any short-term rise in F was not

to unprecedented levels nor would be considered excessive for the

stock. On average, the time series of annual fishing mortality rates

was slightly noisy, varying within a narrow range in the long term,

principally between 0.8-1.0. Absolute values of F during 1956 to

1995 ranged from 0.50-1.16, corresponding to annual exploitation

rates of approximately 33 and 59%, respectively. All recent and

current Fs were less than the threshold fishing mortality rate (Fum)

deemed appropriate for this species. No evidence of overexploita-

tion. specifically recruitment overfishing, has occurred. Current F

is above that which would maximize YPR.

Life History Characteristics

Longevity for Chesapeake Bay blue crabs was estimated at 8 y

and used in the modeling of growth, YPR, and life-table analysis

of the mean age of the stock. Results of tagging studies conducted

in Albemarie Sound, North Carolina (Fishier 1965). and in the

Chesapeake Bay (McConaugha 1991 ) provided clear and compel-

ling evidence that blue crabs attain an age of at least 6 y or 7.5-8

y, respectively, in the exploited stock. This finding sharply con-

trasted with current convention that blue crabs live a maximum of

3 y, even in the absence of fishing. The choice of the theoretical

maximum age of 8 y was risk averse in terms of estimating natural

mortality and threshold fishing mortality rates (Rugolo et al.

1997). The age invariant instantaneous rate of natural mortality

(M) was 0.375.

Blue crab growth in carapace width at age was modeled using

the formulation of von Bertalanffy (1938). The von Bertalanffy

model parameters for both sexes combined were CW, = 262.5

mm, K = 0.59 and t„
= 0.01 15 y (Fig. 29). Because age deter-

mination in blue crabs is not possible, we used modal carapace

width size groups of 0-59 mm, 60-119 mm, and 120-79 mm to

bound presumptive ages 0, 1, and 2, respectively. Carapace widths

at age 3-7 were unspecified in the model; a point estimate for

terminal width was set to 260 mm. Because the fitting procedure

did not consider the distribution of width at age or width for ages

3-7, the precision of the model fit (r"
= 0.99) was artificial.

A simple life table was developed to examine the impact of our

finding of longevity of 8 y on the mean age and mean crab size in

the stock under virgin conditions (F = 0) and for varying levels of

fishing mortality (F). Our aim was principally to assess whether

the modeled mean age and carapace width of the stock was con-

sistent with the current convention that blue crab do not live longer

than 3 y. The mean age of the tlworcticul stock, defined as all ages

0-8, was estimated under F = and for levels of Z = 0.8-1.5

(Table 5; Fig. 30). Under virgin conditions, the expected mean age

of the theoretical stock would be 1 .9 y with a corresponding mean

CW of 179 mm. At levels of Z that exist in the contemporary blue

crab fishery (Z = 1.3), the mean age of the theoretical stock would

be approximately 0.7 y (87 mm CW). Comparison of these results

is only meaningful against empirical data for which all sizes are

fully represented. Because the age cohort is characteristically not

fully sampled by either the fishery or research surveys, we derived

an alternative construct called the obsened stock, consisting of all

ages 1-8 (i.e., ^60 mm CW). Blue crabs of this size are suffi-

ciently large to be sampled by the fishery and research survey gear.

Under virgin conditions, the expected mean age of the observed

stock would be 2.8 y with a corresponding mean size of 21 1 mm
CW (Table 5; Fig. 30). Under approximate current Z = 1.3, the

expected mean age of the stock is 1.5 y (153 mm CW).

This analysis indicated that at levels of total mortality seen in

the baywide blue crab fishery during the last four decades, 97.3%

of all blue crabs in the observed stock and 98.6% of all crabs in the

theoretical stock would be 3 y of age or less. The probability,

therefore, of encountering a blue crab older than 3 y under con-

temporary fishing conditions is exceedingly small. These results

are consistent with the view that blue crabs older than 3 y are

rarely captured in the fishery or by research surveys, notwithstand-

ing the fact that they cannot be aged. This would explain, or at

least allow for the evolution of conventional wisdom that blue

crabs do not live beyond 3 years of age. Our finding of longevity

of 8 y for the Chesapeake Bay blue crab is not contradictory to the

observed age or size structure of the stock. This life table analysis

sufficiently reconciled the apparent disparity between conven-

tional wisdom and the life-history characteristics adopted in this

stock assessment.

Biological Reference Points

Threshold fishing mortality rates for the blue crab were esti-

mated using yield per recruit and spawning stock abundance per

recruit analysis. Thompson and Bell (1934) YPR analysis using

life history parameters derived in this work provided the frame-

work upon which to base a determination of the current stock

status and fishery performance. Biological reference points asso-

ciated with providing adequate spawners to maintain the reproduc-

tive potential of the stock and to prevent recruitment overfishing

were emphasized. These included a series of Fs. which resulted in

a fixed %MSP ranging from 5-20%, encompassing levels suitable

for this species. The threshold value of F,o<7, was selected for blue

crabs based on biology and life history considerations. This as-

sumption results in risk averse threshold levels of F; if blue crab

life span is shorter, the %MSP needed to replenish the stock is

lower, and the resulting threshold F would be significantly higher.

Other factors were also considered in establishing threshold fish-

ing mortality rates. The values of F^ax and Fq ,
were calculated

to provide reference points associated with maximizing YPR
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rather than maintaining reproductive capacity. These reference

points are considerably lower than those which maintain 10% of

MSP and are generally associated with defining growth overfish-

ing.

Data input to the YPR analysis included the distributions of

length and weight at age. terminal length and age. schedules of

maturity and partial recruitment, and natural mortality rate. Four

maturity profiles were used in the analysis. These ranged from the

most risk averse and biologically unrealistic schedule of lifetime

spawning acti\ ity (tlat-topped) to one that more closely reflects the

current convention (Dome-3; Fig. 31 ). The latter was the most risk

prone schedule considered. An intermediate spawning activity

schedule was selected for the analysis (Dome-2). which is notably

more risk averse than Dome-3. although slightly more risk prone

than the flat-topped schedule.

Results of YPR modeling found that Fq ,

= 0.36 and F^^^.x
=

0.64; whereas, that which provides for 10% of MSP (Fn,^;) is 1.21

(Fig. 32). This latter value, corresponding to an annual exploitation

rate of approximately 61%. was judged to be a valid threshold

fishing mortality rate for the blue crab stock in comparison to other

resources with similar life history characteristics. This decision

was substantiated by results of a spawning stock abundance per

recruit analysis (SSA/R) that estimated a replacement fishing mor-

tality rate (Frep) equal to 1.17 (Fig. 33). Other SSA/R reference

points were Fhigh =
I -Id, suggestive of a level of fishing which

could lead to stock collapse if maintained, and Flow = 0-^8

which is similar in magnitude to F„ ,.

The fishing mortality rate (F) in 1996 was estimated at 0.865

= 0.64.(M-/^ 0.496), approximately 35.2% greater than F^
All Fs estimated in this study for 1956 to 1995 were below the

threshold value P^n = 1.21. At fishing mortality from F =

0.9-1.0. the %-MSP in the stock ranged from 16.7-14.1%. For rates

of F in excess of F, the stock is considered to be growth

overfished. At current F, the theoretical YPR is approximately

2.0% less than that theorized under F^,a,x- Hence, in theory, if the

current fishing mortality rate was reduced by 26% to F = 0.64. we

could expect a 2% increase in YPR and the cessation of growth

overtlshing.

In general terms, growth overfishing is related to the removal of

animals from the stock at rates in excess of that which would

maximize yield from each recruit. It results from a rate of fishing

greater than which the losses in weight from total mortality exceed

the gain in weight attributable to growth. The resulting length

frequency of a growth-overfished stock is less broad than that

which would be observed under virgin conditions. Excessive ex-

ploitation rates could result in what is lermed jiivenesceiice of the

stock, characterized by a severe truncation in the length frequency
at lengths above the minimum legal limit. Other applications of

this concept of growth overfishing relate to the threshold level

termed F,, ,.
defined as the fishing mortality rate that corresponds

to a point on the YPR function with a slope of 10% of that through
the origin. Although the effect of fishing on future generations of

the resource is one of the considerations behind F,, ,, the relation-

ship is somewhat speculative.

Gear Saturation Analysis

A principal finding of this research was that despite a fivefold

increase in total directed fishing effort since 1945 (Table 2; Fig.

13). fishing mortality has remained relatively constant since 1956

(Table 4). A near constant fraction of the stock has been removed

annually by fishing (Figs. 25. 26) since the mid-1950s irrespective

of the levels of effort applied by the fishery. This long-term rise in

effort coupled with relatively steady harvests (Fig. 14) has resulted

in declining CPUE during the last four decades (Fig. 15).

Assuming constant </ and stock size (Fig. 8). F would have been

expected to rise steadily since the mid-1950s in proportion to the

observed increase in / We examined the lack of proportionality

between F and/by empirical tests of </ based on log-log regression

analysis of q against/ and by linear regression analysis of F on /;

If
ij
was not constant in the bay blue crab fisheries, we assumed

that the effect resulted largely from the saturation of static capture

gear used as the primary means of harvest (Rugolo et al.. this

volume).

To test the hypothesis that q was inversely related to nominal

effort, the value of q was related to/by log-log regression. Using
estimates of q

=
F//derived from the VIMS trawl survey-based Fs

for 1956 to 1995 (Fig. 34) and from the Calvert Cliffs survey-

based Fs for 1968 to 1995 (Fig. 35). q exhibited a significant (p <

.0001) inverse relationship to total directed fishing effort. The

linear regression between F and / based on the VIMS survey Fs

(Fig. 36) revealed a significantly (p < .007) negative slope indi-

cating gear saturation. The slope estimates from the linear models

using the MDNR survey Fs (Fig. 37) and the Calvert Cliffs survey

Fs (Fig. 38) did not differ significantly from zero. Because the

slope estimates from these linear models were either negative or

did not differ significantly from zero, these results suggest that

fishing mortality on Chesapeake Bay blue crabs has been de-

coupled from effort over the range of/ examined during 1956 to

1995 as a result of gear saturation in the pot and trotline fisheries.

Results of this analysis indicated that q has not remained con-

stant since 1956. Rugolo et al. ( 1997) also found strikingly similar

results of the nonproportionality between F and /in the New En-

gland American lobster fisheries, which have undergone a similar

historical rise in /without a proportional rise in F. This phenom-
enon of rapidly declining CPUE coincident with an initial sharp

rise in effort followed by relatively stable CPUE is also reported in

other stationary gear-based fisheries, such as the longline skipjack

tuna fishery of the Pacific Ocean and the South Australian rock

lobster fishery. The nonproportionality between F and /is strong

evidence that gear saturation is operating in the Bay's blue crab

fisheries insofar as historical changes in stock availability or abun-

dance, or in gear .selectivity are not applicable. The contemporary

decline in fishing performance described by commercial fishers is

detectable. We conclude that it reflects a decline in the catchability

of the gear rather than a decline in the status of the fully recruited

stock as a result of gear saturation and gear competition. Catch per

unit effort in the baywide combined blue crab fisheries has re-

mained relatively constant since 1970 (Fig. 15).

The economic implications of this finding of gear saturation are

profound. Because current fishing mortality on blue crab seems

largely independent of changes in fishing effort over the range of

effort examined, significant reductions in total effort would be

required to realize marked increases in CPUE or in %MSP or to

decrease F. At a minimum, a proportional change in these mea-

sures should not be expected by a specific reduction in directed

effort. Significant improvements in these measures are unlikely to

occur until total directed effort is approximately the level that

existed in the mid-1950s. Current evidence suggests that the

Chesapeake Bay blue crab fishing industry is severely overcapi-

talized in terms of the quantity of gear applied to the harvest. The

combined fisheries are operating at extremely low levels of eco-
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nomic efficiency, with a relatively constant harvest divided into

increasing numbers of gear units.

CONCLUSIONS

In this research, blue crab vital rates and life history character-

istics necessary to conduct an analytical stock assessment were

described. In all instances where rates or parameters were esti-

mated that would influence the assessment findings, and where

empirical evidence couldn't guide selection among available op-

tions, we adopted a risk averse approach. Most notably, we used

this approach in selection of the theoretical maximum age and

spawning activity schedule. Individually, the selection of a maxi-

mum life span of 8 y or the lifetime spawning activity schedule

described as Dome-2 operate to lower the threshold biological

reference point F^^. Collectively, they result in a dramatically

lower reference value than would be derived under conventional

assumptions of longevity of 3 y and the rapid decline in spawning

activity after first spawning. Formulating the assessment in this

manner resulted in increased sensitivity to the finding of a stock

demise and recruitment overfishing, because the gap between cur-

rent F and the overfishing definition was narrowed.

Historical and contemporary fishery-independent research sur-

veys spanning the last 5 decades indicated that current spawning

stock biomass was at moderate levels as compared to historical

maxima. The stock seemed to be maintaining total and spawning

stock biomass at or near long-term averages measured since 1956.

We found no evidence of a persistent stock decline. The decade of

the 1980s was a period of above average abundance; the popula-

tion has modulated to approximate long-term average abundance

levels since that time. At the current fishing rate (F = 0.9-1.0).

%MSP in the stock exceeds the 10% target level established for the

stock. There is no evidence of a systematic or recent increase in

fishing mortality to unprecedented levels. The combined baywide

fisheries have exploited this resource at levels deemed appropriate

for the species
—that is, 30-45% for peeler/soft crab and 45-55%

for hard crab. The stock is exhibiting dynamic equilibrium, with

variable abundance as expected in an r-selected species. Recruit-

ment has been variable since the 1950s and is presently at average

levels.

Compelling evidence for the increase in stock abundance in the

1980s was demonstrated by the change in relative abundance in the

exploitable stock measured by the Calvert Cliff fisheries-

independent research survey and the commercial Potomac River

landings. The VIMS and MDNR trawl survey programs also re-

vealed above average exploitable stock abundance in the 1980s.

The Chesapeake Bay blue crab stock seemed to be varying without

trend during the last 5 decades, with an expected degree of inter-

annual variability considering its short life span, life history char-

acteristics, and reproductive strategy.

For the baywide commercial fishery, no contemporary ( 1 970 to

1995) decline in CPUE has occurred following the initial expo-

nential decline from 1947 to late- 1 960s. Baywide CPUE remained

relatively stable thereafter. The stock is supporting the taking of

near maximum sustainable yield in the long-term; no evidence of

the effects of fishing on the ability of the stock to replace ifself or

to provide historical average yields was observed. There has been

no demonstrable decrease in spawning stock biomass or in recruit-

ment success. In customary stock assessment terminology, we

judged the Chesapeake Bay blue crab stock to be moderately to

fully exploited at average levels of abundance.

Fishing mortality rates and annual exploitation rates were es-

timated for 1956 to 1995. Relative exploitation has been noisy

showing no persistent increases that would be consistent with

overfishing. Absolute exploitation rates derived for the hard and

peeler/soft components of the fishery ranged principally between

30^5% for peeler/soft crabs and 40-55% for hard crabs. Fishing

mortality rates (F) on the combined stock have varied principally

between 0.8-1.0 since 1956. Current fishing mortality rate was

below the threshold reference level of Fio%
= 1.21 considered

suitable for this fishery resource and has varied within approxi-

mately 20% of the long-term mean over the last 4 decades. The

baywide stock has maintained both total stock and spawning stock

biomass over the long-term. Because recent fishing mortality rates

have been below the F,,,,. threshold, exploitation has not under-

mined total stock biomass. Current rates of fishing mortality have

been supported by this stock for 40 y, indicating that the current

level of fishing mortality is not detrimental to stock persistence.

Our findings suggest that the fishery has been taking a fairly con-

sistent fraction of the stock since 1956.

Given that the stock seems to be biologically stable, issues

remain regarding the health of the fishery. The dramatic rise in

directed effort since 1945. with the accompanying decline in fish-

ing success, would nonnally be associated with an increase in

fishing mortality rate. This was not demonstrated by the assess-

ment. Catchability has varied with effort over the range of values

observed from 1956 to 1995. This would imply that moderate

reductions in fishing effort would likely not result in a proportional

reduction in F because of the decoupling of F and/ from noncon-

stant
</.
A possible explanation for the observed phenomenon of

hyperdepletion in the blue crab fisheries relates to the primary

capture gears. Crab pots and trotlines are static gears relying on the

target organism to enter or hold on to the gear. They jointly ac-

count for approximately 90% of the baywide blue crab landings,

and with the tremendous increase in gear fished for a finite re-

source, the effects of gear saturation and gear competition are

evident.

We suggest that the blue crab fishery is severely overcapital-

ized in terms of fishing effort. As a result of gear saturation,

marginal decreases in fishing effort would not realize proportional

gains in either CPUE, %MSP, or YPR. The stock is strictly

growth-overfished and, as a result of nonconstant q. substantial

economic displacement would be required to decrease current F by

26% to achieve F^ax- Increases in 7fMSP and YPR could be

realized through size limit measures, along with regulating the

taking of mature female crabs, without the considerable displace-

ment costs associated with effort reductions alone.

We recommend that management be risk averse in its regula-

tory decision making. Management should maintain current fish-

ing mortality rate below the threshold value of 1.21. This strategy

should maintain yield under current stock levels and patterns of

recruitment, absent environmental catastrophe. Management
should be particularly averse to increases in fishing effort that

would exacerbate current economic inefficiencies, or to permitting

increases in gear efficiency (i.e., catchability). The latter recom-

mendation acknowledges the rather delicate and poorly understood

interplay between F and / in the contemporary blue crab fishery.

Management should be proactive in its considerations, should sta-

bilize and enhance the economic viability of the fishery, and should

provide protection for the stock through maintenance of ^ 10% MSP.

It should consider adopting strategies that increase yield per
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recruit (e.g.. size limit increases on both sexes) and spawning

potential (e.g.. limiting directed fisheries on mature female crabs).

Recommendations

In developing thi,s assessment, we identified research and in-

formation needs that would enhance our understanding of the dy-

namics of the resource and its attendant fisheries. Rugolo et al. (1997)

identify research that can be pursued or information that must be

gathered to refine key component analyses of the assessment. We

present here only a short Ust of essential areas for future research.

(1) Develop a reliable and efficient method to age blue crabs.

(2) Develop refined schedules of length at age and maturity at

age given Item 1. An age-length key would enable devo-

lution of the age structure from survey and fishery length

frequency.

(3) Stage harvest by length or age. thus allowing for the de-

velopment of a catch at age matri,\ to be used in alternative

assessment approaches.

(4) Develop a baywide tagging study to provide information

on growth, natural mortality, longevity, fishing mortality,

size selectivity, catchability. reporting rates, and harvest

distribution.

(5) Estimate catchability by size category and sex for all prin-

cipal gear types in the fishery.

(6) Estimate recreational fishing effort, participation, and har-

vest for the baywide recreational fishery.

(7) For all segments of the baywide fishery, improve informa-

tion on the magnitude of the catch, directed effort, discard

losses, and the biological characterization of the catch (par-

ticularly the peeler/soft crab fishery). Estimate under-

reporting inherent in commercial and recreational harvest

data.
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Erratum

Rugolo, L. J., Knotts, K. S., Lange. A. M. (1998) Historical profile of the Chesapeake Bay Blue Crab (Callinectes sapidm Rathbun)

fishery. J. Shellfish Res. 17(2):383-394.

The author would like to make the following corrections:

p. 1. Abstract section:

line 12, 38% should read 47%
line 13, should read ". . . Scrapes and pound nets contributed <1% of the total since 1981."

line 15, 10 should read 13

line 16, 19 should read 20: 1984 should read 1985: -21 to 35" should read MO to 17"

line 17, "increase in 1945' should read 'increase since 1945"

p. 1. column 1, line 18. "most commercial" should read 'most important conimercial"

p. 2, column 1. line 35. 1980s should read 1980

column 2. line 6, were should read are

line 19. fisheries should read fishers

line 31. 20% should read 25%

p. 6. column 2. the word 'blue' should be deleted from the first line of the Figure 4 legend.

p. 7. Figure 5 legend, line 2 should read '10^ kg, and 127+ mm carapace width Calvert"

line 3. delete 'the time periods'

column I, line 10. 10.5 should read 12.9

line 11, 19.1 should read 19.6. 1984 should read 1985

line 13, 9.5 to 15.9 should read 10.2 to 17.1

column 2. line 21, 38% should read 47%
line 36. should read, '"resolved to accurately reflect effective effort in the fishery."'

p. 10. column 1. line 31. pound should be kg
line 32, pound should be kg

column 2. line 14. post should be pose

p. 11, column 1. line 5, 10 to 19 should be 12.9 to 19.6

line 6. 1984 should be 1985, 10 should be 10.2

line 7. 21 to 35 should be 10.2 to 17.1

column 2. line 16. 1982 and 1992 should be 1982 to 1992

TABLE 4.

Commercial harvest (10'' kg) of female blue crabs bavwide and in

Maryland; harvest (1(1" kjjl of mixed market category in Maryland;

and CPUE in the Maryland pot (mean kg/pot/mo) and trotline

(mean kg/trotline-h/mo I fisheries.
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GENE CONSERVATION: MANAGEMENT AND EVOLUTIONARY UNITS IN FRESHWATER
BIVALVE MANAGEMENT—INTRODUCTION TO THE PROCEEDINGS

TIM L. KING, EDWARD C. PENDLETON, AND RITA F. VILLELLA
U.S. Geological Survey

Biological Resources Division

Leetown Science Center

Aquatic Ecology Laboratory

Kearneysville. West Virginia 25430

Due to the consequences of human population expansion, spe-

cies are increasingly being lost and the speciation process, which

creates future biodiversity, is being severely constrained by habitat

loss (Erwin 1991). Perhaps no faunal group illustrates this trend

more profoundly than freshwater bivalves of the family Unionidae.

North America possesses the world's greatest diversity of fresh-

water bivalves (commonly referred to as freshwater mussels).

However, this biodiversity legacy is in jeopardy of being lost with

more than 70% of recognized species endangered, threatened, or of

special concern (Williams et al, 1993), The principal threats to

these bivalves are pollution, loss or alteration of habitat, loss of

obligately parasitized hosts that support unionid larvae during their

early development, and the aggressive expansion of the exotic

mussel Dreissena polynuirpha (Williams et al. 1993), Conse-

quently, freshwater bivalves need immediate conservation efforts

to identify and sustain existing biodiversity. However, these ani-

mals present significant challenges to conservation biologists.

They show broad taxonomic uncertainty by virtue of phenotypic

plasticity, complex life histories, and varied modes of reproduc-

tion. To address basic conservation challenges for planning and

implementing biologically sound management programs, a thor-

ough understanding of the evolutionary relationships among all

levels of freshwater bivalve biodiversity is essential.

The most fundamental constituent of biodiversity is genetic

diversity (Meffe and Carroll 1994). It is well established that de-

tectable genetic variation is distributed hierarchically from phylo-

genetic variation among reproductively isolated taxa to geographic

variation within species (Avise 1994). The identification and pres-

ervation of genetic diversity is increasingly being accepted as the

foundation for contemporary conservation strategy.

Effective conservation programs require clearly definable units

of management. Molecular genetics has recently achieved an im-

portant place in contemporary conservation biology as it has

proven to be a robust tool for identifying reproductive isolation

among populations. Consequently, genetic information offers an

objective means of delineating management units, and provides an

evolutionary framework from which to develop and evaluate con-

servation priorities. However, attempts to identify conservation

units within species often require the imposition of divisions on an

evolutionary continuum, a concept that has always evoked contro-

versy (Moritz et al. 1995), Intense debates are currently being

waged in conservation circles surrounding species concepts ( Baum
1992, Wayne 1992, Mayden and Wood 1995) and the correct

interpretation and implementation of "distinct population seg-

ments" as intended by the framers of the Endangered Species Act

(Moritz 1994, Moritz et al. 1995. Vogler and DeSalle 1994.

Nielsen 1995, Waples 1995, Pennock and Dimmick 1997, Waples

1998), In an attempt to define distinct population segments of

Pacific salmon in terms that would allow the preservation of ge-

netic variability, the National Marine Fisheries Service adopted the

evolutionarily significant unit (ESU) concept (Waples 1991 ) origi-

nally proposed as a conservation tool in zoos by Ryder (1986). An

ESU is a population or aggregate of populations that (I) is sub-

stantially reproductively isolated from other conspecific groups,

and (2) represents an important component in the evolutionary

legacy of the species (Waples 1991). Many molecular systematists

disagree with the ESU interpretation of distinct population seg-

ment and instead argue that documentation of deep evolutionary

separation should be evidence of distinct species (see synthesis by

Mayden and Wood 1995). A significant element in the aforemen-

tioned debate is the role that molecular genetic data can play in

resolving the delineation of ESUs and/or species (see Dizon et al.

1995. Moritz et al. 1995. Mulvey et al. 1997, Lydeard and Roe

1998. Roe and Lydeard 1998).

The need for urgent conservation measures and for the estab-

lishment of guidelines for delimiting conservation units in fresh-

water bivalves prompted an invited symposium titled "Gene Con-

servation: Management and Evolutionary Units in Freshwater Bi-

valve Management" held in association with the 89th Annual

Meeting of the National Shellfisheries Association. Fort Walton

Beach, Florida, in April 1997, This symposium brought together

conservation geneticists to discuss empirical and theoretical in-

sights into identifying evolutionarily significant lineages and to

have these perspectives enlightened by resource agency personnel

as to the roles of science and government in developing policies to

conserve freshwater bivalve diversity. The nine papers included in

these proceedings discuss three broad issues relative to freshwater

bivalves: ( I ) guidelines and methodology for delineation of con-

servation units; (2) the state of the science in population genetics

and molecular systematics, and (3) the role of emerging genetics

issues in freshwater bivalve conservation. The proceedings contain

contributions from all but three of the participants in the Fort

Walton Beach symposium; time limitations and other obligations

prevented Marsha Black. Jim Williams, and Ren Lohoefener from

providing written papers. Their contributions, including a round-

table discussion at the end of the symposium, were highb alued

nonetheless.

In his keynote address to the symposium. Dr. V,. an Bow en

presented an insightful synopsis of issues regarding ri.j recognition

of evolutionarily critical lineages for conservation, providing ex-

amples from the application of his own research on marine turtles

and sturgeons. His contribution to these pmceedings is a short

opinion piece that outlines an intriguing fv-rspective on defining

units of conservation. Bowen uses these proceedings to propose a
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new conservation category. Geminate Evolutionary Units (GEUs).

intended to delineate new evolutionary pathways and ultimately

provide a mechanism for recognition of evolutionary potential.

In their contribution to the proceedings. Kevin Roe and Charles

Lydeard take issue with the Evolutionarily Significant Unit (ESU)

concept. The authors provide DNA-based molecular variation ob-

tained within and among species in the genus Potamilus as a case

study to convincingly argue that the ESU concept overlaps suffi-

ciently with contemporary species concepts such that these evolu-

tionarily divergent assemblages could also qualify as distinct spe-

cies. Roe and Lydeard" s conclusions appear to confirm the asser-

tion by Moritz (1994) that certain ESUs "complement rather than

replace species" designations. The authors pose ESU criteria that

would limit its designation to the intra-specific level, for which it

was initially intended.

An extensive survey of population genetic structure is one pre-

requisite to identifying evolutionarily important lineages. Dave

Berg et al. contribute their findings from a thorough population

genetics survey for the wide-ranging species Quadnda qiiadnila.

In this study, which examines allozyme variation. Berg et al. found

evidence for high levels of gene flow among geographic popula-

tions from the Ohio and Mississippi River drainages. They con-

clude that large river habitats may be more stable, capable of

supporting larger populations of bivalves, and may contain fishes

with greater dispersal capability than small streams. Berg et al.

suggest that conservation efforts for wide ranging species (e.g. Q.

quadnda) inhabiting large rivers should be directed to protect

large population units that encompass the breadth of genetic vari-

ability.

Ron Johnson and three co-authors compared levels of genetic

diversity and physiological response in populations of four bivalve

species in the Cache and White Rivers of Arkansas. Johnson et al.

identified heterozygote deficiencies at all 15 allozyme loci sur-

veyed. The authors considered numerous explanations for this de-

ficiency including bottleneck effects, the Wahlund effect, null al-

leles, linkage disequilibrium, inbreeding, and selection. The au-

thors also investigated cellulolytic (i.e., cellulase) activity within

populations and species as a function of heterozygosity, testing the

theoretical concept that increased multiple locus heterozygosity

results in increased fitness.

Certain freshwater bivalve species are hermaphroditic with the

potential for simultaneous gonadal development and subsequent

self-fertilization (Van Der Schalie 1966. Kat 1983). A simulta-

neous hermaphroditic mode of reproduction can profoundly im-

pact the genetic population structure of freshwater bivalves but has

remained undocuinented. Walter "Randy" Hoeh and co-authors

tackled this very complex issue in hermaphroditic freshwater bi-

valves of the genus Utterhackia. Hoeh et al. demonstrated a high

degree of self-fertilization in hermaphroditic llitcrhackia. Rates of

cross-fertilization and selling varied among populations of some

species. The authors provide convincing evidence that the large

differences in genetic structure between Utterhackia species with

different modes of reproduction are due to the effects of severe

inbreeding alone or in conjunction with genetic drift. Hoeh et al.

conclude that the mating system and distribution of genetic varia-

tion in bivalve populations should be identified as prerequisites to

conservation initiatives. Conservation of these species may require

maintenance and recovery of a number of small populations.

Margaret Mulvey, Hsiu-Ping Liu, and Karen Kandl each con-

tributed presentations to the symposium describing molecular phy-

logenetic relationships of the bivalve taxa Elliptio. Anodontinae,

and Pleurubema. respectively. They combined their presentations.

at the request of the editors, to provide a comprehensive overview

of contemporary molecular genetic methodologies and their appli-

cation to the conservation of freshwater bivalves. This contribution

is designed to provide a resource for future researchers interested

in conservation genetics of freshwater bivalves. Mulvey et al.

cover the entire range of techniques from protein electrophoresis to

DNA-based technologies. The authors provide the established se-

quences of oligonucleotide primers for polymerase chain reaction

amplification of three mitochondrial DNA regions and two tran-

scribed spacer regions of nuclear ribosomal DNA. These primers

should be applicable in most freshwater bivalve molecular system-

atics investigations. The paper provides insight into the potential

conservation applications for these various techniques including

population genetics, molecular systematics, bivalve-host relation-

ships, and forensics. In addition, Mulvey et al. provide examples

from their own work with member .species of Ambleminae and

Anodontinae.

How can genetics inform and assist management decisions re-

garding whether or not a species should be listed under the En-

dangered Species Act or its State equivalents, or recover a species

already under State or Federal protection? Recovery of depleted

species or relict populations demands identification and conserva-

tion of as much of their genetic variability as still exists. Rita

Villella et al. discuss the importance of maintaining genetic diver-

sity within and among populations and the potential for spread of

pathogens and parasites through conservation efforts like reloca-

tion. They suggest approaches that could lead to improved success

of relocations, with the ultimate goal of maintaining the evolution-

ary lineages of freshwater bivalves. In addition, Villella et al.

(along with Roe and Lydeard and Mulvey et al.) place emphasis on

the importance of recognizing the bivalve-host relationship in

management decisions inasmuch as gene flow among populations

of bivalves is dependent upon the obligately parasitized host.

Managers are faced with escalating bivalve declines and are

accountable for applying the Endangered Species Act to counter-

act them. Representatives of the U.S. Fish and Wildlife Service

(USFWS) and the National Marine Fisheries Service (NMFS)

were active participants in the symposium and the proceedings.

Susi von Oettingen presented "A National Strategy for the Con-

servation of Native Freshwater Mussels" that has been developed

by a joint State and Federal National Native Mussel Conservation

Committee. This document is reproduced here in its entirety.

In an effort to enlighten participants on contemporary guide-

lines for delineating units of management. Marta Nammack pre-

sented a review of the history and use of the ESU concept as it was

applied to Pacific salmonids. It is noteworthy, however, that fresh-

water bivalves and other invertebrates are not included in legal

definitions of distinct population segments or ESUs. In the absence

of ESA legislation to protect intraspecific groups of freshwater

bivalves, significant portions of the evolutionary legacy of some

species may be lost.

We believe this symposium will heighten awareness of the fact

that effective freshwater bivalve conservation efforts must include

maintenance of genetic variation because of its consequent effect

on evolutionary potential, and ultimately, long-term survival of

species. Villella et al. maintain that the preservation of genetic

diversity is a prerequisite to the conservation of ecological and

evolutionary processes. Mulvey et al. ask "In the face of huge

ecological and demographic issues in the conservation of fresh-

water bivalves, does it make sense to spend limited resources on

genetic studies?" Given declining populations and extensive bio-

logical and ecological information gaps, genetic information is
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crucial to making difficult decisions on conservation. The studies

presented here cover the tools, techniques, issue.s. and interpreta-

tions to allow the reader to answer that question to his or her own

satisfaction.
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INTRODUCTION ESU DEFINITIONS: SEEING DOUBLE BUT FEELING SINGLE

When biological int'onnation i.s translated into conservation

policy, scientists are challenged to transform previously nebulous

concepts into quantifiable terms. A prominent example of this

process is the need to define the units of wildlife protection in a

legal context, rekindling a debate over species concepts and

prompting several innovative solutions (Cracraft 1983, Ryder

1986, Avise & Ball 1990, Vane-Wright et al. 1991, Vogler &
DeSalle 1992, Wayne 1992, Waples 1995). Prominent among
these solutions are the twin concepts of management units (MUs)

and evolutionarily significant units (ESUs).

MUs are recognized as populations with significant divergence

of allele frequencies at nuclear or mitochondrial loci, regardless of

the phylogenetic distinctiveness of the alleles (Moritz 1994).

Seven decades of theoretical population genetics demonstrate that

differences in allele frequencies denote populations with indepen-

dent demographic trajectories (Fisher 1930. Wright 1931. Kimura

1964, Slatkin 1987), and empirical studies confimi this expectation

under most circumstances (Avise 1994). Hence MUs are well

grounded in principles of population biology. MUs are valuable in

conservation because they describe the fundamental units of wild-

life management: reproducti\ely isolated populations.

The ESU is intended as a category above management units,

describing a population or groups of populations that may com-

prise a novel evolutionary trajectory, as indicated by long-term

isolation or significant divergence in ecological, morphological, or

genetic traits (see Waples 1991). The ESU concept is valuable

because it allows conservationists to circumvent sticky questions

about taxonomy and species concepts, and focus on the preserva-

tion of major evolutionary .subdivisions. However, several recent

reports have expressed dissatisfaction with the ESU, stemming in

part from the recognition that some faunas that probably merit

conservation resources do not qualify under current definitions

(see Barlow 1995; Stauffer et al. 1995, Pennock & Dimmick 1997,

Karl & Bowen 1999). Hence a quandary exists that may be attrib-

uted in part to an incomplete body of evolutionary theorv. Though
MUs can be defined on a solid foundation of population genetic

theory, exemplified by the Wright-Fisher model of genetic drift,

there is no corresponding model that unifies the search for evolu-

tionary units. In applying the principle of ESUs, conservationists

probe one of the darkest chasms in evolutionary biology, embodied

by the question "How do new organisms arise?" There is no con-

sensus on how isolation, selection, founder events, drift, hybrid-

ization, recombination, and mutation fit together to produce evo-

lutionary novelty, and so the conceptual bridge between evolution-

ary processes and conservation is incomplete. If no consensus

exists on how organismal evolution occurs, how then can we de-

fine evolutionarily significant units with confidence?

Perhaps the mostly widely used ESU definition, the NMFS

interpretation of the U.S. Endangered Species Act, includes two

criteria. An ESU is a population (or group of populations) that (1)

is substantially reproductively isolated from other conspecific

populations, and (2) represents an important component in the

evolutionary legacy of the species (Waples 1991 ). The first half of

this definition can be defined and defended on the basis of sepa-

rations possibly followed by reproductive incompatibility (allopat-

ric speciation) (Mayr 1982). The second component is more dif-

ficult to delineate, and for this reason it received further clarifica-

tion in a recent treatise on ESUs: The evolutionary legacy of a

species is the genetic variability that is a product of past evolu-

tionary events and that represents the reservoir upon which future

evolutionary potential depends (Waples 1995).

As in the NMFS interpretation of ESUs, a dichotomy is appar-

ent in the definition of evolutionary legacy (Waples 1995): past

evdliilioiiaiy events and future evolutioiuiiy potential. The first

category is the realm of phylogenetic systematics, in which organ-

ismal lineages generated by past evolutionary events are identified

by morphological and genetic criteria. Wildlife managers can use

the depth of these evolutionary separations as a yardstick to assign

conservation priorities (Avise 1989). The second component is

more difficult to identify: the progenitors of future evolutionary

diversity. To accomplish this would potentially resolve the ques-

tion of how new species arise. Much progress has been made on

this front in recent decades (Eldredge & Gould 1972, Carson &
Templeton 1984, Barton & Charlesworth 1984, Otte & Endler

1989, Giddings et al. 1989, Palumbi 1994, Veron 1995. Schluter

1996. Smith et al. 1997. Klicka & Zink 1997), but few would argue

that speciation processes are fully understood.

Because the progenitors of future species are so difficult to

identify, the ESU criterion of "future evolutionary potential" is not

often invoked, and the primary emphasis in the resolution of ESUs
has been on phylogenetic criteria and the preservation of popula-

tions that show evidence of long-term isolation. This is illustrated

in a genetic context by the ESU definition proposed by Moritz

(1994): "ESUs should be reciprocally monophyletic for mtDNA
alleles and show significant divergence of allele frequencies at

nuclear loci." The considerable \alue of this definitio!; is in pro-

\iding objective criteria for the level of divergence m neutral ge-

netic markers that may characterize sibling species. (The parallel

morphological criterion may be a fixed difference for at least one

morphological character.) This definition is compatible with the

first half of Waples (1995) definition of e\()lutionary legacy (the

products of past evolutionary events), but does not address the

second half (the progenitors of future biodiversity).
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GEMINATE EVOLUTIONARY UNITS

The difficulty in identifying future evolutionary potential does

not reduce the importance of this phenomenon in conservation and

wildlife management. As noted by Balon ( 1993) "the maintenance

of biodiversity is not a static phenomenon but a process in which

creative forces are as important as destructive ones." Though the

criteria for geminate species are elusive, it is very likely that

isolation and gradual genetic divergence are not the only routes

towards speciation. Hence the future evolutionary potential may
include the phylogenetic criteria outlined by Moritz (1994. see also

Bernatchez 1993. Moritz et al. 1995), but likely encompass other

phenomena as well. Viewed from this perspective, future evolu-

tionary potential may represent a third conservation category, dis-

tinct from MUs that are defined by population-level distinctions,

and ESUs that are defined primarily by phylogenetic distinctions.

In terms of conservation goals, one does not want to hasten the

extinction of evolutionary lineages, nor does one wish to prevent

their airival. In order to appreciate both ends of this evolutionary

treadmill, the definition of evolutionary legacy by Waples (1995)

may be divided into two components. The first component, evo-

lutionary distinctiveness, is essentially concordant with Moritz's

(1994) definition, and by precedent should retain the name Evi>-

lutionury Significant Unit (ESUs). The second component, the

progenitors of future biodiversity, may be distinguished as Gemi-

nate Evolutionary Units (GEUs). This distinction is based on the

recognition that divergence through long-term isolation is not the

only route to speciation. Hence the "phylogenetic" ESU defined by

reciprocal monophyly (Moritz 1994) does not incorporate all

sources of evolutionary novelty.

How do we identify geminate species, or future evolutionary

potential'^ Not easily, with current technology and knowledge, but

the fact that we cannot readily resolve geminate species does not

mean that this goal will never come to pass. For example, research-

ers have long suspected that regulatory operons may catalyze evo-

lutionary processes including speciation (Britten & Davidson

1969. Krieber & Rose 1986. McDonald 1990). but only in recent

years have these regulatory sequences become accessible. It is

possible that a thorough understanding of such genetic elements

will allow greater precision in identifying potential evolutionary

novelties. This is a challenge for the next generation of research-

ers, but clues already exist that may indicate future evolutionary

potential.

One simple criterion draws on the vicariance school of bio-

geography (see Nelson & Plalnick 1981). A population that has

been isolated from other populations in recent geological time, and

is likely to remain isolated for an extended geological period, must

be considered a GEU. Consider the marine species that were ini-

tially isolated by the Isthmus of Panama into West Atlantic and

East Pacific cohorts. Taxon pairs across this banier probably all

qualify as ESUs at present, but they almost certamly did not ap-

proach this category at the same pace (Lessios 1981, Knowleton et

al. 1993). In contrast, they all became GEUs during the same

geological moment, around the interval where water exchange
ceased between Pacific and Atlantic. Other examples may include

the freshwater taxa that have recently invaded higher latitudes in

response to glacial retreats (see Bernatchez & Wilson 1998 and

references therein).

A second criterion may be the behavioral baniers to gene tlow

reported from closely related moiphotypes or "races" offish (Bar-

low 1995. Stauffer et al. 1995). These types can be genetically

indistinguishable (or distinguishable only at the level of MUs) but

separated by substantial behavioral barriers such as homing to

different drainages or spawning at different times of the year. This

type of evolutionary trajectory could potentially lead to speciation.

A third criterion may be niche expansion, in which a subpop-
ulation invades a new habitat adjacent to the parent population. In

this process of ecological speciation, strong selection to adapt to

the new habitat may induce speciation, even with a residual level

of gene flow from the ancestral population (Schluter 1996. Smith

et al. 1997).

A fourth criterion may involve polytypic species characterized

by high diversity in morphological, ecological, or genetic traits.

Based on evolutionary theory, several researchers have argued that

conservation priorities should focus on preservation of diversity

which allows biota to adapt and produce new evolutionary lineages

(Frankel 1974; but see Lynch 1995, Lande & Shannon 1996), This

concept can be extended to speciose genera that, on the basis of

recent track record, may also be well-springs of future biodiversity

(Erwin 1991).

A fifth criterion, and perhaps the most important one. is mor-

phological differentiation coupled with homogeneity in conven-

tional surveys of neutral genetic markers. (Notably, the reciprocal

condition, genetic distinctiveness coupled with morphological ho-

mogeneity, readily fits into the phylogenetic ESU defined by

Moritz. 1994). This GEU category includes chromosomal rear-

rangements and duplications, by which new species can arise vir-

tually overnight. Lewis (1980) estiinated that 70-80'7r of an-

giosperm plant species have polyploid origins, and such speciation

phenomena have been documented in animals as well (Sites &
Moritz 1987). Polyploidization events may be relatively common
in freshwater mussels (Park and Burch 1995) but whether these

duplications are a catalyst for speciation is unclear.

Where do GEUs sit in the heirarchy of MUs and ESUs? A
theme common to the five categories listed above is that conven-

tional genetic assays such as protein electrophoresis and DNA
sequence comparisons may not distinguish GEUs. or may distin-

guish them at a level typical of MUs. Not all geminate species have

existed for sufficient time to allow differentiation in terms of neu-

tral genetic markers (see box 7.3 in Avise 1994). Hence, in some

circumstances the genetic criteria for defining GEUs may be ex-

actly the opposite of those for defining ESUs. In this case biolo-

gists must recognize that a lack of genetic distinctiveness at neutral

loci, in the face of morphological, behavioral, or biogeographic

differentiation, may denote an important finding.

CONSERVATION POLICY: MANAGEMENT OF

BIODIVERSITY IN FRESHWATER MUSSELS

The point of this essay is that geminate species are underap-

preciated in the context of evolutionary guidelines for conserva-

tion, partly because the relevant body of evolutionary theory is

incomplete. Long-term isolation of populations is not the only

generator of new species, and conservation policy may benefit

from this recognition. To emphasize the distinction between di-

vergence and evolutionary potential. I suggest the label "Geminate

Evolutionary Unit" for groups that show evidence of the latter

phenomenon.
How can the distinction between ESUs and GEUs influence

management policies such as those implemented under the U.S.

Endangered Species Act? Recognition of GEUs should not sub-

stantially alter the current criteria for legal protection, because the
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ESU interpretation employed by U.S. wildlife management agen-

cies already contains essential elements of the GEU (Waples

1995). Since ESA policy already affords protection to evolutionary

units below the species level, there seems to be sufficient flexibil-

ity to protect GEUs as well (Waples 1998). The value of the GEU

designation is not in reformulating public policy, but in prompting

the recognition of two distinct moti\ations underlying the current

ESU category; the husbandry of divergent evolutionary lineages

and the propagation of new ones.

Freshwater mussels may provide many examples of the dis-

tinction between ESUs and GEUs because of the documented dis-

cordance between morphological and molecular data sets in bi-

valve systematics. Cases in which suspected morphological diver-

gence between populations is paired with genetic homogeneity,

and cases in which genetic divergence is paired with morphologi-

cal uniformity, are well documented {Hoeh 1990. Mulvey et al.

1997. Roe & Lydeard 1998).

In recent years, dire population trends, habitat degradation, and

invasion of exotics have prompted strong conservation concerns

for freshwater mussels of North America (Williams et al. 1993),

and this in turn has rekindled interest in the taxonomy and sys-

tematics of the two North American mussel families, Unionidae

and Margaritiferidae. The relationships among many species and

genera are controversial (Lydeard et al. 1996). and cryptic species

may be common because of the famous difficulties in resolving

mussel relationships with soft anatomy and conchology (Johnson

1970. Davis 1983. Hoeh 1990). Given the difficulties with making

phylogenetic inference from mussel morphology, investigators

may increasingly rely on molecular and biochemical evaluations to

resolve controversial taxonomy. Though the value of genetic as-

says is beyond debate, there is a possibility that species or sub-

species designations based on morphological, behavioral, ecologi-

cal, or biogeographical evidence could be discounted in favor of

molecular genetic evaluations. Such steamlined decision making

would be a disservice to conservation and taxonomy. Researchers

must bear in mind that genetic homogeneity, when coupled with

differentiation in other meaningful traits, may signal an important

evolutionary phenomenon. Davis (1983). Roe & Lydeard (1998),

and others anticipate this consideration by recommending morpho-

logical and distributional studies as a necessary companion to mo-

lecular genetic surveys.

CONCLUSION

The MU fits readily into the framework of population biology

and wildlife management (although not without limitations (Dizon

et al. 1995)], and the ESU is largely based on phylogenetic prin-

ciples such as reciprocal monophyly. These two categories repre-

sent a logical progression from shallow population separations to

species and genera-level divisions. However, cunent ESU defini-

tions encompass not only the products of past evolutionary sepa-

rations, but the progenitors of future evolutionary lineages. The

latter group does not arise exclusively from the former, but may

also be the product of hybridization, polyploidization. founder

events, and other reticulated evolutionary processes. Since evolu-

tionary novelty does not arise exclusively from the progression of

MUs towards ESUs. wildlife managers should distinguish ESUs in

the phylogenetic sense from evolutionary novelties and possible

geminate species.

Much of conservation is intended to prevent the premature

departure of species, but human activities almost certainly curtail

the arrival of new species as well. To make this distinction clear,

the GEU is proposed as a conservation category for populations

that may represent new evolutionary pathways. Such populations

are identified in some cases by morphological, behavioral, or eco-

logical differentiation in the face of genetic homogeneity. Other

distinguishing features await discovery. The GEU may be the most

difficult category to define, but this should not deter a recognition

of the importance of evolutionary novelty in conservation.
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ABSTRACT Accurate identification of biological entities is critical to the timely and efficient preservation of biodiversity. Concepts

that define segments of biological diversity
—

species and evolutionarily significant units (ESUs)—should reflect our current knowledge
of the biological world. Conflation of different hierarchical definitions of taxa has the potential to obscure distinct biological entitles

in need of protection. The concept of the ESU has been criticized because It Includes within Its definition distinct biological entitles

that otherwise would be recognized as species. Herein we evaluate several versions of the evolutionary significant unit concept and

provide as a case study an analysis of geographic variation of a species of freshwater mussel, the inflated heelsplitter Potamilus influius.

We demonstrate that as currently formulated, the ESU overlaps considerably with many biological detmltions of species and therefore

includes, in addition to distinctive populations, entities that would be recognized as species under many contemporary species concepts.

Conflation of these two hierarchically distinct entitles results in the ambiguous application of these concepts and Inaccurate estimations

of biological diversity. Continued use of the ESU concept has ramifications for the protection of Invertebrate taxa under the Endangered

Species Act of 1973 as amended In 1978. Recommendations for modification of the ESU concept are presented.

KEY WORDS: species, evolutionarily significant units, Potuinilus. freshwater mussels, unionids, cytochrome oxidase I

INTRODUCTION

Accurate identification of biological diversity is considered

critical to its conservation. As stated by Mayden and Wood
( 19951 if", . , the ability to identify diversity correctly is impaired,

then . . . our efforts to conserve and understand these entities fur-

ther will be ineffective." Species play a prominent role in biologi-

cal sciences from ecological studies to molecular systematics. Un-

fortunately, our ability to perceive differences that exist between

species often exceeds our ability to accurately define such entities.

Since the term "species" has become part of the scientific vocabu-

lary, its definition has changed from typological, to nominalistic.

to the contemporary definitions in use today. A typological defi-

nition requires that species are relatively static entities and rejects

the variation known to occur in natural populations. In a nominal-

istic definition, species are artificial constructs created by humans

and only the individual organism is real. Alternatively, contempo-

rary definitions recognize the variation that is known to exist and

that historical ancestor-descendant relationships exist among indi-

viduals as well as higher taxa (species).

The purpose of this paper is to evaluate several concepts of the

evolutionary significant unit (ESU) with regard to the degree to

which they overlap conceptually with existing definitions of spe-

cies. Herein, we compare the entities defined under the ESU con-

cept to those defined under several contemporary species concepts.

We will demonstrate that as currently formulated, the ESU over-

laps considerably with many biological definitions of species and

therefore includes, in addition to distinctive populations of species,

entities that would normally be recognized as species. Current

federal law restricts the protection of ESUs to vertebrate popula-

tions under the Endangered Species Act of 1973 as amended in

1978 (Public Law 9.5-632 (1978). 92 Stat. 3751 ). and we feel that

the use of the freshwater mussel PoUimilus inflalus as a case study

highlights another major shortcoming of the ESU concept: the

exclusion of invertebrate taxa from legal protection.

Many species concepts have been proposed over the past 50

years. They differ from earlier versions in that they include, to a

greater or lesser degree, a historical component that more accu-

rately reflects our current knowledge of the natural world. These

concepts include, but are not limited to. the biological species

concept (BSC) (Mayr and Ashlock 1991 ). the phylogenetic species

concept (PSC) (Cracraft 1983. Wheeler and Platmck 1997), the

recognition species concept (RSC) (Paterson 1993). and the evo-

lutionary species concept (ESC) (Simpson 1961. Wiley 1978). The

various criteria for each of these concepts are presented in Table 1 .

It is not the purpose of this paper to evaluate the various species

concepts included here, as that has been done more thoroughly

elsewhere (e.g., Wiley 1981, Mayden and Wood 1995. Mayden
1997). but rather we propose for the purpose of this study that

entities satisfying most (or all) of the above concepts should be

considered species, both biologically and legally.

Whereas the ESA is understood to be a legal document and not

a conceptual definition of species, it includes within its definition

of "species" those entities (populations) that do not conform to any

of the contemporary biological definitions of species that are in use

today. In addition to biological species, the ESA includes ". . . any

subspecies of fish or wildlife or plants, and any distinct population

segment of any species of vertebrate fish or wildlife which inter-

breeds when mature" (emphasis ours).

Ryder (1986) was the first to use the term "ESU." "[ojut of a

sense of frustration with the limitafions of current mammalian

taxonomy in determining which named subspecies actually repre-

sent significant adaptive variation." According to Ryder (1986),

ESUs represent "subsets of the more inclusive enti'v species,

which possess genetic attributes significant for the present and

future generations of the species in question." Waples (1991) noted

that whereas the ESA allowed listing of distini ; vertebrate popu-

lations as "species" it gave no guidelines on liow population dis-

tinctiveness was to be evaluated. In an eftort to clarify species

determination for populations under the ESA, Waples defined a

vertebrate population to be distinct and therefore a species under
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the ESA if '". . . the population represents an evolutionahly sig-

nificant unit of the biological species" (emphasis ours). The term

"ESU" was defined by Waples as a population (or group of popu-

lations) that (1 ) is substantially reproductively isolated from other

conspecific population units, and (2) represents an important com-

ponent in the evolutionary legacy of the species.

The ESU concept was conceived as a replacement for the class

"subspecies" by Ryder ( 1986) because of problems associated with

the application of that concept (see also Cracraft 1992). Since

Waples formalized ESUs as subspecific entities, several other defi-

nitions have appeared (Moritz 1994. Vogler and DeSalle 1994).

Each of these definitions increases the diagnosability of ESUs by

more clearly delineating what an ESU is. however, a conceptual

problem arises because all of the definitions proposed for ESUs are

virtually identical to preexisting definitions for species. This fact

has been recognized by several authors (Moritz 1994. Vogler and

DeSalle 1994. Mayden and Wood 1995), although only Mayden
and Wood saw this development as problematic. The problem is

that there are cuirently two conceptual entities: ESUs and species,

the former a subset of the latter, yet both are defined using the

same criteria. Ultimately, in order to allow for the accurate delin-

eation and protection of biological diversity, we feel that biologi-

cally sound and unambiguous definitions of biological entities

must serve as the basis for the recognition of species and other taxa

both conceptually and legally.

Examination of the various ESU and species concepts (Table 1 )

will serve to more clearly illustrate this point. A comparison of the

ESU concept of Waples ( 1991 ) and the biological species concept

of Mayr and Ashlock ( 1 99 1 ) reveals a great similarity, and the crux

of the problem. Both concepts rely primarily on the concept of

reproductive isolation and because both are based on the same

criteria, it seems inevitable that they would also identify the same

biological entities. An argument could be made that the words

"conspecific" and '. . . of the species" serve to distinguish Waples"

ESUs from species. However, what criteria do we use to determine

what a species is? If reproductive isolation is used to distinguish

between species, as is required by the BSC, can we also use it to

separate ESUs within that species? Moritz's (1994) attempt to

more rigorously define the ESU concept succeeded in perhaps

increasing the diagnosability of ESUs. but did not correct the

overlap with contemporary species concepts. The reliance of the

ESU concept of Moritz on reciprocal monophyly is the source of

the conceptual ambiguity. By definition, taxa that are reciprocally

monophyletic must also have diagnostic characters, which would

equate ESUs with species under the PSC (Table 1 ). Vogler and

DeSalle (1994) recommended the use of diagnostic characters to

define ESUs, and therefore their definition is also synonymous

with species under the PSC. They submitted that the critical step in

distinguishing ESUs from nonconservation units was to distin-

guish characters from traits. Characters (sensn Nixon and Wheeler

1990) are those differences that define phylogenetic lineages

(fixed attributes), whereas traits (variable attributes) are those dif-

ferences that indicate tokogenetic relationships. Vogler and De-

Salle state that ". . . only characters are relevant in determining

conservation units" (ESUs). Application of this criterion, while

consistent with a phylogenetic framework, also fails to discrimi-

nate between ESUs (sensu Vogler and DeSalle) and species that

are also phylogenetic lineages defined by fixed attributes.

If allowed to persist, this philosophically untenable situation

will result, and most likely already has resulted in recognizing

"real" species as subspecific taxa (ESUs). This would in turn result

in an underestimation of biological diversity since it is species that

are enumerated when biotic surveys are conducted. The conflation

of species and ESUs should be of great concern to those interested

in the conservation of invertebrate taxa. Protection as endangered

species under the ESA is conferred only to vertebrate ESUs. For

example, populations of freshwater mussels that have been iden-

tified as ESUs under any definition, would gain no protection

under the ESA.

A CASE STUDY

In an investigation of the phylogenetic relationships of the

freshwater mussel genus Potamilus. Roe and Lydeard (1997) iden-

tified two phylogenetically distinct populations of the federally

threatened inflated heelsplitter [Potamilus inflams) (Federal Reg-

ister 1992). Pdtaiuiliis iuflatus was once distributed across a sub-

TABLE 1.

Criteria for ESU and species concepts

Evolutionarily Significant Units

Waples ( 1991 ): A population or group of populations that ( I) is suhstantially reproductively isolated from other conspecific population units and

(2) represents an important component in the evolutionary legacy of the species.

Moritz ( 1994): ESUs should be reciprocally monophyletic for mt DNA alleles and show significant divergence of allele frequencies at nuclear

loci.

Vogler and DeSalle (1994): Populations that do not overiap in the composition of the members are diagnosibly distinct, and represent seperate

ESU's. Attributes that confer these distinctions are diagnostic characters.

Species Concepts

Biological Species Concept

Mayr and Ashlock (1991): A species is a group of interbreeding natural populations that is reproductively isolated from other such groups.

Phylogenetic Species Concept

Cracraft ( 1983): The smallest diagnosable cluster of individual organisms within which there is a parental pattern of ancestry and descent.

Wheeler & Platnick (in press): The smallest aggregation of populations or lineages diagnosable by a unique combination of character states.

Recognition Species Concept

Paterson (1993): A species is that most inclusive population of individual, biparental organisms that have a common fertilization system.

Evolutionary Species Concept

Simpson (1961). Wiley (1978): An entity composed of organisms that maintains its identity from other such lineages and has its own

independent evolutionary tendencies and historical fate.
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stanlial portion of the southeastern United States. Originally de-

scribed from the Alabama River (Lea. 1831 ). specimens have also

been collected from the Coosa, Black Warrior, and Tombigbee

rivers in Alabama. In Alabama, known populations of P. inflalus

are limited to the Black Warrior River below the Oliver Lock and

Dam, although a single live specimen was recovered from the

Sipsey River, a tributary of the Tombigbee River (S. McGregor,

pers. comm.). In Mississippi. P. inflatus was last reported from the

Pearl River in 1911 (Frierson 1911). Recently, "fresh dead" shells

of P. inflatus have been recovered from the Pearl River (George et

al. 1995) but to date no li\e animals ha\c been found. In Louisiana.

P. inflants occurred in both the Amite and Tangipahoa rivers, but

it is now restricted to the lower and middle portions of the Amite

River. The U.S. Fish and Wildlife Service currently recognizes P.

inflatus as a threatened species because of the reduction in the

range of this species due to habitat degradation and continued

threats to the remaining populations (U. S. Fish and Wildlife Ser-

vice 1992).

As part of a phy logenetic analysis of the genus Potauiilus based

on -600 base pair portion of the first subunil of the mitochondrial

cytochrome oxidase c gene. Roe and Lydeard ( 1997) also assessed

the degree of genetic differentiation in the remaining populations

of P. inflatus. Such information was deemed useful for conserva-

tion efforts aimed at preserving the inflated heelsplitter in those

rivers where it persisted. The analysis included 24 individuals.

Two specimens of each species of Potamilus were included, with

the exception of P. inflatus which was represented by four indi-

viduals from the Amite and Black Warrior rivers, respectively.

Limited numbers of P. inflatus were available from the LISFWS

because of their, threatened status. The results of the study indi-

cated that the Amite and Black Warrior populations of P. inflatus

represented phylogenetically and evolutionarily distinct entities.

Table 2 shows thai both populations of P. inflatus form recipro-

cally monophyletic groups.

Bootstrap values based on 200 replicates indicate a high degree

of support for those nodes that support the Amite and Black War-

rior populations as distinct (Fig. 1). In an effort to characterize the

degree of differentiation observed, genetic differentiation was as-

sessed using the number and kind of nucleotide substitutions as

well as genetic distances. Examination of nucleotide substitution

patterns indicates that populations of P. inflatus differ from each

other by a total of 12 substitutions (Fig. 1). Closer inspection

TABLE 2.

Diagnosable nucleotide substitutions for Amite und Black Warrior

river populations of /'. inflatus

Taxa Sites

1 I 1 2 2 2 .1 4 4 .S

36 44 5 781891
6 6 .s 4 7 8 9 2 5 3 8 3

WarriorJAGGGAAGAAGAG
Warrior 2 ? . .

Warrior 3 ........... .

Warrior 4

Amite 1 TAAAGGAGCAGC
Amite 2 TAAAGGAGCAGC
Amite 3 TAAAGGAGCAGC
Amite 4 TAAAGGAGCA':'C

83

100

100

100

27

13

1 1

15

10

25

94

59

100

100

24

12

100

14

97

99

87

100

10

30

100

35

0. reflexa
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DISCUSSION

The degree of differentiation observed between the Amite and

Blacl\ Warrior forms of P. iuflatii.s raises the question of what these

biological entities represent. Are they well differentiated popula-

tions of the same species and therefore ESUs, or are they in fact

separate species? Examination of the ESU concept of Waples

(Table 1 ) reveals that populations of P. inflatus meet those criteria

and therefore should be considered ESUs. They are functionally

reproductively isolated from each other, and represent significant

components of the evolutionary legacy of the species.

Reproductive isolation of allopatric populations has presented a

problem to adherents of the BSC. as pointed out by Vogler and

DeSalle (1994). In most cases the distribution of observable char-

acters is used to infer reproductive isolation. In regard to the Amite

and Black Warrior populations of P. inflatus. potential reproduc-

tive isolation has not been assessed. The populations are function-

ally reproductively isolated, however, as they occur in separate

river drainages. The unique reproductive cycle of P. inflatus and

other unionacean bivalves invohes the parasitization of a fish host

by the bivalve larvae. It is therefore conceivable that a fish host

carrying larvae could facilitate gene flow between allopatric popu-

lations of unionids. The only host identified in the case of P.

inflatus is the freshwater drum (Aplodinotus grunniens) (Roe et al.

1997). Absence of records of freshwater drum from the Mobile

Bay system (Metee et al. 1996) indicate a lack of salt water tol-

erance, and that therefore, movement of drum carrying P. inflatus

larvae between the Black Warrior and Amite Rivers is unlikely.

Reproductive isolation is further evidenced by the lack of shared

mitochondrial haplotypes.

Although we have not tested for reproductive isolation in the

strict sense, we have established an absence of gene flow to the

degree typically required to infer the species status of allopatric

populations under the BSC. The criteria of Vogler and DeSalle

(1993) (Table 1 ) is also met in that both populations are defined by

diagnosable characters and are therefore ESUs under their defini-

tion. Moritz (1994) proposed genetic criteria for determining if

populations represented ESUs (Table 1). Examination of nuclear

loci has not been performed on these taxa and therefore whether or

not they show significant divergence for the nuclear genome re-

mains unknown. Both populations are. however, reciprocally

monophyletic for mitochondrial alleles. Based on these findings

we feel a strong case can be made for the recognition of these two

entities as ESUs.

Application of the criteria of the several contemporary species

concepts used in this paper (Table 1 ) reveals that an equally strong

case can be made for recognizing each population as a separate

species. The Amite and Black Warrior P. inflatus satisfy four of

the five species concepts presented here, the sole exception being

the recognition species concept of Patterson (1993). The Amite

and Black Warrior P. inflatus are reproductively isolated as re-

quired by the BSC; they are also the smallest clusters of individual

organisms that are diagnosable by unique sets of character com-

binations and therefore satisfy the criteria of the PSC concepts

included here. Additionally, they meet the criteria of the ESC: both

populations have maintained their identity over time and space as

evidenced by DNA sequence differences and because of their geo-

graphic isolation have their own independent evolutionary tenden-

cies and historical fate. At the present lime the presence of a

"common fertilization system" has not been assessed; therefore,

whether or not this criterion of the RSC is met remains unknown.

The case study presented highlights the importance of a phy-

logenetic perspective in identifying natural groups (i.e., species).

In the absence of a phylogenetic analysis that includes other spe-

cies of Potamilus. recognition of the Amite and Black Warrior

populations as distinct evolutionary entities would be more prob-

lematic, because the assumption that they were a single species

would remain untested. Recognition of these two populations as

separate species does nothing to alter their levels of protection

under the ESA. as P. inflatus is already listed as threatened by the

U.S. Fish and Wildlife Service. However, as stated earlier, protec-

tion of ESUs is not extended to invertebrate populations under the

ESA. Therefore, the only way to provide this level of legal pro-

tection to invertebrates in general is to recognize them as species.

The conflation of the ESU and species concepts presents a

difficult problem to solve and still retain both concepts. Before we

attempt to correct the problems associated with the ESU concept

we should first ask, as Mayden and Wood (1995) did ". . . is there

really a need for a "biolegal' ESU concept when, by the nature of

its conceptualization, the entities termed ESUs actually qualify as

species?" If the answer to this question is no, then any conceptual

problems are immediately solved. If on the other hand, the answer

is yes. modification of the ESU so that it applies strictly to non-

species level taxa is required. One solution would be to use criteria

such as arbitrary values of genetic differentiation over which popu-

lations are recognizable as ESUs. The problem associated with

such "cutoff values is that not all lineages evolve at similar rates

and a high index of genetic differentiation for one group of taxa

may reflect an inconsequential degree of differentiation for an-

other.

Perhaps the simplest solution, which allows retention of the

ESU concept is to abandon the attempt to define ESUs as formal

taxa and to restrict its application to those organisms for which it

was originally defined (i.e.. salmon stocks and other organisms

with life history characteristics that make them particularly vul-

nerable to extinction). A modified definition of the ESU might

explicitly include stocks of anadromous fishes, which spend large

portions of their lives at sea where regulations regarding fishing

limits are more difficult to enforce, and which have shown a con-

sistent decline in number of individuals in consecutive years. Other

characteristics might include, but are not limited to. delayed age to

sexual maturity as seen in long-lived organisms such as turtles, or

reliance on a rare host species for completion of their life cycle, as

observed in unionid mussels.

As biodiversity continues to decline it becomes increasingly

critical that we intelligently and efficiently direct resources to

those problems where they are most needed and to where the most

benefit can be gained. Because taxonomic/systemadc classifica-

tions often determine priorities for protecting endangered species,

accurate identification of biological entities is critical for the in-

telligent use of limited resources allocated for preserving biodi-

versity. Neglect of distinct taxa. whether through ignorance or

poor legislation, may lead to their extinction, as is likely the case

of the tuatara Sphenodon punctatus reischeki Wettstein in New
Zealand (Daugherty et al. 1990). Because of conflation with sev-

eral species concepts, application of the ESU concept, however

well intended, has the potential to hinder rather than aid in the

recognition of biodiversity by treating two or more distinct bio-

logical entities as a single species. The incorrect identification of

biological entities can serve only to bias our efforts to protect,

understand, and preserve the biological diversity of this planet

which we hold in trust for future aenerations.
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ABSTRACT North American freshwater bivalves of the families Lliiionidae and Margaritiferidae represent one of the endangered
faunas of the world. Effective management of threatened and endangered species requires knowledge not only of abundances of these

species but also the degree of variation within species and the geographic distribution of this intraspecific variation. We used allozyme

electrophoresis to examine the genetic structure of seven Quadrula qiiadrula populations from the Ohio. Tennessee, and Tensas Rivers.

We then considered the implications of our results for the development of effective bivalve con,servation strategies. Descriptive
measures of genetic variation within populations are quite high (2.1 ± O.l(se) alleles per locus; 61.4 ± 2.6% polymorphic loci; 0.24

± 0.01 heterozygosity) relative to other unionids. Genotype Irequencies met Hardy-Weinberg expectations at all polynioiphic loci.

Among-population vanalion was low and mostly confined to differences between the Tensas River population (lower Mississippi River

basin) and the Ohio River basin populations. Significant differences in allele frequencies among populations were only detected at 3

of 10 loci; no differences in allele frequencies were found among Ohio River basin populations. Genetic distances, though all small,

were significantly correlated with geographic distance. Estimated gene flow was high among populations, but variation among
populations did tend to follow the predictions of an isolation-by-distance model of dispersal. The low levels of among-population

genetic variation are remarkable given that these populations are separated by distances as great as 2,500-i- river kilometers. High levels

of gene flow may ensure that within-population variation remains high and that populations do not become differentiated due to genetic
drift. An optimum conservation strategy for this species in the mainstem of the Ohio River would center on the protection of a number
of large populations and maintenance of corridors for dispersal of host fishes. Successful protection of threatened and endangered

species requires conservation of both abundance and genetic diversity of unionids. Further work is needed to characterize general

patterns of genetic structure within freshwater bivalve species.

KEY WORDS: Quadrula. Unionidae. genetic structure, geographic patterns, within-populalion variation, among-population varia-

tion, conservation strategies

INTRODUCTION

Freshwater unionoid bivalves (Unionidae and Margaritiferidae)

are a principal constituent of many Nearctic riverine and lake

communities. Approximately .300 taxa ha\e been described from

North America, with a large number of them endemic to the central

and southeastern United States (Williams et al. 1993). As the cen-

ter of diversity of this fauna, the southeastern U.S. may be con-

sidered the unionoid "equivalent" of the Amazonian rain forests,

with their immense diversity of insect species. Just as the rain

forests have seen an enormous loss of biodiversity. North Ameri-

can freshwater ecosystems have suffered precipitous declines in

species richness and abundance of bivalve communities, with be-

tween 55% and 72% of North American unionoid taxa listed as

extinct, threatened, or of special concern (Master 1990, Williams

et al. 199.3). State and federal agencies have inade conservation of

the North American unionoid bivalve fauna a priority, and private

environmental organizations have begun to publicize the plight of

these organisms (Stolzenburg 1992).

The primary threats to the survival of this immensely rich fauna

are human-induced sources of stress such as habitat modification

*Current addresses; Department of Biological Sciences, Florida Interna-

tional University, Miami, FL 33199 USA
'Department of Biological Sciences, Kent State University, Kent. OH
44242 USA

(impoundment and channelization of rivers), commercial harvest,

and pollution (Bogan 1993, Neves 1993). Recently introduced ex-

otic species, primarily the zebra mussel (Dreissena polymorpha).

present an additional challenge to the health of native freshwater

bivalves (Huag et al. 1993). Unionid populations have declined

precipitously in ecosystems such as Lakes Erie and St. Clair,

where zebra mussel populations have exploded (Nalepa el al.

1996),

It is now generally accepted that preservation of biodiversity

requires maintenance of genetic diversity within threatened species

(Schonewald-Cox et al. 1983, Soule 1987). By definition, popu-
lations of threatened and endangered species are often small. They
exhibit genetic behavior characteristic of small populations with

the "loss of genetic variation resulting in the erosion of evolution-

ary flexibility" (Meffe 1986). These populations are susceptible to

the effects of genetic drift, with its continuing erosion of genetic

variation, and to extirpation (Franklin 1980). Maintenance .'f ge-

netic variation within declining populations is more d: ncult as

these populations become fragmented and gene flow ' comes re-

stricted.

Genetic differentiation of populations withii; a species is a

function of gene flow between the population.s. svith greater gene

flow leading to less interpopulation variation (Slatkin 1987). The

minimum spatial scale at which differentiation of populations can

be detected can vary from several meters (Guttman et al. 1989) to

hundreds of kilometers (Berg and Carton 1994), depending on

1365
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gene flow and dispersal ability among the populations studied.

Reports of genetic variation in freshwater bivalves of the family

Unionidae have concentrated on relationships among species or

genera (Davis and Fuller 1981. Kat 1983a. Hoeh 1990. Stiven and

Alderman 1992. Hoeh et al. 1995) or have examined patterns

within species over broad geographic areas (Kat and Davis 1984.

Hoeh et al. 1995, Mulvey et al. 1997). These studies have not

examined the partitioning of genetic variation within and among

populations. However, if government agencies and conservation

organizations are to properly manage and protect threatened and

endangered unionids, "normal" patterns of intrapopulation varia-

tion and gene flow between populations must be determined.

These patterns can then be used to develop conservation strategies

designed to preserve genetic structure of endangered species.

In this paper, we characterize the population genetic structure

of Quadrula quadmla. a common freshwater bivalve typical of

medium to large river systems of the southeastern and midwestem

U.S. Specifically, we describe allozyme variation within and

among seven populations from the Ohio. Tennessee, and Tensas

Rivers. The observed levels of variation are used to estimate the

degree of gene flow and differentiation among populations from 3

to 2.600 river kilometers apart. We place these results in a con-

servation biology framework, using Q. quadrula as a model for

endangered and threatened unionids.

MATERIALS AND METHODS

Sample Collection and Electrophoresis

Bivalves were collected from beds in the Ohio, Tennessee, and

Tensas Rivers in 1993 (Fig. 1). Samples were taken from four

200 km

Figure 1. Populations of Quadrula quadrula sampled in this study.

Population abbreviations follow those of the text. "Upper Ohio" sites

are sites RM 238.6, RM 252,6, RM 255.3, and RM 257,7 on the Ohio

River.

consecutive beds in a 3 1 km stretch of the Ohio River near Middle-

port. OH (River Mile (RM) 238.6. RM 252.6. RM 255.3. and RM
257.7) and from a site 68 km downstream near Huntington, WV
(RM 300) (Fig. 1 ). The Tennessee River was sampled in Kentucky

Lake, located 72 river km from its confluence with the Ohio River

and approximately 1.100 river km from the upstream Ohio River

sites. The Tensas River was sampled at Tyndel. LA. about 340

river km upstream of its confluence with the Mississippi River,

more than 1,500 river km away from Kentucky Lake, and more

than 2.500 river km from the Ohio River sites. Thus, within-

population variation was estimated for populations across a broad

geographic range within the lower Mississippi River basin,

whereas among-population variation could be measured over very

short distances (Ohio River) and over successively greater dis-

tances.

Individuals were collected by SCUBA, with the exception of

the Tensas River, where it was shallow enough to collect while

wading. At each site, 27-92 individuals were collected. For the

three downstream sites, all bivalves were shucked and the mantle

and adductor muscles were flash-frozen in liquid nitrogen and

stored at -70°C until analyzed. For the other Ohio River popula-

tions. 20 individuals were destructively sampled, and the remain-

der were nondestructively sampled using a mantle biopsy (Berg et

al. 1995). These tissue samples were stored as above.

Allozyme electrophoresis using starch and cellulose acetate

gels was performed for eight enzyme systems, using standard reci-

pes (Harris and Hopkinson 1976. Hebert and Beaton 1989) and

buffer systems (Selander et al. 1971. Clayton and Tretiak 1972.

Hebert and Beaton 1989). A total of 10 loci were resolved from

these systems (Table 1 ). The number of loci analyzed was limited

by the small amounts of tissue available for many individuals. At

least 20 individuals were analyzed for all loci for each population;

additional individuals were analyzed for each variable locus. Loci

were considered "polymorphic" when the most common allele was

present at a frequency of 0.95. Because we were often limited in

the amount of tissue available from each individual and occasion-

ally gels did not produce results, sample size varied from 3 to 92

for each locus-by-population combination (Table 2).

Statistical Analyses

Electrophoretic results were analyzed using standard popula-

tion genetic techniques contained in BIOSYS-1 (Swofford and

Selander 1981). Descriptive statistics calculated for each popula-

tion included percent polymoijihic loci, mean number of alleles per

locus, and average direct-count heterozygosity. Among-population

variation in mean number of alleles per locus and average direct-

count heterozygosity was analyzed using one way analysis of

variance. Comparison of measured genotype frequencies with

Hardy-Weinberg expectations were evaluated using the "Exact

Probabilities" procedure of BIOSYS-1 with the "sharper" sequen-

tial-comparison Bonferroni (s-cB) technique to adjust significance

levels described by Lessios (1992). For polymorphic loci, allele

frequencies among populations were compared using contingency

X" analysis with s-cB. Where necessary, rare alleles were pooled to

meet the assumptions of this procedure.

Allele frequency differences were integrated across loci by cal-

culating genetic distances for all pairs of populations (Nei 1978.

Wright 1978). Genetic similarity of populations was determined by

construction of dendrograms using modified Rogers' genetic dis-
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TABLE 1.

Enzyme systems, gels, and buffers used with Quadrula quadrula.

Enzyme System Number of Loci E. C. Number Gel Type Buffer System

Esterase

Glucosephosphate isomerase

Malate dehydrogenase

Mannose phosphate isomerase

Peptidase

Phosphoglucomulase

Superoxide dismutase

3.L1.1
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TABLE 2.

Allele frequencies at variable loci and descriptive measures of within-population genetic variation for Quadnila quadrula.
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TABLE 3.

Matrix of genetic distances amonjj pairs of populations of Quadrula quadrula.

Population Ohio RM 238.6 Ohio RM 252.2 Ohio RM 255.3 Ohio RM 257.7 Ohio RM 300 Kentucky Lake Tensas River

Ohio RM 238.6
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Geographic Distance (km)

Figure 3. Correlation of unbiased genetic distance (Nei 19781 and geo-

graphic distance (river km) between pairs of populations of Qiiadnila

qiiadrula. The correlation is significant (Mantel test; r = 0.83, n = 21,

p = .003).

0.012). Published measures of unbiased genetic distance (Nei

1978) among unionid populations averaged 0.047 (0.000-0.252)

for six species (Nagel et al. 1996. Stiven and Alderman 1992).

Three populations of Anodonta cygnea showed little differentia-

tion (mean genetic distance of 0.008; range 0.000-0.012) over

large geographic distances (Nagel et al. 1996). However, other

species of Anodonta reported from the same study showed mean

values between 0.063 and 0.108 among populations within the

same river basin. Most published studies of unionid genetic struc-

ture have calculated standard genetic distance (Nei 1972) rather

than unbiased genetic distance. Comparison of our calculations of

standard genetic distance with those of such studies (Davis and

Mulvey 1993. Davis et al. 1981. Kat 1983a, Badino 1982) show

that genetic distances among populations of Q. quadrula are very

low. even though populations were separated by as much as

2.500-1- river kilometers.

The dendrogram created from the cluster analysis and the tight

correlation of genetic distance with geographic distance are both

consistent with isolation-by-distance (Wright 1943, Slatkin 1993):

this process increases genetic differentiation as populations be-

come separated by larger distances. Given the method of dispersal

available to unionids (downstream transport of spermatozeugmata,
host fish transport of glochidia larvae up and down rivers), this

isolation-by-distance likely arises due to a one-dimensional step-

ping-stone pattern of dispersal (Slatkin 1985). However, the de-

gree of gene flow among populations is apparently sufficient

(greater than I migrant per generation) to prevent significant dif-

ferentiation of populations by genetic drift (Slatkin and Barton

1989). Gene flow estimates among populations oi Anodonta ana-

tina from several European Atlantic coast drainages were suffi-

cient for the authors of the study to classify this species as "pan-

mictic" (Nagel et al. 1996). although the values reported were

much lower than we report (A. anatina mean Nm = 1.2. Qitadiula

quadrula mean Nm = 7.8).

Genetic Structure of Quadrula quadrula

Our results suggest that populations of Quadrula quadrula
have hich levels of eene flow within the Ohio and lower Missis-

sippi River basins and that this has two consequences for genetic

structure of these populations. The first is that this gene flow

maintains high levels of within-population genetic variation rela-

tive to that seen in other unionids. and genetic drift does not play

a significant role in determining the frequencies of alleles within

populations. Secondly, the high levels of gene flow inhibit differ-

entiation among populations. What little differentiation that has

occurred is a function of isolation-by-distance. Because gene flow

among unionid populations over spatial scales greater than a few

meters is a function of host fish movements, our results suggest

that there is sufficient movement of host fishes to allow glochidia

to disperse to at least the next bed in a river. The flathead catfish

(Pylodictis olivaris) is a known host of Q. quadrula. and other

large-river species within the genus Quadrula utilize various cat-

fishes and large centrarchids (crappie
—Poino.xis spp.; largemouth

bass—Micropteris salmoides) (Walters 1994). Because these hosts

are all common large-river species, they are capable of movement

among beds that are separated by distances greater than a kilome-

ter. Such minimal dispersal would then be best described by a

one-dimensional stepping-stone model. It is certainly possible that

such host fishes may move sufficient distances to "skip" adjacent

beds and thus disperse their glochidia much greater distances.

As a result, we can best characterize the genetic structure of

Q. quadrula in the Ohio and lower Mississippi basins as a sin-

gle "metapopulation" (Hastings and Harrison 1994) in which

gene flow prevents "extinction" of some alleles and fixation of

others.

Genetic structure is known to be a function of dispersal ability

in other molluscs. Highly vagile species such as the zebra mussel

(Dreissena polymorpha) show low values of Fg^ (Marsden et al.

1995). Giant clams (Tridacna gigas and T. maxima) show high

levels of within-population variation, few deviations of allele fre-

quencies from Hardy-Weinberg expectations, and little or no ge-

TABLE 4.

FsT (9 of Weir and Cockerham 1984) values for polymorphic loci

and average migration rates.

Populations
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netic differentiation among populations in the south Pacific Ocean

(Benzie and Williams iy92a. Benzie and Williams 1992b). Where

genetic differentiation occurs, the patterns are consistent with iso-

lation-by-distance. Marine snails of the genus Littorina exhibit a

strong negative correlation between genetic differentiation among

populations and dispersal ability (Janson 1987). The results of our

study show that although life histories of marine molluscs and

freshwater unionoid bivalves are quite different. Qitadrula qua-

dnila has genetic structure similar to that of zebra mussels, giant

clams, and littorinids with planktonic larvae. In all of these cases,

high variation v\ithin populations and little differentiation among

populations are likely due to high levels of gene flow between

populations.

Conserralion Implications

As the field of conservation biology has grown, efforts have

been made to consider genetic variation when developing strate-

gies for management and conservation of rare species (reviewed in

Avise 1994). Recent work has focused on providing a conceptual

framework of the organization of genetic variation in species such

that management agencies and conservation organizations are able

to design strategies that conserve genetic diversity. A key piece of

this conceptual framework is the definition of Evolutionarily Sig-

nificant Units (ESUs) and Management Units (MUs) within ESUs

(Moritz 1994). ESUs tend to be concordant with morphological

species, and MUs are subdivisions within ESUs. With this ap-

proach. MUs are defined ". . . as populations with significant di-

vergence of allele frequencies at nuclear or mitochondrial loci,

regardless of the phylogenetic distinctiveness of the alleles"

(Moritz 1994). The results of our study show that Qiiadnda qita-

dnda in the Ohio and lower Mississippi basins is composed of at

least 2 MUs—one in the mainstem of the Ohio and lower Ten-

nessee Rivers and one in the Tensas River. However, it is possible

that additional MUs were undetected because of the great distance

between Kentucky Lake and the Tensas River, and because we did

not sample the mitochondrial genome. Conservation of genetic

variation within ESUs implies the protection of each MU within it.

Thus, a conservation strategy designed to protect Q. qitadnda or

any other unionid species with similar genetic structure would

need to "customize" efforts for each MU.

Understanding the genetic structure of QiuulniUi ciucidnilci in

the Ohio and lower Mississippi basins provides msight for the

development of effective conservation strategies for this species

and those threatened and endangered (T&E) species that have

similar genetic structure. Our results suggest that any single popu-

lation of Q. quadrida contains most of the genetic diversity of the

populations along the mainstems of the Ohio and lower Tennessee

Rivers. As such, only a small number of populations scattered

throughout this stretch of rivers would need to be conserved to

ensure conservation of most of the total genetic diversity within

this region. However, each of these populations must be large

enough that they are able to maintain the high levels of within-

population variation. Under these circumstances, an optimal con-

servation strategy would be to protect a number of populations,

each of which remains large. Such a strategy would be compatible

with the establishment of sanctuaries at multiple locations along a

river system and the maintenance of corridors for movement of

host fishes among these sanctuaries. The distances between these

sanctuaries should then be a function of host fish dispersal dis-

tances. This type of strategy would also work for T&E species that

are locally abundant but limited to only a small number of popu-

lations. Of course, populations of T&E species are often quite

small and in these cases, efforts must be made to protect all indi-

viduals.

Recent studies have noted declines in many species of unionids,

not just those that are listed as threatened or endangered (Neves

1997. Howells et al. 1997. other studies reported in Cummings et

al. 1997). If government agencies and other conservation organi-

zations are to be successful in protecting species so that listing is

not necessary, steps must be taken to conserve both abundance and

genetic diversity of unionids. This effort requires an understanding

of the genetic structure of these species and thus, there is a great

need for additional studies to determine whether the model of

genetic structure we present is generally applicable to unionids or

whether other patterns exist. If other patterns are found, the im-

plications for development of conservation strategies for species

exhibiting these patterns must be explored. There is no doubt that

understanding the genetic structure of unionid species is essential

if this unique part of North America's freshwater fauna is to be

preserved.

ACKNOWLEDGMENTS

We thank Dr. Andrew Miller and Dr. Barry Payne of the Wa-

terways Experiment Station of the U.S. Army Corps of Engineers

for assistance in obtaining samples from the Ohio and Tensas

Rivers. Dr. James Sickel and several students at Murray State

University provided samples from Kentucky Lake; Kent Kroone-

meyer. William Kerey, and Buddy Fazio of the U.S. Fish and

Wildlife Service facilitated obtaining samples from the upper Ohio

River sites. John Detlniers and Wendell Haag assisted in field

work, and Jan Trybula helped with both field and electrophoretic

work. Tim King and three anonymous reviewers provided helpful

reviews of the manuscript. This study received financial support

from the Mussel Mitigation Trust Fund, the U.S. Fish and Wildlife

Service, and the Ohio Sea Grant Development Fund.

LITERATURE CITED

Avise. J. C. 1994. Molecular Markers. Natural History and Evolution.

Chapman & Hall. NY. 511 pp.

Badino. G. 1982. Unio elongatulus Pfeiffer (Bivalvia): variabilite bio-

metrique et genetique des populations dii Piemoni (Italie du Nord).

Malacoloiiia 22:61 }>-6n.

Benzie. J. A. H. & S. T. Williams. 1992a. No genetic differentiation of

giant clam {Tridacna gigas) populations in the Great Barrier Reef.

Australia. Mar Biol. 113:373-377.

Benzie. J. A. H. & S. T. Williams. 1992b. Genetic structure of "iant clam

(Tridacna maxima) populations from reefs in the Western Coral Sea.

Coral Reefs 11:135-141.

Berg. D. J. & D. W. Carton. 1994. Genetic differentiation in .-.orth Ameri-

can and European populations of the cladoceran Bylhoiraphes. Limnol.

Oceanogr 39:1503-1516.

Berg. D. J.. W. R. Haag. S. I. Guuman & J. B. Sickel. 1995. Mantle biopsy:

a technique for nondestructive tissue-sampling of freshwater mussels.

J. N. Am. Benthol. Soc. 14:577-581.

Bogan. A. E. 1993. Freshwater bivalve extinctions (Mollusca: Unionoida):

a search for causes. Amer Zool. 33:599-609.



1372 Berg et al.

Clayton, J. W. & D. N. Treliak. 1972. Amine citrate buffers in starch gel

electrophoresis. / Fish. Res. Bd. Can. 29:1169-1172.

Cummings, K. S.. A. C. Buchanan, C. A. Mayer & T.J. Naimo. 1997.

Conservation & management of freshwater nnissels II: initiatives for

the future. Proceedings of a UMRCC symposium. 293 pp.

Davis, G. M. 1984. Genetic relationships among some North American

Unionidae (Bivalvia): sibling species, convergence, and cladistic rela-

tionships. Malacologia 25:629-648.

Davis, G. M, & S. L, H. Fuller. 1981. Genetic relationships among recent

Unionacea (Bivalvia) of North America. Malacologia 20:217-253.

Davis. G. M. & M. Mulvey. 1993. Species status of Mill Creek Elliptio.

Report SRO-NERP-22, Savannah River Site. U.S. Dept. of Energy. 5S pp.

Davis, G. M., W. H. Heard, S. L. H. Fuller & C. Hesterman. 1981. Mo-

lecular genetics and speciation in Elliptio and its relationships to other

ta.xa of North American Unionidae (Bivalvia). Biol. J. Linn. Soc. 15:

131-150.

Franklin, I. R. 1980. Evolutionary change in small populations, pp. 135-

149. In: M. E. Soule & B. A. Wilcox (eds.). Consenation Biology: An

Evolutionary-Ecological Perspective. Sinauer Associates, Sutherland,

MA. 395 pp.

Guttman, S. I., T. Wilson & L. A. Weigt. 1989. Microgeographic genetic

variation in the Enchenopa binotata complex (Homoptera: Mem-
bracidae). Ann. Entomol. Soc. Am. 82:225-231.

Haag, W. R.. D. J. Berg, D. W. Carton & J. L. Farris. 1993. Reduced

survival and fitness in native bivalves in response to fouling by the

introduced zebra mussel (Dreissena polymorpha) in western Lake Erie.

Can. J. Fish. Aquat. Sci. 50:13-19.

Harris, H. & D. A. Hopkinson. 1976. Handbook ofEnzyme Electrophoresis

in Human Genetics. American Elsevier Pub. Co. (loose-leaf with up-

dates for 1977 and 1978).

Hastings. A. & S. Harrison. 1994, Metapopulalion dynamics and genetics.

Ann. Rev. Ecol. Syst. 25:167-188.

Hebert, P. D. N. & M. J. Beaton. 1989. Methodologies for Allo-yme Analy-

sis Using Cellulose Acetate Electrophoresis. Helena Laboratories,

Beaumont, TX.

Hoeh, W. R. 1990. Phylogenetic relationships among eastern North Ameri-

can Anodonta (Bivalvia: Unionidae). Malacol. Rev. 23:63-82.

Hoeh. W. R., K. S. Frazer. E, Naranjo-Garcfa & R.J. Trdan. 1995. A
phylogenetic perspective on the evolution of simultaneous hermaphro-
ditism in a freshwater mussel clade (Bivalvia: Unionidae: Utterbackia).

Malacol. Rev. 28:25-+2.

Hoeh. W. R., K. S. Frazer, E. Naranjo-Garcia. M. B. Black, D. J. Berg &
S. L Guttman. 1998. Correlation between mating system and distribu-

tion of genetic variation in Utterbackia (Bi\alvia: Unionidae). / Shell-

fish Res. 17:1383-1393.

Howells. R. C. C. M. Mather & J. A. M. Bergmann. 1997. Conservation

status of selected freshwater mussels in Texas, pp. 1 17-128. In: K. S.

Cummings. A. C. Buchanan, C. A. Mayer & T. J. Naimo (eds.). Con-

sen'alion & Management of Freshwater Mussels II: Initiatives for the

Future. Proceedings of a UMRCC symposium.

Janson, K. 1987. Allozyme and shell variation in two marine snails (Lit-

torinu, Prosobranchia) with different dispersal abilities. Biol. J. Linn.

Soc. 30:245-256.

Johnson, R, L.. F. Q. Liang, C. D. Milam & J. L. Farris. 1998. Genetic

diversity and cellulolytic activity among several species of unionid

bivalves in Arkansas. J. Shellfish Res. 17:1375-1382.

Kat, P. W. 1983a. Morphological divergence, genetics, and specia-

tion among Ltnnpsilis (Bivalvia: Unionidae), J. Moll. Stud. 49:133-

145.

Kat. P. W. 1983b. Patterns of electrophoretic and morphologic variability

in a widely distributed unionid: an initial survey. Nelherl. .1. Zool.

33:21-40.

Kat. P, W, & G. M, Davis. 1984. Molecular genetics of peripheral popu-

lations of Nova Scotia Unionidae (Mollusca: Bivalvia). Biol. .1. Liim.

Soc. 22:157-185,

Lessios, H. A. 1992. Testing electrophoretic data for agreement with

Hardy-Weinberg expectations. Mar. Biol. 112:517-523.

Marsden, J. E., A. Spidle & B. May. 1995. Genetic similarity among zebra

mussel populations within North America and Europe. Ccm. J. Fish.

Aquat. Sci. 52:836-847.

Master, L, 1990. The imperiled status of North American aquatic animals.

Biodiversity- Network News 3:1-2, 7-8 (cited in Williams et al. 1993).

Meffe, G. K. 1986. Conservation genetics and the management of endan-

gered fishes. Fisheries 11(1): 14—23.

Miller, M. 1998, Tools for population genetic analysis (TFPGA). http://

herb.bio.nau.edu/-railler/tfpga.htm. Department of Biological Sci-

ences, Northern Arizona University, Flagstaff, AZ.

Moritz, C. 1994. Defining 'Evolutionarily Significant Units' for conserva-

tion. Trends Ecol. Evol. 9:373-375.

Mulvey. M.. C. Lydeard. D. L. Pyer, K, M. Hicks, J. Brim-Box, J. D.

Williams & R. S. Butler. 1997. Conservation genetics of North Ameri-

can freshwater mussels A/H/)/['/;;fi and A'/t'gtj/o/kooi. Con. Bull. 11:868-

878.

Nagel, K-O.. G. Badino & B, Alessandria. 1996. Population genetics of

European Anodontinae (Bivalvia: Unionidae). J. Moll. Stud. 62:.343-

357.

Nalepa. T. F., D. J. Hartson, G. W. Gostenik, D. L. Fanslow & G. A. Lang.

1996. Changes in the freshwater community of Lake St. Clair: from

Unionidae to Dreissena polymorpha in eight years. J. Great Lakes Res.

22:354-369.

Nei. M. 1972. Genetic distance between populations. Am. Nat. 106:283-

292.

Nei. M. 1978. Estimation of average heterozygosity and genetic distance

from a small number of individuals. Genetics 89:583-590.

Neves, R, J. 1993. A state-of-the-unionids address, pp. 1-10. In: K. S.

Cummings, A. C. Buchanan & L. M. Koch (eds.). Conservation &

Management of Freshwater Mussels I: Initiatives for the Future. Pro-

ceedings of a UMRCC symposium.

Neves, R. J. 1997. A national strategy for the conservation of native fresh-

water mussels, pp. 1-10. In: K. S. Cummings, A. C. Buchanan, C. A,

Mayer and T. J. Naimo (eds.). Consenation & Management of Fresh-

water Mussels II: Initiatives for the Future. Proceedings of a UMRCC
symposium.

Nevo, E. 1978, Genetic variation in natural populations: patterns and

theory. Theoret. Pop. Biol. 13:121-177.

Schonewald-Cox, C. M.. S. M. Chambers, B. MacBryde & L. Thomas

(eds.). 1983. Genetics and Conservation. The Benjamin/Cummings
Pub. Co., Menio Park, CA. 722 pp.

Selander. R. K.. M. H. Smith, S, Y, Yang, W, E. Johnson & J. B. Gentry.

1971. Biochemical polymorphism and systematics in the genus Per-

otuysciis. 1. Variation in the old field mouse [Peromyscus polionotus).

In: Studies in Genetics VI. University of Texas Publication No. 7103.

Austin, TX,

Slatkin, M. 1985. Gene flow m natural populations. Ann. Rc\: Ecol. Syst.

16:393-430.

Slatkin, M. 1987, Gene flow and the geographic structure of natural popu-

lations. Science 236:787-792.

Slatkin, M. 1993. Isolation by distance in equilibrium and non-equilibrium

populations. Evolution 47:264-279.

Slatkin, M. & N. H. Barton. 1989. A comparison of three indirect methods

for estimating average levels of gene flow. Evolution 43:1349-1368.

Sokal. R. R. & P. H. A. Sneath. 1963. Principles of Numerical Taxonomy.

W. H. Freeman, San Francisco, 359 pp.

Soule, M. (ed.). 1987. Viable Populations for Conservation. Cambridge U.

Press. Cambridge, UK. 1 89 pp.

Stiven. A, E, & J. Alderman. 1992. Genetic similarities among certain

freshwater mussel populations of the Lampsilis genus In North Caro-

lina. Malacologia 34:355-369.

Stolzenburg, W. 1992, The mussels' message. Nature Consen-ancy Nov./

Dec. 1992:16-23.



Genetic Structure of Quadruh 1373

Swofford. D. L. & R. B. Selander. 1981. BIOSYS-I: a FORTRAN program

for the comparative analysis of electrophoretic data in population ge-

netics and systematics. J. Hereil. 72:281-283.

van der Bank. F. H. 1995. AUozyme variation in a freshwater mussel

population (Coelalura kunenensis Mousson. 1887) from southern Af-

rica. Water SA 21:153-157.

Walters, G. T. 1994. An annotated bibliography of the reproduction and

propagation of the Unionoidea (primarily of North America). Oliio

Biol. Sun: Misc. Cont. No. 1. 158 pp.

Weir. B. S. & C. C. Cockerham. 1984. Estimating F-statistics for the analy-

sis of population structure. Evolution 38:1358-1370.

Williams. J. D.. M. L. Warren. K. S. Cummings. J. L. Harris & R. J. Neves.

1993. Conservation status of freshwater mussels of the United States

and Canada. Fisheries I8(9):6-22.

Wright. S. 1943. Isolation by distance. Genetics 28:139-156.

Wright, S. 1978. Evolution and the Genetics of Populations, vol. 4.. Vari-

ability Within and Among Natural Populations. U. of Chicago Press,

Chicago, IL. 580 pp.





.loiirihil ,1} Shellfish Research. Vol. 17. No. 5, 1375-1382. 1998.

GENETIC DIVERSITY AND CELLULOLYTIC ACTIVITY AMONG SEVERAL SPECIES OF
UNIONID BIVALVES IN ARKANSAS

RONALD L. JOHNSON, FANG QING LIANG, CRISTIN D. MILAM,
AND JERRY L. FARRIS
Arkansas State University

Dejxirtment of Biology

State University. AR 72467

ABSTRACT Allozyme analysis was utilized lo determine the genetic diversity of four species of bivalves in the Subfamily Am-

bleminae (Amblema plicam, Plectomenis dombeyanus, Quadrula pustulosa. and Q. quadrula) in the Cache and White rivers of

Arkansas. Bivalve populations of both rivers have been subjected to frequent harvest, whereas White River populations have been

exposed to periodic habitat destruction due to dredging. Nine enzyme systems representing 16 loci were selected for analysis based

upon their expression in adductor muscle. Ranges of polymorphism (P) were from 0.572 for A. plicaui to 0.360 for Q. quadrula:

heterozygosity ( H I values ranged from 0.049 for P. dombeyaiuis to 0. 144 for Q. pustulosa. With the exception of low genetic diversity

(P. H. and number of alleles per locus) for Q. quadrula. genetic diversity values were similar to previous studies involving Ambleminae

of other water systems. Populations were characterized by heterozygote deficiencies at all loci. Several determinants of heterozygote

deficiency were investigated, with selection posed as a viable hypothesis. Cellulolytic activity from bivalves in both the Cache and

White rivers was significantly reduced (^0.05) to as low as 12'7f and 28'7r. respectively, of upstream enzyme acivities. This downsteam

digestive enzyme difference was most apparent in P. dombeyanus, whereas site reductions were not as apparent for other species

sampled. Evidence of genetic decline associated with bottlenecking was identified for Quadrula quadrula, and this loss of genetic

diversity is detrimental to the stability of bivalve populations.

INTRODUCTION

As a result of the combined anthropogenic effects of overhar-

vesting, pollution, and destruction of habitat by impoundments,

dredging, and bridge construction, the size and number of bivalve

beds have steadily decreased nationwide {Williams et al. 1993).

Approximately one-third of the 300 bivalve species are classified

as endangered or possibly extinct (Williams et al. 1993). Research-

ers have reported dramatic, long-term decreases in bivalve species

diversity in various river systems for several states (Matteson and

Dexter 1966; Isom and Yokley 1968; Starrett 1971; Suloway

1981). Commercially harvested bivalve beds associated with Ar-

kansas rivers have recently been described (Rust 1993; Christian

1995; Davidson 1997; Posey 1997). Christian, in a comprehensive

survey during 1995. identified a 54'^/r loss of historically docu-

mented beds in the White River of Arkansas. Decline in abundance

of Arkansas bivalves has also been evidenced by a 75% reduction

in harvest figures from these rivers in the 1990s alone (Todd

1994). Although reduction in overseas demand for shells has in-

fluenced the harvest, catch per unit effort by shellers has continued

to decline (Todd 1994). Shellers have also indicated dramatic de-

clines in bivalve bed sizes (K. C. Ward. E. Kohal. J. T. Easter, pers.

comm.). Thus, these sediment-bound populations are responding

not only to dynamic physical attributes associated with habitat

(fluvial dynamics), but also to changing selective pressures for age

and size specific removal (e.g., shelltakers removing larger indi-

viduals versus hydrologic forces removing smaller individuals).

Reductions in genetic diversity of populations have been asso-

ciated with population bottlenecks of species (Nei et al. 1975;

Avise et al. 1988; Bematchez et al. 1989). There is evidence that

genetic variability provides species with the ability to survive and

adapt to changing environmental conditions (e.g., hypolimnetic

release of impoundment waters in the White River) (Hedrick et al.

1976; Gillespie and Guttmun 1989). In addition, a decline in locus

heterozygosity associated with the glycolytic pathway and protein

catabolism has been correlated with reductions in energetic effi-

ciency and growth rates in bivalves (Koehn et al. 1976; Koehn and

Shumway 1982; Carton et al. 1984; Singh and Green 1984; Koehn

et al. 1988).

The management of freshwater bivalves is a unique situation

since it relies not only on an understanding of the genetic structure

of these species but also the host-parasitic interactions of the

glochidial stage. The effects of host fish migration during the

glochidial stages greatly impacts gene flow. The additional con-

sideration of facultative hermaphrodism in some bivalve species

provides another significant life history characteristic that compli-

cates understanding of genetic diversity.

Purpose of the Study

We compared cellulase activity and population genetic struc-

ture for four species within the Subfamily Ambleminae common to

Arkansas waters. These species weve Aiiihlenni plicata (Say). Plec-

tomerus domheyamis (Valenciennes). Quadrula pustulosa (Lea),

and Q. quadrula (Rafinesque). All four species are widely distrib-

uted within the Mississippi River drainage and are classified as

currently stable species (Williams et al. 1993). Each is commer-

cially important with the exception of P. dombeyaiuis.

Cellulolytic activity was used to measure individual bivalve

condition from sampling sites, and current patterns of genetic vari-

ability among populations were used to indicate historical expo-

sures to a stress. Cellulase has been noted as an important enzyme
of intermediary metabolism for detritivores such as unionids. and

activity has been negatively correlated with chemical and biologi-

cal sources of stress in freshwater bivalves (Farris et al, 1994;

Haag et al. 1993). Typically, the variability observed in field-

collected organisms prevents reliable measurement oi tiie sensi-

tivity of enzyme alteration to toxicant or physically related stress

(Mayer et al. 1992). However, changes in cellulase activity in

molluscs demonstrate measurable biochemical responses to pol-

lutants and/or other stressors (Beeby 1993; Mi lam 1996; Farris et

al. 1988).

The Cache and White rivers belong to the Mississippi River

drainage system and represent significant sources of bivalves to
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Arkansas shell takers. Maintenance dredging is performed annu-

ally in the White River to accommodate barge traffic, whereas only

the upper reaches of the Cache River are channelized for tlood

control purposes (Tillman. U.S. Army Corps of Engineers, pers.

comm.). Gravel removal occurs for commercial purposes in the

White River.

There is an added urgency to gather information regarding the

population structure and systematics for unionid species since the

decline in numbers of Arkansas bivalves has also possibly reduced

the genetic diversity of existing populations. No genetic studies

have been performed on freshwater bivalves from Arkansas river

drainages. The total absence of designated minimum viable popu-

lation sizes for bivalves suggests that conservation geneticists can

only extrapolate such information from species possessing more

simplistic life histories. A minimal threshold population of indi-

viduals is not presently utilized by fisheries managers and the

application of minimum shell size to coinmercial shellers is the

only means for maintaining cuixent populations.

It was our concern that the decline in numbers of Arkansas

bivalves has also greatly reduced the genetic diversity of existing

populations. In addition to identifying the genetic diversity of four

bivalve species in Arkansas, our primary question was to deter-

mine if bivalve populations subjected to frequent harvest and habi-

tat destruction have low genetic diversity relative to previously

studied bivalve species. Our third goal was to investigate if dif-

ferential heterozygosities for intraspecific populations were related

to sampling or other environmental variables. Fourth, we wanted

to study the cellulolytic activity of differing populations and spe-

cies, and to investigate the relationship of cellulolytic activity with

genetic diversity. The genetics of a population typically reflects

historic responses of a population to the environment and random

genetic events. The cellulolytic activity of a population reflects the

ambient physiological condition of individuals which is due to

both the genetics and immediate efficiency to assimilate available

carbon.

METHODS

Genetic diversity and cellulolytic activity were determined

within six populations for the lower regions of the Cache and

White rivers. Three sequential downstream bivalve beds were cho-

sen for each river: miles .^7. .^6, and 35 (sites A, B. and C. respec-

tively) for the Cache River, and miles 63.5, 57.2, and 48.5 for the

White River (sites D, E, and F, respectively). The Cache River

basin drains southward along the western extent of the Mississippi

Embayment and flows into the White River near Clarendon. Ar-

kansas. Whereas the White River flows through the Ozark High-

lands, the study region is best characterized by the alluvial soil

deposits of the Mississippi Delta. Both streams are characterized

within the study region as having low stream gradient and high

turbidity and dissolved solids (Fig. 1 ).

Four species of bivalves were studied, with 12-36 individuals

of two species collected from each site (Table I). Hookah rig

diving was used to obtain the bivalves in August and September of

1994. Specimens were brought back to the laboratory on ice and

processed immediately or frozen at -70°C. Voucher specimens

have been deposited in the Unionacea collection of the Arkansas

State University Museum of Zoology (ASUMZ).

Genetic Analysis

Adductor muscles were homogenized in equal volumes (w/v)

Mississippi R.

Figure 1. Study sites of the Cache (river miles 35, 36, 37) and White

(river miles 48, 57, 64) rivers in Arkansas.

performed on cellulose acetate plates in TG buffer ((1025 M Tris;

0.192 M glycine). Nine enzyme systems representing 16 loci were

selected for analysis based upon their expression in adductor

muscle. The loci were as follows: fumarase (FUM-1, FUM-2; E.C.

No. 4.2.1.2); glutamate-oxaloacetate transferase (GOT-1. GOT-2;

E.C. No. 2.6.1.1); isocitrate dehydrogenase (IDH-1. IDH-2; E.C.

No. 1.1.1.42); lactate dehydrogenase (LDH-1, LDH-2; E.C. No.

1.1.1.27); malate dehydrogenase (MDH-1. MDH-2; E.C. No.

1.1.1.371; malic enzyme (ME- 1. ME-2; E.C. No. 1.1.1.40); man-

nose phosphate isomerase (MPI-I. MPI-2; E.C. No. 5.3.1.8); phos-

phoglucose isomerase (PGI-1; E.C. No. 5.3.1.9); phosphogluco-

mutase (PGM-1. PGM-2; E.C. No. 2.7.5.1) (lUBNC 1984). The

distance of migration for each specific enzyme was visualized by

histochemical staining (Hebert and Beaton 1989).

CellulolyHc Enzyme Assay

Individuals were thawed and subsamples (visceral mass) of

whole-body dissections were used in the analysis for cellulolytic

enzyme activity (Farris et al. 1989). The samples were homog-

enized in phosphate buffer at pH 6.1 at a wet mass to buffer ratio

of 0.02 g/ml. Samples were centrifuged for 15 min at 15.000 rpm,

supematants were decanted for endo/exocellulase estimates (and

their synergistic interaction), and the pellets were recovered for dry

mass measurements. Cellulase activity was expressed as a relativ-

ized product index to compare units of activity for bivalve species

and river locations. One unit of the enzyme is defined in this

context as the amount of enzyme required to liberate 1 mg of

reducing sugar equivalent to that of glucose per h using carboxy-

methylcellulose (CMC) as a substrate.

Statistical Analysis

Mean sample size per locus, mean number of alleles per locus,

polymorphism, mean heterozygosity, Hardy-Weinberg (H-W)

equilibrium (D statistics), contingency chi-square analysis, and

of Tris-HCI buffer (pH 7.0). Electrophoresis of homogenate was Wright's statistics (F,s, F^j. F^y) were determined using the pro-
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TABLE 1.

Genetic variability of A. plicala, P. dombeyanus, Q. pustiilma and Q. quailriila in three sites eacli in the Cache (CR-A, B, and C) and White

(WR-D, E, F) rivers, Arkansas.

Species
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TABLE 2.

Number of polymorphic loci for populations of A. plicata. P.

dombeyanus. Q. ptisliilosa. and Q. qiiadnila.
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TABLE 4.

Measured cellulase activity <>r I'nionid bivalves collected from the

Cache and White rivers, 1995.
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TABLE 5.

Genetic diversity as measured by heterozygosity (H), polymorphism (P), and alleles per locus (A/L) for freshewater bivalves of

North America.

Taxa A/L Reference

iniily Margaritiferidae
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In further analyzing the Iwd species studied for the Cache

River, heterozygosity decluied dramatically for Site B as compared

with Site A m Amblema plicata. The observed reduced cellulolytic

activity in A. plicata for both sites A and B suggests that individual

bivalve condition was responding to some ongoing perturbant at

the time of collection. For P. domheyaniis. heterozygosity was

constant for sites A. B. and C; however, bivalves from Site C had

significantly lower cellulase activity as compared with sites A and

B. The cellulase index integrates a continuum of responses (e.g.,

behavior-mediated, reduction in efficiency of utilizing available

food) to chronic exposures. At times a quantitative biomarker

such as this is made more revealing by examining the variance of

the measurement for a given site. Early seasonal-associated per-

turbants (chemical application and runoff) may have accumulated

in the sediment. Cellulase activity measured during late summer,

low flow, may have been affected by these earlier-season pertur-

bants due to food source accumulation. Cellulase activity studies

have focused on unique species responses that are not always

predictable from measurement of ambient water concentrations

(Farris et al. 1988). For example, Cherry et al.. (1988) measured

reduced bivalve enzyme activity with tissue metal accumulations

that were manifested at site-specific growth reduction. These ef-

fects were attributed to uptake from algal food sources when water

metal concentrations were below detection. An outfall pipe at St.

Charles. AR. dumps surface runoff immediately upstream of Site

E and was therefore selected as a sampling site that could provide

better resolution between environmental cause and physiological

effect. Again, sediment and surface runoff has not been analyzed

as yet for composition. No genetic differences were identified, as

polymorphism, alleles per locus, and heterozygosity were similar

between populations for both species of Quadnda within the white

River. However. Q. quadnda individuals possessed significantly

less enzyme activity within Sites E and F. whereas the cellulolytic

activity was significantly greater for the middle population (Site E)

of Q. piistiilosa than for the other two populations.

We investigated the cellulolytic activity of individuals within

populations and species as a function of heterozygosity, with a

hypothesis that there would be a heterozygote vigor. This has been

demonstrated in several other studies involving metabolism and

growth rates (Koehn et al. 1976: Koehn and Shumway 1982; Gar-

ton et al. 1984; Singh and Green 1984; Koehn et al. 1988). Cor-

relation coefficients very closely approximated zero for almost

every sample (Table 6).

TABLE 6.

Relationship of cellulolytic acti>it) lo heterozygosity for populations

of Unionidae within the Cache and White rivers. Arkansas.

Species
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ABSTRACT Variation in mating systems (e,g,. dioecy versus hermaphroditism, self-fertilization versus cross-fertilization) has been

shown to affect the distribution of genetic variation in plants. However, the paucity of this type of variation in closely related ta.xa has

hampered- similar evaluations in animals. The freshwater bivalve genus Utierhackia (Unionidae: Anodontinae), currently comprising

three nominal and one undescnbed species, contains gonochoric (dioecious) as well as hermaphroditic species and thus is a model

animal system for examining mating system evolution and its effects on the distribution of genetic variation. Comparisons of the level

of within- and among-population allozymic variation (at 9 putative genetic loci) in the simultaneous hermaphrodites Utterbackia

imbecillis (23 populations. 331 individuals) and U. "imbecillis" (4 populations, 51 individuals), with those of the gonochoric U.

peggyae (7 populations. 99 individuals) and U. peninsularis (6 populations, 77 individuals) allowed inferences to be made regarding

(1) the mating system of U. imbecillis and U. "imbecillis" and (2) the population genetic structure of these four species. The low levels

of within-population variation and marked heterozygote deficiency observed in U. imbecillis and U. "imbecillis
"
relative to that in U.

peggyae and U. peninsuUiiis. suggest that there is a high degree of self-fertilization in both hermaphroditic species. However, the

among-population variation in the level of heterozygote deficiency (Selander D range: -0.181 to -1,000) is consistent with the

hypothesis that the relative amounts of cross-fertilization and self-fertilization vary among populations of U. imbecillis and (/.

"imbecillis.
"
The hypothesis of high levels of self-fertilization in U. imbecillis and U. "imbecillis

"
is consonant with the presumed high

colonization potential of the former species. The estimates of F,, obtained for the four species of Utterbackia suggest a very high level

of among-population genetic differentiation (mean F^^ range: 0,218-0,818), This observation is quite unexpected for an able colonizer

such as U. imbecillis (mean F„ = 0,818) unless detailed knowledge of this species' mating system is considered. The combined impact

of self-fertilization and founder events in the hermaphroditic Utterbackia species likely potentiates among-population genetic differ-

entiation which increases F^, values. These results suggest that the mating system and distribution of genetic variation in unionid

populations should be carefully evaluated prior to the enactment of conservation initiatives.

KEY WORDS: Simultaneous hermaphroditism, gonochorism. self-fertilization, cross-fertilization, heterozygote deficiencies, allo-

zymes. genetic variation

INTRODUCTION tions of geographic variation and adaptation (Chamov 1982. Rick

1988. Wyatt 1988. Waller 1993. Waser 1993. Barrett and Harder

Taxa that display variation in mating sy.stems are currently 1996. Reynolds 1996), Mating system variation at relac cly low

under intense scrutiny because of their utility in addressing ques- taxonoinic levels (among both congeneric species and conspecific

populations) is especially useful since the factors responsible for

*(- _ , jj r, . . . D 1 1 c- „ o ,, the mating system transitions may still be operative. Furthermore.
*Current addresses: Department ot Biological Sciences, Kent State Uni- " ' j f

versitv Kent OH -t4''4''

'

explicit hypotheses of phylogenetic relationsh:ns may permit an

"Mouse Genome Infomiatics, The Jackson Laboratory, Bar Harbor, ME assessment of the directionality of character stale change in mating

04609 systems. Therefore, the presence of gonochorism (dioecy) and si-

**Departamento de Zoologia. Institute de Biologia. U. A. N, M,, Apar- multaneous hermaphroditism within the freshwater bivalve genus
tado Postal 70-153. Mexico. D.F, 04510 Mexico Utterbackia (Baker 1927) (Bivalvia: Unionidae: Anodontinae),
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combined with an explicit hypothesis of phylogenetic relationships

available for the group (Hoeh et al. 1995), renders this taxon a

model system for evaluating the forces responsible for mediating

mating system evolution. However, the current lack of understand-

ing regarding the details of the fertilization system (e.g.. cross-

fertilizing versus self-fertilizing) within the hermaphroditic species

of Utterbackia impedes our ability to evaluate the relative impor-

tance of potential mediating forces.

Currently, Utterbackia consists of three nominal species
— U.

imbecillis (Say 1829). U. peggyae (Johnson 1965), and U. penin-

sularis (Bogan and Hoeh 1995) and one undescribed species ((/.

"imbecillis") (see Hoeh et al. 1995). The geographic distribution

of U. imbecillis includes much of the eastern half of the USA, and

portions of southern Canada and northern Mexico, and U. peggyae.

U. peninsidaris. and U. "imbecillis" are restricted to the drainages

flowing through the panhandle of Florida, peninsular Florida, and

southern Atlantic Slope regions, respectively, of the southeastern

USA (Hoeh et al. 1995). The four species within Utterbackia are

ecologically similar, inhabiting lentic and lotic habitats with rela-

tively low current velocities (Baker 1928. Johnson 1965, Cum-

mings and Mayer 1992). As for most unionids, Utterbackia larvae

are likely short-duration, obligate parasites of freshwater fish

(Fuller 1974). However, host fish data are currently available for

only U. imbecillis (Hoggarth 1992). A recent cladistic analysis of

the genus (Hoeh et al. 1995) resulted in the following phylogenetic

hypothesis: [((/. imbecillis sensii lata. U. peninsularis. U. peg-

gyae)]. Together with a paleogeographic hypothesis of Late Ceno-

zoic sea level fluctuations in the southeastern USA. this analysis

allowed the inference that the U. inibecillis s.l. initially diverged

from the U. peninsularis lineage approximately 5 million years ago

in freshwater drainages of the southeastern USA (Hoeh et al.

1995).

A significant difference in sexuality exists between Utterbackia

imbecillis s.l. and both U. peggyae and U. peninsularis. Like the

majority of unionid bivalves, U. peggyae and U. peninsularis are

gonochoric whereas U. imbecillis and U. "imbecillis" are simul-

taneous hermaphrodites (i.e., produce mature oocytes and sperma-

tozoa concurrently; Sterki 1998a, Sterki 1898b, Ortmann 1910,

Ortmann 1911. Allen 1924, Baker 1927. Baker 1928, van der

Schalie 1970. Heard 1975. Kat 1983). Based on a parsimony cri-

terion, it was hypothesized that a single transition, from gonocho-

rism to simultaneous hermaphroditism, occuired in the ancestor of

the U. imbecillis s.l. lineage subsequent to its divergence from the

U. peninsularis lineage (Hoeh et al. 1995). This hypothesis sug-

gests that simultaneous hermaphroditism is a relatively recently

evolved form of sexuality derived from a gonochoric ancestral

taxon.

Variability in the mating systems of simultaneous hermaphro-

ditic taxa (i.e., from obligate cross-fertilizing to obligate self-

fertilizing) is well known in plants (Allard 1975, Stebbins 1970.

Slebbins 1974, Jain 1976, Schoen 1982, Scliemske and Lande

1985, Holtsford and Ellstrand 1990, Waller 1993, Banett and

Harder 1996) and has been documented in mollusks (Tompa et al.

1984, McCracken and Selander 1980. Foltz et al. 1984, O Foighil

and Eemisse 1987, O Foighil and Eernisse 1988, Eemisse 1988).

The following data suggest that this type of mating system vari-

ability exists within U. imbecillis.

Extrapolating from relative cross-sectional areas of stained par-

affin sections from a standard position in the visceral mass, Kat

( 1983) reported a bimodal distribution of testicular to ovarian tis-

sue volume ratios among 15 populations of Anodonta imbecilis

(sic) {Utterbackia imbecillis: it is possible that several of these

populations actually represented U. "imbecillis"). Among Kat's

"central geographic range" populations, relatively low density

populations from running water had significantly higher average

ratios of male to female gonadal tissue than did high density popu-

lations from standing water. Given the current understanding of the

distributions of U. imbecillis and U. "imbecillis.
"

it seems unlikely

that this particular result can be attributed to species-specific go-

nadal allocations between U. imbecillis and U. "imbecillis.
"

Kat's ( 1983) preferred explanation for the bimodality phenom-
enon was that selection adjusted sperm production to facilitate

efficient cross-fertilization in local populations. Under this cross-

fertilization efficiency hypothesis, relatively high density, low cur-

rent velocity populations would require smaller amounts of sper-

matozoa to effect efficient cross-fertilization than would low den-

sity, high current velocity populations. Kat also suggested that

sperm limitation could reduce fecundity in the latter situation.

However, unless it is assumed that U. imbecillis only exists in

extremes of both population density and current velocity, this hy-

pothesis does not explain the bimodal nature of the data. Alterna-

tively, sex allocation theory predicts a strong ovarian bias in the

gonad of selfing hermaphrodites and an approximately equal

amount of testicular and ovarian tissue in cross-fertilizing her-

maphrodites (Chamov 1982). Thus, Kafs (1983) populations with

relatively high ratios of male to female gonadal tissue may be

predominantly cross-fertilizing whereas those with relatively low

ratios may be predominantly self-fertilizing. This hypothesis was

noted by Kat ( 1983) but rejected because of lack of substantiating

data.

If self-fertilization has played a role in the genesis of the varia-

tion in gonadal allocation observed in Utterbackia imbecillis. one

could predict that this species' population genetic structure would

be very different from that of the gonochoric (i.e., obligately cross-

fertilizing) U. peggyae and U. peninsularis. Prolonged selfing

should result in a decay of heterozygosity (Crow and Kimura

1970). Even though total allozymic monomorphism is not un-

known in gonochoric species, it is the expected consequence of a

prolonged selfing regime combined with genetic drift (Wright

1969). Thus, the occurrence of considerable within-population ge-

netic diversity is contrary to the expectations of prolonged selfing

in combination with drift (Hamrick et al. 1979, Schoen 1982,

Loveless and Hamrick 1984. Hamrick and Godt 1990), whereas

selfing is but one of several mechanisms that might produce highly

homozygous strains.

Given the above, with respect to within-population genetic

structure, a predominantly self-fertilizing U. imbecillis would be

expected to have a much lower level of variation than the obli-

gately cross-fertilizing U. peggyae and U. peninsularis. Further-

more, the observed frequency of heterozygotes in a predominantly

self-fertilizing U. imbecillis population should be much lower than

the frequencies predicted by Hardy-Weinberg equilibria (Crow

and Kimura 1970). Additionally, predominantly self-fertilizing

species would likely have higher among-population levels of ge-

netic differentiation than would cross-fertilizing species (Levin

1978. Loveless and Hamrick 1984. Holtsford and Ellstrand 1989,

Hamrick and Godt 1990). Founder effects, due to a small number

(often one?) of homozygous colonizing individuals, are likely re-

sponsible for the generality of this phenomenon among self-

fertilizing lineages.

In order to evaluate Kat's (1983) cross-fertilizing/self-

fertilizing hypothesis as a possible explanation for the observed
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gonadal allocation in U. imhecillis. tlie present study analyzed a

total of 40 populations of Unerhackia for allozjine variation at

nine presumptive loci. The patterns of wilhin-population genetic

variation obtained from the allozyme analyses were used to cat-

egorize the mating system of 23 populations of U. imbecillis and

four populations of U. "imhecillis.
"
Genetic evidence consistent

with the hypothesis of high levels of self-fertilization for Kat's

( 1983) low testicular: ovarian tissue ratio U. imhecillis populations

would provide sufficient justification to reject Kat"s cross-

fertilization efficiency hypothesis for a more parsimonious alter-

nati\e. Among-population patterns of genetic variation were also

examined to allow for a more complete evaluation of potential

correlates between population genetic structure and mating system

in Utterbackia. Furthermore, the observed population genetic

structures within Utterbackia were evaluated with regard to po-

tential conservation initiatives.

MATERIALS AND METHODS

In an attempt to secure adequate sampling of the genetic vari-

ability within Utterbackia. 23 populations of U. imhecillis (331

individuals), four populations of U. "imhecillis" (51 individuals),

seven populations of U. peggyae (99 individuals), and six popu-

lations of U. peninsularis (11 individuals) were sampled. Sample
size and locality information are presented in Appendix 1. A dili-

gent effort was made to collect all specimens at a site. Voucher

specimens, representing U. peggyae. U. peninsularis. U. imhecil-

lis. and U. "imhecillis.
"
have been deposited in the Museum of

Zoology. University of Michigan (Mollusk Division #253578.

253579. 253580. and 253581. respectively). Soon after specimen

collection, non-gravid gill tissues were excised and cleaned of

macroscopic parasites and debris, frozen in liquid nitrogen, and

stored at -70°C. Tissues were homogenized with a glass pestle in

1.5 ml microcentrifuge tubes. The gill tissues contained sufficient

water to eliminate the need for honiogenization buffer. The result-

ant homogenates were centnfuged at 13.605 x g for 10 min at 4°C.

Horizontal starch gel electrophoresis (12% starch gels; 51 g

Connaught starch in 425 ml of gel buffer) was used to detect

electromorphs at nine polymorphic, putative genetic loci using

four buffer systems (Appendix II). Stain recipes followed Shaw

and Prasad (1970). Siciliano and Shaw (1976). and Murphy et al.

(1990).

Data analyses were carried out using the BIOSYS-I (Swofford

and Selander 1981) computer program. In order to evaluate the

patterns of within-population genetic variation, the mean number

of alleles per locus, number of polymorphic loci, expected and

observed heterozygosities, departure of variable loci from H-W
expectations (significance test using exact probabilities; signifi-

cance criterion, p
<

.05), and heterozygote deviation at variable

loci relative to H-W expectations (Selander's D, 1970; |Ho-He|/

He) were calculated for each population. Selander's D can range

from -I (no heterozygous individuals) to +1 (all individuals het-

erozygous) v\ith zero being the expected value if the population is

in H-W equilibrium. Mann-Whitney U tests were employed to

evaluate the significance of differences between the gonochoric
and hermaphroditic species for the above within-population de-

scriptive statistics. Among-population patterns of genetic variation

were evaluated using Wright's (1978) F^^.

RESULTS

A summary of the w ithin-population genetic variation for the

40 populations of Utterbackia examined is presented in Table I.

The multilocus genotypes generated for the 558 individuals are

available upon request from the senior author. Of the 23 U. imhe-

cillis populations, 13 were monomorphic at all nine loci. For the

remaining 10 populations, the number of polymorphic loci ranged

from one to three. Two of the four U. "imbecillis" populations

were monomorphic at all assayed loci, and the remaining two

populations were each polymoiphic at a single locus. The number

of polymorphic loci per population in U. peggyae and U. penin-

sularis ranged from 1 to 3 and 1 to 4, respectively. The mean

number of polymorphic loci per population for U. imhecillis, U.

"imhecillis.
"

U. peggyae. and U. peninsularis was 0.74, 0.50,

2.57, and 2.00, respectively. The mean number of alleles per locus

per population was 1 .08 for U. imbecillis, 1 .06 for U. "imbecillis.
"

1.38 for U. peggyae. and 1.26 for U. peninsularis. Mann-Whitney
U tests detected no significant differences in either number of

polymorphic loci per population or mean number of alleles per

locus between U. imhecillis and U. "imhecillis" and between U.

peggyae and U. peninsularis. However, there was a significant

difference in both number of polymorphic loci per population (U
= 44.5, p

= .0002) and mean number of alleles per locus (U =

35.5. p < .0001 ) between the combined gonochoric and combined

hermaphroditic species groupings.

Eleven of 17 (65%) and 1 of 2 (50%) of the population by

polymorphic locus pairs were not within H-W expectations for U.

imbecillis and U. "imbecillis.
"

respectively. In contrast, only 1 of

18 (6%) and 1 of 12 (8%) were not for U. peggyae and U. pen-

insularis. respectively. The range of heterozygote deviation scores

(Selander's D. 1970) for the genetically variable populations of U.

imhecillis. U. "imhecillis.
"

U. peggyae. and U. peninsularis was

-l.()00to-0.181,-1.00to-0.632. -0.177toO.I97, and-0.120to

0.364. respectively. The mean heterozygote deviation score for U.

imbecillis was -0.661, for U. "imbecillis" -0.816, for U. peggyae
0.031. and for U. peninsularis 0.032. Mann-Whitney U tests de-

tected no significant differences in either number of loci with

significant departures from H-W expectations or heterozygote de-

viation scores between U. imbecillis and U. "imbecillis" and be-

tween U. peggyae and U. peninsularis. However, there was a

significant difference in both number of loci with significant de-

partures from H-W expectations (U = 35.0, p
= .0193) and

heterozygote deviation scores (U = 0. p < .0001) between the

combined gonochoric and combined hermaphroditic species

groupings.

Among-population genetic differentiation was relatively high

in the four species of Utterbackia. Mean F^, for U. imbecillis. U.

"imhecillis.
"
U. peggyae, and U. peninsularis was 0.818 (based on

5 loci). 0.218 (1 locus), 0.348 (6 loci), and 0.600 (5 loci), respec-

tively. No clear pattern relating mating system and levels of

among-population genetic differentiation emerged from this analy-

sis. For example, the two hermaphroditic species. U. imhecillis and

U. "imbecillis,
"
had both the highest and lowest mean F^,. values,

respectively, for the genus. However, the relatively low mean Fs,.

\'alue for U. "imhecillis" (0.218) may be due to both the limited

number of populations (four) and the few xariable loci Ion.- <. Over-

all, the relatively high F^, values observed in Utterbackia may be

due. in part, to the sampling design of the present ^uijy. Most of

the drainages represented contained a single sampled population of

each species. Expanding the within-drainage sampling for each

species would likely reduce their global F.,, \alues.

0\erall. both indi\iduals and populations of the simultaneously

hermaphroditic U. imhecillis and U. "imhecillis" had less genetic

variation than the gonochoric U. peggyae and U. peninsularis.



1386 HOEH ET AL.

APPENDIX I.
APPENDIX I.

Locality information and sample sizes for the 40 populations of

I'tlerhackia examined in this stud).

Vuerbackia imbecillis (n = 331)

1) ACi-Apalachicola River, below Lake Seminole. Chattahoochee.

Gadsden Co.. FL (n = 33)

2) BHCi-Ocmulgee River, at the Ben Hill/Coffee Co. line boat

ramp. GA (n = 11)

3) CACi-ClOOA canal. Miami, Dade Co,, R. (n = 4)

4) CCLi-Lake Corpus Christi. at Lake Corpus Christi State Park.

San Patricio Co.. TX (n = 7)

5) CDi-Cedar River, below Wiggins Lake. Gladwin Co.. Ml (n =

32)

6) DCLi-Deep Creek, at US Route 258. Edgecombe Co., NC (n =

.'5)

7) DRLi-mouth of Dead River Lake, off of the Pascagoula River.

Jackson Co., MS (n = 7)

8) GALi-Pond at Suntree Country Club, Brevard Co.. FL (n = 33)

9) GLCi-Gantt Lake, off of US Route 29. Covington Co.. AL (n =

14)

10) KLTi-Kentucky Lake, at Paris Landing State Park. Henry Co..

TN (n = 18)

11) KRK8i-Kokosing River, below Knox Lake, Knox Co., OH (n =

7)

12) KRK9i-Kankakee River, at US Route 45, Kankakee. Kankakee

Co., IL (n
= 6)

13) KRMi-Kankakee River, Momence. Kankakee Co.. IL (n = 4)

14) LCHi-Lake Cass. Hillsborough Co., FL (n = 16)

LS) LRGi-Little River, at FL Route 12. Gadsden Co., FL (n = 5)

16) LTCi-Ochlockonee River, Lake Talquin, Coe's Landing, Leon

Co., FL (n = 12)

17) MCi-Mill Creek, below Stiirve Hollow Lake, Jackson Co., IN (n

= 12)

18) MCWi-Mantua Creek, at Lambs Road bridge. Pitman,

Gloucester Co., NJ (n = 7)

19) OSFi-Oklawaha River, at FL Route 314, Marion Co., FL (n =

24)

20) PCi-Pickering Creek, at PA Route 23. Chester Co.. PA (n =

12)

21 ) PRWi-Pearl River, at Walkiah Bluff. Pearl River Co., MS (n = 4)

22) SRi-Canal off of the Suwannee River, at Dilger's Campground,

Dixie Co., FL (n = .^4)

23) UPPi-Pond off of Poinciana Blvd., Polk Co., FL (n = 24)

U. imbeciUis ( n = 5\)

1) CRHi-Combahee River, at US Route 17A. Hampton Co.. SC (n

= 11)

2) FPCi-Fisher's Pond, Mt. Pleasant, Cabarrus Co.. NC (n = 20)

3) ORTi-Ohoopee River, at GA Route 147, Tattnall Co.. Ga (n =

7)

4) SRGi-Saluda River, at Saluda Dam Road. Pickens Co.. SC (n =

13)

U. peggyae (n = 99)

1) ACHp-Attapulgus Creek, at FL Route 1.59. Gadsden Co.. FL (n

= 16)

2) CSLp-Chumuckla Springs Lake. Santa Rosa Co., FL {n = 15)

3) HCCp-Holmes Creek, at US Route 90, Holmes Co., FL (n = 8)

4) LRGp-Little River, at FL Route 12, Gadsden Co., FL (n = 16)

5) LTCp-Ochlockonee River, Lake Talquin, Coe's Landing. Leon

Co., FL (n = 15)

6) SHFp-sink hole, at Florida Caverns State Park, Jackson Co.. FL

(n = 19)

7) YRCp-Yellow River, at US Route 90, Okaloosa Co., FL (n =

10)

continued in next column

continued

U. peninsularis (n = 77)

1 ) GCPs-Gator Creek, at FL Route 471. Polk Co.. FL (n = 14)

2) HRHs-Hillsborough River, at FL Route 579, Hillsborough Co.,

FL tn = 13)

3) HRPs-Hillsborough River, at FL Route 39, Pasco Co., FL (n =

5)

4) NRBs-New River, at County Route 231, Bradford Co., FL (n =

5)

5) RCAs-Rocky Creek, at FL Route 235, Alachua Co.. FL (n = 21))

6) SRs-canal off of the Suwannee River, at Dilger's Campground.

Dixie Co.. FL (n = 20)

Extreme heterozygote deficits were commonly observed in both U.

imhecillis and U. "imbecUlis.
"
Neither U. peggyae nor V. penin-

sidahs exhibited significant wide-scale heterozygote deficiencies

similar to those observed in many gonochoric marine bivalve spe-

cies (Singh and Green 1984, Zouros and Foltz 1984, Gaffney et al.

1990).

DISCUSSION

Mating Systems in Utterbackia imbecillis s.l.

Heterozygote deficiencies in marine bivalves have been attrib-

uted to (1) inbreeding. (2) inadvertently sampling multiple differ-

entiated subpopulations at a single locality (Wahlund effect; Wahl-

und 1928), (3) selection against heterozygotes, (4) null alleles. (5)

aneuploidy. and (6) molecular imprinting (Gaffney et al. 1990).

The relatively large number of populations with substantial het-

erozygote deficiencies noted in the present study makes it unlikely

that sampling differentiated subpopulations is the major explana-

tion for the observed heterozygote deficiencies in U. imbeciUis and

U. "imhecillis.
"
Furthermore, the absence of substantial heterozy-

gote deficiencies in the congeneric and ecologically similar, but

gonochoric. U. peggyae and U. peninsularis does not support this

explanation. Since particular populations of U. imbecillis had mul-

tiple polymorphic loci displaying significant heterozygote defi-

ciencies (populations I. 10. 22) (Table 1), invoking selection

against heterozygotes at multiple, presumably independent loci to

explain the overall heterozygote deficiencies observed in U. im-

becillis seems unwarranted. Certainly, this type of selection is not

generally operative in U. peggyae or U. peninsularis (see Table I ).

The synlopic occurrences of U. imbecillis with U. peggyae (at

LRG) and U. peninsularis (at SR; see Appendix I), though the

disparity of the respective heterozygote deficits was maintained,

do not support a hypothesis of differential underdominant selection

based on habitat. Likewise, there is no reason to expect that null

alleles, aneuploidy. or molecular imprinting would be more com-

mon in U. imbecillis and U. "imbecillis" than in U. peggyae or U.

peninsularis.

Given the above discussion, an absolute linkage between large

heterozygote deficiencies and simultaneous hermaphroditism

among these species is suggestive. The most likely explanation for

the relatively large heterozygote deficiencies observed in certain

populations of U. imbecillis and U. "imbecillis" is a high level of

inbreeding resulting from substantial self-fertilization in those par-

ticular populations. Indeed. Johnston et al. ( 1998) detected signifi-

cant non-zero selfing rates in two of seven U. imbecillis popula-

tions examined individually and in the mean selfing rate for the
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APPENDIX II.

Presumptive loci scored and buffer systems used in this study.

Enzyme No. Loci Scored Abbreviation E.C. No. Buffer System

Aspartate aniiriDtransferase

Cytosol aminopeptidase

Dihydrolipoamide dehydrogenase

Esterase (alpha naphthyl acetate)

Fumarate hydratase

Glucose-6-phosphate isomerase

Glycerol-3-phosphate dehydrogenase

Isocitrate dehydrogenase

Phosphoglucomutase

1

1

1

1

1

1

1

1

1

Total = 9

AAT
CAP
DDH
EST
FUMH
GPI

G3PDH
IDH

PGM

2.6.1.1
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TABLE 1.

Within-population variation at 9 loci in Utterbackia.
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monomoqshic populations in the obligately cross-fertilizing (gono-

choric) species of this study is consistent with the rationale for

these paiticuiar mating system assignments. The lower within-

population levels of genetic variation observed in the hermaphro-
ditic Utterbackia imhecillis and U imbecillis. relative to conge-

neric gonochores. and the extremely high mean F.,, value for the

well-sampled U. imbecillis suggest that mating system differences

have had an impact on the intraspecific distribution of genetic

variation within Utterbackia. Significant levels of selfing. in com-

bination with genetic drift, have likely reduced the within-

population component of genetic variation in the hermaphroditic

species of Utterbackia while augmenting genetic differentiation

among populations of U. imbecillis through founder effects.

Inferences Regarding the Dispersal Capability of

Utterbackia imbecillis

Species in the predominantly gonochoric Unionidae typically

exhibit a relatively high degree of drainage-basin philopatry

(LaRocque 1967, Burch 1975a. McMahon 1991). For example, no

unionid species is native to both sides of the North American

continental divide. Additionally, very few species have ranges that

include portions of both the Mississippi River and Atlantic Slope

drainages. In these instances, it is apparent that mountain ranges

are acting as formidable barriers to dispersal for unionid bivalves.

Even in cases where there are no obvious barriers to dispersal (e.g..

the low coastal plain habitat that is currently separating U. peggyae
and U. peninsiilaris) or obvious habitat differences, unionid spe-

cies" distributional patterns suggest that inter-drainage coloniza-

tion is a relatively rare event.

In contrast, the distributional ranges exhibited by the simulta-

neous hermaphroditic, freshwater bivalves of the family Sphaeri-

idae are relatively cosmopolitan in nature (LaRocque 1967. Burch

1975b). Many native North American sphaeriids have transconti-

nental distributions (McMahon 1991. Burch 1975b). Self-

fertilization is apparently common in sphaeriid bivalves (Thomas

1959, Mackie 1984) and the ability of single, self-fertilizing

sphaeriid individuals to colonize new habitats is postulated as one

of the major factors responsible for the relatively cosmopolitan

species distributions in this taxon (McMahon 1991). Therefore, the

self-fertilization potential of Utterbackia imbecillis may largely

account for its atypically (i.e.. for a gonochoric unionid bivalve)

widespread geographic distribution in eastern North America. Ad-

ditional evidence consistent with relatively high dispersal capabil-

ity for U. imbecillis includes the (1) postulated southeastern USA

origin for this now-widespread species (Hoeh et al. 1995). (2) lack

of among-population resolution for U. imbecillis in a phylogenetic

analysis of Utterbackia (Hoeh et al. 1995) and (3) reports of recent

range expansion into areas where it has been historically absent

(Starrett 1971. Fuller and Hartenstine 1980. Kat 1983, Hoeh et al.

1995).

Further investigation is necessary to understand a somewhat

paradoxical finding of this study with regard to U. "imbecillis.
"

An initial hypothesis postulated that this geographically restricted,

simultaneous hermaphrodite was predominantly cross-fertilizing

(Hoeh et al. 1995). However, analyses of within-population ge-

netic variability (Table I ) suggest that U. "imhecillis" populations,

like many of those of U. imbecillis. are not predominantly cross-

fertilizing. If self-fertilization typically facilitates dispersal in

freshwater bivalves, what factor(s) is limiting the geographic range
of U. "imbecillis?"

The range of U. "imhecillis" is in an area of the southern

Atlantic Slope that has a relatively large number of ichthyofaunal

endemics (Lee et al. 1980, Shute et al. 1981. Wiley and Mayden
1985, Hocutt et al. 1986. Swift et al. 1986, Wood and Mayden
1992). If U. "imbecillis" has an obligate host-fish association with

one or more of the endemic fish species of the region, this would

preclude its movement into other drainages lacking the required

fish hosts. A determination of the host-fish requirements of U.

"imhecillis" is necessary to test this hypothesis. However, the

dependence of U. "imbecillis" on other unique attributes of the

drainages of the southern Atlantic Slope cannot be ruled out at the

present time. A relatively recent transition to predominantly self-

fertilization is another possibility that would explain the relatively

small geographic range of U. "imhecillis."

Evolution of Mating Systems in Utterbackia imbecillis

Of broad interest (Ghiselin 1969. 1974. Maynard Smith 1978,

Chamov 1982. Lloyd 1988. Jame and Charlesworth 1993) is the

elucidation of the processes involved in the maintenance of the

wide range of mating systems (predominantly cross-fertilizing

through predominantly self-fertilizing) inferred for Utterbackia

imbecillis s.l. in this report. This range of mating systems may

represent multiple optimal end points generated by local selective

regimes or. in the case of the mixed-mating system populations,

merely transient states on the way toward either predominantly

cross- or self-fertilization. However, the lack of ( I ) long-term stud-

ies of the interpopulational variation in mating sy.stems, (2) knowl-

edge of ecological requirements, and (3) knowledge of fertilization

biology in U. imhecillis currently precludes a deeper understanding

of the evolutionary forces shaping the mating system in this spe-

cies.

The fertilization biology of the gonochoric. let alone the simul-

taneously hermaphroditic, unionid bivalves is. at best, poorly un-

derstood. Fertilization in unionids is thought to take place within

the female suprabranchial chambers or in the marsupia (gills modi-

fied for larval brooding) in gonochoric species, but the details of

the process are unknown (Coker et al. 1921. Matteson 1948).

However, it appears that in multiple species of gonochoric union-

ids, representing different subfamilies, spherical spermatozoa ag-

gregates are released by males prior to fertilization (Utterback

1931. Edgar 1965. Lynn 1994). That these aggregates are released

from male unionids from diverse taxa suggests that this conserved

feature may be essential for cross-fertilization. Data from Pygan-
odnn grandis (Unionidae: Anodontinae) suggest that females col-

lect these spermatozoa aggregates with their gills and store the

spermatozoa in their nephridia (W. R. Hoeh and R. J. Trdan un-

publ. data). Subsequently, the spermatozoa are likely released from

the nephridial pore as oocytes are released from the adjacent geni-

tal opening, thus effecting fertilization.

In simultaneously hermaphroditic unionids. a common gonod-
uct carries both oocytes and autospermatozoa to the suprabranchial

chambers (Mackie 1984). This .suggests that the oocyte-- of a si-

multaneous hermaphrodite may encounter autospermatozoa in the

common gonoduct before encountering allospermatozoa (which

may be retained in the suprabranchial chambers or brood

pouches'?). The use of a common gonoduct may favor self-

fertilization unless the release of male and female gametes can be

displaced in time. Observations made during the course of a pre-

liminary examination of the reproductive biology of Utterbackia

imhecillis (Hoeh et al. 1986) noted a concurrent release of oocytes



1 390 HOEH ET AL.

and, presumably, autospermatozoa in the gonoducts of individuals

from four of the populations examined in the present study (ACi.

BHCi, CDi, MCi). Furthermore, the spermatozoa within the gon-

oducts were not contained in spherical aggregates as mentioned

above for male unionids. The individuals examined were from

populations that were likely undergoing significant amounts of

self-fertilization (see discussion above and Table 1 ).

These limited observations on the fertilization biology of U.

iinbecillis suggest that 1 1 ) the use of a common gonoduct in si-

multaneous hermaphrodites may predispose the mating system to-

wards self-fertilization and (2) all spermatozoa may not be capable

of effecting cross-fertilization. More information regarding the de-

tails of fertilization biology for both gonochoric and hermaphro-
ditic unionids is required to address these possibilities. Specifi-

cally, comparative information on the fertilization biology of in-

dividuals of U. imbecillis from populations that were categorized,

herein, as self-fertilizing, mixed mating, and cross-fertilizing

would be most illuminating. Questions still to be addressed include

(1) Does the selfing rate vary among individuals within U. imbe-

cillis S.I. populations'? (2) Is the selfing rate within a U. imbecillis

s.l. population relatively fixed or plastic over time? (3) Is the

selfing rate within populations of U. imbecillis s.l. correlated with

particular environmental \ ariables? The answers to these questions

will be of broad interest and utility to evolutionary, conservation,

and mollusk biologists.

Conservation Implications

Bivalves in the family Unionidae are one of the most endan-

gered groups of North American aquatic macroinxertebrates

(Bogan 1993. Williams et al. 1993. Lydeard and Mayden 1995).

However, unionid conservation and management plans have been

hampered by a relative lack of knowledge concerning ( 1 ) unionid

ecological requirements (e.g.. fish host and dietary), (2) the actual

extent of unionid biodiversity, (3) the distribution of genetic varia-

tion within species, and (4) mating systems. Studies such as this

one are useful for assessing the distribution of genetic variation

within species and to evaluate the effects of mating system varia-

tion on the distribution of genetic variation (Hamrick and Godt

1990). Knowledge of a species' genetic structure can provide im-

portant insights into population-level processes such as coloniza-

tion, extinction, and gene flow as well as for conservation/

management initiatives (Slatkin 1977, 1985, 1993, Falk and Hols-

inger 1991, McCauley 1991, 1992).

The superior colonization potential of self-fertilizing species,

such as Utterbackia imbecillis. may be partially offset, in an evo-

lutionary sense, by the reduction of within-population genetic

variation due to the combined effects of selfing and founder

events. For instance, the relatively large geographic range of U.

imbecillis will likely act to buffer this species from complete ex-

tinction. However, the relatively low levels of within-population

genetic variation observed in U. imbecillis s.l.. with respect to U.

peggyae and U. peninsulaiis. may predispose individual popula-

tions of these hermaphroditic species to increased probability of

extinction due to reduced ability to cope with both natural (Thorpe
et al. 1981, Allendorf and Leary 1986, Lively et al. 1990) and

anthropogenic (Guttman 1994) environmental change. Therefore,

extinction and colonization are potentially importanl population-

level processes within Utterbackia. and metapopulation-dynamic
models may be especially applicable to the hermaphroditic Utter-

backia species (Hastings and Harrison 1994).

The relatively high F.,^ values reported herein for four species

of Utterbackia indicate that much of the genetic variation within

each species is distributed among populations, suggesting rela-

tively low levels of historical gene flow. An especially high F,.^

value (0.818) was obtained for U. imbecillis. This latter result,

which is counter intuitive for an able colonizer such as U. imbe-

cillis. is likely an outcome of significant levels of self-fertilization,

which leads to a within-individual reduction of genetic variability,

combined with frequent population extinctions and single-

individual founder events facilitating the fixation of distinct alleles

in different populations (Wade and McCauley 1988, McCauley
1991, McCauley 1992). Therefore, the normally homogenizing
effects of dispersal are likely potentiating among-population dif-

ferentiation within U. imbecillis.

0\erall, the relatively high F,^ values observed herein within

four species of Utterbackia have significant implications for po-

tential conservation plans for these species. Since the among-

population component of genetic variation is relatively high, any
conservation initiative to preserve a significant amount of the ge-

netic diversity within species of Utterbackia would necessitate the

protection of multiple populations of each species. One potential

strategy, consistent with the findings of this report, would be to

protect one or more populations within each distinct drainage basin

for each Utterbackia species. Additionally, transplantation initia-

tives, to aid population recovery efforts, should take into consid-

eration the genetic structure of the target species. Transplantations

of individuals between genetically distinct populations could lead

to ( 1 ) the detriment of the recipient population due to outbreeding

depression if cross-fertilization occurs (Templeton 1986). (2) the

introduction of genotypes that are poorly adapted to the new eco-

logical conditions (Huenneke 1991). and (3) loss of the original

genotypes due to the potential superior competitive ability of the

transplanted individuals' genotypes. Clearly, the preservation of a

species' overall genetic diversity is desirable for its long-term sur-

vival and is dependent upon an understanding of the genetic struc-

ture of the constituent populations (Hamrick et al. 1991, Saccheri

et al. 1998).
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ABSTRACT Freshwater bivalves (Unionacea) are among the most enJangered faunal elements in North America. Molecular genetic

studies have much to offer conservation efforts directed to this declining fauna. Molecular genetic data can provide information needed

to identify evolutionarily significant units, resolve taxonomic ambiguities, describe population structure, evaluate impacts ot habitat

fragmentation and reduced gene flow among populations, reconstruct phylogenetic relationships, clarify fish host-glochidia relation-

ships, and provide evidence in legal actions. Molecular genetic techniques and their application to freshwater bivalves are reviewed.
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INTRODUCTION

Freshwater bivalves are among the most endangered of animal

groups. Reductions in the number of species and in the abundance

of freshv\'ater bivalve populations have been reported worldwide

(Bogan 1993, Williams et al. 199.\ Ziuganov et al. 1994, Lydeard

and Mayden 1995. Williams and Neves 1995. Abramovitz 1996),

Dam construction, channelization, pollution, commercial exploita-

tion, and introduction of exotic species contribute to extinction,

population fragmentation, and reduction in population sizes.

Changes in dispersal and gene tlow between populations and re-

duced effective population size occur concomitantly with these

environmental perturbations and may lead to loss of genetic di-

versity. Therefore, in addition to concerns about the outright loss

of freshwater bivalves, conservation strategies must consider the

potential ecological and evolutionary impact of changes in genetic

characteristics.

Genetic diversity has been shown to be relevant to population

health and probability of persistence (O'Brien and Evermann

1988. Quattro and Vrijenhoek 1989). Numerous studies of marine

bivalves report a positive relationship between genetic diversity

and surrogate measures of fitness such as growth (Garten et al.

1984. Koehn et al. 1988). fecundity (Rodhouse et al. 1986), and

survival (Diehl and Koehn 1985). Although this relationship has

not been extensively studied in freshwater bivalves, a comparable

relationship may be expected. Genetic diversity should be con-

served because of its immediate contribution to fitness-related

traits, and because genetic diversity is an essential component of

adaptation and evolutionary success.

Molecular genetic markers provide powerful tools to investi-

gate ecology, demography, biogeography. and evolutionary his-

tory. Genetic markers can be used to determine if a group of

organisms constitutes a species, subspecies, or population. Deter-

mination of species status has direct and immediate application to

conservation decisions as well as being of general interest to evo-

lutionary biology. More specifically, conservation biologists inter-

ested in freshwater bivalves are concerned with several issues that

can be approached from a molecular genetic perspective. These

issues include identification of Evolutionarily Significant Units

(ESUs) and Management Units (MUs), systematics and taxonomy,

spatial patterns of variation (intraspecific phylogeny), gene flow,

hybridization, inbreeding, bivalve-fish host relationships, and fo-

rensics. Currently, there are few molecular genetic studies of fresh-

water bivalves.

Several recent publications provide excellent summaries of mo-

lecular genetics and applications to conservation issues (Avise

1994. Moritz 1994a. O'Brien 1994. Avise and Hamrick 1996.

Hillis et al. 1996. Ferraris and Palumbi 1996. Haig 1998). Here, we

provide only a brief technical review and summarize information

regarding molecular genetic markers and freshwater bivalves. Our

focus is on conservation issues of freshwater bivalves and molecu-

lar approaches that may help address these issues.

MOLECULAR GENETIC MARKERS

Morphological and physiological phenotypes are often under

complex polygenic control, subject to environmental perturba-

tions, and may be direct targets for selection. In contrast, molecular

genetic markers (protein and DNA) have simple genetic underpin-

nings and most can be considered to behave as neutral markers.

Infonnation contained in these molecules can be used to evaluate

population and evolutionary processes. Selection of appropriate

molecular genetic markers, from the many that are available, is

critical. Of primary importance, the marker must provide genetic

variation appropriate to the question. Secondary considerations

include time required to process samples, specialized equipment or

training, and cost (Table 1).

Protein Electrophoresis

Protein electrophoresis provides a convenient, reliable, and

cost-effective tool to study population genetic processes. A general

overview of electrophoretic procedures and specific buffers and

staining methods can be found in Richardson et al. (1986) and

Hillis et al. (1996). Proteins are separated on or in a supporting

1395
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TABLE 1.

Comparison of methods available for molecular genetic studies and their routine application and relative cost.

Methods Application" Genome
Number
of Loci

No.

Individuals Cost

Protein electrophoresis
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depend on the number and distribution of recognition sites. Varia-

tion in fragment patterns arises from base pair substitutions, in-

sertions or deletions, sequence rearrangements, or differences in

the overall size of the target DNA. Data consist of restriction

fragment lengths, which are scored as present or absent or restric-

tion sites which are map locations. In the latter case, scores consist

of the presence or absence of recognition sequences. Software

available for the analysis of RFLP data includes RESTSITE

(Miller 1991 ) and RESTML (Felsenstein 1993).

Many RFLP studies involve digestion of the intact mitochon-

drial genome. Mitochondrial DNA is obtained following isolation

and purification of mitochondria using cesium-chloride gradient

centrifugation prior to digestion with restriction enzymes. The de-

velopment of PCR and associated techniques has made it possible

to apply the RFLP method to PCR products from nuclear and

mitochondrial genomes. A general scheme for RFLP data gener-

ated for the ITSl region of EUiptio is shown in Figure 2. RFLP

data are used to evaluate population differentiation and to recon-

struct phylogenies.

Random Amplification of Polymorphic DNA

Random amplification of polymorphic DNA (RAPD) uses

short (approximately 10 bp) primers to amplify random, anony-

mous sequences with PCR (Williams et al. 1990). Thus, no a priori

knowledge of sequences is needed. A single primer is used and

PCR products are fragments flanked by sequences complementary

to the primer. Data consist of presence or absence scores for size-

separated fragments on polyacrylamide or agarose gels. Polymor-

phisms display dominant-recessive patterns. Numerous primers are

commercially available to facilitate screening for informative

markers. This method is particularly useful, when crosses are done

to verify inheritance patterns. RAPD markers are usually applied

to intraspecific analysis. Software available for the analysis in-

cludes RAPDistance (Felsenstein 1993).

Microsatellite DNA

Microsatellite loci are a class of highly polymorphic markers

identified by tandem repeats of short (2-A bp) DNA sequences

(e.g.. AC„ or CTG^. where n = number of tandem repeats). Varia-

tion arises primarily from changes in copy number of the repeated

motif. These behave as simple co-dominant Mendelian polymor-

phisms and are readily scored when microsatellite fragments gen-

erated via PCR are size-separated on nondenaturing 6% polyacryl-

amide or 3-5% agarose gels. Multiple loci may be analyzed si-

multaneously (multiplexed) with a single PCR reaction when

fragment sizes are sufficiently different to allow identification.

Microsatellites are especially well suited to study genetic variation

within and among conspecific populations. A limitation to wide-

spread application of the microsatellite technique is the difficulty

in identifying loci and generating appropriate primer pairs for PCR

amplification. Additionally, primers are usually species-specific so

they must be developed for each application. Microsatellite analy-

ses provide multilocus genotypes that can be analyzed in a manner

similar to that available for protein electrophoresis. Software for

analysis includes Misat (Nielsen 1997), and MicroSat (available

via anonymous ftp at lotka.stanford.edu/microsat.html).

DNA Sequencing

DNA sequence data provide the most direct assessment of ge-

netic characteristics. Methods discussed above are indirect (protein

electrophoresis) or incomplete (RFLP) approaches to genomic

sequences. DNA sequence data are becoming widely used because

of the availability of PCR techniques and automated DNA se-

\

DNA extraction

PCR
Restriction enzyme digest

ccgaaaag;
CCGGAAAAd

ElUptio complanala ^
S Dral cutting site Kpnl cutting site

AGCG CTGGCCGTTT TTTAGATGGA GAGACACGAA AGCGCCGCAT
^GACT GGGTTGCGGA GGTGGcWpA TCGCCTCCTT CCCGGTCTAT

AAACCTGTGT AGATCCATGG CCGCCGGTCG GG^TArcbA AGTCCGAAGT AGGCCCGCAA
TGCTTCAAGC GGGGCATGTT CGACGAGAGC TTTGGTKTAG CGATGC^TTA AAJjAGAGAGC— " d-TTGOGTrr

GTTTCTCCTC
' CCCGACGGCC

TTCCAGCTAC GCCCCCGCCA CACATTCTTT TCCGCCCCGT GCGGTTTT^
GACATTGGTA ACCAAAAACG TCGACGGCTC GATTTGGCCA GGTTGGCTC

TGTCCATTTT GGGTCCGTCG ATGCAAGGGA TCGATCCGTC TCGTTCGTjP
RATCGATCCT AATCCTTGCA AGCCCCAGCT OGGGGGCGAG AAAGG

Score present or absent restnctron

fragments or restnction sites

50

100

200

300

400

500

750

1000

Origin

I Drg\ cutting site

Marker uncut cut cut

DNA withi with

Kpn\ Dral

Separate restriction fragments by size using agarose gel

Figure 2. Overview of RFLP analysis of the ITSl region of EUiptio cut with restriction enzymes Kpnl and Dral.
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quencing methods. Unlike the short primers used for RAPD analy-

sis, primers used to generate sequence data are usually 20-30 bp.

This length ensures specificity to the target DNA segment in the

PCR. Sequencing reactions usually involve chain termination with

ddNTPs to generate fragments with different lengths at termina-

tion. Fragments are separated in polyacrylamide gels and read

from autoradiogranis or with automated scanning devices.

One potential difficulty with DNA sequence analysis is se-

quence alignment. Sequence data from different samples must be

homologous to allow appropriate comparisons to be made. Align-

ment is usually not too problematic for protein-coding genes but

becomes increasingly difficult for rRNA (especially loop seg-

ments) and noncoding regions. Sequence alignment can be facili-

tated with programs such as Sequencher^''' and ClustalV as de-

scribed in Hillis et al. ( 1996). Loop or noncoding regions can be

aligned with the help of secondary structure programs such as

RNAviz (De Rijk and De Wachter 1997) and DCSE (De Rijk and

De Wachter 1993). Alignments should be verified by visual in-

spection. Following successful alignment of homologous se-

quences, data can be analyzed using PAUP*4.0 (Swofford 1998),

PHYLIP (Felsenstein 1993). MEGA (Kumar et al. 1993). and

Hennig86 (contact biodl@wuvn.gwu.edu).

CONSERVATION APPLICATIONS FOR MOLECULAR
GENETIC DATA

Application of molecular genetics to conservation of freshwater

bivalves has great potential that has only just begun to be realized.

Below we review available literature regarding the application of

molecular genetics to freshwater bivalves and speculate on some

uses for the future.

Evolutionarily Significant Unit

The concept of the evolutionarily significant unit (ESU) was

advanced by Waples ( 1991 ) and later Moritz (1994b) to address

the issue of genetic distinctiveness as recognized by the Endan-

gered Species Act (ESA). The ESU concept integrates genetic,

phenotypic. life history, ecological, and geographic information to

identify units that are independent over evolutionary time. With

the recognition of ESUs. conservation efforts are directed to the

evolutionary legacy of the species. ESUs reflect long periods of

genetic isolation and deep phylogenetic subdivisions. Management
units (MLM represent more recent separations and shallower ge-

netic subdivisions. Bowen 1998. and Roe and Lydeard (1998)

provide extensive comment on the ESU concept and its application

to molluscan conser\'ation.

The ESU concept has rarely been explicitly applied to bivalves;

however, as the following examples illustrate, this concept may
have broad utility for conservation of freshwater bivalves. Roe and

Lydeard (unpubl) argue for the recognition of ESUs in Potamihts

alatiis based on genetic data. Because genetic differentiation

(based on DNA sequences) between the two extant populations

from the Amite River and Black Warrior River was significant.

Roe and Lydeard argue that they represent separate targets for

conservation measures. Additionally, they suggested that specific

designation be given to the Amite River form. Similarly. Liu et al.

( 1996a) recommended that Pyf^anodon fiixindis from the Arkansas

River and South Platte River drainages be managed as separate

units (MUs). Populations in these drainages exhibited significant

genetic differentiation, especially for the male type mitochondrial

genome. King et al, (1997) used an RFLP approach with the ITSl

and COI genes to assess genetic differentiation in populations of

the green tloater, Lusmigona subvtnlis. They found significant

differences between a Pennsylvania population and populations

from West Virginia and North Carolina. King et al. (1997) argue

for a conservative approach, based on an assumption of genetic

distinction, in the management and conservation of freshwater

bivalves.

Taximomy

Recognition of an entity as an ESU or as a distinct species is

controversial, and no simple criteria for the distinction are avail-

able. The complexity and duration of the life history of freshwater

bivalves preclude the use of reproductive compatibility as a crite-

rion for species delineation; therefore, there has been strong reli-

ance on conchological characters. However, phenotypic plasticity

and convergence of form have led to confusion in many taxonomic

groups. Early malacologists clearly overestimated the number of

taxa (Boss 1971); however, there is growing evidence that subse-

quent synonymizing has oversimplified the situation (e.g,, EUiptio,

Davis and Mulvey 1993),

Taxonomy forms the basis for legal protection under the ESA,

Taxonomic uncertainty presents a problem for the conservation

biologist because, although taxa may be endangered or threatened,

without valid taxonomic names they cannot be evaluated for pro-

tection under the ESA, Additionally, phylogenetic distinction is

often considered in species recovery plans and resource allocation.

As Daugherty et al. (1990) stated, "good taxonomies are not irrel-

evant abstractions, but the essential foundations of conservation

practice."

Molecular genetic approaches are often useful to clarify rela-

tionships. Ambiguous taxonomic placements often occur, where

morphological criteria used to distinguish taxa exhibit phenotypic

plasticity. For such approaches to be useful, it is necessary to

estimate genetic differentiation within and between species. How-

ever, many endangered species are already too rare to permit suf-

ficient sampling for such studies, and attempts to reconstruct his-

torical demography are often complicated by the absence of inde-

pendent estimates of variation prior to exploitation or bottlenecks.

Additionally, it is difficult to draw conclusions when populations

are allopatric. Comparative studies provide evidence for generali-

ties regarding population genetic patterns and processes, A com-

parison of genetic diversity between common and rare species can

provide useful guidelines for managers. Although genetic distance

values alone cannot be used to establish taxonomic distinctions,

these values can be compared with others to evaluate ranges of

differentiation for populations, species, genera, etc. (see Table 3

for examples of allozyme data). Hoeh and Gordon ( 1996) provide

cautionary comments on applications and implications of molecu-

lar data for taxonomic issues. Davis (1983) examined bivalves in

the genera Uniomerus and EUiptio using allozyme electrophoresis

and morphological characteristics. These genera are very similar

conchologically. In addition to clearly distinguishing the two gen-

era, the allozyme data revealed three cryptic species among indi-

viduals previously recognized as a single species. ( '. wtralasmus

(Davis 1983). In this case, convergent morphologies obscured un-

derlying genetic distinctions.

In contrast, a recent study of molecular genetic characteristics

in the genus Pleurobema suggests that forms named on the basis of

conchological features may not exhibit significant genetic differ-

entiation (Kandl et al.. unpubl). Pleurobema reclusum is described
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TABLE 3.

Summary of genetic characteristics of freshwater bivalves determined from allozymes.
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distributed and eonchoiogically variable Py^uiuuloii amiulis were

described by Liu et ai. (1996a). Significant genetic dilTerentiation

was noted between populations of P. grandis from the South Platte

River and Arkansas River drainages. Mulvey et al. (19971 used

allozyme and DNA sequence data and a phylogeographic approach

with Ambleiihi species. Figure 3 shows the distribution of COI

haplotypes. The data confirmed the genetic distinction between

Amhiema neislerii and A. plicata and identified some difference in

haplotype occurrence between eastern and western populations of

A. plicata. The authors recommended that conservation effons be

directed to A. neislerii which has a range restricted to the Apalachi-

cola River draniage in Georgia and Florida and narrow habitat

requirements. This study also identified a genetically distinct but

eonchoiogically cryptic form, A. elliottii. from the Coosa and Co-

nasauga Rivers. Additional work will be required to determine the

conservation status of A. elliottii.

Phylogenetic Reconstruction

Evolutionary history can be estimated through the study of

contemporary taxa. However, as suggested by the studies above,

contemporary taxonomy and phylogenetic analysis can be at odds

because phenotypically defined categories are not necessarily

monophyletic. Adamkewicz et al. (1997) present a phylogenetic

reconstruction for bivalve mollusks. including the freshwater bi-

valves, Elliptio coinplanata and Utterhackia itnhecillis. based on

DNA sequences for the 18S rRNA gene. Rosenberg et al. (1994)

used about 150 bp of the D6 region of the large RNA subunit (2SS)

to construct relationships among bivalve and gastropod mollusks.

This study included 20 freshwater bivalves. The data supported the

distinction between Margaritiferinae and Ambleminae as dis-

cussed by Davis and Fuller ( 1981 ) but did not recognize a distinct

Anodontinae clade advocated by these authors. Lydeard et al.

( 1996) used DNA sequence data for the 16S rRNA gene to con-

struct a phylogenetic hypothesis for North American Unionaceans

based on 29 taxa (Fig. 4). These authors argued for the recognition

of families Margaritiferidae and Unionidae. The subfamily Ano-

dontinae was clearly distinct from the remaining Unionidae; how-

ever, these data did not fully resolve relationships for the currently

recognized Ambleminae and Lampsilinae. Additionally, these au-

thors presented a previously unrecognized clade containing Mega-
lonaia.s and Quadrula. Additional analyses of North American and

global unionaceans are needed to clarify relationships and to serve

as a basis for setting conservation priorities.

Hoch ( 1990) used allozyme and morphological data to generate

phylogenetic hypothesis for 13 presumptive species of eastern

North American Aiuulanta. Substantial revision was recommended

with the three genetically differentiated clades given generic rank

(Anodonta. Pyganodon. and Utterhackia). The molecular data sug-

gested that ecophenotypic plasticity led to serious problems for

traditional approaches to species determinations and evaluation of

phylogenetic relationships. L'mbo height relative to the hinge line,

considered an important diagnostic characteristic, was shown to be

misleading and did not identify monophyletic groups.

A cladogram derived from rnolecular genetic or other data can

be used as a conservation tool. The terminal branches of the clado-

gram are extant taxa of potentially immediate conservation con-

cern. Deeper branches indicate which groups are species-rich and

which are species-poor. Although a controversial notion among
conservation biologists, one strategy might be to focus conserva-

tion efforts on the smaller groups and assume that loss of one or

two species from the species-rich clades would be less significant.

Bivalve-Fish Host Relationships

Conservation of freshwater bivalves is linked to fish conserva-

tion because of the complex life history and obligatory relationship

of the glochidial stage. Regrettably, bivalve-fish host relationships

are known for only about 25% of the North American bivalves and

many proposed relationships are questionable (Hoggarth 1988,

1992). Failure to understand this critical life history relationship

severely constrains conservation efforts. For example, the prob-

Figure 3. Distribution of haplotypes for the 16S rRNA gene for Amhiema plicata. A. neislerii, and A. elliottii. (from Mulvey et al. 1997).
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ability of success witli in-situ preservation, translocation, or labo-

ratory propagation would be greatly enhanced if reproductive re-

quirements were known.

Their association with fish limits natural dispersal of unionids.

The type and number of host fish utilized will affect dispersal and

gene flow probabilities and, therefore, the likelihood of genetic

divergence among populations. Kat ( 1984) argued that differences

in patterns of genetic structure (determined with allozymes) in two

widely distributed bivalves might be attributable to host fish rela-

tionships. Elliptio coinplanata commonly utilizes the yellow

perch, Perca flavescens. as a host. Yellow perch are restricted to

fresh or slightly brackish waters, display teiTitorial behavior, and

may be restricted to particular areas within a drainage. EUiptio

compUmata exhibited considerable differentiation in allozymes

and morphological characteristics between drainages and even

within drainages, as might be predicted from the limited dispersal

associated with this host fish. In contrast, Anodonia implicutci uses

an anadromous host fish (alewife, Alosa pseudoharengus) which

displays considerable movement within and, potentially, among

drainages. Anodonta implicata populations exhibited relatively

little genetic or morphological divergence among populations even

at the extremes of their range.

Currently, most determinations of host fish suitability are done

using laboratory exposures (Zale and Neves 1982). Other studies

use morphological traits (e.g., glochidial shape, presence/absence

of hooks) to identify glochidia collected from fish taken in the

field. Morphological traits often provide identification only to sub-

family. A method that would allow glochidia to be identified to

species after removal from fish would provide much-needed data

on this important portion of the life history and significantly im-

prove our ability to manage this fauna. To be useful, such a tech-

nique must accommodate many taxa (e.g.. the Cumberland drain-

age is home to 87 uiiionid species) and also be able to distinguish

among co-occumng congeners (e.g., at least five species of EUip-

tiii occur in the Savannah River).

White et al. (1994) reported a molecular genetic technique that

has promise for identification of glochidia taken from infested fish.

They used RFLP patterns (ITS I region) of encysted glochidia

taken from fish and matched them to RFLP patterns of adult union-

ids to make identifications. However, the discriminating power of

RFLPs was not sufficient below the level of genus for the 25

unionid species found m their French Creek, Pennsylvania study

area. The authors suggested that DNA sequence data should be

able to distinguish species. DNA sequences are unique to species

or populations and could be used in habitats where many fresh-

water bivalves and fish co-occur.

Hatchery Populations

The rapid decline of many freshwater bivalve populations has

led to increased efforts to rear critically endangered species in
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hatcheries for eventual release to the wild. One goal must be the

maintenance of genetic characteristics that maximi/e the probabil-

ity of success when bivalves are repatriated. In the hatchery situ-

ation, two issues of concern lend themselves to a genetic approach:

changes in allele frequency and loss of genetic variation due to

drift and domestication during capti\ity. Genetic diversity may
decline rapidly in captive populations because of small numbers of

breeding adults, founder effects, and selection for hatchery-

adapted stocks. Allozyme or DNA-based genetic markers provide

convenient methods to characterize stocks at their establishment in

the hatchery and to monitor stock integrity over generations of

maintenance in the hatchery. An additional application of molecu-

lar genetic markers is the identification of unique stocks. Where

genetically distinct populations (ESUs) have been identified, it is

desirable to maintain separate gene pools as these may represent

locally adapted gene complexes and their integrity would enhance

the probability of success during repatriation.

Forensic Applications

Molecular genetic techniques have considerable potential for

use in conservation law enforcement. Forensic applications include

the identification of bivalve material that finds its way to commer-

cial uses (Baker et al. 1996). PCR techniques especially are well

suited to this problem. Only small amounts of tissue are needed

and the many markers that can be developed make identification

and determination of specimen origin very likely. For commer-

cially exploited species transported across jurisdictions, this ap-

proach can lead to effective legal intervention. Molecular genetic

data are currently being used to investigate allegedly poached

washboards. Megciloimias nen-osa (C. Lydeard. pers. com. to

MM).

SIGNIFICANCE

Molecular genetic approaches are not a panacea for the con-

servation of freshwater bivalves. They are not appropriate for ev-

ery species or every question, however, for some controversial

issues such as the establishment of ESUs. they provide a powerful

tool. Knowledge of genetic population structure, evolutionary re-

lationships, and taxonomic validity of names is essential in making

appropriate recommendations for conservation of unionid diver-

sity. Among the more than 300 species of North American fresh-

water bivalves. 3 1 % are considered endangered, 14.5% threatened,

and 247c of special concern (Williams et al. 1993). Therefore, the

need to document patterns of genetic variation and species bound-

aries in unionids is urgent. On-going loss of suitable habitat and

habitat fragmentation will likely accelerate the urgency. Studies of

patterns and processes affecting genetic differentiation are criti-

cally needed to increase the effectiveness of conservation efforts

directed toward freshwater bivalves.

In the face of huge ecological and demographic issues in the

conservation of freshwater bivalves, does it make sense to spend

limited resources on genetic studies? The answer is a resounding

"yes." Although ecological and demographic considerations are

essential, genetic data provide much to the decision-making pro-

cess. Conservation goals for freshwater bivalves are twofold: to

increase the likelihood of species survival, and to conserve eco-

logical and evolutionary processes for the long term. Both goals

necessarily require the maintenance of genetic diversity. However,

a simple inventory or description of genetic characteristics is not

sufficient to meet these goals. Freshwater bivalves exhibit differ-

ences in mode of reproduction (hermaphrodite versus gonochoris-

tic). reproductive strategy (simple or elaborate packaging of lar-

vae), and host specificity (narrow or wide). Therefore, genetic data

must be coupled with knowledge of biogeography, life history, and

ecological data to formulate management plans that meet conser-

vation goals.
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ABSTRACT Relocation of native freshwater bivalves has been used as a conservation tool primanly for restorative or supplemental

reasons and to remove populations from the immediate impacts of construction projects. Though the presence of indigenous bivalves

was most often used as an indicator of suitable habitat to receive relocated animals, subtle ecological and evolutionary differences

between communities may have precluded successful relocation. We discuss the importance of maintaining genetic diversity within and

among populations, the potential for spread of disease causing pathogens and parasites, and suggest approaches that could lead to

improved relocation success, with the ultimate goal of maintaining the evolutionary lineages of freshwater bivalve species. Conser-

vation efforts should strive to ensure that genetic variation is preserved to maintain the potential for future evolutionary change, and

intervene as little as possible when managing the genomes of threatened species. However, when relocations are deetned necessary,

every precaution should be taken to minimize the effects of gene drift and inbreeding depression by providing sufficiently large

effective population sizes. Those involved in relocations should also exercise vigilance to avoid the pitfalls of outbreeding depression

resulting from mixing divergent evolutionary lineages and the potentially catastrophic consequences of introduced pathogens. In

addition, relocation attempts to supplement population size and maximize genetic diversity of historically small populations may lead

to the loss of critical adaptive features including the relationship established with the parasitized host(s). Management efforts that focus

on the protection of existing populations, and the discovery and protection of new populations of threatened taxa, may represent a more

realistic conservation strategy than the creation of populations of unknown ecological and evolutionary potential.

KEY WORDS: Freshwater bivalves, genetic diversity, pathogens and parasites, relocation

HISTORY OF RELOCATION PROGRAMS

Relocation of native freshwater bivalves within and between

drainages has been used as a conservation tool over the past sev-

eral decades primarily for restoiing or supplementing populations

(Ahlstedt 1979: Sheehan et al. 1989; Jenkinson 1985; Koch 199.^;

Layzer and Gordon 1993) and to remove populations from the

immediate impacts of construction projects (Jenkinson 1989;

Trdan and Hoeh 1993). Cope and Waller (1995) recently reviewed

the results of numerous relocation efforts and found that the ma-

jority included a monitoring phase to determine relocation success

though most were monitored less than 1 y. Fewer than lOVc were

monitored for 5 y. Efforts to monitor the success and impact of

relocation programs have focused primarily on determining sur-

vival rates of the relocated animals and relatively few efforts in-

cluded evaluation of recruitment. Survival and recovery rates were

generally low, often influenced by environmental factors and the

species involved. Though most projects used the presence of in-

digenous bivalve species as an indicator of suitable habitat to

receive relocated animals, subtle ecological and evolutionary dif-

ferences between communities may have precluded successful re-

location. Little evidence exists that past relocation programs con-

sidered identification and preservation of genetic diversity within

a species or assessed the potential ecological health issues related

to introduction of divergent genomes or disease agents to resident

populations.

Presently, the invasion of North American waters by the zebra

mussel (Dreissena polymorpha) poses a major threat to native

freshwater bivalves and has resulted in a perceived need for relo-

cation efforts. The impact in some areas is substantial and may be

the primary cause for the decline of bivalves in the Great Lakes

(Schloesser and Napela 1994). As the zebra mussel advances, the

prognosis for native freshwater bivalve populations is bleak, es-

pecially for populations of species considered to be threatened and

endangered. In 1996, zebra mussel densities in the lower Ohio

River exceeded 14.000 per square m. and tnortality of native bi-

valves exceeded }:Q9c (P. Morrison. Ohio River Islands NWR,
USFW'S pers. coinm). Based on infestation rates seen in other

rivers, the prognosis in areas of high infestation in the Ohio River

is potential extirpation of endangered bivalve species, as well as an

overall decline of the Ohio River native bivalve fauna. To help

address the zebra mussel threat, salvage programs have been in-

stituted that allow the removal of threatened and endangered bi-

valve species from zebra mussel-infested areas of major rivers.

The urgency felt as a result of zebra mussel introduction limits the

amount of time available to conduct research into aspects of native

freshwater bivalve relocation.

Use of relocation and salvage programs as conservation tools

must be carefully scrutinized. The impact on the ecological and

evolutionary processes within species and associated communities

should be investigated given the importance of these processes to

long-term survival of species (Hamrick and Godt 1996) and the

vulnerability of many freshwater bivalve species to extinction

(Williams et al. 1993). Not considered in previous relocations was

the role genetic diversity may play with regard to fitness of relo-

cated animals (Hinch et al. 1986; Hinch and Green 1989; Iglesias

et al. 1996) and the potential consequences of combining animals

from disjunct populations. Furthermore, since most relocations

have occurred within the same drainage, the presence of the fi.sh

host was often assumed prior to relocation. The literature revealed
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few relocations (Sheehan et al. 1989; Jenkins on 1985; Layzer and

Gordon 1993; Morgan et al. 1997) verified the presence of the host

or attempted to relocate the host along with the bivalve species.

We will discuss the importance of maintaining genetic diversity

within and among freshwater bivalves, and the likelihood for

spread of disease causing pathogens and parasites to relocated or

resident animals. Finally, we will suggest approaches that could

lead to improved relocation success and ultimately help maintain

the evolutionary potential of freshwater bivalve species.

GENETICS CONCERNS

Biological classification provides the fundamental basis for

management decisions, yet effective management of imperiled

species is often complicated because inadequate information exists

for identification of species, subspecies, or distinct population seg-

ments (Avise and Nelson 1989). Morphological taxonomic meth-

ods are often inadequate to sufficiently differentiate groups along

phylogenetic lines due to the lack of congruence of characters

(Stepien and Kocher 1997). These characters, which can be phe-

notypically plastic, often fail to provide identification of closely

related species or intraspecific groups (Avise 1994). Recent ad-

vances in the development of molecular biological techniques al-

low investigators to detect genetic variation at an unprecedented
scale and have made available numerous genetic markers to evalu-

ate evolutionary processes such as rates of change or constraints on

change (Hillis et al. 1996). Concomitant with the advances in

resolution has been the rise of phylogenetic systematics (or phy-

logenetics) to examine inter- and intrageneric relationships (Hillis

et al. 1996, Ferraris and Palumbi 1996, Stepien and Kocher 1997)

and intraspecific phylogeography, a coalescence of population ge-

netics, phylogenetics, and biogeography (Bermingham and Moritz

1998). Thus, contemporary population genetics and phylogenetic

studies have provided the essential ingredients (i.e., informative

molecular markers) to achieve more enlightened evolutionary in-

quiries (Hillis et al. 1996).

Freshwater bivalves, which are among the most threatened ani-

mals in North America (Williams et al. 1993). present major taxo-

nomic quandaries and other significant challenges to conservation

biologists attempting to maintain ecological and evolutionary pro-

cesses within and among populations. Bivalves are phenotypically

plastic as both morphology and conchology are susceptible to en-

vironmental influences (Baker 1928, Galtsoff 1964, Johnson

1970). External phenotypes are not an infallible guide to the par-

titioning of genetic diversity and may not re\'eal true genetic re-

lationships because the rate of change is not the same in all lin-

eages and evolution may cause species to converge as well as

diverge.

Freshwater bivalves possess a complex reproductive cycle re-

quiring a host for successful transformation from a glochidial

stage. It has been suggested that the dispersal pattern of the host is

related to the level of genetic differentiation among bivalve popu-
lations (Kat 1983. Kat 1984, Kat and Davis 1984). Some bivalve

species and even individuals within a population are hermaphro-
ditic with the potential for simultaneous gonadal development and

subsequent self-fertilization (Downing et al. 1989). The explicit

impact of hermaphroditic reproduction or the host on genetic

population structure of freshwater bivalves remains unknown.

Biologists recognize the importance of diversity within species

and the potential for morphological, physiological, behavioral, or

genetic diversification among populations (Meffe and Carroll

1994). Conservationists also appreciate that some component of

the variation is genetically based and evolutionarily significant

(Futuyma 1986, Meffe and Carroll 1994). However, relatively

little information is available on the amount or distribution of

genetic diversity present at any taxonomic level in freshwater bi-

valves. If a goal of conservation efforts is to permit the continued

evolution of species (or any unit of management), then it is im-

portant to establish the genetic and taxonomic relationships among
managed individuals or populations. Correct delineation of the unit

of management is especially critical when the composition of a

population is manipulated, whether by reintroduction from exter-

nal stocks or by reestablishment of gene flow and migration pat-

terns by the exchange of individuals from different populations.

A common assumption in conservation genetics is that higher

levels of within-population genetic variation (i.e., heterozygosity)

enhances the probability of a population's survival over evolution-

ary time (Avise 1994). In the context of a relocation program,

genetic diversity may decline rapidly in bivalve populations as a

consequence of severe bottlenecks if the number of breeding adults

is small (i.e., due to founder effects). In small populations, gene

frequencies change from generation to generation, even in the

absence of selection, mutation, or migration. A gradual increase in

homozygosity (i.e., an overall decline in genetic diversity) is a

likely outcome for small populations due solely to chance effects

(i.e., random genetic drift). The probability of small populations

with reduced levels of genetic diversity surviving a stochastic

event, such as an environmental perturbation, may be reduced. If

relocation programs are based on small populations, genetic diver-

sity may be lost at a rate inversely proportional to a subset of the

actual viable number of adults (i.e., the effective population size)

(Vrijenhoek 1996). For freshwater bivalves, the genetically effec-

tive population size is influenced by such factors as hermaphro-
ditic reproduction, fertilization success, stochastic fluctuations in

population size, and low densities of hosts.

Managers implementing freshwater bivalve relocation pro-

grams should be aware of factors that reduce the effective popu-

lation size, increase homozygosity, and ultimately increase the risk

for reduced fitness (i.e., inbreeding depression). Studies on experi-

mental animals from wild populations (Templeton 1986, Allendorf

and Leary 1986, Obrien et al. 1996) and zoological parks (Ralls

and Ballou 1983) consistently confirm the ubiquity and magnitude
of the effects of inbreeding depression. However, species differ

markedly in their resistance to inbreeding depression. Numerous

plants reproduce naturally by self-fertilization and those freshwa-

ter bivalve species that are hermaphroditic may innately resist

inbreeding depression. In the absence of empirically derived data

for freshwater bivalves, one must assume that inbreeding depres-

sion is a significant consequence of reduced population size in

relocation programs.

Genetically diverse populations should be capable of adapting

more successfully to biotic and abiotic changes in their environ-

ment. For example, individuals possessing two forms of a gene

(i.e., heterozygous for a gene or gene product such as an enzyme)

may pertomi better than individuals exhibiting a homozygous ge-

notype. The mechanisms underlying the associations between het-

erozygosity and fitness are not well understood (Vrijenhoek 1994)

and are the focus of much debate (Ohta 1981, Turelli and Ginzburg

1983, Ledig et al. 1983, Zouros and Foltz 1987). However, in-

creasing evidence supports a positive correlation between het-

erozygosity and fitness as expressed by survival, growth, fertility,

and disease resistance in plants and animals (Allison 1955,
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Frelinger 1972. Milton and Grant 1984. Allendorf and Leary 1986.

Ledig 1986. O'Brien and Evermann 1988). Although few data

comparing freshwater bivalves are available, a number of studies

of marine bivalves have suggested a positive association between

survival and heterozygosity during some portion of their life cycle

(Allendorf and Leary 1986). Managers of remnant freshwater bi-

valve populations should be cognizant of the potential usefulness

of heterozygosity-fitness correlations (Vrijenhoek 1996).

Relocation of bivalves between previously isolated populations

may be a viable mechanism to supplement depleted populations

and simultaneously combat inbreeding depression. However, there

are potential problems associated with the mixing of discrete popu-

lations, including outbreeding depression (Mayr 1963. Wallace

1968. Templeton 1986. Leberg 1993). the loss of local adaptations

(Lande 1995). and the spread of pathogens and parasites (Andrews

1980; see ne.xt section). Outbreeding depression refers to the phe-

nomenon of fitness reduction in offspring following introgressive

hybridization either in immediate hybrids or later generations due

to the disruption of complex developmental pathways that have

evolved to function in a coordinated manner (i.e.. coadaptive

genes) (Templeton 1986). Therefore, if genetically divergent bi-

valve populations are mi.xed. the resulting hybridization could dis-

rupt coadapted gene complexes and increase the probability of

continued population decline, especially during the initial stages of

the relocation effort (Templeton 1986).

Evolution occurs as a result of successive change in the kinds

and frequencies of genes that occur in populations, and it results in

progressive increase in the adaption of organisms to their environ-

ment (Lande 199.5. Lynch 1996). Attempts to supplement popula-

tion size and maximize genetic diversity of historically small

populations by relocation may lead to the loss of critical adaptive

features including the relationship established with the fish host. In

many host-parasite relationships genetics plays the primary role in

host recognition and selection. Host recognition often is deter-

mined by chemical cues (Bush 1975) and the genes controlling

host selection are involved in chemoreception. If the original (re-

located) population and the receiving population are significantly

divergent as to utilize different host species, the relocated popu-

lation may be unable to sustain itself in the new environment.

DISEASE CONCERNS

Limited information exists in the scientific literature concern-

ing diseases, or potential etiological agents of disease, in freshwa-

ter bivalves. Diseases caused by bacteria, viruses, parasites, and

those of unknown etiology have been reported in marine bivalves,

and the transfer of disease among marine bivalves is well docu-

mented (Andrews 1980; Lauckner 1983; Bower and Figueras

1989; Figueras 1989). Categories of pathogens that have been

reported or suspected in marine bivalves include ( 1 ) bacterial,

including Rickettsiae and Clilamydiae- (2) algal, which causes

decreased filtering and larval settlement; (3) protozoans; (4) meta-

zoans such as Proctoeaes inaciilatiis. whose pathogenicity is var-

ied depending on host species and environmental factors such as

temperature; and (5) crustaceans including Mytilicala and M. in-

testinalis which have been the cause of high mortalities (Bauer et

al. 1994).

Much can be learned from the experiences involving eastern

oyster (Crassostrea virginica) relocation programs which illustrate

the potential ecological and evolutionary consequences of bivalve

relocations. To sustain commercial harvests, oysters have been

transplanted in coastal waters without much regard for adaptations

of local races to the new environments (Andrews 1980). The ex-

tensive relocation of native oysters can consequently lead to ge-

netic mixing and to the potential spread of diseases, with the

impact on endemic communities often difficult to predict. An-

drews (1980) reviewed introduction programs of oysters and pro-

vided vivid examples of the consequences of moving the species

from one locality to another. Malpeque Bay disease in oysters was

documented by Needier and Logic (1947). Oysters (C. virginica)

from New England were used to supplement oyster production in

Malpeque Bay at Prince Edward's Island. Canada. Within the first

year of importing oysters, severe mortality occuired due to an

unknown etiology and continued for a number of years. Though
native oysters eventually developed resistance to the pathogen, the

disease spread throughout the bay, to other bays and tributaries of

mainland New Brunswick, with the pathogen still present in these

systems. Imported oysters carrying the pathogen Mincliinia nelsoni

are believed to have caused over 90% mortality in oysters from the

Delaware and Chesapeake Bays in the late 1950s (Rosenfield and

Kern 1979). Perkinsus iiiariiuis from seed oysters transported from

South Carolina is believed to have caused a disease in oysters in

the Chesapeake Bay. These examples imply that populations of C.

virginica may have evolved differing degrees of susceptibility to

disease and pathogens, which would reflect genetic differences

between these populations.

The general lack of information on diseases of freshwater bi-

valves reflects the minimal effort placed in this area of study

because, aside from the use of shells of certain species for seed

material for production of cultured pearls, they have not achieved

the economic importance of marine bivalves. One study is avail-

able which describes a pustular disease in the freshwater species

Anodonta anatimi in the Vantaa River (Pekkarinen 1993). causing

slow shell growth and even death, but the cause or etiological

agent is unknown. Basic information, including the bacteria and

viruses inherent in native freshwater bivalves, is often not avail-

able in the literature. Starliper et al. (1997) evaluated the native

bacterial flora of freshwater bivalves from the Ohio River. They
found that animals maintain a bacterial flora on average 1-3 x 10^

cfu/g of soft tissue and although total cfu/g remained relatively

stable, the bacterial flora changed within 24 h after the animals

were placed in water different from their source water, likely re-

lated to the pumping rate of the species, environinental flora, and

various environmental conditions.

A not so obvious consideration of relocations is prior exposure

to pathogens. For example, bivalve species A is moved to a site

with bivalve species B present. Species A is a pathogen carrier and

could be innately immunologically tolerant, but species B has not

been previously exposed and is more susceptible. If environmental

conditions at the relocation site are conducive to survival of the

introduced pathogen, survival of species B has now been jeopar-

dized. The reciprocal of this situation may also occur, where spe-

cies A is more usceptible to pathogens present at the relocation

site.

Because of their anatomy, bivalves can harbor many water-

borne organisms. Andrews ( 1980) presented historical evidence of

the introduction of exotic invertebrates through oyster relocations.

The oyster drill. Urosalpinx cinerea. was one of several exotics

transported with the oysters that have had economic consequences

on the oyster industry in Europe. The importation of Crassostrea

gigas from the Pacific Ocean has resulted in the decline of at least

two oyster species in Europe, notably the extirpation of the Per-
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tuguese oyster in France (Andrews 1980). The potential for a

disease or parasite to be spread to nonbivalve organisms has been

documented between imported oysters and native crabs. Parasites

found in the shells of imported oysters infested the native mud

crabs Eurxpcnrnpeiis depressiis and Ritluopanopeus liarrisi. which

scavenge dead oysters, and is believed to be the cause of their

decline in Virginia (Van Engel et al. 1966). Bower and Figueras

(1989) discuss the potential for transfer of pathogens during trans-

plantation of bivalves, both among individuals or species of bi-

valves, and from bivalves to other animals. The marine bivalve

Mytilis edulis can be a host of the oyster pathogen Marteilia re-

friiigeiis and potentially serve as a vector. A similar scenario could

be envisioned with reference to the fish host of freshwater bi-

valves. Known fish pathogenic bacteria have been identified in

marine bivalves (Lauckner 1983). Recently, Fluvohacterium co-

lumnare. a pathogen to many species of warm and cool water

fishes (Bullock et al. 1986). was isolated from a freshwater bivalve

Amhiema plicatii taken from the Ohio River (Starliper et al. 1997).

Relocation of freshwater bivalves without consideration for the

potential of disease contagion could introduce the risk. This will be

exacerbated in intensive culture-rearing facilities and at facilities

rearing bivalves and fish.

Since fish are an integral component of the freshwater bivalve

life cycle, the spread of disease to the host can significantly affect

the ultimate success of bivalve relocation efforts. The survival of

relocated bivalves depends on the presence of the host fish in this

new habitat and their ability to successfully exploit the host. It is

known that fish species and populations can develop innate resis-

tance to certain pathogens through continued and natural exposure.

Relocated fish may lack pathogen specific immunity, and there-

fore, be susceptible to pathogens in the new environment. The

same could be true with innate resistance in relocated bivalve

species.

Though zebra mussels are not considered pathogenic, per se.

they are a good example of how freshwater bivahes could serve as

a "vector" in a relocation effort. A recent example involved the

collection of Fusconaia ebena in a zebra mussel-infested portion

of the Ohio River. Current quarantine protocol (Chaffee 1997)

calls for holding native bivalves in zebra mussel-free water for 30

days, at which time veligers should be visible. Collected F. eheiui

were initially scrubbed and examined for zebra mussels prior to

quarantine. After 30 days, zebra mussels were visible, initiating

another scrubbing, examination, and another 30-day quarantine.

After the second 30-day quarantine, zebra mussels were again

visible on the native shells. It is believed the zebra mussels were

present in the hinge and crevices of the native freshwater bivalve

shells and once they outgrew that location, they migrated out onto

the shell where the space could accommodate further growth. This

experience provided evidence for the potential and ease with

which a nondesirable or exotic organism can be relocated with

freshwater bivalves if sufficient quarantine protocols are not in

place.

RECOMMENDATIONS FOR ENHANCING LONG-TERM

RELOCATION SUCCESS

To maximize its effectiveness as a conservation tool, a fresh-

water bivalve relocation strategy should address two basic objec-

tives: ( 1 ) it must provide for a high probability of long-term per-

sistence of the species, and (2) it must do so with minimal impact

on other organisms in the ecosystem. To achieve these objectives,

we propose that relocation should be based upon the potential for

gene exchange between geographic populations (i.e.. connectivity

between bodies of water) and knowledge of and access to t"ish

hosts. However, some degree of risk must be acknowledged under

these conditions, as the potential for large-scale spatial genetic

differentiation among geographic populations of bivalves over

short distances has been documented (King et al. 1994). Reloca-

tion is not recommended until a direct evolutionary relationship

(i.e., confirmed the presence of gene flow) is confirmed between

the geographic populations and the host species is determined.

Molecular genetic techniques are available for confirming the

presence of gene flow among populations of freshwater bivalves.

Freshwater bivalve species and their hosts have evolved together

over time, therefore, the bivalve and its fish host should be man-

aged as a unit. Thus it is critical that the host be determined for

each bivalve geographic population, unless there are no barriers to

fish movement between sites within the drainage.

Because of the dependence on a host (e.g.. fish) for completion

of their life cycle, additional research is needed to determine the

identity of the host and the status of the host population at the

proposed relocation site. Although the identity of the host(s) spe-

cies is unknown for many freshwater bivalves, a strong correlation

has been observed between bivalve diversity and fish diversity

(Watters 1992). Thus, it seems possible (even probable) that a

relationship exists between bivalve and fish distributions. If true,

gene flow among geographic populations of bivalves may be

highly dependent upon the obligately parasitized fish host. In an

attempt to link freshwater bivalve genetics and population struc-

ture to the population structure of the host fish, Kat and Davis

( 1984) proposed that the dispersal pattern of the host species may

explain the le\el of genetic differentiation among populations of a

freshwater bivalve, Elllpuo coinplanaui. in Nova Scotia. In an

ongoing study by King et al. (unpubl), DNA sequence variation

indicates a lack of gene flow between tributaries of the same river

and between northern and southern drainages supporting popula-

tions of iMsniigona suhviridis in the Atlantic drainage. This find-

ing may reflect utilization of behaviorally divergent or reproduc-

tively isolated fish populations or utilization of an entirely differ-

ent species of fish host.

Relocation of a species between drainage systems within the

species" range with a confirmed host species present is acceptable

if the evolutionary relationships between the freshwater bivalve

populations affected by relocation are known and the relationship

with the host is determined and maintained following the reloca-

tion. In addition, a quarantine system should be in place to mini-

mize the risk of transferring pathogens or unwanted organisms,

such as the zebra mussel, into the receiving system. Relocation is

unnatural, and probably inappropriate for some systems, because

the current isolation of distinct populations is a consequence of

natural climatic and geologic processes rather than anthropogenic

disturbance. Artificial inlrogression between isolated populations

will no doubt alter the traits that define the native forms. Indis-

criminate mixing might disrupt local adaptations, lead to outbreed-

ing depression, and introduce pathogenic agents.

To minimize the risk for introducing diseases, studies should be

designed to identify pathogenic diseases in freshwater bivalves,

including those caused by bacteria, viruses, and parasites. These

studies should determine the potential for pathogens to be spread

between bivalve species, as well as from bivalves to fish, and vice
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versa. Surveys should be conducted of resident fish and bivalves at

the relocation site to determine background levels of pathogens in

these ecosystems. Susceptibility to diseases may vary between

freshwater bivalve populations, therefore efforts must be made to

determine that animals are pathogen free prior to relocation to

reduce the risk of introducing the disease to areas w here they may
not cunentlv exist. At a minimum, bivalves should be inspected

and tested for certit'iable fish pathogens before relocation. A well-

designed monitoring program should document short- and long-

term effects to the bivalve community. Pathogens may not only

affect the survival of relocated or resident bivalves but also their

overall fitness and reproductive potential.

Conservation of freshwater bivalves will likely encompass in-

tensive culture for enhancement and broadening of natural com-

munities, especially for threatened or endangered species. In con-

junction with intensive culture of bivalves, genetic integrity and

prevention of disease are concerns that w ill surface. Ensuring de-

sirable outcomes will depend on husbandry practices that will

correctly address these concerns.

Relocation outside the species" known geographic range, oth-

erwise known as an introduction, does not constitute a conserva-

tion strategy and should not occur even if a recognized fish host

from within the range is present. Community-level devastation

resulting from the introduction of non-indigenous plants and ani-

mals has been well documented (Pimm 1991, Meffe and Carol

1994). Regarding aquatic systems, the e.xtinction of native tlshes

of North American deserts precipitated by the introduction of

predatory exotic fishes (Minckley and Deacon 1991) and the

spread of nonindigenous mollusks, especially Asiatic clams iCor-

biciila fhiiiiiiiiiwayand zebra mussel (Dreissena polymorpha). rep-

resent some of the more striking examples of disastrous introduc-

tions.

Relocations to prevent deterministic extinction when some-

thing essential is removed (e.g., available habitat) or when some-

thing lethal is introduced (e.g., zebra mussels) are probably war-

ranted even if the relocation criteria mentioned above are not sat-

isfied. But the relocation should not increase the likelihood of

normal environmental perturbations resulting in a stochastic ex-

tinction. The introduction of a small, effective population with or

without the presence of a host fish, combined w ith all the stresses

associated with the relocation process, may provide conditions that

will increase the likelihood of a stochastic extinction (Soule and

Simberloff 1986).

SUMMARY

The maintenance of genetic diversity is a prerequisite to the

conservation of ecological and evolutionary processes and thus,

the ultimate survival of freshwater bivalve species. Factors affect-

ing short-term survival (i.e., demographics) (Lande 1988, Neves

1997) should not be given priority over genetic considerations

(Hamrick and Godt 1996) as the evolutionary potential (i.e., long-

term viability) of any species depends upon the amount of genetic

diversity present. If ecologically and evolutionarily discrete geo-

graphic populations (or species) of freshwater bivalves are per-

ceived to be homogeneous, this has the potential to lead to severe

lumping and to the dismissal of intraspecific groups. This has

immediate implications for conservation biology because of the

critical role taxonomy plays in the implementation of the Endan-

gered Species Act (ESA), particularly regarding invertebrates.

Freshwater bivalves and other invertebrates are not recognized at

the population level as units eligible for protection and manage-

ment under the ESA. The ESA, as amended in 1978, grants pro-

tection to ""any subspecies of fish or wildlife or plants, and any

distinct population segment of any species of vertebrate fish or

wildlife that interbreeds when mature." Invertebrate and plant

populations that constitute an "important component in the evolu-

tionary legacy of the species" can only be protected under the ESA

if the entire species is listed or if the observed differentiation

warrants a subspecific designation. Similarly, if a segment of the

species' range warrants removal froin the list, the entire species or

subspecies must be removed from protection. If a goal of conser-

\ation biology is to preserve genetic integrity and evolutionary

lineages, recognition and protection must be mandated for in-

traspecific differentiation within bivalves.

Any future freshwater bivalve relocation efforts should be de-

signed as controlled multidisciplinary experiments directed at de-

termining the appropriate effective population size, documenting

the relationship between bivalve and host, and measuring the im-

pact of the introduction on the entire bivalve and fish community.

Though bivalve species can be maintained in different environ-

ments through continual addition of relocated and cultured ani-

mals, the goal of a conservation strategy should focus on identi-

fying the number of individuals needed to produce self-sustaining

populations. In relocation programs, the size and structure (sex

ratio, age) of the population being relocated should be sufficient to

provide for long-term viability and sustainability should no repro-

duction occur with the resident population.

Restoration or enhancement efforts should give earnest consid-

eration to the ultimate goals of the restoration effort (e.g., self-

sustaining populations), the ecology and genetics of any existing

population, the complexity of the species" life cycle, and the taxo-

nomic relationship of donor stock to the receiving population.

Freshwater bivalve conservation should strive to ensure that ge-

netic variation is preserved to maintain the potential for future

evolutionary change, and intervene as little as possible when man-

aging the genomes of threatened species. However, when reloca-

tions of freshwater bivalves are deemed necessary, every precau-

tion should be taken to minimize the effects of gene drift and

inbreeding depression by providing sufficiently large effective

population sizes (probably hundreds of animals rather than doz-

ens). In addition, those involved in such relocations should exer-

cise extreme caution to avoid the pitfalls of outbreeding depression

resulting from mixing different evolutionary lineages and the po-

tentially catastrophic consequences of introduced pathogens.

Management efforts that focus on the protection of existing

populations, and the discovery and protection of new populations,

would probably represent a more realistic conservation strategy

than the creation of populations with unknown ecological behavior

and evolutionary potential. In addition, theoretical genetic models

indicate that although small isolated populations rapidly lose

within-population variation, overall genetic diversity may be re-

tained better than in a single panmictic population. An alternative

strategy could be to maintain ecologically and genetically healthy

populations within their natural locales. However, if human ac-

tivities are currently the primary cause of extirpation or isolation,

rather than natural processes, the restoration of threatened or ex-

tirpated populations by introductions from outside sources can be

viewed as a management strategy that attempts to preserve the

evolutionary processes of gene flow and colonization (Carlquist

1974).
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ABSTRACT The National Marine Fisheries Service (NMFS) published a policy on applying the definition of species under the

Endangered Species Act (ESA) to Pacific salmon on November 20, 1991 (56 FR 58612). This policy states that a stock of Pacific

salmon will be considered a distinct population, and hence a "species" under the ESA, if it represents an evolutionarily significant unit

(ESU) of the biological species. NMFS has been implementing this policy for Pacific salmonids since it listed Snake River sockeye
salmon in 1991. While genetic data play a central role in NMFS" ESU concept, they are not always available, and NMFS makes an

effort to compile and evaluate available phenotypic, life history, and habitat information when conducting status reviews. Examples
of how NMFS has used the ESU policy to delineate ESUs are provided. NMFS and the U.S. Fish and Wildlife Service (FWS) issued

a joint policy on the recognition of distinct vertebrate population segments under the ESA on February 7, 1996. The concept of a

distinct population .segment can be applied to invertebrates in proactive efforts to protect species outside of the ESA. Genetic,

phenotypic and life history data, and habitat characteristics can provide valuable information to managers of invertebrate species on

which units to conserve in order to prevent ESA listings and recover species.

KEY WORDS: Genetics, conservation biology, management units, ESU, freshwater mussels. Pacific salmon. Endangered Species
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INTRODUCTION

When the Endangered Species Act (ESA) was first passed in

1973, the term "species'" was defined as "'any subspecies of fish or

wildlife or plants, or any population of such species," In 1978,

attempts to make this definition more restiictive resulted in the

current definition of species, "any subspecies of fish or wildlife or

plants, and any distinct population segment of any species of ver-

tebrate fish or wildlife which interbreeds when mature," Though it

is important to take actions to conserve distinct vertebrate popu-
lations before they need ESA protection, this is even more impor-
tant for distinct invertebrate populations because they are not rec-

ognized by the ESA. In order to list an inveilebrate species. Na-

tional Marine Fisheries Service (NMFS) or the U.S. Fish and

Wildlife Service (FWS), depending on jurisdiction, must deter-

mine that the species is threatened or endangered throughout its

range. However, any policy developed to interpret "distinct popu-
lation segments"" should be useful in providing managers of inver-

tebrate resources with a tool to deterinine appropriate management
units for conservation, regardless of the limitation in the ESA. In

this paper I discuss the evolutionarily significant unit concept de-

veloped by Robin Waples for Pacific salmon and adopted by the

National Marine Fisheries Service. I describe how the ESU con-

cept is used in delineating Pacific salmonid populations, and I

speculate on how it might be used to manage and protect fresh-

water mussel populations.

Policy on applying the definition of species under the HSA lo

Pacific Salmon

With the 1990 petitions' to list specific salmonid populations

(Snake River sockeye and chinook salmon) as threatened or en-

When NMFS receives a petition to list species or populations under the

ESA, it must initiate a process which includes: I) a 90-day finding on

whether or not the petition provides enough information to warrant a

status review; 2) if a stanis review is warranted, a one-year determination

on whether to propose a listing for the species or population; 3) if a

dangered under the ESA, NMFS felt an urgent need lo define the

term ""distinct population segment," After publishing an interim

policy and considering public comments, NMFS published a final

policy on applying the definition of species under the ESA to

Pacific salmon on November 20, 1991 (56 FR 38612). This policy

states that a stock of Pacific salmon will be considered a distinct

population, and hence a "species" under the ESA, if it represents

an evolutionarily significant unit (ESU) of the biological species,

A stock iTiust satisfy two criteria to be considered an ESU: it must

( I ) be substantially reproductively isolated from other conspecific

population units; and (2) represent an important component in the

evolutionary legacy of the species. This policy is based on a

NOAA Technical Memorandum prepared by Robin Waples
(Waples 1991a). Waples (1991b) and Waples (1995) provide fur-

ther elaboration on the ESU concept as it applies to Pacific salmon

and conservation of biological diversity.

NMFS has been implementing this policy for Pacific salmonids

since 1991. To determine whether a population satisfies the first

criterion, NMFS has used tag return data to estimate stray rates,

genetic indices to estimate levels of gene flow, observed recolo-

nization rates, and physical or geographic features that are likely to

act as barriers to migration. To determine whether a population

satisfies the second criterion, NMFS considers important factors

such as genetic, phenotypic, and life-history traits, and habitat

characteristics. Though genetic data play a central role in NMFS'
ESU concept, they are not always available. For example, when

NMFS listed Snake River sockeye salmon as endangered, it relied

entirely on phenotypic, life history, and habitat information. Ge-

netic data collected subsequently confirmed that this population is

an ESU. Waples (1995) discusses how the ESU concept was ap-

plied to Snake River sockeye. Snake River chinook, lower Colum-

bia River coho, and Sacramento River winter-run chinook salmon.

proposed rule is published, a final determination no later than one year

after the publication date of the proposed rule on whether to list the

species or population.
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Illinois River winter steelhead, Umpqua River cutthroat trout, and

Atlantic salmon.

In order to address the species definition under the ESA for all

vertebrate species. NMFS and the FWS issued a joint policy on the

recognition of distinct vertebrate population segments under the

ESA on February 7. 1996 (61 FR 4722). This policy is similar to

and consistent with NMFS' ESU policy. A population can be

considered a distinct population segment if it is discrete and sig-

nificant. In this policy, the first criterion of discreteness parallels

the ESU's reproductive isolation criterion. Although political

boundaries are not recognized by animals and plants, the discrete-

ness criterion can also be met for policy purposes by international

boundaries. The second criterion of significance parallels the evo-

lutionary legacy criterion of the ESU definition.

The ESU policy in use

Although the number of petitions NMFS received annually did

not increase, the number of populations being petitioned for listing

increased annually from 1985 to 1994. This resulted in a reaction-

ary, ""piece-meal" process, which consumed an inordinate amount

of staff and resources. Since 1994, NMFS decided to get ahead of

the petitions and conduct coastwide status reviews" of Pacific

salmonids in order to make comprehensive assessments. This was

a good decision because soon after. NMFS received petitions to list

all seven anadromous salmonid species from Washington to Cali-

fornia. NMFS has used the ESU concept to determine that, in

Washington. Oregon. Idaho, and California, there are seven ESUs

of coho salmon (Weitkamp et al., 199.5; NMFS Biological Review

Team (BRT), 1996a), \5 ESUs of steelhead (Busby et al.. 1996),

four ESUs of chum salmon (BRT, 1996b), 15 ESUs of chinook

salmon (three of which are already listed—Snake River fall. Snake

River spring/summer, and Sacramento River winter-run (BRT,

1996c), 2 ESUs of pink salmon (Hard et al.. 1996). and 6 ESUs of

sockeye salmon (one of which is listed-Snake River) (BRT.

1996d). NMFS listed Central California Coast coho salmon.

Southern Oregon/Northern California Coast coho salmon, and Or-

egon Coast coho salmon as threatened on October 31, 1996, May
6, 1997, and August 10, 1998 respectively (NMFS 1996, NMFS

1997a, and NMFS 1998f). NMFS also listed the Upper Columbia

River and Southern California steelhead ESUs as endangered and

the Snake River, Central California Coast, and South-Central Cali-

fornia Coast steelhead ESUs as threatened on August 18. 1997

(NMFS 1997b). On March 19. 1998. NMFS listed the Lower

Columbia River and Central Valley steelhead ESUs as threatened

(NMFS 1998e). On March 9 and 10. 1998, NMFS also proposed

to list 7 ESUs of Chinook salmon (NMFS 1998a). one ESU of

sockeye salmon (NMFS 1998b). two ESUs of chum salmon

(NMFS 1998c), and two ESUs of steelhead trout as threatened or

endangered (NMFS 1998d). as well as to redefine one currently

listed ESU to include additional chinook populations (NMFS

1998a). NMFS designated some of the other ESUs that were not

Current Status of Steelhead

Proposed for listing

Threatened

Endangered

[~| Candidate

H Not presently warranted

Figure 1. Status of steelhead trout evolutionarily significant units

from Washington, Idaho. Oregon, and California.

proposed for listing as candidate species' because of remaining

concern over their status, and it determined that the other ESUs did

not wanant a listing at this time.

Status reviews involve the collection of all available ecological

and genetic data. Ecological data include run timing, distribution

and abundance, size and age composition, occurrence of other

fauna and flora, geography, hatchery influences, harvest influ-

ences, incidence of dams and other man-made barriers, and any

other unique characteristics that can be observed. NMFS sends

draft status reviews to comanagers and experts in the field for

review to ensure that the best available scientific information has

been obtained and analyzed appropriately before publishing the

final status review.

During our coastwide steelhead status review, NMFS collected

information on two major genetic groups recognized in North

America—the inland and coastal groups. ESUs 13-15 are inland

ESUs. and the rest are coastal (Fig. 1). NMFS also collected data

for two basic reproductive ecotypes
—the stream-maturing and the

ocean-maturing. Inland steelhead of the Columbia River Basin are

commonly referred to as either A-run or B-run. depending on when

they enter the mouth of the river. NMFS found that the half-

pounder"* life histoiy form was reported only in the Rogue, Kla-

math, Mad, and Eel Rivers of southern Oregon and northern Cali-

fornia. Rainbow and redband trout are the non-anadromous forms

of Oncorh\nchus mvkiss. and NMFS determined that they were

-A staUis review involves gathering the best available scientific and com-

mercial information on the petitioned species or population, determining

which populations qualify as species under the ESA. assessing the status

of the species, reviewing the past, current, and future threats to the species,

and evaluating ongoing conservation efforts to determine whether the

threats have been addressed.

'NMFS' candidate species list includes any species being considered by

the Secretary for listing as an endangered or a threatened species, but not

yet the subject of a proposed rule. NMFS conducts a review of the status

of each candidate species to determine if it warrants li.sting as endangered

or threatened under the ESA. FWS" new definition of candidate species is

""those species for which the FWS has on file sufficient information to

support issuance of a proposed listing rule."

•"Half-pounder is a life history trait of steelhead e.xhibited in the Rogue,

Klamath. Mad. and Eel Rivers of southern Oregon and northern Califor-

nia. Following smoltification. half-pounders spend only 2-4 months in the

ocean, then return to fresh water. They overwinter in fresh water and

emigrate to salt water again the following spring. This is often termed a

""false spawning migration," as few half-pounders are sexually mature

(Busby et al.. IWfi).
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part of the ESUs. Because FWS implements the ESA for resident

species. NMFS discussed with FWS whether or not to include

these non-anadromous forms when it made determinations on the

10 ESUs proposed for listing. FWS preferred not to include resi-

dent forms with the listing determinations at that time.

The ESE concept and freshwater mussel conservation

The National Research Council (NRC), in its 1995 report titled.

'Science and the Endangered Species Act." supported the recog-

nition of scientifically identified evolutionary units for conserva-

tion purposes. The NRC also believed that recognition of distinct

population segments would be appropriate for invertebrate species.

However, the ESA is clear that only vertebrate distinct population

segments can be considered species. In fact, congressional intent

when defining vertebrate species to include distinct population

segments was that this authority be exercised '"sparingly and only

when the biological evidence indicates that such action is war-

ranted." (Senate Report 151. 96"' Congress. P' session). Because

of the huge number of invertebrate species when compared with

vertebrate species. Congress did not believe it would be appropri-

ate to include population segments as .species. The fact that these

animals are not as charismatic as the spotted owl or the Pacific

salmon most likely played a role in this decision. Some efforts

have been made during the ESA reauthorization process to include

invertebrate populations in the species definition again, as they

were in the 1973 version, but in view of the drastic changes being

contemplated by certain draft bills, it is unlikely that this definition

will become more encompassing.

Despite the fact that the ESA Hmits the consideration of distinct

population segments as species to vertebrates, the ESU concept

can be applied to invertebrates in proactive efforts to conserve

species not listed under the ESA. As Waples (1995) states "Out-

side the ESA. conservation efforts might be guided by any of

several alternative contexts for interpreting evolutionary signifi-

cance .... The key factor is how conservative one wants to be (or

can afford to be) in attributing evolutionary significance to a bio-

logical unit" (page 23). Genetic, phenotypic and life history data,

and habitat characteristics can provide valuable information to

managers of invertebrate species on which units to conserve in

order to prevent ESA listings and recover species.

Ecological and genetic data are invaluable regardless of wheth-

er populations can be protected under the ESA. Armed with data

that delineate separate populations within a species, resource man-

agers can determine where to concentrate conservation efforts and

manage harvest accordingly, or avoid habitat damage in critical

areas, and hopefully, prevent species from becoming extinct. As

with Pacific salmon, freshwater mussel populations tend to be

locally adapted to the areas they inhabit as they begin to diverge

and become reproductively isolated from other populations (Davis

and Fuller 1981). Freshwater mussel populations could be delin-

eated based on life history characteristics, distribution, morpho-

metries, disease resistance, protein electrophoresis, and DNA dif-

ferentiation.

As Dizon et al. (1992) states in his analysis of the stock concept

for marine mammals, "Because of ecological phenomena such as

predator-prey interactions, the existence of keystone species and

species guilds, etc.. a population may be important beyond its

qualifications, or lack thereof, as an ESU; these factors must also

be considered in deciding what should comprise a management

unit." (page 31) Since freshwater mussels have glochidial larval

stages that in some species are dependent on a specific host fish,

the specific host fish (or fishes) could be another factor to consider

in delineating populations. Partial protection could be afforded

these mussels by protecting the population of host fish under the

ESA (as long as the population is reproductively isolated and

represents a significant component in the evolutionary legacy of

that species and the fish population is actually threatened or en-

dangered). Because of the fish population's importance as a host to

a dwindling mussel population, at least one life stage of the mussel

species would be protected by protecting the fish population. Even

without official protection, knowledge of the biological unit that

constitutes a distinct population segment would help managers

make day-to-day decisions regarding reintroduction efforts or vi-

ability of populations.

Systematists play a crucial role in the level of legislative pro-

tection afforded to shellfish. For instance, if data become available

to indicate that a number of previously defined shellfish species

should actually be classified as one taxonomic species, this has

implications of whether the species can be protected under the

ESA. If two of these previously defined species were in poor

enough condition to be listed under the ESA. but then it was

determined that they are only populations of a more abundant

species, listing under the ESA would no longer be warranted be-

cause individual population segments of invertebrates cannot be

listed. Hoeh and Gordon (1996) disputed Stiven and Alderman's

(1992) conclusion, based on genetic distance criteria, that Lainp-

silis radiata and L. radiata conspicua, and perhaps L. fiiUerkati as

well, should be considered simply as allopatric populations of L.

radiata. Hoeh and Gordon (1996) claimed that the analysis was not

rigorous enough, and since North American unionid populations

are declining rapidly, the conservative and scientifically justifiable

approach would be to continue to recognize the two latter species

as taxa distinct from L. r. radiata. Dizon et al. (1991) notes that

"Ideally, populations should be surveyed and phylogeographically

classified before situations demanding management decisions

arise." (page 32)

AUendorf et al. (1997) proposed a method of prioritizing Pa-

cific salmon stocks for conservation based on both the risk and

consequence of extinction. They highlighted the importance of

genetic information by stating. "Genetic variation is the basis for

the evolutionary legacy of a species
—the unique pattern of its

geographical distribution, as well as the morphological, physi-

ological, and life-history variation that histiiry has imposed on

genetically differentiated populations or groups of populations

within that species" (page 144). The questions they ask are the

same ones that NMFS asks about each Pacific salmonid population

as it determines whether or not it warrants species recognition

under the ESA. A similar framework could perhaps work for pri-

oritizing freshwater mussel populations for conservafion. Ideally,

proactive conservation efforts directed at populations of mussels

could reverse a decline in abundance or distribution, resulting in

fewer species listed under the ESA.
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NATIONAL STRATEGY FOR THE CONSERVATION OF NATIVE FRESHWATER MUSSELS

Prepared by: The National Native Mussel Conservation Committee,

June 1, 1997.

HISTORY OF THIS DOCUMENT

On April 1995. representatives from several federal and state

natural resource agencies, the commercial mussel industry (Shell

Exporters of America), academia. and The Nature Conservancy

met to discuss freshwater mussel declines and gather information

on freshwater mussel trends, research, and recovery activities (Ap-

pendix I). As a result of the magnitude and immediacy of the

nationwide threats to the freshwater mussel fauna, the group

agreed that a coordinated effort of national scope was needed to

prevent further mussel extinctions and population declines.

To address this need, the group decided to ( 1 ) draft a National

Strategy for the Conservation of Native Freshwater Mussels (Na-

tional Strategy) and (2) establish a national ad hoc committee with

broad-based representation from state, tribal, and federal agencies,

the mussel industry, private conservation groups, and the academic

community to help implement mussel conservation at the national

level. A draft National Strategy was presented at the second Sym-

posium on the Conservation and Management of Freshwater Mus-

sels organized by the Upper Mississippi River Conservation Com-

mittee, in St. Louis. Missouri in October 1995. Comments received

at and subsequent to the symposium were incorporated into an-

other draft dated September 16, 1996. The September 1996 draft

was presented at a February 1997 meeting of the newly formed

National Native Mussel Conservation Committee in St. Louis,

Missouri. Comments from the February 1997 meeting have been

incorporated into this current document.

STATUS AND ROLE OF NATIVE FRESHWATER MUSSELS

The world's greatest diversity of freshwater pearly mussels,

nearly 300 species, reside in the continental United States (Tur-

geon et al.. 1988). However, within the last 50 years this rich fauna

has been decimated by impoundments, sedimentation, channeliza-

tion and dredging, water pollution, and. more recently, the nonin-

digenous zebra mussel {Dreissena polymorpha) (Neves, 1997).

Approximately 67% of freshwater mussel species in the United

States are vulnerable to extinction or are already extinct; more than

1 in 10 mussels may have become extinct during this century

(Williams et al, 1993; Master et al., 1998).

Freshwater mussels are a renewable resource, providing sig-

nificant ecological and economic benefits to the nation. They are

ecologically important as a food source for many aquatic and

terrestrial animals; they improve water quality by filtering con-

taminants, sediments, and nutrients from our rivers; and because

they are sensitive to toxic chemicals, they serve as an early-

warning system to alert us of water quality problems. In recent

years the annual value of shells to the mussel shell industry has

been estimated at S40-$50 million dollars. The mussel shells are

used in the cultured pearl and jewelry industries, and the shell

harvest provides employment to about 10.000 residents, primarily

in the Mississippi River basin.

CONSERVATION STRATEGY GOALS

The goal of this National Strategy is to conserve our nation's

freshwater mussel fauna and ensure that the ecological and eco-

nomic values to society are maintained at a sustainable level. Spe-

cifically, the purposes of this document are to ( 1 ) identify the

research, management, and conservation actions necessary to

maintain and recover the mussel fauna; (2) increase government

and public awareness of the plight of these animals and their

essential ecosystems, and gamer support for species and habitat

protection programs; and (3) foster creative partnerships (working

and funding) among federal, state, tribal, and local governments

and the private sector to restore the mussel fauna and environmen-

tal quality to our rivers.

Identification of Specific Problems. Goals, and Strategies

In order to conserve and restore native freshwater mussels, the

National Strategy has identified a nuinber of conservation needs or

probleins. Tasks or strategies designed to address the problems are

subsequently enumerated, and when implemented, will direct the

successful conservation of freshwater mussels.

The following problems, goals, and strategies have not been

prioritized. The intent is to provide a list of strategies and allow

each agency or organization to prioritize and choose the strategy(s)

that best fits its own mission, funding, and expertise. However,

Appendix II provides a list of ranking criteria to assist in ranking

specific projects.

PROBLEM 1: There is no coordinated national strategy for the

conservation of freshwater mussel resources.

GOAL: Increase coordination and information exchange among
entities that study, manage, harvest, conserve, or recover

native freshwater mus.sels.

STRATEGIES

1 . 1 Establish a National Freshwater Mussel Ad Hoc Committee to

coordinate national mussel conservation activities'. This ad

hoc committee (Committee) should be comprised of one in-

dividual appointed by each of the following entities: the Ser-

vice, Tennessee Valley Authority (TVA). U.S. Geological

Survey (USGS), U.S. Army Corps of Engmeers (Corps), U.S.

Forest Service (USPS), National Park Service (NFS), Envi-

ronmental Protection Agency (EPA), each state and tribe with

significant mussel resources, the commercial mussel industry,

the conservation community, and academia. The Committee

will perform the following tasks:

1.1.1 Identify entities that study, manage, harvest, conserve,

or recover mussel populations; solicit their support; and

foster partnerships in mussel conser\'ation. The Service,

NBS, TVA, Corps, and several state natural resources

agencies, the Great Lakes Indian Fish & Wildlife Com-

mission, and the commercial mussel industry assisted

with the development of this National Strategy (see Ap-

pendix I). However, there are numerous other individu-

als and agencies that are currently conducting research

'The National Native Mussel Conservation Commiuee was established in

February 1997 including an executive subcommittee to direct acti\ities.
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and management on freshwater mussels. Potential part-

ners in the mussel conservation effort should be in-

formed of the National Strategy and encouraged to join

in its implementation (see strategies under Problem 2

and 10).

1.1.2 Develop and implement effective mechanisms to dis-

seminate information on the progress of the mussel con-

servation effort to cooperators and interested parties. It

is important that information on the conservation effort

be readily available to all interested parties. This pre-

vents duplication of effort and allows for better coordi-

nation of conservation activities. For example, the Tri-

annual Unionid Report, compiled and circulated by

Richard Biggins of the U.S. Fish and Wildlife Service.

Asheville Field Office. Asheville. North Carolina, pro-

vides an existing mechanism to disseminate current

information on mussel conservation. Copies may be ob-

tained by calling 704/258-3939 or over the internet

( http://www.inhs.uiuc.edu/cbd/collections/
moUusk.html/TUR ). Information exchange is also being

facilitated by the development of Internet sites, includ-

ing a unionid listserver (UNIO—to subscribe send an

e-mail message to: MaiordomoCs'lists.umbc.edu ) as well

as numerous web pages including the Illinois Natural

History Survey Mollusk Collection ( http://www.inhs.

uiuc.edu/cbd/coUections/moUusk.html ). The Committee

should review currently available information exchange

mechanisms and develop additional options as needed.

1.1.3 Provide guidance for the mussel conservation effort. As

representatives of the national mussel conservation

community, the Committee will meet on an annual basis

to review the current status of the collective mussel

conservation effort. Each Committee member should

submit an annual report to the Committee outlining his

group's projects. Based on their discussions, the Com-

mittee should develop and circulate an annual appendix

to this National Strategy. This report would (1) provide

a brief overview of the status of the conservation effort;

(2) summarize impoilant research and management re-

sults; (3) identify any new problems and strategies; and

(4) suggest direction for future research and manage-

ment initiatives.

1.1.4 Coordinate a thorough search and summary of the cur-

rent knowledge of basic biology, population character-

istics, and habitat requirements of mussels. Much of the

information that exists on freshwater mussels is scat-

tered throughout various professional journals, govern-

ment publications, unpublished research projects, mu-

seum records, and obser\ ation records of numerous in-

dividuals. If this information could be consolidated into

a computerized annotated bibliography, the mussel con-

servation community and other interested individuals

would have ready access to current knowledge to help

expedite the conservation effort.

1.1.5 Serve as the primary advocate for the implementation of

the National Strategy. Members of the Committee

should act as primary advocates within their agency/

organization for educating the conservation community,

their respective agencies, and the general public about

this mussel conservation effort.

1.1.6 Appoint a technical committee (four to six inembers) of

mussel researchers. These individuals would have spe-

cific mussel research or related expertise and would be

available to review research proposals and reports, pro-

vide technical assistance, develop draft national stan-

dards for conservation techniques such as sampling,

population augmentation, introductions, propagation

and quarantine facilities/management, and make techni-

cal recommendations to the Committee.

1.1.6.1 Develop a standardized mussel sampling regime

that can be used throughout the country. Mussel

sampling techniques must be adapted to each

situation based on available funding, the exper-

tise of collectors, and environmental conditions.

Therefore, it is difficult to standardize a sam-

pling protocol. However, by standardizing some

aspects of the sampling protocol, mussel biolo-

gists would be better able to compare data

among sites and among collections at the same

site (see Strategy 4.1).

1. 1.6.2 Develop a standardized mussel die-off response

procedure. Many mussel populations have expe-

rienced die-offs, and the cause(s) of most events

has not been determined. It is unlikely that the

cause(s) of all future die-offs can be ascertained,

but a standardized die-off response procedure

would help resource managers and commercial

mussel fishermen respond in a more timely man-

ner and collect the critical information and

samples needed by researchers.

1 .2 Foster and create new partnerships and facilitate the develop-

ment of formal agreements (e.g.. memorandums of agreement)

among government agencies and private entities to help imple-

ment this National Strategy. The mussel conservation com-

munity is small and. by itself, cannot significantly alter the

factors that threaten this faunal group. However, most of the

strategies that benefit mussels and their habitat quality also

significantly benefit other aquatic fauna and resource user

groups (commercial mussel industry, sport fisheries, water

supply industry, canoeists, birders, etc.). Partnerships with

other entities are essential to the success of this mussel con-

servation program, and these partnerships should be actively

pursued (see strategies listed under Problems 2 and 10).

1.3 Foster and create cooperative ventures with academic institu-

tions and the private sector to address specific research, in-

formation, and conservation needs (see strategies listed under

Problems 2-10).

PROBLEM 2: Quality mussel habitat continues to be degraded

and lost.

GOAL: Protect and reverse the decline of quality mussel habitat.

STRATEGIES

2. 1 Use information gathered under Strategies 4.1, 4.2. and 4.3 to

identify important mussel resource areas and develop pro-

grams to conserve and recover these key areas. The magnitude

of the mussel conservation challenge is great, but the re-

'

sources available for mussel conservation are small. Managers

should concentrate their efforts, within their area of responsi-

bility, on those key habitats, research programs, and protec-

tion/enhancement activities that will achieve the greatest ben-

efit to mussel conservation. Those few stream reaches that still
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harbor diverse mussel populations should be protected from

further habitat degradation to the extent possible. It is much

more cost-effective to protect existing quality habitat than to

restore degraded habitat.

2.1.1 Identify and inform potential partners of important mus-

sel sites and develop cooperative agreements to con-

serve and recover mussel communities. It is essential for

the success of this National Strategy that potential part-

ners understand the importance of the resource at risk,

how the conservation program will benefit mussels and

other biota, and how ecosystem recovery will benefit

other user groups.

2.1.2 Use existing federal, state, tribal, and local laws and

regulations to protect mussel resources. There are many
environmental laws and regulations that, if fully imple-

mented, could provide better protection for mussel re-

sources. Use existing information and information gen-

erated under Strategies 3.1.3.1. 4.1. 4.2, 4.3. 5.1, 5.2,

5.3, 5.4, and 5.5 to help ensure that mussel populations

receive the full protection provided under existing laws.

2.1.3 Encourage federal, state, tribal, and local government

entities to use their authority to review their activities

for actions and alternatives that protect and recover key

mussel habitats and communities. Many agencies, al-

though not bound by law. have modified their projects

and programs and even initiated distinct programs that

benefit aquatic resources, including mussels. Some

agencies have specific programs and funding targeted

for use on projects to protect and recover aquatic re-

sources. -These agencies should be recognized for their

efforts and encouraged to review their activities for po-

tential adverse impacts to mussel habitats and to com-

munities and avoid or minimize these impacts.

2.1.4 Encourage industry to review their activities for actions

and alternatives that could protect and recover key mus-

sel habitats and communities. Many environmentally

conscientious industries implement habitat protection

and enhancement programs on their land. Contact the

appropriate industries, increase their awareness of the

mussel resources subject to their activities, and assist

them with improving their stewardship efforts, which

will benefit both them and the downstream riverine

habitat.

2.1.5 Encourage local landowners to review their activities

and. when feasible, provide financial (e.g.. Service

"Partners for Wildlife" funds) or other incentives to the

landowners to protect and recover key mussel habitats

and communities. Many environmentally conscientious

landowners implement habitat protection and enhance-

ment programs on their land. Other landowners might be

willing to conserve habitat if they had the necessary

information or were provided with incentives. Investi-

gate and impleinent new and innovative approaches to

encourage landowners to protect aquatic resources. De-

velop a means to recognize the efforts of cooperating

landowners.

2.1.6 Encourage conservation organizations, universities,

schools, civic groups, and other organizations to assist

in the protection and recovery of key mussel habitats.

Substantial support and assistance for restoration efforts

is available from many environmental groups and other

organizations. Their support should be encouraged and

formally recognized.

2.1.7 Encourage conservation organizations (e.g.. TNC. land

trusts or other land protection organizations) and agen-

cies to acquire key habitats to protect freshwater mus,sels.

2.2 Develop a list of case studies that identify and summarize

successful habitat restoration and protection projects and make

the information available to the mussel conservation commu-

nity. Several habitat restoration projects are underway to pro-

tect significant mussel resources. A list and description of

these projects and the addresses of project managers w ould be

helpful in the initiation of new projects,

PROBLEM 3: The basic life history, reproductive biology, ecol-

ogy, and habitat requirements of most mussels are

unknown.

GOAL: Increase fundamental knowledge of basic biology and

habitat requirements of mussels so that managers can

more effectively conserve and manage our mussel fauna.

STRATEGIES

3.1 Initiate studies on life histories, population dynamics, and en-

vironmental requirements to obtain information necessary to

effectively manage mussels. Unlike many other animal spe-

cies, little is known about the basic biology and habitat re-

quirements of most mussel species. The lack of basic knowl-

edge hampers conservation efforts. The following list identi-

fies some specific research needs.

3.1.1 Fish host identification.

3.1.1.1 Determine the specific fish hosts for inussel spe-

cies in need of management.

3.1.1.2 Determine the host fishes" biological needs and

their population sizes necessary to support mus-

sel reproduction and population viability.

3. 1. 1.3 Determine the extent and mechanism of the im-

mune response of host fish to glochidia.

3.1.2 Mussel reproductive biology.

3.1.2.1 Determine age and size at earliest maturity, peak

reproductive years, fecundity, and reproductive

longevity.

3.1.2.2 Determine the period of spawning and gravidity

as well as spawning and settling sites.

3.1.2.3 Determine the level of recruitment needed for

species survival and long-term viability.

3. 1 .2.4 Determine the frequency of successful recruit-

ment in native habitats.

3.1.3 Mussel habitat requirements.

3.1.3.1 Determine species-specific physical and chemi-

cal habitat requirements (e.g., substrate, flow,

temperature, dissolved oxygen, hardness. pH.

and alkalinity) for adults and juveniles.

3.1.4 Mussel population dynamics.

3.1.4.1 Conduct studies to determine the impacts of dis-

eases, parasites, predation, and harvest on mus-

sels and how these factors affect mussel popu-

lation demographics.

3.1.4.2 Determine population size and age class struc-

ture necessary to maintain a long-term viable

population.

3.1.4.3 Determine the demographics of representative

mussel populations and the extent of natural
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variations in recruitment; attempt to define what

constitutes a healthy mussel population.

3.1.4.4 Evaluate the effectiveness of current harvest

regulations in sustaining viable populations of

both sensitive and commercial species.

PROBLEM 4: Knowledge of the current distribution and health of

mussel populations is lacking, and much of the

historic distributional data are not readily available.

GOAL: Increase knowledge of the status and trends of native

mussel populations so that resource managers and admin-

istrators can better determine the species and populations

most at risk and which populations could be managed for

sustained commercial harvest.

STRATEGIES

4.1 Increase sampling effort to determine location, density, spe-

cies composition, and status of existing mussel communities.

Many rivers need basic or current survey information. Knowl-

edge of the condition and location of mussel resources is

critical to understand a species' status and develop proper

management. The use of the standardized sampling regime to

be developed under Strategy 1.1.6.1 is encouraged.

4.2 Gather historic mussel distribution data and make it more

readily available. Many historic collections exist in museums,

universities, and private collections. However, some speci-

mens have been misidentitied. and many of the collections

have not been catalogued or the data are not readily available.

This historic information is critical to understanding the cur-

rent status of many mussel populations. The information also

may be useful for identifying potential reintroduction sites and

locating unknown populations.

4.3 Gather information on the occurrence and abundance of mus-

sel stocks that have value for the commercial mussel industry

and tribal subsistence. Some mussel populations, if properly

managed, can provide a sustainable harvest with little or no

impact on sensitive mussel species. Populations that could

sustain a managed harvest should be identified and evaluated.

Infomiation gathered under Strategy 3.1.4.4 should be used to

develop harvest management guidelines.

4.4 Develop a central database on the status and location of native

mussel populations. Information should be categorized based

on USGS hydrologic unit maps and mapped using GIS. The

database can be used to track mussel populations and should

include absence data.

4.5 Develop a mussel distributional atlas. In the early 1980s the

Service funded the production of an Atlas of North American

Freshwater Fishes (Lee et al. 1980). This document provides

a distribution map for all North American freshwater fishes

and includes information on the species' habitat and biology.

The fish atlas has been a valuable tool for fisheries managers
and biologists; a similar atlas on native mussels would benefit

mussel conservation efforts.

4.6 Encourage the use of molecular genetics techniques to help

identify mussel species. Historically, mussels have been de-

scribed primarily on the basis of shell characteristics. This

method has been very reliable, and there is little question

regarding the taxonomic distinctiveness of most mussel spe-

cies. However, molecular genetic analysis has shown that

some species are comprised of complexes of distinct species

(Kat, 1983a; Kat. 1983b: Lydeard et al.. 1996; Mulvey et al..

1997). Thus, some species believed to be widespread may be

unknowingly lumped with species that are rare and in need of

protection. Molecular genetic research should help clarify the

taxonomic relationships within these complexes.

PROBLEM 5: Habitat alterations, water quality degradation, and

other anthropogenic factors continue to negatively

affect mussels, but poor documentation exists as to

how and at what levels such perturbations are re-

alized.

GOAL: Determine how various perturbations impact mussels and

their habitat, and provide inanagers with the information

needed to mmimize or eliminate threats and protect qual-

ity mussel habitat.

STRATEGIES

5.1 Determine how and to what extent various habitat alterations

affect mussel species and populations. The impacts to mussels

from habitat alterations, such as the impounding and dredging

of mussel beds, are fairly well understood. However, the links

between the decline or loss of many mussel populations and

the causative agent(s) are unknown. Research is needed to

determine how and to what extent the following factors affect

mussels (this list is not intended to include all of the potential

mussel perturbation agents that need research): (1) increased

siltation; (2) pesticides, herbicides, and fungicides; (31 stream-

flow modifications: (4) wastewater discharge of various pol-

lutants and subsequent sediment loading; and (5) modifica-

tions in water temperature, dissolved oxygen levels, nutrients,

and pH. A better understanding of how environmental factors

affect mussels will enable resource agencies to better manage
and conserve mussel communities.

5.2 Determine if current water quality criteria protect all life

stages of freshwater mussels. Bioassays should be conducted

to evaluate the sensitivity of all life stages of mussels relative

to the sensitivities of standard bioassay organisms. Surrogate

species should be selected to be protective of most sensitive

mussel species or appropriate buffers should be built into pro-

tective criteria models.

5.3 Determine if current "Best Management Practices" (BMP)

protect mussel populations and their habitat. Great strides

have been made in the development and implementation of

BMPs for agriculture, silviculture, road and bridge construc-

tion, and other activities, and these practices have benefitted

aquatic resources. Research is needed to determine if these

practices adequately protect mussel populations and how they

might be modified to be more effective. Information is also

needed about the degree of voluntary compliance with BMPs.

5.4 Determine if current laws and regulations protect freshwater

mussels. Many existing laws and regulations are aimed at

protecting aquatic resources. However, information is needed

to determine if they prov ide sufficient protection for rare mus-

sels.

5.5 Review early literature to determine what historic factors may
have caused the decline or extirpation of mussel populations.

The loss or decline of some mussel populations in specific

rivers is the result of historic rather than current conditions. A
review of historic literature may reveal the reasons for a riv-

er's present lack of mussels. If the original cause of the loss

has been eliminated or minimized, mussel reintroduction may
be feasible.
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3.6 Develop hiomonitoring protocols using freshwater mussels to

complement fish and other macroinvertebrate biornonitoring

protocols presently used to evaluate the integrity of a stream.

Fish and macroinvertebrate biomonitoring protocols have

been developed to score and rank lotic systems for their health

based on numbers and presence of sensitive species. Fresh-

water mussels are a very logical monitoring component for the

biotic health of a system since they are generally long-lived

and sedentarv. This would provide valuable infonnation for

linking en\ ironmental threats to presence or absence of spe-

cific species, more adequately assess the integrity of streams,

and provide a valuable tool to biologists and resource manag-

ers.

PROBLEM 6: The invasion of zebra mussels poses a new and

significant threat to the continued existence of

many native mussel species.

GOAL: Develop management options to eliminate or reduce the

threat of zebra mussels to native mussels.

STRATEGIES

Note: Any new zebra mussel initiatives should be coordinated

with other organizations (e.g., Sea Grant) that are already

significantly involved with this species.

6.1 Develop predictive models on the spread of zebra mussels and

their likely impact on native mussels. Zebra mussels have

devastated native mussel populations in the Great Lakes

(O'Neill and MacNeill. 1991: Kelch. 1994; Taylor and

Kerschner. 1995). and they ha\e now invaded inland rivers

where they are likely to affect important commercial mussel

resources and protected species. Infonnation is needed to pre-

dict the rate of zebra mussel movement into inland waters, the

types of habitats they will invade, and the impacts they will

have on native mussels in these habitats.

6.2 Track the spread of zebra mussels and develop and maintain a

GIS system to monitor their spread relative to the location of

native mussel populations. The spread of zebra mussels should

be monitored and the data reported in a readily available for-

mal. The USGS's Southeastern Biological Science Center,

Gainesville, Florida, currently tracks the spread of zebra mus-

sels. That database should be reviewed to determine whether

modifications are necessary to meet the needs of nati\ e mussel

conservation and aquatic resource managers.

6.3 Develop guidelines and thresholds (triggers) to assist manag-

ers in determining when, which species, and how many indi-

viduals of a species should be brought into captivity or relo-

cated when it is determined they are at risk from zebra mussel

infestations (see Strategy 9.5). Zebra mussels ha\'e decimated

native mussel populations in the Great Lakes, and this non-

indigenous species is now infesting native mussel beds in the

Inland Basin. The continued existence of rare large-river mus-

sels is now threatened by this invasion. Guidance is needed on

when, which species, and how many individuals of a species

should be brought into captivity or relocated when it is deter-

mined they are at risk from zebra mussels. Information also

will be needed on the relationship between zebra mussel in-

festation rates and the survival of native mussels. It should be

determined if portions, or an entire population, of rare mussels

need to be rescued before infestation is observed or if native

mussels can survive relocation after some degree of infesta-

tion.

6.4 Move native mussel species at risk into hatchery facilities or

to locations within their historic ranges where zebra mussel

infestations will be inconsequential or unlikely (see strategies

under Problem 9). It appears that the greatest threat to native

mussels from zebra mussel infestations will occur in large

rivers and in rivers with upstream reservoirs. Consideration

should be given to moving species at risk of extinction into

suitable refugia.

6.5 Develop protocols to ensure that zebra mussels are not inad-

vertently introduced into new waters when native mussels are

relocated. Because of the dire threat posed by zebra mussels,

some mussel species will be moved into hatchery facilities or

to locations where zebra mussels do not exist. Protocols

should be developed and complied with to ensure that zebra

mussels are not incidentally introduced when relocating native

mussels.

6.6 Determine how zebra mussels spread to new waters. Barge

traffic has been the primary zebra mussel transport mechanism

in large navigable rivers, and recreational boats are the likely

vector into smaller rivers and lakes. Definitive information on

the zebra mussel's mode of transport could be useful in de-

veloping control procedures.

6.7 Investigate the feasibility of controlling the spread of zebra

mussels through technological means. Research on the physi-

cal, chemical, and biological control of zebra mussels is ur-

gently needed. Biological control of zebra mussels may offer

the best option for conserving native mussels. However, ex-

treme care must be taken to ensure that zebra mussel control

methods do not jeopardize native mussels.

6.8 Inform the public about the threat zebra mussels pose to native

aquatic species and other resources (e.g., sport fisheries, water

supply facilities, and power plants). Public support will be

needed to stem the invasion of zebra mussels into other wa-

ters. The public should be informed of the economic and eco-

logical threat posed by zebra mussels and provided with in-

formation as to what they can do to reduce the species' dis-

persal rate (see strategies under Problem 7). If the spread of

zebra mussels can be slowed, increased opportunities will be

available to develop native mussel protection strategies.

PROBLEM 7: There is a general lack of concern, awareness, and

understanding by government agencies, legisla-

tors, academia, and the general public about the

ecological and economic value of our native mus-

sels, other aquatic resources, and the anthropo-

genic impacts that threaten their continued exis-

tence.

GOAL: Enhance public and government agency understanding

and support for federal, state, local, tribal, and private

programs that protect and enhance natural stream ecosys-

tems for the benefit of freshwater mussels and other

aquatic and aquatic-dependent resources.

STRATEGIES

Note: Outreach is critical to the success of this National Strat-

egy, and it is especially important to the successful imple-

mentation of strategies listed under Problems 2 and 10.

7.1 Compile an annotated list of existing freshwater mussel-

related outreach material. Considerable educational material

relating to freshwater mussels and the value of protecting

natural stream ecosystems already exists.
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7.2 Identity target audiences, evaluate the need for outreach ma-

terial for these audiences, develop appropriate media to stra-

tegically convey focused mussel conservation messages to

specific audiences. Identify target groups than can assist with

mussel conservation and those that could be, or perceive they

could be. impacted by the program. Where needed, develop

specific outreach material for these target groups.

7.2.1 Develop and implement an educational program that

increases public awareness of the plight of mussels and

the benefits of maintaining the ecological integrity of

aquatic ecosystems. The future of our nation's freshwa-

ter mussel fauna and other aquatic and aquatic-

dependent biota (e.g., nongame and sport fish, neotrop-

ical migrants, amphibians, reptiles, small mammals, and

wetland-dependent plants) will depend on the degree of

public support for aquatic ecosystem protection and re-

covery programs. However, the public generally places

little value on aquatic species (with the exception of

some game species). Many people perceive the conser-

vation of mussels and other invertebrates as unnecessary

and wasteful of government funds. The public should be

provided information on the following: ( 1 ) the plight of

freshwater mussels; (2) their aesthetic, commercial, sci-

entific, and ecological value; (3) the benefits other

aquatic resources derive from maintaining mussels as a

component of natural stream ecosystems; and (4) what

they can do to help in this recovery effort. With this

information, the public will be better informed when

judging the benefits and costs of preserving mussel re-

sources.

7.2.2 Develop and implement an educational program that

increases government agency awareness of the plight of

mussels and the benefits of maintaining healthy, intact

aquatic ecosystems. The support of natural resources

agencies and other agencies with programs that impact

aquatic resources is critical to a successful mussel con-

servation effort. In order for administrators and other

employees of these agencies to consider mussels within

their program, they must be provided information as to

the many ecological and social values of maintaining the

biological integrity of freshwater ecosystems.

7.2.3 Develop and implement an educational program that

increases the awareness of nongovernment organiza-

tions about the plight of mussels and the benefits of

maintaining healthy, intact aquatic ecosystems. Many

nongovernment organizations (e.g., TNC, American

Fisheries Society. American Sports Association, Izaak

Walton League. Science Educators of America. Ameri-

can Rivers. Association of Southeastern Biologists, and

various universities, zoos, and museums) actively sup-

port aquatic resource conservation. These organizations

should be ( 1 ) kept informed of this conservation initia-

tive; (2) provided with educational materials related to

the goals, strategies, and progress of this effort; and (3)

encouraged to join in this conservation program.

7.2.4 Develop and implement an educational program that

increases awareness within the coinmercial mussel shell

industry and among pearl producers about the plight of

mussels and the benefits of working jointly to maintain

healthy, intact aquatic ecosystems. The commercial

mussel industry and pearl producers view the value of

mussel resources from a different perspective than most

natural resource managers, and they sometimes disagree

on management issues. However, the commercial mus-

sel industry, mussel resource managers, and mussel re-

searchers are all interested in conserving the benefits

obtained from sustainable native mussel resources. Co-

operative efforts should be pursued that benefit the in-

dustry and the mussel resource managers' ability to con-

serve mussel abundance and diversity. There will be

times when the desires of the industry and those of

resource managers will conflict, but both groups need to

understand that significant benefits can be derived by

working together on common issues. The industry can

assist researchers and managers by providing field ex-

pertise, assistance, and historical knowledge, by solicit-

ing funds and providing facilities for research, by con-

ducting outreach to the general public, and through sup-

port and actions to prevent further habitat degradation.

Mussel researchers and managers can help to preserve

mussel habitat and community structure for commer-

cially valuable species, provide technical assistance on

mussel propagation and holding technology, and set and

enforce size and harvest regulations that ensure a sus-

tainable mussel harvest.

7.3 Identify and develop specific educational/informational mate-

rial and mechanisms to assist field biologists with implement-

ing this National Strategy. This includes items such as an

annotated bibliography of existing freshwater mussel literature

(see Strategy 1.1.41. a database on the historic and current

distribution of mussels (see Strategies 4.4 and 4.5). and an

effective information transfer system on current mussel re-

search, management, and conservation issues (see Strategies

1.1.2 and 2.2). In addition, the following strategies should also

be implemented;

7.3.1 Develop a mussel key. The only available comprehen-

sive mussel key was produced by EPA in 1973 (Burch

1973). This key has been a valuable resource, especially

to people new to the field. However, it does not cover all

species, taxonomic revisions have occurred since 1973.

and the key is difficult to use. A new or revised version

of the existing mussel key. making ample use of color

photographs, would help increase the identificadon

abilities of new mussel workers.

7.3.2 Develop training courses and seminars on mussel iden-

tification, basic biology, culture techniques, sampling

methods, and habitat restoration/protection. As more in-

dividuals and agencies become involved in this mussel

conservation effort, training sessions and seminars will

be useful.

PROBLEM 8; The survival and recovery of many mussel species

will require the development of artificial propaga-

tion and juvenile mussel reintroduction techniques,

hut these methods have not been perfected.

GOAL: Develop, evaluate, and use the technology necessary to

propagate and reintroduce juvenile mussels on a large

scale.

STRATEGIES

8. 1 Develop glochidia transfomiation technology for native mus-

sels. Artificially propagated juvenile mussels are needed for
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four primary purposes; to (1 ) augment populations when

population size of a rare species is too small, young, or old to

support reproduction; (2) establish new populations when the

translocation of adults is not possible; (3) maintain a captive

population when the species" natural habitat is deemed unsuit-

able; and (4) for bioassay research. Once developed, the

propagation technology must be adapted to larger-scale op-

erations in order to produce sufficient young mussels for these

activities.

8.1.1 Perfect an artificial culture medium. Ju\enilc mussels

have been propagated using artificial media, but results

have not been consistent with all species. Additional

research is needed to improve applicability and useful-

ness of this technique.

8.1.2 Perfect artificial culture using host fish. The use of fish

hosts for glochidia transformation has been developed

and is used by many researchers. However, because of

fish host specificity and the need to maintain large num-

bers of a variety of fish species, this method is labor

intensive. Suppression of host fish immunity, identifi-

cation of alternative host species, and the use of non-

indigenous fish should be evaluated to determine if

healthy juvenile mussels can be produced.

8.1.3 Determine the feasibility of propagating and rearing ju-

venile mussels in hatchery raceways, ponds, or tanks.

Other propagation techniques currently under develop-

ment include ( I ) artificially infesting fish with glochidia

and releasing the fish into a hatchery raceway, and (2)

holding gravid adult mussels in a raceway with their fish

hosts and allowing the fish to be infested naturally. In

both cases the juvenile mussels can drop off the fish, be

reared in a raceway, pond, or tank and be removed when

they are large enough for stocking. If successful, these

methods would require less manpower than other arti-

ficial propagation techniques that are under develop-

ment.

;.2 Develop diets for artificially propagated juvenile mussels.

Once juvenile mussels are produced, they must be fed and

reared to a size suitable for release. The technology to feed

juvenile mussels is not fully developed, and has been tested on

only a few species. The food and feeding regimes must also be

adapted to large-scale operations in order to make propagation

a feasible management tool.

!.3 Determine the viability of artificially propagated juveniles.

The survival and growth of medium-produced and artificially

reared juveniles should be compared to those of naturally

produced juveniles to evaluate their suitability for release in

restoration and recovery programs.

iA Conduct a comprehensive review of foreign and related lit-

erature that could have application in mussel propagation re-

search. As Asian countries have a wealth of experience in

freshwater mussel culture, their literature should be translated

so techniques can be tested and implemented here.

?.5 Conduct a review of mussel culture activities outside the

United States (e.g., China, Japan, Australia, and Indonesia)

and organize an international symposium on artificial propa-

gation. Foreign researchers are working on propagation tech-

nology. An international symposium on the subject would

bring these various groups together to share research results

and explore new research directions.

3.6 Identify criteria for selecting federal, state, tribal, and private

hatchery facilities that could be used for large-scale mussel

propagation. .Although propagation technology is not fully de-

veloped, existing hatchery facilities will eventually be needed

to produce juveniles for reintroduction. If the facility manag-

ers know that they might be requested to propagate mussels,

they could consider these criteria when planning modifications

at their facility. (Appendix III contains drafi criteria modified

from the Service's facility criteria.)

8.7 DeteriTiine the risks associated with mussels, their fish hosts,

and associated diseases escaping from the facility into non-

historic habitat. Whenever species are moved into areas out-

side their historic range there is always a risk that they will

escape and become established. If mussels and their associated

fish hosts are to be propagated and held outside their historic

range, an assessment should be made of the risk of escape and

potential consequences. The Performance Standards for Safely

Conducting Research with Genetically Modified Fish and

Shellfish (available on the Internet at http;//www.nbiap.

vt.edu ) will be considered in the course of propagation and

containment activities. Mussel containment activities will not

continue v\here the consequences of escape are likely and

severe.

8.8 Develop the technology to reintroduce juvenile mussels into

historic habitat. The reintroduction/relocation of adult mussels

has met with limited success, and the feasibility for releasing

juvenile mussels into the wild and artificially infesting and

releasing fish hosts needs to be tested. Additional research on

such factors as habitat suitability, size and nuinber of juveniles

to release, method of release, and time of release are needed.

8.9 Identify streams for reintroduction and augmentation of mus-

sel populations. Federal and state natural resources agencies

should form partnerships to develop a prioritized list of

streams that can be used for reintroduction and augmentation

of mussel populations.

PROBLEM 9: The survival of rare inussels will require the ability

to hold them in captivity or in refugia and to trans-

locate adult mussels to reestablish populations.

However, these techniques are not adequately de-

veloped for implementation by resource managers.

GOAL: Develop, evaluate, and use the techniques necessary to

hold and translocate large numbers of adult mussels.

STRATEGIES

9. 1 Develop protocols to relocate adult mussels. Adult mussels are

generally relocated for two reasons: to (I ) remove them from

an area when a development project or other factors threaten

their survival and (2) release them back into restored historic

habitat. Efforts to relocate adult mussels have met with varied

success, nevertheless, this tool is essential to mussel conser-

vation. For example, zebra mussels are currently threatening

rare mussel in the Ohio and Mississippi River systems (see

Problem b). To save some of these native species, it will be

necessary to move some rare and commercially valuable spe-

cies to areas that will not be threatened by the zebra mussel

(see Strategies 6.3 and 6.4). Also, adult mussels can be relo-

cated in order to reestablish extirpated populations when suf-

ficient specimens are available in a donor population.

9.2 Develop criteria for mussel relocation. Develop a checklist of

the physical, chemical, and biological parameters (e.g., habitat

type, pH. oxygen requirement, and number of individuals
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needed for a self-sustaining population) to be considered be-

fore attempting to translocate mussels or hold them in refugia.

This guidance should address moving species between water-

sheds and introductions into nonhistone habitat. The guidance

should also stress the need to monitor and fully report project

results.

9.3 Develop mechanisms for the long-term monitoring of trans-

planted iiius.sels. Once released into the wild, individual mus-

sels are difficult to relocate, complicating the assessment of

release success. For example, research was conducted in the

early 1980s on the feasibility of tagging mussels with magnets
and radio tags, but did not provide any reliable technology.

Since radio telemetry has improved in recent years, another

mussel tagging study may be warranted. Other avenues of

relocating and monitoring transplanted mussels should be in-

vestigated as well.

9.4 Develop technology to maintain adult mussels in captivity.

Many species are so rare or so threatened by habitat destruc-

tion or other factors that they are likely to become e.xtinct in

the wild in the foreseeable future. As mussels are long-lived,

it may be possible to maintain some species in captivity for

extended periods. When habitat is restored or suitable habitat

is located, these individuals or their propagated offspring
could be returned to the wild. The technology for the long-

term maintenance of captive mussel populations is not fully

developed. Research on the feeding and habitat requirements
of captive-held adults is crucial.

9.5 Develop guidelines with thresholds (triggers) to assist manag-
ers in determining when individuals of a mussel species

should be brought into captivity. Many factors threaten the

continued existence of native mussels. Guidelines are needed

to assist managers in determining when a species is so threat-

ened by these factors that it should be brought into captivity or

relocated to a more secure location (see Strategy 6.3).

9.6 Develop criteria for selecting an appropriate facility to be used

for captive mussel holding and identify specific facilities that

could be used in this effort. These criteria will assist managers
in determining if their facilities are suitable for captive hold-

ing. If the facility managers know they might be requested to

hold mussels, they could consider these criteria when planning
modifications to their facilities. Secure appropriate commit-

ments from agencies or organizations for facility space in

areas where there is an imminent need for captive holding (see

Strategy 8.6).

9.7 Determine risks associated with species escaping from the

facility into nonhistone habitat. (See narrative under Strateey

8.7).

9.8 Develop a health strategy for captive mussel populations. This

would include the development of techniques for disease di-

agnosis, determination of disease vectors, and disease control.

If adult mussels are to be brought into active fish hatchery
facilities, the effects of mussel diseases on fish and fish dis-

eases on mussels should be assessed.

9.9 Develop mussel cryopreservation technology. Cryogenic pres-

ervation could maintain mussel genetic material (much like

seed banks for endangered plants) until such time that the

habitat is suitable for reestablishing the species. Additionally,

if a mussel population were lost to a catastrophic event, such

as a toxic chemical
.spill, cryogenic preservation could allow

for the eventual reestablishment of that population using pre-

served genetic material. As cryopreservation techniques for

other faunal groups are developed, the technology should be

adapted and tested on native mussels.

PROBLEM 10: Current funding levels are not sufficient to ad-

dress identified information needs or to imple-

ment this National Strategy.

The outreach strategies identified under Problem 7 are critical to

the success of the following strategies.

GOAL: Increase available funding levels and develop other

means to increase mussel conservation efforts.

STRATEGIES

10.1 Develop partnerships and seek funding from government

agencies, private organizations, foundations, industries, and

individuals. No one agency or organization has sufficient

funds or expertise to conserve and recover our nation's mus-

sel fauna. Partnerships, cooperative ventures, and funding
from within and outside government are essential to program
success. Additionally, mussel conservation will not succeed

unless it is integrated with other aquatic ecosystem conser-

vation efforts. The benefits of mussel conservation must be

linked to other aquatic resource benefits.

1 0. 1 . 1 Seek funding assistance from federal, state, and tribal

agencies that have direct involvement with aquatic

resources management. Many natural resources agen-

cies, such as the Service, BRD, USGS, Corps, TVA,
EPA. USES. NPS. and state and tribal natural re-

sources agencies, are already funding projects directly

related to mussel conservation. Develop specific pro-

posals and solicit their help in the conservation effort.

These agencies should be encouraged to examine

their existing authorities to determine how they could

expand into mussel conservation.

10.1.2 Seek funding for mussel conservation from agencies

or organizations that have activities which impact
mussel communities. Many regulatory agencies over-

see programs that secondarily benefit mussels; they

might be willing to strengthen their programs to im-

prove the protection of mussel resources. Pursue co-

operative funding that satisfies an agency's needs and

promotes mussel conservation. Consider establishing

mitigation trust funds to help compensate for the loss

of mussel resources caused by development projects.

A trust fund was established to mitigate for the loss of

a mussel bed on the Ohio River. This trust now pro-

vides funds for mussel conservation projects that ben-

efit Ohio River mussels (Marshall et al.. 1993).

10.1.3 Evaluate funding alternatives, such as a tax on ex-

ported shells, commercial mussel harvest fees, or a

tax on the import of products made from native shells.

Some states already impose a tax on harvested shells,

and the funds are used for mussel conservation ef-

forts. A federal tax on domestic shell exports or the

foreign import of mussel-derived products should be

considered.

10.1.4 Seek funding assistance from non-government agen-
cies and organizations, businesses, and foundations.

Many organizations fund conservation projects or

provide in-kind support. If one organization provides

funding, other organizations are often more willing to

match the original funds. Solicit the support of such
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organizations and build cooperative efforts among
these groups.

This National Strategy presents an outline of suggested goals

and strategies for a national mussel conservation program.

These strategies do not encompass all the conservation ac-

tivities that are currently under way nor do they identify all

activities that will be needed for the long-term conservation

of mussels. They are offered as guidance to provide a national

mussel conservation perspective and to help various or-

ganizations identify the types of conservation tasks that could

be implemented to assist in the greater conservation effort.

Furthermore, the National Strategy is intended to be a dy-

namic document that will be revised periodically as new in-

formation becomes available and new strategies are devel-

oped. The authors welcome any comments and suggestions

that would help enhance short- and long-term mussel conser-

vation goals.

LITERATURE CITED

Burch. J. B. 1973. Freshwater Unionacean clams (Mollusca:Pelecypoda) of

North America. Environmental Protection Agency. Biota of Freshwater

Ecosystems. Identification Manual No. II. 176 pp.

Kat, P. W. 1983a. Genetic and morphological divergence among nominal

species of North American Anodonta (Bivalvia:Unionidae). Malacolo-

gici 23:361-374.

Kat. P. W. 1983b. Genetics, morphological divergence, and speciation

among Lampsilis. Journal of Molluscan Studies 49:133-145.

Kelch. D. O. 1994. Slow the spread of zebra mussels and protect your boat

and motor, too. Ohio Sea Grant Publication FS-054.

Lee. D. S.. C. R. Gilbert. C. H. Hocutt, R. E. Jenkms, D. E. McAllister &
J. R. Stauffer, Jr. 1980. Atlas of North American Freshwater Fishes.

Publication #1980-12 of the North Carolma Biological Survey. 854 pp.

Lydeard, C. M. Mulvey, G. M. Davis. 1996. Molecular systematics and

evolution of reproductixe traits of North American freshwater union-

acean mussels (Mollusca:Bivalvia) as inferred from I6S rRNA DNA
sequences. Proceedings of the Royal Society (London) Series B;35l:

1593-1603.

Marshall, J. H., W.L. Davis & B. L. Huff. 1993. The mussel mitigation

trust: a different type of mussel mitigation, pp 123-125. In: K. S.

Cummings, A. C. Buchanan and L. M. Koch (eds. ). Conservation and

management of freshwater mussels. Proceedings of a UMRCC sym-

posium. 12-14 October 1992. St. Louis, MO. Upper Mississippi Ri\er

Conservation Committee. Rock Island, IL. I89p.

Master, L. L., S. R. Flack & B. A. Stein (eds.). 1998. Rhers of Life: Criti-

cal Watersheds for Protecting Freshwater Biodiversiry. The Nature

Conservancy, Arlington, Virginia. 71 pp.

Mulvey, M., C. Lydeard, D. L. Pyer, K. M. Hicks, J. Brim-Box, J. D.

Williams & R. S. Butler. 1997. Conservation genetics of North Ameri-

can freshwater mussels Amblema and Megalonaias. Consenatioii Bi-

ology 11:868-878.

Neves, R. J. 1997. Keynote address: A national strategy for the conserva-

tion of native freshwater mussels, pp 1-10. In: K. S. Cummings. A. C.

Buchanan. C. A. Mayer, and T. J. Naimo (eds.). Conservation and man-

agement of freshwater mussels II: initiatives for the future. Proceedings

of a UMRCC symposium, 16-18 October 1997, St. Louis, MO. Upper

Mississippi River Con.servation Committee, Rock Island. IL.

O'Neill, C. Jr. & D. B. MacNeill, 1991. The zebra mussel (Dreissena

polymorpha): an unwelcome North American invader. New York Sea

Grant. FACT SHEET November 1991, SUNY College at Brockpon,

Brockport, NY. 12 pp.

Taylor, R. M. & Kelly Kershner (eds.). 1995. Sea Grant Zebra Mussel

Report: an update of research and outreach. Ohio Sea Grant College

Program. The Ohio State University, Columbus, OH. 54 pp.

Turgeon, D. D., A. E. Bogan, E. V. Coan, W. K. Emerson, W. G. Lyons,

W. L. Pratt, D. F. E. Roper, A. Scheltema, F. G. Thompson & J. D.

Williams. 1988. Common and scientific names of aquatic invertebrates

Irom the United States and Canada: mollusks. American Fisheries So-

ciety, Special Publication 16: viii. 277 pp.

Williams, J. D., M. L. Warren, Jr., K. S. Cummings, J. L. Harris & R. J.

Neves. 1993. Conservation status of freshwater mussels of the United

States and Canada. Fisheries 18(9): 6-22.

Appendix I

Participants at the April 1995, mussel meeting in Roanoke, Virginia, and other

document, or provided written comments.

individuals who were involved in drafting the

Meeting Participants:

Ms. Peggy Baker

Ms. Patn Thiel

Mr. Richard Biggins

Ms. Debbie Mignogno
Ms. Susi von Oetlingen

Ms. Linda Drees

Ms. Cindy Dohner

Mr. Jerry Landy
Mr. Dave Harrelson

Ms. Kari Duncan

Mr. John Thoeson

Mr. Dave Tilton

Mr. Leroy Koch

Mr. Andy Moser

Ms. Janice Rowan

Dr. Tom Walters

Mr. Kurt Welke

Dr. Ed Mahoney

Tennessee Shell Company
U.S.



1428 The National Native Mussel Conservation Committee

Dr. Barry Payne U.S. Army Corps of Engineers

Dr. John Jenkinson Tennessee Valley Authority

Dr. James Williams National Biological Service

Dr. Rita Villella National Biological Service

Dr. James Layzer National Biological Service

Dr. Richard Neves National Biological Service

The following individuals were involved in drafting the document or provided v\ritten comments:

Mr. Alan C. Buchanan Missouri Department of Conservation

Mr. James Peach American Shell

Mr. Lonnie Garner U.S. Shell

Mr. John Alderman North Carolina Wildlife Resources Commission

Mr. Jeffery T. Gamer Alabama Department of Conservation

Ms. Cindy Chafee U.S. Fish and Wildlife Service

Mr. Robert S. Butler U.S. Fish and Wildlife Service

Dr. David Strayer Institute of Ecosystem Studies

Mr. Glenn Miller Great Lakes Indian Fish & Wildlife Commission

Appendix II

Criteria for Prioritizing Projects and Activities Identified in this National Strategy

Project has partners or has the potential to create partnerships.

Project work is related to priorities for geographical distribution and species diversity and considers the degree of threat.

Project addresses both the status and trends of the mussel populations.

Project focuses on the aquatic system within the watershed (USGS quadrants).

Project fulfills the objectives of existing management or recovery plans.

The project is feasible and achievable (i.e.. cost-effective; uses the best choice of methods).

Project does not unnecessarily duplicate existing studies.

Project provides a short-term solution until a long-term plan is developed, or itself offers a long-term solution.

Project has a monitoring component.

Projects that prevent extinction are of a higher priority than projects that maintain existing populations, and maintenance projects are

of a higher priority than recovery projects.

All other options have been explored (e.g.. habitat restoration or translocation).

Applicability of research to multiple species (national research receives a higher priority than local research).

Appendix III

U.S. Fish and Wildlife Service Facility Criteria

The activity must be considered essential and must be justified in management, conservation, or recovery plans, etc. For Service

facilities, the work needs to meet the goals of the ecosystem plan.

The water quality and supply must be known and must be compatible with species to be held.

Facilities should ONLY work with mussels from the same basin or watershed. Mussels will only be allowed to be cultured or held

outside of their native basin or watershed under a special permit or in cases of emergency (i.e., the threat of extinction) and with

approval from state natural resources agencies and the support of the conservation community. Culture of non-native mussels shall

go forward only in well-confmed facilities with detailed operations management plans.

Facilities must have a water source free of zebra mussels.

Facilities must have a wet lab or have ready access to one.

If the facility staff DOES NOT have the technical expertise required, the facility's project leader must procure the necessary training

or secure the necessary experti.se through cooperative arrangements with appropriate experts.

Facilities must have an available and suitable food source. If a natural source is not available, a facility must have the space and

expertise needed to produce food.

Projects should be cooperative ventures involving federal, state, tribal, or private organizations. For example, projects designed by

the Service should involve hatcheries. Fish Health Labs, and Fish Technology Centers. If federally listed species axe concerned,

involve Ecological Services.

The project must comply with all federal and state permit requirements.

The introduction of mussels into a facility should not significantly affect the exisung fish production program.

A contingency plan should be prepared that addresses how listed mussels will be rescued in case of flooding or other disaster.

Note: Criteria should be a function of the project objectives (e.g.. refugia. propagation, and research). If particular criteria are not

applicable to the project, compliance with that particular criterion is not necessary. If this is the case, justification for not complying with

the criterion must accompany a proposal. For example, the need for raceways or ponds is dependent on the species and project.



Proceedings of a Workshop on

SPATIAL DATA AND REMOTE SENSING
IN

INVERTEBRATE FISHERIES

Held in Conjunction with the Annual Meeting of the

National Shellfisheries Association

89th Annual Meeting

at

Fort Walton Beach. Florida

April 19-20. 1997

GUEST EDITOR

Gary Smith

Hosted by

The Mapping and Analysis Project

of

The Cooperative Oxford Laboratory

a joint facility of

Maryland Department of Natural Resources

and

National Oceanic and Atmospheric Administration

Fiimliiii' Assistance Provided by

National Environmental Satellite Data and Information Service

and

United States Army Corps of Engineers Waterways Experiment Station





Journal oj Shellfish Reseiirch, Vol. 17, No. 5, I4.M. 1998.

PREFACE

GARY SMITH
Mapping and Analysis Project

Cooperative Oxford Laboratoij

Oxford. MD 21654

This 2-day workshop was inspired by the former director of the

Cooperative O.xford Laboratory. Aaron Rosenfield. His interest

and enthusiasm in the benthic remote sensing wort; done by the

Mapping and Analysis Project (COLMAP) at the Laboratory led

him to propose a gathering of other individuals and groups in-

volved in related work. His concept led those of COLMAP along

a vague path as to what a workshop on aquatic remote sensing of

invertebrate species was to include or accomplish. With the gen-

erous offer of the National Shellfisheries Association to allow us to

hold the workshop at. and just prior to. their annual meeting, we
had a place and fellowship. With generous financial assistance

from the Corps of Engineers and the National Environmental Sat-

ellite Data and hiformation Service, we had a gathering and gen-

erated this publication.

On short notice, we solicited abstracts relating to the subject.

Our guidelines were that emphasis was to be placed on strong

visual presentations. An early concern was that abstract response

would be poor. Ultimately, we were delighted with the response.

We selected 21 presentations, cramming our 2-day time slot. Ab-

stracts seemed to fall into four principal categories: Satellite and

Atmospheric Remote Sensing. Geographic Information System
(GIS) Data Analysis. In-water Remote Sensing, and Management.
Lead off speakers graciously introduced and monitored each of the

topical areas. After leaving the workshop, presenters and audience

felt that the workshop concept was strong and expressed interest

that a similar workshop be held later.

As things go, it has taken some time to assemble and review the

extended abstracts we solicited for publication. The National

Shellfisheries Association graciously offered to allow us publica-

tion within its journal. We finalized with 15 papers. To assist in

augmenting the theme of our workshop, we requested that authors

submit additional, noncited. references pertaining to their general

topical area. These we have included. Submitted abstracts organi-

zationally fell within the topical areas of publication order listed

below. An original concern was with standardizing the format for

each of the submitted abstracts. Realizing that this winild involve

much rewrite and possible reinterpretation of the authors' intent,

we left the abstract organization alone.

In our initial presentation guidelines, we stressed the impor-
tance of visuals (including colon to the workshop. We gladly

accepted a large number of figures with the extended abstracts. In

some cases, however, if a color figure could be reproduced as

black and white without loss of interpretation, we did so to reduce

costs.

Contents

Overview and Management
Brown

Satellite Remote Sensing

Perry

Tester

Ladner

In-water Remote Sensing

Cutter

Mayer

Tracy

Caddell

Sen'ice

Ztwii

Berk

Geographic Infomiation System Data Integration

Ruhec

White

Parker

Smith
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SHELLFISH BENTHIC HABITAT ASSESSMENT IN THE CHESAPEAKE BAY: PROGRESS
TOWARD INTEGRATED TECHNOLOGIES FOR MAPPING AND ANALYSIS

G. F. SMITH AND K. N. GREENHAWK
Coopcnitivc Oxford Laboratory

Fisheries Service

Maryland Deparunent of Natural Resources

Oxford, MD 21654

ABSTRACT Combinations of mechanical and remotely sensed technologies were applied to the task of developing techniques to

assess and chart the physical condition of oyster habitat in the mesohaline Maryland Chesapeake Bay. Acoustic sub-bottom profiling

equipment, side-scan sonar, underwater video, sediment analysis, and seafloor classification systems were tested for their capability in

characterizing important components or conditions of the benthic environment, as well as their ability to integrate and display this

information via linked Global Positioning System (GPS) and Geographical Information System format (GIS). Acoustic seafloor

classification fully integrated with shipboard and land-based CIS. linked to bottom validation techniques, seems to offer the most

effective solution to oyster habitat assessment at virtually any .scale of interest.

KEY WORDS: Geographical Information System, shellfish, hydroacoustics, seafloor classification

The chriniic and e.xtrenie long-term decline of oyster harvest in

the Chesapeake Bay has been blamed on a combination of three

factors: overharvest, disease, and loss of oyster habitat. Of the

three factors, the chronic effects of habitat loss through destruction

of reef structure and sedimentation may be the most difficult to

quantify on a large scale over time. In the soft bottom environment

of the Chesapeake Bay, live or dead oyster shells protruding above

the sediment (cultch) are the principal available substrate for spat

settlement and growth. Field assessment methods, coupled with

precise Global Positioning System (GPS) navigation were inte-

grated with Geographic Information System (GIS) data manage-

ment and analysis to begin the task of examining which suite of

technologies could be best employed to characterize the condition

of cultch habitat.

Three aspects of information on the Chesapeake cultch re-

source are desired: (1) to identify a level of sedimentation on

cultch that could potentially degrade recruitment; (2) to assess the

density and geographic extent of exposed cultch on the bottom

rapidly and accurately; and (.3) to identify buried deposits of oyster

shell indicative of historic reefs and potentially available for rec-

lamation. If such were practical and efficient on a large scale,

long-term monitoring of the cultch resource as well as determina-

tion on the effectiveness of restoration technologies and harvest

practices upon the oyster resource could be realized.

Combinations of mechanical grabs, acoustic sub-bottom pro-

filing equipment, side-scan sonar, underwater video, and seafloor

classification systems were applied to the task of assessing which

suite of technologies best meet the requirements of the objectives.

Application of remote acoustic technologies required the integra-

tion of ground truth data to allow for calibration and classification.

A principal difficulty encountered in the Chesapeake Bay is an

almost complete lack of visibility throughout most of the year for

visual or video ground truthing. Various scales of resolution also

complicate the analysis. The importance of delecting light sedi-

mentation requires a millimeter level scale; whereas, buried cultch

detection is on a scale of meters.

A primary aspect of this work was to determine if baseline data

depicting the historic extent and condition of the oyster ""reef" was,

indeed, a valid baseline depiction of the extent of the cultch re-

source. Baseline data were from two principal sources. The Yates

Survey (Yates 1911) was an extensive and detailed charting of

tum-of-the-century Maryland oyster bottom. Acreages calculated

as laying within the polygons depicting individual oyster bars have

often been used as a baseline acreage of oyster habitat for Mary-
land. The Maryland Bay Bottom Survey (unpublished data)

charted cultch content largely by the use of a microphone dragged

along the bottom. A reduction in cultch acreages between the two

surveys has been used as evidence of widespread areal loss of reef

(Rothschild et al. 1994).

Preliminary field assessment was to determine sub-bottom

characteristics on and transitional to historic oyster bars. ""Chirp"

sonar (Schock et al. 1989) manufactured by Edgetech. DataSonics.

and a unique sub-bottom classification system assembled by the

Naval Research Laboratory (Lambert et al. 1993) were tested in

and around the mesohaline Choptank River system (Figs. 1,2).

Interpretation of results was often difficult because of the presence

of highly varying patterns and quantities of methane gas within the

sediment that effectively masked any sub-bottom features in ""soft"

portions of the bottom. Buried ""hard"' terraces were, however,

exactly matched with some original boundaries of charted oyster

bars (Fig. 3). Where these terraces (or portions of terraces) reached

the surface, cultch was regularly found to be a principal surface

component. Piston coring of one of these buried terrace slopes

found oyster shell fragments at a depth corresponding to the slope

depth indicated on the sub-bottom trace.

Interpretation of sub-bottom traces (although often intuitive),

additionally showed high correlation with bottom classifications of

the Maryland Bay Bottom Survey. Sub-bottom profiling also re-

vealed that boundaries of many of the original charted Yates Bars

of Maryland often contained large sections of muddy or sandy

bottom with no supporting substrate at depth. These areas were

clearly never capable of supporting an oyster community. Yate.s

polygon oyster bar boundaries were often seen in many cases as

enclosures of several isolated and irregular patches of ""terraces"

identified by sub-bottom profiling. The Bay Bottom survey com-

monly was able to identify such areas as exposed cultch. It became

apparent that utilization of Yates survey acreage as a turn-of-the-

century baseline habitat index may bias true tum-of-the-century

oyster habitat in a positive fashion.

Sub-bottom profiling information provided limited and highly
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Figure 1. Study area in the region of the Choptank River on the

eastern shore of the Maryland portion of the Chesapeake Bay. Charted

oyster bar boundaries at the turn of the century (Vates 1911) are

shown in light line. Oyster bars referenced in this paper are identified.

intuitive information about density and sedimentation level of ex-

posed cultch. Difficulties also arose in how to integrate interpretive

and visual output within a GIS-based system. At this point, feature

files, indicating points of interest along transects, keyed to com-

puter-produced images were the only feasible way for us to link

visual output to the GIS.

Presently, we are utilizing two techniques for bottom calibra-

tion for remote systems: video and ponar dredge samples. Tradi-

tional mechanical bottom sampling devices may eliminate evi-

dence of light sedimentation over cultch during their deployment
and retrieval. From such grab samples, identification of the degree
to which oyster shell is buried is often dependent upon burial to an

anaerobic depth producing ""blackened" shell. Although initial

video results produced from a bottom camera were often of ex-

tremely poor quality because of poor water clarity, preliminary

video along sub-bottom profile tracks identified the high degree of

sedimentation on shell in traditional oyster regions in the meso-

haline portion of Chesapeake Bay. High sediment loads on recent

oyster shell repletion plantings was also observed. Video images
and classifications are being linked to GPS location along sub-

bottom transects via the GIS to allow for retrieval (Fig. 4).

Side-scan sonar was employed to determine its potential in

characterizing the presence of various densities of cultch on the

Figure 2. Enlargement of the mouth of the Choptank River study

area. Yates oyster bar perimeters (circa 1911), Stone Rock, Cook's

Point, and Royston Bar, are highlighted.

bottom. It was hoped that resuhs would allow for wide swaths of

the bottom on either side of the survey boat to be classified and

presented in two-dimensional GIS representations. Success was

mi.xed. Traditional wide-swath equipment commonly employed in

deepwater surveys produced very limited discernment of bottom

type in our shallow waters. Ground truthing was always necessary

to identify the cause of reflectivity differences. Rapidly changing

depth, water mass variation, and a regular need to adjust signal and

reception parameters all limited detail for purposes of mapping.

Utilization of high-resolution, narrow-range side-scan equip-

ment (Sea Scan PC) greatly increased surface resolution. Survey

width was, however, reduced from approximately 100 m on each

side of the vessel to a maximum of 40 m. An important tool in

side-scan integration into a GIS format is computer mosaic tech-

nique. This procedure electronically assembles the indi\idual sur-

vey swaths of data over the bottom into a two-dimensional surface

that can be draped over other data layers generated by the GIS

(Fig. 5). Although we are involved in developments in this field,

this approach may be costly and survey intensive for purposes of

wide-scale habitat assessment. Additional problems involve the

storage and processing of large quantities of data generated by

such surveys.

Recent ad\'ances in high-resolution laser line scan capability
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buried oyster

reef slope

Figure 3. Example of acoustic sub-bottom profiling system identifica-

tion of buried edges of historic Maryland oyster reefs. The top half of

the figure shows the CiPS recorded survey track as a hashed line

transversing Irish Creek and Royston oyster bars. Oyster bar names

are centered in the polygons representing oyster bars as delineated by

Yates (circa 1911). The box enclosing part of the survey track at the

western edge of the Royston oyster bar represents the linear extent of

the suh-bollom profile depicted in the bottom half of the figure. In this

sub-bottom profile, the image is reversed from its true direction. In

reality, the reef slope descends from east to v\est. Tic marks just below

the sediment surface and just above the bottom of the figure provide

scale of feature identification in the bottom. Distance between upper

and lov(er tics is 5 m. As the slope of the ovsler bar terrace sinks bel(n>

5 m, dense acoustic returns from gas mark where soft channel sedi-

ments begin. W here the terrace slope reaches the surface, oyster shell

appears on the surface.

could greatly assist in benthic habitat assessment. Towed devices

could identify many benthic surface characteristics of interest in

high-resolution photograph-like quality (see article, this publica-

tion). Poor visibility conditions do not affect such systems to the

degree that visual light systems are degraded. The current cost of

rental or purchase of such devices has made them prohibitive for

our testing.

Seafloor Classification Systems were then applied to the task of

discerning variation in sediment and cultch characteristics. These

systems analyze components of returning sound from traditional

depth sounder transducers to characterize the bottom. In effect, the

tool has no implicit knowledge of what bottom characteristics are;

Figure 4. \ ideo ground truthing of survey tracks on Stone Rock oys-

ter bar. The black line indicates survey track and small boxes, video

calibration sites. Geographical Information System image integration

allows for spatial capture and simple retrieval of image data.

application of ground truthing instead allows for the compartmen-
talization of returning echoes into characteristic bottom types.

Two available Seafloor Classification Systems on the market

employ two different approaches to echo analysis. One system

requires a priori knowledge of principal bottom types in the region

of interest, and the other does not. Ro.xaiine uses components of the

first and second returns of the transmitted sound pulse to charac-

terize the bottom in a two-dimensional axis. These axes have a

quasirelationship to harness and roughness. Various combinations

of these two (E-values) can be assigned to different types of bot-

tom substrate (i.e.. bedrock, cobbles, sand) (Dyer et al. 1997).

Another system, QTC requires a priori training of the system to

allow particular waveforms of the returning echo to be assigned to

predetermined bottom types held in memory. In such analysis, the

confidence, or level of association can be assigned to each return-

ing echo.

Both systems were employed over sections of the bottom ex-

hibiting highly variable composition. Although comparative analy-

sis is not yet complete, it is apparent that both systems can dis-

criminate fine variation in bottom character. Determining precisely

what acoustic properties cause this discrimination is still, however.

a key requirement of ground truthing. Continued research in trans-
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Figure 5. A side-scan sonar mosaic draped over a balhvnietric mesh ol

bottom depth within Cook's Point oyster bar. The dark black Hne to

the left is the western oyster bar edge as delineated by Vates (circa

mil). The side-scan image has been electronically draped over the

bottom contours. The survey path was horizontal through the middle

of the image. The field of view to either side is approximately KM) m.

With proper equipment, multiple passes over the bottom could be

electronicallv linked into a large two-dimensional image. In shallov\

water estuarine conditions. Side Scan Sonar data integration with Geo-

graphic Information Systems is subject to many forms of operational

and practical difficulties. In addition, extensive field validation is re-

quired to determine the cause of differences in acoustic reflectivity.

ducer design, frequency variation, and classification analysis may

continually improve system effectiveness.

Seafloor Classification Systems may have high potential for

estuarine habitat assessment, because its technology mates well

with GIS/GPS data integration. Data are displayed in real time,

allowing survey adjustments in the field. Data can be reduced to

simple vectors, with time and location GPS stamps. Survey track

data are amenable to a wide range of GIS incorporations (Fig. 6).

Our principal display mode is transformation to a grid cell data

model (Fig. 7). Cell size can be adjusted to the survey require-

ments. Interpolation techniques allow for the generation of con-

tinuous surface renditions of the survey area (Fig. 8).

Confidence intervals may be generated for commercial Sea-

floor Classification Systems. This statistic provides an indication

as to how well system software matches a returning echo to a

stored library echo. Similar statistics could be developed to assess

high variation between signal returns along a section of boat track.

Both situations call attention to potential bottom types that are

unknown or areas where bottom transition is occuning.

Future applications for Seafloor Classification Systems will

most likely call for closer integration with GIS. Such linkage will

allow for fuller multifacet analysis and display of collected data. A
current drawback of these classification systems is that any change

in system components or settings may result in entirely different
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Figure 6. An example of a Seafloor Classification System (SCSI survey

linked to Geographical Information System (GIS) display. Individual

SCS point data are easily integrated into GIS storage format for dis-

play with other data files. In this figure, diver validation data are

linked to the survey location.

classifications. Integration of GIS may again assist in calibrating

surveys over time.
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Figure 7. SCS survey data transformation to a grid cell model. Indi-

vidual categorical bottom characterizations are shown along three sur-

vey tracks. Interpolation routines assign the most prevalent category

within a chosen grid cell size to that cell. Cell color indicates bottom

category type.

Figure 8. Conlinous surface interpolation of SCS data. Data such as

those generated for Figure 7 were used to demonstrate habitat type on

lovNer Cook's Point oyster bar. Note small grid cell size utilized.
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ABSTRACT Blue crab larvae undergo zoeal and niegalopal development in offshore waters of the Gulf of Mexico. The surface-

residing planktonic larvae are dependent upon advcctive currents to return them from sea at the appropriate tiine for settlement in

near-shore habitats. Settlement is episodic. The periodicity of settlement is similar over years; however, magnitude is highly variable.

A numerical model of the gulf was used to determine advective pathways and environmental forcing conditions affecting successful

returns. Two factors were found to be important: wind stress and liming of the break-off of Loop Current eddies. Interannual variation

in wind stress was most significant.

KEY WORDS: Blue crab. Gulf of Mexico, currents, wind stress

Fisheries for the blue crab, Callinectes sapidiis. are character-

ized by annual, seasonal, and geographic variations in harvest. The

causes for these variations remain poorly understood, with result-

ing uncertainties for fisheries management. Although many factors

influence population size and a particular year-class strength,

population levels are initially affected by recruitinent dynamics.

Because blue crab recruitment processes seem to be physically

mediated and involve large-scale environmental features, the ap-

plication of remote sensing technology can be especially useful in

examining the influence of oceanographic and meteorological

events on larval recruitment to a particular population.

Callinectes sapidus larvae are exported from northern Gulf of

Mexico estuaries, with growth and development through the seven

zoeal stages and metamorphosis to the niegalopal stage occurring

on the continental shelf (Perry and Stuck 1982. Truesdale and

Andryszak IQS.'!). Dexelopment through the larval stages usually

requires from 30 to 50 days. Megalopae possess behavioral adap-

tations that maintain them in surface waters (Sulkin and Van Heu-

kelem 1986) where the advective currents, upon which they are

dependent for transport, return them from the sea at the appropriate

time for settlement in near-shore, shallow water habitats. Megalo-

pal settlement in northern Gulf estuaries is episodic (Perry et al.

1995, Rabalais et al. 1995). Temporal periodicity of settlement

events is similar from year to year; however, the magnitude of

settlement is highly variable (Figs. 1,2). Extremes in settlement

occurred in 1991 (high) and 1996 (low). Shelf circulation patterns

and meteorological conditions (wind stress) were different in these

2 years, suggesting a causal relationship may exist between these

parameters and settlement in the Mississippi Bight (Figs. 3. 4).

The Gulf of Mexico is a complex system with unique physi-

2
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100

1996

Figure 2. Daily average number of megalopae per collector, 1996; dates represent full moon.

ographic and hydrographic features. The Loop Current is the dom-

inant hydrologic feature in the Gulf. The current is known to shed

cyclonic (Elliott 1979. Vukovich and Maul 1985) and anticyclonic

eddies (Cochrane 1972. Elliott 1982) that affect circulation pat-

terns in the eastern and western Gulf, respectively. The Mississippi

Ri\er also exerts considerable influence on circulation over the

continental shelf and beyond. Approximately 5\7c of the riverine

discharge for the contiguous United States flows into the Gulf, with

7?)9c of this discharge carried by the Mississippi River (Ward

1980). Coastal climatology of the northern Gulf is largely dictated

GuJf of Mexico Sea Surface Height
ERS 1 sea surface bcight anomajy

phis model iiK«i

3Q-\
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Figure 4. Winds from NDBC buoy showing eastward lal and north-

ward (h) wind stress in 1991 (red) and 1996 (blue) and the average

from 1991 to 1996 (black).

by the subtropical Azores-Bermuda High (Eleuterius and Beaugez

1979, Ward 1980). Onshore winds are most prevalent in the sum-

mer when the high is strongest and farthest northwest. As the high

weakens in early fall, coastal areas become subject to the weather

systems of the midlatitude westerlies. Gulf tides, which co-oscil-

late with those of the North Atlantic (Zetler and Hansen 1972), are

of small amplitude relative to tides along the Atlantic and Pacific

coasts. Small amplitude tides in conjunction with a broad shallow

shelf in the northern and eastern Gulf contribute to meteorological

"forcing" of coastal processes (Smith 1977, Chuang er al. 1982,

Schroeder and Wiseman 1986, Schroeder et al. 1987).

During 1996. the Loop Current shed eddies in the spring and

summer. Eddy shedding is a repetitive event that commonly occurs

at 8 to 10 month intervals. These shedding events occur via insta-

bility processes (Hurlburt and Thompson 1980) and. thus, are not

amenable to prediction. The occurrence of an eddy shedding event

during the spring and suinmer is not statistically unusual. How-

ever, it is, indeed, unusual to have two events occur in such a

relatively short time span and cover the biologically important

spring and summer seasons. The sea surface height (SSH) maps
shown in Figure 3 were created using ERS-1/2 altimetry and a

numerical model of the Gulf of Mexico. The model-determined

mean sea level was added to the satellite-detennined SSH anoma-

lies to recover real sea surface heights. The Loop Current is clearly

seen in the high SSH intrusions through the Yucatan Straits, and

the Loop Current eddies are seen as closed high SSH to the north

and west of the straits. In these four maps, the two eddies shed

from the Loop Current can be readily seen. The first occurred

between March and May and the second between August and

September 1996. In March, the Loop Current is seen to be highly

extended into the northern Gulf of Mexico. A previously shed eddy

can also be observed in the western Gulf. By the beginning of

May. a recently shed eddy can be observed to the northwest of the

Loop. Although small, this eddy is shed relatively far toward the

north, where its impact on the Mississippi Bight can be important.

In a normal eddy-shedding event, the newly formed eddy takes

much more of the Loop water with it. and the reattached Loop is

subsequently found far to the south. In this event, the eddy was

relatively small, and the Loop continued to extend lo the north for

its second shedding event. By early August, the Loop Current is

clearly in the process of pinching off again, and by the end of

September a larger eddy has been separated. From a numerical

model of the Gulf of Mexico, it has been observed that these Loop
Cunent intrusion and eddy-shedding events can play a major role

in circulation on the continental shelf (Johnson and Perry, unpub-

lished data). They seem to modulate the parabathic, shelfbreak

tlow, allowing greater interaction of the deep basin with the shelf

itself (Oey 1995).

Wind stress (Fig. 4) data measured at NOAA/NDBC buoy

#42007. located in the western part of the Mississippi Bight, were

obtained from 1991 to 1996. In 1991, unusually large quantities of

blue crab megalopae settled on the collectors in the Mississippi

Bight. In 1996, extremely low quantities settled. Major differences

in the strength and direction of the east/west (alongshore) compo-
nent of wind stress occurred in the 2 years. In 1996, the alongshore

wind stress during spring and summer was anomalously weak, or

reversed, as compared to 1991. Using a lag time of 5 to 6 days,

Rabalais et al. (1995) found a correlation between megalopal

settlement at two sites in the Mississippi Bight, one in Mobile Bay
and the other in central Mississippi Sound, and suggested a west-

ward alongshore movement of water masses carrying the megalo-

pae as one possible explanation for this relationship. Both numeri-

cal models and observations (Johnson and Perry, unpublished data)

have demonstrated a characteristic alongshore drift toward the

west. Stronger westward wind stress during the spring of 1991

would suggest a transport route for blue crab megalopal reinvasion

of estuaries from enhanced alongshore flow toward the west. Dur-

ing the spring of 1996 and during September, commonly the maxi-

mum settlement month, the wind stress that could contribute to this

flow was absent. This study represents the first attempt to develop

a conceptual hypothesis relating physical forcing to dispersion and

retention of larvae in the Mississippi Bight.

ACKNOWLEDGMENTS

The authors acknowledge R. Leben of the Colorado Center for

Aerospace Research of the University of Colorado for supplying

the ERS-1/2 satellite altimetry maps and to L. Kantha and J. K.

Choi for numerical model results.

LITERATURE CITED

Chuang, W. S.. W. W. Schroeder & W. Wiseman. Jr. 1982. Summer
current observations off the Alabama coast. Coiit. Mar. Sci. 25:121-

131.

Cochrane. J. D. 1972. Separation of an anticyclone and subsequent devel-

opments in the Loop Current ( I969l. pp. 91-106. In: L. Capurro and J.

Reid (eds.). Contributions on the Physical Oceanography of the Gulf of

Mexico. Gulf Publishing. Houston. Texas.

Eleuterius. C. K. & S. L. Beaugez. 1979. Mississippi Sound: a hydro-

graphic and climatic atlas. MASGP-79-009. 145 pp. Mississippi-

Alabama Sea Grant Consonium. Ocean Springs. Mississippi.

Elliou. B. A. 1979. Antlcyclonic rings and the energetics of the circulation

of the Gulf of Mexico. Ph.D. dissenation. Texas A&M University.

College Station. Texas.

Elliott. B. A. 1982. Antlcyclonic nngs in the Gulf of Mexico. J. Phys.

Oceanogi: 12:1291-1.309.

Hurlburt. H. E. & J. D. Thompson. I9S0. A numerical study of Loop



1442 Perry et al.

Current intrusions and eddy shedding. J. Phys. Oceanogr. 10:1611-

1651.

Oey. I. 1995. Eddy- and wind-forced shelf circulation. / Geophys. Res.

100;862)-8637.

Perry, H. M. & K. C. Stuck. 1982. The life history of the blue crab in

Mississippi with notes on larval distnbution. pp. 17-22. In: H. M. Perr>

and W. A. Van Engel (eds. ). Proceedings of the Blue Crab Colloquium.

Pub. 7. Gulf States Marine Fisheries Commission. Ocean Springs. Mis-

sissippi.

Perry. H. M.. C. Eleuterius. J. Warren & C. Tngg. 1995. Settlement pat-

terns of Callinecles sapidiis megalopae in Mississippi Sound: 1991,

1992. Bull. Mar. Sci. 57:821-833.

Rabalais. N., F. Burditt, Jr.. L. Coen. B. Cole. C. Eleuterius, K. Heck, Jr.,

T. McTigue, S. Morgan. H. Perry, F. Truesdale, R. Zimmerfaust & R.

Zimmerman. 1995. Settlement of blue crab megalopae on artificial

collectors in four Gulf of Mexico estuaries. Bull. Mar. Sci. 57:855-876.

Schroeder, W. W. & W. J. Wiseman, Jr. 1986. Low-frequency shelf-

exchange processes in Mobile Bay and other estuarine systems on the

northern Gulf of Mexico, pp. 355-367. In: D. A. Wolfe (ed.l. Estuarine

Variability. Academic Press. San Diego.

Schroeder, W. W.. S. P. Dinnel. W. J. Wiseman. Jr & W. J. MeiTell. Jr.

1987. Circulation patterns inferred from the movement of detached

buoys in the eastern Gulf of Mexico. Com. Shelf. Res. 7:883-894.

Smith. N. P. 1977. Meteorological and tidal exchanges between Corpus
Christi Bay, Texas and the northwestern Gulf of Mexico. Estuar.

Coastal Mar. Sci. 5:511-520.

Sulkin. S. D. & W. F. Van Heukelem. 1986. Variability in the length of the

megalopal stage and its consequence to dispersal and recruitment in the

portunid crab. Callinectes sapidus Rathbun. Bull. Mar. Sci. 39:269-

278.

Truesdale. F. M. & B. L. Andryszak. 1983. Occurrence and distribution of

replant decapod crustacean larvae in neritic Louisiana waters: July

1976. Cont. Mar. Sci. 26:37-53.

Vukovich. F. M. & G. A. Maul. 1985. Cyclonic eddies in the eastern Gulf

of Mexico. J. Phys. Oceanogr. 15:105-117.

Ward. G. H. 1980. Hydrography and circulation processes of Gulf estuar-

ies, pp. 183-215. In: P. Hamilton and K. B. MacDonald (eds.). Estua-

rine and Wetland Processes. Plenum Press. New York.

Zetler. B. D. & D. V. Hansen. 1972. Tides in the Gulf of Mexico, pp.

265-275. //;. L. Capurro and J. Reid (eds.). Contributions on the Physi-

cal Oceanography of the Gulf of Mexico. Gulf Publishing. Houston,

Texas.



Joiinuil of Shellfish Research. Vol. 17. No. 5. 144.^1444, 1998.

NOVEL OPTICAL REMOTE SENSING AND GROUND-TRUTHING OF BENTHIC HABITAT

USING THE BURROW-CUTTER-DIAZ PLOWING SEDIMENT PROFILE CAMERA SYSTEM

(BCD SLED)

G. R. CUTTER, JR. and R. J. DIAZ

Virginia Institute of Marine Science

Gloucester Point. Viri^inia 23062

ABSTRACT The Jefferson Benthic Sled provides video sediment profile iniagerv' of continuous cross-sectional data. Subsurface

imaging is achieved by attaching a profile camera prism behind an agncultural plow thai extends beneath the plane of the sled skids,

slicing through the top 10 to 20 cm of sediment. The plowing video profile provides a high-resolufion, real-time, remotely controlled

view of the flat side of the plow furrow. Successful continuous profiles of up to 100 m have been collected. The equipment allows

immediate characterization of benthic habitats, transition zones, sediment types, sediment oxidation layering, biological resources, and

fisheries impact.

KEY WORDS: Sediment profile, underwater video, benthic habitat

INTRODUCTION

Sediment profile imagery has been improved from discrete

point data to continuous cross-sectional data by the development

of the BuiTow-Cutter-Diaz plowing profile camera sled system

(BCD sled). The camera plows through the sediments and provides

a continuous sediment profile image. Uninterrupted sub-bottom

video imaging is achieved by attaching a modified sediment pro-

filing camera prism behind a plow blade that extends beneath the

plane of the sled runners and slices through the top 30 cm of

sediment. The BCD sled provides high-resolution, real-time im-

aging of the flat side of the plow furrow as it develops. Successful

continuous profiles have been collected that span up to 100 m.

Attachment of other equipment allows simultaneous delineation of

benthic habitat and near-bottom water conditions. Using the plow-

sled, we can immediately characterize benthic habitats, transition

zones, sediment types, apparent sediment oxidation layer, and bio-

logical resources, assess bottom fisheries impact, and achieve con-

current ground-truthing of side-scan sonar survey data by deploy-

ing the plow-sled during sonar surveys.

SYSTEM

The BCD sled (Fig. 1) is configured to collect real-time \ideo

from the plowed furrow created by a camera system designed for

continuous transect sediment profile imagery. Figure I depicts the

main components of the plow-sled system; the plow blade and

plowing profile camera prism casing with the prism window on

sled

runner Nt video profile camera

prism window

Figure 1. BurroH -Cutter-Diaz plowing profile camera sled.

one side, and the two sled runners. The runners ride along the

sediment surface, and the lower half of the plow ing camera casing

travels through the surficial sediments. The plowing profiling cam-

era prism is rotated 90° from the still image sediment profile

camera system (Rhoads and Cande 1971, Rhoads and Germano

1982. Germano 1983, Rhoads et al. 1996). The plowing profile

camera prism window is flush with the fiat, vertical side of an

underwater plowing device, and enables viewing the sediments in

profile as the plow slices through the uppennost layers (30 cm) of

sediment.

The video system and lighting are powered by 12 V battery

pack system in an underwater housing, Reinote viewing is

achieved, presently, through a 150-m long underwater cable. Sled

tow transects are continuously logged on the vessel as Global

Positioning System (GPS) coordinates. A hydrographic sensor sys-

tem may be attached to the sled to provide simultaneous continu-

ous acquisition of water depth, temperature, salinity, dissolved

oxygen, and pH.

DATA OUTPUT

Composite images, such as the example in Figure 2 (top), from

the plowing camera are compiled from digitized versions of Hi-8

video sequences recorded from the vessel during deployment. Ad-

ditional video and still cameras may be affixed to the sled and to

provide close-up plan-view or oblique-view images of the sedi-

ment surface. The combination of images, continuous sediment

profile imagery, and surface-view images, produces a high-

resolution optical analog to acoustic side-scan sonar and sub-

bottom profiler images. Postprocessing of digitized video images

allow s quantification of microtopography, fauna, and sediment at-

tributes in terms of transect data and analyses similar to those

described by Malatesta et al. (1992).

The top image in Figure 2 is a mosaic of several video frames

acquired from a short section of one sled transect. This reconstruc-

tion of the bottom is accomplished by manual registration of ad-

jacent digitized video images using visual surface and subsurface

features. Several image features contain information about the sub-

strate properties and the benthic biological community. For

example, the sediment-water interface, or seafioor geometry, is

visible as the green to yellowish-brown color transition. The yel-

lowish-brown sediment layer represents the apparent color redox-
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Figure 2. Plowing profile camera image mosaic (2-m wide) above, and standard profile camera image (0.15-m wide) below.

potential discontinuity (Rhoads and Germano 1982, Diaz and

Schattner 1988).

ANALYSIS

Geostatistical methods (Joumel and Huijbregts 1978) are ap-

plied for analysis of the composite plow image features (Fig. 2,

top). Sedimentary and biological habitat features are measured

according to Diaz and Schaffner ( 1988) and Rhoads and Germano

(1982. 1986), but at uniformly spaced distance intervals, or lags.

Superposition of a grid over the images, such as in Figure 2 (top)

and measuring parameters at each intersection with a vertical grid-

line produces a series of measurements of the same feature over a

range of distance scales. This allows the data to be treated as

regionalized variables for the study area rather than a single-valued

datum for a sample point, such as is obtained from standard sedi-

ment profile image (Fig. 2. bottom). This approach provides data

that can be used to quantify the spatial behavior of the parameter,

in addition to allowing calculation of over-all mean parameter

values for any desired section of the bottom. Habitat features and

habitat delineations are accomplished using the geostatistical data

obtained from the plow images, and assuming correlations be-

tween the sediment profile imagery parameters and habitat prop-

erties according to the relationships demonstrated by Bonsdorff et

al. (1996).

SYSTEM APPLICATIONS

sources, disturbance impact assessment, ground-truthing for side-

scan sonar surveys, water quality model parameter evaluation, and

thin-layer disposal monitoring.

DEVELOPMENTS

Installing a level or inclinometer in the prism will relate fore-

aft inclination angle, allowing bottom image transect reconstruc-

tion using sled-tilt angles observed during deployment. The com-

pilation image is analogous to a very detailed acoustic sub-bottom

profile images.

Additional video and still cameras may be affixed to the sled to

provide close-up plane-view or oblique-view images of the sedi-

ment surface. The combination of images, continuous sediment

profile imagery and surface-view images, produces a high-

resolution optical analog to acoustic side-scan sonar and sub-

bottom profiler images. Resolution is now limited by the video

signal and video-digitizer. The real-time and assembled plowing
video profile images should be very useful to side-scan sonar

ground-truthing efforts, enabling rapid determination of sources of

variation in the broad-scale acoustic reflection patterns.
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ABSTRACT Databases developed from satellite products can be used to understand long- and short-term oceanographic processes.

An automated processing system deseloped for the creation of co-registered and satellite-derived image databases of sea surface

temperature and bio-optical parameters from the Advanced Very High-Resolution Radiometer (AVHRRi and Coastal Zone Color

Scanner (CZCS) sensors is presented. We have applied database techniques toward predicting fish locations for the West Coast of the

United States. We present a user interactive graphical interlace to display the databases visually and to connect a series of fish behavior

rules by performing logical operations. This program provides a real-time interactive display for testing and developing an under-

standing ol fish behavior and location.

KEY WORDS: Time series, satellite, sea surface

INTRODUCTION

The coastal environment represents a changing and complex
environment where a variety of forcing mechanisms influence the

physical and bio-optical processes. Local winds and tidal mixing

processes occur on short time scales, producing changes in coastal

properties (temperature, salinity, optics). Unfortunately, traditional

shipboard sampling programs are Inadequate to characterize these

properties. Satellite remote sensing provides a unique capability to

address the spatial variability of these properties when they are

integrated with shipboard measurements programs. Improved sat-

ellite products are under development to provide daily updates of

the coastal environment. Previous studies have used remote sens-

ing iinagery to address single sporadic events occurring in the

coastal region. Our research has extended these efforts to exatnine

a time series of itiiagery (monthly/short tline and yearly/long time I

covering the coastal environment to define trends. Because a sat-

ellite time series provides a broader temporal context within which

to interpret individual events, this approach provides a unique

understanding of whether specific events are "typical" or "atypical."

Our objective Is to exploit the use of satellite-derived ocean

properties using an image tiirie series analysis to monitor coastal

processes. We developed a software package. Automated Process-

ing System (APS), to aid in establishing a time series of imagery.

The time series will consist of sea surface temperature (SST) and

surface bio-optical products using historical, present, and future

thermal and ocean color sensors. Presently, our time series contains

historical bio-optical products (chlorophyll, k490. etc.) developed

from the Coastal Zone Color Scanner (CZCS) at 1- and 18-km

ground pixel resolution and historical and present SST developed
from the Advanced Very High-Resolution Radiometer (AVHRR)
at 1-km ground pixel resolution. In the near future, we will be

adding to our time series using new ocean color sensors (Sea-

Viewing Wide Field-of-view Sensor (SeaWIFS) HRST. Moderate

Resolution Imaging Spectroradlometer (MODIS). etc.) as the data

become available. We applied statistical analyses on these time series

products to: (I) investigate climatological trends and temporal and

spatial variability In coastal regions: (2) develop, advance, and vali-

date old and new algorithms by integrating in-silu measurements; (.^)

develop behavior rules to link fish distributions with the time series

products; and. fmally; (4) develop a Graphical User Intertace (GUI)

to aid in the prediction of fish locations based on the behavior rules.

THE AUTOMATED PROCESSING SYSTEM (APS)

The Automated Processing System (APS) was developed for

the unattended creation of co-registered, satellite-derived image
time series. The APS provides a method to reprocess large image

datasets with new algorithms and updating databases with new

products (Martinollch 1996). The APS contains programs for sen-

sor calibration, atmospheric correction, and geometric registration

In addition to using standard algorithms for the generation of

level-3 products geographically modified Into a Mercator projec-

tion. The level-3 products are accessible to the World Wide Web
via the NRL Code 7240 home page (http://www724().nrlssc.navy.

mil/ocolor/). The APS was developed using C and FORTRAN on

a silicon graphics workstation and will be upgraded to handle

future sensors. The APS lecelves real-time Imagery using a Teras-

can receiving system (High Resolution Picture Transmission

(HRPT)) and converts the pass to the standard level- lb forinat, raw

telemetry with appended earth location and calibration. Next, the

level-lb files are transfen'ed via ftp to a silicon graphics challenge

("In" directory) where the APS monitors the input directory for

new level- lb data. Once the APS recognizes that an unprocessed
file is there, it moves the file to the "work" directory, where the

images are processed to level-3 products. Level-3 products are

generated for multiple regions (developed by the user) during the

processing. Each time the APS processes a level- lb scene. It looks

in the "areas" directory and checks whether the scene covers an

area of interest. If so, a level-3 product is produced for that area;

if not, the next area of interest is checked until all areas have been

checked and processed. The level-3 products are automatically

transferred to the time series database, and a Graphics Image For-

mat (GIF) file is created for quick viewing. After processing is

complete, the level- lb file is moved to the "out" directory to be

archived. Currently, the time series database occupies 12 gigabytes

of on-line disk storage. Figure 1 Is a flowchart showing the stiuc-

ture, data flow, and functionality of the APS.

Presently, we use the APS to create a time series for AVHRR

imagery. The AVHRR level 3-products consist of sea surface tem-

perature (SST) and c 660 (turbidity). The turbidity product is used

priinarlly In coastal waters because of a weak signal In offshore

waters. It is derived from an empirical algorithtn using AVHRR
channels 1 and 2. after atmospheric correction (Gould and Arnone
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Figure 3. (al AVHRR SST example of the Gulf of Mexico region from March 19, 1995; (bl AVHRR SSI versus c 66U "turbidity" comparison

for April 7, 1997 for the .Mississippi river outflow region.

coastal waters to improve the atmospheric coirection in coastal

regions. The time series consists of the diffuse attenuation coeffi-

cient, K 490, product (Austin and Petzold 1980). and the phy-

toplankton pigment concentration (Gordon et al. 1983). The CZCS
tmie series include the Gulf of Mexico (November 1978 to June

1986). Arabian Sea (November 1978 to June 19Sf)i, and Sea of

Japan and Yellow Sea (November 1978 to June 1986). Figure 4a.b

illustrates examples of the K 490 in the Arabian Sea/Gulf of Oman

region for April 4. 1979 and phytoplankton pigments in the Sea of

Japan region for mean of June 4 to 5. 1980. The red. yellow, and

orange colors represent high K 490 and pigment values: whereas.

the green, blue, and purple colors represent lower values. The

importance of the long time series is that it provides trends in the

coastal properties that are not always observed in individual im-

ages. Individual images from AVHRR and CZCS are limited by

cloud contamination, which many times limits our ability to see

trends clearly. By analyzing numerous images, we can effectively

observe trends in ocean properties.

TIME SERIES STATISTICAL ANALYSES

Regional means and standard deviations derived from statisti-

cal time series analyses are used to assess trends in coastal and

shelf optics. We developed an analysis program written in PV-

WAVE to examine spatial and temporal scales of variability and

seasonal/annual trends from monthly and annual image climatolo-

gies. Time series supply valuable baseline information for certain

geographical locations/regions of interest, including a synopsis of

temporal and spatial variability leading up to field sampling and

information for algorithm development and testing. Figure 5 is an

example time series analysis showing the mean and standard de-

viation of turbidity (c 660 parameter) for three regions of interest

in Mobile Bay. Alabama (La Viollete et al. in press). From .April

1995 to March 1996. the program averages each pixel within de-

fined blotch areas for each image and outputs file name, number of

valid pixels under blotch, mean, standard deviation, and the coef-

ficient of determination (La Viollete et al. in press). Notice the
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Figure 4. (a) CZCS K490 example of the Arabian Sea/Gulf of Oman region from April 4. 1979; (b) mean CZCS chlorophyll example of the Sea

of Japan region from June 4 to 5, 1980.

elevated turbidity in Mobile Bay from June to March 1996. which

reflects the heavy rains resulting in an increase of river runoff

during the spring months.

FISH PREDICTION

We have developed a software tool to utilize a variety of

databases to predict distribution patterns of individual fish species

off the U.S. West Coast. Fish biomass observations were com-

bined with climatology of satellite derived ocean products at 1 S

km resolution to interactively determine relationships and fish

behavior interactively. We used aerial fish spotter data obtained

from the National Marine Fisheries Service (NMFS) in La Jolla.

California. The chlorophyll pigment concentration database was

produced from CZCS at 18 km resolution and obtained from

Goddard Space Flight Center. The SST database was processed

from AVHRR and obtained from the NASA Ocean Data System

(NODS) archives. The 18-km bathymetry was developed from

the Synthetic Bathy metric Profiling System (SYNBAPS) us-

ing PC-Seapak software (Firestone et al. 1989). The seasonal

Mixed Layer Depth (MLD) database was derived from the

Generalized Digital Environment Model (GDEM) (Arnone et

al. 1995). SST and chlorophyll pigment gradient fields were

developed to locate SST and pigment fronts. The fish location

data were used in conjunction with the oceanographic climatolo-

gies to develop behavior rules for individual species (Ladner et al.

1996) to examine how fish catch is associated with surface ocean

properties. An interactive GUI (Fig. 6) was developed to display

ranges of ocean products that are associated with certain fish spe-

cies visually. For example (Fig. 6). tuna prefer SSTs ranging from

25 to 26°C. chlorophyll pigment ranges between 0.16 and 2.5

milligrams per cubic meter, water depth range of 1.700 and 4.100
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Figure 5. Time series analysis example ol the mean and standard deviation to investigate the temporal and spatial variability of c 660 "turbidity"

for three regions of interest in Mobile Bay. Alabama from April 1995 through March 1996.

feet. MLD between and 50 m. and a chloiophyl pigment gradient

between 0.0 and 0.05 milligrams per cubic meter. Fish locations

are based on the behavior rules developed from the spotter data

and the satellite products. Correlations between actual fish distri-

bution and biomass with several ocean parameters demonstrated

that biomass for certain fish off the West Coast of the United

States was correlated with the ocean parameters. The widget (Fig.

6) allows the user to set the ranges of ocean parameters, set desired

color, turn windows on/off (small windows) using the sliders and

quickly see where all the beha\ ior rules are met. The large window

shows the predicted areas of highest abundance for the specified

fish species.

SUMMARY

Time series analyses using satellite imagery pro\ ide a signifi-

cant contribution toward characterizing the complex ocean pro-

cesses occurring in the coastal environments. The enormous

amount of data provided by satellite sensors can be exploited to

understand trends of physical and bio-optical processes that might

affect shell fish. We have presented methods to organize satellite

data into time series that can be used to develop climatologies and

statistical analyses of these data. This research has automated pro-

cedures to characterize the SST and optical variability for a num-

ber of coastal and open ocean regions around the world. We have

applied these techniques to several sensors and have constructed

database products.

Time series analysis aids our understanding of the spatial and

temporal variability of the coastal region. Statistical relationships

from the time series have illustrated seasonal and interannual

trends in the SST and bio-optical processes. Our plans are to

integrate shipboard data with these time series to define the cou-

pling processes better.

The time series analysis of satellite products can be exploited to

further understanding the regional distribution of fish biomass. We

presented an example of the use of satellite-derived products to
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Figure 6. Predicted January 1983 tuna distribuliun (larjje window) based on an intersection of fish behavior rules with the ocean properties seen

in the small windows. The fish prediction interactive widget visually displays the ocean product and prediction results. It also allows the user

to set the ranges/behavior rules using the slider bars under each window. Also, the user can select a desired color for each window, turn window

on/off, etc.

delineate trends in tish distribution ott the U.S. West Coast. Al-

though these results require additional validation, the methods to

characterize and monitor the coastal environment have been

clearly demonstrated.

The methods and techniques we describe for rapid analysis

satellite imagery using time series are being applied to new satel-

lite systems. We are at the verge of a new era in satellite imaging

of Earth's surface. A series of new satellites is planned for the next

few years (MODIS. HRST. EPA3, MOS, etc.), and SeaWiFS,

which was launched in June 1997. is being implemented in a time

series analysis. Our previous research suggests that new products

and algorithms will emerge from these new sensors. Future re-

search will integrate time series analysis of satellite products into

routine monitoring of the coastal environment.
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ABSTRACT To fill the need for information relating fishery species to habitat and anthropogenic effects on marine ecosystems, the

Florida Manne Research Institute created the Marine Resources Geographic Information System (MRGIS). This comprehensive,

coastwide database for research and management of fisheries provides spatial information for siting of clam aquaculture. hard-bottom

mapping, and fishery exclusion zones. Fisheries-independent monitoring for Florida estuaries and habitat suitability modeling are also

being used to create predicted distribution maps of fish and in\ ertebrate species. Four case histories are summarized, designed to define

relationships between habitat and marine fish and in\ertebrate species in Florida.
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INTRODUCTION

The Florida Marine Research Institute (FMRI). a bureau within

the Florida Department of Environmental Protection (FDEP). is

largely responsible tor providing the estuarine and coastal marine

information used by fisheries and environmental managers. FMRI

has adopted a holistic approach for the monitoring and research

needed to manage coastal marine ecosystems. The Coastal and

Marine Resources Assessment (CAMRA) group at FMRI has

created the Marine Resources Geographic Information System

(MRGIS) to support studies in which geographic information sys-

tems (GIS). remote sensing, and modeling are used to link the

seascape to marine resources. This paper summarizes four case

histories using spatial methods designed to explore the relation-

ships between habitat and marine fisheries in Florida.

METHODS AND RESULTS

Hard-Clam .Aquaculture

The Florida legislature recently enacted legislation to protnote

aquaculture development (FDACS 1*^96). Clam aquaculture has

become popular in Florida because of the high growth rates and

consequent rapid crop turnover. Hard clam (Mercenaria merce-

naria and M. campechiensis) farming is Florida's most rapidly

einerging form of aquaculture. with $5.4 million in sales by 142

growers in 1995. This compares with SI.2 million in sales by 41

growers in 1991. The Florida Department of Labor and Employ-
ment Security recently funded expanded programs to teach clam

and oyster culture techniques to former commercial fishermen.

Hard-clam aquaculture is e.\pected to continue expanding, pro-

vided applicants can obtain suitable lease sites on state-owned

submerged lands. FDEP is responsible for overseeing the assign-

ment and monitoring of submerged lands leased for hard-clam

aquaculture.

A recently developed fishery for hard clams exists in the Indian

River and Mosquito Lagoon in eastern Florida. FMRI scientists

have developed methods using GIS to identify submerged lands

suitable for hard-clam aquaculture (Arnold et al. in press). The GIS

coverages contained in the MRGIS. pertaining to habitat type (e.g..

seagrass. bathymetry), distribution of biological resources, prox-

imity to transportation comdors. and other human-use facilities

were used, along with site-specific information concerning clam

abundance from field surveys. GIS is being used to ascertain lease-

site suitability, size, and layout in the Indian River/Mosquito La-

goon complex (Fig. 1). This approach reduces the uncertainty as-

sociated with selecting lease sites by addressing potential conflicts

between user groups and helps to plan the spatial extent and

growth of the Florida hard-clam aquaculture industry. The result-

ant maps can assist managers to determine general areas suitable

for hard-clam leasing and help those applying for permits to

choose potential lease sites.

Hard-Bottom Mapping

Marine fisheries scientists, user groups, and resource managers

in the southeastern Atlantic states have identified that there was a

need for accurate information about the location and extent of

hard-bottom habitat generally associated with reef fish slocks. To

address this, a Bottom Mapping Working Group was formed in

I9S5 by the South East Area Monitoring and Assessment Program

management committee (Perkins et al. 1997). The work group met

to establish a bottom-mapping database using information from a

variety of surveys. The initial study was summarized in reports by

scientists from South Carolina, Georgia, and North Carolina (Van

Dolah et al. 1994, Moser et al. 1995). A total of 23.960 records of

information on location and bottom type were compiled.

The Florida study group was initiated in 1994 (Perkins et al.

1997). It has: ( 1 ) expanded the list of hard-bottom obligate fishes

to 264 taxa: (2) developed a protocol for using information gath-

ered from specimen collections to acquire evidence of bottom

type: and (3) developed a protocol for incorporating geographic

data, so that the area data records are equivalent to the point and

line-segment records added during the first two parts of the study.

Florida added 20.787 records to the database from 37 sources that

had bottom-type determinations. Of these records, 900 were de-
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Figure 1. Indian River and Mosquito Lagoon area maps showing the current hard clam lease sites; \V. White. FMRL

rived from nine databases developed using side-scan sonar. The

CIS database created contains fish and invertebrate data and physi-

cal bottom-type information obtained from aerial photography,

benthic grabs, dredges, trawls, traps, vibracore samplers, scuba

observations, submersibles. recording fathometers, side-scan so-

nar, and subbottom profilers.

The FMRI scientists identified polygon GIS data as another

type of information that could be nicluded in the bottom-mapping
database (Pericins et al. 1997). A grid composed of l-minute-

square cells was created that extended from the Georgia border to

south of Jupiter Inlet off east-central Florida. ArcView 3.0 and

ArcPlot in the Arc/Info GIS were used to display a rasterized

version of the point, line, and polygon data. Bottom type was

assigned to each grid cell for which there were data. Most areas

represented by polygons were surveyed with combinations of gear

(fathometer and video, bottom profiler and fathometer). Maps

summarizing bottom-type determinations were then created. De-

termination of bottom type was recorded in the Florida database

for approximately 37% of the grid cells. Of these, 7 1 3 were coded

as hard bottom. 40.'i were coded as probable hard bottom, and

3.042 were coded as "no evidence of hard bottom" (Fig. 2). The

data indicated that the area with the greatest percentage of hard

bottom, plus probable hard bottom near shore, is in the southern

part of the study area. The second highest percentage is in the

northern part of the study area.

The GIS database also allows the identification of quadrates in

which the coral Oculina varicosa and Coquinoid-Rock/Sabellariid

Reefs have been recorded (Perkins et al. 1997). The Oculina reefs

provide a very important habitat for hard-bottom fishes, and fish-

ing is currently prohibited in a large part of this area. The dominant

polychaete worm that helps build the sabellariid reefs is Phrag-

matopoma caudutu. It builds tubes in large, subcylindrical colonies

about 1-m in diameter on hard substrate in high-energy beach areas

of southeastern Florida. Colonies of the worm are known to occur

from south of Key Biscayne north to Cape Canaveral. The geo-

graphic extent of the sabellariid reef habitat detennined was much

greater than originally anticipated. The database created in Arc

View can be queried to determine the surveys, the types of bio-
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Figure 2. Distribution of grid cells in the Florida survey area that contain information on bottom type; D. Wilder and H. Norris, FMRI.

logical information used to infer the bottom type, and/or the physi-

cal-oceanographic studies used to determine bottom topography.

Shrimp Management Plan

The Florida Marine Fisheries Commission (FMFC) has used

Resource Impact Maps (RIM) produced by CAMRA to assist with

the implementation of a shrimp management plan for five regions

statewide (Haddad et al. 1993). The first phase of the plan ad-

dressed allowable gear type, mesh size of nets, and the shrimp

count for harvesting activity. Numerous local laws were repealed,

which simplified inshore and nearshore shrimp regulations and

standardized the shrimp fishery on regional and statewide levels.

The second phase of rule-making addressed the issues of finfish

bycatch associated with shrimp trawling and the adoption of a

zonal management plan to determine areas in which shrimp har-

vesting areas would be allowed.

The Big Bend Region was one of the first areas where the

FMFC exainined the need to establish harvesting areas for pink

shrimp (Penaeus duorarum) in state waters. Extensive consulta-

tions with live-bait fishermen, food-shrimp fishermen, and recre-

ational fishermen were conducted to determine the areas used in

their fisheries. The RIM maps were used to compare areas utilized

by the pink shrimp fisheries with the geographic distributions of

benthic habitats in the MRGIS (Poehlman and Westlake 1995.

Steele and Norris 1995). Maps shov\ing proposed closure zones for

pink shrimp (Fig. 3) were prepared and periodically updated by

CAMRA during the consultation process. The maps produced us-

ing GIS allowed the FMFC to explain complex issues to all con-

cerned parties. Comparisons assisted fisheries managers in making
decisions that would protect critical nursery habitats while reduc-

ing conflicts between various user factions within the commercial

and recreational fisheries.

Seagrass beds represent one of the most productive and impor-

tant habitats in the nearshore marine systems of Florida. They are

used by a wide range of species as feeding grounds, nurseries, and

refuges from predation. In the Big Bend Region, shallow-water
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Coastal habitats and shrimping areas on Florida's west coast

Figure 3. Resource impact map indicatin;; closure zones established to exclude shrimp trawling over shallow seagrass beds In the Big Bend

Region; H. Norris. FMRI.

seagrass beds were closed to pink shrimp fishing (Steele and Nor-

ris 1 995 ). The seagrass areas set aside by the FMFC provide nurs-

ery habitat needed by juveniles of fish, shrimp, and crab species.

The protection of nursery habitats may enhance the carrying ca-

pacity of the estuary by promoting the recruitment, growth, and

production of shrimp and other fishery species. These species are

now being harvested at a larger size, after they migrate from the

nursery areas to deeper water farther offshore. The consultations

with user groups helped the FMFC to move the plan for the Big

Bend Region into law in January 1994. Similar consultations with

fishermen helped FMFC staff to define closure areas in the north-

eastern and northwestern regions of Florida, in order to implement

shrimp management plans in those areas.

Florida Estuarine Living Marine Resources (Flelmr) System

FLELMR Database

The FLELMR System is an integrated database focused on the

habitat requirements of marine fish and invertebrates, w hich makes

the best use of available qualitative and quantitative information

(Rubec et al. 1997). Species life history information for 44 species

of marine fish and invertebrates were provided by the NOAA
Estuarine Living Marine Resources program (Monaco and Chris-

tensen 1997). An Oracle database was created for FMRI by the

Mote Marine Laboratory and Harbor Branch Oceanographic
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Institution I'roni 1991 to 1994. It cun'ently summarizes data on the

seasonal abundance ot 91 fish and invertebrate species by life

stage, environmental occurrence, and habitat associations. It is

based on qualitative and quantitative information obtained from

scattered published and unpublished literature. It consists of tex-

tual and numeric categorical data tables for Tampa Bay. Sarasota

Bay. Florida Bay. and the Indian River estuary.

The textual Species Life History (SLH) table summarizes in-

formation on species throughout the northern Gulf of Mexico and

the Atlantic coast from Florida to North Carolina, with emphasis

on Florida literature (Rubec et al. 1997). There are six types of

numeric tables that summarize the seasonal abundance, social and

economic importance, and habitat requirements by life stages for

each species. The Habitat and .'\ttributes tables are repeated for

each of the five life stages.

The FLELMR database is being expanded to include a more

comprehensive SLH outline. Textual information will be retrieved

by topic. The habitat associations of species life stages will be

summarized in Benthic Habitat and Water-Column Habitat tables.

Suitability Index tables will summarize monthly abundance rank-

ings across environmental gradients. There are nine textual table

types and 18 numeric table types associated with single species for

five geographic regions. It also will feature 12 textual benthic

habitat tables associated with 12 fish species diversity tables for

habitat zones within each region. Most of the textual and numeric

tables have the same headings to facilitate relating information.

FLELMR is designed so that a compiler can summarize informa-

tion from the literature into textual tables. Key environmental pa-

rameters are then transfened to the numeric tables. All tables have

windows for citation numbers that tie to the master bibliography.

FLELMR is evolving toward a spatial decision support system

(SDSS) in which maps of species distributions by life stage are

linked to the textual and numeric tables in the new database. Spe-

cies distribution maps will be created using Habitat Suitability

Index (HSI) modeling.

Habitat Suitability Index Modeling

FMRl and NOAA's Strategic En\ironiiienlal Assessment

(SEA) Division are collaborating to evaluate HSI modeling as a

technique to determine species distributions in areas where no

fisheries-independent monitoring is conducted. FMRI's goal is to

map the geographic distributions of young-of-year. juvenile, and

adult life stages of approximately 50 species of marine fish and

invertebrates in 1 8 Florida estuaries over the next few years. The

fish and invertebrate species distribution maps will be used for oil

spill response and fisheries management.

Scientists from FMRI and SEA Division are working together

to model and map the geographic distributions of fishery species

by life stage and season (Rubec and McMichael 1996, Rubec et al.

1997). Various techniques have been applied to relate abundance

of fish or invertebrates to environmental gradients for use in HSI

models (Monaco and Christensen 1997. Monaco et al. 1998). SEA
Division recently used GIS to analyze and map predicted biologi-

cal distributions in Pensacola Bay. Florida using data from FMRI
and other sources (Christensen et al. 1997a. Christensen et al.

1997b). Suitability indices (Sis) across environmental gradients for

juvenile and adult spotted seatrout iCynuscion nebiilasKs). eastern

oyster {Cnissostrea virginica), and white shrimp (Penaeus se-

tifenis) from Pensacola Bay were derived from the scientific lit-

erature,

FMRI and SEA Division scientists are currently analyzing fish-

eries-independent monitoring data from Tampa Bay. Charlotte

Harbor, Choctawahatchee Bay, Florida Bay. and the Indian River

estuary to relate catch-per-unit-effort (CPUE) of fisheries and

forage species to habitat-related factors. Suitability Index curves

are being determined to define which portions of environmental

gradients are most important in explaining species abundance.

Biological and hydrological data also are being subjected to mul-

tivariate analyses to classify the community of fishes associated

with various portions of environmental gradients (Bulger et al.

199,^). Biologically relevant ranges of salinity, temperature, depth,

dissolved oxygen, sediment type, and benthic vegetation type

can then be interpolated and stored in the MRGIS. The resulting

habitat maps will summarize seasonal changes in salinity zones

(caused by fluctuations in freshwater inflow) and water tempera-

tm'e zones.

HSI Modeling Procedure. HSI models access Sis associated

with the interpolated habilal layers stored in the database. Avenue

language macros run the HSI model with the ArcView 3.0 GIS

using the Spafial Analyst module developed by Environmental

Systems Research Institute. The data layers representing different

habitats are overlaid in the database. The model uses rasterized

grid layers with a cell size of 100 by 100 meters (Fig. 4). The HSI

formula calculates a composite SI coefficient by taking the geo-

metric mean of the SI values representing the habitat layers for

each grid cell. After all the cells across the estuary are evaluated,

a HSI map is produced that depicts the geographic distribution and

relative abundance zones for each species life stage.

Verification. Current HSi work is focused on predicting the

spatial distributions of bay anchovy {Anchoa initchilU). spotted

seatrout. {Cynnscion nebiilosus). and pinfish (Liigodon rlioiii-

hoides). by life stage and season in Tampa Bay and Charlotte

Harbor (Rubec et al. 1998).

HSI modeling was used to create predicted maps of the most

suitable zones for juvenile spotted seatrout in Charlotte Harbor

(Rubec et al. In press). Mean Sis within zones in Charlotte Harbor

were compared with mean CPUE data to demonstrate increasing

abundance of juvenile spotted seatrout in more suitable habitats.

Ranking and statistical testing demonstrated a higher affinity of

juvenile spotted seatrout for shallow areas with submerged aquatic

vegetation.

Transferability of Suitability Indices. A second series of HSI

models are being tested using habitat layers from each estuary, and

Sis reciprocally transferred between Charlotte Harbor and Tampa

Bay (Rubec et al. 1998). The verification procedures are repeated

to compare mean Sis with mean CPUEs within predicted zones.

Using these techniques, we hope to determine the statistical reli-

ability of HSI modeling and mapping involving transferred SI

values. The goal is to transfer Sis to predict species distributions

in estuaries, where no fisheries-independent monitoring is con-

ducted.

DISCUSSION

Fisheries biologists associated with fisheries management

councils nationwide are currently trying to amend fisheries man-

agement plans so that they include the identification of essential
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fish habitat (EFH) mandated in the Magnuson-Stevens Fishery

Conservation and Management Act (Rubec et al. 1998). EFH was

defined as ""those waters and substrate necessary for spawning,

breeding, feeding, or growth to maturity."' The councils recognize

the need to use GIS to define estuarine and marine habitats spa-

tially. However, it is unclear how the councils will decide which

habitats are "essential."

The councils must dexelop objective methods to identify EFH.

The FLELMR SDSS under development will help to identify the

environmental requirements and habitat associations of estuarine

species in Florida (Rubec et al. 1997). HSI modeling can be used

to predict zones of low to optimal habitat suitability across an

estuary. HSI models also can be used to run scenarios that can

assess the potential effects of anthropogenic changes. The zone of

optimal abundance predicted from the model could be interpreted

to be an EFH Habitat Area of Particular Concern (Rubec et al.

1998). Hence, summaries of scientific literature and HSI maps in

the FLELMR SDSS can provide the scientific framework needed

to define and delineate EFH in Florida estuaries (Rubec et al.

1997).

Haddad (1997) noted that management of marine fisheries

habitat has historically been a secondary concern of state and

federal fisheries management councils and commissions. Fisheries

managers are beginning to focus better on fisheries-habitat issues.

The mandate to conserve habitat is becoming clearer as the con-

cepts of ecosystem management are put into practice. Rubec

(1996) noted that the traditional approach involving narrowly fo-

cused legislation (top-down control) being practiced by different

management agencies is inadequate. Stewardship involves a bot-

tom-up approach, wherein stakeholders and managers discuss and
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agree upon the problems in the context of the entire ecosystem.

Sampling, data management, and GlS-based modeling should be

coordinated between agencies to promote informed ecosystem

management.
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ABSTRACT Hsdroacoustic processors that assess components of acoustic signals reflected trom the seabed can provide much

information about the character of the seabed. One such system. RoxAnii. utilizes acoustic puKcs from traditional fathometers/

echosounder to generate seabed classification data that can be superimposed onto a navigation system by color coding a vessel's

movement according to seabed type. Consistent mapping of an area is achievable without subjective data obtained by grab samples,

cores, or diver reports. Data obtained is of a format easily incorporated into a llexible digital environment and links to the navigational

system of the vessel.

KEY WORDS: Seatloor classification, remote sensing, hydroacoustics

INTRODUCTION

Knowledge of the seabed is a requirement for many scientific

disciplines and commercial activities. Whether the knowledge re-

quired is of the geology of the seabed, the biological life fomis

present, or to assess the impact of human activities, the knowledge
must be acquired by technology that is efficient, effective, objec-

tive, consistent, and precise. RoxAnn is a hydroacoustic processor

that achieves all of these demands by retnote sensing of the acous-

tic signals retlected from the seabed. The information generated

can be superimposed onto a navigation system by color coding a

vessel's movement according to seabed type. Consistent mapping
of an area is achievable without subjective data obtained by grab

samples, cores, or divers reports.

These traditional tnethods of lowering tools onto the seabed

and removing a portion of the seabed for examination still have

their place in seabed classification. Video cameras are currently

used in limited numbers of applications primarily because of the

expense of deployment and recovery. In addition, the images ob-

tained tend to be subjective. Divers are again used in limited

applications not only because of cost restraints but again because

of the subjective nature of the results obtained. Processing of

acoustic signals transmitted from near the seabed to reflect off the

seabed surface and it's underlying layers is vastly more sophisti-

cated, but can still be as subjective as the older methods. The

images obtained by these techniques require expert interpretation

by experienced individuals.

Seabed discritiiinalion requires a technique that fulfils a num-

ber of criteria. Ideally, it should be remote, objective, accurate,

automatic, unambiguous, efficient, and produce results that are

repeatable. Resistance to weather and sea conditions and adapt-

ability are essential qualities.

RoxAnn is field proved and represents a genuinely significant

advance in remote sensing technology. This .system connects di-

rectly across the transducer of a single-beam echo sounder in par-

allel and is tuned to the frequency of that particular model of echo

sounder. This connection does not cotnproinise the echo sounder

operation and no additional work through the hull is required. It

can be configured to the user's specifications. Data obtained is of

a format easily incorporated into a flexible digital environment and

links to the navigational system of the vessel. The data generated

by RoxAnn are numeric, unambiguous, and objective and can be

directly processed into color-coded results against geographical

position, depth, and displayed in either twii dimensions or as a

three-dimensional image.

PRINCIPLES OF ROXANN OPERATION

The entire system incorporates a geographical positioning sys-

tem, echosounder. computer and software, and the key component,

the ultrasonic processor RoxAnn (Fig. I). The relevant acoustics

theory involved combines knowledge from three areas of under-

water acoustics that are usually discussed separately as seabed

(surface) scattering, seabed scattering, and sub-bottom reverbera-

tion.

An echosounder operates at frequencies between 13 and 210

kHz. Nominally vertical transmission pulses are emitted froin a

hull-mounted transducer, and the returns are processed for display

in a variety of formats. Assuming that the transducer has its axis

(and conical beam pattern) vertical, the first sound waves to return

to the transducer after the transmitted pulse are those retlected at

normal incidence from the seabed directly under the transducer

(Fig. 2).

As the sound travels norinally into the seabed, discontinuities at

different depths in its structure cause further echo pulses to be

retlected, passing through the seabed surface and returning to the

transducer as a train of echoes, following that of the initial seabed

reflection. This is known as sub-bottom reverberation.

However, a transducer etiiits sound waves over a wide range of

angles, which will impinge obliquely on the seabed. If the seabed

were perfectly flat, there would be no returns to the transducer,

because the pulses would continue to travel away from the trans-

ducer. A significant proportion of the original energy returns di-

rectly to the transducer because the seabed is not perfectly flat.

This indicates the essential roughness of the seabed (in combina-

tion with the hardness measured by the sub-bottom reverbera-

tions).

The second echo derives from those beams that have been

reflected twice at the seabed and obHquely back-reflected from the

sea surface (Fig. 3). The reflection at the seabed gives a direct

measurement of the characteristic acoustic impedance of the sea-

bed relative to that of the seawater above it. The characteristic

acoustic impedance is a product of the density and the speed of
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Figure 1. Configuration of a seabed classification system using Rox-

Ann.

longitudinal sound in the seabed; therefore, the strength of these

reflections can be thought of as a measure of hardness of the

seabed (modified by the roughness of the seabed). The double

reflection produces a squared effect on the amplitude of the wave

returning to the transducer. Isolation is needed to eliininate the

element of hardness already being calculated within the second

echo calculation and also to reduce the effect of the sub-bottom

reverberation and concentrate on the part of the echo most affected

by the roughness of the seabed.

To present information derived from these echoes in a usable

manner, it is essential to convert these echoes to a numeric format.

Labels El and E2 are assigned as indices to indicate the roughness

and hardness derived from the first and second echoes. The first

index, designated as El. is derived from the isolated oblique back

reflection of the first echo indicating roughness. The second index,

designated as E2, is derived from a combination of both amplitude

and length of the second echo indicating hardness. El and E2.

together with depth measurement, are transmitted by a serial link

on an RS2.^2 data string to a computer where the data are com-

bined with geographic data from a positioning system and stored.

CONVERTING THE ECHOES TO NUMBERS

To present information derived from these echoes in a usable

manner, it is essential to convert these echoes to a numeric format.

Labels El and E2 are assigned as indices to indicate the roughness

and hardness derived from the first and second echoes respec-

tively.

Converting these indices into a numeric fomiat allows the in-

Figure 3. Second echo return.

formation to be displayed on a Cartesian graph. The first index,

designated as E 1 . derived from the isolated oblique back-refiection

of the first echo indicating roughness, is plotted on the y-axis. The

second index, designated as E2. derived from a combination of

both amplitude and length of the second echo indicating hardness.

is plotted on the v-axis.

Within both calculations, the use of time varying gain (ampli-

fication) circuitry in the electronic receiver eliminates the effect of

depth. Within the first echo, it is possible to measure the angle of

incidence at which the sub-bottom reverberations will be insignifi-

cant. This is dependent upon the depth of water and is used within

the calculations of the second echo number. Sub-bottom reverbera-

tions become insignificant at a particular angle of incidence.

DISPL.WING THE NUMBERS El .\ND E2

The most obvious method to display two numbers derived in-

dependently from seabed measurement is on a Cartesian graph

(Fig. 4). This has been called the RoxAiin Square. It is possible for

a user of Ro.xAnu to create a range of El and E2 values that

correspond to seabed types. Every seabed material has a particular

signature that is a combination of roughness and hardness. Unique

from every other type, the Ro.xAim system discriminates between

each selected seabed material type by measurement of signatures.

Such common seabed's as sand. mud. rock, and gravel have sig-

natures that can be recognized as having varying degrees of hard-

ness and roughness.

The numbers El and E2. generated by Ro.xAnii are transmitted

by a serial link with depth measurement on an RS232 data string

to a computer where the data can be displayed and stored. The

seabed and depth information are first combined with geographic

j>b»llti<ni|[ ,_ J»^ ]

t'^ ' vJ V-^

twS^Ifcaii
it

Mf;

Figure 2. First echo return. FigiMf 4. I hi' RiixAiiii .Sijuare.
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data from a positioning system and stored. The values El and E2

are then processed through the color-coded "look-up table" Rn.\-

Aiiii Square within the computer software, where assignment of

color to the signatures recorded by Ro.xAnn allow coloring of each

geographical position where a Ro.xAiin signature has been gener-

ated. A number of na\ igation and logging software packages dis-

play the seabed material data provided by RomAiiii, many of which

can reprocess data with a high degree of flexibility for the user.

The data are in a format suitable for exportation to Geographic
Information Systems (GIS) programs. Figure 5 shows a tvpical

computer screen with R<iaAiiii data color-coding the track line of

the vessel.

APPLICATIONS OF ROXANN

Classification of seabed sediinents and biological communities

have now become a recognized requirement for offshore environ-

mental assessments. For example, the extent to which oil or drill-

ing muds with cuttings distribute on the seabed can be observed

and thus enable fast and efficient clean-up. Fisheries resource as-

sessments require precise information of the seabed, not only for

RoxAnn • Seabed Classification

Q^ ftMBfMt on Sea

"4. SiHlv*

Figure 5. Typical KaxAiiii two-dimensional display.

by Maine Micfo Systems LM .v-***"

of Scotland

Figure 6. Three-dimensional RoxAnn data.

shellfish and demersal fish but also for preferred spawning

grounds of pelagic species. Various biologic features, including

Zosteria marina: LMminaria saccharina: and Mytihis ediilis. must

also to be detected. Figure 6 shows the capabilities of the system
to display seabed information in three dimensions.

CONCLUSIONS

RoxAnn equipment provides a cost-effective means of compre-

hensive, repeatable. and totally electronic means of natural re-

source data collection. It allows the user to collect data, process it.

and import it into a geographic infomiation system. The ability to

produce standardized, comparative type classifications is possible

through the combination of the RoxAnn and improved software.

This seabed classification capability coupled with the Global Po-

sitioning System/Differential (GPS/DGPSi provides comparable
databases over wide areas that are necessary for long-term moni-

toring and management needs and provides scientists with a new
and powerful tool for multidisciplinary research. During the last

decade. RoxAnn has proved its value to a wide range of marine and

estuarine applications, particularly in fisheries' management, oil

spill, natural resources management, and environmental monitor-

ing. {RoxAnn is a Registered Trademark of Marine Micro Systems

Ltd.)
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ABSTRACT At the core of new ocean mapping technologies is the development of niulliheam sonar systems that use beam-forming

techniques to insonify large swaths of the seatloor while producing high resolution bathymetry and seatloor imagery. Although the

qualitative picture of a distnbution of seatloor types is very useful for many applications (including fisheries research), efforts are

underway to extract more quantitative seatloor property information from the sonar record. The objective of this work is to provide

a robust approach to the remote classification of seatloor types. To facilitate such, several software tools have been developed that allow

for the e.xploration of sonar data in both geographic and bivariate space.

KEY WORDS: Multibeam sonar, hathymetric mapping, seafloor characterization

Over the past few decades, revolutionary changes have taken

place in our ability to map and visualize the ocean floor. These

changes, brought about by the concurrent rapid advancement of

sonar technology, positioning and orientation technology, com-

puter hardware, databases, signal processing and visualization

techniques, are beginning to result in detailed depictions of large

pieces of the seafloor that are, in many ways, analogous to airborne

or satellite-derived images of Earth's surface. At the core of these

new technologies is the development of multibeam sonar systems

that use beam-fomiing techniques to insonify large swaths of the

seatloor while producing high-resolution (both lateral and vertical)

bathymetry and seafloor imagery (backscatter). The Ocean Map-

ping Group of the University of New Brunswick has been pursuing

research and developing tools related to multibeam sonar mapping
for a number of years (Hughes Clarke et al. 1946), Although this

work has been directed, for the most part, at hydrographic and

geologic problems, many of the tools and approaches developed

are equally useful for fisheries research.

The extremely high data rates associated with multibeam so-

nars (as much as gigabytes per hour) present a range of data-

processing challenges. The Ocean Mapping Group has developed

a full suite of software tools for the real-time and near-real-time

display, editing, and visualization of multibeam sonar data that can

produce near-finished maps and 3-D images onboard the research

vessel. These tools have been used in a number of surveys, in-

cluding a 1.000 km" area off Eureka, California, a 3,000 km" off

New Jersey, and the Stellwagen National Marine Sanctuary. In

each case, the combination of detailed bathymetry and sonar im-

agery provide quantitative depth information and a qualitative de-

scription of the spatial distribution of seatloor materials and tex-

tures (e.g., rocky areas, sands, gravels).

Although the qualitative picture of the distribution of seafloor

types is a very useful tool for a number of applications (including

fisheries research), efforts are currently under way to attempt to

extract more quantitative seatloor property information from the

sonar record. These effons include the analysis of the character-

istics of the vertically incident acoustic waveforms as well as

evaluation of the angular dependence of backscatter (Fig. 1). To

facilitate this research, several interactive software tools have been

developed that allow for the simultaneous exploration of sonar

data in both geographic and bivariate space (Fig. 2). The ultimate

objective of this work is to provide a robust approach to the remote

classification of seafloor type (Dijkstra and Mayer 1996).

The Ocean Mapping Group has also developed a suite of in-

teractive 3-D data exploration tools to facilitate the interpretation

of these complex datasets. A 6-degree-of-freedom mouse (Bat)

allows for interaction with massive (10s to 100s of megabytes)

datasets with simple hand movements and exploration in a natural

and intuitive fashion. Sonar backscatter data, derived or measured

sediment properties, or a range of other parameters can be draped

over the 3-D bathymetry and interactively explored (Figs. 3. 4).

Datapoints can be selected in 3-D for position, depth, or other

attributes, and measurements can be made in the 3-D space (3-D

GIS. Figs, ."i, 6); the 3-D scene can be viewed in true stereo with

special glasses (Mayer et al. 1997b). We have recently been uti-

lizing these tools for the real-time visualization of midwater tar-

gets, including schools offish. These efforts are, in the short-term,

directed toward delineating the lateral extent and dynamics of fish

schools (Mayer et al. 1997a). In particular, we are using the wide

swath-widths available with multibeam sonars to address the issue

of vessel avoidance (Fig. 7). Futui'e work will concentrate on target

density determinations and, if properly calibrated, biomass calcu-

lations.

Properly processed multibeam sonar data provide the ability to

extract quantitative information about both the shape and character

of the seatloor, to manipulate and overlay multiple geographically

referenced datasets to establish derivative relationships, and to

visualize and interact with these massive datasets in a natural and

intuitive manner. This ability to characterize bottom shape and

potentially bottom type remotely and rapidly should have impor-

tant ramifications on several aspects of fisheries research.

One of the most obvious applications of multibeam mapping is

in support of habitat studies for invertebrate species. The data

provided by multibeam sonars is ideal for understanding the dis-

tribution and nature of ground fish habitats and their relationship to

commercial fisheries (and other species associations). By taking

advantage of the detailed information on seafloor shape and type

provided by these systems, fisheries ecologist can begin to relate

habitat to ecological patterns (much like terrestrial ecologists have

been able to do). Although being able to collect and process data
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Figure 1. Real-time sediment classification from vertical incidence sounders. I'pper «indo« is continuous scrolling display of profiler data (in

this case from a 210 kHz Navitronics sweep system collecting data in an intertidal area of St. .John Harbour, New Brunswick I. Horizon picks

are displayed as color-coded dots beginning about one-third along the window. The two lower graphics windows can be set to display a range

of parameters including individual waveforms with picks or various characteristics or statistics of the waveforms in a geographic context. The

text window in the lower right reports the statistics and details of the currently processed trace. In this example, the separation between the

leading edge of the trace and the peak amplitude is displayed as a gray-scale intensity plot in geographic space. The resulting plots (plotted here

with large separation as dark in left window and hght in right window I produce a clear and accurate portrayal of the distribution of seaweed

in the area.

in near-real-time can be of importance in survey and sampling

planning, it is also important to note that, for the most part, the

seafloor is relatively slowly changing, and, thus, any survey data

collected can be archived and used as a base for comparison with

retrospective data and for future work. A project of this sort is

being planned for the New Jersey margin where a large historical

database of landing records will be superimposed on. and com-

pared with, the newly collected detailed images of the seafloor. In

those areas where there are active changes in the seafloor (e.g..

areas of sediment transport or bedform migration), repeat surveys

can rapidly document and quantify the degree of mobility of the

seafloor.

The increased bathymetric detail produced by multibeam sonar

may also prove to play a critical role in providing boundary con-

ditions for the ever increasingly high-resolution coupled ocean

circulation models that are currently being used to enhance our

understanding of biological and fisheries processes. Most models

now use the standardly available ETOPO-5 bathymetric database

that is gridded at 5 mile resolution. Although this spacing is co-

incident with the V\2 degree resolution of some GCMs. higher

bathymetric resolution will be needed as higher-resolution regional

models are developed. The growing collection of multibeam data

is an ideal source for the needed bathymetric data, and. in critical

regions, new multibeam sur\eys can be earned out.

Finally, multibeam bathymetry and imagery provide ideal

means of examining the impact of human activities on the seafloor

and on the fisheries. Many modem multibeam sonars can easily

discern trawl marks and debris or dredge spoils dumped on the

Figure 2. Classification training tool (LASSOO). Superposition of

physical or acoustic property data on top of sidescan sonar imagery.

Here RoxAnii data (EI/E2) are superimposed on 95-kHz backscatter

data from EM-IOO(t multibeam sonar. The E.M-1000 imagery clearly

defines the dredge-dump sites (two areas in the central region) as well

as regions of gravel, bedrock, and background substrate. LASSOO
allows these regions to be selected and assigned classes.
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Figure 3. 3-D visualization of multibeam sonar (EM-1000) dataset collected around Alcatraz Island in San Francisco Bay. Our software tools

allow datasets such as this to be color coded (by any attribute) and interactively explored in 3-D (including stereo).

seafloor. Multibeam surveys can quickly pinpoint the location and

spatial distribution of human activities and help to focus the sub-

sequent sampling and monitoring needed to assess the impact of

this activity on the fisheries. Repeat surveys provide the opportu-

nity to monitor the fate of feature (i.e.. how long do trawl marks

last, or how are dredge spoils spatially distributed?) and once again

allow sampling and monitoring programs to be designed around a

clear knowledge of what is on the seafloor rather than a blind

guess.

Multibeam data is continuously being collected worldwide, for

purposes other than fisheries research (geologic, hydrographic,

cable and pipeline routes, and military surveys). Much of these

data are available to the fisheries research community, but they

must seek it out and learn how to take full advantage of it.

Figure 4. 3-D visualization of two of the 12 parameters extracted from the angular response of backscattcr data from a .30 x 27 km area of

Stellwagen Bank National Marine Sanctuary, Mass. Each is draped over bathymetry and displayed (in original) with color coding. Lower figure

(A) represents slope of segment of backscatter curve between 75 and 30 grazing: upper figure (B) represents mean backscatter between 50 and

40° grazing. Parameterization of the backscatter curve may provide important insight into the distribution of seafloor properties; visualization

in this mode shows the direct relationship between these parameters and the seafloor morphology.
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Figure 5. Single frame from interactive lliylit lliniu'^h i;M-l.(l(M» multibeam batfijiiuln tollictiil (p\ir I5(l-in liirii; uriik of freigiiter British

Freedom outside of Halifax Harbour demonstrating ability to pick, make measurements, and interrogate points in 3-D—picked points are

marked with cross-hairs. Attributes of latest point are displayed in lower left of screen and can be saved to file for later reference.

Figure 6. 2-D component of pipeline and cable-route planning tool. Multibeam sonar imagery is draped over bathymetry providing simultaneous

depth and seafloor property information for route planner—prospective routes can be interactively explored with cross sections, gradients, and

segment lengths displayed. The example above is from an application v\here real-time navigational information allowed the progress of the

cable-laying vessel and the plow (cross hairs) to be monitored within the context of previously collected multibeam sonar data.



MuLTiBHAM Sonar 1467

Figure 7. Snapshot of real-time 3-D visualization of herring school.
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ABSTRACT Phytoplankton blooms are closely coupled to physical processes. Increa.sed access to wind, sea surface temperature, and

ocean color datasets aids in retrospective analyses of bloom events and provides vital linkages of physical and biological processes.

From such analyses, conceptual models of bloom initiation, transport, maintenance, and dissipation may help identify the timing of

bloom initiation and define en\ ironmental conditions conducive to growth. The advent of on-line, real-time environmental data, new

ocean color sensors, and hyperspectral scanners may allow enough predictive capability so that harmful or toxic bloom conditions can

be detected, research efforts focused, and reliable information made available, before effects of these blooms are manifest in near shore

areas.

KEY WORDS: plankton blooms, remote sensing, detection

INTRODUCTION

The physical, physiological, and behavioral characteristics of

phytoplankton bloom species affect their detection by remote sens-

ing methods. Detection is based on the differential absorption and

backscatter of irradiance; certain species are more amenable to

detection because of the reflectance characteristics of the cells

themselves (packaging) (Millie and Schofield 1993). Surface

blooms of coccolithophores with external calcium carbonate

plates, diatoms with silica frustules or spines, and cyanobacteria

with highly reflective gas vacuoles form extensive patches that are

highly reflective and readily detected on visible-band images col-

lected by the CZCS (Coastal Zone Color Scanner) on Nimbus-7.

the Landsat MSS (Multispectral Scanner) series and the AVHRR
(Advanced Very High-Resolution Radiometer) on NOAA polar

orbiting weather satellites (Ackelson et al. 1988, Balch et al. 1991,

Kahru et al. 1994. Subratnaniam and Carpenter 1994). Monospe-
cific blooms of large, phototactically positive cells with numerous

chloroplasts provide a strong signal and may be detected by ocean

color sensors at cell concentrations 10- to 100-fold less than are

required for visual detection of "discolored water" (Tester et al.

1998). Such blooms may also absorb enough energy to increase the

water temperature by >1°C and be seen as a warm "patch" in

thermal imagery (Kahru et al. 1993). Development of phytoplank-
ton group-specific algorithms has targeted AVHRR imagery (Tas-

san 1993a), but this has been inost successful in detlned situations

employing high-resolution multispectral scanners and detailed pig-

ment analyses (Millie et al. 1992, Sakshaug et al. 1991).

Equally important to detection of phytoplankton blooms by
remote sensing is the spectral quality, thermal signature, and hy-

drographic features of the waters surrounding a bloom. Frequently
blooms are found along frontal zones, and these hydrographic
features may be coherent over scales of I0"-10^ km. The physical

and biological factors affecting bloom dimensions are critical, be-

cause resolution of patches <10-I00 km" is not generally possible.

Major current systems (Gulf Stream. Kuroshio Current) are fre-

quently implicated in the transport of blooms, and these currents

can be tracked most simply and reliably using themial AVHRR

imagery (Satsuki et al. 1989, Tester et al. 1991 ). Blooms occurring

in optically clear, offshore waters are more easily detected and

interpreted, however, algorithm corrections for AVHRR, CZCS,
and Landsat TM data from turbid systems have been developed to

make bloom definition in coastal or estuarine environments pos-

sible (Stumpf and Tyler 1988, Tyler and Stumpf 1989, Eckstrand

1992).

A conceptual model of species specific bloom dynamics is

valuable in understanding conditions conducive to bloom initiation

and development. If one or several of the environmental cues

necessary for bloom initiation, development, or transport are de-

tectable via remote sensing techniques, they can serve as important

signals for early warning (Tester and Steidinger 1997). Local

bloom development may be characterized by differential stratifi-

cation of the water column, weak tidal currents, and low wind

speeds. Transport of blooms is associated with strengthening and

persistence of wind conditions, upwelling-downwelling events, or

entrainment into fronts or currents. Bloom dispersal results from

mixing and flow divergence. For more specific infomiation about

harmful algal blooms in U.S. waters, their ecology and oceanog-

raphy (ECOHAB 1995) see the following web site: http://

habservl.whoi.edu/hab/nationplan/ECOHAB/ECOHABhlml.
html.

Sensors

AVHRR

One of the most popular instruments for the oceanographic

community is the Advanced Very High-Resolution Radiometer

(AVHRR) that provides sea surface temperature (SST) imagery.

Satellite SSTs are made by converting the radiance measured in

the infrared channels to brightness temperatures. This sensor on-

board polar orbiting environmental satellites (POES). better known

as weather satellites, has been observing Earth since the first

launch of TIROS 1 in 1960. The current series of satellites began

with the launch of TIROS-N (Advanced Television Infrared Ob-

servation Satellite) in 1978. The United States operates two satel-

lites simultaneously, with each of these circling the globe 14 times
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per day. The POES satellites continuously collect information

from a 1 ,700-mile wide strip of Earth below, progressing westward

on successive orbits and provide two complete pictures of Earth

every day from each satellite. Continuous synoptic coverage ap-

propriate to feature tracking with a pixel resolution of 1.0-1.4 km
is provided.

Ocean Color

Coastal Zone Color Scanner flown on Nimbus-7 from Novem-
ber 1978 to mid- 1986 was specifically designed to observe ocean

color and make quantitative measurements of oceanic radiance

(443. 520. 550. 670. 750 nm). Phytoplankton pigment (chloro-

phyll) concentration in surface waters can be related to ocean color

either empirically, using oceanic observations, or theoretically,

using the theory of radiative transfer in sunlit waters (Stewart

1985). Consequently the CZCS data have been used extensively to

estimate phytoplankton biomass and primary productivity over

large regions (Gregg and Walsh 1992. Behrenfeld and Falkowski

1997). It is one of the most valuable and extensively used datasets

available to the oceanographic community; the CZCS images can

be viewed and data ordered via the following web site: http://

daac.gsfc.nasa.gov/daac-bin/db_czcsbrs

After more than a decade without ocean color imagery, the

Ocean Color and Temperature Sensor was launched in 1997 but.

unfortunately, was operational for only a few months before debris

struck its solar panel and rendered it inoperative. The long-awaited

NASA's SeaWiFS (Sea-Viewing Wide Field-of-View) sensor was

launched by NASA on I August 1997 and should prove to be even

more sensitive than its predecessor. Check out the latest informa-

tion regarding SeaWiFS at: http//seawifs. gsfc.nasa.gov/
SEAWIFS.html

Other

LANDSAT (land-observing satellites) were designed to view

scenes with a wide range of brightness, so their mullispectral

scanners are poorly suited to observe the subtle variations in the

hue of the oceans that indicate the distribution of riverbome sedi-

ments and phytoplankton. especially over shallow bottoms (Stew-

art 1985). Despite this, its high-resolution <80 m has tempted
some researchers to examine thematic mapper images for infor-

mation on thermal effects, suspended sediment concentrations, and

chlorophyll a (Garcia and Robinson 1991. Tassan 1993b. Daby
1994).

RADAR SAT

Synthetic aperture radar (SAR) satellite Earth observation tech-

niques represent a new tool to detect ocean features independent of

light and weather conditions (see Staples et al. 1997). RADAR
SAT- 1 launched 4 November 1995 has variable resolution (de-

pending upon beam mode, incidence angle) from 8 x 8 m to 100

X 100 ni and may prove most valuable when other sensors are

limited by ambient weather conditions.

LIDAR

The multispectral scanner, a multiwavelength instrument with

>250 band widths can be tlow n in a conventional aircraft or. in a

simpler version, suspended from a buoy to characterize the spectral

quality of the water. Species-specific algorithms are particularly

useful when toxic species (flagellates) distinguished from nontoxic

(diatoms) (Sakshaug et al. 1991) and the results combined with

pigment analyses for confirmation (Millie et al. 1992).

Remote Sensing Detection of Harmful Algal Blooms

Sea surface temperature (AVHRR) imagery has been used to

study the bloom dynamics of Ale.xondrium tamarense and the on-

set of paralytic shellfish poisoning in the southwest Gulf of Maine

(see Keafer and Anderson 1993). Comparative imagery from 1989

to 1991 detected a warm coastal current that formed from spring

runoff and served to transport A. tamarense cells south along the

New England coast. Coastal upwelling was detected in 2 of the 3

years of study and moved the warm, buoyant plume containing A.

tamareitse cells offshore and away from nearshore shellfish beds.

The thermal imagery was valuable in helping understand the short-

term oceanographic processes responsible for the development and

behavior of the plume and the subsequent distribution of A. tama-

rense cells. The thermal features associated with spring runoff, a

low density coastal plume, and regional upwelling have predictive

power, because they can be monitored to detect conditions con-

ducive to A. tamarense bloom initiation and transport.

Gymnodiniiim hreve blooms are common along the west coast

of Florida and have been recorded there in 2 1 of the last 22 years.

The onset of these blooms in association with the onshore move-

ment of the (Gulf) Loop Current has been noted (Tester and

Steidinger 1997). However, this had never been quite so dramati-

cally demonstrated until February 1996, when a thermal feature

(AVHRR 14 February 1996: see Stumpf et al. 1998) transported G.

hreve cells into Florida coastal waters where 158 endangered
manatees died of exposure to brevetoxins between 1 March and I

May 1996 (Landsberg and Steidinger 1998).

Another red tide bloom event was the product of transport of G.

hreve cells by the Gulf Stream (see Tester el al. 1991. Tester and

Steidinger 1997). About 30 days after a red tide bloom near Char-

lotte Harbor-Sarasota. Florida, satellite images of sea-surface tem-

perature (AVHRR) substantiated the shoreward movement of a

filament of Gulf Stream water onto the narrow continental shelf

between Cape Hatteras and Cape Lookout, North Carolina. This

filament was a source of G. hreve cells, and it remained in near-

shore waters and was identifiable in satellite images for >19 days.

GULF OF MEXICO

Figure 1. NOAA CoastWatch regional locations for production and

near-rcal-linie distribution of AVHRR (advanced very high-resolution

radiometer I sea surface temperature images for li.S. coastal research-

ers and decision makers.
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This was the first recorded occurrence of G. breve north of Florida

and represented a range extension of >80() i<m. During the bloom

that followed for the next 4 to 6 months, shellfish beds were

closed, causing an estimated S25 million loss to fisheries and

tourism.

NOAA's polar orbiting satellites were able to detect an ocean

thermal feature associated with the event. These sea surface tem-

perature ( AVHRR) images pro\ ided a means for understanding the

oceanographic mechanisms responsible for the occurrence and dis-

tribution of these toxic phytoplankton. The imagery has since been

used for a variety of marine reseaich, management, and education-

al purposes and is now available for all U.S. coastal waters, includ-

ing those of Alaska, Hawaii, and the Great Lakes (Fig. 1 ). Coast-

Watch web address is: http://psbs2il.nesdis.noaa.gov:8080/PSB/

EPS/CW/coastwatch.html

Furthermore, the NOAA Center for Coastal Services. Charles-

ton has an experimental project designed as a "proof of concept"

that will attempt to forecast G. breve blooms for the west Florida

shelf using a combination of satellite imagery and meteorological

data (J. Brock, pers. commun.). If the project is implemented, it

will be a major milestone in the efforts to forewarn coastal resi-

dents, researchers, and marine resource managers about the occur-

rence and distribution of harmful algal blooms (Boesch et al.

1996).
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GEOGRAPHIC INFORMATION SYSTEMS (GIS) AND KRIGING: ANALYSIS OF THE SPATIAL
AND TEMPORAL DISTRIBUTIONS OF THE OYSTER PATHOGEN PERKINSUS MARINUS IN A

DEVELOPED AND AN UNDEVELOPED ESTUARY
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ABSTRACT Infection and prevalence of Perkinsus maniuis (Dermo), a common protozoan pathogen of the oyster {Crassosrrea

virginica), are commonly correlated with temperature and salinity. However, these factors do not account for all infection variability.

Other factors such as watershed dynamics or anthropogenic disturbances may play a role. Geographic Information System (GIS)

technology applying land use and anthropogenic activity was used to document Dermo infections in two South Carolina coastal

estuaries. Kriging analysis was used to calculate disease prevalence from sample sites to the estuary as a whole. Results indicate that

land use patterns may affect the distribution of the disease.

KEY WORDS: GIS, kriging, Perkinsus mariims, Crassostrea virginica, oyster, disease

INTRODUCTION

Spatial data froin estuarine area are often collected from dis-

crete points. Therefore, the ability to detect or resolve spatial and

temporal patterns is dependent upon the density of sampling

points. A compounding problem is the highly variable and com-

plex nature of estuarine systems. The use of Geographic Informa-

tion Systems (GISl combined with the geostatistical analysis

known as kinging provides unique opportunities to study the spatial

and temporal patterns of sampled data. Kriged data overcome the

difficulty of acquiring enough datapoints to resolve spatial pat-

terns. In conjunction with GIS, this method allows for the analysis

of multiple variables, yielding an integrated spatial model of the

study site,

Kriging is an advanced interpolation method that generates a

contuuious distribution of values from a set of discrete sample data

(Burrough I9H7, Little et al. 1997). The end product of this process

is a continuous surface or map of predicted values based upon the

observed values. The predicted values are derived from the

weighted average of the sample values dependent upon the dis-

tances between the sample sites and target locations (Burrough

1987. Little et al, 1997). Predicted value locations are obtained

from a grid representing the study area, resulting in a map. which

is georeferenced to the study site. The data layer is then integrated

into a GIS. allowing for analyses with such ancillary data as land

use. land cover, and environmental variables (Porter et al. 1997).

Prediction accuracy is measured by a process of cross validation,

which involves the removal of a point from the observed sample.

and then deriving a new data layer of predicted values. An over-all

performance measure is then calculated, the prediction sum of

squares or PRESS statistic:

PRESS -I^IA

where Z, denotes the ith sample value, and Z -
,,,

denotes the

prediction for this value based on the number of points of the new

set in -
1).

To illustrate the technique of kriging in a GIS and its applica-

tion to invertebrate fisheries, this paper describes our ongoing

efforts to identify factors that influence the spatial and temporal

patterns of Perkinsus marinus (Mackin. Owen, and Collier), a

common protozoan pathogen of the eastern oyster Crassostrea

virginica (Gnielin). Prevalence and infection intensity of this para-

site is commonly correlated with temperature and salinity (Craig et

al. 1989. Andrews 1996. Burreson and Calvo 1996); however,

much of the observed variability, particularly the spatial variabil-

ity, remains unexplained (Wilson et al, 1990. Calvo et al, 1996.

Soniat 1996), On a relatively large regional scale, land-use patterns

(e,g,, agricultural, industrial, urban) and such related contaminants

as polynuclear aromatic hydrocarbons have been correlated with

the prevalence and intensity of P. marinus (Craig et al. 1989.

Wilson et al. 1990). To help identify relationships between land-

use patterns and their effects on invertebrate fisheries, this paper

reports on the spatial and temporal distributions of P. marinus

infection levels of C. virginica.

METHODS

Preliminary spatial data were collected at North Inlet (an un-

developed estuary) and Murrells Inlet (a developed estuary). Both

estuaries are shallow, tidally dominated systems that are located

about 20 miles apart on the northern coast of South Carolina (Fig,

1 ). This preliminary data, which included the ph\ sical geography

and the distribution of dominant habitats as well as the surrounding

land-use patterns, were entered into a GIS to produce a descriptive

map of each site.

Ten oysters were assayed for prevalence and infection intensity

of P. marinus (Ray 1 952 ) from a total of .^0 oyster reefs at Murrells
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Study Area

Figure 1. Map of South Carolina coast showing proximity of Murrells

Inlet and North Inlet.
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Figure 2. Point file of predicted inleclion intensit) tor P. marinus

produced in Arclnfo after kriging in the software package Splus®.

Inlet over the course of a week in September 1996 and again in

December 1996. At North Inlet, 35 reefs were similarly sampled in

September and 37 in December. Infection intensity was ranked on

a scale of (no infection) to 5 (extreme infection) for each oyster

and an average determined for all oysters from each reef. This

average is termed the "weighted prevalence" (wp).

Weighted prevalence for each oyster reef site was the input

vector for the sample values used in the kriging analyses. These

data were combined with the Universal Transverse Mercator

(UTM) coordinates of each sample site as determined from a Glob-

al Positioning System (GPS) survey. Additional inputs included a

grid based on the lower left and upper right quadrants of the study

areas and the grid cell size in UTM coordinates. Kriging analyses

were performed on a Sun Sparc station (10* using Splus* func-

tions (Rao 1992, Little et al. 1997). GIS analyses were performed

on a Sun Sparc station 10» using Arclnfo & and a PC usmg Arc-

View®.

To illustrate our spatial analytic techniques better, data from

MuiTells Inlet. September 1996 is used as an overview. After each

kriging analysis, the predicted variable set. containing a predicted

value for each grid cell, is imported as an ASCII file into Arclnfo®

and converted into a point file (Fig. 2). This is a data layer of the

discrete predicted values. Using GIS techniques, a continuous sur-

face of predicted values is then generated from the point file (Fig.

3). A georeferenced data layer that represents the Murrells Inlet

creek system is then used as a mask to produce a continuous

surface of infection intensity specific to the creek system (Fig. 4).

This data layer is then integrated with other data layers of the inlet,

describing land-cover and land-use patterns, to produce a continu-

ous surface model of predicted infection intensity for P. munnus

throughout the inlet (Fig. 5).

RESULTS

Data from Murrells Inlet show alternating patterns of mild to

low infection levels throughout the estuary during September 1996

(Fig. 5). These infection intensities are considered nonlethal. In

contrast. December 1996 data show moderate to heavy infections

in most creeks, e.xcept those buffered by a state park in the south-

western extent of the estuary (Fig. 6). The over-all increase in

infection intensities from September to December throughout the

inlet may reflect seasonal patterns of the disease (Crosby and

Roberts 1990. Burreson and Calvo 1996). However, infection in-

tensity remained relatively low between the September and De-

cember sampling periods within the state park, while increasing in

areas surrounded by development (Figs. 5, 6). The highest inten-

sities were found along a dredged channel (Fig. 6). These data

Figure .'. t (>ntlnn(lu^ surface of predicted infection intensity for P.

marinus produced from the Arclnfo* point file (Fig. 2.).
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Atlantic Ocean

Figure 4. Continuous surface of predicted infection intensity for P.

marimis specific to tiie Murrells Inlet creek system, produced from the

continuous surface data layer (Fig. 3). using a mask of the Murrells

Inlet creek system.
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Figure 6. Predicted infection intensity of P. marinus in Murrells Inlet,

SC, December 1996.
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Figure 5. Predicted infection intensity of P. marinus in Murrells Inlet,

SC, September 1996.
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Figure 7. Sampled values of infection intensity P. marinus in North

Inlet, SC, September 1996.
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Figure 8. Predicted infection intensity of P. marinus in Nortli Inlet,

SC, December 1996.

indicate that land-use patterns may be affecting the prevalence and

intensity of P. marinus infections in C. viiginica populations

within this inlet.

In North Inlet, low infection intensities were observed through-

out the estuary in September (Fig. 7). The corresponding kriging

analysis was inconclusive because of a lack of any detectable

spatial trends in the data. This result indicates that differences in

infection intensity among sites were small and more or less ran-

dom. In contrast to Murrells Inlet, infection intensities remained

relatively low during the December 1996 sampling period (Fig. 8).

Areas of higher infection intensities corresponded to sites at local

salinity nodes demarcating the influence of fresh water from Win-

yah Bay. Because of local hydrography, these sites are likely to be

areas poorly flushed with the outgoing tide relative to the rest of

the estuary.

CONCLUSION

Geographic Information Systems combined with kriging results

in statistically robust models can facilitate the study of spatial and

temporal factors involved in P. marinus infections. We believe that

continued de\'elopment of these tools will lead to increased accu-

racy in monitoring and predicting le\els of P. marinus infections.

More importantly, these tools will help identify natural and an-

thropogenic factors that control P. marinus and its impact on east-

ern oyster populations. Such insight will lead to the development

of better management strategies. GIS and kriging can be similarly

applied to other problems of invertebrate fisheries. As coastal re-

sources continue to experience increased development, it is im-

perative to understand how biological resources respond to coastal

development. Some of the possible effects on ecological systems

and local economies could be devastating. GIS and kriging are

valuable tools that can help identify factors creating problems for

invertebrate fisheries, and thus lead to the development of viable

solutions or management strategies.
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A SUBMERSIBLE STUDY OF RED KING CRAB AND TANNER CRAB DISTRIBUTION BY
HABITAT AND DEPTH
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ABSTRACT The summer distributional patterns of red king crab iParalithodes camtschaticus) and Tanner crab [Chionoecetes

bairdi) were examined by manned submersible in a southeast Alaska fjord. Six habitats types, including sand-mud. rock, shell, debris.

rock wall, and algae, were identified from video tapes. Highest crab densities for both species were in the sand-mud habitat. No crabs

were found in the rock wall and algae habitats. Both species displayed a dome-shaped distribution with depth, peaking at 75 m for king

crab and 145 m for Tanner crab. Dense aggregations ofjuvenile king crabs were observed in a cove. No mature crab aggregations were

observed.

KEY WORDS: Submersible, king, and Tanner crabs, distribution

Crab pots and trawls typically have been used for crab surveys.

These methods are habitat restricted and either attract crabs from

unknown distances (pots) or sample expansive areas of the bottom

(trawls). They provide poor infonnation on the microscale distri-

bution of the crabs and their distribution by habitat and depth.

Manned submersibles are a relatively new technique for under-

water surveys but have an increasing use in the study of benthic

invertebrates and demersal fish on a variety of substrata (Pearcy et

al. 1989, Tyler and Zibrowius 1991. Krieger 1993, Stein et al.

1992. OTonnell and Carlile 1993. Stevens et al. 1994. Starr et al.

1996. Zhou and Shirley 1996). In this study, we employed the

DELTA research submersible to investigate the distribution of red

king crab {Paralithndes cmutscluiticus) and the Tanner crab iCIiio-

noecetes bairdi) by habitat and depth in a southeastern Alaskan

fjord and to compare the dispersion patterns of the two species

during the summer season.

The study was conducted at Barlow Cove (58°22'N.

134°53'W), southeastern Alaska, from June 18 to 22, 1991. We
used a two-man research submersible, the DELTA, to conduct

tran.sacts along the bottom of the cove. The DELTA has 19 view-

ports, one external color video camera with internal monitor, one

internal hand-held video camera, one external bulk loaded 35-mm

camera, and one internal hand-held 35-mm camera. Transects were

made during daylight. All dives were initiated from a randomly

selected location at the center of the cove to the shoreline, with the

transect oriented perpendicular to the long axis of the cove. The

support ship tended the submersible and periodically established

the location and transect direction of the submersible. During the

transect, the pilot attempted to maintain the submersible at a con-

stant speed and at a constant height above the bottom. Two video

cameras continuously recorded the sea floor as the submersible

moved along the transects. Additional still photographs were

taken, and direct observations were recorded for the identification

and analysis of animals and habitat types.

The time, temperature, depth, and the height of the depth trans-

ducer of the submersible off the sea floor were automatically re-

corded every 20 s. The area of camera coverage in one transect is

expressed by A = W * L, where W is the width of front side

(wider side) of the video view field and L is transect length. The

number of crabs was counted from the video tapes recorded by the

fixed external video camera, and the density was obtained by

dividing this number by the area A.

RESULTS AND DISCUSSION

Habitats Identified from Submersible

Six types of substrata were identified from the transect: sand-

mud, rock, shell, debris, rock wall, and algae. Rocks were usually

cobble-sized. Debris consisted of decaying wood and algae. The

algae substratum consisted of living marine plants, such as kelps.

A deep, flat, sand-mud substratum along the central cove occupied

most of the bottom. This central part of the cove was bordered by

steep rock walls on both sides, except in the innermost part of the

cove. Bivalve shells formed a substantial percentage of the sub-

strate in some depth zones, usually at the upper and lower edges of

the rock wall. On average, the sand-mud substratum comprised

60.2% the sea floor. Cobble, shell, debris, rock wall, and alga

accounted for 15.9. 1 1.6. 3.0. 5.7, and 3.6V(-, respectively, of the

sea floor. Debris was mainly found in the inner cove on the central,

flat bottom.

Direct Observations of Red King Crabs and Tanner Crabs

In most cases, red king crabs were observed foraging individu-

ally, separated more than 10 meters apart from other conspecifics.

Individuals of both the red king crab and Tanner crab did not

aggregate, except juvenile red king crabs with carapace length less

than 80 mm. The subinersible seemed to cause no obvious distur-

bance to the behavior of adult crabs when one meter or more away
from the crabs. Tanner crabs were frequently observed partially

buried in the mud. with only the chelipeds and front carapace

visible for some buried crabs. In two dives in the evening (around

8:00 PM) in the inner cove, a large number (estimated to be at least

several thousand) of juvenile red king crabs were observed in pods.

These crabs were approxiinately 50 to 70 mm in carapace length,

and may have been 3 to 4 years of age. They physically contacted

each other and were stacked up to several layers deep. Their quick

moving and crawling on the top of other crabs indicated that the

crabs were separating for foraging at night (Dew 1990) or respond-

ing to the submersible. On several other occasions during daytime

in the inner cove, red king crabs of similar size as the podding

crabs were observed close to each other but were not in physical

contact. From the inner cove to the outer cove, the size of red king

crabs tended to increase.
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HABITAT ESSENTIAL FOR SUSTAINABLE FISHERIES

DAIL W. BROWN
National Murine Fisheries Service
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ABSTILACT With the passage of the Maynuson-Stevens Fisheries Conservation and Management Act in the tall ol 1996. significant

new tools exist in the United States to protect and conserve the habitat of marine, estuarine, and anadromous finfish as well as key

populations of mollusks and crustaceans. Over the following 24 months, all Fisheries Management Councils are required to amend their

fishery management plans (FMPs. covering over 300 species) to identify for each species the essential fish habitat that are those waters

and substrate necessary for fish spawning, feeding, and growth to maturity. Threats to habitat and steps necessary to ameliorate those

threats must also be identified.

KEY WORDS: Fishery management, habitat. Magnuson-Stevens Act, essential fish habitat

With the passage of the Magnuson-Stevens Fisheries Conser-

vation and Management Act in the fall of 1996. significant new

tools exist in the United States to protect and conserve the habitat

of marine, estuarine, and anadromous finfish and shellfish. The

community of shellfish scientists will be important players both in

identifying essential fish habitat and habitat threats, and in moni-

toring the effectiveness of protective measures once habitat has

been identified as essential. This paper presents an overview of the

new policies, issues involved in designating habitat as essential,

and implications to resource scientists and managers.

Fishery resources of the United States Exclusive Economic

Zone are managed by the Secretary of Commerce working through

the National Marine Fisheries Service (NMFS) and authorized

originally by the Magnuson Fisheries Conservation and Manage-
ment Act of 1976. The key management tools are fishery manage-

ment plans that are developed primarily by eight regional fishery

luanagenient councils. The councils are composed of experts and

stakeholders who are nominated by governors of the coastal states

in each region and appointed by the Secretary of Commerce. Tra-

ditionally, fishery management plans have emphasized allowable

catch levels, limitations on fishing effort, and allowable types of

fishing gear. Until recently, the Secretary, NMFS, and the Coun-

cils have had little authority to influence the quality and cjuantity

of habitat necessary for sustainable fisheries more substantially.

The importance of habitat for the reproduction, growth, and

migration of healthy fishery stocks has been acknowledged repeat-

edly (e.g.. Stroud 1992, Sindermann 1996, Langton et al. 1996,

NMFS 1996). The congress of the United States also recognized

the importance of habitat with the passage in the fall of 1996 of the

Magnuson-Stevens Fisheries Conservation and Management Act

(16 U.S.C. 1801 et M-q.) and provided important new approaches

for managing the habitat of marine, estuarine. and anadromous

finfish. mollusks, and crustaceans.

Habitat is generally thought of as the place where an animal is

found (e.g.. estuaries, deltas, channels, grass beds, convergence

and turbidity zones, fronts separating water masses). Fish and

shellfish use habitat for spawning, feeding, nursery, migration, and

residence functions; most habitats perform only a subset of all of

these functions (Edwards et al. 1992). The habitat of a fish or

shellfish may change with changes in its life history stage, seasonal

and geographic distributions, abundance, and interactions among

species. Indeed, as scientists sample new areas and gain a better

understanding of the ecology of an aquatic animal, the perception

of its habitat may change (Peters and Cross 1992). Not only are the

location and type of habitat important, but also its attributes and

functions. If habitat functions are reduced or lost, then the needs of

fish and shellfish cannot be met, and the ability of the habitat to

support those living resources is reduced (Edwards et al. 1992).

By October 1998. all Fisheries Management Councils are re-

quired to amend their fishery management plans (covering more

than 600 federally managed fishery stocks; Fig. 1) to identify and

describe for each species their essential fish habitats (EFH). which

was defined by the U.S. Congress to be "those waters and substrate

necessary for fish for spawning, feeding, or growth to maturity."

The Magnuson-Stevens Act requires that EFH be identified

and described for each of the federally managed species. Essential

fish habitat is identified by its geographic limits, which will vary

depending upon the amount and kind of data available. The iden-

tification includes geographic maps at various time and space

scales for each of the life history stages. Essential fish habitat is

described by specifying those components of the ecosystem that

must be present for different life history stages of a species to

occur. In practice, essential habitat can be described by matrices of

environmental variables by life history stage (Cross et al. 1998).

The designation of EFH will involve the identification and

description of habitat requirements and the characterization and

mapping of habitat for the critical life stages of each species. In

addition, threats (including damage from fishing gear) to essential

habitat will be identified, and conservation and enhancement mea-

sures will be proposed. After the amendments are in place, con-

sultations may be required between the councils and federal agen-

cies whose actions may have an adverse impact on essential fish

habitat to mitigate the impacts.

The Magnuson-Stevens Act includes substantial new provi-

sions to ensure the conservation and management of EFH once

these areas are designated in fishery iranagement plans approved

by the Secretary of Commerce. Federal agencies that authorize,

fund, or undertake actions that may adversely affect EFH must

consult with NN FS to evaluate the effects of their actions on EFH
and the associated life stages of finfish, mollusks. and cnislaceans.

These provisions ensure that actions that require a federal permit

or license or that are funded or implemented by a federal agency

must account for potential harm to federally managed species of

fish and their essential habitats. In turn, NMFS is required to

provide conservation recommendations to federal and state agen-

cies to assist the agencies in avoiding, minimizing, or offsetting

any adverse effects to EFH (Cross et al. 1998).

Information from shellfish scientists throughout the country
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LASER LINE SCAN SURVEY OF CRAB HABITATS IN ALASKAN WATERS

G. A. TRACEY,' E. SAADE,' B. STEVENS,^
P. SELVITELLI,' AND J. SCOTT'
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ABSTRACT In 1996. the Alaska Fisheries Science Center/Alasl<a Department of Fish and Game, conducted a study to demonstrate

the feasibility of using a la.ser line scan (LLS) system to detect physical and biological changes in bottom habitat attributable to trawling

and to collect data for stock assessment. Surveys were conducted near Kodiak Island and in the Gulf of Alaska. Objectives were to:

{ 1 ) compare LLS imagery with video and side scan over known bottom; (2) determine if new and old trawl tracks were detectable; (3)

assess stocks of Tanner and red king crabs. The LLS excelled at imaging requirements and in identifying bottom fauna.

A'£l' WORDS: Laser, laser line scan, crab habitat, Alaska

INTRODUCTION

A laser line scan (LLS) survey of crab habitats in Alaskan

waters was conducted in conjunction with the NMFS Alaska Fish-

eries Science Center to provide an over-all assessment of effects of

fishing practices on crab habitat. Specific objectives of the inves-

tigation were to: ( 1 ) compare LLS with video and side-scan sonar

imagery; (2) determine if LLS can distinguish old from new trawl

marks: and (3) to determine if LLS can distinguish and enuinerate

crab species.

The LLS sui'vey was conducted in combination with trawling in

areas known to contain crabs including Cheniak. Woman's, Ligak,

and Marmot Bays and nearby offshore areas. This initial report

focuses on the ability of the LLS to locate and image crabs; the

comparative analyses stated in the objectives above will be the

subject of a later report.

MATERIALS AND METHODS

Information regarding the survey parameters, operational char-

acteristics, system design and data-processing steps are briefly

explained below. Greater detail on the operational principles of the

LLS system, method of deployment, data acquisition, and post-

cruise data analysis protocols may be found in Rhoads et al.

(1997).

Surtey Parainelers

The survey was conducted in the general vicinity of Kodiak

Island. The 70-ft survey vessel Resohainn. provided by State of

Alaska, met the minimum size requirement deemed necessary to

conduct the investigation considering expected sea state conditions

and hardware requirements for the survey. Eight days of surveying

were conducted. For LLS investigations, the towing altitude of the

scanning device was 3 m above bottom (mab) in the bays and up

to 8 mab in adjacent waters. The survey depth was adjusted to

optimize for desired iinaging resolution and areal coverage rate as

discussed below.

Operational Characteristics

The laser line scan tow body system was designed to provide

seafloor images with high coverage rates (working tow speed 1 to

6 knots). The swath of the imaged area along a transect is approxi-

mately 1 .4 times the altitude above seafloor. affording image reso-

lution in cm to mm range (Table 1 ). By comparison with SVHS
video format, comparable image quality is obtained at a viewing

range which is 5 times conventional video. Survey depths up to

2.000 m are possible when deployed via ROV; towed configura-

tions are cable-limited to 600 m.

System Configuration

The LLS system is composed of an underwater optical sensor

consisting of solid-state Nd-YAG (blue-green) laser with two

4-faceted rotating mirrors and a synchronized receiver (Fig. 1 ).

The topside control console provides control of LLS power re-

quirements, data manageinent and display, scan rate, and aperture

position. The LLS data are recorded in digital form on hard disk or

as live video and stored on cassette. A hydrodynamic tow body

including umbilical cable and power supply completes the hard-

ware configuration.

LLS System Data Processing and Display

Image data collected from the LLS system is digitized using

RasterOps video capture hardware. Video images of each survey

TABLE 1.

Representative system performance of the laser line scan system.
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Figure 3. Kelp beds in shallow waters of Kodiak Island. Approximate

image width is 4 m.

environmental survey and mapping (i.e.. seagrass. habitat and

fish stock assessment, archeological surveys, dredged materi-

al monitoring), cable/pipeline survey inspections, search-und-

locate missions [e.g.. vessel and aircraft accident investigations,

hazardous/industrial waste container surveys, unexploded ordi-

nance (UXO) detection and intelligence gathering]. Swath width of

a conventional 50 kHz acoustic side .scan is -10-15 times towt'ish

altitude; whereas. LLS system coverage at 1 .4 times is an order of

magnitude less. However, object resolution of a side scan is on the

order of -100 cm; whereas, the LLS system has the potential for

object resolution of a few millimeters to centimeters (Hellemn et

al. 1994). Hence, the choice of imaging method is typically a

balance between the need for area! coverage and certainty of target

location/identification.

In the initial phases of the survey, a rapid screening exercise

is often conducted wherein a high-altitude "first pass" with an

acoustic sensor is performed to narrow the over-all study area

as well as to evaluate the risk of flying the LLS system nearer

the bottom. This is particularly important in areas that are un-

charted or in areas where there are wrecks, debris, snags, or high

topographic relief. In addition, the altitude of the towfish is

dependent on water clarity and must be less than about five opti-

Figure 4. Two crab clusters observed off of Kodiak Island. Approxi-
mate swath width is 10 m.

cal attenuation lengths. In New England and New York waters,

typical tow fish altitudes are between 8 m at Cohasset Ledge.
Massachusetts (rock debris with little suspended material above

the bottom) to about 2.5 m in the muddy basin of central Long
Island Sound and within the Hudson Canyon (Inglin 1994). The

logistics of this survey approach are minimized, because the tow-

fish can incorporate both the LLS and conventional acoustic

side-scan/bathymetry sensors.

Picture quality of video images in the present investigation

confirms the utility of the system to map gradients in bottom

type that may affect the distribution of such biological resources

as crab, demersal fish, and other megafauna and macrofauna.

Quantitative data can be acquired by a frame-by-frame analy-

sis for existence of particular target types (e.g., crab clusters),

and graphically displayed as transect scatter plots, stick dia-

grams, histograms, or frame-averaged transect trends. Correla-

tion and association techniques as well as multivariate pattern

recognition (community analysis) may also be utilized to investi-

gate the relationship between the distribution of fisheries resources

and physical parameters of the benthic environment, such as sedi-
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Figure 5. Solitan fish with shadow cast by the laser hght of tht LLS

system instrument.

inent type, dredged material distributions, and seafloor topogra-

phy.

The latest version of the LLS system, the SM2000. is manu-

factured by Westinghouse and owned by SAIC. SAIC has also

developed a neutrally buoyant vehicle to house the laser, which

can attain depths in excess of 1.500 m and maneuver up. down.

left, and right. This extreme depth and flight capability makes

this system one of the only high-resolution imaging technologies

presently available that can be used for detailed, high areal cov-

erage of deep-water habitats. As with the shallow water system,

mosaics assembled from overlapping imaged transects or indi-

vidual frames can be generated for display and presentation pur-

poses.

The LLS system-based images of the seafloor have been

proved to be very effective in public relations presentations to

demonstrate the effectiveness of using a coarse-grained material

to cap fine-grained contaminated material at dredged material

disposal sites (Inglin 1994). In this instance, the high-quality

images spatially orient the viewer relative to the ambient bot-

tom, disposal mound flanks, and mound apex in a format similar

to conventional communications media and makes meaning-
ful what was before a technical term, line drawing, graph, or table.

Clearly, the rapid survey rate at high image quality is a major

strength of the LLS system. On a day-rate cost basis, the LLS

system is comparable to other high-resolution mapping techniques,

but when the objective is obtaining continuous, photographic-

quality images over large areas, the cost of using the LLS system

per unit area is 10 to 40 times less than ROV or camera sled

technologies (Rhoads et al. 1997).
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ABSTRACT Acoustic and underwater photographic techniques have been used to assess the impact of commercial trawling on the

benthic habitats of a Marine Nature Reserve. The results have been used as part of the management of the area. The further application

of these techniques as tools for fisheries research and environmental monitoring is discussed.

KEY WORDS: Marine Nature Reserve. RoxAmi. side-scan sonar, fisheries impact. Strangford Lough

INTRODUCTION

Strangford Lough is a narrow arm of the sea with a maximutn

depth of 60 m, on the east coast of Northern Ireland (Fig. 1).

Strangford Lough is regarded as one of the most environmentally

important areas in Northern Ireland, being internationally noted for

its biodiversity. Much of the foreshore is designated under current

legislation as an Area of Special Scientific Interest (ASSI) and

includes several nature reserves. The Department of the Environ-

ment for Northern Ireland has also designated the Lough as a

Marine Nature Reserve.

Modiolus modiolus in the Lough do not have a uniform density

but occur in discreet clumps of 5 to 30 individuals, each clump

being separated by distinct areas of mud and silt (Roberts 1975).

The resulting clumps provide a biotic hard substrate in an area

where such a substrate would not normally exist and so provide

a habitat for a much wider range of species (Erwin 1977).

These communities are cun-ently under review for designation as

Special Areas of Conservation under the EU Habitats Directive

(92/43/EEC), which require that appropriate management plans be

prepared.

In recent years, conflict has arisen between conservation groups

and commercial fishing interests over perceived damage caused to

the Modiolus modiolus communities. The fishery is based around

the queen aciiWop Aequipecten opercularis. Initial studies (Service

1990) using a remotely operated vehicle (ROV) indicated that a

degree of impact from the fishery was occurring and a 5-point

classification of the Lough habitats was created (Table 1 ).

This paper describes how remote sensing in the form of direct

video imaging and acoustic mapping has been used as a manage-

tnent tool for the assessment of the status of benthic habitats in a

marine nature reserve. In Strangford Lough three main techniques

have been applied: ( 1 ) direct video and photographic imaging us-

ing a towed camera sledge; (2) side-scan sonar; and (3) the acous-

tic ground discrimination system, RoxAnn (Marine Microsystems,

Aberdeen. Scotland). These tnethods, coupled with the use of Geo-

graphical Information System (GIS), have enabled the extent of the

benthic comtiiunities of interest to be mapped and the degree to

which trawling activity has made an impact on thera to be as-

sessed.

METHODS

The techniques used in this study have been previously de-

scribed elsewhere: RoxAmi. Magorrian et al. (1995), side-scan so-

nar and ROV, Service and Magorrian (in press) and underwater

video analysis, Magorrian and Service (in press).

RESULTS AND DISCUSSION

Side-scan sonar surveys carried out during 1990 and 1993

readily identified the presence of paired scars on the seabed that

could be attributed to the action of trawl doors. The infomiation

from the two surveys was then plotted onto a GIS. The RoxAnn

survey clearly identified the distribution of the major communities

associated with M. modiolus. By combining the results frotn the

Ro.\Ann survey with the data from the side-scan sonar surveys it

proved possible to quantify the degree to which the M. modiolus

communities were being affected by trawling (Fig. 2, Table 2).

This inforrnation has subsequently been used to zone the trawl

fishery in the lough.

Further analysis of the underwater video and stills data aimed

at quantifying the impact of trawling at a species and community

level were then undertaken. Details of these techniques can be

found in Magorrian and Service (1998). Multivariate analysis of

the video data produced a pattern of community analysis that was

in general agreement with subjective scoring system utilized in

Table 1.

OTHER STUDIES

Outside the area of habitat management, Ro.xAnn is now being

used as a fisheries management tool to define the extent of certain

commercial shellfish beds. It has proved possible to map the extent

of mussel Mytilus eclulis beds in Lough Foyle and Cariingford

Lough (Fig. I) so that aquaculture licenses may be managed ap-

propriately.

In the wider context, the commercial fishery for scampi or

Norway Lobster Nephrops non'egicus is the most important to the

Northern Ireland tleet. However, stock assessment of this species

IS difficult because of the life style of the organism. This animal

TABLE 1.

Habitat scores for M. modiolus communities.

Habitat

Category Description

1 Area does not form part of the M. modiolus communities.

Mainly soft muddy bottom with burrows typical of

Nephrops non'e}>icus communities

2 Soft bottom with dead broken shell, partially buried in ihe

soft sediment. Area often is colonized by tunicates and

associated epifauna.

3 M. modiolus beds affected by trawling in the past but largely

intact. Emergent epifauna clearly visible.

4 M. modiolus beds moderately affected by trawling with shell

debris evident. M. modiolus not forming discrete clumps,

more scattered, flatter appearance. Some epifauna still

persisting but emergent epifauna virtually absent.

5 M. modiolus beds are heavily impacted by trawling. Few

intact M. modiolus, lots of shell debris. Epifauna is sparse.
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In the wider context, it lias been recognized tliat epit'auna are

generally less well studied components of the benthos in terms of

community structure and its response to anthropogenic impacts. It

has been recommended that appropriate methodology be devel-

oped for the quantitative assessment of epifaunal communities

(Anon 1993). As discussed above. Magorrian and Service (1998)

have applied a semiquantitative technique, the visual fast count

system (Kimmel 1985), to video images collected using a cam-

era sledge to assess the impact of trawling on epibenthic commu-

nities.
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ABSTRACT The optimization of survival and growth of soft-shell clams in eastern Maine depends upon numerous physical

characteristics, including bathymetry, bottom type, intertidal location, water currents, temperature, and planktonic concentrations. This

information can be organized into a Geographical Information System (GIS). The analysis of this information along with a biological

field experiment is used to predict and map growth rates for potential seeding sites for juvenile shellfish throughout Mason Bay, Maine.

Elevation measurements were organized into a triangular irregular network (TIN) data model to estimate continuous elevations. Current

vectors were estimated via a numerical model- Aerial infrared photographs, chart information, and bottom type were additionally

integrated.

KEY WORDS: soft-shell clams. Geographical Information System, bathymetry, water currents

Commercial harvests of soft-shell clams have declined by over

400,000 bushels since the 1970s in Eastern Maine. Traditionally.

Washington County has accounted for nearly 60% of state land-

ings, but presently is now only responsible for 17% of Maine's

harvests. In some communities, hatchery-reared juveniles have

been seeded on mudflats to replenish clam populations. The opti-

mization of growth and survival of these juveniles depends upon
numerous physical characteristics including: bathymetry, bottom

type, intertidal location, water currents, temperature, and plank-

tonic concentrations. Infrared aerial photographs along with maps
of topography, bathymetry, and sediment type were incorporated

into the Maplnfo GIS (Geographical Information System) to de-

scribe these physical paraineters of an intertidal bay in Washington

County. However, data needed to determine inteilidal elevations

and current rates are lacking.

To obtain this information, elevations from NOAA nautical

charts and GPS (Global Positioning System) measurements were

included as data layers in Maplnfo. Initial GPS measurements were

taken with Trimble GeoExplorer 6-channeI parallel/sequential

hand-held receivers for a duration of 45 minutes. Using carrier

phase GPS with a local base station (0.65 km baseline), we ob-

tained accuracies comparable to subtidal elevations from NOAA
nautical charts. The error associated with a single measurement

was 0.37 m. This accuracy was found through either one 40-min

carrier phase GPS measurement or by averaging four lO-min mea-

surements. Additional GPS elevation measurements were taken

following the low waterline on the south side of the bay. Using an

aerial photograph displaying the low waterline, the location of the

low waterline on the northern side of the bay was estimated.

With elevation points throughout the bay from NOAA charts.

GPS measurements, and the low waterline. a grid of elevations for

the entire bay was constructed. Each elevation point became a

node in a set of interconnected triangles representing the surface of

the entire bay. The vertices of the triangles became the geographic

locations, or the x and y coordinates, and the elevations, or z

coordinates, became data for the node. With this information, el-

evations within each triangular plane could be determined. This

series of triangles is known as a triangular irregular network or

TIN (Fig. I).

A C** program was coded, using the list of nodes and triangles

as input to generate a grid of elevations/depths throughout the bay.

The grid consisted of 7,600 square cells, with 36.125 m sides and

elevation estimates for the midpoints. Elevations relative to mean

sea level are displayed in false color in Figure 2 created by Vertical

Mapper add-on software for Maplnfo.

The Princeton Oceanographic Model (POM), a numerical com-

puter model, used the elevation grid and tidal range to estimate the

direction and magnitude of current velocities throughout the bay.

Instability was found within the model because of the continual

flooding and drying of the intertidal grid cells. The model was

modified by incorporating a flag cell to indicate the status of each

cell. The u and v components of velocity and free surface ele\ ation

were also calculated. As a cell became dry on the ebb tide, the cell

was excluded from the moders calculations. On the flood tide, a

cell's status would become wet as the water level exceeded a speci-

fied level. These cells were also excluded. Calculations were executed

for every 1 -second of the tidal cycle and output every 10 minutes.

Output data from the POM were translated by a series of C""^

programs for the Maplnfo GIS. Vertical Mapper was used to create

a false color image (Fig. 3) of average current velocities for a 4-m

tide throughout the bay. As the tide flows westwardly into the bay.

tidal currents diminish. This is also shown in Figure 4. Vertical
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Shoreline Elevations

A Sublidal Elevations

* Soutti Low Waterline Elevations

Nortti Low Waterline Elevations

C Additional GPS Elevations

Miles

Figure 1. The TIN output of Mason Bay, Maine; a triangular irregular network (TIN) Has created by connecting points of estimated elevations

throughout the bay. The small triangles represent locations from NOAA nautical chart #13325. Carrier-phase GPS measurements were taken

on the southern side of the bay following the low waterline (crosses!, and the elevations of the northern low waterline were estimated using an

aerial photograph (diamonds). The circles represent GPS measurements from a biological experiment.

Mapper was used to create this map of symbols representing the

magnitude and direction of flow at a particular time in a tide cycle.

Cross sections also support the representation of diminishing

flow in the westward region of the bay (Fig. 5). These images were

stored as layers in the Maplnfo GIS and can be viewed with any of

the other layers from the bay.

Because the flow of water can affect the \ eilical and horizontal

distribution of phytoplankton in the water column, understanding

the magnitude and direction of currents is of extreme importance

when selecting a site for aquaculture. A diminishing tTow

may limit the amount of food available to infaunal filter

feeders; whereas, an extremely strong current may cause a retrac-

tion of the siphons. Both conditions would inhibit growth by lim-

iting the amount of food ingested by the animal. Thus, an addi-

tional layer of maximum current velocities for the bay was created

in the GIS. At specific times during a tidal cycle, a counterclock-

"-f^
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Miles

Figure 3. Average current velocities in Mason Bay; the grid from the Princeton Oceanographic Model representing current velocities for a 4-m

tide was used to create a false color image in Vertical Mapper. Velocities diminish as the water flows westwardly.

wise eddy develops on the eastern side of Spar Island (Fig. 6).

In this figure, the direction of the arrowhead represents the direc-

tion in which the current is flowing, and the size of the arrow is

proportional to the magnitude of the current. The effects of this

eddy on growth and survival are uncertain and remain to he stud-

ied.

Using this physical information of the bay along with knowl-

edge of biological factors affecting shellfish growth and survival,

locations meeting specific criteria may be determined through a

query in Maplnfo. Criteria needed to query data for potential sites

for soft-shell clam growout would include data on bottom types,

intertidal elevations, and average and maximum current velocities.

A sample query for Mya arenaria would include the following

specifications: (1) a bottom type of mudflat; (2) an elevation be-

tween -4 and -6 ft msh and (3) an average current velocity be-

tween 0.09 and 0. 1 m/sec.

The sites or cells meeting these criteria can be displayed in

either table or map format. A map identifying the selected sites

meeting the above criteria are displayed in Figure 7. The query

may be layered on top of an aerial photograph to determine the

accessibility to the sites by road.

Use of GIS and GPS in intertidal regions has great potential

for habitat description and management in the shellfish aquacul-

ture industry. Intertidal elevation and current data are presently

Figure 4. Mason Bay on the flood tide: the arrows represent the direction and magnitude of the flow three hours after low water. The lengths

of the arrows are proportional to water displacement per minute. The arrows become smaller as the water flows to the west.
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0.25

Miles

Figure 7. Query results: the output from a Maplnfo query is displayed with stars. Each star is a location satisfying the requirements for

elevation, average current velocities, and bottom type.

grid cell. Elevations and currents can be easily imported into a

GIS to use in the spatial description of the bay. Additional layers,

such as temperatures, salinities, population densities, and phy-

toplankton concentrations could be created to enhance the physical

description of the bay. A final query on all the data is needed to

locate sites for the growout of bivalve seed. Properly utilizing GIS

and GPS should be effective tools for managing clam populations

in Maine.
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APPLICATIONS FOR PASSIVE SONAR IN THE SHRIMPING INDUSTRY
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ABSTRACT Research concluded that nonstiidulaling pink shrimp {Penaeiis ihioranim) in the Gulf of Mexico did not make sound

in the sonic range, but might produce ultrasonic sound via friction between parts of the exoskeleton. Recordings of "frying" noises over

known penaeid shrimp beds led to speculation that shrimp were mechanically producing this portion of the ambient noise, and passive

.sonar might be used for shrimp detection and population estimations. Results showed that captive shrimp produced broadband

impulsive signals (2 to S kHz) primarily in association with eating. Spectral comparison suggest that field transients and captive shrimp

sounds are similar.

KEY WORDS: Shrimp, penaeids. passive sonar

It is apparent that catch-per-unit-effort (CPUE) has declined

over the past three decades in the shrimp fishery of the Gulf of

Mexico (Onal et al. 1991. Gulf of Mexico Fishery Managetnent
Council 1996). It is unclear what is occurring on the shrimping

grounds, but both shrimp fisherman and agencies that monitor the

shrimp fishery would benefit from the development of a tool for

the remote sensing of shrimp populations and real-time population

assessment. No remote detection methods for locating shrimp

populations exist at present, resulting in the continued use of ran-

dom trawling with its associated high incidence of unnecessary

by-catch and habitat destruction. A variety of calculation inethods

exist for density assessment, but they also rely on random trawling

to collect the catch data needed for computation. Furthermore,

these methods are not in real-time, and their validity rests on the

assumption that equilibrium exists in shrimp populations. One tool

that holds promise as a solution for these problems is passive

sonar.

Past research concluded that ptnk shrimp {Peiuieiis duoninim)

of the Gulf of Mexico shrimp fishery did not make sound in the

sonic range, but might produce ultrasonic signals via friction be-

tween parts of the exoskeleton (Gehring 1971 ). This form of sound

production, stridulation, may produce either sonic or ultrasonic

sound, but it is not known to exi,st in any of the gulf shrimp

fisheries species (Dumortier 1963). However, in 1992. members of

the Minerals Management Service "GulfCet" project (Davis and

Fargion 1996j frequently encountered "frying" noises while re-

cording cetacean sounds in the northwestern Gulf of Mexico

(Evans, pers. comm.). Given that the location and distribution of

the frying noises coiresponded to known royal red shrimp (Pteli-

cus robutus) habitat, Evans (pers. comm.) hypothesized that large

populations of that species, morphologically similar to penaeids.

were responsible for the din. This hypothesis expanded on one

formed a decade earlier when Evans (Evans and Norris 1993), after

working in Brazilian waters, proposed that penaeid shrimp pas-

sively produce audible sound when swimming or feeding, and.

when shrimp are congregated in great numbers, the sound is de-

tectable.

Inspiration and indirect support for the earlier Evans hypothesis

had come from passive sonar studies by Takemura ( 1972) on the

influence of substrate, latitude, water depth, and distance from

shore on the distribution and frequency of biological marine "fry-

ing" noises in the coastal waters of Japan. These waters are in-

habited by penaeids, and the results revealed that the noise was

absent when changes in any of the study variables created condi-

tions that were either incompatible with penaeid habitat preference

or outside the range of penaeid tolerance limits.

The Evans hypotheses led to the idea that passive sonar might

be useful as a tool for the detection of shrimp for both stock

monitoring and commercial purposes. Also, with knowledge of the

acoustic paratneters of shrimp signals and ambient noise, detection

distance could be calculated from detection threshold, and the

boundaries of shrimp beds could be determined. Detection of

shrimp and definition of bed boundaries using passive sonar would

eliminate the present search method of random trawling, thus de-

ceasing the incidence of unnecessary by-catch and habitat distur-

bance, and possibly, increasing CPUE. Furthermore, if a relation-

ship could be shown between signal production and the number of

shrimp, then algorithms might be written for real-time computation

of wild shrimp population abundance. Such a system could be u,sed

by shrimpers to assess the population of a bed before expending

effort, thus increasing CPUE. and by government agencies and

biologists for monitoring shrimp abundance and determining if and

when shrimping closure should occur. This study initiated testing

of the Evans hypotheses and, based on those results, suggested two

possible methods for density calculation.

To test the hypotheses that Gulf of Mexico shrimp fisheries

species make detectable sound, and that the sound is mechanically

produced during normal shrimp behaviors, sound production by

white shrimp [Penaeiis setiferiis) was studied acoustically and be-

haviorally. Video and audio recordings were made of aquarium-

kept white shrimp. Audio recordings were made of wild popula-

tions in the bays and channels of Galveston, Texas, and simulta-

neously taken trawl data were used to verify species. Another

crustacean-like signal from the Gulf of Mexico also was studied.
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Data from "GulfCet" recordings made in the Gulf of Mexico of the

unknown signal were analyzed and compared to white shrimp

signals. All signals were characterized spectrally with the follow-

ing results.

Captive white shrimp made detectable sound in association

with three behaviors; eating, escaping, and burrowing. Trawl data

confirmed that white shrimp were the harvested species. Compari-

sons between spectra of wild and captive shrimp signals eliminated

buiTowing and escaping as possibilities for the source of the wild

signals. However, the signals produced by captive shrimp in as-

sociation with eating were similar to the wild signals. Both captive

eating and wild signals were impulsive transient "pops." typically

40-ms long, with energy concentrated from 2 to 8 kHz (Figs. 1-3).

A sound pressure level (SPL)/souree level (SL) of 112 dB (re:

l|j.Pa at 1 m) was calculated using the captive data. Wild spectra

and captive eating spectra were highly correlated (r = 0.7 to 0.8.

p < .05). In conjunction with the supporting trawl data, the acoustic

analysis suggested that the signals were produced by the same

species engaged in the same activity (Fig. 4). Although the exact

mechanism that produces the sound was not determined, the analy-

sis supported the hypotheses that white shrimp, and probably all

penaeids. in the Gulf of Mexico produce consistent detectable

sound and that the sound is associated with eating. Because these

sounds were easily detected and recorded in the wild, the use of

passive sonar as a tool for remote detection of shrimp also was

supported.

The wild signals, believed to be produced by white shrimp

while eating, and the unknown crustacean-like signals from

"GulfCet" data also were compared. Smoothed waveforms and

acoustic envelopes were similar (r = 0.9) (Figs. 5. 6). The un-

known signal had a slightly narrower bandwidth that the wild

signal at 3 dB down of the magnitude spectrum squared (2.42 kHz

frequency (kHz)

Figure 2. .An averaged spectrum of eating signals recorded during

feeding of white shrimp [Penaeus setifreriis) in a glass aquarium and a

fiberglass tank at Texas .\&M University, College Station, and

Galveston, Texas, respectively. Peak energy is at 2..^ kHz.

vs. 3.5 kHz. respectively) (Fig. 7). Water depth and geographic

location suggested that the unknown signal might be produced by

royal red shrimp, but verification of the species was not possible.

Nevertheless, the data add further support for the use of passive

sonar as a tool for remote detection of fisheries shrimp.

Based on these results, remote assessment of shrimp population

densities may be possible using either: (1) the number of signals/

lime/area: or (2) amplitude changes/area. Signals are estimated to

be produced at rate of l/s to 2/s for an individual shrimp, thus,

counting signals may be appropriate, especially where densities are

0,035
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0.035

Figure 3. An oscillogram (top) and spectrogram (bottonil from a transient impulse recorded in the Galveston Ship Channel. The signals are

structurally similar to eating signals of captive white shrimp {Penaeiis xetifertis).

low. However.'in the event of very dense populations where many

shrimp may be producing signals simultaneously, it may be nec-

essary to use over-all amplitude changes to calculate density. Con-

tinued research was suggested using either passive acoustic mod-

eling of mariculture pond populations followed by testing for

goodness-of-fit to wild populations, or direct passive acoustic

modeling of wild population densities (employing towed hydro-

phone array capabilities for calculation of the seatloor area from

which signals are being received) with comparisons made to tra-

ditional trawl data density computations.

4 5 6

frequency (kHz)

Figure 4. An averaged spectrum of transient impulses (solid line) re-

corded in the Houston Ship Channel compared to an averaged spec-

trum of eating signals (broken line) made by captive white shrimp
(Penaeus setiferus) in a glass aquarium.

Since the presentation of this material at the Workshop on

Spatial Data and Remote Sensing in Invertebrate Fisheries, density

calculation research using the mariculture environment has begun
in a joint venture between Texas A&M University and Auburn

University. While at the workshop, this researcher was made

aware that improved density calculation of shrimp is needed in the

mariculture industrv in addition to the need in the fishing industry.

Shrimp ponds are stocked and harvested with known densities, but

J 1

Q.
E
n

i-1

0.3 04 05
time (ms)

Figure 5. The waveforms (solid lines) and acoustic envelopes (broken

lines) of impulsive transient signals associated with eating by shallow-

water white shrimp (Penaeus setiferus) (top) and those of another

crustacean-like signal (bottom) from deep water on the continental

shelf in the Gulf of Mexico.
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Figure 6. A comparison of the wave forms of white shrimp [Penaeus

setiferits) eating signals IsoHd line) and an unknown crustacean-lilie

signal (brolven line). Note that the signals appear tu be scaled.

u
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INTRODUCTION

111 the early 1970's on the western coast of the United States, a

luL-ratne fishery was developed for the red sea urchin, Strongylo-

irmroliis fnmciscimiis (.KMo 1972). In the absence of fishing regu-

lations, the size of individuals and the total catch of red sea urchins

declined in the early 1980's (Kato and Schroeter 19S5l. Based on

the analysis of data on gonad size, regulations were introduced in

1989 to limit the seasonal harvest of urchins and to establish a

minimum harvestable size for sea urchins. These regulations have

had limited success maintaining resource stability. As a result, the

California fishery supports far fewer urchin harvesters today.

In the last 15 years, especially since 1987, a fishery for the

green sea urchin. Strongylocenlrotus droebachiensis. has become

the seventh largest in the Northeastern United States, and is the

third largest in Maine behind lobsters and aquacultured Atlantic

salmon (NOAA NR96-11. September. 17, 1996). Early unregu-

lated harvesting and continued overfishing have drastically de-

pleted once abundant field populations in the Gulf of Maine. In

Maine during 1993. 41 million pounds of urchins were harvested

and 26 million dollars were earned by the urchin industry. Since

this peak harvest, urchin landings have quickly declined while the

price per pound has increased (Table I ). Recently, urchin fisher-

men, processors, and state government agencies in New Hamp-

shire. Maine, and Massachusetts have recognized that a significant

decline has occurred in urchin populations and have attempted to

coordinate their efforts to realize a sustainable urchin harvest.

Substantial data are available on seasonal changes in gonad size of

Gulf of Maine green sea urchins and other populations around the

world (Miller and Bishop 1973. Fletcher et al. 1974. Mottet 1976.

Himmelman 1978. Keats et al. 1983. Vadas et al. 1989. Munk

1992). Despite these studies, which clearly show when harvesting

would yield the maximum product and dollar value, regulation has

been slow to match the rate of growth of the fishery.

Unsexed whole sea urchins or their processed gonads are

shipped primarily to Japanese markets as a popular form of sushi

called "uni"" (and to the markets of France. Belgium. Greece, Italy,

and Turkey). Several important, biologically based problems affect

the large scale natural harvest of sea urchins in temperate ecosys-

tems. First, as natural stocks dwindle and demand remains constant

or increases, the harvesting of smaller, poorly fed natural popula-

tions results in urchins with low quality roe. Second, large popu-

lations of urchins still exist in deeper waters (below IS m). Har-

vesting of these populations by SCUBA is potentially more dan-

gerous and impractical in mid-winter when urchin gonads are most

valuable. These deep water populations of urchins are also smaller

in test size and have poor quality gonads as a result of limited

resources of algae, which is the preferred natural diet of the green

sea urchin (Keats et al. 1984. Lawrence 1975. Vadas 1977. Larson

et al. 1980. Briscoe and Sebens 1988. Prince and LeBlanc 1992).

Third, smaller natural populations reduce the reproductively effec-

tive population which subsequently effects fertilization success

and recruitment of juveniles. Last, the normal single annual ga-

metogenic cycle, characteristic of sea urchins, limits the season

when gonads are commercially valuable.

The examples above represent an all too common situation of

over exploitation of a natural resource based on the limited use or

knowledge of the basic biology of the harvested species. What can

we do at this point' Clearly, there is a lucrative market for sea

urchin roe. Equally clear is that we cannot continue to exploit

natural populations at the present non-sustainable rate. Some self-

regulation may occur as a result of the collapse of Asian currencies

that we are presently experiencing, but they will eventually recover

and the pressure to provide sea urchin roe from natural populations

will increase, even with the regulations in place at this time. Vari-

ous forms of sea urchin aquaculture may provide high quality and

high dollar value products in the absence of large annual harvests

of natural populations. In order to initiate aquaculture endeavors

we must know about the basic biology of the cultured species,

including aspects of disease, food requirements, and in the case of

the sea urchin, their reproductive biology. It has become abun-

dantly clear that we do not know as much about the reproductive

biology of urchins as might be expected considering the volumi-

nous literature on urchin biology. A more complete understanding

of the reproductive biology of urchins is needed to harvest natural

populations on a sustainable basis or to initiate urchin aquaculture.

The purpose of this special section on sea urchin aquaculture was

to gather a group of biologists, aquaculturists. and economists with

a common interest in the aquaculture or the sustainable harvest of

natural populations of sea urchins. This group is not exhaustive in

its scope and neither is the information presented here. Collec-

tively, these papers should not be looked upon as the definitive

TABLE I.

Landing statistics compiled by the Maine Department of Marine

Resources for green sea urchin tSrrnngylocenlrolus droebachiensis)

landings through 1996.
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Year



1506 Lesser and Walker

writings on the state of sea urchin aquaculture. They do represent

many of the current directions in sea urchin aquaculture and as

such point toward some areas of urchin biology for which we have

little or no information. We begin w ith a short review on sea urchin

gametogenesis by Walker et al. which provides some novel ideas

about the use of molecular tools to monitor different stages of

gametogenesis. This review is followed with an article by

Lawrence and Bazhin on the utility of various species of sea ur-

chins as appropriate candidates for aquaculture, based on their

life-history characteristics. A paper by Grosjean et al. then de-

scribes the cultivation of urchins in a land-based aquaculture fa-

cility from larvae to market size. Two papers (Hagen and Agat-

suma) deal with gonad yields in urchins when fed algal diets, while

the majority of the papers deal with varying aspects of developing

and using formulated feeds or polyculture to produce high quality

gonads. Lastly, one paper (Kessing and Hall) reviews the status of

urchin populations around the world and the potential for new

aquaculture opportunities.

We hope that reading this collection of papers will encourage

collaborative efforts between the private sector, aquaculturists, and

biologists interested in sea urchin aquaculture.
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INTRODUCTION

Gametogenesis is a single annual event in both sexes of most

species of sea urchins that live in higher latitudes. It involves an

abrupt change in activity within the gonads from storage of nutri-

ents in somatic cells to the rapid increase in numbers and/or size of

germ cells (Pearse and Cameron 1991). The bulk of the nutrients

utilized in the production of either ova or spemiatozoa is initially

stored in intragonadal somatic cells called nutritive phagocytes

(NP). NP are the only obvious somatic cellular components of the

germinal epithelia in both testes and ovaries (Holland and Giese

1965. Holland and Holland 1969). In some ways. NP function like

the Sertoli cells of the mammalian testis (Hinsch 1993. Guraya
1995).

Most available information on gametogenesis in sea urchins is

presented in ecological studies and is based on the assessment of

gonad index (GI. the ratio of gonad mass to total body mass).

Although histological studies of annual gametogenesis are avail-

able for several species of sea urchins, only a few consider cytol-

ogy and ultrastructure during oogenesis (Verhey and Moyer 1967.

Tsukahara and Sugiyama 1969. Tsukahara 1971. Landim and Beig

1979, Nicotra and Serafmo 1988. Byrne and Siegel 1998) and even

fewer during spermatogenesis (Longo and Anderson 1969). Very-

little data on the physiology or molecular biology of sea urchin

gametogenesis are available. Chemical signaling mechanisms that

stimulate or inhibit gametogenesis are simply uninvestigated in sea

urchins. Changing photoperiod is often correlated with the initia-

tion of gametogenesis in both sexes of some sea urchins (Pearse et

al. 1986. Walker and Lesser 1998). although this is not always the

case (Yamamoto et al. 1988. Sakairi et al. 1989. Ito et al. 1989).

Existing molecular studies deal mostly with major yolk proteins

found in the coelomic fluid or developing oocytes (Verhey and

Moyer 1967. Tsukahara 1971. Harrington 1982. Ozaki 1982. Har-

rington and Ozaki 1986. Ozaki et al. 1986. Shyu et al. 1986. Shyu
et al. 1987). This over-all lack of basic information on sea urchin

gametogenesis is surprising in an organism that provides major
models for studies of fertilization and early development and

alarming in an animal that is often subject to intense commercial

har\est.

In this paper, we combine classic and recent information to

generate new models for gametogenesis in those sea urchins sen-

sitive to photoperiod and that live in temperate waters. We also

provide some examples of how gametogenesis can be manipulated
to produce urchins with large gonads characterized by superior

taste, color, texture, and firmness. We hope that this information

will be useful to those interested in the biology and aquaculture of

sea urchins.

THE CLASSICAL VIEW

Based on histological analysis of paraffin sections taken during

the annual reproducti\e cycle of two species of sea urchins. Fuji

(1960a. 1960b) recognized five stages for gametogenesis and

Nicotra and Serafino ( 1988) recognized three stages for NP. Fol-

lowing spawning, the genninal epithelium contains shrunken and

gonial stem cells (either oogonia or spermatogonia) (Fuji's Spent

Stage: Nicotra and Serafino's NP Restini;: Stage). Nutritive phago-

cytes begin to grow during this period and store protein, lipid, and

carbohydrate nutrients (Fuji's Recovering Stage: Nicotra and Se-

rafino's NP Growing Stage). As gametogenesis begins, gonial

cells increase in number around the bases of enlarged nutritive

phagocytes (Fuji's Growing Stage). Gamete differentiation occurs

as genninal cells progress through gametogenesis and move to-

ward the luminal ends of nutritive phagocytes (Fuji's Premature

Stage). During gametogenesis. nutritive phagocytes shrink and

lose their nutrient reserves as primary oocytes grow to large size

(65-150 (xm) and as differentiated spermatozoa accumulate in the

gonadal lumen (Fuji's Mature Stage: Nicotra and Serafino's NP

Depleting Stage).

Versions of these stages have been used to characterize game-

togenesis for sea urchins from around the world (Byrne 1990.

Meidel and Schleibling 1998, Spirlet et al. 1998. Unuma et al.

1998). Although these .staging systems are easy to use in following

basic features of gametogenesis. detailed cellular events do not fit

well in these contexts. For example, the differential growth of

nutritive phagocytes and germinal cells is difficult to characterize

using either of these staging systems alone. Such events as the

initiation and completion of nutrient storage and the timing of

oogonial and sperniatogonial mitosis and differentiation also fit

poorly into these staging systems. As more data become available,

it is desirable to place them in a cellular and molecular context.

The following sections on stereology. cytology, and molecular

biology demonstrate the kinds of new data that are being generated

and attempt to provide a more cellular and molecular framework

for understanding sea urchin gametogenesis.

Gonad Index and Stereology

The gonads of sea urchins perform the dual function of storing

nutrients and producing gametes (Giese 1966). Gonad index has

traditionally been used to assess gametogenesis in sea urchins.

However. Gl alone does not discriminate between growth of nu-

tritive phagocytes and the gametogenesis. A more useful technique

to measure the growth of NP and germinal cells would provide a

quantitative measure of the relative volumes of the gonad occupied

by each of these cellular populations at any time during gameto-
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genesis. Stereology is a quantitative technique that uses a math-

ematical approach and point-count analysis to obtain three-

dimensional (3-D) information from two-dimensional (2-D) sec-

tions of sea urchin gonads (Elias and Hyde 1980. Walker and

Lesser 1998). The data that result from this kuid of analysis are

also amenable to statistical testing of hypotheses related to envi-

ronmental, physical, or molecular factors affecting changes in go-

nad size. For example, stereological, gonad index, and histological

data from Walker and Lesser (1998) indicate that gonads grow to

a larger size (>20% GI) in urchins reared in the laboratory and

supplied with a pelletized commercial food (Lawrence et al. 1997)

than the gonads of urchins collected from the field (<I5% GI)

(Fig. 1). Unusually abundant development of nutritive phagocytes

was responsible for the increase in gonadal growth observed in

animals in the laboratory (Fig. 1). In female urchins, a small or

modest reduction in size of nutritive phagocytes after the initiation

of oogonial mitosis suggests that nutrients were being transferred

to oocytes for vitellogenesis. In male urchins, nutrients mobilized

from storage in enlarged nutritive phagocytes were presumably

utilized during normal spermatogenesis and were responsible for

the large gonad indices after exposure to fall photoperiod (>25%.

Walker and Lesser 1998). Because gonads containing only a few

gametes have the highest commercial value, stereological data on

the relative abundances of the NP and gametes at various stages of

the reproductive cycle would be a very valuable parameter for

aquaculturists to monitor.

Gametogeiiesis al High Resolution—Some New Insights

Other than the few studies previously mentioned, all histologi-

cal examinations of gametogenesis in sea urchins are based on

sections of paraffin-embedded gonadal samples. Paraffin sections

are very useful for studying conspicuous changes within the gonad.

However, the ability to discriminate carefully between different

cell types and to observe cellular events such as mitosis and meio-

sis is often difficult within paraffin sections. The problem is in-

tensified by the small size of echinoderm cells (e.g., oogonia and

spermatogonia range between 5 and 10 p.m in diameter) and the

lack of resolution of standard paraffin histology. The increased

resolution available in sections of plastic embedded sea urchin
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ovaries, oogonial mitosis has concluded (see inset of an oogonial

mitosis), and major growth of primary oocytes occurs (Fig. .^b). A
germinal \esicle containing a large nucleolus is visible within the

oocytes, reflecting the high levels of I'RNA synthesis occurring

during this stage (Cowden 1996). In testes, numerous mitotic di-

visions of spermatogonia and meiotic divisions of spermatocytes

are evident (Fig. 4b; see inset of a spermatogonial mitosis). Dif-

ferentiated sper]natozoa are obvious in the testicular lu)iien.

Full Gonad and Spawning Stage

At this stage, there is a further reduction in size of the NP. and

the granules remaining within them are few and nonuniform in size

and contents (Fig. 3c. 4c). Both NP and large, granule-filled oo-

cytes extend on thin stalks of cytoplasm from the gonadal wall

toward the ovarian lumen (Fig. .V-). In testes, the lumen is full of

differentiated spermatozoa ready for release, and spermatogonial

mitosis is limited (Fig. 4c). Spawning of gametes in both sexes of

S. droebachiensis occurs toward the end this stage in the late

winter/early spring.

Postspawning. Residual Gametes, and NP Phagocytosis Stage

In this stage, small NP differ greatly in appearance from earlier

stages and contain empty, membrane-bound vacuoles and few or

no granules (Figs. 3d, 4d). In ovaries, residual oocytes or ova
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Figure 4. Strongylocentrotiis droebachiensis—Plastic sections of testes from a) NP renewal and pregametogenesis; b) NP utilization and gametogenesis;

c) full testis and spawning; d) postspawning. residual gametes, and NP phagocytosis stages of the annual spermatogenic cycle. ASG, amitotic

spermatogonia; L, testicular lumen; NP, nutriti\e phagocyte; SG, spermatogonia; SC, spermatocyte: RO, residual spermatocyte. Circle indicates the

testicular wall. Scale bar for all figures. 50 pm. Inset, spermatogonial mitosis in circle, (inset with permission from Mar. Biol.. Walker and Lesser, 1998).

(containing obvious cortical granules near the cell membrane) are

found in the lumen and between the NP. Single, amitotic oogonia

are found around the bases of the NP (Fig. .^d). In the testis,

residual spermatozoa remain in the lumen, and amitotic spennalo-

gonia are apparent as individual cells at the bases of the NP (Fig.

4d). In the gonads of both sexes, residual gametes are phagocy-

tized by NP during this time. Residual gametes are often observed

in the early months of the next stage (
= NP renewal and prega-

metogenesis stage).

MOLECULAR BIOLOGY, BIOCHEMISTRY,

AND GAMETOGENESIS

Molecular studies of sea urchins are almost exclusively limited

to housekeeping genes and to those involved in larval develop-

ment. An understanding of the patterns of expression of genes

related to the growth and metabolism of NP and of gametes would

be useful. When considered along with stereology and high-

resolution plastic sections, the expression of key genes could be

used to discern the differential activities of NP or gametes during

gametogenesis. Study of appropriate genes and of their protein

products should also provide easy to follow indicators of the over-

lapping processes of NP growth and gametogenesis. Northern and

Western analysis of the expression levels for RNA and protein for

these genes could be accomplished more quickly than labor-

intensive stereology and histology.

Some genes have been cloned from sea urchins and are indica-

tive of the activities of the NP and the gametogenic cells. In

particular, the cDNA sequences for a major yolk protein (MVP)
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and for the transcription factor c-iiiyc are available for sea urchins.

Polyclonal antibodies are also available for proteins resulting from

the expression of the MYP and c-iuyc genes. The expression pat-

terns for these genes and for their protein products can be followed

by Northern and Western analyses of gonadal extracts. When com-

pared to a reference survey of the histology of gametogenesis. data

on the expression of such genes should be sensitive indicators of

the reproductive stage of sea urchin gonads. In addition, monitor-

ing of biomolecules relevant to the commercial quality of urchin

gonads would be valuable to aquaculturists. For example, an un-

derstanding of the nature and annual distribution of carotenoids

within both sea urchin ovaries and testes is vitally important in

determining supplements for diets. Some practical examples of

how a knowledge of these molecules might be beneficial in sea

urchin aquaculture are presented below.

Vilellogenin
—An Indicator of the NP Cycle

It has been suggested that nutrient transfer between nutritive

phagocytes and germ cells occurs during gainetogenesis (Holland

and Holland 1969. Pearse and Cameron 1991, Unuma et al. 1998).

This suggestion is based on changes in the 2-D area of these cell

types or on recognition of their contents by an antibody to the

MYP. The major component of the nutritive phagocytes is a gly-

coprotein derived from the expression of a single vitellogenin gene

(Verhey and Moyer 1967. Tsukuhara 1971. Harrington 19S2.

Ozaki 1982, Ozaki et al. 1986, Shyu et al. 1986, Shyu et al. 1987).

An antibody generated to this protein indicated that it is present

before and during gametogenesis in the nutritive phagocytes of,

not only female, but also male sea urchins (Unuma et al. 1998).

During gametogenesis in females, the protein is mobilized from

nutritive phagocytes and is transferred to primary oocytes, where

it becomes a major constituent of their yolk. In males, the protein

is also lost from nutritive phagocytes, but is not identifiable by the

antibody as a component of germ cells at any stage of spermato-

genesis (Unuma et al. 1998). The ability to follow this major

component of the yolk is an exciting application of molecular

biology to the understanding of sea urchin gametogenesis. Until

now it has not been possible to prove that nutrients mobilized from

the NP are actually transferred to the oocytes. The fate of the

identical protein in males is still enigmatic and deserves further

study.

C-myc—An Indicator of Gonial Cell Mitosis and nf the Length of the

Gametogenic Cycle

The molecular signaling pathways that lead from the environ-

mental cue of photoperiod to the initiation of gametogenesis in sea

urchins are virtually uninvestigated. Nonetheless, molecular data

that may be relevant are available for sea urchins. In animal so-

matic cells, a common denominator in both steroid- and protein-

based mitogenic pathways is the expression of the transcription

factor, c-myc (Henriksson and Liischer 1996). The c-myc protein

activates the expression of downstream target genes relevant to the

cell cycle (Bello-Fernandez et al. 1993. Rosenwald et al. 1993,

Roy et al. 1994), and its activity is an es.sential precursor to cellular

mitosis. A c-myc gene has been cloned from the sea urchin (Gen-

Bank Accession # L37056). This c-myc cDNA is highly similar to

the sequences in the sea star, Asterias vulgaris (Walker et al.

1992), and the human. Based on its structure, c-myc protein should

act in a similar way during the cell cycle of sea urchins, sea stars,

and humans (Fig. 5). Therefore, expression of c-myc is an early,

detectable indicator of mitosis in sea urchin gonial cells (= the

beginning of gametogenesis). It should indicate exactly when go-

nial cell mitoses occur and would also demonstrate the length of

time gonial cells spend proliferating during the reproductive cycle.
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These data are available only as nonquantitative measurements of

histological sections of sea urchin testes and are completely un-

known for sea urchin ovaries. A simple Northern screening of

monthly samples of RNA from sea urchin gonads would be very

informative. Gonads with relatively few gametes are most desir-

able to the industry. It would be possible to monitor sea urchins in

the field or in an aquaculture facility for the expression of c-myc.

If such analysis indicated that expression of c-myc had com-

menced, then the crop of urchins should be harvested before the

gonads carry out extensive gametogenesis and lose their firmness.

Caroleiioids—Indicators of the Color Quality of the Gonads of

Sea Urchins

In its present configuration, the Lawrence pelletized food

(Lawrence et al. 1997) contains 3 carotene, which gives a satis-

factory, but not ideal, color to the gonads of S. droebachiensis. It

is desirable to improve this color by using a different carotenoid

supplement in the food. Females of S. droebachiensis metabolize

P carotene into echinenone (4-keto-P-carotene), which accounts

for 80% of carotenoids in the ripe ovaries (Griffiths and Perrott

1976). Animals with the darker yellow orange colored gonads that

are desirable to the commercial market contain a high percentage

of this carotenoid. In the future, we intend to have the diet syn-

thesized to contain echinenone. This should finally resolve the

problem of a less than desirable gonad color that results from using

the current formulation of the pelletized food. It is also important

to assess the carotenoids present in the mature testes of S. droe-

bachiensis in order to accomplish this same result.

MODELS FOR SE.\ URCHIN OOGENESIS AND

SPERMATOGENESIS—NEW INSIGHTS

By combining classic and new data such as those described

above, we have developed the following models for sea urchin

gametogenesis in species such as 5. droebachiensis. which are

photoperiod sensitive. Previous staging systems by Fuji (1960a.

1960b). Nicotra and Serafino (1988). and Walker (1982) are also

included to permit the use of data available on many other sea

urchins. The models are not exhaustive and merely suggest a new.

more cellular context for understanding gametogenesis in sea ur-

chins. Certainly, as more information becomes available, it will be

necessary to modify these models. With some adjustment, these

models may also work for other sea urchins that have multiple

periods of gametogenesis during the year, such as those in tropical

waters.

Oogenesis (based on S. droebachiensis)

A model for annual oogenesis in the sea urchin is depicted in

Figure 6a. This model begins by illustrating the condition of the

germinal epithelium in an ovary in late winter and early spring.

Such ovaries contain amitotic oogonia. residual oocytes or ova.

and nutrient depleted, phagocytic NP. In April or June, storage of

nutrients (lipid, carbohydrate, and protein) begins (Himmelman

1986). and NP grow substantially until August or September. The

bases of the NP are surrounded by clusters of amitotic oogonia. In

the fall, changing environmental photoperiod leads to shorter days.

There follows a major mobilization of nutrients from NP and a

simultaneous initiation of oogonial mitosis observable in plastic

sections. It is unclear whether the photoperiod cue directly stimu-

lates oogonial mitosis or whether it is indirectly stimulated as a

result of the nutrients available from the NP. Perhaps the photo-

period cue directly stimulates nutrient mobilization from the NP. It

is clear that the major yolk protein that composes most of the

protein stored in the NP is transferred to primary oocytes as they

undergo vitellogenesis. NP shrink as primary oocytes grow. Fi-

nally, the ovarian lumen is filled with stored primary oocytes that

have attained maximum size (
= 130-160 p.m in diameter). Primary

oocytes undergo meiosis and become fully mature ova during ovu-

lation. Within the ovary, residual primary oocytes (lacking a ger-

minal vesicle) or ova (containing cortical granules near the oocyte

membrane) persist as the oogenic cycle begins again.

Spermatogenesis (based on S. droebachiensis)

Figure 6b illustrates the more complex annual spermatogenic

cycle of the green sea urchin. At the right of this figure is the

germinal epithelium of a testis following spawning. It contains

nutrient-depleted NP. residual spermatozoa, and clusters of ami-

totic spermatogonia. During growth (and perhaps increase in the

number) of the NP and storage of nutrients in the summer months,

limited initiation of spermatogonial mitosis and minor sperm pro-

duction can occur. This phenomenon has not previously been men-

tioned in the literature, although anecdotal information indicates

that it may be fairiy common (Dr. John Lawrence). It is possible

that nutrients sufficient to support local spermatogonial mitosis

and subsequent spermatogenesis leak from the large NP as they

grow. During such times, males can respond by mitotic division of

spermatogonia during the summer (June-August) and even by the

production of spermatozoa. This was never observed in females,

where the production of an oocyte with a diameter of >130 p-m

simply requires more nutrients. As NP reach maximum size and

fall photoperiod commences, major mobilization of nutrients from

NP and extensive spermatogonial mitoses follow. Subsequent

events of spermatogenesis produce differentiated spermatozoa that

are stored in the testicular lumen. Upon release, spermatozoa are

activated in sea water.

SEA URCHIN GAMETOGENESIS AND AQUACULTURE

It is obviously not practical for the sea urchin industry alone to

take on the added effort associated with stereology. high-resolution

histology, and molecular biology. The expertise and the infrastruc-

ture for these techniques already exists within the academic com-

munity. As a result, we strongly encourage the urchin industry and

interested biologists with knowledge of these approaches to join in

collaborative basic and applied research. Together, they can con-

tinue to provide a better understanding of the reproductive biology

of the sea urchin and also suggest how to apply this knowledge in

producing urchins that contain large gonads characterized by su-

perior taste, color, texture, and finnness. We ha\e provided a

modem framework for the acquisition and organization of cellular,

physiological, and molecular data on the biology of sea urchin

gametogenesis. Creative development and application of this

knowledge can lead to mechanisms for manipulating the gameto-

genic process to yield a high quality aquaculture product.
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ABSTRACT Life history characteristics of sea urchins can be used to evaluate the potential of species for aquaculture. The important

life history characteristics for this evaluation can be separated into those affecting production of biomass and maintenance. These result

from three primary life history strategies. First, species in environments that are unstable or with high predation and with high food

availability should have high production and low maintenance. Second, high production and moderate maintenance and a potential for

phenotypic plasticity should occur in species in environments that are stable w ith low predation and high food availability. Third, those

in environments that are stable or with low predation and with low food availability should have low production and high maintenance.

Tripneustes, Strongylocentrolus, and Arhaciu are probable representative genera, respectively, of these life history strategies. Species

in the first category would be most appropriate for aquaculture using production as the criterion. The consumption by humans of certain

species of sea urchins in the past can be related to their accessibility and palatability, and does not necessarily indicate their suitability

for aquaculture. Knowledge of life history characters can aide in evaluating sea-urchin species for aquaculture.

A'£)' WORDS: Aquaculture, sea urchins, life history strategies, life history characteristics

INTRODUCTION

Dialogue (Didlogo) Santiago de Chile. 1997

Jose: "John, are sea urchins eaten in the United States?"

( ",'Juaii: los erizos de mar se comen en los Estados

Uiiidns?")

John: "No." ("No.")

Jose: "No! Why not?" ("jNo! ^,Porque no?")

John: "No reason." ("Sin niguna razon.")

Jolin: "Jose, is the black sea-urchin eaten in Chile?"

("(,Jose: se come el erizo negro en Chile?")

Jose: "No." ("No. ")

John: "No! Why not? There are lots of them."

(";No! ^Porque no? Hay muchisimos. ")

Jose: "No reason." ("Sin ninguna razon.")

Alberto Larrain (Universidad de Concepcion) has a reason why
the black sea-urchin Tetrapyfius niger (el erizo negro) is not eaten

in Chile, and it is not a cultural reason as in the United States. He

suggests T. niger would be eaten if it were palatable because it is

abundant (Vasquez and Buschmann 1997). After repeated ques-

tioning of Chileans, one person was found who had spoken to

someone who had eaten the roe of T. niger and three persons who
had actually done so. The verdict in all cases was that the roe of T.

niger tastes bad. Similarly Arbacia li.xiila. in the same arbacioid

family as T. niger, is eaten only locally in Mediterranean countries;

whereas. Paracentrolus lividus (I'oursin comestible) is widely
eaten there (Le Direac'h et al. 1987). Arbacia li.xula is considered

the "father urchin", and Paracentrotus lividus. the "mother ur-

chin." But why should the eggs of arbacioids not only taste bad.

but have a dark violet color in contrast to the usual yellow or

orange of sea-urchin eggs like those of commercial species such as

P. lividus and the strongylocentrotids? An unusual color can be an

aposematic signal indicating the presence of a secondary metabo-

lite, warning potential predators of an unpalatable or to.xic prey

(Harvey and Greenwood 1978). Here the warning would be of the

spawned egg. free in the water column and vulnerable to predation.

But why should arbacioids have this metabolic expense of produc-

ing a secondary metabolite that P. lidus and the strongylocentrotids

do not? Can it be associated with a life-history strategy? And if so.

can life-history strategies be important in evaluating the potential

of species of sea urchins for aquaculture? Do life-history strategies

have a basis in the energy requirements and usages that can be

useful in understanding the characteristics of species necessary for

evaluating their potential? Here we relate energy budgets to life-

history strategies and suggest they can be used for this purpose.

Energy Budgets

According to the second law of thermodynamics. Ii\ ing sys-

tems must use energy to maintain themselves over time (von Ber-

talanffy 1952). As open systems, organisms do this by obtaining

energy from the environment and allocating it to various activities.

The relation between energy obtained and its allocation is ex-

pressed in the energy-budget equation (Ricker 1968):

C-F R -h U -t- P, -h P,

where C is consumption. F is feces. A is absorption. R is respira-

tion. U is e.xcreta. P^ is reproductive production, and P„ is somatic

production. The energy associated with respiration is for both

anabolism and maintenance. P., can be for primary structures or

secondary structures for defense. P^ and P^ together constitute total

production or assimilation. Energy budgets require use of energy

units (Joules). Other units (mass) can be useful for other purposes,

but only energy units allow calculation of the relative, not abso-

lute, allocation to the different functions that is essential to estab-

lishing life-history strategies (Calow and Townsend 1981). Com-

plete energy budgets are necessary for internal consistency. Few

energy budgets have been established for sea urchins, and these are

not always complete. Fuji's (1967) energy budget for Strongylo-

centrolus intermedius lacks the respiration term and Propp's

( 1977) energy budget for Sirongylocentrotus droebachiensis lacks

the consumption term.
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Life-History Strategies

That selection can be linked to energy budgets underlies the

concept of life-history strategies (Ebert 1982). This results from

the trade-offs in the energy budget that can occur between somatic

growth, production for gonadal growth, and survival so that allo-

cation to one function is not available for others (Calow 1984).

Life-history strategies consider how these characteristics vary in a

coordinated evolution to increase fitness (Steams 1992). The in-

teraction of these characteristics is apparent in the Euler-Lotka

equation (Calow 1984):

1
= Se-"s.n.

where r is the Malthusian parameter (intrinsic rate of natural in-

crease); t is time to maturity, a function of soinatic production; s is

survival, a function of maintenance and protection; and n is fe-

cundity, a function of gonad production. Fitness is increased by

increasing s and n, and by decreasing t.

Grime ( 1977) related life-history strategies to two external fac-

tors that limit energy in an individual. One, stress, restricts pro-

duction of biomass. It includes low levels of food, capacity to feed,

and suboptimal abiotic conditions. The other, disturbance, results

in the loss of biomass. This is usually lethal for animals resulting

from biotic (predation) or abiotic factors. Species that experience

high disturbance, nideral species, would be expected to have low-

survivorship (s), a high growth rate (a short time to maturity t). and

a high fecundity (n). These species would put little energy into

maintenance or protection, because it is allocated to growth and

reproduction. Species that experience high stress, stress-tolerant

species, would have a low fecundity, a slow growth rate, and high

survivorship. These species would put much energy into mainte-

nance or protection, because it is not allocated to growth and

reproduction. This increases the probability these species survive

long enough to reproduce successfully. Species that experience

low disturbance and low stress, competitive species, allocate en-

ergy to all functions. These three primary strategies should be

found at the extreine levels of stress and disturbance. Secondary

strategies should be found at intermediate levels.

Life-History Strategies and the Potential of Sea Urchin Species

for Aquaeultiire

Using production alone as the criterion, the most appropriate

sea urchin species for aquaculture should be those that have the

shortest time to maturity (high growth rate), highest fecundity, and

lowest survivorship. They should allocate little energy to mainte-

nance or protection. Those species that do allocate energy to main-

tenance may be better able to withstand stress. Lawrence (1990)

assigned sea urchin species to specific life-history strategies ac-

cording to their characteristics. The question here is whether these

characteristics can be used to evaluate the potential of sea urchins

for aquaculture.

Is interest in aquaculture of particular species because they are

appropriate or because they are available? Certainly, availability is

essential, but the examples of Tetrapygus niger and Arbacia li.xula

indicates this is not sufficient. Different life-history characteristics

(tactics) can be predicted to be associated with the different strat-

egies of sea urchins (Table 1). Species should have a suite of

related characteristics appropriate for a particular life-history strat-

egy. Thus, a species such as Tripneustes ventricosus that lives in a

habitat subject to high disturbance but with high food availability

would be predicted to have a rapid growth rate, high reproductive

effort, high metabolism, low maintenance, and a short life span.

We consider whether these characteristics indicate the appropri-

ateness of sea urchin species for aquaculture.

Growth Rate

Ebert (1975, 1982) separated sea urchin species according to

their rates of growth, concluding that species such as Strongxlo-

centrotus droebachiensis are more slowly growing than Trip-

neustes ventricosus and Lytechinits variegatus. A comparison of

species can be made best if individuals are fed the same food under

T.\BLE 1.

Life-history characteristics predicted to be associated with the ditTerent strategies of sea urchins (modified from Lawrence 1990).

Strategy Competitive Stress-Tolerant Ruderal

Life-history

Growth rate

Longevity

Time to maturity

Structure

Strength of test and spines

Reproduction

Reproductive effort

Phenology of reproduction

Frequency of reproduction

Physiology

Effect of low food level on growth

Resistance to starvation

Rate of respiration

Capacity to feed

Resistance to environmental stress,

including pollutants

Secondary metabolites

Palatability

Phenotypic plasticity

High
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the same conditions. Small Echinoinetra mathaei. Diadema seJo-

sum, and Tripneustes gratilla fed algal turf in the same aquaria

show much different growth (Table 2). The size at age I year also

indicates species-specific variability in growth rate (Table 3). The

growth of small individuals is important, because it is associated

with time to sexual maturity (Table 4).

Although these studies are indicative of differences in growth

among species, they provide no information on production in en-

ergy units. Thus, measurement of growth in species with massive

body walls containing large amounts of calcium carbonate is in-

flated in terms of production, and an increase in volume can in-

volve an increase in mass related to an increase in coelomic fluid

and not from production. The data do indicate, however, consid-

erable differences that would be expected with different life-

history strategies. The toxopneustids (e.g.. Tripneustes. Lytechi-

nus) grow faster and reach sexual maturity sooner than the echi-

nids (e.g., Pamcentrotus. Loxechiuus) and strongylocentrotids

(e.g., Strongylocentrouts).

Longevity

Ebert (1975. 1982) pointed out the difference in longevity of

sea urchin species and its general negative coirelation with growth

rates. His survey (1975) showed greater longevities of Ecliiniis

esculentus, Strongylocentrotuspurpuratus, and StrougyloceiUrnliis

franciscunus than those of Lytechinus anamesus, Diadema antil-

lariim. and Tripneustes ventricnsus. His own studies (1982)

showed that Tripneustes gratilla is essentially an annual species,

with a longevity of about 1 year, and species such as Heterocen-

trotus mammillatus and Heliocidaris erythrogramma have a prob-

ability of annual' survival of over 0.9. Reported longevities (Table

5) certainly vary among the species. Even these higher longevities

for the Strongylocentrotidae may be underestimates, given that

Ebert (1988) calculated a longevity for 5. franciscamis of 100

years or more. Russell et al. ( 1998) calculated a similar longevity

for Slrongylocenlrotus droelxicliiensis in Maine and concluded it

also is slow growing and long-lived. This inverse relatiiin between

growth rate and longevity should be indicative of the relative al-

location of resources to production of biomass and to maintenance.

Reproduction

Gonadal production usually has been measured as the repro-

ductive output (difference between the maximum and minimum

gonad index) and not reproductive effort (relative amount of en-

ergy consumed or absorbed that is used for gonad production)

(Lawrence 1985, 1987). Although the amount of gonad production

is important, the relative allocation to gonad production is neces-

sary to evaluate life-history strategies. The reproductive effort,

thus, is useful for aquaculture. A species that allocates most of the

TABLE 3.

Size (mm horizontal diameter) of sea urchin species at an age

of 1-vear.

Species
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TABLE 4.

Age (months) and size (mm horizontal diameter) at sexual maturity of sea urchins.

Species Age Size Reference

Order Diadematoida

Family Diadematidae

Diadema setosiim

Order Phymostomatidae

Family Stomechinidae

Slomopneustes variolaris

Order Arbacioida

Family Arbaciidae

Arbacia punctulata

Order Temnopleuroida

Family Toxopneustidae

Tripneustes granlla"

Tnpneusles ventricosus^

Lylechinns variegatus"

Order Echinoida

Family Echinidae

Echinus esculentus^

Loxechinus albus"

Paracentrotus lividus"

Family Echinometridae

Evechiniis chloroficus^

Echinometra mathaei

Family Strongylocentrotidae

Slrongylocentrohis droebachiensis

Strongylocentrotus franciscanus''

Strongylocenlrotus intennediits'^

Strongylocentrotus nudiis^

Srrongylocenrronis purpitniliis"

6
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TABLE 5.

Longevity (years) of sea urchin species.

TABLE 6.

Intercept (a) of the allometric relationship between the body wall

wet mass and the total wet body mass of sea urchin species.

Species
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Days since collection

Figure 1. Time lo deatli (days) from star\atiun of Lytechiiius variegaliis, tcliiiiomeira malhaei, and Eucidaris tribiiloides (Lawrence and Lares,

unpub.).

0.58 g/lOO ml of eggs oi Arbacia pituclulata (Ball and Cooper

1949). Such a response can be interpreted to be indicative of

stress-tolerant species in which fecundity is limited and a mecha-

nism to increase the probability of survival of offspring, even if

costly. Palatable eggs without secondary metabolites would be

expected in species with a greater capacity for production, the

more ruderal and competitive species, such as toxopneustids and

strongylocentrotids. which are the species of interest for aquacul-

ture.

Conclusions

A consideration of sea urchin species suggest they have a suite

of coordinated characteristics that may be associated with life-

history strategies. These strategies can be interpreted in terms of

energy budgets, which indicate the relative allocation of resources

to various functions. The data certainly are not conclusive; in many
cases, they simply are not available. We should not expect that all

characteristics will indicate unambiguously a particular strategy.

Not only can characteristics interact in complex ways, but species

may have secondary strategies associated with environments that

differ in degree of stress and disturbance that result in intermediate

levels of the characteristics. Phenotypic plasticity can occur and

complicate interpretation, particularly in the species with the coin-

petitive strategy.

Nevertheless, a perusal of the characteristics indicates a broad

difference in strategies. More toward the ruderal strategy are the

toxopneustids. More toward the stress-tolerant strategy are the

cidaroids and some echinometrids. More toward the competitive

strategy are the echinids and strongylocentrotids. The toxopneus-

tids would be most appropriate for aquaculture, because they seem

to allocate more energy to production than to protection and main-

tenance. As a consequence, they grow rapidly and have great roe

production at an early age. The echinids and strongylocentrotids

allocate relatively less to production. They would grow less rapidly

and have less reproductive effort.

Knowledge of the basic biology of the sea urchins that have

evolved to increase the fitness of the species in particular environ-

ments is essential to evaluating the potential of sea urchins for

aquaculture and for establishing their aquaculture. It is essential

that energy budgets be prepared for the species considered for

aquaculture. This is not a small undertaking, because it will require

consideration of size, reproductive state, temperature, and feeding

regime. This basic information, which will be directly applicable

to aquaculture of sea urchins, is lacking for most species.
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ABSTRACT Today, mosi sea urchins fisheries worldwide must deal with overexploitation. Better management of exploited field

populations and/or aquaculture is increasingly considered necessary to sustain sea urchin production in the future. In this context, we

evaluate the potential of land-based, closed-cycle echiniculture. A long-term experiment with the edible sea urchin Paracemrotus

lividus has been done on a pilot scale. The process allows total independence from natural resources, because the entire biological cycle

of the echinoids is under control (closed-cycle echiniculture), and all activities are performed on land. Furthermore, a method has been

set up to control the reproductive cycle with the aim to produce marketable individuals all year long. Performances obtained on each

stage of the rearing process are quantified and analyzed. Overall, the results of this experiment are promising: however, some problems

remain to be solved before we can claim profitability. The most important finding is that land-based, closed-cycle echiniculture is a

potential viable supplement to fishenes to sustain worldwide sea urchin roe production.

KEY WORDS: Sea urchin. Panuenirmus livuliis. aquaculture. larval culture, metamorphosis, growth, roe enhancement

INTRODUCTION

Depending upon their respective gastronomic cultures, people

consider sea urchin gonads (both male and female gonads are

collectively referred to as roe) as either a fine and delicate seafood

or as absolutely inedible. However, its economic value is well

established given the price consumers are willing to pay. The

wholesale price of live sea urchins in France ranges from ."^0 to 120

FF/kg (price range in the 1990s at Rungis. Paris) and fresh roe in

Japan from 6,000 to 14,000 ¥/kg (price in Japan in the 1990s, see

Hagen 1996). Both market prices are roughly equivalent in terms

of fresh roe. making sea urchin roe one of the most valuable

seafoods in the worid. In both markets, the lowest prices are those

of imported sea urchins, which are considered to be of poorer

quality.

The most important market. Japan, imports approximately five

thousand tons of sea urchin gonads per year, the equivalent of 40

to 50 thousand tons of live sea urchins (Hagen 1996). According
to the same author, the Japanese consume approximately 60.000

tons of whole sea urchins per year. The second largest consumer is

France, with an annual consumption of approxiinately 1.000 tons

of whole sea urchins (Le Gall 1990).

Increasing demand for sea urchin roe and a steady rise in price

have led to worldwide intensification of sea urchin fisheries (Co-

nand and Sloan 1989. Le Gall 1990. Saito 1992). which has now

(1998) probably reached its maximum. This production cannot be

sustained at current levels, because the declining productivity of

overexploited existing stocks can no longer be compensated by
harvest of new stocks, as was possible over the last three decades

(most exploitable natural populations have already been fished). In

Japan, this decline occurred despite the development and imple-

inentation of extensive domestic fishery enhancement techniques,

which include the annual release of 60 million juvenile sea urchins

into the wild (Saito 1992. Hagen 1996). Consequently, the world-

wide supply of high quality sea urchin roe will be unable to meet

market demand unless commercial sea urchin aquaculture devel-

ops to partially replace the steady decrease in natural captures.

Aquaculture of echinoderms, including sea urchins and sea

cucumbers, is known as echinoculture (Le Gall and Bucaille 1989,

Le Gall 1990. Hagen 1996). We prefer to use the term echinicul-

ture to describe sea urchin aquaculture exclusively (Echinoidea);

thus, it is more accurate in this context. This activity is not yet fully

developed. Maintenance or rearing of sea urchins in the laboratory

has been successfully perfonned for different species (Hinegardner

1969. Fridberger et al. 1979. Cellario and Fenaux 1990). Several

different processes are being experimented on a larger scale, rang-

ing from sea urchin ranching (cultivation in the field, see Fernan-

dez and Caltagirone 1994. Fernandez 1996). to land-based systems

(Le Gall and Bucaille 1989, Le Gall 1990. Fernandez 1996) or

polyculture (sea urchins cultivated in cages with fish, see Kelly et

al. 1998). Nevertheless, considering the limited carrying capacity

of natural sites that are already largely exploited by fisheries, only

land-based or cage techniques will help to sustain worldwide sea

urchin roe production. Similarly, only cultivation processes totally

independent of natural stocks; that is. by controlling the complete

life cycle of the echinoid. will lower the pressure iinposed by

fisheries upon natural populations. In this context, this paper pre-

sents a 7-year experimental rearing method to produce the edible

sea urchin P. lividus on a pilot scale, and discusses the biological

and technological issues that emerged from this cultivation

method.
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MATERIAL AND METHODS

The aim of land-based, closed-cycle echiniculture is to get

maximum control over each phase of the sea urchin's life cycle by

controlling major environmental parameters (temperature, photo-

period, water quality, quality and quantity of food). A land-based

system has advantages over rearing methods performed directly in

the sea. The greatest of these is the ability to control the whole life

cycle of the animal (closed cycle), thus the sea urchin never de-

pends, at any stage, on a supply of animals originating from the

field.

The method used here is adapted from Le Gall (Le Gall and

Bucaille 1989, Le Gall 1990) with some tine-tuning and modifi-

cations that allow a routine output of sea urchins on a pilot scale.

An experimental facility was set up at the Centre de Recherche et

d'Etude Cotiere (CREC, Nonnandy, France) in which several gen-

erations of sea urchins were reared according to a thoroughly

defined experimental procedure.

Pilot Echiniculture Facility

The experimental facility includes a hatchery (30 m'l and a

cultivation room (160 m'). The hatchery is equipped with II

200-L larval rearing tanks (see below) and a system for phy-

toplankton production (classical devices for large-scale produc-

tion).

The cultivation room is insulated, themioregulated at 22°C ±

1°C. correctly aerated, and exposed to a I2h/I2h photoperiod. It is

equipped with 10 autonomous rearing structures with either three

or six superposed 4-m long and 60-cm wide ponds called tobog-

gans. Each set of toboggans hangs over a reserve/settling tank of

the same length. 80 cm wide and 80 cm deep. The water depth in

the toboggans varies between 3 and 10 cm. A centrifugal pump
transfers water from the reserve tank to the top level, with a flow

of 8 to 10 mVh (4 to .S mVh for the pregrowth structure, see

below). The water then recirculates by gravity from one level to

the other (each toboggan has a gentle slope to help water run into

it and is connected to the previous and the next one at its opposite

ends, see Fig. 1 ). This device, specifically designed for sea urchin

cultivation, optimizes both the surface available for the postmeta-

morphic individuals and the water current around them. It also

facilitates access to the animals and their visual control. The 10

rearing structures are organized as follows:

( 1 ) One pregrowth structure of 3 toboggans with a capacity of

1 ..'iOO L of circulating water thermoregulated at 20°C ±

1°C. The water is renewed at a rate of 150% per day. This

structure can hold a biomass between 0.2 and 1 kg/ni" of

toboggans.

(2) Two growth structures made of six toboggans each. The

capacity of each structure is 3.000 L of circulating water

themioregulaled at 18'"C ± I^C and with a water renewal

ranged between 100 and 600Vr per day, depending upon the

density of sea urchins present in the structures. These struc-

tures can hold a maximum biomass of 7 kg of sea urchins

per m" without supplemental water filtration.

(3) Seven experimental/conditioning structures of three tobog-

gans each with a capacity of 1,500 L of circulating water.

These are isolated from one another so they can be ther-

moregulated individually from 10°C to 25°C. and each has

up to six different photoperiods (a dark separation divides

the toboggans in their center). An electronic system allows

the transition of liaht to darkness and vice versa, thus simu-

PREGROWTH & GROWTH STRUCTURES

Figure L Overview of the closed-cycle process and devices used to

produce sea urchins on land at a pilot scale.

latmg dawn and dusk. The rate of water renewal can be

fixed between 50 and 600% per day. Biomass varies fol-

lowing criteria imposed by the experiments.

Additional devices are grouped in a technical room containing

a central thermoregulation system (a thermorefrigeraling pump

providing either cold or hot water to the heat exchangers that equip

the rearing structures), a water pumping and filtration system, an

emergency electric generator, and a central alarm. The water is

pumped directly from the sea at high tide and is stored in a res-

ervoir of 60 m". It is filtered before being used (30-|jLm mesh

cartridge mechanical filtration, followed by a 14 m' biological

filter and two settling tanks of 8 nv each).

Origin of the Animals

The species cultivated is Paracentrotus llvidiis Lamarck

(1816). This species is found all along the European coast from the

northern Atlantic Irish coast to the Mediterranean Sea. All indi-

viduals used come from a single population located in Morgat,

Brittany, France. Some were directly collected in the small tide

pools that spread all along the rocky shores of Douarnenez Bay

(emerged only during high coefficient tides). The remaining ani-

mals come from artificial fertilizations in the laboratory and were

grown in the structures [cross fertilizations of first (FI) or second

(F2) generation of sea urchins collected in the field]. By so doing,

the age and the parental origin of the FI and F2 sea urchins are

known precisely.

Rearing Method

Arming at closely matching the echinoid requirements along

their life history and minimizing technical constraints, the disso-

ciation of the whole rearing cycle into seven stages is essential

(Fig. I). These stages are: (1) fertilization; (2) larval culture; (3)

metamorphosis; (4) growth of juveniles; (5) growth of subadults;



Land-Based. Closed-Cycle Echiniculture 1525

and (6) growth of adults, which is further divided into (6a) con-

ditioning for marketing of roe (exploitation); and (6b) providing

gametes (broodstt>ck).

Stage 1

Fertilization is performed using gametes issued from healthy

animals that restored their gamete potential as described below in

broodstock conditioning (stage 6b). The gametes are obtained by

stimulating the parents to spawn with 0.5 N KCI (injection of 50

P-L per g of body weight through the peristomial membrane). The

gametes of each individual are collected in a small jar of 50 niL in

20°C filtered natural seawater (on a I p.m cartridge filter, referred

to hereafter as "larval rearing water").

When the spawning is over, the volume of the gametes is

evaluated. The ova of a single female are transferred in a fertil-

ization tub; that is. a shallow polyethylene container. The volume

is brought to 800 niL with the same water. One fifth of the sper-

matozoa of a single male is added to the ova. The mixture is kept

at 20 ± l°C during 4 h. and the tub is gently stirred three or four

times during that period. After that, the success of the fertilization

is checked, and the fertilized eggs are counted (most often over

90% of the eggs are fertilized).

Stage 2

Rearing of the larvae is done in a 200-L polyethylene cylin-

drical tank where larval rearing water is introduced 24 h before-

hand and stabilized at 20 ± 1°C. The embryos (in the gastrula

stage) are introduced at a concentration of 250 per liter. This

density is low enough to allow the entire rearing of the larvae to be

conducted without renewing the water. The food {Pliaeoilaclyluni

iricornuiiiin Bohlin issued from cultivation in Erdschreiber me-

dium) is introduced from the third day postfertilization (acquisition

of larval exotrophy). The larvae are fed once a day with 600 niL

of bloom algal cultivation (concentration around 10 x 10'' cells/

mL). The whole is kept in dim light with a I2h/I2h photoperiod

and is gently mixed and aerated by central bubbling.

Stage 3

From the sixteenth day onward, competence to nietainorpliosis

is checked daily (Standard Competence Test or SCT, adapted from

Gosselin and Jangoux 1996). One hundred larvae are transferred in

a clean SCT sieve (a 10-cm high, 20 cm" sieve with a bottom mesh

of 250 [i.m placed 1.5 cm above the water floor). This SCT sieve

is placed in the pregrowth structure in the presence of a metamor-

phosis stimulating factor (living Corallitia elongata, Ellis and Sol-

lander, freshly collected from the field). The percentage of meta-

morphosed larvae is determined 24 h later. If this value lies around

809f, the whole batch is transferred in the pregrowth structure

aiming at its fixation on one or two metamorphosis sieves (similar

to SCT sieves but each covering 1.800 cm"). Batches containing

large amounts of larvae exhibiting bad development, abnormali-

ties, or too low metamorphosis ratios are discarded.

Stage 4

Growth of juveniles. The postmetamorphic period begins with

a short endotrophic stage. During this period, the postmetamorphic
individuals, also called postlarvae, reorganize their digestive tract

(Gosselin and Jangoux 1998). The mouth and anus of the future

juvenile are not yet pierced. This postlarval stage lasts for up to 8

days, after which the echinoids become exotrophic juveniles. One

or two days before development of exotrophy. 100 g fresh weight

of Enleroniorpha linza (L.) Agardh collected in the Held are dis-

tributed in each sieve. From this moment onward, the same food

quantity is given every time it is completely consumed. Some

Gammarus loeusta L. are also introduced to clean the sieves of

decomposing parts of the algae.

The juveniles are left in these sieves until the mean individual

size in the batch reaches 2 mm. The entire batch is then transferred

in 500 p.m mesh pregrowth sieves. A homogeneous bed of £. linza

is maintained in the sieves. The bottoms of the sieves are cleaned

every week using filtered seawater. Because the growth of the

juveniles is not homogeneous (Grosjean et al. 1996), the animals

are graded each month, and those with a diameter greater than 5

mm are transferred into a 1-mm mesh pregrowth sieve. The £.

///;,-(( diet is maintained, and the sieves remain in the same pre-

growth structure.

Stage 5

Growth of stibadiilts. Each month, sorting of size is done to

collect all individuals over 10 mm. The individuals whose size

exceeds 10 mm but is below the minimum market size of around

40 mm for P. lividits are defined as subadults. They are potentially

mature but not large enough for market. Consequently, their so-

matic growth performances must be promoted, while their gonadal

growth should be kept as low as possible to optimize food alloca-

tion to the soma.

Subadults are placed in rectangular rearing baskets, with all

sides made of 5-mm mesh. These rearing baskets are placed 1.5 cm
above the bottom of the toboggans and are just slightly narrower.

This is important to allow good water circulation around and inside

them, and good elimination of solid wastes produced by the sea

urchins. Their surface ranges between 1,200 and 2,400 cm". When
the size of the animals increases above 15 mm in test diameter,

they are transferred in the same type of rearing baskets, but with

lO-mm mesh, which allows even better water circulation.

Subadults, inside their rearing baskets, are transferred to a

growth structure. From this time onward, and twice a week, they

are fed ad libitum with fresh kelp, Laininaria digitata (Hudson)

Lamouroux. Cleaning of the baskets and toboggans is also done

twice weekly. Dead or dying animals are removed daily. Each

month, sorting by size is done to separate the batches into different

size categories from 5 to 5 mm. The entire cultivation is kept in

I2h/I2h photoperiod.

Stage 6a

Conditioning adults for market. When the sea urchins reach 40

mm. they are prepared to get marketable gonads in conditioning

structures. For commercialization, it is of the utmost importance

that the echinoids" gonadal cycle is synchronous, presents the right

stage of maturity (reproductive stages 4 and 5. growing and pre-

mature, according to Spirlet et al. 1998a), and is of acceptable

texture (firm and not leaking), size (as large as possible), good

color (yellow-orange to bright orange), and taste. P. lividus has an

annual reproductive cycle that tends to fade in constant artificial

conditiinis; lacking the "usual" stressors (low temperature, lighting

variation, lower quality or lack of food during winter), the echi-

noids lend to bypass the growth phase of the gonads and have

permanent gametogenesis, giving rise to flabby gonads with few

nutritive phagocytes. Such gonads are unacceptable in the market.

To counteract this, the echinoids are starved at a temperature of 12
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to 14°C and at a 12h/12h photoperiod. This leads to consumption

of the possible content of the gonads, which also act as storage

organs, in order for the animals to get in phase regarding their

reproductive cycle (reproductive stages 1 to 3. spent and recover-

ing. Spirlet et al. 1998a). When the content of the gonads is fully

consumed; that is, between 1 and 2 months later, depending on

their initial state, sea urchins are fed ad libitum with either Lami-

naria digitata or an appropriate artificial food rich in proteins

(Klinger et al. 1994. Klinger et al. 1997. Klinger et al. 1998.

Williams and Harris 1998) at a higher temperature (at least 16°C).

The duration of this feeding stage is dictated by the maturation of

the gonads and lasts for 6 weeks to 3 months, mainly depending on

the food quality. Usually, both the size and the maturation stage

simultaneously reach acceptable values, and gonads are ready for

the market at the end of this starving-feeding treatment (see re-

sults).

Stage 6b

Conditioning broodstock. Maintaining mature broodstock of P.

lividiis all year long is done by keeping individuals at high tem-

perature (between 18°C and 20°C) and under either a fixed pho-

toperiod of I2h/I2h (directly in the growth structures) or, better, in

total darkness (in a conditioning structure), leading to the disrup-

tion of their reproductive cycle. In these conditions, food is the

most important factor to get large quantities of good quality ga-

metes. Feeding adults ad libitum with fresh Laminaria digitata

ensures both the quality and the quantity of sexual output. The

quality of gametes is often a little bit lower from December till

February, although still usable most of the time.

Measurements of Reared Sea Urchins

Essentially two criteria are used to quantify the performances

of the rearing method: (1 ) the survival rate with time; and (2) the

growth rate; that is. the change of test diameter of the urchins with

time (gonadal size and quality are taken into account only after the

minimal market size has been reached). The first is determined by

counting survivals in a single batch (issued from a single fertil-

ization and a single larval rearing tank) at various times. The

counting of eggs, embryos, and larvae is performed on at least fi\ e

samples of the homogenized batch (the volume chosen to count

each time is at least one hundred individuals), and the total amount

is estimated by extrapolating the mean concentration found to the

whole volume. The survival rate of competent larvae, postlarvae.

and juveniles is determined by rearing subsamples of 50 to 100

individuals in SCT sieves. Several replicates (at least five) are

sacrificed and counted at each time. All subadults and adults of a

batch are counted and measured every 3 months (typically between

a few hundred to a few thousand individuals in each batch) during

size sorting. Measurements of subadults and adults do not induce

additional stress or mortality other than tho.se occurring during the

normal size grading operation (no additional manipulations). Mor-

tality caused by manipulations could thus be attributed to the rear-

ing method itself.

Size is evaluated by means of the diameter, which is measured

to the ambitus of the test (its largest part) 'considered without

spines. To prevent errors caused by a possible slightly oval shape,

we measure two perpendicular diameters, both to the ambitus, and

only the average is considered. The diameter of juveniles, after

fixing them (glutaraldehyde 3%), is measured on digitized micro-

photographs using a specific image analysis software (Grosjean et

al. 1996). The diameter of subadults and adults is measured with a

sliding caliper. Fresh weight, used to evaluate biomass, is mea-

sured after draining residual water on absorbent paper for 5 min-

utes.

The relative size of the gonads is quantified by means of the

fresh and dry weight gonadal indices (GI, also called gonadoso-

matic indices). These indices are defined as the ratio between the

fresh (or dry) weight of the gonads and the total fresh (or dry)

weight of the urchins. First, fresh weight of the urchins is deter-

mined after drying them for 5 minutes on absorbent paper. The

animals are then dissected, and the five gonads are extracted and

weighed. One gonad is fixed in Bouin's fluid for further determi-

nation of its gametogenic stage (see below). The remaining four

gonads are weighed again, and the difference is computed to allow

correction of the dry weight for the missing gonad. The remaining

gonads and the soma are then dried at 70°C during 48 h (constant

weight) before being separately weighed. Dry weight gonad index

is more accurate but has been found to be less representative of the

"filling"" of the sea urchins (how much space the gonads occupy

inside the coelomic cavity), especially when comparing various

maturity stages and/or various diets (unpublished results). Both

indices are provided to allow comparisons.

The maturity stage is determined on histological sections of the

fixed gonad following an 8-stage scale defined by Spirlet et al.

(1998a). The maturity index (MI) corresponds to the arithmetic

mean of all the observed maturity stages. Male and female data are

pooled for both the GI and the MI. because differences between

sexes are not significant (Spirlet et al. 1998a, Spiriet et al. 1998b).

RESULTS

Table 1 shows the age, density, and survival rate for each stage

described in rearing conditions. These data come from 29 fertili-

zations studied over several years taking into account, among other

things, seasonal variations. The survival rate for larvae is about

56%. Competence is reached most often in 18 days (mode and

median value), with an average value of 19.5 days, a minimal time

of 16 days and a maximal time of 25 days. The mean metamor-

phosis rate is 80.4% when larvae are competent. This rate was

reached in almost two-thirds of the fertilizations that attained the

competent stage (nonsymmetrical distribution). Thirty percent of

the larvae were discarded, either because of incomplete develop-

ment or too low a metamorphosis rate. The remaining larvae were

used for studies on postlarval or juvenile stages (and. thus, sacri-

ficed whenever measured) or were reared to the adult stage. Over-

all, the survival rate is homogeneous from one fertilization to the

other and for all stages, except during and after the acquisition of

exotrophy (transition from the postlarval to the juvenile stage); the

average rate is 54.5%. but extremes are close to and 100% ( 13%

and 94.5%, respectively). Whatever the success of this transition,

the most critical period for survival is the juvenile stage, with a

very low survival rate of 5%. Most mortality occurs during the few

first months of the juvenile's life (and even probably during the

few first weeks), with a progressive decrease around 8 to 9 months

of age.

Figure 2 shows both the survival rate and the size distribution

over tiine of a batch followed for 7 years, far beyond the minimal

marketable size and age. For the sake of clarity, only data taken

every 6 months are presented, although measurements were made

every 3 months beginning at 6 months of age. The trends observed

on this single cohort are representative of the way animals grow in
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TABLE 1.

Age, density, number, and survi\al rate or sea urchins at each rearing stage.
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Table 2 presents some results obtained after conditioning the

sea urchins for market with the starving-feeding method. To allow

comparisons. GI and MI of field echinoids issued from Brittany are

also provided. In the field, best GI was observed in March and

reached a mean value of 1 1.6% in fresh weight. Sea urchins con-

ditioned in cultivation show similar GI and MI. The feeding period

must be extended to 3 months when using L digitata: whereas, 2

months are sufficient with the artificial diet to obtain the same

results. Feeding 3 months with the pellets leads to a remarkable

mean GI of I7.5'7f in fresh weight. Such a GI has never been

observed in the field and corresponds to complete filling of the

coelomic cavity with the gonads, the digestive tract, almost empty,

being compressed against the body wall. However, the MI is too

high, and the gonads contain too many gametes to satisfy market

criteria. Furthermore, the color obtained with the pellets is too pale

(white to beige), and the taste does not match wild roe; whereas,

gonads produced with L. digitata are of good quality. An out-of-

season conditioning was initiated in July with a long-day photo-

period (17h/7h|. Ver>' large gonads (GI around U'/r ) with an ad-

equate MI were obtained in October, after only 6 weeks of feeding

with the artificial food. Hence, the starving-feeding method could

be used to produce marketable gonads all year long.

DISCUSSION

Both the increasing demand for roe and systematic overexploi-

tation of wild populations support the need for sea urchin cultiva-

tion independent of field resources. The method presented here is

one design of a rearing process that satisfies this criterion. It seems

to be successful at any life stages of P. lividus on a pilot scale.

Obtaining gametes of P. lividus in large amounts is an easy

task, as is the rearing of its larvae with the proposed method

(rudimentary devices, low maintenance and feeding with one of

the easiest microalgae to grow: Phaeodactyhim triconuitiim).

Metamorphosis is a little bit more critical but can be achieved with

care and use of a good inductant (fresh coralline algae). Rearing of

juveniles, subadults, and adults is feasible if five major constraints

are simultaneously respected. A specific design of the rearing

structures and baskets provides ( I ) correct water flow around the

echinoids (for gas exchanges and removal of solid wastes) and (2)

sufficient bottom surface on which those benthic animals can settle

(stacked toboggans). The maintenance of good water quality is

ensured by (3) the adaptation of the sea urchin density at each life

stage and (4) water renewal fixed at a sufficient rate to minimize

pollution and avoid depletion in carbonates (see rearing method for

tolerable values for both parameters without supplemental filtra-

tion). Finally, (5) providing adequate food ad lihitiiin promotes

somatic and gonadal growth. Further regulation of resources allo-

cafion is possible by diet (starving-feeding method), temperature,

and photoperiod conditions, leading to good quality of the final

product
—the roe— , which could be obtained all year long.

If all these five conditions are met, P. lividus behaves fairly

well in cultivation and seems highly resistant to diseases. The only

cases of disease observed (mainly necrosis on the test or spines)

were attributed to opportunistic bacterial or fungal infections at-

tributable to poor rearing conditions; that is, when one or several

of these five parameters were poorly controlled. Cannibalism was

also observed when the quality of food was low or when carbon-

ates concentration or pH dropped ( "foraging" behavior to compen-

sate for the lack in calcium carbonates'?) or on dying animals, but

never on healthy individuals maintained in good condition.

Growth is perfectly asymptotic, and the maximal size of 45 to

65 mm (indi\idual xariation) is reached around 3.5 to 4 years old

in the rearing conditions described. This size is similar to that

observed among the field population of Morgat, from which reared

sea urchins descend directly or indirectly. In Brittany, the most

precise estimation of size at age for wild populations of P. lividus

was performed by AUain (1978) by analysis of the growth bands in

the skeleton. According to this author, wild sea urchins reach the

size of 40 to 50 mm in 4 years, which is a little longer than in the

present rearing conditions (between 2 and 3.5 years). The gain

could probably be attributed to the food distributed ad libitum all

year long and to the water temperature (heating of the water in the

winter) as already suggested by Le Gall (1990).

The success of the present method leads to optimistic forecast-

ing for the future of echiniculture. However, we should probably

expect slightly different results with large-scale, intensive cultiva-

tion. With the experience acquired during this long-term trial and

some informal observations performed at a larger scale, we can

predict some problems that could potentially arise when scaling up

or when considering profit. These problems can be ranged into

four different categories: ( 1 ) loss of profit because of high and/or

uncontrolled mortality of juveniles and subadults; (2) unevenly

distributed growth rates caused by intraspecific competition; (3)

lack of carbonates and accumulation of CO, because of skeleto-

genesis in intensive closed-circuit systems; and (4) problems

linked to the quality of food, water pollution, or poor color and/or

taste of gonads produced with artificial diets.

Survival rates around the critical period when the postlarva

acquire exotrophy to become fully functional juveniles are highly

unpredictable. To get over the difficult phase of endotrophy, the

TABLE 2.

Gonadal and maturity indices of wild and reared sea urchins (pooled results for males and females).
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larvae must store enough reserves before undergoing metamorpho-

sis. In addition, the early juveniles must promptly find suitable

food when their digestive tract becomes functional. It seems that

one or both parameters are not always optimal in rearing condi-

tions. In any way. with a mean 55% success rate, we obtain over

12.000 viable juveniles per 200-L tank, which is enough for our

use. but can probably be improved. Indeed, gametes are not lim-

ited: a female of 40-mm diameter usually produces around 5 to 7

millions of eggs. Thus, the 50,000 embryos introduced in one

larval rearing tank represent only about 1% of a whole spawn

(about 0.27c of the sperm produced by a single male). Hence, only

a few dozen mature adults are necessary to produce enough ga-

metes for mass production of larvae.

However, after the critical phase of exotrophic acquisition, the

mortality of juveniles remains very high until they reach about 10

min in test diameter. To minimize this, juveniles are reared in

specific structures refeiTed to as pregrowth structures where bio-

mass is kept at a low level and where water quality is of prime

importance. Moreover, quality of the immediate environment of

juveniles is improved by use of a good "water-resistant" diet (£/;-

teromorpha linza) and by means of cleaners [Gaminanis lociisia).

In any case, the space occupied in the pregrowth structure by

juveniles and the total care they need remain much lower as com-

pared to subadults and adults (compare densities in Table I ). This

minimizes the cost of losing many juveniles from the point of view

of the total productivity of the cultivation.

More insidious is the effect of winter mortality of subadults and

adults. Its cumulative value is ten times lower than juvenile mor-

tality, but its cost is much higher, because it concerns individuals

occupying a significant space in the growth structures and having

already consumed a significant amount of food (drop of the overall

yield per surface unit and food conversion efficiency). However,

the cause of this seasonal variability cannot be explained. It could

be because of lower quality of food (fresh kelp with a seasonal

variation in their composition. Gayral and Cosson 1973, Abe et al.

1983) or to any pollution of the water probably induced by the

food itself (bad quality food is less ingested and decomposes more

easily), or to another undetermined cause. For the moment, waves

of mass mortality have not been correlated with either temperature

variability of the natural seawater, meteorological conditions (at-

mospheric pressure, rain), or feeding. However, any correlation

will be difficult to as.sess, because of the scarcity of these mass

mortality waves and the probable, but not quantified, delay be-

tween the stress and the observed mortality. Total productivity

could undoubtedly be enhanced if this winter mortality was low-

ered or eliminated. To suppress or minimize the winter decrease in

the biomass is also worth considering when one intends to produce
marketable gonads all year long.

Mortality is not the only problem inhibiting steady productiv-

ity: widespread distribution of growth speed among individuals

expands the time interval when largest and smallest individuals are

exploitable and constrains to sort batches frequently. Growth of P.

livijiis IS very slow at the juvenile stage. This "lag-phase" has also

been observed by Cellario and Fenaux ( 1990) for the same species

in cultivation and by Ebert and Russel (1993) for wild populations

of Sliongylocentrotus franciscanus Stimpson. When growth ini-

tiates in term of test diameter, size distribution expands. This in-

dividual xariability is not genetic but is attributable to a reversible

size-based intraspecific competition (Grosjean et al. 1996) that

takes place rapidly, even in size-sorted batches, although sorting

reduces its effect. Presently, the exact impact of this competition

on productivity and the best way to avoid it (if it should be avoided

al all) are still unknown.

A third problem that will probably occur when considering

further intensification of echiniculture in closed or semiclosed sys-

tems is the depletion of dissolved carbonates and the accumulation

of CO, in seawater. In growing, the sea urchin builds a magne-
sium-calcite skeleton. This skeleton represents an important frac-

tion of the body weight: between 28% and 3 1 % of the total fresh

weight for P. lividus (measured on animals issued from the reared

strain, after digestion of organic tissues with a 12°Chl bleaching

agent under gentle agitation, n = 356). Thus, for each kg of fresh

weight produced, about one-third has to be supplied in one or the

other form of calcium carbonate. However, P. lividus is unable to

assimilate efficiently carbonates provided as a solid substrate (cal-

careous rocks, algae, or cuttlefish bones, for example), because the

pH of its digestive tract is too high to dissolve large amounts of

solid calcite (between six and eight, for a review see Lawrence

1982, for data concerning P. lividus see Claerebout and Jangoux

1985). The main usable source of magnesium/calcium carbonates

is thus present under a dissolved form in seawater. If calcium and

magnesium ions (respectively 400 ing and 1.350 mg per kg sea-

water at a salinity of 35%. Spotte 1991) are not limiting, the

quantity of dissolved carbonates available could be consumed very

quickly in intensive closed or semiclosed systems (unpublished

data). Most of the carbonate alkalinity (about 2.3-2.4 meq/kg sea-

water. corresponding to 140 mg of HCO,) remains unavailable for

skeletogenesis, the pH dropping too much when sea urchins con-

sume it (carbonate and bicarbonate are the most important chemi-

cal components that buffer pH in seawater. Stumm and Morgan
1981 1. The actual fraction the sea urchins can use is still unknown,

but is probably under 10% of the total carbonate alkalinity. To

illustrate this, without supplemental chemical filtration and with a

usable fraction of 10% of the dissolved carbonates to produce

skeleton that final weight represents 30% of the total sea urchin

fresh weight, one must provide at least 24,500 m' of seawater per

ton of sea urchin fresh weight produced. However, this optimistic

calculation does not consider mortality that otherwise also exports

carbonates.

Precipitation of bicarbonates (the main fonn of dissolved car-

bonates in seawater at usual pH) into calcium carbonate is a dis-

mutation reaction that liberates a stoichiometric amount of car-

bonic acid in the water column. This carbonic acid, together with

the COt produced by the respiration of .sea urchins, algae, and

bacteria in the rearing structures, tends to reach rapidly undesired

levels in a large-scale intensive cultivation. We have observed sea

urchins whose skeleton growth was totally inhibited in these con-

ditions. CO, partial pressure was recorded to be 5 to 9 times higher

than usual in seawater (despite strong aeration of the water) and

was presumed to be the direct cause of the inhibition of the skel-

etogenesis.

These limitations force us to choose either a flow-through sys-

tem or to provide a chemical filtration to level carbonates and

carbonic acid concentrations. The present method could be con-

sidered as a semi-intensive, semiclosed system where both sea

urchin densities and water renewals remain compatible with the

equilibrium of the inorganic carbon in seawater without supple-

mental filtration. However, such a trade-off would not be compat-

ible with a rearing strategy aiming to raise profit on a large scale.

For the moment, fresh algae used as food form part of the

natural diet of P. lividus. The composition of this food is presum-

ably correct, although it might not be necessarily optimal (Frantzis
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and Gremare 1992. Gonzalez et al. 1993. Fernandez and Boudour-

esque 1998). The major problem encountered with food is its

stability once put in the rearing structures, because this echinoid.

being a grazer, ingests it slowly. Uneaten food could easily give

rise to undesired pollution. Hence, we recommend the use of a

stable diet (Enteromorpha linza) in the present rearing method

instead of higher quality algae (Lcimiiuiria digitata. L. saccharina

Lamouroux or Rhodymenia pabnala (L.) Greville. unpublished

results) for iuveniles. We also avoid using artificial diets at water

temperature above 1 6"'C without the presence of an efficient bio-

filter in the rearing structures.

The use of fresh algae is not always possible or profitable on a

large scale (Fernandez 1996). Hence, an artificial diet designed

specifically for sea urchins seems necessary for intensified echini-

culture and is presently under investigation by several authors

(Fernandez and Caltagirone 1994, Klinger et al. 1994. Klinger et

al. 1997. Klinger et al. 1998. de Jong-Westman et al. 1995a. de

Jong-Westman et al. 1995b. Fernandez 1996). Results obtained so

far are encouraging, especially in terms of GI. but the food we

were able to test gave unsatisfactory results in terms of color and

palatability of roe. Recent testing of semimoist diets on Strongy-

loceiurotits droebachiensis Miiller (Motnikar et al. 1997) seems to

confirm the positive effect of the artificial diet on the gonadoso-

matic index and the failure to obtain high quality gonads in terms

of color and taste. Trials with carotenoids-enriched artificial food

to enhance the color do not yet produce high quality gonads

(Goebel and Barker 1998). Thus, better formulation of the food is

basic to achieve correct taste and color for exploitation.

Finally, we should mention that the rearing method described

here is labor intensive. Hence, manpower cost could be too high

when considering profit. This would require some adaptation or

mechanization of the most time-consuming operations: feeding

subadults and adults, cleaning the growth structures, grading the

batches or extracting the gonads if sea urchins are not commer-

cialized alive (exportation to Japan). However, these are technical

problems that could be solved by the industry.

CONCLUSIONS

This rearing method constitutes a good working basis for de-

sign of a closed-cycle, land-based echiniculture. We suggest it

could be used as a standard method to evaluate improvement ob-

tained by adaptations or modifications aimed at intensification or

profitability of echiniculture. This method could possibly be

adapted to other species, allowing better comparisons of the biol-

ogy of respective species as well as their aquaculture potentials.

Latent remaining problems when scaling up and intensifying

cultivation, aiming at raising profit, should not be regarded as

unavoidable limitations, but should be considered as challenges to

address in further studies. Being a "new" cultivated species, it is

not suiprising that these obstacles mostly concern less known life

stages or "biological features or characteristics" of sea urchins: the

transition between the endotrophic postlarva and the exotrophic

juvenile, the mechanism of the intraspecific competition, the car-

bonate budget needed for skeletogenesis, and the biochemical

pathways in gametogenesis and in stocking reserve material in the

gonads. Thus, it is probable that advances in fundamental biology

of echinoderms, and more particularly of echinoids, will suggest

solutions to these problems in the future.

It would seem that further development of closed-cycle, land-

based sea urchin cultivation is worthwhile and will undoubtedly

promote diversification of aquaculture and production of high

quality seafood. This will, secondarily, lead to conservation of the

natural environment by limiting the fisheries impact on natural

populations of sea urchins.
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EFFECT OF FOOD AVAILABILITY AND BODY SIZE ON OUT-OF-SEASON GONAD YIELD IN

THE GREEN SEA URCHIN, STRONGYLOCENTROTVS DROEBACHIENSIS

NILS T. HAGEN
Department of Fisheries and Natural Seienee

Bod0 College. N-8002 Bodo. Norway

ABSTRACT The out-of-season gonad \ield of the green sea urchin. Slronf^yloeenrroliis droehachiensis. wa,s low in barren ground

habitats, intermediate in kelp forest habitats, and high in laboratory tanks supplied with fresh kelp, Laminiuia hyperhorea and L.

ilii;inilci. In August, the laboratory population had already attained gonad sizes comparable with the prespawning inaximum of sea

urchins from kelp habitats. Analysis of covariance (ANCOVA) suggested that both absolute gonad inass and relative gonad mass

(gonad index) were increasing functions of urchin size. However, both cubic polynomial regression and graphical analyses detected

a curvilinear relationship with a tendency toward decreasing gonad mass in the largest animals in the laboratory population and in the

barren ground population. The tendency toward decreased gonad yield in the largest animals is consistent with a hypothesis of

size-dependent reproductive senility. The practical implication for future echiniculture operations is that there seems to be a physi-

ologically determined optimum size where gonad yield is maximized. The present data suggest that this optimum size is located in the

55 to 60 mm size interval. In this size interval, the laboratory population had approximately twofold larger gonad mass than the kelp

population and approximately threefold larger gonad mass than the barren ground population.

KEY WORDS: SlnnigYhHeulnilus (Irnehuchieiisis. gonad yield, resource allocation, sea urchin, echnioid. echiniculture. echinocul-

lure

INTRODUCTION

Gonad yield is an important factor in the commercial exploi-

tation of sea urchins. Previous studies have shown that the main

determinants of gonad yield are body size (Conor 1972), food

availability (Hooper and Cuthbert 1994, Keats et al. 1 983). and

seasonal variation in reproductive condition (Byrne 1990, Him-

melman 1978). Body size determines the maximum possible gonad

size; whereas, food availability and reproductive condition deter-

mine the actual proportion of gonad biomass.

Kelp is a preferred natural food of exploited sea urchins (Lar-

son et al. 1980), and habitats with an abundant supply of kelp

provide the best gonad yield (Andrew 1986, Moore 1937). Such

habitats are a limited resource, however (Mann 1973), and their

distribution is further limited by dense sea urchin populations that

can destroy large kelp forests and perpetuate a denuded habitat

known as barren grounds in North Ainerica and Isoyake in Japan

(Hagen 1983, Han-old and Pearse 1987).

Three strategies have been employed to improve the gonad

yield of food-limited sea urchins from barren grounds: transloca-

tion, habitat improvement, and feeding (Hagen 1996a). In trans-

location, the sea urchins are captured 2 to 4 months before the

harvesting season and released in a kelp habitat where the natural

sea urchin density is low. Translocation is only feasible when the

recapture rate is high and the cost of transportation and recapture

is low.

Habitat improvement either consists of kelp reforestation in

barten grounds (Kito et al. 1980) or the addition of artificial reefs

in areas with soft or unstable bottoms (Saito 1992). Artificial reefs

provide a stable substrate for kelp growth and are usually seeded

with translocated urchins or hatchery-reared juvenile urchins that

require 2 or 3 years before they reach harvestable size.

Feeding trials have been conducted on barren grounds, in bot-

tom enclosures, in suspended cages, in laborators tanks, and in

land-based rearing facilities. Feeding with either fresh macroalgae
or formulated feeds improves gonad yield (de Jong-Westman et al.

1995. Fernandez et al. 1995, Keats et al. 1983, Walker et al. 1998).

however, the quality of the gonads may be adversely affected by

formulated diets deficient in carotenoids (Goebel and Barker 1998)

or containing too much fish meal or too little kelp (Hooper et al.

1996, Hoshikawa 1993, Klinger et al. 1998).

Gonad yield is strongly influenced by the seasonal reproductive

cycle of the sea urchin. A high proportion of the gonad bioinass is

released as gametes during the spawning season (Thompson 1984),

making the gonads too small to harvest for several months there-

after. The harvesting season commences when gonad yield ex-

ceeds 10% of the total wet mass and lasts until quality starts to

deteriorate as the gonads ripen prior to spawning.

The green sea urchin. Strongylocentrotus droehachiensis. pro-

duces high quality gonads when the availability of fresh kelp is

adequate (Kramer and Nordin 1979). This species is currently

being exploited in the Northwest Atlantic and, to a lesser extent, in

the Northeast Pacific and the Northeast Atlantic. It is also a target

species for the development of commercial echiniculture (Hagen

1990, Hagen 1996a). The spawning season of S. droehachiensis is

in the spring (Cocanour and Allen 1967, Falk-Pettersen and L0n-

ning 1983, Hiinmelman 1978. Meidel and Scheibling 1998,

Oganesyan 1998). and the best harvesting period is in late autumn

and early winter (Campbell and Harbo 1991).

The objectives of this study are: ( 1 ) to quantify the out-of-

season gonad yield of S. droehachiensis in natural habitats with

high and low food availability, and in laboratory tanks with a high

availability of kelp, the urchin's pieferred natural food; and (2) to

quantify the effect of body size on the gonad yield.

MATERIALS AND METHODS

A total of 605 sea urchins were sampled from three different

habitats: 85 urchins from a barren ground habitat at Vairoy, an

exposed island at the tip of the Lofoten Archipelago (Hagen

1995a); 383 urchins pooled from subsainples collected from four

different Laminaria hyperhorea kelp forests (three from Vsroy;

plus one other, see below); and 137 urchins pooled from eight

different laboratory tanks. The datasets were pooled from sub-

samples to minitnize spurious temporal or spatial variation.

The baiTen ground sample, and three of the kelp forest samples
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TABLE 1.

ANCOVA analysis of the effect of habitat-related food availability (barren ground, kelp forest, laboratory tanks) on out-of-season gonad

yield of Slrong\loceiilrolii\ droebachiemis. The covariate is test diameter. The gonad yield (wet mass (g)) is cube root transformed.

Treatment

Habitat

Covariate

Habitat covariate

Residual

Scheffe's post hoc Test

Bairen ground vs. kelp forest

Barren ground vs. lab tanks

Kelp forest vs. lab. tanks

Df

599

SS MS F-Value

0.41
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mates of gonad mass were obtained for each urchin bv cubing the

results from the regression equation. The conesponding gonad
index was estimated as 100 • backtransfonned gonad mass esti-

mate/total wet mass.

RESULTS

Habitat-Relaled Food Availability

The interaction effect between habitat (barren ground, kelp

forest, laboratory tanks) and covariate (test diameter) was not sig-

nificant (Table I), indicating that the regression lines in Figure 1

are parallel. The significant main factor effect, and post hoc tests.

indicate that the lines have different intercepts: that is. the gonad
size of urchins with similar size is low in the barren ground habitat,

intermediate in the kelp habitat, and high in the laboratory tanks.

The effect of the covariate is also significant, indicating that gonad
size increases with increasing test diameter in all three habitats

(Fig. 1).

The backtransfonned regression curves confirm that gonad size

increases with increasing test diameter (Fig. 2a), and the corre-

sponding gonad index estimates suggest that the gonad index also

increases with increasing urchin size (Fig. 2b). This result implies
that gonad mass continues to increase at a faster rale than the

over-all mass of the urchin throughout the entire observed size

range.

Re-examination of the Data

The residual plot of the ANCOVA does not indicate any gross
violations of the assumptions of the analysis (Fig. 3a). There is.

Barren Ground

30 35 40 65 70 7545 50 55 60

DIAMETER (mm)

Figure 2. Strongylocentrotus droebachiensis. Backtransfonned regres-
sion estimates, (al Gonad wet mass: (b) The corresponding estimates of

gonad index.

however, a slight dominance of positive residuals in the interme-

diate size range and a slight dominance of negative residuals at

either extreme. This pattern is an indication of a curvilinear trend,

which becomes more obvious when the residuals are plotted as

size interval means (Fig. 3b). The plots suggest that the ANCOVA
analysis has underestimated gonad yield in the interinediate size

group and overestimated the yield for small and large urchins. This

pattern is particularly prominent for urchins from the laboratory
tanks.

The curvilinear pattern is also evident in the cubic regression
curves of the untransformed gonad wet mass and gonad index data

from the banen ground and laboratory tanks (Figs. 4. 5). Never-

theless, the gonad wet mass curve for the kelp fore,st habitat con-

tinues to increase, although the rate of increase is sufficiently low
to stabilize the gonad index curve after an initial increase (Fig. 5).

This pattern is confirmed by the size interval plot (Fig. 6a. b),

which suggests that the highest gonad yield is attained by 55 to 60
mm urchins from laboratorv tanks.
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35 40 45 50 55 60

DIAMETER INTERVAL (mm)

Figure 6. SirnngyloceiUrulus droehachieiisis. Size inter>al plots: (a) un-

transformed gonad wet mass; (b) gonad index.

gixeii IwbitLit will support must be sampled to detect a curvilinear

pattern.

There was no tendency toward decreased gonad mass in large

urchins in the kelp forest population, in Kramer and Nordin's

(1978) data from August or in Miller and Mann's (1973) data, also

from August (Figs. 6a. 7a). The corresponding gonad index curves

did. however, reveal a tendency toward stagnation or a slight de-

crease, and it is possible that samples including larger animals

would have detected a curvilinear pattern. An alternative explana-

tion is that large urchins, which grow exceedingly slowly, may be

able to allocate more resources to reproduction during the summer

season when small and medium-sized urchins allocate resources to

somatic growth. As resource allocation shifts from somatic to re-

productive growth during the fall, the largest urchins may be less

effecti\ e than smaller urchins because of the higher maintenance

requirements of a larger biomass. The same line of reasoning

would suggest that the curvilinear pattern of the barren ground

population in August may be caused by resource limitations that

would severely inhibit both somatic and reproductive growth. This

scenario implies that to detect a curvilinear gonad yield pattern, a

habitat with ample food supply should be sampled at the peak of

the annual gonad cycle, before the female urchins reach full stage

IV maturity (Byrne 1990). because later sampling is subject to

sampling error caused by oozing of mature gametes from the go-

20
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November ^^-"^

Kramer & Nordin (1978)
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50 55 60 65 70 75

DIAMETER (mm)

80 85

Figure 7. Strongylocenlrotiis droehacliiensis. Cubic regression curves

for data from the literature; (al untransformed gonad wet mass; (b)

gonad index; Kramer and Nordin (1978), based on raw data; Miller

and Mann (1973), based on regression coefficients.

nads during sampling and increased variation caused by early

spawning (Munk 1992).

Asynchronous or prolonged spawning, where low numbers of

urchins may spawn in the summer or fall (Keats et al. 1987. Meidel

and Scheibling 1998. Miller and Mann 1973), is a potential cause

of variation in out-of-season samples from both field and labora-

tory (Fig. 4). Preliminary results suggest that this source of varia-

tion may be reduced or eliminated in future studies by providing a

controlled laboratory or aquaculture environment that inhibits the

formation of mature gametes (Hagen 1997, Walker et al. 1998).

The gonad index curve, based on Miller and Mann's (1973)

regression coefficients for urchins collected in barren patches ad-

jacent to a kelp forest, is atypical in that it exhibits a steady decline

(Fig. 7b). This may be an artifact caused by approximations in the

published regression coefficients. Reports that the gonad size of S.

droebachiensis increases steadily with age (Lang and Mann 1976,

Thompson 1984) should also be interpreted with caution, because,

as this paper shows, a curvilinear trend may be easily overlooked

in out-of-season samples with few large urchins (Lang and Mann

1976) or when gonad mass data are transformed to fit a linear

model (Thompson 1984). The last argument also applies to Fuji's

(1967) regression lines for 5. iiuennedius.

In conclusion, the present study suggests that the effect of

gonad enhancement efforts is maximized for green sea urchins of

intermediate size because of an easily overlooked tendency toward

decreasing gonad size in large urchins. In addition, it shows that

gonad yield can be enhanced by maintaining green sea urchins in

a protected environment with an abundant supply of kelp, their

preferred food, so that gonads with acceptable market size can be

produced several months before the harvesting season of natural

populations.
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AQUACULTURE OF THE SEA URCHIN (STRONGYLOCENTROTUS NUDUS) TRANSPLANTED
FROM CORALLINE FLATS IN HOKKAIDO, JAPAN
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Aoha, Sendai Miyagi 98I-S555. Japan

ABSTRACT To establish aquacullure ot the sea urchin Srroiigylocenrroriis luidiis on coralline tlals where no commercial harvest had

been previously obtained, a field expenment on gonadal growth was carried out in a dredged area at Matsuinae in southern Hokkaido

from October 1988 to March 1989. 5. luidiis taken from coralline flats and fed on the tlesh of the fish Pacific saury Cololahis sairci

and arabesque greenling Pleurogramnms azonus from October to January showed markedly enhanced gonadal growth. The gonadal

moisture and glycogen contents increased and decreased, respectively, and the gonadal whiteness and chroma increased and decreased,

respectively. However, all these parameters, excluding the gonadal whiteness, improved after changing the diet to the brown algae

Laminaria japonica and Undaria pinnatifida from February to March. I concluded that, after feeding sea urchins on fish, active algal

grazing must be maintained at the culture ground to improve the gonadal quality.

KEY WORDS: Sea urchin, Slrongylocenlrtnus nudiis, aquaculture, gonadal growth, feeding

INTRODUCTION

The sea urchin Strongylocentrotus nudus is found on inteilida!

and subtidal rocky sea bottoms. It is distributed from Dalian in

China to Primorskyi Kray in Russia and in Japan. It is found in the

Pacific Ocean from Sagami Bay to Cape Erimo. Hokkaido, and in

the Sea of Japan from Oumi Island to Soya Cape (Kawamura

1993). This sea urchin is harvested commercially in regions of

Tohoku and Hokkaido (Imai 1995. Agatsuma 1991 ). Landing of 5.

nudus accounts for about 44% of the six species harxested com-

mercially in Japan (the other five are S. intermedins. Hemicenlro-

lus pulclierrimus. Pseudocentrotus depressus, Anthocidaris cras-

sispina. and Tripneustes gralilla).

Various fishery management policies, such as the establishment

of a minimum catch size and a closed season for fishing to allow

natural reproduction and stock enhancement by such means as sea

urchin transplantation and the introduction of artificial stone beds

to enhance algal growth have been implemented (Agatsuma 1991 ).

However, commercial harvests of sea urchins fluctuate annually.

and spatial variations are marked (Agatsuma 1997). Therefore, a

stable fishery has not yet been established.

In the subtidal zone of the Sea of Japan off the coast of south-

western Hokkaido, the population of S. nudus is dense. >7 indi-

viduals/m", and it is the dominant species among the benthic ani-

mals distributed on coralline flats where only crustose coralline red

algae grow (Fujita 1989. Nabataet al. 1992. Agatsuma et al. 1997).

Coralline flats in various parts of the world have been reported to

be maintained by intensive grazing of sea urchins (North 1971.

Lawrence and Sammarco 1982, Harrold and Pearse 1987). How-

ever, the maintenance of coralline flats leads to reduced production

by fisheries; this reduction is called Isayake in Japanese (Tanigu-
chi 1996). In various parts of the world, removal of sea urchins

from coralline flats has resulted in colonization of the flats by large

algal populations (Kikuchi and Uki 1981, Sawada et al. I98I,

Harrold and Pearse 1987, North 1971. Yotsui and Maesako 1993).

In recent years, the experimental removal of densely distributed 5.

nudus from coralline flats in the Sea of Japan off the coast of

southwestern Hokkaido has resulted in colonization by the large

perennial brown alga Sargas.?um confusuin (Agatsuma et al. 1997).

This finding led to the conclusion that the temporal and spatial

distributions of coralline flats in this area were also maintained by
intensive grazing by these sea urchins. The growth rate of these sea

urchins was extremely low, and their gonads were undeveloped

(Agatsuma et al. 19971. so they were not harvested. However,

because these sea urchins are an important fishery resource, the

establishment of an aquaculture system to enhance their gonadal

production would be of commercial value.

The cultured kelp Laminaria japonica is a valuable diet for sea

urchins (Sato and Notoya 1988), and yields of the kelps are high

during spring and summer, when the gonadal indices of sea urchins

fed this kelp in excess were found to reach 18% (the minimum

level for commercial harvesting) for about 2 months (Agatsuma

1997). The gonadal indices of sea urchins at traditional fishing

grounds during winter and spring are only about half the maximum
level in summer (Agatsuma et al. 1988, Agatsuma et al. 1989).

Therefore, it is considered that promotion of the gonadal growth of

S. nudus by transplanting a dense population of these sea urchins

to an area in a maintained fishing ground will contribute to im-

proving the commercial harvest.

The diet for S. nudus comprises algae (Kawamura 1966) and

the animals. Mylilus edulis. Balanus spp.. and Celleporina spp.

(Kittaka 1977. Kittaka and Imamura 1981). Artificial diets con-

taining protein are effective for increasing the gonadal size of sea

urchins (Levin and Naidenko 1987, Lawrence et al. 1992, de Jong-

Westman et al. 1995). At Aomori Prefecture in the northern most

part of the Tohoku region of Japan, experiments on hanging aqua-

culture of sea urchins fed fish were conducted. The results showed

that the gonads of sea urchins that fed on fish grew rapidly, but

their color and taste became poor. Subsequently, algal food was

supplied after feeding the urchins fish in an attempt to improve the

gonadal quality (Uemura et al. 1986). However, changes in the

chemical composition of the gonads of sea urchins fed fish and

then algae have not been elucidated. Furthermore, the number of

sea urchins that can be cultured by the hanging method is too low

to be commercially viable.

In this study, I transplanted 5. nudus from a dense population

living on coralline flats to a dredged area, fed them on fish and

then algae from winter to spring and examined the sizes and

changes in the chemical composition of the gonads.
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MATERIALS AND METHODS

One thousand individuals o( S. luidus (test diameters >40 mm )

that inhabited coralline flats at depths of 8 to 15 m were collected

by scuba diving in the Sea of Japan off the coast of Satsumae in

Matsumae. southern Hokkaido on October 5. 1988. Five hundred

were immediately transplanted to two experimental turtle shell-

shaped blocks, which were covered with fishing nets, at a depth of

2 ni in a dredged area (Fig. lA. B). Before transplantation, the test

diameters (mm) of 300 individuals sampled at random were mea-

sured using slide calipers. After transplantation, the gonads of 10

individuals were examined with the naked eye every 7 days, and I

confirmed that spawning had finished by October 15.

To examine the effect on the gonadal size of feeding the sea

urchins two fish species, groups A and B were fed with 5 to 7 kg

Pacific saury {Cololabis saira) or arabesque greening (Pleitra-

grammus azoiuis), respectively, every 7 to 12 days from October

19. 1988 to January 19, 1989. Then, the sea urchins at each ex-

perimental site were fed 3 to 30 kg kelp (Lainlnaiia japonica and

Undaria pinnatifida) every 3 to 13 days until March 25, 1989

(Table 1 ). A traditional fishing ground at the depths of 1 to 2 m.

where the biomass of Laminaria religiosa is seasonally abundant

during spring/summer, and high wave action is observed during

December to February outside the dredged area was used as the

control site (C). Every month. 20 sea urchins were collected from

the experimental and control sites, and their test diameters, live

wet weights (g) and gonadal wet weight (g) were measured, and

the gonadal index (gonadal wet weight x lOO/body wet weight)

was calculated. The ages of these sea urchins were determined by

the method of Jensen ( 1969) and counted in full as the spawning
in September (Agatsuma et al. 1988. Agatsuma et al. 1989). The

surface water temperatures were measured with a mercury ther-

mometer every 10 days at the dredged area and monthly, excluding

October and December, at the control site.

TABLE L

Amount (kg) of foods fed on two experimental groups (A, B) of

Strongylocentrotiis iiiidiis.
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To determine the serial changes in the proximate composition

of the gonads of groups A. B, and C, the moisture, glycogen, crude

protein, and crude fat contents were measured. The moisture con-

tent was determined by measuring the weight loss after drying in

an air oven at 105°C for 16 h. and the glycogen content was

determined by the anthron-sulfuric acid method of Roe (m.'iS).

The nitrogen content was determined by the micro Kjeldahl

method, and the percentage of nitrogen was multiplied by 6.25 to

estimate the crude protein content. Crude lipids were extracted

with diethyl ether using a Soxhlet apparatus. The glycogen, crude

protein, and crude lipid contents are expressed as mean percent-

ages (dry weight for dry weight) of the gonadal matter. The go-

nadal chroma and whiteness were also measured using a coloriin-

eter (Nippon Denshoku Co. Ltd.. Tokyo). The chroma and white-

ness of the gonads were determined using the CIE standard

colorimeter system as follows

Chroma = v a" -i- b"

Degree of white color = "X/'OO-dOO - D" -i- a" + b"

where a. b, and L represent the hue. chroma, and lightness, re-

spectively.

Gonadal Growth

The initial test diameters of S. nudus transplanted to the ex-

perimental sites ranged from 42 to 74 mm. In particular, large

numbers of sea urchins with test diameters of 50 to 60 mm were

found (Fig. 3). Most of these were 5-year-old and secondarily

6-year-old sea urchins (Table 2).

The initial average gonadal indices (Fig. 4) of the sea urchins

on October 19. 1988 were 5.8 for group A and 5.7 for groups B and

C. The gonadal index of group A increased rapidly after feeding on

C. saira and continued to increase after late January, when the diet

was changed to L. japonica and U. pinnatifida. reaching 23.1 on

February 27, after which, it declined slightly to 21.8 on March 27.

The gonadal index of group B. which was fed on P. azonus,

increased until December and then remained constant until late

January, after which, it increased again when they were fed algae

and it reached 21.8. identical to the group A value, on March 27.

The gonadal index of group C increased until late December,

remained unchanged until late February, when the water tempera-

ture fell to 6.0 to 6.5"C. and then increased again to 17.8 on March

27. The difference between the gonadal indices of the experimental

groups and a control group during January and March was found

to be statistically significant (Mann-Whitney U-test, <0.01).

RESULTS Changes in the Chemical Composition of the Gonads

Water Temperature

The surface 'water temperature at the dredged area where

groups A and B were cultured fell from 15.3°C on October 19.

1988 to 6.0 to 6.5°C during January and February 1989. reached its

minimum level of 5.5°C on March 8. and rose to 7.6°C on March

27. The water temperature changes at the control site were similar

to those at the experimental site (Fig. 2).

P 15-
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TABLE 2.

Test diameter (±SE) and age composition of three experimental groups (A, B, C) ot Strongylocentrolas nudus.

Groups Date

No.

Examined Test Diameter

Age Composition

IV V VI VII VIII IX

October 19. 1988
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Figure 5. Monthly changes in the gonadal moisture, glycogen, crude

fat, and crude protein contents of the three experimental groups of

Stroiigylocenlrotus niidus. The glycogen, crude fat, and crude protein

contents are expressed as percentages (dry weight for dry weight I of

the gonadal matter. The arrow indicates the time when the food of

groups A and B was changed from fish to algae.

chi et al. 1994). The feeding rate, on a wet weight basis, when the

sea urchins were fed on fish was 0.5 7c when the water temperature

was 5.0"C, lower than that when they fed on kelp, but their gonads

grew well (Uemura et al. 1986). The feeding rate of the sea urchin

Loxechinus iilbiis fed on artificial feed containing menhaden meal

was lower than that of those fed on algae, on a wet-weight, but not

on a dry-weight, basis. However, the artificial feed supported go-

nadal growth better than the natural food (Lawrence et al. 1997).

These findings indicate that the digestibility and rate of conversion

to gonadal tissue of protein diets are high. Carbohydrates were
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Figure 6. Monthly changes in the gonadal chroma and whiteness of

the three experimental groups of Strongylocenlroliis midus. The arrow

indicates the time when the food of groups A and B was changed from

Tish to algae.

found to be abundant in the gonads of S. nudus that graze only on

kelp and glycogen was the major gonadal component (Hirano et al.

1978).

In this study, feeding on fish led to increases in the moisture

content and whiteness and decreases in the glycogen content and

chroma of the gonads of 5. nudus (Figs. 5. 6). Nishikiori (1989)

observed moisture content is less than 70 %, and glycogen content

increases in the gonads of S. nudus fed L. japonica in excess from

autumn to spring. Therefore, the chemical composition that accu-

mulate in the gonads of 5. nudus fed on protein and algal diets

differ. P-carotene and (J-echinenone derived from algae have been

reported to be the major carotenoids in the gonads of sea urchins

(Fox and Hopkins 1966), and it is well known that gonadal

(J-echinenone is derived from dietary P-carotene, via P-isocryp-

toxanthin (Griffiths and Perrott 1976). The principal carotenoid in

marine red fish meat is astaxanthin (Tanaka et al. 1976). which is

considered to affect the increase in the gonadal whiteness of 5.

nudus that fed on fish.

In this study, algal feeding after fish feeding led to decreases in

the moisture content and increases in the glycogen content and

chroma of the gonads (Figs. 5. 6). The particular flavor of sea

urchin gonads is affected by the free amino acids glycine and

alanine with sweet taste, which are abundant in the gonads of S.

nudus that graze on kelp (Hirano et al. 1978). When the fish

feeding period is long, the content of valine with a bitter taste

increases, and glycine and alanine contents decrease. After chang-

ing the diet to kelp, glycine and alanine contents increase, when

the fish feeding period is short (Hoshikawa et al. 1998). Therefore,

to improve the gonadal quality, active grazing on algae of the sea

urchins should be maintained after fish feeding. When the grazing

activity of S. nudus is reduced by their gonadal development, low

water temperature (Agatsuma et al. 1996), and high wave action
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(Yano et al. 1994). gonadal development must not be promoted to

excess by feeding algae during periods when the water temperature

is low, <5°C. In the future, studies on the nutritional metabolism of

sea urchins should be carried out to improve the gonadal quality

after fish feeding, and to establish an aquaculture system involving

fish feeding followed by algal feeding that promotes gonadal

growth and improves gonadal quality. When sea urchins are cul-

tured, grazing activity leads to gonadal growth and should be

maintained. Therefore, they must be cultured in calm water, which

is subject to moderate interchange with water from the open sea. to

avoid the water temperature falling too much as a result of low air

temperatures during winter.

The longevity of 5. nudus is 14 or 15 years (Agatsuma 1991).

Most of the sea urchins used in this experiment are 5 and 6 years

old (Table 2), and their gonads evidently grew by fish and algal

feeding. In the future, the range of ages of the sea urchins to be

utilized in aquaculture also should be elucidated.
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SOMATIC AND GONADAL GROWTH OF THE SEA URCHIN PSAMMECHINUS MILIARIS

(GMELIN) FED ARTIFICIAL SALMON FEED COMPARED WITH A MACROALGAL DIET
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Scottish Association of Marine Science (SAMS)
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ABSTRACT The effect on somatic growth of a commercially manufactured diet (salmon feed) compared to a macroalgal diet {Ulva

kiciuca or Laminaria saccharina) was studied for three stages in the life history of the green sea urchin, Psammechinus miliaris

(Gmelin). Three size classes were studied; 0.89 to 1.1 mm. 15.3 to 15.8 mm and 21.3 to 21.7 mm. The effect on gonadal growth of

the salmon feed compared to a macroalgae diet (L. saccharina) was also studied. A significant difference was observed in the somatic

growth in the two largest size classes, with the .sea urchins fed salmon feed exhibiting the highest growth rates. In the smallest size

class however, there was no difference in the test diameter of the urchins fed the salmon feed and macroalgae at the end of the trial,

although both had a significantly greater test diameter than the "unfed" control group. A significant increase was also seen in the

gonadal inde,\ (GI) of the urchins fed salmon feed compared with the macroalgal diet. This growth was extremely rapid, with an

increase in GI from 3.7% to 27.5% in 4 weeks, and there was no postspawning decrease in the Gl observed. The experiments highlight

the resource partitioning between somatic and gonadal production throughout the life history of P. miliaris in response to diet quality.

The elevated production observed in P. miliaris fed the manufactured diet also suggests that this could be used as a basis for the

development of a more refined diet for this potential aquaculture species.

KEY WORDS: Echinoidea. somatic growth, gonadal growth, artificial diet. Psammfchiims miliaris

INTRODUCTION

Depletion of native, edible sea urchin populations caused by

overfishing in many parts of the world has lead to a growing

interest in the cultivation of shallow water species and the identi-

fication of high quality diets. Somatic (test) and gonadal growth

have been studied for a number of species of sea urchin fed a

variety of algal species (Frantzis and Gremare 1992) and algal/

vegetable-based artificial diets (Fernandez and Caltagirone 1994)

in an attempt to assess the "quality" of these diets. The observation

that echinoids in their natural habitat feed omnivorously on a va-

riety of organisms (Lawrence 1975) has lead to the suggestion that

nonalgal foods can comprise a significant part of the diet of certain

species (Nestler and Harris 1994). A nuinber of studies have com-

pared whether adult sea urchins exhibit a higher somatic growth

rate on diets containing animal-derived proteins and lipids as com-

pared to diets composed of either macroalgal or vegetable-derived

materials, but no conclusive results have been obtained (Lawrence

et al 1992, Fernandez and Boudouresque 1998).

In the case of gonadal growth, animal-based artificial diets have

caused a significant increase in the gonad size in Puracenrrotiis

lividiis (Lawrence et al 1992) and Strongylocentri>liis intermedins

(Levin and Naidendo 1987) when compared to an vegetable-based

artificial diet. Regardless of the dietary base, the majority of arti-

ficial diets have lead to a significant increase in gonadal growth

when compared to a purely macroalgal diet or an //; .v//i( diet

(Fernandez et al. 1995). suggesting that the algal diet is lacking

certain elements necessary for rapid gonadal growth.

Few studies, however, have been conducted on the nutritional

requirements of sea urchins as they develop from postmetamor-

phosis to adulthood, with researchers generally concentrating on

one developmental stage. In a study on "juvenile" sea urchins, with

an initial test diameter of 0.3 to 0.5 mm, Cellario and Fenaux

(1990) found that in Paracenlrotus lividiis the highest somatic

growth occurred within the first 100 days after metamorphosis and

prior to gonadal production. In contrast, research on "adult" sea

urchins has found that somatic growth rates tend to be reduced, and

this has been attributed to the re-allocation of resources to gonadal

growth (Lawrence et al. 1992, Klinger et al. 1994).

Psammechinus miliaris has been identified as a potential aqua-

culture species. This species has been found to reach sexually

maturity at a test diameter of between 8 to 10 mm (Jensen 1969)

and to exhibit significantly higher gonadal growth when main-

tained in cages stocked with the Atlantic salmon iSalmo salar)

than when maintained in empty salmon cages or collected from the

wild (Kelly et al. 1998). One possible reason for this enhanced

gonadal growth may have been that the urchins were able to feed

upon uneaten salmon pellets, which are extremely rich in animal-

derived proteins and lipids. The objectives of this study were there-

fore, to determine whether somatic growth rates, throughout the

life history of P, miliaris, from post-metamorphosis to adulthood,

and gonadal growth rates were enhanced by salmon feed as com-

pared to a "natural" macroalgal diet.

MATERIALS AND METHODS

The dietary experiments were undertaken at Dunstaffnage Ma-

rine Laboratory (DML) (56°28'30"N; 5"22'()0"W). The animals

used in the experiments were either reared in the hatchery at DML
or collected using SCUBA from a sublittoral population (depth

range 3 to 6 m) in Columbas Bay, Loch Creran (56°32'20"N;

5°17'00"W). All the sea urchins were starved for 2 weeks to ensure

acclitnatization and to achieve a similar nutritional status prior to

the start of the experiment (Leighton 1966, Vadas 1977). There

were three replicates of each treatment, and the urchins were fed

ad libitum. The salmon pellets were replaced three times per week,

and the macroalgae, without ephiphytes. was replaced as required.

The water temperature ranged from 4 to 16°C, and the mortality

rate was recorded for all the experiinents.
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Somatic Growth

"Juvenile" (Test Diameter; 0.89 mm to I.I mm I

Twenty-five, hatchery reared P. milUiris (37 days old) were

placed into each of nine cylindrical containers (0.1 x 0. 1 m: with

40 (j.m mesh at each end). Each container was placed in a circular

aquarium (10 L). which was supplied by sand-filtered seawater in

a continuous flow through system with a flow rate of 300 ml

min"'. The urchins were fed either Ulva lactiica. a soft macroalgae

on which this species is known to feed at this test diameter (Leigh-

ton 1995), or a commercially manufactured salmon feed (TROUW
Crumbed Par Pellets). A control group had no additional feed. The

horizontal test diameter for all the individuals was measured to the

nearest 0.05 mm every 2 weeks using a dissection microscope or

with the aid of dial callipers (Bedford and Moore 1985), depending

on their size. The trial began in July 1997 and lasted for 6 months.

"Intermediate" (Test Diameter; 15.3 mm to 15.8 mm)

Twenty-five sea urchins were placed into nine compartments,

within three rectangular tanks (0.7 x 0.6 x 0.3 ml. which were

supplied by a continuous flow through system of sand-fdtered

seawater with a flow rate of 1500 ml min"'. The experimental

design by Frantzis and Gremare (1992) was adopted to prevent

contamination of the other treatments by the oily residue released

by the salmon feed. Three dietary treatments were studied, includ-

ing an e.xtruded salmon feed (TROUW Supreme 6 mm Pellet);

Laminaria saccharina, a macroalgae upon which "adult" P. mili-

aris are commonly found feeding in the wild (Bedford and Moore

1985); and an "unfed" (control). The horizontal test diameter of

each animal was measured to the nearest 0.05 mm using the dial

callipers at the beginning of the experiment and at monthly inter-

vals thereafter. The trial began in February 1997 and lasted for 5

months.

"Adult" (Test Diameter; 21.3 mm to 21.7 mm)

Sea urchins were treated as described for the "intermediate"

size class. This trial began in July 1997 and lasted for 6 months.

Gonadal Growth

One hundred and fifty, "adult" sea urchins (test diameter, 21.8

mm to 23.5 mm) were placed into each of nine. 250 L circular,

black tanks supplied by a continuous flow through system with a

flow rate of 1500 ml min"'. The groups were either fed on L.

saccharina or Salmon Feed (TROUW Supreme 6mm Pellets), and

the control group had no additional feed. The trial began in Feb-

ruary 1996 and was conducted for 12 months.

Gonadal growth was calculated on a monthly basis using the

gonad index (GI). using the fonnula adapted from Conor ( 1973):

GI (%) =
wet weight gonads (g)

wet weight eviscerated test (g)

X 100

The GI was determined for 10 individuals, selected at random

from the population collected in Loch Creran at the start of the

experiment. Thereafter, the GI of five randomly selected urchins

from each replicated treatment group was calculated on a monthly

basis. Both the wet weight of the eviscerated test and the gonadal

wet weight were measured to the nearest 0.005 g after air drying

for 2 min. In addition, the horizontal test diameter was measured

to the nearest 0.05 mm at monthly intervals, and the number of sea

urchins that spawned upon dissection was recorded.

Statistical Analysis

The data were tested for normality (Shapiro-Wilk 1965) and

variance homogeneity (Bartlett's Test; Zar 1996). Gonadal growth

data were transformed using the ARCSINE transformation to pro-

duce a normally distributed dataset. The difference between the

test diameter, the gonad index (%), and the total number of urchins

at the start and end of the experimental trials was used to assess

somatic, gonadal growth, and mortality rates, respectively. Analy-

sis of variance (ANOVA) with the TUKEY multiple comparison

test (Zar 1996) (MINITAB. Release 9 for Windows) were used to

assess these differences between the three dietary treatments for

each size class.

RESULTS

Somatic Growth

Juvenile

The hatchery-reared sea urchins fed salmon feed and the mac-

roalgae, Ulva lactiica. significantly increased their test diameter

(Fig. la) over the 6-month experimental period compared to the

control group (TUKEY. p < .05). There was no significant differ-

ence in the final test diameter between the sea urchins receiving

food, regardless of the diet type, and there was no significant

growth observed in the control group by the end of the experiment

(Table 1 ). A significant difference in mortality rates was observed

between the three groups (one way ANOVA. p
= .022) with the

highest rates being found in the control group, although a small

number did survive the 6 months without additional food. Lower

mortality rates were observed in the urchins fed on U. lactiica

(18.77f) and salmon feed (30.7%). although the only significant

difference was between the urchins fed the macroalgae and the

control group (45.3%) (TUKEY, p < .05). In appearance, it was

observed that the sea urchins fed on the macroalgae had noticeably

longer spines and a more flattened test as compared to the urchins

fed salmon feed. The sea urchins fed salmon feed also had a redder

test and gut wall coloration than the urchins fed the macroalgae.

Intermediate

In the intermediate size class, a significant difference (one way

ANOVA. p < .001 ) in the growth rate was observed between the

treatment groups over the experimental period (Table 1). Sea ur-

chins fed salmon feed grew to a significantly larger size than the

other two treatment groups (Fig. lb). There was no significant

difference between the growth rates of the sea urchins fed the

macroalgae and the unfed sea urchins (TUKEY, p < .05). There

was no significant difference in mortality rates between the three

classes, although the highest moralities were still recorded for the

control group (14.7%). P. miliaris fed salmon feed were observed

to be of a similar coloration to the sea urchins fed on the same diet

in the "juvenile" growth trial.

Adult

In the adult size class, a significant difference in somatic

growth rate was observed between the three treatment groups (one

way ANOVA; p < .001; Table I). Salmon feed significantly in-

creased the growth rate as compared to the other two treatment
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Figure 1. Somatic growth in three size classes of P. miliaris; (A) juve-

nile: (B) intermediate; and (C) adult. Mean values of test diameter

(mnil and standard deviations (error bars) are shown for urchins

maintained on either artificial diet (salmon feed! -D-; macroalgal diet

--; or unfed (control) -A-.

groups (Fig. Ic). No significant difference was found in the growth

rate between the unfed sea urchins and those fed the macroalgal

diet (TUKEY; p < .05). The urchins fed salmon feed were ob-

served to have a much redder test and gut wall coloration and a

darker peristomal membrane as compared to the other treatment

groups. The control group were found to have a significantly

higher mortality rate (54.7%) as compared to the urchins fed

salmon feed (30.7%) and on the macroalgal diet (18.7%) (TUKEY.

p < .05). There was no difference in mortality rates between the

urchins fed salmon feed and the macroalgal diet.

Gonadal Growth

The GI and the annual reproductive cycle were significantly

affected by the diet type. Sea urchins (test diameter; 21.8 mm to

23.5 mm) fed salmon feed showed a significant increase (TUKEY.

p < .05) in gonad index (mean GI 1.84% to 57.19%) over the

12-nionth experimental period as compared to the maximum GI

observed in June/July for the urchins fed the macroalgal diet (max.

GI 12.0%) and the control (max. GI 4.9%) (Fig. 2a). The GI of the

urchins fed the salmon feed increased rapidly in the first 8 weeks

of the trial; the rate then slowed but continued to increase steadily

for the remainder of the experiment. The GI did not show any sign

of a reduction in mass after the typical spawning period (July to

Sept), and the spawning period was considerably extended (Fig. 3).

The sea urchins fed the macroalgal diet, however, followed the

typical gametogenic cycle observed in wild populations (Kelly et

al. 1998). with a gradual increase in the GI from March to June,

followed by a postspawning decline in June/July. The urchins that

were unfed showed very little gonadal growth, with the GI remain-

ing below 2%. although spawning was observed in a few individu-

als in June (Fig. 3).

A significant difference in tlie somatic growth rate was ob-

served between all three of the treatment groups (one way

ANOVA; p < .001; Table 1). Salmon feed was found to increase

the growth rate significantly compared to the other two treatments

over the 12-month trial period (Fig. 2b).

Diet also affected the color of the roe. with the sea urchins fed

salmon feed producing gonads that were paler in color than those

of the urchins fed on L. saccharina. However, the salmon feed did

produce roe of a more consistent coloration than the algal diet. The

unfed sea urchins only contained very small, dark brown gonads.

There was no significant difference in the mortality rates be-

tween the three treatment groups (one way ANOVA. p
= .056).

although the unfed group did have the highest mortality rate

(35.1%) as compared to the urchins fed on the salmon feed (18%)

and the macroalgal diet (18.9%).

DISCUSSION

This study shows that both somatic and gonadal growth in P.

miliaris is influenced by diet type. The commercially manufac-

tured salmon feed supported an increased somatic growth rate as

compared to the macroalgal diet in the two largest size classes (i.e..

test diameter 3=15 mm), concurring with the results of studies

undertaken on other species of adult sea urchin, comparing artifi-

cial and natural diets (Nestler and Harris 1994. Fernandez and

Bourdouresque 1998). In the juvenile urchins, however, there was

no significant difference in somatic growth rates between the di-

etary treatments, and this result has also been observed in juvenile

S. droebachiensis (<10 mm test diameter) fed an artificial, veg-

etable-based diet compared with the macroalgae. L. saccharina

coated in the bryozoan Meinl->rainpora menibranacea (Williams

and Harris 1998). This apparent difference in dietary requirements

between size/age classes in P. miliaris may be attributed to a

change in resource partitioning, with nutrients being primarily di-

rected to somatic production until the echinoid reaches a suitable

size for gamete production, upon which the nutrients are then

re-directed to gonadal growth, as suggested by Cellario and

Fenaux (1990) and McShane and Anderson ( 1997). Jensen ( 1969)

observed that P. miliaris were between 8 to 10 mm in test diameter

before they contained gonads and were sexually mature. The data

suggest that in the first few months after settlement, the macroalgal

diet is as effective as the artificial diet and is able to provide

sufficient quantities and/or the necessary nutrients when produc-

tion is predominantly somatic. As the urchins increased in size/age

( 15 to 23 mm test diameter), however, the urchins fed the artificial

diet outperformed the urchins fed the macroalgal diet, and the

results suggest that the artificial diet is able to support both somatic

and gonadal growth simultaneously in P. miliaris. unlike the ma-

jority of diets that have been prepared for other species of echinoid

(Klingeret al. 1998).

The protein content of a diet has been identified as a major

factor affecting production in echinoids (Frantzis and Gremare

1992). Salmon feed contains a significantly higher proportion of

protein as compared to L saccharina and U. lactuca (Table 2). The

fact that there is a large difference in total protein and in the
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TABLE 1.

Mean values (n = 25) and standard errors (in parentheses) of test diameters (TD) at the start and end of the experiments for groups of

urchins maintained on either an artificial salmon feed, a natural macroalgal diet or unfed (control). Mean growth rates (mm/month) are

also shown.
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TABLE 2.

Composition of dietary treatments (% dry matter).

Dietary

Constituents

Salmon Feed

(Animal Based)

Macroalgae

(Vegetable Based)

Protein

Lipid

Carbohydrate

41%-'

31%"

1%"

4-11%"

23-27%"

- TROUW Feed Analysis.
"
Bedford and Moore (1985). Black ( 19.^0).

' Bedford and Moore (1985).

gonads of the sea urchins fed salmon feed, although there was

much greater variation in the color. This may be a consequence of

seasonal variations in the pigment concentrations found in L. sac-

charina.

To conclude, this study has found that P. miliaris is extremely

versatile, because it is able to manipulate and ingest the salmon

feed pellets and to efficiently utilize a diet that is rich in both

animal protein and lipid without any adverse affects on survival.

The salmon feed significantly enhanced somatic and gonadal

growth as compared to a natural macroalgal diet in P. miliaiis with

a test diameter 5= 10 mm. It may be advantageous, therefore, to use

the biochemical composition of salmon feed as a basis for the

development of a more refined artificial diet for this potential

aquaculture species.
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.ABSTRACT Somatic (test) and gonad growth were recorded for the sea urchin Psiiiiiiiii'ihtiiiis iiiiliuri.s (Gnielin) maintained in

stocked salmon cages. Urchins of 1 1 to 16-mni test diameter maintained in pearl nets suspended in a stocked salmon cage showed a

significantly greater increase in test diameter than urchins maintained in pearl nets away from the salmon farm. Urchins maintained

in lantern nets suspended in stocked salmon cages showed enhanced gonad growth as compared with local field populations. The gonad

growth was rapid over the winter months when in the field the urchins' roe content was typically low. Uneaten salmon feed pellets

seemed to be an important part of the diet in the urchin/salmon polyculture system. The location and mesh size of their enclosures will

affect the availability of uneaten salmon feed pellets to the urchins.

KEY WORDS: Sea urchin, polyculture. Psummtchinus niilkiris. salmon, gonad growth

INTRODUCTION

The sea urchin Psaminechinus luiUaris is found in localized,

dense populations in sheltered sea lochs on the west coast of Scot-

land. The gonad of this species is considered to be of a good

quality and, although smaller, fetches a higher price in the Parisian

market than the more commonly eaten Paracentvotiis lividiis

(Leighton 1995). In Scotland, field populations of P. miliaris nor-

mally have a low gonad content (Kelly unpub. obs.) However, the

results of polyculture and tank-based trials (Kelly et al. 1998, Cook

et al. 1998) have shown that feeding an artificial diet of commer-

cially available salmon feed can produce substantial gonad growth

in this species.

In a previous polyculture trial (Kelly et al. 1998) urchins free in

cages containing around 10.000 two sea-winter salmon, produced

a larger gonad than urchins free in empty salmon cages and fed

Laminaria saccharina. the kelp on which they are commonly
found feeding in the field. There were, however, difficulties in

handling the two species simultaneously, and it was apparent that

the urchins should be confined to separate enclosures within or

adjacent to the salmon cages. Therefore, it became necessary to

ascertain if urchins denied access to the organic debris on the cage

floor would demonstrate the same rapid gonad growth. It was also

unclear what the urchins were feeding on in the polyculture sys-

tem, whether it was cage fouling, salmon food, salmon feces, or a

combination of some or all of these. Hence, the term "in proximity

to salmon" diet is used to refer to the source of food for urchins

caged with, or adjacent to, salmon.

Because dietary requirements may vary with stage in the echi-

noid life history (Bedford and Moore 1985), a diet maximizing

gonad growth in adults may have a different specificatitm to one

promoting somatic growth in juvenile urchins. The experiments

described here were designed to show if the diet of urchins in

proximity to salmon promoted somatic (test) growth as well as

gonad growth and if the urchins' location within the salmon cage
determined food availability and, hence, growth. It was intended

that the results would allow deductions to be made about the

relative importance of likely food sources in the polyculture sys-

tem. In addition, the impact of maintaining urchins in proximity to

salmon on the urchins' annual reproductive cycle was studied. This

information will aid in the design of the optimum polyculture

system for these two species.

MATERIALS AND METHODS

"Proximity to Salmon" Diet and Somatic and Gonadal Growth

Urchins were collected from a field population exposed at low

spring tides in Loch Glencoul, Sutherland, Scotland (N57°14"39',

W 4^59"45'). Urchins of between 1 1 to 16-mni test diameter were

selected, because this size range was considered to represent the

size at which hatchery-reared juveniles could be transferred to sea.

These urchins were used to stock three pyramidal "pearl" nets,

(mesh size 5.0 mm) commonly used in the shellfish industry. The

pearl nets were then moored in a sheltered bay in Loch Glencoul

and away from any fish-farming activity. A further three pearl nets

were stocked with urchins and suspended in a 15 m x 15 m x 13

ni cage containing approximately 10.000 one sea-winter salmon in

Loch Laxford. (N58°23"47'. W 5°06"I5'). Each net was stocked

with 40 urchins, a density equivalent to 130 m~" of net surface

area. The kelp was replenished in the nets at the control mooring

when necessary; the urchins in the pearl nets in the salmon cage

received no additional feeding. The horizontal test diameter of a

subsample of 20 urchins from each net was measured at intervals

over 7 months, from March 1997. using calipers adapted by the

addition of metal pins designed to fit between the urchin spines.

The urchins were measured on location and promptly returned to

the same pearl net. A gonad index (01) was calculated prior to. at

one date during (July), and at the end of the experitneni (October).

The GI was calculated from a sample of nine individuals (three per

pearl net) from each location and expressed as a percentage of the

wet weight of the gonad divided by the wet weight of the eviscer-

ated test. Gonad color was recorded upon dissection using a Sea

Urchin Color Card (University of Maine and Maine Department of

Marine Resources Fisheries Technology Service). Extrusion of

gametes from either the dissected gonad or via the gonopores on

dissection was recorded. The alimentary index (Al) was calculated

at the end of the experiment as the dry weight of the alimentary
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tract divided by the dry weight of the eviscerated test expressed as

a percentage.

Effect of Location on Somatic and Gonadal Growth

P. miliaris were collected from Loch Glendhu (N58°15"49'. W
4°57"45') by SCUBA divers. Forty urchins of 1 1 to 16-mm hori-

zontal test diameter were placed in each of 12 pearl nets (5-mm

mesh size). The experiment was conducted over 11 months from

November 1996. The nets were situated at four locations, (1-4

below) in Loch Laxford, where the cages were stocked with ap-

proximately 10,000. one sea-winter salmon.

(1) in the salmon cage, (3 m deep);

(2) in the salmon cage, near the net cone, (8 mj;

(3) under the walkway, (3 m); and

(4) under the walkway, (8 m).

At locations (3) and (4), the nets were suspended under the

walkway that surrounds the salmon cage and were outside the

salmon cage, 2 to 3 m from the cage wall. There were three

replicate pearl nets at each location. The horizontal test diameter of

20 urchins was measured at intervals as described previously, and

they were then promptly returned to the same pearl net. Gls were

calculated from a sample of nine individuals (three per pearl net)

from each location at the beginning, at one date during, and at the

end of the experiment. The color of the gonad, the presence of

mature gametes, and the AI were recorded as described above. The

nets in shallower locations were brushed at intervals over the sum-

mer months to remove fouling organisms growing on the netting.

Effect of Cage Design on Gonad Growth

Urchins with a horizontal test diameter of >20 mm were col-

lected by divers from Achriesgill Bay. Loch Inchard (N58°23"08'.

W 4°58"35'). Twenty urchins were placed in each of three pearl

nets (mesh size 5 mm), giving a stocking density the equivalent of

66 m~" of net surface area. Their performance was compared with

that of urchins in lantern nets (mesh size 12 mm), a cylindrical

rather than pyramidal style of net. also commonly used in the

shellfish industry. The nets were .stocked with 40 urchins per com-

partment, an equivalent stocking density of 56 m~' of net surface

area. Both net designs were suspended at location (2). as described

above, on a raft of salmon cages at Badcall Bay (N58°18"08'. W
5°09"52'). which were stocked with approximately 10.000. two

sea-winter salmon. The GI of these urchins was recorded over 3

months from January 1997.

Influence of Proximity-to-Sahnon on the Gonad Cycle

Urchins of test diameter >20 mm were collected by divers from

Loch Glendhu and used to stock two replicate lantern nets (LI and

L2) (mesh size 12 mm) placed in a salmon cage in Loch Laxford

stocked with approximately 10.000 one sea-winter salmon. Each

of 10 compartments on the lantern nets were stocked with 20

urchins, equivalent of a stocking density of 28 m~" of net surface

area, and the lantern net was suspended so that the top compart-

ment was 8-m deep. The Gl for 10 urchins from one compartment

in each net was calculated at intervals over 1 year. Each compart-

ment was only sampled once. The GI of these urchins was com-

pared to that of a local field population that were accessible at low

spring tides in Loch Glencoul. Here urchins were collected from

two adjacent shore locations; Wl. a sheltered bay typified by very

fine sediments, surrounded by boulder cliffs, with few L. saccha-

rine! present and W2. which represented a more typical habitat.

boulder shoreline with a covering of L. saccharina. The urchins

were collected from the mud flat, exposed a low tides, at W 1 . an

atypical habitat type for this species and from the L. saccharina

around the boulders on the shore line at W2.

After collection, the urchins were transferred promptly to the

laboratory in insulated cool bins and maintained in a seawater

aquarium until they were dissected (usually within 24 h). Test

diameter. GI. Al. and gonad color were recorded as described

above. The numbers of urchins extruding gametes on dissection

was recorded. On three sample dates, one of the five gonads from

three urchins from each site was preserved in Bouin's fluid for

histological examination of the reproductive state. A central por-

tion of the preserved gonads was dehydrated in alcohol, embedded

in paraffin wax, and sectioned at 7 |xm. The sections were stained

with hematoxylin and eosin (H/E) and then assigned a reproduc-

tive stage from I to VI (Byrne 1990), describing the degree of

maturity of the gametes present.

The data collected in experiments 1 to 4 were analyzed using

nested analysis of variance (ANOVA) (Sokal and Rolfe 1995) and

Student-Newmans-Keuls (SNK) (Underwood 1997). The figures

are provided with 95% confidence limits (CL). Means and stan-

dard errors of means (SE) are given in the Results section.

RESULTS

"Proximity to Salmon" Diet and Somatic and Gonadal Growth

The urchins used to stock the pearls nets had an initial mean

test diameter of 13.3 mm (SE = 0.245, n = 40). At the end of the

7-month trial, the urchins in the salmon cage were significantly

larger (Table 1 ) than the urchins at the control mooring that were

fed L. saccharina. The mean survivorship of urchins from the pearl

nets in both locations was high. 88%. The L. saccharina provided

for the control group had a perforated appearance, indicative of

urchin grazing.

The Gl of the urchins in the salmon cage was significantly

greater than that of the urchins at the control location on both

sample dates (Table 1 ). Of the urchins sampled in July, three from

the salmon cage and one from the control location extruded ga-

metes from the dissected gonad, most appeared spent. By October,

no animals extruded gametes upon dissection. The percentage of

animals that had gonad of a good color in tenns of its acceptability

to the European markets (a pumpkin color) remained the same on

each sample date. 78% in the salmon cage. 11% on the control

mooring. At the end of the experiment, the AI of urchins in the

salmon cage was also significantly greater than the AI of the

urchins on the control mooring (Table 1).

Effect of Location on Somatic Growth

The average diameter of the urchins used to stock the peari nets

was 13.4 mm (SE = 0.341. n = 60). There was no significant

difference in test diameter between the urchins in the four different

locations after 7 months (June) on the salmon farm (Table 2). After

this time, the pearl nets in location (2) were lost. There was a

significant difference in the final test diameter of the urchins in the

three remaining locations after 1 1 months (October). Urchins at

8-m deep under the walkway [locadon (4)] were significantly

larger than those at both 3-m deep locations (SNK. p < .05). There

was no significant difference between the two 3-m deep locations

[(1) and (3)]. The over-all mean test diameter for urchins in the

remaining three locations was 16.95 mm (SE = 0.121. n = 180).
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TABLE 1.

Mean test diameter (mm), gunad index (Gil. and alimentary index (AI) for urchins maintained away from the salmon farm and in salmon

cages (standard errors in parenthesis).

Location

Diam. mm.
Month 7, n = 60

GI. Month 4.

n = 9

GI. Month 7.

n = 9

AI, Month 7

n = 9

On control mooring

In salmon cage

Mean square

Degrees of freedom

F value

Significance

13,4

(0.214)

17.6

(0.180)

520.42

1,4

4.5.42

<.ni

1.68

(0.321)

1 1 .02

(1.028)

369.05

1.4

277.27

<.()01

1.63

(0.887)

11.59

(1.425)

223.36

1.4

9.70

<.001

0.628

(0.256)

2.35

(0.174)

13.32

1,4

38.62

<.0I

There was no significant difference between the GIs of urchins

in locations (1 ), (3). and (4) after 8 months (July). However, there

was significant difference in GI after 1 1 months (October), on this

occasion the urchins under the walkway [(3) and (4)] had signifi-

cantly higher GIs than the urchins in the cage (SNK. p < .05).

There was no significant difference between urchins at locations

(3) and (4).

Peak GIs were recorded In June (GI = 18.48). The gonad color

of the urchins in the salmon cage was good in terms of its accept-

ability to the market place; 83 and 78% of urchins in June and July.

respectively, were scored as having an acceptable gonad color.

Observations recorded on the color of the alimentary tract showed

that the urchins in locations ( 1 ) and (3) above (in the photic zone)

had a normal gut color, a dark brown. The urchins in deeper

locations had a guf color typical of that seen in urchins fed salmon

food, orange and gray. There was no significant difference in AI

for urchins in locations (1). (3). and (4) in month II (October).

There was no quantitative recording of the extent of the fouling

growing on the nets in different locations, but observation showed

there was little fouling by marine algae on the pearl nets in deeper

locations.

Effect of Cage Design on Gonad Growth

The GIs of the urchins in the pearl nets did not significantly

increase from the initial value in January of 10.46 (SE = 1.775. n

=
10). After 3 months, the GI of the urchins in lantern nets at 8

ni deep had significantly higher GI than urchins in the pearl nets

(Table 3). The lantern net mesh was large enough to admit a whole

salmon feed pellet, and urchins were observed feeding on pellets

trapped in the mesh when the lantern nets were raised. The mesh

of the pearl nets was too small to admit the feed pellets being fed

to the salmon in these cages.

Influence of Pmximity-to-Salmon Diet on Gonad Cycle

The GI of the urchins in lantern nets in the salmon cage in-

creased from a mean of 4.39 (SE = 0.870. n = 10) to 19.93 (SE
=

1 . 10. n = 20) (Fig. 1 ) in a 6-week period. This occurred in the

winter months, which is out of the season for gonad growth in this

species. The GIs showed an annual cycle, increasing until maxi-

mum values were obtained in May. The maximum mean GI re-

corded for the urchins in the salmon cage was 41.0. (n = 10) in

May. The maximum GI recorded for an individual was 50.7. or 5.0

g of gonad. When the lantern nets were removed from the salmon

cages for sampling, some urchins were observed feeding on

salmon feed pellets that had become lodged in the mesh.

The maximum mean GIs for field populations were Wl 33.0 (n

= 10) and W2 17.8 (n = 10) recorded in June. The field popu-
lation Wl (in the atypical habitat) had much higher GI's than W2.

TABLE 2,

Mean test diameter (mm), gonad index (GI), and alimentary index (.AI) for urchins maintained in four different locations on the salmon

farm (standard errors in parenthesis).
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TABLE 3.

Mean gonad index (GI) for urchins maintained in two different

net types.

Net Design

Pearl

Nets

Lantern

Nets

Mean

Square

Degrees of

Freedom/

F Value Significance

GI 10.35

(1.008)

19.08

(0.797)

342.47 1. 16

23.15

p<.01

Standard error in parenthesis, n = 9.

for this reason Figure I shows individual, rather than pooled, rep-

licates. The high GI of urchins from W 1 , suggests they had a more

abundant or more nutritious food supply. It was not readily appar-

ent what this might be.

The postspawning regression of the gonad in the urchins in the

salmon cage was reduced (Fig. 1 ), by August the GI for the field

populations had fallen dramatically; whereas, the GI for urchins in

the salmon cage remained high. The period over which ripe ga-

metes were available was also extended in urchins from the salmon

cage; 60% of the animals dissected were still shedding gametes in

September, as compared with 15% of animals from the field popu-

lation (Fig. 2a). Histological study of sectioned gonads confirmed

that although the GIs of urchins in salmon cages were much higher

over the winter months and early spring, the reproductive stage

was similar to that of field populations. Urchins from both lantern

nets and field populations had gonads representative of stage I to

II (recovery and early growth phases) in December, stage IV in

July (mature gametes present), and stage VI in September (spent).

The increased mass of the gonad of the urchins in lantern nets was

attributable to the increase in nutritive phagocytes, not to devel-

oping gametes.

The color of the gonads from dis.sected animals was variable,

but desirable colors, in terms of marketability, were most prevalent

from May to August (Fig. 2b). In the field population, there was a

seasonal improvement in gonad color, higher percentages of ani-

mals with gonad of a marketable color being obtained from May to

July when the GIs were also high. This also corresponded to the

period when the most animals were in spawning condition. For the

months when color was scored for both populations, the urchins in

the salmon cages had a higher percentage of acceptable colors in

6 of the 8 months (Fig. 2b).

The AIs for the urchins in the salmon cages were much higher

than those for the field populations (Fig. 3). There was much less

variation between Wl and W2 in AIs than seen for GIs. The high

AIs for the urchins in the salmon cage was reflected in the ap-
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pearance of the alimentary tracts, which were large and fleshy, as

compared with the field urchins". There is evidence of an annual

cycle in Al for both caged and field urchins, maximum values were

obtained in April and May. and minimum values in September and

August for salmon cage and field urchins, respectively. The annual

cycle of AIs shows close correlation with the cycle of GIs. There

was often a lack of fecal pellets or obvious semidigested material

in the intestinal tracts of the urchins in the salmon cage.

The horizontal test diameter of the urchins removed from the

lantern nets at each sample date increased significantly (p < .005)

from a mean diameter of 24.07 mm to ,^2.25 mm (n = 20) during

the course of the experiment.

DISCUSSION

The observed increase in test diameter (experiment 1 ) was the

first indication that the salmon cage environment promoted so-

matic, not just gonadal, growth in urchins. This is an encouraging

development in tenns of the potential cost effectiveness of the

polyculture system. The urchins increased in test diameter, even

though they were suspended in the water column and were denied

access to larger particulate debris offish feces, uneaten pellets, and

fish scales that accumulate on the cage floor.

No strong pattern emerged from the test growth and GI of

urchins in pearl nets at different locations on the salmon farm

(experiment 2). This, at first, would seem to suggest urchins could

be maintained to equal advantage under the walkway, and hence

minimize interference with the main crop, the salmon. However,

the pearl nets used in these experiments had a mesh size that did

not admit whole salmon feed pellets. Whatever food source the

urchins benefited from in the absence of whole salmon pellets, it

seemed to be equally available in the cage, under the walkway, and

at the 3-m and 8-m deep locations. It is possible that the somatic

growth rates in this polyculture system could be further enhanced

if the urchins could have access to whole salmon feed pellets

(Cook et al. 1998).

The different coloration of the gut from urchins in shallow and

deep locations (experiment 2) suggests there were some differ-

ences in diet. The urchins in shallower locations may have eaten

more fouling organisms from the pearl nets, because the growth of

the fouling was limited at the deeper locations. However, because

their GI and test growth were not significantly greater than those

of urchins in deeper locations, light-dependant fouling organisiris

are not an important requirement for rapid growth in this system.

The alternative food sources would seem to be degrading feed

pellets, salmon feces, or dissolved organic matter (DOM). There is

no direct evidence the urchins are feeding on salmon feces, which

wmi mk
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Figure 1. Comparative gonad indices (GI) of wild urchins (Wl, W2) and urchins caged with salmon (LI, L2).
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that of the field urchins, reflecting their more standardized diet. In

the field. P. miliaris are very opportunist feeders, an extensive list

of food sources is given in Lawrence (1975). However, the pig-

ments added to the salmon feed (astaxanthin and canthaxanthin) to

promote a good tlesh color did not particularly enhance the urchin

gonad color. A bright orange coloration was observed in the gut of

these urchins, perhaps indicating the pigments were expressed

there. The ingestion and subsequent expression of dietary pigments

in urchins is an area requiring further research.

Because the onset of gametogenesis in P. miliaris in proximity

to salmon did not begin earlier than in the field population, the

process is most probably triggered by a photoperiod or temperature

or cue as in other echinoids (Pearse et al. 1986), rather than in-

creased food availability.

In experiment 4. it would have been useful (and correct in terms

of experimental design) to make a comparison between urchins in

lantern nets in the salmon cage and urchins in lantern nets in cages

empty of salmon but fed L saccharina. However, market forces

dictate that salmon growers can seldom afford to leave cages

empty. Urchins were placed in lantern nets on a specially designed

mooring away from the farm, but were repeatedly damaged by sea

conditions. This serves to highlight the advantage of the polycul-

ture system, in that the use of existing aquaculture infrastnicture

eliminates the need to find additional sheltered sea sites and to

fund purpose built urchin farms.

Although urchins that could not access whole salmon feed pel-

lets showed significantly enhanced somatic and gonad growth in

longer-term experiments, for rapid and sustained growth, the ur-

chin cages should be designed with a mesh size large enough to

admit a salmon feed pellet. They should be located where they are

most likely to encounter salmon feed pellets missed by the fish.

The aim of developing a polyculture system to produce market-

sized urchins (40-mm test diameter) within a 2-year period is

realistic.
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ABSTRACT Small Strongyloceniroms franciscanus (mean ± SD = 18.3 ± 13.1 g wet body weight) were placed in individual

containers on 27 March 1997 and fed prepared feeds with 30, 40, and 50% protein until 30 January 1998 {n = eight/treatment). Growth,

increase in wet body weight (including coelomic fluid) did not differ significantly with treatment [analysis of variance (ANOVA) p
=

.461], The gross assimilation efficiency (increase in g dry body weight/g dry feed consumed) was calculated for each individual.

The assimilation efficiencies for the 40 and 509( treatments did not differ significantly, but the efficiencies for the 30 and 40%

treatments and the 30 and 50% treatments did differ significantly (p
= .009). Total organic absorption was significantly different

between the 50% and the other two diets treatments (p
= .02) in July and January. Pooled male and female gonad protein and lipid

concentration as a percentage of dry matter were significantly different, /-test, p
= .002, p

= .008. respectively. This suggests

physiological regulation of feeding, with feeding rate decreasing with increased level of protein. The gonads of small S. franciscanus

were in the' premature stage of development at the end of the study.

KEY WORDS: SlrongylocentroUis franciscanus. protein, absorption, assimilation, prepared diet

INTRODUCTION

Most attention on nutrition of sea urchins has involved large

reproductive individuals. However, understanding the nutrition of

small individuals is essential to minimize the time to marketable

size. In general, somatic growth of small sea urchins on prepared

diets is slow (Nagai and Keneko 1975, Lawrence et al. 1991,

Pearse et al, 1995) in contrast to those fed single or mixed algal

diets (Morris and Campbell 1996, Floreto et al. 1996. Thompson
1982). Understanding the response of small sea urchins to indi-

vidual nutrients in prepared diets is one way to assess the impor-

tance of feed components to exploit the growth potential and

achieve maximum return for the aquaculturist.

Growth in small sea urchins is primarily in the body wall

(Lawrence and Lane 1982). Because protein is a major organic

constituent of the body wall (Lawrence and Guille 1982. Lawrence

and Byrne 1994. Fernandez 1997). supplementing prepared diets

with protein may enhance somatic growth. Absorption of protein

from prepared feeds is generally high, 60 to 80% (Lowe and

Lawrence 1976, Klinger et al. 1994), indicating the possible iin-

portance of protein concentration in prepared feeds. Lower protein

requirements would be desirable to reduce costs. In addition, be-

cause many current and proposed sea urchin aquaculture opera-

tions will occur in nearshore environments, reduction of protein

concentration will decrease the problem of dealing with waste in

maintaining water quality.

In California, the sea urchin Strongylocenirotus franciscanus

(Agassiz) is a commercially and ecologically important species. It

has supported a commercial fishery since the early 1970s (Kato

and Schroeter 1985) and continues to be among the most valuable

of the states fisheries (Kalvass and Hendrix 1997), Strongylocen-

irotus franciscanus grows relatively slowly (Ebert and Russell

1993, Kato and Schroeter 1985) and exhibits variable growth

(Botsford et al. 1994, Ebert and Russell 1992). The nutritional

requirements for its growth are not known. Adequate interpretation

of the nutritional quality of a feed requires knowledge, not only of

the feed's composition, but the response of the animal in terms of

feeding, absorption, and assimilation. In this paper, we evaluate

these responses in small S. franciscanus to protein concentration.

METHODS

Small Sirongylocentrotus franciscanus (n = 24). were col-

lected from Fort Bragg. California (39°24'N. 123°48'W) in March

1997. They were transported to the laboratory in styrofoam coolers

maintained at 1 1°C. After 7 days, the sea urchins were drained for

3 minutes on paper toweling, weighed to the nearest 0.01 g. and

horizontal test diameters (HD) were measured at the widest point

with vernier calipers to the nearest 0.1 mm. Initial body weight

was 18.3 ± 4.3 g and HD was 34.2 ± 3.1 mm (mean ± SE). We
estimate this group of urchins was a 2-year-old cohort based on the

settlement curves of Wing et al. (1995),

Individual urchins were placed in each test container of 18 1

(10 X 10 X 25 cm) with seawaler introduced from a common

manifold at 0.67 ± 0.1 l/min (mean ± SE). Seawater was filtered to

500
(JL

in the flow through system at the Humboldt State University

Marine Laboratory at Trinidad, California, Seawater temperature

and salinity were recorded every 1 to 3 days. Eight test containers
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per diet treatment were randomly distributed in an area of the

laboratory receiving natural light. Sea urchins could move freely

and were randomly distributed in their containers. Weight and HD
were measured every 67 to 92 days to measure growth. Survival

was 100% in all treatments.

Three agar based diets (5% meal, 5% agar, and 90% filtered

seawater) were prepared weekly for 44 weeks, 27 March 1997 to

30 January 1998. Each individual was fed a 2 x 2 x 1 cm piece of

the prepared feed weighing 13 to 15 g every 3 to 4 days (8-9

feedings per month). The sea urchins moved directly to the food or

were on top of it within a few hours of introducing the feed.

The fraction of food lost when immersed in seawater was de-

termined by placing preweighed cubes of the agar-based diet in

test containers without sea urchins for 4 days. The food was re-

moved, patted dry with paper towels, and reweighed. The differ-

ence in weights before and after immersion was 0.003g ± 0.001,

0.007g ± 0.004, 0.009g ± 0.004 for the 30, 40, and 50% protein

diets, respectively, (mean ± SE, n = 12 for each diet). The test was

done using a Sartorius balance accurate to 0.001 g. Food intro-

duced and uneaten food removed during the experiment were

weighed to O.Olg.

Uneaten feed was dried on paper toweling for 3 to 4 minutes

before weighing to 0.01 g. For the first 3 months, the uneaten feed

was dried at 60°C for 72 hours. A factor to convert wet feed weight

to dry weight was calculated for each diet for the remaining 7

months. The percentage dry weight of the diets was 12% ± 0.3%

(n = 424). The dry weight of uneaten feed per feeding interval

was used to calculate food consumption rate. Food consumption

was calculated by subtracting the weight of uneaten food from that

of the provided food. Food consumption rates were calculated per

month for 10 months. April through January and for the intervals

between weighing the sea urchins. Gross assimilation efficiency

was calculated for the intervals between weighing the animals, as

the increase in [(dry body weight (g) / dry feed consumed (g)] x

100. For comparison, gross assimilation efficiency was also cal-

culated for the increase in wet body weight/total wet feed con-

sumed X 100.

Total organic absorption was calculated indirectly by the

method of Conover (1966) as: U' =
[(F'

- F')/(l - E') (F')] x

100, where U' is the absorption efficiency, F' and E' are the

concentrations of organic matter in the food and feces. Food and

feces samples were collected between 7 to 21 July and 1 to 1 1

January. Feces were collected on filter paper, transferred to pre-

weighed crucibles, and dried at 60°C for 72 hours. The ash-free

dry weights of the food and feces were determined by placing the

samples in a muffle furnace at 500°C for 4 hours.

Sea urchins were dissected on 30 January 1998 to measure wet

and dry weights of gonad, test, lantern, and gut. Dry weights were

measured after drying the body compartments at 60"C for 72

hours. Wet body compartment indices were calculated according

to Lasker and Giese (1954). Dry body compartment indices were

calculated as the [(individual di7 body compartment weight)/(the

sum of the dry body compartments)] x 100.

Official methods were used to measure the percentage dry mat-

ter of protein and lipid in the gonads (Helrich 1990). Protein was

measured using a Leco Protein Analyzer. Lipid was determined by

ether extraction. The protein and lipid analysis required drying the

gonads at 100°C for 12 hours using a forced air dryer. The protein

and lipid concentration as a percentage of dry matter in the gonads

was compared between males and females in each diet treatment

by f-test and for a comparison of all male and all female gonads.

Body weight and HD, dry food consumption, gross assimilation

efficiency, total organic absorption, body indices, and protein and

lipid concentration of male and female S. franciscamis gonads
were compared between all three diets by Model I (fixed factor)

analysis of variance (ANOVA). Significant differences were com-

pared using the Student-Newman-Kuels method (SNK). In all

cases, there was no heteroscedasticity (Cochran's C; maximum
variance/sum of variances) and the data were normally distributed

(Shapiro et al. 1968). A multiple regression analysis of mean daily

feed intake per month for S. fnmciscaiiiis fed the three prepared

diets compared to mean monthly seawater temperatures was com-

pleted (Mendenhall and Sincich 1996).

The three prepared, semipurified diets differed in protein and

carbohydrate concentration (Table I ). Krill, soybean, and casein

were included in the diets to provide crude protein levels of 30, 40,

and 50%. Three replicate feed samples of 20 mg were analyzed for

amino acid concentration by performic acid oxidation for 48 hours

at 4°C, liquid phase hydrolysis in 6 N HCl for 24 hours at 1 10°C,

redissolving the sample in citrate buffer with a-guanidino-

propionic acid as an internal standard, and injection of 50 |j.1

samples into the Beckman 6300 amino acid analyzer. This method

recovers all amino acids present in their respective proportions.

Histological analyses of 5. franciscamis gonad sections were pre-

pared to determine the reproductive stages (Unuma el al. 1996).

RESULTS

Mean wet body weight and horizontal test diameters of the sea

urchins in each feed treatment did not differ significantly with feed

type during the experiment (Fig. 1 and Table 2). The increase in

TABLE L

Composition and proximate analysis (percentage dry weight) of the

three prepared feeds of different protein concentration fed small

Slrongyloceiitrotusfraiiciscaiiiis.

Ingredient

Kelp

Wheat starch

Krill

Soybean

Gluten

Cellulose

Casein

Gelatin

Phospholipid

Fish oil

Vitamin premix

Mineral premix

Cholesterol

Potassium phosphate

Vitamin C
Other (<0.1% each)

Nutrient

30% Protein
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Figure 6. Strongylocentrotiis franciscanus. Gross assimilation effi-

ciency for sea urchins fed prepared diets of three protein levels. For

each bar, n = 8, mean ± SF,. Within wet and dry gross assimilation

values, bars with different letters are significantly different (p < .05),

bars without letters are not significantly different.

Stroiigylocenrrotiis ilroehacliicn.'iis (MCiller) ted less preferred

feeds (Vadas 1977, Larson et al. 1980). The small S. fraiiciscamis

showed relatively high growth during the initial 3 to 4 months and

reduced growth rates during the last 6 months. When fed Nereo-

cystis liietkeana (Mertens) Postels and Ruprecht. S. franciscanus

of 30-mm test diameter increased 50% over a 90-day period be-

tween May and August (Morris and Campbell 1996), similar to the

initial growth pattern observed here. The opportunistic and selec-

tive feeding strategy (Vadas 1977, Andrew 1989) and the cyclical

nature of gametogenic development of S. franciscanus (Bernard

1977) may also partially explain the higher initial growth followed

by a reduced rate. Feeding rates reflected the reduced growth rates

and are known to decrease in general with increased reproductive

development (Lawrence 1975).

Over-all somatic growth of small 5. franciscanus are similar to

growth of other echinoids in other long-term studies (Fernandez

and Caltigirone 1994, Thompson 1982). Although not statistically

significant, the absolute growth of S. franciscanus fed a diet con-

taining 40% protein was greatest of the three diets used. Tollini et

al. (1997) found S. droebachiensis also had higher growth rates

when fed a feed with 40% protein.

Gonadal production and reproductive development suggests the

feeds supplied sufficient nutrition for reproductive growth. The

small S. franciscanus may have developed gametes for the first

time, because S. franciscanus become sexually mature at 50 mm

HD (Kato and Schroeter 1985). The timing of the reproductive

cycle did not seem to be affected by the prepared diets. The study

was teniiinated before the spawnmg season but included the gonadal

growth season, indicating the gonads may have reached their maxi-

mum mass for small S. fianciscanus.

Seasonal growth patterns correlated with reproductive devel-

opment have been observed for other species of temperate echi-

noids. Strongylocentrotus intennedius (Agassiz) and 5. nudus

(Agassiz) cease somatic growth with gonadal development (Fuji

1967, Agatsuma et al. 1996). Slower growth of Strongylocentrotus

purpuratus (Stimpson) results from gametogenesis prior to spawn-

ing (Pearse et al. 1986). S. franciscanus develops gonads season-

ally (Bernard 1977. Pearse and Cameron 1991 ), but there are little

direct data on seasonal somatic growth. Although the diets used

here are quite different from natural algal diets 5. franciscanus

encounters in the nearshore environment, they indicate a sea.son-

ality of growth and feeding that may be similar in pattern but not

in timing to other Strongylocentrotus spp. Adult S. franciscanus

develop gametes in the late fall and early winter (Bennett and

Giese 1955. Bernard 1977. McBride et al. 1997). If the small S.

franciscanus in this experiment were experiencing the same timing

of gametogenic development, the reduced feeding rates between

September and January reflect reproductive development.

The unrestricted availability of the prepared diets during the

10-month study suggests a seasonal food consumption rate. Unlike

algal preference studies, where feeding rates increased for the

preferred foods, feeding rates with prepared diets of three protein

concentrations were related to protein concentration and were

highest on the lowest protein concentration. This suggests some

adjustment by the urchins to the protein content of the diet. In

starvation experiments, nitrogenous compounds in the complex
coelomic fluid of S. franciscaiuis were maintained at minimum

levels in experiments up to 5 months in length, also suggesting

some physiological regulation of these compounds (Boolotian and

Giese 1959). The amino acid content of the three diets was similar,

indicating the over-all protein content had more effect on the small

urchins than the individual amino acids. However, the same amino

acids found in the diets are found in unfertilized eggs of 5. pur-

puratus (Kavanau 1953). In comparison studies using long- and

short-chain amino acids as a protein source, arginine was the lim-

iting amino acid for Pseudocetitrotus depressus (Agassiz) in all

prepared diets and algae tested (Akiyama et al. 1997).

Gross assimilation efficiency of 5. franciscanus was greater for

sea urchins fed the higher protein concentrations because of lower

feed consumption rates. As a measure of food use, comparison of

assimilation values between other studies are possible when dry

weights are used (Parker 1987), and this has not usually been done

for echinoids (Klinger 1998). Fewer significant differences and

TABLE 4.

Strongylocentrotus franciscanus. Protein and lipid concentration of gonads as a percentage of dry matter (mean ± SE).
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TABLE 5.

Amino acid composition of three prepared diets containing M). 411,

or 5()'7( crude protein expressed as a weiglit percentane (n = 3.

mean ± SI) I.
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ABSTRACT World annual production of .sea urchins has increased regularly since 1980. and many countries, such as France, are

currently confronted with the problem of overexploitation of stocks. For thi.s reason, aquaculture of the sea urchin is a possible solution

for the future. The study undertaken here aimed to determine physiological responses (growth) of Paracenlrorus livldiis given three

different feed types varying in quality (vegetable or annual) and biochemical composition and under variable environmental conditions

(temperature, light). Experiments in land-based tanks revealed that growth was greater when individuals were fed a mixed formulated

feed containing both animal meal and plant meal or containing only animal meal, than when fed a feed containing only plant meal or

a natural food, the seaweed Cymodocea nodosa. Maintaining a temperature of 20°C and rearing the sea urchins in the darkness did not

have any noticeable effect on growth rate. The growth model established with data obtained from the tank studies for individuals fed

the mixed feed indicated that the growth of the sea urchin can be maximized by appropriate feeding. Finally, the different treatments

did not bring about any differences in the relative importance of the various body parts (gonads, gut. test, lantern) although the gonadal

index in reared sea urchins was very high, even for small individuals (20-25 mm).

KEY WORDS: Sea urchin, aquaculture. growth, formulated feeds. Paraccntrotus livldns

INTRODUCTION

The human consumption of a variety of a sea urchin species

dates back to ancient times (Giot 1970. Le Direac'h 1987). In

France, the species that is the most widely consumed is Panicen-

trorus lividiis (Lamarck. 1816). The fisheries for this species is

extensive and highly organized (Le Direac'h 1987). Since the col-

lapse of the French sea urchin fisheries (Le Direac'h 1987. Le Gall

and Bucaille 1987). the shortage has been met by increased Irish

and Spanish imports (Birais and Le Gall 1986. Kelly et al. 1998).

In light of this demand, and fueled by the high market value of the

sea urchin roe. sea urchin farming has developed in France (Le

Gall and Bucaille 1987. Fernandez et al. 1993. Fernandez 1996).

The development of improved sea urchin rearing techniques re-

quires finding an adapted feed and rearing system as well as a

thorough understanding of the organism's growth processes.

In the present study, the technology chosen to develop sea

urchin aquaculture is land-based rearing with the use of formulated

diets. Although more expensive, such land-based systems are in-

teresting, because they offer the possibility of controlling environ-

mental conditions and may be the only approach possible in areas

of limited access to sea-based resources. The advantages of using

formulated feeds include the elimination of problems linked to

food availability and nutritional content observed for natural food

sources (marine plants), the limitation of environmental impacts
associated with the utilization of these natural food sources, and

the facilitation of storage and transport.

To date, most studies dealing with formulated diets have ex-

amined the effect of these diets on either gonad production (De

Jong-Westman et al. 1995, Lawrence et al. 1997. McBride et al.

1997. Goebel and Barker 1998) or nutrition (for review see Klinger
et al. 1998). Studies concerning the effect of formulated diets on

growth are less numerous. Most of these examine sea urchin pro-

duction as a function of different feed. The results generated gen-

erally reveal a greater growth with formulated diets than with their

natural counterparts (Lawrence et al. 1992, Fernandez and Calt-

agitone 1994. Williams and Han-is 1998).

In addition to food quantity and quality, growth of echinoids

depends upon several abiotic factors. Two of these are temperature

and photoperiod (Kenner 1992. Guillou and Michel 1994. Pearse

et al. 1995). In temperate waters, growth is seasonal and is char-

acterized by an increase in growth during spring and summer (high

temperature) and a decrease in growth in autumn and winter (low

temperature) (Guillou and Michel 1994). For Pamcentrotus livi-

diis. the optimal temperature seems to be between 18 to 23°C (Le

Gall et al. 1990. Grosjean et al. 1998). Photoperiod seems to in-

fluence partitioning between somatic and gonad growth (Pearse et

al. 1986. Beyer et al. 1998).

The aim of the present study is to compare growth parameters

in Paracenlrorus lividiis when this species is maintained under

rearing conditions for long periods of time (6 months) and fed

different types of formulated feed. The effect of various rearing

conditions, such as light and temperature, is also examined.

MATERIALS AND METHODS

Collection of Echinoids

The experiments were conducted on the shore of the Urbinu

lagoon (Corsica, Mediterranean). The site is characterized by a

large population of Paraccntrotus lividiis (Fernandez and Caltagi-

rone 1990). which can be used as a source of sea urchins for the

farming scheme. For the purposes of this investigation, all sea

urchins were collected from this lagoon, on pebbly bottoms

(Fernandez and Boudouresque 1997). or produced in an experi-

mental laboratory (for the smallest size class). Five size classes

were used; 3 to 9 mm. 10 to 15 mm. 20 to 25 mm. 30 to 35 mm.

and 40 to 45 inm (test diameter at the ambitus without the spines).

After a 5-day acclimation period, the sea urchins were separated

into groups (two replicates of 30 sea urchins per treatment except

for the 3 to 9 mm size class, for which only one group was studied)
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using plastic baskets with a mesh of 1 to 0.5 mm. The baskets were

suspended 1 cm above the bottom of the tanks to prevent the sea

urchins from reinvesting their feces.

Experimental Set-up

The e.xperimental set-up consisted of a rearing apparatus mea-

suring 9 m X 4 m and housing three series of three superimposed

tanks (3 m X 0.15 m X 0.5 m) (see Fig. 2). For each tank series,

the force of gravity was used to circulate the water among the three

tanks. The resulting cascade o.xygenated the water. For two of

these tank series, water flowed in an open circuit to the lagoon.

The water turnover was 10 min. Experimental water temperature

varied with the season (from 9 to 29°C, Fig. 1) and did not differ

from lagoon water temperature. For the last tank series, the water

flowed through a semiclosed circuit with a 50'7r new water turn-

over every 24 h. In this last tank series, the water temperature was

maintained at 1 8 to 20°C year around.

Rearing Conditions

Sea urchin growth was studied as a function of three rearing

parameters: (1) temperature (ambient or maintained at 18-20°C);

(2) light (natural or darkness); and (3) feed (three formulated feeds

and one natural food source). The natural food source was made up

of living fronds of the seaweed Cymodocea nodosa (Ucria) Ash-

erson sampled from the lagoon; whereas, the three formulated

feeds were prepared (Table 1 ). The first feed consisted of veg-

etable meal and vegetable oils. This food is rich in soluble carbo-

hydrates (58%) and was referred to as "vegetable feed." The sec-

ond feed consisted of fish meal and vegetable meal in equal quan-

tities mixed with fish oil and vegetable oil and was referred to as

"mixed feed." Its biochemical composition is a mixture of soluble

proteins (29'7f) and soluble carbohydrates (35%). The third feed

consisted of fish meal and fish oil, was rich in soluble proteins

(47%) and was referred to as "animal feed." The level of soluble

proteins, carbohydrates, and lipids in the feeds was determined

using the techniques of Lowry et al. (1951), Dubois et al. (1956).

and Folch et al. (1957). respectively. Ash was measured by placing

the dried tissues in a muffie furnace at 500°C for 4 h. The energetic

values were calculated by multiplying the level of each organic

constituent by its energy equivalent (Brody 1945). Feeds were

prepared by progressively adding the meal. oil. and vitamin mix-
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Figure 1. Evolution of water temperature within the tanks (open and

semiclosed circuits) throughout the 6-month rearing period.

Figure 2. .\, Photograph of two series of superimposed tanks (open

circuit), with water circulation. B. Photograph of plastic suspended

baskets In which sea urchins are placed (30 individuals per basket).

ture to the binder (gelatin previously dissolved in water. 12.5%

solution). The paste thus obtained was spread onto a plaque at a

thickness of 1.5 cm. Once hardened, this food plaque was cut into

cubes of 1 cm X 1 cm x 1.5 cm. Sea urchins were always provided

surplus food.

Each tank was assigned particular environmental conditions

and a specific diet. The exact characteristics of the different tanks

are provided in Table 2. For increased clarity, the tanks were given

a three letter code. Each letter represents one of the studied treat-

ments. The first letter corresponded to the nature of the food dis-

tributed: V =
vegetable feed; M = mixed formulated feed; A =

animal formulated feed; C = Cymodocea nodosa fronds. The

second letter indicated the rearing temperature: R = temperature

maintained at 18 to 20-C (in the semiclosed circuit); and N =

natural temperature (in the open circuit). The third letter corre-

sponded to the light conditions: L = natural light; and D = total

darkness.

Growth Parameters

Rearing began on February 1. 1994. The experiment lasted 6

months. Each month the test diameter (without the spines) of all

the individuals was measured using a sliding caliper. At the end of

the rearing period (August 1994), 10 sea urchins of the 40 to 45,

30 to 35. and 20 to 25 mm size classes were sampled from each of

the tanks. These sea urchins were measured and weighed. They

v\ere then dissected into various components: gonads, gut (without
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TABLE 1.

Injjredients ustd in the preparation of the formulated feeds

(expressed as a percentage).
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TABLE 2.

Rearing conditions in the different land-based tanks.

Tank VRL Tank VNL Tank CNL

Vegetable formulated diet (V)

Reulated temperature (18-20°) (R)

Natural light (L)

Size class 20 to 25 mm
Size class 30 to 35 mm
Size class 40 to 45 mm

Tank MRL

Vegetable formulated diet (V)

Natural temperature (N)

Natural light (L)

Size class 20 to 25 mm
Size class 30 to 35 mm
Size class 40 to 45 mm

Tank MNL

Cymodoceci fiodosci diet (C)

Natural temperature (N)

Natural light (L)

Size class 20-25 mm
Size class 30-35 mm
Size class 40—15 mm

Tank ANL

Mixed formulated diet (M)

Regulated temperature (18-20°) (R)

Natural light (L)

Size class 3 to 9 mm
Size class 10 to 15 mm
Size class 20 to 25 mm
Size class 30 to 35 mm
Size class 40 to 45 mm

Mixed formulated diet (M)

Natural temperature (N)

Natural light (L)

Size class 3 to 9 mm
Size class 10 to 15 mm
Size class 20 to 25 mm
Size class 30 to 35 mm
Size class 40 to 45 mm

Animal formulated diet (A)

Natural temperature (N)

Natural light (L)

Size class 20 to 25 mm
Size class 30 to 35 mm
Size class 40 to 45 mm

Tank MRD Tank MND

Mixed formulated diet (M)

Regulated temperature (18-20°) (R)

Darkness (D)

Size class 3 to 9 mm
Size class 10 to 15 mm
Size class 20 to 25 mm
Size class 30 to 35 mm
Size class 40 to 45 mm

Mixed formulated diet (M)

Natural temperature (N)

Darkness (D)

Size class 3 to 9 mm
Size class 10 to 15 mm
Size class 20 to 25 mm
Size class 30 to 35 mm
Size class 40 to 45 mm

the mixed fonTiulate(J feed (by using the five size classes, we can

represent the different size classes present in the lagoon). Two
models were drawn up: the first makes use of the data obtained at

the regulated temperature (semiclosed circuit, data from tanks

MRD and MRL were pooled). The second model was drawn up

using the data obtained at environmental temperatures (open cir-

cuit, data from tanks MND and MNL). The method described by

GuUand and Holt ( 1959). applied to the five size classes for each

of the teinperature treatments, allowed the parameters of two von

Bertalanffy equations to be calculated (Fig. 3); (1) for those indi-

viduals reared at the regulated temperature : k = 0.0245; L^.
=

52.355; tf,
= -2.409; (2) for sea urchins maintained at environ-

mental temperatures : k = 0.0252; L.,,
= 59.480; t„

= -2.053.

The validity of the models, drawn up using the data generated

by the rearing experiment, was tested by performing a linear re-

gression between the experimental and theoretic data (these last

being calculated from the models" equations). The correlation and

linearity were significant (r = 0.99 and linearity test, p > .05; for

both models). In addition, the slopes and linear regressions ob-

tained were both not significantly different from 1 (comparison

test between the slope obtained and a theoretic slope of 1 , p > .05

in both cases). It can, therefore, be concluded that the two theoretic

models are in accordance with the data generated experimentally.

Physiological Indices

The relative importance of the various components of the in-

dividuals taken from the eight tanks is represented in Figure 4.

Statistical analysis of the gonadal index reveals that important

variations in this index occurred as a function of both "diet-

rearing" treatment and size class. In addition, a significant inter-

action existed between these two factors (two-way ANOVA, "diet-

rearing" factor : F = 33.00. p < .001; size factor : F = 18.16. p

< .001; interaction, F = 4.68. p < .001). This significant interac-

tion signifies that the evolution in gonadal index as a function of

size differs depending upon the "diet-rearing" regime. The gonadal

indices for the 20 to 25 mm size class were very high and were

even above those of the larger individuals (in particular in tanks

MNL and MND; one-way ANOVA, F = 4.1 and 7.7. respectively;

and Tukey tests, p < .05). Conversely, in the CNL tank (where

individuals were fed Cymodocea nodosa), the gonadal index/sea

urchin size ratio was identical to that observed in sea urchins living

in the lagoon. The differences observed among the different rear-

ing tanks allows three distinct groups to be distinguished. The first

was composed of individuals fed Cymodocea nodosa, the second

was individuals reared in tanks VRL, MRL, and MRD (regulated

temperature), and the third group (having the highest gonadal in-

dex) contained those individuals reared in the tanks VNL, MND,
ANL, and MNL (environmental temperatures); (one-way

ANOVA, F = 8.8 to 21.6; and Tukey tests, p < .05). The relafive

importance of the gut, test, and lantern in the reared sea urchins did

not differ significantly as a funcfion of the "diet-rearing" treatment

administered (two-way ANOVA, "diet-rearing" factor : F = 1.38.

1 .34. and 1 .47 respectively, p > .05 in all three cases). Conversely,

a significant difference in these three components was observed as

a function of size class (size class factor : F = 29.99, 43.01. and

55.67 respectively, p < .001). The interaction between these two
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TABLE X

Mean niunthly growth rate (± standard error I of reared Paracenlroliis lividus (in nini/nionth) for the eight treatments and the size classes.
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TABLE 4.

Comparison of equation parameters describing the increase in mean test size (y, in mm) as a function of rearing time (x, in days) for sea

urchins based on their initial size and rearing treatment.
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Figure 4. Mean gonadal, gut, test, and lantern indices (±95% confidence interval) for three size classes o( Paracentrotus lividiis reared in tanks

and fed either formulated feeds or Cymodocea nodosa. Tank codes, the first letter corresponds to the food: V: vegetable feed; M: mixed feed;

A: animal feed; C: Cymodocea nodosa. The second letter indicates the rearing temperature: R: temperature maintained at 18 to 20°C; N: natural

temperature. The third letter corresponds to the light conditions: L: natural light; D: total darkness.

greater somatic growth and a low gonadal growth in Strongylo-

centrotus fransiscanus (Stimpson 1857) and Strongylocentrotiis

purpuratus (Stimpson 1857) when placed under dark conditions as

compared to individuals reared in continuous light. The results

obtained here do not confirm these results: total darkness did not

bring about an increase in somatic growth as compared to con-

tinuous light conditions. Dark conditions in the present study were

obtained by placing an opaque black cover over the appropriate

tanks (tanks MRD and MLD). It was necessary to remove the

cover twice a week for a period of about 20 minutes in order to

clean the tanks. This operation was always performed at night

using a low watt formulated light. Nevertheless, it is possible that

these cleaning operations disrupted the experiment. Indeed,

Grosjean and Jangoux (1994) observed that the sea urchin food

ration was lowest when the individuals were subjected to a 12 h

light/ 12 h dark photoperiod. and they attributed this phenomenon
to the sudden passage from light to dark conditions (Grosjean pers.

comm.). It is possible that in the present study the sudden passage

from dark to light conditions was disrupting and. thus, did not

allow an increase in growth to be observed.

Effect of Initial Size on Growth

Growth in the Echinoideu, such as Paracentrotus lividus, varies

as a function of age and, therefore, size of the individuals (cf.

growth models: Allain 1978, Fenaux et al. 1987, Azzolina 1988,

Turon et al. 1995). In the present study, five different size classes

were used. The results generated revealed that, for the 40 to 45 mm
size class, growth is very low and is most probably not profitable

in a commercial aquaculture context. Indeed, despite the fact that

large sea urchins ingest important quantities of food, this does not

allow for a rapid or significant size increase. Although small sea

urchins are not commercialized, it would seem that the rational-

ization of sea urchin aquaculture necessitates that rearing be

stopped once the urchins have reached a size of 40 mm (this being

the minimum size required for the commercialization of this spe-

cies).

Growth Curves

The models presented here must be considered with a certain

degree of caution. Because no individuals larger than 45 mm were

examined, the model is not valid beyond this size. In addition,

growth was studied over a period of only 6 months (February-July

1994). Therefore, the seasonal variations in growth have not been

included in the models. Nevertheless, the models presented are

quite similar to those reported by other authors (Fig. 3) and. in

particular, when the von Bertalanffy model was used (Allain 1978.

Azzolina 1988). The growth curves calculated for natural tempera-

ture present a growth more rapid than those generated by other

models (with the exception of the logistic model proposed by

Fenaux et al. 1987). at least for the size range considered in the

present study (3^5 mm).
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Physiological Indices

From an aquacultural point of view, wiiat is important is the

gonadal index. Indeed, the gonadal index usually increases with

increasing sea urchin size (Fuji 1967. Nichols et al. 1985. Pearse

and Cameron 1991, Lumingas 1994) and this even in lagoon en-

vironments (Fernandez and Boudouresque 1997). The results ob-

tained in the tanks of the present study were in direct contradiction

with what is reported in the literature; namely, the gonadal indices

for the 20 to 25 mm size classes were very high and even superior

to those observed in larger individuals (particularly in tanks MNL
and MND). Conversely, in the CNL tank (individuals fed Cynw-
docea nodosa), the gonadal index/sea urchin size ratio was iden-

tical to that observed in wild indi\iduals. The rearing of sea ur-

chins in tanks using a formulated diet, therefore, causes substantial

changes in gonadal growth. The energy allocated to gonad devel-

opment was, therefore, more important under rearing conditions,

especially in small sized individuals (20-25 mm), than was ob-

served in the natural environment. In Evechinus chloroticus (Va-

lenciennes). Barker (pers. comm.) also observed high gonadal in-

dices in small individuals. The increase in gonad weight may, in

part, be attributable to an increase in nutritive phagocytes rather

than gametes (Walker 1982, Pearse and Cameron 1991). As a

general rule, once a portion of the energy has been allocated to

maintenance, the energy remaining is divided between reproduc-

tion and somatic growth (Calow 1981). In the small individuals of

the present study (in particular in the MNL and MND tanks), a

large amount of energy, therefore, remains available for reproduc-

tion that leads to gonads the weight of which were very high for

these size classes.
'

In so far as the treatment differences are concerned, the results

revealed that over a long time period (6 months), all of the food

types brought about high gonadal growth. Finally, it should be

noted that the gonadal index generated under rearing conditions

was higher than that observed in wild sea urchins at the same time

of year (Fernandez 1996).

The gut, test, and lantern indices were identical in the light

diet-rearing treatments. Therefore, neither the food type nor the

environmental parameters seemed to affect, over a 6-month period,

the partitioning of weight into these various body components. It

has similarly been observed in other species that food quality does

not have any effect on the size of the gut (Klinger et al. 1994

1995). The different body compartments in the reared sea urchins

contain storage material in the form of lipids and carbohydrates

(Fernandez 1997).

CONCLUSION

The results obtained reveal that the mixed formulated (veg-

etable and animal meal) and animal feeds (animal meal) allow for

a higher somatic growth than do the vegetable feed types (natural

food source made up of Cyinodocea nodosa or formulated feed). In

addition, observed growth was similar to or higher than that cal-

culated from other studies on this species. The formulated feed was

capable of inducing a higher growth rate than was seen with natu-

ral food sources.

The growth observed under rearing conditions exhibited dis-

tinct seasonal and monthly variations. These seem to be mostly

attributable to water temperature (with a slower growth when tem-

peratures were either very low or very high) but also to the organ-

ism's reproductive cycle (in particular, growth was very low dur-

ing spawning events). Those tanks with a regulated temperature

did not generate satisfactory results. Indeed, the semiclosed circuit

used, which is without water renewal, produces a water quality that

is insufficient to maximize growth. In particular, the level of ni-

trites were often high, which increases the sea urchins energy

expenditure. Future experiments at a regulated temperature will

need to include a water purifying system in order to generate

irreproachable water quality.

The efficiency of formulated feeds is very important with re-

spect to gonadal production. These feeds can generate a substantial

increase in gonadal growth that is of far greater importance than

that observed in the natural environment. This growth occurs even

in small-sized individuals for which the gonadal index can reach

up to 25% of the sea urchin's total mass. It is, therefore, possible

that sea urchins smaller than those usually eaten may be able to

generate a gonadal production equivalent to that produced by

larger individuals. It would, therefore, be possible to reduce rear-

ing time required before commercialization.
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.ABSTRACT Small. (30—lO-mm diameter) medium. (50-60-mm diameter) and large (70-80-mm diameter) Evechiiius chloroticus

Valenciennes collected from Doubtful Sound on the west coast of the South Island of New Zealand were held in individual containers

with running seawater and fed prepared and natural diets during the austral autumn, winter, and spring. At the beginning and end of

each experimental period feeding rates, absorption efficiencies, growth, and gonad and gut indices were determined.

Feeding rates differed signitlcantly between diets, urchins eating more of extruded pellets than agar-bound prepared feed or natural

algal food. Feeding rate showed a clear seasonal trend directly correlated with water temperature. Absorption was quite variable but

did not differ significantly between diets or with urchin size. Absorption was significantly lower in December than in other months.

Gonad indices were higher in urchins fed prepared feeds than algae; however, there were seasonal differences in which of four different

prepared feeds produced the largest gonads. Small urchins de\eloped gonads when fed in the laboratory, although this size class does

not develop gonads in the wild. This suggests sexual maturity may depend upon nutritional state as well as size. Prepared feeds tended

to produce White- or cream-colored gonads unsuitable for sale; whereas, urchins fed algae generally formed yellow/orange gonads. Gut

indices were similar in the three size classes of urchins and were generally higher in urchins fed prepared feeds. Small urchins grew

proportionally more than medium or large sizes. Growth was faster on algae than prepared feeds.

Although prepared feeds can enhance gonad production in Evechiniis chloroticus the composition will need to be appropriate to

achieve acceptable yellow/orange gonad color and better somatic growth,

KEY WORDS: sea urchin. Evechinus chloroticus. enhancement, gonad, growth, feeding rate, absorption

INTRODUCTION proportion of the original allocated quota was fished, and little of

this was marketed because of problems with the roe quality. Ap-

The New Zealand Echinometrid Evechinus chloroticus (known proximately 8 to 8.5% of the wet weight of urchins caught was

locally as Kiiia) is common and widely distributed on rocky reefs recovered as roe and a inaximum of 20% of this was successfully

to depths of 5 to 10 m around the coast and outlying islands, marketed in Southeast Asia. That means a total of less than 2% of

although they can occur at greater depths in some areas. Gameto- the weight of urchins collected was actually sold. The future vi-

genesis (gonad growth) commences in the winter (April to May). ability of fisheries for E. chloroticus is clearly in doubt with such

and ripe gonads are present from October to November, with catch returns, although the stocks of harvestable urchins seem very

spawning from January to March (Walker 1982. McShane et al. large.

1996). generally being earlier in more northern areas of the coun- Studies have shown that sea urchins produce normal gonads

try. The roe (gonads) has been harvested on a small scale by when fed prepared feeds (Levin and Naidenko 1987. Klinger et al.

indigenous Maori since before the arrival of Europeans, and small 1997, Lawrence et al. 1992. Walker and Lesser 1996). Further-

quantities of roe have been sold onto the domestic fish market for more. Lawrence et al. (1997) obtained much better gonad produc-

many years for consumption by Maori (Hartstone 1984). Attempts tion in the sea urchin Loxechinus albus using prepared feeds as

have been made more recently to develop larger-scale fisheries for compared to natural algal diets. The recent use of such prepared

export to markets in Southeast Asia, which is already supplied by feeds for sea urchins has raised the possibility of improving the

many countries, particularly the east and west coasts of the United quality of gonads of E. chloroticus with such diet.s. This study

States and South America. However, there has been a major prob- reports the results of experiments in which E. chloroticus were fed

lem developing such fisheries for E. chloroticus because of an different prepared feeds and absorption, feeding rates, growth and

apparent bitter taste, variable and low recovery of roe, and gener- the quantity and quality of gonads determined at different times of

ally poor color of the roe (McShane et al. 1994, McShane 1996). the year.

For example, in November 1992. an experimental fishery for sea _
. ._.j,^,cju u r MATERIALS AND METHODS

urchins was started in Dusky Sound on the southern west coast of

the South Island, Fiordland. One thousand tons of quota for ur- Three experiments using the same experimental design and

chins was sold to five joint venture companies, but only a small spanning the main period for gonad development, were conducted
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TABLE 1.

Diet treatments and dates of experiments.
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determined as described above. Color of gonads was visually as-

sessed.

Chromic oxide was incorporated as an insoluble component at

a known ratio to the other components in the powdered soybean

and fishmeal feed mixes. Analysis of chromic oxide in the feces

was then used to determine absorption (McGinnis and Kasting

1964). Absorption was measured during the second week of feed-

ing and in the last week before each experiment was terminated.

Feeding rates were calculated over three consecutive 24-hour pe-

riods both at the beginning and at the end of the experiment by

feeding the sea urchins preweighed food, collecting the uneaten

food after 24 hours, blotting dry, and reweighing. For experiment

1, feeding rate was determined for all 15 urchins in each treatment.

For experiments 2 and 3, feeding rate was determined for five

randomly selected urchins in each treatment. For all diet treat-

ments, three control containers were set up containing food but no

urchin to determine if leaching of food occurred over a 24-hour

period. Feeding rate is expressed as the average for 24 hours over

the three periods.

Stalistkal Analysis ofData

Analysis of variance ( ANOVA) was used to compare results of

experimental treatments. Where appropriate, data were arcsine

transformed before analysis and post hoc comparisons were made

with Scheffe's F procedure. All statistical analyses were perfonned

with the statistical package Statview 5.0.

RESULTS

Survival

Survival was 95% in experiments 1 and 2 and 96% in experi-

ment 3. More animals died in the starved than fed treatments, but

no more than two animals died in any one treatment for a particular

size class.

Feeding Rate

There was no significant change in weight of agar blocks,

pellets, or algae over a 24-hour period in containers that did not

contain an urchin; that is, leaching of material from the food in the

absence of an urchin did not occur. To compare the different diets,

wet weights of the food consumed over 24 hours were converted

TABLE 3.

Composition ( in percentage) of extruded feed pellets.

Constituent 4002 4004

Com grain

Wheat middens

Wheat starch

Cellulose

Kelp

Menhaden

Soybeans

Phospholipid

Cholesterol

Minerals/vitamins'

32.0

27.5

0.0

0.0

14.0

12.0

11. 1

1.0

0.3

2.0

ppm thiamin. 83.6 ppm riboflavin, 442.3 ppm
in E, 23.0 ppm vitamin K, 112.? vitamin C. 83.6

inm nvHrinxin

0.0

0.0

23.3

5.8

0.0

28.7

27.0

1.0

0.5

11.7

TABLE 4.

ANOVA of feeding rate of small, medium, and large E. chloroticus

for experiments I. 2. and 3 but evcluding extruded diets (pellets

4002 and 4004) in the analysis.
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experiment; however, the difference was only significant (p <

.025) for large urchins.

Growth

Growth of urchins in the three experiments is shown in Figure

5 as percentage increase in diameter. Percentage increase in diam-

eter for the different diets was compared by single-factor ANOVA
for arcsine-transfomied data.

In experiment 1. similar changes in diameter occurred for both

small and medium urchins (Fig. 5). However, the percentage in-

crease was much greater in smaller animals. Small urchins fed alga

grew significantly more (p > .0001) than urchins fed soybean or

fishmeal. Medium urchins fed algae grew larger than those fed

fishmeal (p > .03). For all sizes, starved urchins decreased signifi-

cantly in diameter (p > .0001). Very little growth occurred in large

urchins, and there were no significant differences in diameter.

In experiment 2, sizes of urchins used in fishmeal and soybean
diets were not recorded at the beginning of the experiment, so the

only comparisons made were between urchins fed pellets and algae

(Fig. 5). There was considerable variation between individuals,

indicated by the wide standard deviations shown in Figure 5. In

small and medium urchins, the greatest increase in diameter oc-

curred in urchins fed algae, although the differences were not
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TABLE 7.

Feeding rate (g wet food/da> ) in the laboratory for a range of species determined over summer.

Author Species

Diam Wet

(mm) wt (g) Soybean Fishmeal Extruded 1 Extruded 2 Macrocyslis Viva

Lawrence el al. 1997

Klingeret al. 1997

Klinger et al. 1994

Lawrence et al. 1988

Lawrence et al. 1989

This study

Loxi'chiriHS albiis

Snoiigyloceinrotiis

droehachiensis

Lytechinus variegatus

Paracemrotus lividus

Paracentrotus lividus

Evechinu.s chloroticus
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grew very little. Starved individuals shrank. During autumn (ex-

periments 1, soybean and fishmeal) and winter (experiment 2.

extruded pellets), growth was better on algae than on prepared

feeds; whereas, in spring (experiment 3). there was little differ-

ence. Klinger et al. (1997) obtained better growth of Srrangylo-

centrous droebachieitsis on extruded diets containing kelp than

feed without kelp. These observations suggest that the prepared

diet formulations used in the present study may lack some essential

components necessary to support maximal growth, particularly

growth of the calcite test, although some growth is clearly pos-

sible. If prepared feeds are to be used in aquaculture of sea urchins

for growth in addition to increasing gonad volume, then further

refinement of their composition is necessary.
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ABSTRACT Because management of the fisheries worldwide has not been successful, intensive efforts are being developed for

aquaculture to meet the demand for sea urchins. The Gulf of Mexico does not have an established fishery for sea urchins, but one

species shows great potential for a fishery and for aquaculture. Lytechinus variegatus exhibits rapid growth, and individuals reach

gonadal maturity in less than 1 year. We measured roe production in adults fed two formulated diets for a period of 10 weeks in the

laboratory. Gonads increased in size in individuals fed either diet, although roe production was less than the maximal roe production

observed in natural populations. Gonad color vaned with diet, which was attributed to differences in the primary ingredients of each

feed. Proximate composition of the gonads indicated that diet had no effect on carbohydrate and lipid levels, however, protein levels

increased with both diets.

INTRODUCTION

Worldwide, populations of sea urchins are declining in regions

with developed fisheries (Keesing and Hall this volume). It is

evident that land-based aquacuhure will be necessary for timely

development and management of the industry. Sea-urchin fisheries

already exist on the Pacific and Atlantic coasts of North America

(Sloan 1985), leaving the Gulf of Mexico as the last major body of

water bordering the United States lacking a developed sea urchin

fishery. Although the development of a fishery in the Gulf of

Mexico has potential, many fundamental questions concerning the

extent of the fishery, habitat alteration, and long term ecological

impacts would require further assessment to avoid the problems

that have plagued other sea urchin fisheries. However, technolo-

gies currently being developed in aquaculture may provide a so-

lution for sustainable production of high quality roe.

Lytechinus variegatus (Lamarck) is common in the shallow

waters of the Gulf of Mexico (Serafy 1979). Populations reaching

250 m" (Moore et al. 1963) have been found from southern Florida

to Alabama. Texas, and Mexico (S. Hill pers. obs., Ernest and

Blake 1981, Hopkins, pers. comm.. Camp et al. 1973. Beddingfield

1997, Watts pers. obs.. Valentine and Heard pers. comm., Pomory
1990, Caso-Muiioz et al. 1994) as well as in the Florida middle

grounds (Hopkins et al. 1977). These reports suggest that large

populations of sea urchins exist in shallow waters throughout the

Gulf of Mexico.

Compared to other sea urchins currently fished in North

America, L. variegatus has very rapid growth and early gonadal

maturity, reaching 45 min test diameter within 8 months of larval

metamorphosis (Moore et al. 1963, Greenway 1977, Beddingfield

1997). The urchins can be held easily in aquaria and will consume

natural (Moore and MacPherson 1965, Greenway 1977, Vadas et

al, 1982) and extruded (Klinger et al. 1986; 1994) diets. These and

other characteristics inake Lytechinus variegatus an excellent can-

didate for aquaculture.

Understanding many aspects of the nutritional and energy re-

quirements of L. variegatus will be essential before culture can

occur successfully in a commercial operation. In the present study.

we report the production of gonads and their proximate composi-

tion in L. variegatus fed two prepared diets in the laboratory.

MATERIALS AND METHODS

Seventy-five adult Lytechinus variegatus (37-64-mm test di-

ameter, 30-1 10 g wet weight) were collected in St. Andrews Bay,

Florida (30°N; 85°W) in October, 1997 and transported to Bir-

mingham, Alabama. Initially, fifteen individuals were blotted,

weighed, and dissected. The stomach and intestine, collectively

considered as the gut, and gonads were removed, blotted, and

weighed, and gut and gonad indices were calculated (tissue wet

weight divided by the total wet weight of the intact individual,

multiplied by 100). Subsamples of the gonadal tissue were frozen

and lyophilized for proximate analysis. The remaining individuals

were maintained in aerated 80-L aquaria (8-10 individuals per

aquaria) containing artificial seawater (32 ppt; Instant Ocean®)

and equipped with undergravel (crushed dolomite) filters at 12:12

L:D and 20 to 22°C.

Thirty individuals were fed one of two prepared diet treatments

(diet 1 or diet 2. Table I ) that were embedded in a 4% agar binder

(25% prepared meal and 75% water) and proffered as a 1 cm^

block for 10 weeks. All individuals were fed daily ad libitum, and

excess food was removed the next day, weighed, and the amount

of food consumed by all individuals in each aquaria was recorded.

Diet I was formulated by Dr. Addison Lawrence (Texas A&M
University) specifically for sea urchins. Diet 2 was formulated by

ourselves and is similar in composition to catfish diets, with the

exception of the addition of alfalfa fiour. At the end of 5 and 10

weeks, fifteen individuals were removed from each diet treatment

and analyzed as described above.

Proximate analyses were performed on lyophilized gonads.

Carbohydrate was determined by the method of Dubois et al.

(1956). Lipid was determined by the method of Freeman et al.

( 1957) and protein was determined by the method of Lowry et al.

(1951).

Significant differences among sexes, treatment groups, and

times were determined for both gut and gonad indices using a
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TABLE 1.

Composition of prepared meal. Constituents are given in

percentages by weight. Feeds consisted of 25% prepared meal in a

4% agar matrix.

Constituent Diet 1 Diet 2

Com
Wheat midds

Soy flour

Alfalfa meal

Fish meal

Feather meal

Kelp meal

Sodium phosphate

Lecithin

Cholesterol

Ethoxyquin

Vitamin C
Vitamin/inineral premix

Potassium sorbate

Beta carotene

Fish oil (menhaden)

Glycerin

Phosphoric acid

24.89

24.89

11.1

12

14

1.33

1

0.3

0.2

0.08

0.2

0.3

0.01

0.7

g

1

10

10

30

29.1

10

10

0.35

0.55

Vitamin/mineral premix consisted of 150 ppm thiamin, 100 ppm ribofla-

vin, 400 ppm niacin, 400 ppm calcium pantothenate, 150 ppm pyridoxine

hyudrochloride, 20 ppm vitamin B-12, 80 ppm folic acid, 20 ppm biotin.

1000 ppm inositol, 100 ppm PABA, 4500 lU/kg vitamin A, 400 lU/kg

vitamin E, 4000 lU/kg vitamin D3, 150 ppm vitamin C. Minerals, mag-

nesium sulfate (12.75 mg), zinc sulfate (0.55 mg), ferrous sulfate (2.5 mg),

copper sulfate (0.0785 mg), ethylenediamine dihydriodide (0.0295 mg).

cobalt sulfate (0.04 mg). sodium selenite ( 1 1 .3 mg), and calcium carbonate

(72.77 mg). The mineral concentrations listed are per kilogram of diet.

nested two-factor analysis of variance (ANOVA) (Minitab; nor-

mality and heteroscedacity were examined before analysis) fol-

lowed by a two-sample Student's r-test. The relation of feeding

time to gonad indices and of carbohydrate levels to the gonad

index was determined by simple linear regression (Sigma Stat:

significance determined at p < .05).

TABLE 2.

Average feeding rates of Lytechinus variegatus fed prepared or

natural diets.

Diet

g wet weight

individual
'

day" Reference

Diet 1
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TABLE 4.

Proximate organic composition of the gonad.s of Lytechinus

variegaliis fed prepared feeds for 10 weeks.

Treatment
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in the sea urchin gonad. Therefore, we suggest that carbohydrate

levels can be altered by diet, and we hypothesize that alterations in

carbohydrate levels may have an impact on taste, an important

factor in sea urchin marketing.

Protein levels increased significantly with feeding and were

highest in those individuals fed diet 2. Major sources of protein

provided by diet 2 included fish meal, feather meal, and soy flour.

The fate of protein assimilated into gonadal tissue has not been

widely investigated and will require further studies. In contrast, the

lack of significant changes in lipid levels suggests that lipids are

not altered in response to diet quality, however, the total amount of

lipid may be altered during growth of the gonadal tissue.

Prepared feeds can be optimized in terms of their composition

and presentation to produce large gonads and to be nonpoUutive

and cost effective, as well. Both feeds in this study contained

practical ingredients that are common in the aquaculture of sea

urchins or other cultured species. However, the combination of

practical ingredients that may result in an optimal feed has not

been fully examined (Klinger et al. 1998). One of the most striking

differences noted in the present study was the color of the gonads

at the end of the study. Individuals fed diet 1 generally produced

gonads that were light in coloration, somewhat translucent, vary-

ing from an ivory white to a pale yellow or orange. Those indi-

viduals fed diet 2 were generally darker in appearance, light

brown, tan, or biege. We conclude that the primary ingredients in

the feeds can influence gonadal color. This trait may be important

when developing sea urchin feeds which can enhance colors for

specific markets. Similarly, Goebel and Barker ( 1998) found that

some dietary ingredients (carotenoids) can influence gonad color.

In every major sea urchin fishery, populations have or are

declining so that sustainable fisheries are unlikely. Inevitably, mar-

ket demand will require the development of aquacultural practices

that can supplement declining fisheries. To this end. environmen-

tally and economically sound aquaculture practices can provide

quality roe in sustainable yields. The potential for land-based in-

tensive culture of sea urchins is being investigated (Birais and Le

Gall 1986, Leighton 1995, de Jong-Westman et al. 1995. Fernan-

dez et al. 1995. Fernandez 1996, McBride et al. 1997). We believe

that Lytechinus variegatus has certain life history traits that indi-

cate it is a very good candidate for aquaculture (Lawrence and

Bazhin 1998). Future studies will consider optimization of roe

production, the development of rearing techniques for larvae and

juveniles, and the development of commercial-scale culture tech-

nologies.
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ABSTRACT It is more than a decade since there was an attempt to revieu sea urchin harvests and the status of sea urchin fisheries

around the world. Much ol this information resides in gray literature and unpublished reports, some of which are difficult to access.

For many countries, only export figures are available, leaving uncertainty over total harvests and domestic consumption. Present world

production is around 1 17,000 tonnes, most of which is imported into Japan, where local production has declined, and there are now

attempts for this to be supported by stock enhancement methods. The world's major producers of sea urchins are the United States,

Chile, and Japan. Catches of .sea urchins in these and inost other producing countries are declining or have reached their peak. Although

several countries have undere.xploited sea urchin resources, these are insignificant in terms of world demand. The only countries with

significant potential for expansion of sea urchin fisheries are perhaps the Russian Federation, Canada, and the two Koreas, but

information from some of these regions is sparse, and there are a range of obstacles to sustainable and cost-effective exploitation. Given

the general decline in fisheries in inajor producing countries and the continued strong demand for sea urchin roe. there are emerging

opportunities for sea urchin aquaculture and roe enhancement in many countries.

KEY WORDS: Sea urchin, fishery, review, aquaculture. production, imports, exports

INTRODUCTION

It is more than a decade since there was an attempt to review

sea urchin harvests and the status of sea urchin fisheries worldwide

(see Sloan 1985). Although there is a wealth of published infor-

mation on the biol.ogy and ecology of sea urchins around the

world, much information on sea urchin fisheries resides in gray

literature and unpublished reports, some of which is difficult to

access.

There are a number of reasons why an up-to-date world situa-

tion report is pertinent at this liine. Wild sea urchin slocks are a

limited resource, and at the time of Sloan's ( 198?) review, many
were in decline as a result of overharvesting. This has lead to

exploration and opening up of new fishing grounds, and some new

fisheries have developed and declined even in the time since the

review of Sloan (198.?). Because most harvested sea urchins are

destined for the Japanese markets (Hagen 1996), where demand

continues to expand, the development of many of the world's sea

urchin fisheries has been driven in response to changing economic

circumstances and declines in other countries. Often the result is

that jurisdictions are not well prepared to manage the new fisheries

as they develop. Other countries are developing their fisheries in

response to perceived market demands without a proper under-

standing of the situation in other countries. As fisheries woridwide

have declined, sea urchin aquaculture has become highly topical

(Parsons 1997) and is developing in those countries that have seen

a decline in their wild stocks. Much of this development is occur-

ring in the absence of information about the status of wild stock

fisheries in a global sense, despite the economic feasibility of sea

urchin aquaculture being largely dependent on sufficient wild

stocks being no longer available. It is hoped this paper can con-

tribute to a greater understanding of the over-all situation of sea

urchin fisheries around the world and be an important reference for

charting future trends and developments in sea urchin fisheries and

aquaculture.

This paper attempts to record the different species of sea ur-

chins being commercially exploited around the world, document

the volume and value of production in each country, and provide

an overview of the status of as many of these fisheries. A range of

information sources were used to assemble the review, including

the traditional primary literature, gray literature, including work-

shop proceedings and internet sources, together with a number of

personal contacts and communication.

Species of Exploited Sea Urchins

Table I provides an overview of the world's echinoid fisheries

by country, region, and species. Where possible, the production in

metric tonnes whole weight for 1995 is also given, but the table

excludes harvests of sea urchins for ornamental puiposes. about

which there is little recorded information. Table 1 shows that there

are at least 16 species of sea urchins harvested for food worldwide,

with a total production of about 1 17.000 tonnes. The inajor species

taken are those in the three big producing countries of Chile {Lt>.\-

echinus albiis). Japan (Strongylocentrotus intermedius, S. nudus).

and the United Slates of America iStroiigrloceiUrotiis fraiicisca-

nus. S. droehachicnsis).

Patterns of Production in World Sea Urchin Fisheries

This section of the paper provides a description of the available

information on trends in world sea urchin fisheries production by

country or region followed by a brief account of the status of each

fishery.

CHILE AND PERU

Chile is now the world's largest producer of sea urchins {Lox-

echiniis alhiis). with landings of 54.609 tonnes in 1995 (FAO
1995). Production has increased rapidly since 1990. following de-

clining catches in the late 1980s (Fig. 1). A review of the Chilean

sea urchin fishery in 1992 pointed to overfishing and the impacts

of the 1982 El Nino event as the cause of the then declining

catches (Vasquez and Guisado 1992). Examination of the spatial

trends in sea urchin harvest in Chile show this recent expansion in

the fishery is a product of new grounds being opened up rather

than through recovery of traditional fishing areas. Historically, sea

urchin fishing was concentrated on the southern Chilean coast
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TABLE 1.

World sea urchin landings in metric tonnes fresli weiglit by region, country, and species. Unless otherwise stated, source is 1995 figures

from FAO(1995).

Region Species Country ( State 1 Production (t)

NW Atlantic

NE Pacific

Japanese Islands

South America

Korean Peninsula

South East Asia

South Pacific

Caribbean

Northern Europe

Southern Europe

North Africa

Total world sea urchin production

Strongylocentrotus droebachiensis (green)

Sirongylocentrolus fraiwiscaiuis ( red )

S. purpurauis (purple)

5. droebachiensis

S. franciscanus

S. droebachiensis

S. franciscanus

S. intemwdius

S. nudus

Tripneiistes gratilta

Pseudocenlrolus depressus

S. pulcherrimus

Anthocidaris crassispina

Loxechinus albus

Anthocidaris crassispina

Heliocidaris erythrogramma

Strongylocentrotus rodgersii

Evechinus chloroticus

Tripneusles gratilla

Tripneusles rentricosus

Strongylocentrotus droebachiensis

S. intermedins

S. nudus

S. polyacanthus

Paracenlrotus lividus

USA (Maine)"
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Figure 1. Twenty-year catch trend for the six major sea urchin pro-

ducing countries: Japan, Chile, U.S.A. , Korean Republic, Russian Fed-

eration, and Canada. Data from Sonu (1995), FAO (19951.

imports of Peruvian sea urchin products were 89 tonnes in 1996

(Table 2).

AUSTRALIA, NEW ZEALAND, AND SOUTH PACIFIC

Australia and New Zealand have largely unexploited sea urchin

fisheries as a result of variable quality of product and marginal

economics of harvest. Total Australian production in 1993 was just

92 tonnes of Heliocidahs erythrognunma and 1 tonne of Slrongy-

locentrotiis rodgersii (Keesing unpublished). New Zealand pro-

duced 804 tonnes of Evechinus chloroticus in 1995 (FAO 1995).

Although there exists potential for expansion of both the Austra-

lian (Sanderson 1996) and New Zealand (McShane and Naylor

1991. McShane et. al 1994) sea urchin fisheries, neither are likely

to become major producers. FAO ( 1995) report small catches of

sea urchins from Fiji and Cook Islands (Table 1) but little is known

of these fisheries.

CANADA AND UNITED STATES OF AMERICA

(NVV ATLANTIC I

With the exception of the state of Maine, the eastern coast of

the United States produces very little by way of sea urchin harvests

(Table 1). Sea urchin (Strongylocentrotus droebachiensis) harvests

in Maine increased rapidly from just 653 tonnes in 1987 to a peak

of 19.115 tonnes in 1993. By 1995. catches had declined to less

than 16,000 tonnes, with the most recent figures available (1997)

showing a catch of 1 1,458 tonnes (Fig. 3). Preliminary figures for

1997 suggest a further decline to around 8.400 tonnes in 1997

(pers. comm.. Ted Creaser. Maine Department of Marine Re-

sources. W. Boothbay Harbor. Maine. U.S.A.). The pattern of

60,000 T
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TABLE 2.

Summary of Japanese imports of sea urchins by country.
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Alaska

Oregon

Washington

B British Columbia

G California

" 74 76 78 80 82 84 86 88 90 92 94 96
Year

Figure 4. Recent sea urchin catch histiir> for the Pacific coasts of the

USA and Canada. Source: PSMFC (1997).

ating between 4.500 tonnes in 1989 to a low of 2.000 tonnes from

1991 to 1993. We could find no other reports to shed light on the

status of the Mexican fishery.

JAPAN

Japan is the world's largest consumer of sea urchins and sea

urchin products, importing 6,200 tonnes worth U.S. $243 million

in 1996. Up until 1984, Japan was also the world's largest pro-

ducer (see Fig. 1). Slrongylocentroliis intennediiis and S. nitdiis

make up about 80% of Japanese sea urchin harvests from Hok-

kaido and northern Honshu, and species fished in the southern

regions of Japan are S. pulcherrimus. Anthocidaris crassispina,

Pseudocentrotus deprcssiis. and Tripiwiisles gratilla (Sonu 1995).

Annual production in Japan in 1995 was 13.735 tonnes (FAO

1995). which has declined from a peak of 27,528 tonnes in 1969

(Sonu 1995. Hagen 1996). Since that time, catches fluctuated be-

tween 27,000 and 23.000 tonnes right up to 1987. when it began to

decline gradually falling below 20.000 in 1990. The biggest de-

clines have been in the major producing areas of Hokkaido and the

East China Sea (Fig. 5). These areas comprised 60 to 70% of all

Japan catches since 1984. but since thai time catches have fallen by

8.600 tonnes or 51%. Maps and descriptions of the eight fishing

zones in Japan, and a breakdown of individual catches can be

found in Saito (1992a) and Sonu (1995).

The cause of the decline in Japan sea urchin catches are not

entirely understood and most texts (e.g.. Saito 1992a. Sonu 1995.

Hagen 1996) seem reluctant to suggest overfishing, but recruit-

ment has clearly declined either as a result of overfishing, habitat

degradation, disease, or most likely, a combination of these.

Declines in catches have lead to extensive restocking of cul-

tured sea urchins in Japan. An excellent account of this is given in

Saito (1992b). As yet, the benefits of restocking are not evident

(Sonu 1995, Hagen 1996). Despite seedstock releases increasing

from 8 million seed to 60 million seed between 1986 and 1992

(Saito 1992b. Hagen 1996), Japanese sea urchin catches continue

to decline.

KOREAN PENINSULA

Little information is available on the North Korean sea urchin

fishery other than the estimates that appear in the annual FAO
statistics and Japanese import figures. Production in 1995 was

estimated at 150 tonnes (FAO 1995), although Japanese import

figures from as recently as 1994 show imports of 597 tonnes of

frozen, dried, and salted sea urchin products from North Korea.

There has been negligible imports of fresh sea urchin products

from North Korea since 1987 (252 tonnes) with a clear shift to the

preserved products (Sonu 1995).

Seto Inland Sea

Sea of Japan

East China Sea

[J Pacific Ocean

.] Hokkaido

Figure 5. Annual production figures for Japan by region from 1984 to

1993. Data from Sonu (1995).

South Korean production of sea urchins was stable at 3,000 to

4,000 tonnes between 1990 and 1994 according to Voboril and

Choi (1995). FAO (1995) figures show total production of echi-

noderms in 1995 was 3.707 tonnes having steadily declined from

a peak of 7.785 tonnes in 1986. It can probably be concluded most

of this was sea urchins given Japanese imports of sea urchin prod-

ucts in 1996 was 603 tonnes (Table 2).

Little infonnation is available from either North or South Korea

on the status of sea urchin stocks or whether any scope exists for

expansion of these fisheries, and this cannot be ruled out.

CHINA, VIETNAM, AND THE PHILIPPINES

FAO (1995) statistics show mode.st harvests of sea urchins

from China, Taiwan, Vietnam, and The Philippines (Table 1 ).

although no other details are available.

THE CARRIBEAN AND THE GULF OF MEXICO

In 1986. Scheibling and Mladenov (1987) collected an oral

history of the Barbados sea urchin fishery for Tripneusles ventri-

cosus. At that time, they reported the fishery to have collapsed

essentially to the point where urchins were rare or absent on tra-

ditional fishing grounds. Scheibling and Mladenov (1987) noted

that no quantitative information was collected on landings at that

time, but their research indicated that catches had declined from

about 1 .200 urchins per day to 140 per day over the decade leading

up to their study. More recently Vermeeret al. ( 1994) reported that

the annual harvest of sea urchins in Barbados was about 6,000,000

per annum with about 220 fisherman collecting sea urchins. Based

on the assumption that the length of the fishing sea.son and number

of fishers was unchanged since Scheibling and Mladenov' s study,

catch rates would seem to have been reduced by a further 20%

between the two studies. Sea urchins are fished in other parts of the

Caribbean with FAO (1995) statistics showing small catches from

Martinique and Grenada; however, the present status of production

levels or stock abundance is not known.

Although there are no reports of commercial harvests of sea

urchins from the Gulf of Mexico, Watts et al. (1998) report that

significant sea urchin (Lytechiiuis variegatus) resources exist in

this area offering the potential for commercial harvest and aqua-

culture.

NORTHERN EUROPE

Reid and Ovichinnikov (1995) reported that the latest reliable

figures for Russia were from 1 992 and 1 993 when production of

total echinoderms was 5,900 and 2,500 tonnes whole weight, re-

spectively. These figures relate to the whole of the Russian Fed-
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eration. FAO (1995) report catches of 2,344 tonnes in 1995. A
breakdown of the catches in different geographic ai'eas by species

is difficult to obtain, because formal statistics are not collected in

many areas. Table 3 has been collated from information kindly

provided by Valery Levin (Kamchatka Research Institute of Fish-

eries and Oceanography, ul. Naberezhnaya 18, Petropavlovsk-

Kamchatskii, Russia). Levin also cited a Russian publication by

Sennikov and Matyuschkin (1994) as reporting that there is about

7,100 tonnes of useable stock of Strongylocentrotiis droebachien-

sis in the Barents Sea region near Murmansk. Reports by

Gavrilova (1998a) (1998b) record a harvestable stock of 500

tonnes of S. nudiis in the very south of Russia in Peter the Great

Bay (zaiev Petra Velikogo). Levin noted that current catches in the

Barents Sea are negligible, and as with most other areas of Russia,

much of the fluctuation and low catches is attributable to the

marginal economics of exporting the product into Japan, particu-

larly when the logistics of transport from remote areas is taken into

account. Less than 0.4 tonnes of sea urchins was imported into

Japan from Russia in 1996 (Table 2).

FAO (1995) show a record of sea urchin production in Norway
and Iceland (Table 1 ), but no other details of these fisheries are

known.

SOUTHERN EUROPE. THE MEDITERANEAN. AND
NORTH AFRICA

Hagen (1996) reports that with an annual consumption of about

1 .000 tonnes, that France is the second largest consumer nation of

sea urchins after Japan. Production statistics show a 1995 harvest

of only 79 tonnes of Paracentrotus lividus. although over 400

tonnes were harvested in 1992 (FAO 1995) and Sloan (1985)

reports that P. lividus is harvested in southwest Ireland and ex-

ported to France. P. lividus is harvested on both the Brittany and

Mediterranean coasts of France as well as in Spain, Portugal.

Malta. Italy, and Egypt (see detailed discussion in Sloan 1985).

Sloan (1985) reviews research work undertaken in the 1970s on

the French Brittany coast fishery for P. lividus. which indicated

overfishing had caused declined of stocks. Similar statements are

made about the fishery in Mediterranean coasts but there is little

recent information available (Sloan 1985). Moylan et al. (1998)

discuss the origins of the Irish fishery for P. lividus. noting that it

developed quickly following the collapse of the Britanny coast

fishery in France, peaking at just 350 tonnes in 1976. and since

1984. the fishery has not exceeded 105 tonnes. Again overfishing

and unregulated access is regarded as having been responsible for

the decline of the P. lividus fishery in Ireland (Byrne 1990, Moylan
et al. 1998) The lack of recent reports on the status of sea urchin

fisheries in the Mediterranean suggest they are at least fully ex-

ploited, if not overexploited. and most catches are destined for

domesfic markets. There have, however, been a range of aquacul-

ture related studies on P. lividus in countries such as France and

Ireland (e.g.. Grosjean et al. 1998, Moylan et al. 1998, Spirlet et al.

1998) consistent with a worldwide trend to attempt to meet the

continued demand for sea urchins through aquaculture following

decline of wild capture fisheries. Recently, also, attempts have

been made to establish a polyculture (with Atlantic Salmon) in-

dustry in Ireland based on enhancement of roe in Psammechinus

iiiiliciris (Kelly 1998); however, there is no commercial fishery for

the species at the present time in Ireland.

DISCUSSION

Sloan's (1985) review put world sea urchin harvest at 48,000

tonnes in 1982. Since that time, production has more than doubled,

mainly through expansion of the Chilean, Canadian, Califomian,

and Maine sea urchin fisheries. Also since that time, sea urchin

fisheries in California, Maine, and parts of Chile have built up and

then begun to decline, or as in the case of Japan and Europe,

continued to decline. Despite these trends, demand for sea urchin

products remains high, with Japanese imports alone worth in ex-

cess of U.S. $240 million.

The outlook for the world's sea urchins fisheries is not opti-

mistic, given its recent history. With the United States providing

over 50% of Japanese imports of sea urchins, declines in the Cali-

fomian and Maine catches are likely to have a significant impact

on the world market for sea urchins. It is not known how long the

world's largest producer, Chile, can maintain such high levels of

catch. Eventually, as newly discovered stocks are fished down,

catches will inevitably fall and either stabilize or decline. Although

the potential still exists for some expansion in sea urchin harvests

in northern Europe. Canada, Russian Federation, and Korea, it

TABLE 3.

Sunimarv of available information on recent catches (t) from areas of the Russian Federation.

Region

Kamchatka

Sakhalin and

South Kuril Islands Japan Sea Japan Sea Barents Sea (Murmansk)

Species

Year S. polyacanthus S. intermedins S. intermedius S. iiudus S. droebachiensis

iw:
1993

1994

1995

1996

1997

3

60

47

56

47

1

1,066

1 .373

1.205

1.115

ISO'" 10-12'

130

0"

Source: various compiled by Valery Levin. Kamchatka Research Institute of Fisheries and Oceanography, ul. Naberezhnaya IS. Petropavlovsk-

Kamchatskii. 683600. Russia.
"

Approx average.
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remains to be seen whether these will be significant. Even where

underexploited resources exist, there may be logistical (e.g. Rus-

sia) or roe quality problems (e.g. Australia), which will preclude

any significant impact (in the world market, at least in the short

term.

In the face of wild capture fishery declines around the world,

aquaculture has been touted as the panacea. Hagen ( 1996) reported

on the increase in interest in sea urchin aquaculture to meet con-

tinued deinand and create new commercial opportunities. A range

of research activities have been taken in the areas of larviculture,

culture system development, as well as roe enhancement and feed

development (Parsons, 1997, Lawrence et al. 1997, Grosjean et al.

1998, McBride et al. 1998, Spirlet et al. 1998). Sea urchin aqua-

culture is. however, in its infancy and remains fertile ground for

research to overcome a range of bottlenecks and obstacles to cost-

effective commercial production of significant volumes. The con-

tinued decline of wild capture sea urchin fisheries is likely to lead

to a shortage of supply (particularl) of high-quality product) and

demand creating significant price incentives to fuel expansion in

sea urchin aquaculture. In the absence of complete certainty about

the number of sea urchin fisheries that will be sustainable in the

long term and new ones that may develop, it seems prudent for sea

urchin aquaculture to address roe enhancement as both cost-

effective aquaculture and a tool to aid wild fishery sustainability

through value adding of declining outputs through increasing qual-

ity.
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The National CeiiWr For Quality Sitpervisioii and Test of Aquatic Products

P. R. China

Qiufidao. P. R. China 266071

ABSTRACT This paper describes the fishery environment that affects shellfish production in China. It also provides a bnef review

of regulations governing shellfish safety and .sanitary inspection in China in recent years.

KEY WORDS: Shellfish, red tide, safety

SHELLFISH SAFETY AS INFLUENCED BY RED TIDE Regulatory Legislation

With coastal waters becoming increasingly polluted, the luim-

bers of red tides in China has increased significantly. According to

statistical records, red tides occurred three times before the 1970s,

nine times in the 1970s, and 29 times in the 1980s. Since 1990. red

tides have increased rapidly, with 35 events in 1990, 40 events in

1991, and 50 in 1992. Red tides may cause huge economic losses.

In 1989. a red tide on the Bohai Sea Coast, resulted in many fish,

shellfish, and shrimp deaths. The total loss amounted to 300 mil-

lion yuan (RMB). In 1986, at Dongshan Country. Fujian Province.

many people were affected by paralytic shellfish poisoning (PSP)

after eating the Venenipis plulippiinuum in a red tide event. In this

event, one person died, and 59 of 136 people hospitalized were

seriously affected. Gymnodinium sp. was the major causative or-

ganism of this PSP event. Among the 30 genus and 100 phy-

toplankton species in the China sea. 1 2 species are related to

harmful algal blooms (Table I).

SHELLFISH PRODUCTIVITY IN CHINA

The shellfish fishery is the major product of seawater aquacul-
ture in China. Its economic value is only slightly lower than that of

the catch fishery. Recently, scallops and those species listed in

Table 2 have increased outputs. The productivity of cultivated

shellfish is shown in Tables 2—4-.

Marine Environment Regulations Pertaining to Shellfish Safety

Fisheries Law of Peoples" Republic (PR) China;

Environment Protection Law of PR China;

Marine Environment Protection Law of PR China;

Marine Waste Pouring Management Regulation of PR China;

Prevent and Treat Land Pollutants Polluting and Damaging Marine

Environment Management Regulation of PR China;

Prevent and Treat Seashore Engineering Construction Project Pol-

lutant and Damaging Marine Environment Management Regu-
lation of PR China, among these, article 7 in Environmental

Protection Law and Article 5 in Fisheries Law. provide that

fishery service and fishing port supervision and administration

agencies should be responsible for supervising waste drainage

of ships in fishing ports and monitoring sea water areas of

fishery ports areas.

Fishery Bureau

The Fishery Bureau in The Ministry of Agriculture has been

establishing "Shellfish Safety and Quality Administration Regula-

tion." to be published in 1998. Its text is divided into the five

following parts.

Chapter 1. General.

REGULATORY MEASURES ON SHELLFISH SAFETY

Safe and sanitary inspection of shellfish products has caught
much attention by the general public as well as the regulatory

authorities in recent years. After the events of "Area subcreiuite

poisoning accident of Shanghai" in 1980s and the shellfish poi-

soning accident in Fujian province in 1986. government depart-

ments have strengthened their management over transportation and

distribution of shellfish. Consumers have been warned not to eat

uncooked shellfish (especially Area suherenate).

Because of increasing shellfish poisoning woridwide. China

has given increased scrutiny to shellfish safety and has imple-
mented a series of regulations to test for shellfish poisons at the

cultivated water, cultured shellfish, and marketed shellfish venues

to ensure the safety of shellfish consumption. Because shellfish

export from China has increased in the past decade, the Chinese

government has also strengthened monitoring and administrative

programs to fishery environments to reduce marine environment

pollution.

TABLE 1.

Harmful algal species and their affected areas in China
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TABLE 2.

Shellfish type and major culture sea area
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TABLE 4.

The cultured shellfish at every sea area from 1993 to 1996 (ton)

TABLE 5.

The chief Items In marine water and food standard

Shellfish Year

^'ello^^ Sea,

Bohai Sea

East

China Sea

South

China Sea

Standard Code Name of Standard Items Content

Scallop
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ASSESSMENT OF PAPHIA UNDULATA IN NEGROS OCCIDENTAL/GUIMARAS
STRAIT WATERS

E. V. AGASEN, C. M. del MUNDO, AND G. O. MATIAS
Fisheries Resources Research Division

Bureau of Fisheries and Aquatic Resources

Quezon City, Philippines

ABSTRACT This survey was undertaken from March 1996 to February 1997 to determine the status of the stock and some aspects
of the biology of Pcifhia umUilata in Hmigaran, Negros Occidental/Guiniaras Strait waters. Paphici wuMala was observed throughout
the year, and highest stock density of 29 ind/in- was observed in May. followed thereafter by April. 27 ind/nr. Samples of P. undulula
measured has shell length rangmg from 34.00 to 78.00 mm and a mean of 57.65 mm. Length frequency data analysis showed the

following growth parameters: Loo = 81.50 mm SL, K =
(growth constant) L2"'. It attains se.xual maturity between 40.0 to 50.00 mm

SL and has a life span of more than 2 years. Fishing mortality and exploitation rate has a relatively high value, indicating that the stock

of Paphia undulala in the area is overexploited.

KEY WORDS: Stock assessment, biology. P. undulala

INTRODUCTION

Paphia undidata (Bom), known in Negros Occidental as "ny-
lon shell" and "badoy" in Sorsogon area, is a commercially im-

portant bivalve species in the Philippines. Aside from domestic

consumption, its meat is semiprocessed as a chilled and/or frozen

and has been exported at a rapidly increasing rate for the last 10

years. To meet increasing demand of the export market, heavy

exploitation of the resource by "capandra" fishermen may lead to

stock depletion. It was reported by Del Mundo et al. (1992) that,

in early 1987. an average of 50 tons were gathered daily in Sor-

sogon Bay, and gathering ceased when the catch declined in mid-

1987 and flourished again in April 1988.

Assessment studies are very important for wise utilization and

proper management of this commercially important shellfish lo

attain sustainable production of P. undulala. Baseline information

on the relative abundance and biology are vital inputs in develop-

ing culture methods to increase production. Today, research works

on bivalves in the Philippines are very limited. These include the

research of Rusell (1979) on the biology and ecology of Placuna

placenta: Rusell (1984) on the mariculture aspect of kapis; Fortes

(1993) on the fishery, biology, and inanagement of economically

important shellfish in selected coastal waters of Panay and Negros
Islands; and Labe et al. (unpublished report) on the abundance and

biology of kapis shell in San Miguel Bay. Available literature on

P. undulala was only a part of the research undertaken on the

commercially important marine bivalves of Sorsogon Bay (Del

Mundo et al. 1992).

In Thailand. P. undulala had been studied by several fisheries

biologists. Bunsopit et al. (1983) and Touychareon and Ben-

chamam (1984) reported on the gonadal development and popu-
lation distributions of P. undulala. and Pongthana (1990) on the

breeding and rearing of this valuable bivalve. This paper presents
the status of the stock and some aspects of the biology of Paphia
undulala in Hinigaran. Negros Occidental/Guimaras Strait waters.

MATERIALS AND METHODS

Sampling Methodology

Relative Abundance and Production

The sampling area is Hinigaran. Negros Occidental Guimaras
Strait waters, bounded by longitude 122'47.5'E and 122°49.5'E

and latitude IO"15.5'N and lO^L^.O'N. It has an approximate area

of 2 1 square km, with water depth ranging from 7 lo 14 m (Fig. 1 ).

Monthly sampling and landing observations were undertaken. Data

on catch composition, total weight and number of catch, actual

fishing time, and fishing area were gathered.

Three (3) stations were established in the bivalve shell bed:

station 1 has a water depth of about 9.0 to 10.0 m, station II. 1 1.0

to 12.0 m; and station III. 13.0 to 14.0 m. A "capandra" fisherman

using a compressor was hired to assist the researchers in data

gathering. The abundance of P. undulala was estimated using

quadrat method. An improvised quadrat. 1 x 1 m was laid on the

nylon shell beds three (3) limes in each station. All shells located

within the quadrat were collected. They were counted, and samples
were brought to the station for biological studies.

For the land-based data, observations were conducted of one

shellfish buyer in the area, and the data recorded were catch per
boat and fishing effort. Monthly production was taken from the

record of the Fisheries Section, Municipal Agriculture Office, De-

partment of Agriculture (DA). Hinigaran. Negros Occidental.

Biological Data

Shell length was the standard measurement used in length

analysis. A total of 4.160 were sampled throughout the survey,
their shell length (SL) were measured in millimeters using a Ver-

nier caliper, and grouped in 2 mm length class and used in the

analysis of population parameters.

Data Analysis

Estimate of Abundance

The abundance of P. undidata is expressed as number of indi-

vidual per square meter (no./sq. m). and the formula used was:

Abundance (no/sq.m) =

Total number shells

Area (sq.m)

Analysis of (Jrowth Parameters, Rate of Exploitation and

Recruitment Pattern

The FAO-ICLARM Stock Assessment Tools (FiSAT) was

used in the analysis of length frequency data to estimate growth,

1613



1614 Agasen et al.

ILOILO CITY

Tigbuauon

3 p
A ^ I Pon tevedro

9 6.

Hinigaran

Binolbogan

r/,.HlmamaylQn

Don j u gan I.

Figure 1. The sur\ey area of Paphia undulata in Hinigaran, Negros Occidental. March 1996 to February 1997.

mortality, rate of exploitation, and recnutment pattern. The Pow-

ell-Wetherall Plot Method (Powell 1979. Wetherall 1986) was

used to estimate the initial value of L oo used in the K-scan routine

of the ELEFAN 1 method. The combination of L oo and K-values

with the highest goodness-of-fit was used. The expected shell

length and growth increments of P. undulata were obtained using

the ELEFAN 1 -output routine. Using the estimates of growth pa-

rameters, the total mortality (Z), natural mortality (M), fishing

mortality (F), and rate of exploitation were computed using the

length-converted catch curve, seasonal recruitment was computed

using the recruitment pattern.

RESULTS AND DISCUSSION

Relative Abundance

Paphia iindiilala was observed throughout the survey period

(March 1996 to February 1997). and highest stock density was

observed in May 29 ind/m'; followed by April 27 ind/m". The

lowest, at 3 ind/m~, was recorded in December. An abrupt decrease

was noted in June and continued declining until February 1997

(Fig. 2). The average stoclc density of P. ttiuliilata in the area is

about 5.000 MT.

Decline in catch rates from July 1996 to February 1997 may be

attributable to the high fishing effort employed in gathering "'nylon

shell" in the area. During the first 3 months of the survey, there

were about 200 units of fishing boats (with compressors) gathering

this valuable marine bivalve with 3 to 4 divers per boat. The

number has decreased to about 100 units from June to August, up

to about 10 units in February because of minimal catch.

Higher values of catch rate were also observed in May and

April. 215 kg/boat and 203 kg/boat, respectively; and January had

the least. 51 kg/boat (Fig. 3). Based upon landing data obtained

from the Department of Agriculture (DA) Municipal Office. Hini-

garan, the highest total production was observed in April at 200.6

MT. followed by March and May. 185.3 MT and 178.4 MT. re-

spectively. The lowest production, about 10.0 MT. was recorded in

February 1997. Average monthly production during the peak sea-

son (March to May) was about 180.14 MT/month, and 88 MT/

month for the rest of the survey period.

Biology

The smallest recorded sample was 34.0 mm shell length (SL).

which was recorded in March and May to July; whereas, the larg-
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Figure 2. Monthly cstiniated stock density (ii/sq. m) of P. undulata

stocks in Tagda, Hinigaran. Negros Occidental/Guimaras Strait wa-

ters, March 1996 to February 1997.

est sample, with a shell length of 78.0 mm, was noted in August
and November. Mean shell length of the pooled samples was 57.65

mm (Fig. 4). In Sorsogon Bay (1990) the minimum size of P.

muhilala measured was 22.0 mm. but the biggest sample was also

78.00 mm SL. Abott (1989) reported that P. imdidata in Australia

has a shell length of 75.00 mm.
As shown in Fig. 5, February samples have the greatest mean

shell width (63.50 mm), which was followed by January (61.20

mm): and April, with the smallest (51.30 mm). .Shell length analy-

sis of P. undulala in the area showed the following population

parameters: Loo = 81.50 min SL. K (growth constant) = 1.2"'

year (Fig. 6). Based upon the growth curve, it seems that P. un-

dulata has a life span of more than 2.0 years.

Pongthana ( 1990) reported that mature P. undulata have shell

length of 40.0 to 50.0 mm. As shown in Fig. 7. the smallest

expected shell length of P. undulata was 5.(J6 mm. Higher growth

Mar Apr May Jun Aug Sep Oct Nov

MONTH

-«- Ave. Calcfi kg\b ^^ P'o<'ucton In ml

Figure 3. Average catch per boat (kg/boat) based on land-based data,

and monthly production of /'. undulala from the Municipal .Agricul-

tural Office (M.\0), Hinigaran, Negros Occidental/fluiniaras Strait

waters, March 1996 to February 1997.

Figure 4. Shell length frequency t pooled samples) of/", undulala gath-

ered in Tagda, Hinigaran, Negros Occidental/Guimaras Strait waters,

March 1996 to February 1997.

rate was noted before the shells reached their se.xual maturity at

about 7 months, and has declined as they age. As shown in Figure

8. recruitment patterns suggest that there is only one main pulse of

annual recruitment, and this could be supported by the results of

the catch rate analysis, where P. undulata show only one major

peak.

Based upon the results of Pongthana (1990). 1- and 3-month-

old P. undulata from breeding experiments have shell length of 2.4

and 10.0 mm. respectively. Therefore, it is possible that the small-

est expected sample from this survey, 5.06 mm shell length, is

about 2 months old, and spawning took place in September. Based

upon this result, it seems that the peak of spawning of P. undulata

in Hinigaran. Negros Occidental, is almost similar to stocks in

other countries. In Klong Dan. Samut Prakam Province (Thailand),

peak season of natural spawning of P. undulata was observed in

August and November (Pongthana 1990).

Mortality and Exploitation Rate

As shown in Figure 9, fishing mortality and exploitation rates

are relatively high, indicating a high level of exploitation, and this

may be attributable to maxiinum exploitation of the resource.

63;
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Figure 9. Tht catch cur>e of P. undulata. total mortality (Z) = 6.22.

natural mortality (Ml = 2.89, Tishing mortality (Fl = 3.33, and exploi-

tation rate (E) = 0.54.

(2) Establishment of fish sanctuary.

(3) Strict implementation of fishery rules and regulations, such

as the operation of minitrawl using fine mesh net and com-

mercial trawlers in municipal waters

(4) The local government should coordinate with the Depart-

ment of Environment and Natural Resources (DENR) to

determine the extent of water pollution, and antipollution

laws should be strictly implemented. Forest regulations

should also be strictly enforced to prevent soil erosion that

may cause siltation.

(5) To meet the increasing demand of P. muhdata and to pre-

vent overexploitation of the wild stock, the Aquaculture

Division of this bureau, and the Fisheries Section, Depart-

ment of Agriculture, Negros Occidental should propose a

project on breeding and aquaculture.

Figure 10. Close-up \iew of I'aphia undulata (Born 1778) gathered

from Hinigaran. Negros Occidental. Taxonomic classification: Class:

Bivalvia; Order: Veneroida: Superfamily: Veneracea; Family: Ven-

eridae; Genus: Paphia; Species: undulata; Scientific Name: Paphia

undulata (Born 1778).
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ABSTRACT Cell density of Pynithiiiiiiii hiiliainen.se var. compressum, a paralytic shellfish poisoning (PSP) causative organism and

toxicity of Penui viiiilis off Bataan (Manila Bay. Philippines) during 1994 to 1997 were monitored based mainly on the samplings
conducted by the Bataan Red Tide Testing Center. Maximum Pyrodinium cell counts were observed during the months of June to

August (1994-1996) and minimum during the colder months of November to February (1994-1996). The toxicity of green mussels.

Pema viridis, as determined by mouse bioassay was highest during the months of June and July (1994-1996) and lowest during
November to February of the same years. From January to October 1997. there was no Pyrodmuim bloom and. consequently, no

shellfish toxicity.

INTRODUCTION

Pyrodinium hahamense var. compressum has been the major
causative organism of toxic red tides in the Philippines and some

other countries in the Indo-Pacific areas (Corrales and Maclean

1995). Aside from health risks caused by consumption of contami-

nated shellfish, economic dislocation primarily from loss of live-

lihood has been experienced by people, especially those in shell-

fish industry. Moreover, the "red tide scare" could cause further

losses of income to fishermen, because fish, crustaceans, and other

mollusks could not be marketed during red tide sea.sons.

In Bataan. shellfish, pailicularly green mussels, are both grown
and harvested from the wild. Shellfish growers from the east side

of Manila Bay. such as Navotas and Paranaque. usually get their

spats or juvenile shellfish from Bataan. A Bataan Red Tide Testing

Center (BRTTC) was established in 1993 in line with the national

government's effort to conduct monitoring activities at affected

sites. Considering the limited resources and available trained man-

power, the BRTTC was established by the Department of Science

and Technology (DOST) on the campus of Bataan School of Fish-

eries (BSF) in Orion. Bataan.

The establishment of the BRTTC became imperative with the

yearly occurrence of toxic red tides in several coastal areas in

Manila Bay. particularly in Bataan. The time lag from generating

data through the monitoring activities of the Center to giving ad-

vice to the consuming public has been shortened, thus, information

dissemination has been facilitated.

MATERIALS AND METHODS

Regular sampling was done in the BRTTC sampling stations;

namely, Capunitan and Puting Buhangin in Orion; Bo. Luz. Bataan

Refining Corporation (BRC) and Planters in Limay. Bataan

(Fig. 1).

Plankton samples were taken by vertical net towing, and green
mussels were collected in the five stations froin January 1994 to

October 1997. The samples were then brought to the Center for

analyses.

Green mussels were processed and analyzed for paralytic shell-

fish poisoning (PSP) toxin level using the standard mouse bioassay

procedure (AOAC 19841. Pyrodinium cell density was estimated

using a Sedgwick Rafter Counter with the modified formula of

Guillard (1972).

RESULTS AND DISCUSSION

Statistical analyses (ANOVA with three sources of variation)

show that cell density of Pyrodinium hahamense var. compressum
and monthly averages of Periia viridis toxicity did not vary sig-

nificantly with sampling stations.

Using Duncan's Multiple Range Test, the 1995 Pyrodinium
bloom was found to be significantly higher than 1994 and 1996

blooms. The major peaks of the bloom occurred in the months of

June and July. Highest Pyrodinium cell counts were found during
the months of June to August, and the lowest concentrations were

found during the months of November to February. Since 1994. P.

hahamense populations have been observed annually, except for

1997. in maxiinum concentrations between June to July; for ex-

ainple. 10*^ cells/L was observed on June 1995 in Capunitan station

(Table 1).

In the Philippines, for the period 1991 to 1995. blooms have

occurred in June to July (eariy southwest monsoon), which coin-

cided with periods of maximum rainfall that increase thermal star-

tification and vertical stability of the water column; whereas, cyst

densities in the sediment were highest during the northeast mon-

soon (Villanoy et al. 1995).

P. viridis toxicity was highest in 1994 and lowest in 1995. Its

toxicity was significantly higher in June and July than in all other

months. Shellfish toxicity usually occurred during the months of

June to September. Since 1994, the highest toxicity observed from

green mussels Perna viridis was 6,877 jxg/100 g shellfish meat in

June 1994 from Puting Buhangin station.

Annual maximum shellfish toxicity generally occurred concur-

rent with the Pyrodinium bloom episodes, corroborating the ob-

servations of Bajarias and Relox (1996). This is to be expected,

because Pyrodinium was the major causative organism/source of

paralytic shellfish toxins in Bataan waters during the period.

According to Cembella et al. (1988). a high number of toxi-
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Figure 2. Monthly averages of Pyrodinium bahameme \ar. compressiim tell density in five sampling stations in Bataan area, Manila Bay,

Philippines 1994 to 1997.

genie cells cannot be used to predict molkisk toxicity in certain

areas. Bricelj and Shumway (1997) discussed some of the factors

influencing toxin accumulation by bivalves. Bloom characteristics

(cell density, specific toxicity, and blooin duralioni, prior history

of exposure to PSP toxins where some bivalve populations repeat-

edly exposed to PSP toxins might become more resistant and ac-

cumulate higher toxin levels than those with no prior contamina-

tion, and such sources of intrapopulation variability as variation in

sensitivity to PSP toxins among individuals from the same sam-

pling stations, variation in body mass of bivalves, and imprecision

in the mouse bioassay (ca. -h/-20%. Adams and Furfari 1984).

There have been no recorded blooms of the organism and shell-

fish toxicity in 1997. As more research is carried out. it may

become evident that meteorological events (such as the El Nifio

phenomenon) could modify the physicochemical properties of the

sediment and water column, leading to conditions unfavorable for

P. bahamense growth and bloom (Usup and Azanza 1997).

For example, throughout the years 1992 to 1993. sea surface

temperatures of waters in New Zealand continued a downward

trend because of the effect of an El Niiio phase of ENSO (Ballan-

tine 1992). Widespread shellfish poisoning and algal blooms co-

incided with this unusual weather. The two most widespread and

most abundant toxic dinoflagellate species, Gymnodiniuin sp. and

.4. minutum, occurred in early 1993 in New Zealand after a pro-

longed period of westerly and southwesterly winds, an effect of the

El Niiio event (Chang et al. 1995).

-Capunitan

- P buhang in

-Bo Luz

Figure 3. Monthly averages of Perna viridis toxicity in five sampling stations in Bataan area, Manila Bay, Philippines 1994 to 1997.
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ABSTRACT Algal blooms have been variously associated with such environmental factors as excessive eutrophication. but the actual

mechanisms that eventually lead to excystment have never been completely understood. Using weather data and observations of bloom

events mvolving Pxrodinium hahumense var. compressum in Manila Bay as a case study, the role of waves in the formation of the "seed

bed." the suspension of cysts, and the transformation of cysts into vegetative cells is presented and discussed. Results suggest that

waves aenerated by onshore wind may be important in the onset of P. hahamense blooms. These findings are significant, because they

not only advance current knowledge about the life cycle of P. hahamense but also provide the possible missing links that have long

been hindenng the prediction of algal events involving other cyst-forming dinotlagellates. The results of the study may also be useful

when formulating alternative strategies toward: ( I ) managing harmful algal blooms in existing mussel and shellfish culture areas; and

(2) selecting new culture sites to ensure mussel and shellfish safety throughout the world.

KEY WORDS: "seed bed" formation, harmful algal blooms. Pyrodiniiim hahamense var. compressum. prediction, shellfish safety

INTRODUCTION

The Philippine shellfish industry is persistently affected by the

nearly annual incidence of harmful algal blooms (HABs) since

1983. As of 1990. the production of mussels and oysters reached

17.315 MT and 13.485 MT. respectively, collectively contributing

about 5** of total aquaculture production (BAS 1990). At current

prices, this would be about PhP 320 M, or close to US $10 M.

Pxrodinium hahamense var. compressum is the main causative

organism for HABs throughout the country. However, reports

from Manila Bay during the past 2 years now indicate the presence

of the temperate toxic dinoflagellate Gymnodinium catenatum.

Cysts of other dinoflagellate species, including Alexandrium sp.

and GonxcmlcLX spp.. have also been occasionally noted in the area

(Matsuoka pers. comm.). Until 1996. 1.768 paralytic shellfish poi-

soning cases, resulting in 107 deaths, had been reported in about

20 different bodies of water across the country (BFAR, unpub-

lished data) and severely affected the livelihood of fishers.

This study is part of an independent and continuing investiga-

tion toward formulating alternative protocols for managing and

mitigating HAS events in Philippine waters to ensure shellfish

safety. This portion of the investigation aims to identify the mecha-

nisms that cause algal blooms. It seeks to address the hypothesis

that waves are mainly responsible for both "seed bed" formation

and cyst suspension. Understanding these mechanisms will lead to

a shift from "reactive" management and mitigation protocols to

"predictive" programs. These results are also expected to help

address the harmful impacts of future algal episodes on the shell-

fish industry.

MATERIALS AND METHODS

The proposed hypotheses were tested using data from Manila

Bay. which is located in Luzon. Philippines (Fig. 1 ). This site was

chosen, because documentation of past HAB episodes had already

been made (Bajarias and Relox 1996. Corrales and Crisostomo

1996. Villanoy et al. 1996). Rainfall (Fig. 2) and wind velocity

(speed and direction) (Fig. 3) recorded over a 3-year period from

the PAG-ASA station in Port Area. Manila were examined. Links

between these weather observations and previously documented

algal bloom events were made through known relationships be-

tween wind and waves (Kinsman 1965) and the subsequent effects

of waves on cysts.

RESULTS AND DISCUSSION

The weather recorded by PAG-ASA in Manila Bay exhibited

consistent patterns during the 3-year study period from January

1991 to December 1993. Rainfall was practically absent during the

first half of each year but was usually highest during the third

quarter (Fig. 2). Rainy days, however, sometimes extended toward

the end of the year. A frequency histogram of wind speed, mean-

while, revealed that winds of 2 to 3 m/s were dominant (Fig. 4).

Furthermore, the contour plot of directional wind frequency for the

entire 3-year period (Fig. 5) yields the following results: (1) the

dominant wind direction during the first quarter normally shifted

from northeasteriy winds (292.5°) to southeasteriy winds (247.5°);

(2) from May to September, which corresponds to the rainy sea-

son, southwesteriy winds (157.5°) were dominant; and (3) the

transition of prevailing wind directions varies in a clockwise man-

ner.

Incidentally, in a study of Corrales and Crisostoino (1996) that

covered a period of 14 months from April 1993 to May 1994, it

was observed that cyst density was highest from April to July 1993

along the western coast of Manila Bay. This is apparently caused

by the effects of waves generated by winds that were persistently

blowing between 247.5 to 292.5 from February to June in 1993.

To explain this relationship more cleariy. note that winds blowing

at speeds as low as 1 m/s can generate waves with different wave-

lengths (Bretchneider 1965, citing Jeffreys 1925). Waves influence
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Figure 1. Map showing the location of the study area.

><

iyiS >¥f^^^A
'

'Vv-i^

£ 5

^nik\MmmiM\^t\\%XfM\kAm \ ly
blw

jlJd'J

f \kff '^K(MMm\m^ ^̂
UUliM Mew^-

Figure 3. Daily wind velocity (speed and direction! recorded at Port

Area PAG-ASA Station in Manila Bay, Philippines from January 1,

1991 to December 31, 1993.

the movement of bottom particles if the water depth is less than

half their wavelengths (CERC 1984). In particular, onshore wind-

generated waves moving toward shallow waters are responsible for

the mass transport of sediments, together with cysts that may be

present, in their propagation direction (CERC 1984). Undoubtedly,

this mechanism, which had long been observed to affect sediment

dynamics in coastal waters (see e.g.. Horikawa 1978), is also re-

sponsible for the accumulation of cysts into "seed beds"

(Steidinger 1975) from which algal blooms of cyst-forming di-

noflagellates such as P. hahamense may start to germinate in shal-

low waters.

As with "seed bed" formation, the effect of wind-generated

waves on cysts before suspension should not significantly differ

from that of silt because of their similar specific gravities. To see

this, note that in shallow water, waves propagating toward the

coast become steeper and eventually break. Those with longer

wavelengths break farther offshore. The impact of breaking waves

near the coast suspends sediments, particularly small and light

Rainfall In Manila Bay, Philippines

(1991-93)
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Figure 2. Daily rainfall recorded at Port Area PAG-ASA Station in

Manila Bay, Philippines from January 1, 1991 to December 31. 1993.
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ABSTRACT A series of trials were undertaken over an 18-month period to determine the relative activity rates for mussels (Myrilus

edulis). Pacific oysters (Crassostrea gigas). native oysters (Ostrea edulis), cockles (Cerastoderma edule). and Manila clams (Tapes

philippinarum) subjected to varying seawater temperatures and dissolved oxygen levels. All these species are currently commercially

depurated in the UK. To achieve this, alternative techniques to the more traditional use of bacteriological analysis were used to establish

the physiological response of bivalve mollusks to varying conditions. These were the monitoring of ammonia excretion, consumption

of dissolved oxygen, and uptake of a neutral red dye. The monitoring of ammonia excretion correlated with di.ssolved oxygen

consumption, and these proved to be useful methods of obtaining information on the physiological response of bivalve mollusks subject

to varying simulated depuration conditions. The information obtained could not have been achieved by bacteriological analysis.

However, the dye test, although already an established method, did not prove to be entirely satisfactory. Overall, the results found that

both species of oyster were much less active than the other species, which may have implications for depuration systems.

KEY WORDS: depuration, physiology, activity rate, mussels, oysters, cockles, clams

INTRODUCTION

There is a known health risk associated with eating bivalve

mollusks, especially those eaten raw or lightly cooked. Epidemio-

logical evidence (Lees 1996, CEFAS 1997) suggests that in the

UK and other developed countries, outbreaks are predominantly

caused by small, round-structured viruses (SRSVs) of the Norwalk

or Norwalk-like family that cause gastroenteritis. Viral, not bac-

terial, infections are the predominant cause of infectious disease

following shellfish consumption. The main species of shellfish

implicated in England and Wales during recent years has been

oysters.

This health risk is minimized and regulated by UK Food Safety

Regulations (SI 1508 and SI 3164), which are derived from EU
Directive 91/492/EEC. These regulations require that bivalve mol-

lusks taken from a category B classification area (the area most

commonly found in England and Wales) must be treated by either

controlled cooking, relaying, or depuration. Depuration is the in-

dustry's most commonly preferred option.

The prescribed operating criteria for depuration systems are

based upon seawater quality, temperature, and flow and the load-

ing density of the mollusks in the system. Much of the scientific

research into these criteria in the UK was undertaken many years

ago, at a time when only mussels and native oysters required

depuration. Other species have been introduced, and the existing

criteria have been applied (as in the case of Pacific oysters) or

criteria adopted from another country (as with clam species). To

date, much of the scientific investigation of purification criteria has

been made on the basis of bacterial reduction of indicator organ-

isms. However, such bacteriological analysis usually gives only a

positive or negative result; that is. mollusks either depurated or

they did not. It does not necessarily indicate how much better one

seawater temperature is than another. Bacteriological analysis is

also expensive and has the added uncertainty associated with the

need to ensure high initial bacterial counts in the mollusks.

A series of trials were carried out to establish alternative physi-

ological assessment methods for determining the activity rate of

commercially harvested bivalve mollusks in simulated depuration

conditions and then to compare the relative activity rates of five

species of commercially harvested bivalve mollusks, at varying

temperatures. Three methods were used to assess the physiological

response of bivalve mollusks. These were the measurement of

ammonia excretion, dissolved oxygen (DO) consumption, and the

removal of dye from water. Ammonia excretion has been shown to

correlate with fecal deposition in mussels (Hawkins et al. 1983).

but this method has previously had only limited use in depuration

investigations. In the context of this work, ammonia excretion' is

considered to be more an indicator of general metabolic activity.

The consumption of DO represents respiration activity. The uptake

of neutral red dye indicates filtration activity (Cole and Hepper

1954).

MATERIALS AND METHODS

A test unit supporting four standardized model depuration tanks

was constructed for the trials. The mollusk test unit consisted of

four identical test tanks, each with independent seawater circula-

tion, aeration, and temperature control systems, mounted on a

bench, as shown in Figure 1. Each tank consisted of a plastic

Allibert type 12030 stack nest box of 30 L capacity and effective

internal working length of 650 mm, width 370 mm, and depth of

1 10 mm. Seawater was drawn from one end of the tank to the other

via a magnetically coupled pump. No spray bar was used, the

water re-entering the tank below the water surface to prevent any

re-oxygenation. Instead, aeration was supplied by a solenoid air

pump feeding a porous tube aerator laid across the bottom of the

tank at the water input end. Air supply was then controlled by an

Oxyguard DO monitor, with a probe in the center of each tank that

controlled the air flow to meet the required level of DO. Seawater

could be heated by the use of thermostatically controlled titanium

rod type heaters. A type 316 stainless steel immersion coil fitted to

each tank provided chilling via a beer chilling unit, with a separate

supply of water circulating through the chilling system.

Each tank was filled with 24 L of seawater at the required
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Figure 1. Mollusk test unit.

temperature and 5 kg (in-shell weight) of mollusks. An exception

to this was made for cockles, which, because of their potentially

high level of activity (Boulter et al. 1994), were limited to 2.5 kg.

Each tank operated at a water flow rate of 10 L/min. Following

trials with each batch of mollusks, some were shucked to obtain

meat yield. After each trial, the tank and its associated pipework

was thoroughly cleaned and flushed.

The accumulation of ammonia in the water was monitored

using Dr. Lange type LCK 303 and LCK 317 test kits for ammo-

nium nitrogen (NHjN). Absorbency was measured on a HACH
DR2000 spectrophotometer at a wavelength of 695 nm. The Dr.

Lange kits were calibrated against ammonium nitrogen artificial

seawater standards.

For each trial, the seawater was tested before placing the mol-

lusks in the tank. The mollusks were then immersed in the sea-

water. Temperature was allowed to settle at the required levels,

and DO was maintained at above the 80% saturation level. The

seawater was tested after 24 hours and at the end of a simulated

depuration period of 42 to 48 hours.

The approach to measurement of DO consumption was to load

the tanks with mollu.sks and then run them for an extended period

(at least overnight and normally 2 days) to stabilize the conditions

and then to switch off the air supply. The single DO probe in each

tank was then used to monitor the reduction in DO over a period

of 1 hour. This was often used on completion of an ammonia

monitoring trial. It was done at different seawater temperatures to

obtain a relative measure of the variation in activity against tem-

perature. DO was measured using a multiprobe Oxyguard DO
meter connected to a data logger measuring in ppm.

The method used for dye removal was based upon monitoring

the rate at which neutral red dye is removed from the water. The

mollusks filter the dye out of the water and into their gills, which

stain red. 30 mL of a 1% solution of neutral red dye was mixed

with 1 L of seawater taken from the mollusks tank. This solution

was then mixed with the rest of the water in the tank. The water in

the tank was then sampled at half-hour intervals for the first 2 to

3 hours and then at hourly intervals up to 6 to 7 hours. Its absor-

bency was assessed at 495 nm, the test level for assessing turbidity

in FTUs (formazin turbidity units), using a HACH DR/2000 spec-

trophotometer. These trials were carried out on a similar basis to

the oxygen consumption trials with the tanks running for an ex-

tended period to stabilize conditions before the dye was added.

Artificial seawater (ASW) made up to a seawater salinity of 30

parts per thousand {%() was used throughout the trials. A standard

premix containing the five main constituent salts of seawater was

used, obtained from Peacock Salts, Glasgow, Scotland. A fresh

mix of ASW was used for every trial.

Five species of bivalve mollusk were obtained from commer-

cial suppliers in the UK. These were: cockles (Cerastoderma ed-

ule). Manila clams {Tapes philippinarum). mussels (Myliliis edu-

lis). native oysters (Ostrea edulis). and Pacific oysters (Crassos-

treci gigas). Care was taken to ensure that all mollusks used were

hand gathered, freshly harvested, and not subject to any unneces-

sary physical shock or delay in transport. On receipt at the labo-

ratory, any gaping or damaged mollusks were discarded, and any

barnacle encrustation was removed. Sufficient shellfish were usu-

ally obtained to carry out two or three consecutive trials sequences

within 1 week. They were held immersed until required in a 600-L

Seafish designed small-scale depuration tank, which was used as a

storage tank, at a temperature of 12°C. Mollusks were always

conditioned in this holding tank for a minimum of one night before

trials to allow them to acclimatize to tank conditions and to allow

them to excrete any ammonia accumulated in their intravalvular

fluid as a result of dry storage during transportation to the labo-

ratory. Mollusks for each trial were taken from the tank, debyssed,

if necessary, sorted to remove any further dead or damaged speci-

mens, washed, weighed, and then placed directly in the test unit.

After each trial, the particular mollusks used in that trial were

disposed of, and fresh mollusks were used in the subsequent trial.

The trials were carried out over a period of 13 months between

November 1995 and December 1996 and concentrated on each

mollusk species, in turn, as shown in Table I .

TABLE 1.

.Scheduling of trials and minimum depuration temperatures.

Species Trials Period

No, Average Meat Minimum Depuration

Trials Yields ( % ) Temperature Prescribed in tlie UK

Mussels
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ABSTRACT During the New Year of 1996/97, more than 350 persons in Denmark became ill from consumption of imported oysters.

The main symptoms were vomiting, diarrhea, abdominal pain, and fever, commencing 12 to 48 hrs after consumption. In addition, a

number of the diseased persons reported secondary symptoms, such as aching joints, skin numbness, and visual disturbances,

commencing 24 h after onset of the primary symptoms. In general, recovery from both the primary and, in particular, the secondary

symptoms was slow. Only 3/24 ( 12'7f ) of the analyzed samples of infected oysters showed an E. euli level above the allowed regulatory

limit. A small amount of domoic acid was found in 4/9 (449r) of analyzed samples. Small round-structured virus (SRSV) and

enterovirus were identified from both oyster and fecal samples, using RT-PCR. Enterovirus isolated from individual fecal samples

showed sequence identity of 3 PCR amplicons, suggesting a common source of infection. The identity of the enterovirus is still under

investigation. The characteristic clinical symptoms and RT-PCR results implicate SRSVs as the cause of the primary symptoms.

However, the cause of the secondary symptoms is currently unclear. Although the detection of enterovirus in both fecal samples and

oysters is significant, the incubation period prior to onset of secondary symptoms was not typical of an enterovirus infection. The

significance of the domoic acid in relation to the outbreak is unclear.

KEY WORDS: small round-structured \ iruses, enterovirus, oysters, outbreak, foodbome infection, domoic acid

INTRODUCTION

Human foodbome outbreaks related to consumption of live

oysters contaminated with enteric viruses have been reported on

numerous occasions (Boher et al. 1993, Morse et al. 1986, Ponte-

fract et al. 1993, Desenclos et al. 1991, Kohn et al. 1995. Chalmers

and Mcmillan 1995). Some of the most predominant infective viral

agents seems to be Hepatitis A virus and Norwalk virus, belonging

to the group of viruses termed small round-structured viruses

(SRSV). Because of a lack of adequate detection methodology, the

legal requirements regarding the safety for consumption of live

oysters are based on the level of fecal coliforms in the oysters

(Table 1).

It is generally acknowledged that these requirements are inad-

equate to ensure public health protection in regard to consumption

of live oysters. Currently, however, these requirements are still a

legal requirement in the European Union.

THE OUTBREAK

The outbreak occurred nationwide in Denmark during New-

Year 1996/97, where a total of 356 persons reported illness caused

by consumption of imported live oysters. In addition, at the same

period of time, 300 people in Sweden took ill from consumption of

oysters from the same producer as the infected oysters in Denmark.

Batches causing illness in Denmark and Sweden had different

expiry dates.

It is believed that approximately 35,000 infected oysters were

sold and consumed in Denmark. From the 356 illness reports, it

seemed that the infective doses, on occasions, were as low as a

single oyster. It is believed, therefore, that the actual numbers C)f

persons affected was much higher than the number of recorded

incidents.

Symptoms

The symptoms reported were of a classical SRSV viral gastro-

enteritis infection and included diaiThea, vomiting, fever, and

headache commencing 12 to 48 h after consumption of oysters. In

addition to these initial symptoms, secondary symptoms, such as

aching of joints and muscles, dizziness, numbness of skin, face,

hands, and legs, visual disturbances, and double vision, were re-

ported to commence 24 h after onset of the primary symptoms. It

is estimated from the reported cases that 40% of the infected

persons developed secondary symptoms; although only a few re-

ported severe symptoms, such as visual disturbances. In particular,

complaints about sore legs were reported.

In general, recovery from the illness was slow. Fatigue and

weakness were felt for weeks after the onset of primary symptoms.

In particular, persons reporting the secondary symptoms seemed to

be recovering slowly. In a few cases, where visual disturbances

were recorded, symptoms were reported to last for more than I

month.

In Sweden, a few people developed Hepatitis A associated with

consumption of oysters from the same producer as the oysters

causing the Danish outbreak. No Hepatitis A was associated with

the affected persons in Denmark.
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TABLE 1.

Conditions for production areas for live bivalve mollusks, according to EEC Directive 91/492 on the health conditions for the production

and the placing on the market of live bivalve mollusks.

Category A Category B Category C

Bivalves for

Direct

Consumption

Microbiological

criteria for the

live bivalve

mollusks

Conditions for

consumption

<3nn Fecal

coliforms/100 g

or <230 E.

coli/ 100 g

Direct

consumption

<6.0U0 Fecal

coliforms/100 g

or <4.600 E.

coin \00 g

Relaying or

punfication until

requirements for

direct

consumption are

met

<60,000 Fecal

coliforms/100 2

Relaying for at

least 2 months

Must meet

requirements for

direct

consumption

As for category A
In addition, no

detection of

Salmonella in

2.'i-g sample.

Origin of Oysters

Because of inadequate documentation, and even possible fraud

with registration documents, it was not possible to trace the in-

fected oysters beyond the producer. Thus, definite origin and han-

dling prior to packaging could not be established. Only the tdentity

of the packer and the e.xpiry dates could be clearly defined.

METHODS

Ovsters

The infected oysters came from four consignments with differ-

ent expiry dates: 25. 1 2.96. 3. 1 .97. 5. 1 .97 and 1 1 . 1 .97. Oysters with

expiry date 11.1.97 were not consumed in Denmark, but retained

for analysis. Oyster samples with expiry date 25.12.96 were not

analyzed for content of virus, because of lack of sample material.

Oyster samples were analyzed for bacteriology and marine biotox-

ins by standard methods and for human enteric viruses by RT-PCR

using methods previously described (Lees et al. 1994, Lees et al.

1995).

Slool Samples

Twenty-five stool samples from patients were analyzed by

electron microscopy for content of Norwalk virus. In addition. 1 1

of the 25 stool samples were analyzed for SRSV and enterovirus

and poliovirus by RT-PCR. Enterovirus was assayed using a

broadly reactive primers and poliovirus using a specific primers.

RESULTS

Ovsters

Oyster batches were initially analyzed for enterococcus. Staph-

ylococcus aureus, Salmonella, Vibrio spp.. Listeria monocyto-

genes. Campylobacter, and Clostridium botulinum toxin. No sig-

nificant amount of any determinant was identified. However, some

samples contained a high amount of total aerobic counts at 21°C

0500,000 CFU/g) and a corresponding high level of H,S-

producing bacteria 010,000 CFU/g), suggesting that the oysters

had been subjected to polluted waters. Oyster samples were also

analyzed for the marine biotoxins DSP (Diahrretic Shellfish Poi-

son) and PSP (Paralytic Shellfish Poison). Both were found to be

negative. However, significant results were obtained for E. coli,

human enteric viruses, and the marine biotoxin domoic acid (Table

2). Although £. coli results were well within regulatory limits for

the large majority of samples tested, both SRSVs and human en-

teroviruses were detected in oysters samples. In addition, low lev-

els of domoic acid were found in two of the three batches tested.

Stool Samples

SRSVs were found in stool samples by both EM and RT-PCR.

confirming the etiology of the gastroenteritis in this outbreak. In

addition four of 1 1 stools were positive for human enterovirus (but

not poliovirus) by RT-PCR (Table 3). Sequence analysis showed

the enterovirus PCR amplicons to have homology with enterovirus

sequence and also that the three sequences analyzed were identical,

suggesting a common source of infection.

DISCUSSION

The results showed that although the vast majority of the ana-

lyzed oysters had an E. coli level within the allowed regulatory

limit, an epidemic still occurred, thus emphasising the inadequacy

of using £. coli as a suitable indicator of consumer safety of live

oysters destined for direct consumption.

In this event, the oysters could not be traced to the original

TABLE 2.

Results of analyses of shellflsh samples for E. coli, human enteric virus, and domoic acid.

Batch No. Analyzed Samples with E. coli

Expiry Date within Acceptable Limit (cfu/KIO g Shellfish) SRSV in 7.2 g

Enterovirus in

7.2 g-

Domoic Acid

(mg/kg)

25.12.96

3.1.97

5.1.97

11.1.97

1x20/100 g

10/12:<230/100g

6/7:<2,W100g
5/5:<20/IOOa

5t analyzed
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TABLE 3.

Results of analyses of patients stool samples for human

enteric viruses.

Method SRSV Enterovirus Poliovirus

RT-PCR

EM
3/1 1 Positive

13/25 Positive

4/11 Positive 1 1/1 1 Negative

harvesting area, and ftirther handling; after harvesting cotild not be

determined. Thus, the sanitary quality of the oysters could only be

determined by end product measurements; that is the level of £.

(()// that met the standards. Thus, under current legislation, this

event could not have been prevented.

Both SRSV and human enteroviruses were detected in both

oysters and stool samples. It is evident that SRSV was responsible

for the primary symptoms described, those classical of viral gas-

troenteritis caused by consumption of infected live oysters and

described many times previously (Morse et al. 1986. Pontefract et

al. 199.3. Kohn et al. 199.5. Chalmers and Mcmillan. 1995). The

description of the secondary symptoms, more severe than the pri-

mary ones, is less typical. The detection of enterovirus contami-

nation of both oysters and stools is intriguing; however, the en-

terovirus identity has not yet been determined. Sequence analysis

showed the enterovirus amplified from three separate stool

samples to have a common identity, suggesting a common source

of infection. It is not yet clear whether an enterovirus infection

contributed to the range of secondary symptoms seen. Although

the detection of enterovirus in both fecal samples and oysters is

significant, the incubation period prior to onset of secondary symp-

toms was not typical of an enterovirus infection.

Domoic acid is known to cause amnesiac shellfish poisoning,

with symptoms such as nausea, vomiting, fever, diarrhea 24 h after

ingestion, followed by neurological symptoms, confusion, coma,

and death 48 h after ingestion. Although this pattern, in some

sense, resembles the pattern of symptoms reported in this outbreak,

the levels of domoic acid found in the oysters is well below the set

regulatory limit of domoic acid of 20 mg/kg shellfish. The signifi-

cance of the domoic acid in relation to the outbreak is also, there-

fore, not clear.

It is becoming clear that oysters can be infected with a cocktail

of human pathogenic enteric viruses (Sugieda et al. 1996), which

can complicate the identification of the causative virus or strain.

Clearly, there is a need for better detection methodology for virus

to be used in control and regulation. The application of such

methods will, to some extent, be complicated by the possibility

of contamination of live oysters with a variety of pathogenic vi-

ruses.
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DETOXIFYING PACIFIC OYSTERS {CRASSOSTREA GIGAS) OF THE NEUROTOXIC

SHELLFISH POISON (NSP) PRODUCED BY GYMNODINWM BREVE
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ABSTRACT Gymnodmium breve cells were cultured in the laboratory and fed to Pacific oysters at rates of between 10 and 25 million

cells per oyster over 24-h periods. Determination of neurotoxic shellfish poisoning (NSP) levels in the shellfish by mouse bioassay

revealed initial levels between 25 and 100 mouse units (m.u.l per 100 g drained oyster meat, with larger animals accumulating more

toxin per g than smaller ones. The shellfish were detoxified under various conditions in laboratory tanks over 5-day periods using a

half-factorial experimental design. The expenmental factors were temperature ( 15 and 20°C). salinity (24 and 33-349?!). filtration (5

|iml versus no filu-ation, and treatment with ozone (to a redox potential of 350 mV in the shellfish tanks) versus passive ultraviolet

light stenlization. Two additional experiments investigated the effect of toxifying oysters over 5-day periods. Significant (p < .05)

decreases in toxin levels were usually only observed over the first 3 days of the trials. Seven of the eight treatments brought mean toxin

levels below the regulatory limit of 20 m.u./lOO g within 3 days, regardless of the initial toxin level. However, in four treatments, some

individual samples exceeded 20 m.u./lOO g after 3 days' detoxification. None of the experimental factors had statistically significant

effects (p > .05) on detoxification. The implications for commercial detoxification of shellfish from blooms of toxic algae are discussed.

KEY WORDS: detoxification, neurotoxic shellfish poison (NSP). Pacific oyster. Gymnodinium hreve. depuration

INTRODUCTION

The introduction of Pacific oysters (Crassostrea gigas) to New

Zealand less than 30 years ago has resulted in the development of

an aquaculture industry worth $NZ 10,000.000 in exports (Anon.

1997). To ensure that oysters contaminated by sewage are not

marketed, the industry has developed an effective sanitation pro-

gram that primarily depends on classification of growing areas and

restrictions on harvesting after rainfall. There are also six licensed

depuration plants that use ultraviolet light (UV) for water steril-

ization. However, these are used only occasionally to maintain

market access during periods when growing areas are closed be-

cause of high rainfall and concern that runoff of animal fecal

organisms from surrounding pastoral lands could contaminate

shellfish. In the summer of 1992 to 1993. the industry faced a new

challenge in providing safe products to the consumer; for the first

time. New Zealand shellfish were implicated in cases of shellfish

poisoning caused by toxic algae. Surprisingly, the first algal toxin

to cause illness from New Zealand oysters turned out to be NSP

(neurotoxic shellfish poison), a toxin previously only reported in

Florida and other states of the East Coast of the United States.

Although the algae causing the New Zealand outbreak were not

maintained in culture long enough to be fully identified, they were

similar to. hut not identical to Gymnodinium breve (Chang 1995).

the organism that regulariy causes closures of shellfish beds in

Florida. In response to the initial outbreak. New Zealand adopted

a regular shellfish monitoring program for NSP (and other toxins).

The New Zealand method of testing for NSP involves an initial

screening of shellfish for lipid soluble toxins by a mouse bioassay

using an acetone extract. Positive samples are then tested for DSP

(diarrhetic shellfish poison) by enzyme-linked immunoassay

(ELISA). and NSP is quantified by the APHA method (APHA

1970). A regulatory level for NSP has been set at 20 m.u. per 100

g of drained shellfish meat. There have been no cases of NSP since

the inidal incident and only occasional closures of shellfish beds

because of presumptive NSP-positive shellfish.

The goal of the current work was to develop a procedure that

would allow safe harvest and sale of Pacific oysters affected by

NSP. Several reports have indicated that G. breve cells and NSP

toxins are destroyed in an ozone depuration system (Blogoslawski

et al. 1973. Blogoslawski et al. 197.5. Schneider 1991, Schneider

and Rodrick 1995). but no work has been reported on attempting

to remove NSP toxins from shellfish. In addition, we have shown

that depuration of fecal coliforms from Pacific oysters is effective

at temperatures between 15 and 20°C but is less effective at lower

temperatures (Buisson et al. 1981. Fletcher et al. 1991). To deter-

mine whether levels of NSP toxin in Pacific oysters could be

reduced below regulatory levels in a commercially practical time

frame, ozone depuration was compared with UV depuration at

different temperatures and salinities, with or without filtration of

the recycled seawater. Ozone was used because of its reported

effectiveness against NSP, and UV was used in the control tanks

to prevent the growth of bacteria in the seawater. Salinities and

temperatures were chosen to reflect the range likely to be experi-

enced by commercial depuration plants located in the Pacific oys-

ter growing areas of New Zealand. Filtration was included to

eliminate any whole algal cells that might be recycling in the tanks.

METHODS

Because initial attempts to isolate and grow species of NSP-

producing algae from New Zealand waters failed, we used the

Wilson strain of G. breve originally isolated in the United States.

This strain was supplied by N. R. Towers. AgResearch. Ruakura.

New Zealand who received it from C. Tomas. Dept. of Environ-

mental Protection, Florida Marine Research Institute. St. Peters-
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burg, FL. The algae were grown in modified Wilson's NH15 me-

dium (Gates and Wilson I960) for run 1 and in GP medium (Loeb-

lich and Smith 1968) modified to include 859c seawater and 15%

distilled water for runs 2 to 6. For runs 1 to 4. the algae were batch

fed to 220 Pacific oysters at rates of 10 to 19 x lO*" cells.oyster"'

(Table 1 ). and the oysters were removed after 24 h. For run 5. 30

oysters were fed a batch of 5 million cells/oyster"' each day for 5

consecutive days, and another 40 oysters were fed 24.5 million

cells.oyster"' in a single batch. Unlike other runs, the latter group

of oysters did not remove all the algae from the water. For run 6.

90 oysters were fed a batch of 3.5 x 10'' cells.oyster"' each day for

5 consecutive days.

The experimental detoxification system consisted of two closed

systems (Fig. 1): one of four 50-L tanks plumbed in parallel to a

temperature-controlled sump with the potential to ozonate the wa-

ter and the other of a single 50-L tank maintained at the same

temperature. Both systems had in-line 5-|xm cartridge filters (Fil-

terPure 5PW10, Contamination Control, Auckland) and ultraviolet

lamps (Steriflo 369P, Contamination Control, Auckland) avail-

able. The lamp in the unit for tank 5 was covered with aluminium

foil for 75% of its length to give a similar e.xposure for a given

flow of water as the other tanks. The tanks were individually

aerated using air stones and water flows of 2.5 L/min"' (3 cycles/

h"') were maintained for each tank in all runs. Ozone could be

supplied to tanks 1 to 4 by a corona discharge generator (CD 1000,

Novozone, Auckland) using oxygen as the source gas. The ozone

was supplied to the sump tank by means of a venturi. Water was

ozonated to provide a redox potential (redox electrode MC241,

Radiometer) of 350 ± 20 mv in the shellfish tanks using an elec-

tronic controller. Ozone and ammonia levels in the seawater were

measured using Palintest Photometer5000 methods (Anon 1994).

and salinity was determined using a refractometer (Atago). NSP
levels in the oysters were measured using the APHA method

(APHA 1970). Each NSP test was on at least 100 g drained meats

from 10 to 12 oysters. This method can detect toxin levels down to

about 10 m.u./lOO g"', depending on the size of mice used { 18 to

22 g). Where toxicity was observed, but the relevant mice did not

die, this was scored at half the minimum detectable level. Crude

lipid levels were determined by the weight of the lipid extracted in

the ether extraction during the NSP extraction procedure.

Table 1 shows the experimental parameters for the six runs.

The main experiment consisted of four 5-day detoxification runs

(runs 1 to 4) making light treatment combinations. The treatment

combinations of runs 1 to 4 were in a half-factorial design, using

either ozone or ultraviolet sterilization; in-line filtration to 5 |j.m or

no filtration; water temperatures of 15°C or 20°C; and salinities of

33 to 34%r (ambient seawater) or 24%c, (c. 70% seawater). Runs 5

and 6 compared oysters that had been fed with G. breve over 120

h with those fed for 24 h. For the 120 h uptake experiments, the

oysters were fed 5 (run 5) or 3.5 (run 6) million cells of G. breve

per oyster at the beginning of each day for a 5-day period. They

were placed in the detoxification tanks 24 h after the last feeding.

Residual Maximum Likelihood (REML) was used to determine

standard errors of difference to test whether observed changes in

NSP levels during each run were significant. Analysis of variance

(ANOVA) on the NSP levels at days 2 and 3 and on the mean NSP

levels after day 2 (exclusive) was used to attempt to determine

whether any of the factors had a statistically significant effect (p <

.05) on the outcome of detoxification in the half-factorial experi-

ment.

RESULTS AND DISCUSSION

NSP toxicity levels for the six runs are shown in Figure 2a-d.

Detoxification was biphasic, with an initial period of significant

reductions in NSP during the first 2 days of detoxification, fol-

lowed by a period of minimal detoxification. A similar pattern is

observed in detoxification of paralytic shellfish poison from some

shellfish species (Bricelj and Shumway 1997). With the exception

of run 2, tanks 1 to 4, all treatment combinations resulted in an

initial decline in NSP levels reaching a minimum by day 3, fol-

lowed by a period of minimal reductions and some apparent in-

creases in NSP levels. Because of the variability of the data, rates

of detoxification could not be meaningfully determined. ANOVA
of the final toxicity levels achieved on days 2, 3 or the mean

toxicity for days 3 to 5 (Table 1 ) did not show any of the experi-

TABLE 1.

Experimental conditions and NSP levels for uptake and detoxification of NSP from Pacific oysters.
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Figure 1. Schematic layout of experimental detoxification system.

mental factors to have any statistically significant (p < .05) effect

on the outcome. However, the temperature factor was badly con-

founded with the oyster weight and the starting level of NSP.

There was no evidence that ozone improved detoxification over

the control using UV light. Averaging the results of samples taken

during the detoxification period of minunal change (Table I. last

column) showed that, with the exception of run 2. tanks 1 to 4. all

treatment combinations gave mean values below the 20 m.u. 100

g~' regulatory limit. However, current regulations require all

samples to be less than 20 m.u. 100 g"', and only treatment com-

binations from runs 1 and ?• achieved this.

Run 5 (Fig. 2f) showed that oysters rapidly reduced NSP levels

to near the regulatory limit, regardless of whether the toxin had

accumulated over 1 or 5 days. After 2 days of detoxification, there

was minimal difference in toxin levels between the two batches of

oysters.

In Run 6 (Fig. 2e) the oysters fed ,^500,000 cells G. breve per

day for 5 days only had mean toxin levels of 24 m.u. 100 g"' 100

03 10
z

100

2a. Run 1

- U V, 15'C, 33%o salinity, 5 vm filter

- Ozone, 15'C, 24%o salinity, 5 |jin filter

-H -I-

2c, Run 3
- U V, 15°C, 24%o salinity, no flHer

- Ozone, 15°C, 34%o salinity, no filter

2e. Run 6

U V, 15°C. 24%o salinity, no filter, 120 ti uptake

2b. Run 2
- U V, 20°C. 2^^^ salinity, 5 pm fitter

- Ozone, 20°C, 34%o salinity, 5 |jm filter

-H -+- -4-

2d. Run4
- U V, 2C"C, 24%o salinity, no fi«er

— Ozone. 20°C, 330A0 salinity, no filter

2f. Run 5

Ozone, 20°C, 24 %o salinity. 5 pm filter, 24 h uptake

Ozone. 20'C, 24 %» salinity. 5 pm filter, 1 20 ti uptake

2 3 4

Detoxification time (days)

2 3

Detoxification time (days)

Figure 2. Detoxification progress in runs 1 to 6. Each point represents one NSP analysis of a pooled sample of 1(1 to 12 oysters. Lines follow the

mean NSP levels for a treatment combination. Error bars represent the a> erage standard error of difference for each run as calculated by REMI.
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10 15

Oyster weight (g drained wet tissue)

Figure 3. Effect of oyster weight on the rate of uptake of NSP toxin

normaUsed for oyster weights (mouse units per g of oyster flesh over

million cells of G. breve supplied per g of oyster flesh). •—24-h accu-

mulation; 5-day accumulation. Regression line is for 24 h accumu-

lation only.

g"'. This level showed minimal declines during 4 days of detoxi-

fication, suggesting that the second phase of detoxification had

already been entered.

Although oysters from different runs had different initial toxin

levels ranging between 25.4 and 101.9 m.u. 100 g"'. there were

minimal differences between the oyster toxicities at the end of

each trial. We were intending to begin all runs with oysters of

similar levels of NSP but had difficulty in consistently producing

batches of oysters with the same NSP levels. Subsequent analysis

of results showed a very clear relationship between toxin levels

achieved and oyster tissue weight. Regression analysis of toxin

uptake for oysters fed over a 24-h period (i.e., runs 1 to 4, tanks 1

to 3 in Table 1 ) is presented in Figure 3. For a given level of algae

fed per gram of oyster meat, larger oysters absorbed more toxin per

gram than smaller ones. Where toxin was accumulated over 120 h.

lower rates of toxin uptake were observed, but there was a similar

trend with higher toxin accumulation per g by the heavier animals.

This trend is counterintuitive, because we would expect smaller

shellfish to have higher metabolic rates, and furthermore, that the

higher ratio of gill suil'ace area to body weight in smaller animals

would result in more efficient filtering on a per g basis. Other

workers with other toxins have found that smaller animals accu-

mulate more toxin than larger (Bricelj and Shumway 1997). Those

experiments were generally carried out by supplying more toxic

algae to the shellfish than they could consume and with final

sampling immediately after feeding stopped. In the current work,

the shellfish received a batch of algae that was all consumed, and

the toxin test was carried out at a fixed time after feeding com-

menced. Smaller shellfish may have been more efficient at accu-

mulating toxin but may also have been more efficient at depurating

some of the toxin by 24 h when we took the samples. In the

wild, either scenario could occur, depending on the distribution

of algae in the water column and on the timing of shellfish har-

vesting.

Neither the level of lipids in the tissue nor the season (Pacific

oysters in New Zealand typically spawn in December or January)

seemed to have any effect on the uptake of NSP.

Ammonia levels in the tanks increased at similar rates during

all runs at a given temperature. Mean levels of ammonia in the

seawater during runs at 15°C on days 0, 1.2. 3.4. and 3 were 0.10.

0.96, 1.96, 1.94. 2.75, and 4.01 mg/L^' respectively; whereas,

those for runs at 20°C were 0.02, 1.90. 2.25. 5.02, 5.50, and 10.17

mg/L~'. respectively. Although shellfish seemed to be pumping

throughout the runs, it is possible that deteriorating water quality

was responsible for toxin levels during detoxification remaining

relatively constant from day 3 onward. The higher levels of am-

monia observed at 20°C could also contribute to the higher SEDs

in the runs at 20°C (Fig. 2b, d). Ozone levels in the seawater

measured by the Palintest kit averaged 0.12 mg/L"' over all the

ozone runs.

CONCLUSIONS

The experimental results indicate that detoxification of oysters

containing NSP occurs rapidly under a variety of conditions. That

none of the experimental factors had any effect on the final toxin

levels suggests that oysters will detoxify regardless of the tested

environmental conditions once they are placed in an environment

free from toxic algae. Ozone or UV sterilization would only be

needed to ensure that numbers of bacterial pathogens did not in-

crease in the tanks and to inactivate any live cells of toxic algae

that may be present. However, although the oysters were able to

detoxify to mean levels below the regulatory level, the presence of

some samples above 20 m.u. 100 g"' means that the process is not

yet commercially viable. Further research is being carried out to

determine why toxicity levels did not decline after the first 3 days

of depuration and to determine whether the effectiveness of the

detoxification process can be improved.

If the result showing that larger oysters accumulate more toxin

than smaller ones is replicated in the wild, it has substantial im-

plications for regulatory monitoring programs based on testing

shellfish fiesh for toxicity. If a sample of small oysters gave a low

level of NSP, an area could be cleared for harvesting, although

large oysters from the same area may still contain substantial

amounts of toxin. Work should be carried out on the relative

toxicity of large and small animals affected by a toxic incident. If

the result is similar to that found in the current study, monitoring

programs must take account of this and either sample only the

largest animals that are likely to be harvested from an area or only

certify the area open for harvesting shellfish up to the size of the

animal tested.
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ABSTRACT EC Shellfish Directive 91/492/EEC lays down health conditions for the production and placing on the market of live

mollusks. Under this directive and associated UK legislation, one of the responsibilities of the competent authority is to determine the

houndanes of bivalve mollusk production areas and to classify those according to the degree of conlammation using bacterial fecal

indicators. This paper describes the establishment of the program in Scotland, the classifications issued, research into improving the

methodology for E. coli analysis, and aspects of the directive for which further development is suggested.

INTRODUCTION

In 1991. the European Union issued a directive that laid down

health conditions for the production and placing on the market of

live bivalve mollusks (91/492/EEC). This was subsequently incor-

porated into the UK's Food Safety (Live Bivalve Mollusk and

Other Shellfish) Regulations (1992). The directive covers all as-

pects of mollusk production and aims to "bring about competition

on equal terms within member states while ensuring quality prod-

ucts for the consumer" (Anon. 91/492/EEC). To meet these aims it

defines criteria relating to preharvest, harvesting, and the end prod-

uct standard. It also stipulates required standards for transporta-

tion, packaging, and depuration of shellfish, and building standards

of shellfish premises. The competent authority, which, in this case,

is the Scottish Office, is responsible for defining the location and

boundary of shellfish production areas and categorizing these sites

in accordance with the extent of fecal contamination, determined

by the quantity of fecal coliforms E. coli in shellfish flesh, mea-

sured using a five-tube, three-dilution most probable number

(MPN).

Bivalve mollusk fisheries in Scotland consists of both aquacul-

ture and wild fisheries, its value, and the species harvested are

listed on Table 1. Mollusks for human consumption can only be

harvested from classified sites. Wild caught Peclinids are excluded

from this requirement, but all mollusks. including Pectinids and

gastropods, must meet the Directive's end-product standard, which

includes the absence of Salmonella spp.. absence of diarrhetic

shellfish poisons (DSPs), and less than 80 jjtg/lOO g of paralytic

shellfish poisons (PSPs) (Anon. 91/492/EEC).

At the outset of the program, the Scottish Office Fisheries

Department determined the most appropriate way to implement the

directive to comply with the regulations. One immediate task was

to define harvesting areas and to establish sampling procedures

and test facilities for fecal coliform analysis. Initially, 125 sites

were identified based on known information on registered aqua-

culture sites and natural beds. Sample collection was devolved to

local authorities with Environmental Health Officers collecting

samples on a monthly basis for transportation via air. land, and sea

to the Fisheries Research Service. Marine Laboratory in Aberdeen.

Scotland. Environmental Health Officers were issued with a col-

lection protocol, cool boxes containing ice packs, a thermometer,

universals. and fomis to record such sampling details as site loca-

tion and water temperature. The program has now been operational

for 6 years, the outcome of which, along with some details of

research on the bacteriological methodology are described below.

RESULTS FROM THE SCOTTISH MONITORING PROGRAM
FOR THE CLASSIFICATION OF SHELLFISH

HARVESTING SITES

Shellfish sites are classified in accordance with levels of fecal

bacteria present in shellfish flesh, and the subsequent fate of shell-

fish after harvest depends upon this classification (Table 2). The

directive gives fecal coliform levels for each classification cat-

egory (Table 2); however, because thermotolerant lactose-

fermenting species of Klebsiella. Eiiterohacrer. and Citrobacrer.

not of fecal origin, can occur in marine waters (Gleeson and Gray

1997), only Escherichia coli levels are reported in Scotland. The

number of shellfish analysed for E. coli and the number of sites

classified in the last 5 years are shown in Figure 1 . The number of

samples processed in recent years has decreased (Fig. la) because

of a reduction of sampling to quarterly intervals at sites where a

3-year dataset had been accumulated and where no direct source of

sewage input was evident. The number of sites classified has in-

creased to 175 (Fig. lb). This is expected to fluctuate as sites close

and others start production. A list of these classified sites is issued

annually by the Scottish Office of Agriculture. Environment, and

Fisheries Department (SOAEFD).

Because the bulk of harvesting sites occur in areas of low

population, where no direct sewage input is apparent, the majority

of areas are classified as A (Fig. 2); however, a surprising number

were categorized as B (Fig. 2). It is suspected that nonpoint

sources such as ineffective septic tanks, farm run-off, seabirds. and

marine mammals may be the source of contamination in these

areas. In other instances, higher levels of contamination occur

intermittently and tend to be seasonal. In these areas, split classi-

fications (A/B) were issued. Figure 3 shows E. coli levels over a

5-year period at a seasonally classified site. Low levels of con-

tamination occur during the January to May period, when the site

is listed as A; hence, the mollusks may go directly to market.

However, shellfish must be depurated before human consumption

if harvested in the remaining months (Table 2).

As a result of the occurrence of B-classified harvesting areas,

bivalve mollusks depuration systems using UV-light sterilization

were installed in several areas and by the end of 1996. 16 approved

systems were in place (G. Howard, pers. comm.).

The classification of .seven sites as C was not unexpected,

because they occur in areas of known sewage input. In this cat-

egory, the directive allows the shellfish to be relayed for a period

of 2 months to meet category A or B requirements (Table 2). This

practice in itself may, however, pose problems. If diseased shell-
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TABLE 1.

Value of bivalve molluscs landed in Scotland in 1996.

Cultivated Wild

Shellfish Type

Numbers

Landed value (£)

Numbers

Landed

(tons) value If)

Pacific oyster

Native oyster

Scallops

Queens

Mussels

Cockles

Razor fish

Clams (vanous)

2,800.000

96.000

302.000

1,271,000

1072 (tons)

5 1 s.oon

48,000

151,000

63,550

991,600

9,539

1,896

927

86

58

4,000

15,639,000

1 ,029,000

171,000

43,000

1 22,000

4,000

Data for culti\ated shellfish adapted from Fraser 1996; data for wild land-

ings obtained from the Scientific Database, Fisheries Research Services,

Aberdeen, UK and based on landings by UK registered vessels. The value

of cultivated shellfish was calculated from the average of the minimum and

maximum price throughout the year.

fish are transferred between areas, the potential exists for trans-

ferring pathogenic agents between sites. Similarly, if causative

organisms of paralytic shellfish poisons are present, transfer of

shellfish between sites has the potential to spread viable cysts of

species such as Alexandrium tamarensc. thereby introducing to.xic

organisms to previously uncontaminated shellfish. Although shell-

fish disease is not a significant problem in Scottish waters, A.

tainarense and other potentially toxic phytoplankton have been

detected (Kelly and Macdonald 1996) and pose a potential threat

when relaying shellfish. As a consequence, only one relaying site

is currently approved in Scotland.

METHOD DEVELOPMENT

The directive states that the procedure for determining levels of

fecal coliforms/£. coli should be a 5-tube, three dilution MPN, or

any other bacteriological procedure shown to be of equivalent

accuracy (91/492/EEC). In the absence of further guidance, the

precise methodology was defined by a working group for use

throughout the United Kingdom. This is a two-stage test, involving

TABLE 2.

Bacterial levels for the classification of shellfish harvesting sites and

the treatments for each category (EC 91/492/EEC).

90% samples

<60.000 fecal coliforms/lOO

g flesh

>60.000 fecal colifomis/lOO

g flesh

Must be relaid for at least 2

months to meet Category

A or B requirements.

Unsuitable for production

1992 1993 1994 1995 1996

Figure la). Number of shellfish analyzed for E. coli in the Scottish

monitoring program over a 5-year period. Figure lb). Number of

shelinsh harvesting sites classifled in the Scottish monitoring program
over a 5-year period.

60-1

50-
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with the incorporation of chromogenic agars, any changes would

require agreement on a UK basis. However, throughout Europe,

the methods used vary, which suggests that classification of sites

between countries may differ solely because of methodologies.

Another factor is the ineffectiveness of E. coli as an indicator

of human pathogenic viruses (Jaykus et al. 1994; Lees et al. 1998).

Several studies have shown that viral pathogens may be present in

shellfish from A-classified sites, and evidence exists that human

infection may have resulted in some instances. Even after depu-

ration, viruses may not be effectively removed (Lees et al. 1998).

Incorporation of a viral indicator in the form of F+ phage has been

suggested (Lees et al. 1998). However, caution must be applied to

its use in sites where pollution from animals may be the likely

source of the phage, thereby negating its effectiveness as an indi-

cator of the presence of human viruses.

Additional criteria that must also be addressed by the directive

are; specifications on the procedures; frequency and timing of

sampling; and establishing the temperature/time criteria for sample

analysis after collection. Nevertheless, the EU directive, as it cur-

rently exists, is the first stage in ensuring a quality shellfish prod-

uct throughout Europe.
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ABSTRACT The Scottish PSP monitoring program was extended in the early 1990s to take into account the requirements of EC

Directive 91/492/EEC and associated UK legislation. This resulted in an increase in the number of samples processed by the AOAC
mouse bioassay to quantify the levels of toxin in shellfish. Use of this technique is becoming increasingly unacceptable in many

European countries; hence, a research program was instigated to investigate the use of alternative methods. PSP data from the

monitoring program and progress on research in the assessment of these alternative methods is presented.

KEY WORDS: PSP. mouse bioassay. cell assay, tissue culture

INTRODUCTION

Paralytic Shellfish Poisons (PSP) are a group of neurotoxins

that may accumulate in mollusks. resulting in potential health

problems in human consumers (Kao 1993). A monitoring program

for their detection has operated in Scotland since 1968 and was

increased in scale in 1990. when record levels of toxicity were

detected on the Scottish west coast. Subsequently, such monitoring

became a legal requirement because of the introduction of EU
directive 91/492/EEC. which is enacted in the United Kingdom

through "The Food Safety (Live Bivalve Mollusks and Other

Shellfish) Regulations"" 1992. Samples of bivalve mollusks are

collected throughout the year from inshore shellfish aquaculture

sites and from offshore scallop fishing grounds. Currently. 43 in-

shore sites are examined, the testing frequency varies according to

the perceived risk of toxicity, based on historical data and the

importance of the area to aquaculture. High-risk sites are moni-

tored weekly, and low-risk sites are monitored at 2-week intervals,

from April to September. All sites are monitored monthly, from

October to March. If toxicity is detected, sampling frequency at

affected and adjacent sites is increased, and the number of shellfish

species examined is also increased. If the action level of 80 |jLg

STX equivalents/100 g tissue is exceeded, restrictions on fishing

and harvesting are imposed. A phytoplankton monitoring program

was incorporated in 1996 and has demonstrated that potentially

toxic dinoflagellate species are present in Scottish coastal waters

(Kelly and MacDonald 1996).

The preferred method for analyzing shellfish for PSP is "the

biological testing method,"' which is generally accepted to mean

the mouse bioassay (AOAC 1990). Increasingly, the use of this

technique is becoming unacceptable for ethical reasons in a num-

ber of countries. For this reason, research was undertaken with the

primary aim of evaluating alternative techniques for use in PSP

monitoring programs. The research currently focuses on two tech-

niques, the mouse neuroblastoma (MNB) assay and a commercial

enzyme-linked immunosorbent assay (ELISA) kit.

The MNB assay uses mouse neuroblastoma cells that express

active sodium channels, thereby allowing detection of sodiuin

channel blocking toxins, such as PSP (Gallacher et al. 1993). The

cell line arose from a spontaneous tumor in mice and was adapted

to in viiro culture in 1967 (Klebe and Ruddle 1969). It was used

extensively in early studies defining the mode of action of the

sodium channel (Catterall and Nirenberg 1973, Catterall 1977).

Data from these studies established that exposing MNB cells to

two chemicals, ouabain and veratridine. resulted in an influx of

sodium ions, which, if left unchecked, led to cell death. In the

presence of toxins that exhibit sodium channel blocking activity,

such as saxitoxin (STX), the cells survived. Subsequently the tech-

nique was modified from a radioassay to one using morphological

observation to determine the physical status of the cells after ex-

posure to the toxins (Kogure et al. 1988).

Further developments of the technique removed the require-

ment for microscopy, which was laborious and subjective, by in-

corporating the use of chemicals (Gallacher and Birkbeck 1992,

Jellet et al. 1992, Manger et al. 1993). such as neutral red

(Gallacher and Birkbeck 1992), which gave a colorimetric reaction

and could be quantified using a microliter plate reader. Because the

technique determines total toxicity, regardless of which of the PSP

are present, several workers suggested that the assay had the po-

tential to be used to detect PSP in shellfish monitoring programs

(Jellet et al. 1992. Gallacher et al. 1993).

The second technique examined was a competitive enzyme

immunoassay, the RIDASCREEN Saxitoxin ELISA, which incor-

porates a polyclonal STX antibody. This paper discusses its use,

along with data from the MNB assay and the Scottish PSP moni-

toring program.

MATERIAL AND METHODS

PSP Monitoring

Shellfish meats were extracted and analyzed by mouse bioassay

in accordance with the AOAC procedure (AOAC 1990).

Method Comparison Program

Forty-five mussels {Mylilus ediilis) and 45 scallops {Pec ten

maxinnis) from the 1996 monitoring survey were simultaneously

tested in spring 1997 by the mouse bioassay (AOAC 1990), the

MNB assay (Gallacher and Birkbeck 1992). ELISA kit (Technical

Bulletin), and high-performance liquid chromatography (HPLC)

(Franco and Fernandez-Vila 1993). The samples, which had been

stored at -20°C, were chosen to provide 15 nontoxic samples, 15

containing PSP in the range 40 to 80 |jLg/100 g. and 15 containing

>80 (jig/100 g. of each species. AH of the techniques were cali-

brated using STX obtained from the National Research Council.

Canada (NRC). and 15 samples were processed per day, over a

3-week period.
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HPLC (Franco and Fernandez 1993) and the mouse bioassay

(AOAC 1990) were operated in accordance to published proce-

dures on the 90 samples. The MNB assay was used as described in

Gallacherand Birkbeck 1992. with the following amendments: the

ouabain and veratridine concentrations were 0.1 mM and 0.025

mM, respectively, and eight STX standards were used over the

range 0.029 to 14.95 )xg/100 g. The plates consisted of two

samples, at dilutions 1/40, 1/50, 1/60, and 1/70 in tissue culture

media, and eight STX standards, all of which were done in tripli-

cate. Cell controls consisted of six wells containing cells in tissue

culture media. Controls to check the performance of ouabain and

veratridine consisted of cells, 50 |j.L of veratridine, 50 p-L of

ouabain, and 100 p,L tissue culture medium. Tissue culture me-

dium contained the same constituents as previously reported, but

the fetal calf serum concentrations were increased to 107f .

The relationship between absorbance and concentration of the

standard curve was taken to be a four parameter curve of the form

y =
{(a

- d)/(l -I- (x/c)'^)| -t- d, where y is absorbance (response),

X is concentration (i.e.. arithmetic dose), a is the dose response

(i.e., the response when x = 0), d is the infinite dose response (i.e.,

the response when x =
=t), c is the 50% dose response (i.e., the

dose resulting in a response halfway between a and d. and b is the

slope of the linear portion of the curve.

This curve is the form used in radioimmunoassays and similar

work (Rodbard and Hutt 1974). A program, using the statistical

computing system GENSTAT, was written to determine the pa-

rameters of the standard curve. The concentrations of toxin (x) in

a sample of shellfish meat was given as the value corresponding to

the observed absorbance (y) obtained from the standard curve.

Confidence limits for the estimated concentration were obtained

using Fieller's theorem (Fieller 1940

The ELISA kits (RIDASCREEN) were obtained from Disen

Ltd (Oxford. UK), and the assay was performed in accordance

with the manufacturers instructions, with the exception that shell-

fish extracts were diluted 1:2,000 and 1:5,000 in sample dilution

buffer, and STX from the NRC was used.

RESULTS

PSP Monitoring Data

The muximum level of PSP detected in shellfish from Scottish

waters fluctuates on a yearly basis (Fig. 1). with the highest level

recorded being 6,000 |xg STX equivalent/ 1 00 g flesh from mussels

obtained in 1995 (Fig. 1).

Over several years, a consistent trend has been noted in which

the majority of samples tested are negative for PSP. and levels

exceeding the closure limit of 80 |j.g/100 g occur in less than 10%

of cases (Fig. 2). However, the unpredictable occurrence of such

high levels of PSP in shellfish was demonstrated at one of the

Scottish monitoring sites where closure levels occurred in June of

1994, in May the following year, and earlier still, in April of 1996

(Fig. 3).

METHOD EVALUATION PROGRAM

Toxin Profile of Samples Analyzed

Figure 4 demonstrates that the dominant toxins, in the 90

samples were STX, GTX 4, GTX 3, and GTX 2, as determined by

4C>80 .6O5Q0

|jg STX equlv/100g flesh

Figure \. Maximum PSP levels detected in Scottish shellfish over a

7-year period.

Figure 2, The number of samples from the PSP survey over a 4-year

period that are below the 8(1 ng STX equivalent/lOO g flesh closure

limit and the number that are above the closure limit.



Monitoring for PSPs in Scotland 1649

Figure 3. Fluctuation in PSP levels in shellflsh on a weekly basis over

a 3-year period at a Scottish harvesting site.

100 ,
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shows that the estimate is not significantly different from 80 |j.g

STX equivalent, the closure limit.

Use of the MNB Assay as a Qualitative Screen for PSP in Shellfish

The detection limit for the mouse bioassay used in this study

was 23 (jLg STX equivalents/100 g. In samples deemed negative for

PSP by mouse bioassay. the MNB assay either detected PSP at

levels lower than the mouse detection limit or in the majority of

cases, toxin was absent. Hence, the two assays were in 100%

agreement on nontoxic samples. Similarly, in samples defined as

toxic by the mouse bioassay, the MNB assay again agreed in 100%

of instances.

Use of the ELISA Kit as a Qualitative Screen for PSP in Shellfish

For samples containing <23 |jLg STX equivalents/100 g by

mouse bioassay. the data generated using the ELISA kit agreed in

100% of cases. The ELISA also detected toxicity in all samples

deemed to be toxic using the mouse bioassay.

DISCUSSION

In the last 7 years, the Scottish monitoring program for PSP in

shellfish has evolved into an effective system that complies with

EU directive 91/492/EEC. Highly toxic samples that exceed the

level reported to cause illness (van Egmond et al. 1993) have been

detected. However, further examination of the data indicates that

these levels occur in only approximately 2% of the total number of

samples tested (Fig. 2). Nevertheless, the requirements for a moni-

toring program are amply demonstrated in Figure 3. which shows

that precise dates for the occurrence of high levels of PSP cannot

be predicted.

As required by legislation, this monitoring program is depen-
dent upon the mouse bioassay (AOAC 1990), which is becoming

increasing unacceptable for ethical reasons. Therefore, a program
was instigated that assessed two alternative techniques, the MNB
assay and the ELISA RIDISCREEN kit, for their potential to re-

place the mouse bioassay.

In a study of this type it is essential to identify all sources of

variability associated with each procedure and to quantify as many
of these as possible, in order to compare their performance accu-

rately. A statistical program, written for the purpose of estimating

confidence limits for the alternative techniques, demonstrated that

where toxicity was estimated as <80 p,g STX equivalents/ 1 00 g.

the actual value could be above this action level (Table I ). A

similar program for the mouse bioassay is not yet complete, but is

expected to show similar, if not higher, ranges in confidence limits.

This expectation is attributable to several factors, including reports

of up to 1/3 of animals being resistant to a lethal injection and

matrix effects causing an approximate 40% reduction in the quan-

tity of toxin detected (Shantz et al. 1958). Although, the mouse

bioassay is generally reported to have an associated error of 20%
(Shantz et al. 1958), this will fluctuate between samples and must

be accurately calculated for method comparison purposes. The

statistical analysis of the mouse bioassay is expected to be com-

pleted early in 1998, hence comparison of the alternative methods

with the mouse bioassay has, for the present, been expressed in a

qualitative manner.

The results from the study to date indicate that the MNB assay

has potential to be used to screen for positive samples. In the

Scottish monitoring program, this would effectively reduce the

number of animals used by at least 70% (Fig. 2). Similarly, the

data from the ELISA kit demonstrated that this test could also be

used as an effective screen. Its advantage over the MNB assay is

that results can be obtained on the same day the sample is received.

Because the ELISA is purchased as a kit, it is also easier to use,

although this advantage has been negated by the commercial avail-

ability of the MNB assay in a kit format (Jellett Biotek, Canada).

The major disadvantage of the ELISA technique is its limited cross

reactivity with neo-STX, GTX 1, and GTX 4 (Usleber et al. 1997),

which may pose problems if the assay were used on a quantitative

basis. Also, before such a technique could be used with confi-

dence, further work would be required to determine that the PSP

profiles found in this study are an accurate representation of the

profiles found during the monitoring season. These problems do

not exist with the MNB assay, because it mimics the pharmaco-

logical action of PSP in mice and measures total toxicity.

In conclusion, both the MNB assay and ELISA show potential

for application as screening tests in PSP monitoring programs, and

investigations are continuing into their use as fully quantitative

techniques.
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THE MISTT^' SHIPABLE CELL BIOASSAY KITS FOR PSP: AN ALTERNATIVE TO THE
MOUSE BIOASSAY

JOANNE F. JELLETT, LISA I. DOUCETTE, AND
ELIZABETH R. BELLAND
Jelletr Biotek Lid.

Dartmouth. Nova Scotia

B2Y 3Z7 Canada

ABSTRACT A shipable cell bioassay kit called MIST^^' (Maritime In Vitro Shellfish Test) has been developed by Jellett Biotek Ltd.

for Paralytic Shellfish Poisoning (PSP). This technology is a cost-effective alternative to the mouse bioassay, and is 20 times more

.sensitive than the mouse. The kits provide precultured cells and premixed reagents, eliminating the need for tissue culture facilities or

expertise and are robust enough to be performed in the field or on a ship. They are available in three formats; fully quantitative,

semiquantitative, and a qualitative (yes/no) version, called Mini-MIST'". The shelf life of the quanlilative MIST™ Kit is 3 weeks,

although this can be extended by freezing the cells to -100"C, The kits have been successfully shipped from Canada to as far away

as Australia and New Zealand. The MIST^^' technology has been used to determine total PSP toxicity in acid extracts of phytoplankton.

lobster hepatopancreas. mussels, scallops, clams, cyanobacteria, and processed food. It has also been used to determme toxicity in

phytoplankton samples. Results of parallel trials with the cell bioassay and the mouse bioassay are summarized.

INTRODUCTION

The MlSTi'^' Kit for Paralytic Shellfish Poisoning (PSP) is

based on a neuroblastoma cell bioassay method developed and

validated by Jellett et al. (1W2, 1995). In simplistic terms, the

competitive reagents used in the bioassay will destroy the cells

unless they are protected by the presence of saxitoxin. This method

was itself based on discoveries made earlier by Catterall and

Niremberg (1973) and Kogure et al. (1988). who saw the potential

for utilizing the competitive interaction of sodium channel block-

ers and activators on the channels of neural cells. Concurrently.

Jellett et al. (1992). Gallacher et al. (1992). and Manger et al.

(199.3) developed automated endpoints for the Kogure (1988)

method, based, respectively, on direct cell staining, vital stain up-

take, and tetrazolium dye reduction. This allowed the use of the

cell bioassay for detection and quantitation of PSP toxins. The

method, however, still required tissue culture expertise and facili-

ties. Jellett Biotek has succeeded in developing a method to keep

the cells in stasis at 20''C ± S^C, while they are shipped and stored,

thus giving shelf life and shippability. The cells have been incor-

porated into a kit format for ease of use.

RESULTS AND DISCUSSION

Kit Formats

The MISTTM kits for PSP have been developed into three for-

mats: quantitative, semiquantitative, and qualitative (yes/no). The

fully quantitative version utilizes a neutral red end-point modified

from Gallacher et al, (1992). requires a microplate reader, and

gives a determination in |jLg saxitoxin (STX) equivalents (eg)/10()

g shellfish tissue. Serial dilutions of pure STX and of each of four

unknown samples are prepared for each test plate. Aliquots of

these dilutions are then applied to the test plate containing cells,

followed by aliquots of the competitive reagents. After incubation,

the test plates are stained, and the amount of color obtained is

proportional to the amount of STX to which the cells have been

exposed. The color resulting from each dilution of an unknown

sample is then compared to that from the standard curve of pure

STX using a microplate reader, thus deriving a toxicity value for

each dilution. The mean of several replicate values derived from

each unknown sample is then calculated, giving a fully quantitative

determination of total toxicity in that sample.

The limit of detection of the MIST™ kits for PSP is about 2

p-g/lOO g. about 20 times more sensitive than the standard mouse

biossay. Because the mouse neuroblastoma cells utilized in the kits

are derived from a tumor, they are immortal, and no animals are

ever used. These kits can be held at room temperature (20 ± 5°C)

for 3 weeks after they are produced. The plates then require 48

hours of preincubation to activate the sodium channels that are the

basis of interaction of the cell test.

The semiquantitative version is read by eye without the aid of

instrumentation and places the toxicity of the sample extract into

one of six ranges: 0-2; 2-10: 10-50; 50-250: 250-1250, 1250

[jLg/100 gm + (Fig. I). The ranges can be set to detect higher or

lower toxicity by altering the dilution scheme used in the prepa-

ration of the samples. The qualitative Mini-MIST^" (Fig. 2) indi-

cates color when sample toxicity exceeds a set limit (either 25 or

50 |j,g/100 g in our current test versions) and shows pale or no

color when toxicity is below this limit. Both semiquantitative and

qualitative versions utilize the original crystal violet end-point

(Jellett et al. 1992), which gives more brilliant color for visual

determinations, and both have controls incorporated in every plate

to ensure that the tests are pert'ormed correctly and for comparison

purposes. Equipment requirements and costs, therefore, vary, de-

pending on which version of the kit is used.

Applications of the AZ/ST'^'

All versions of the MIST^^' kits for PSP can be utilized with a

wide variety of sample types. Because the method detects total

toxicity, the AOAC 0.1 N HCI boiling acid extraction method

(AOAC 1989) is recommended because of the Proctor enhance-

ment effect. However, milder acetic acid extraction methods used

for analytical techniques such as HPLC can also be utilized, bear-

ing in mind that the full toxicity potential of the sample will not be

achieved. Various matrices have been successfully utilized in the

cell bioassay method, including extracts of whole bivalve, gastro-

pod, and crustacean tissues (Jellett et al. 1992, Ogata et al. 1989,

Truman and Lake 1996), scallop digestive glands, and complex
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Interpretation of the Misr"" Plate

Purple = PSP; More purple = more PSP

TABLE 1.

Trends of correlation in a parallel trial of cell and mouse bioassays

performed with the collaboration of Inspections Directorate of the

Department of Fisheries and Oceans in Halifax. Nova Scotia and

Health Canada in Ottawa, Ontario."
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takeoff and landing. As a result, a commercial decompression-

proof container was identified for subsequent air shipping. In the

summer of 1996. these containers were used to ship a small num-

ber of quantitative MIST'" kits to another collaborator, the FRS

Marine Laboratory in Aberdeen, Scotland. Early shipments expe-

rienced some leakage caused by incorrect use of the containers, but

some kits arrived safely and produced data. A total of eight

samples of shellfish extracts were compared by testing in the fully

quantitative MIST"" kits and the mouse bioassay in the Scotland

laboratory, and a correlation coefficient of 0.945 was found.

In 1997. a larger parallel trial was completed at the FRS Marine

Laboratory in Scotland with 100 shellfish extracts. Staff at the FRS

Marine Laboratory tested the extracts in the cell bioassay prepared

in their laboratory (Gallacher et al. 1992). in the mouse bioassay,

and in all three versions of the MIST"' kits, quantitative, semi-

quantitative, and qualitative. Full analysis and publication of these

data is awaiting the completion of a statistical program to deter-

mine confidence limits for both the cell and mouse bioassays in the

Scotland laboratory. However, preliminary comparisons of results

showed that good kit performance and shelf life were achieved

after shipping from Nova Scotia to Scotland. All samples <40

|a.g/100 g in the mouse bioassay gave the same results in the

MIST'" kits (all versions), underlining the utility of the MIST™

kits for screening of negative samples. Preliminary comparisons of

the fully quantitative MIST^^' kit results with those from the

mouse bioassay showed strong correlation trends (e.g., coefficients

of >0.75 for n = 67). However, statistical comparisons cannot be

made without the availability of data confidence limits, which will

be forthcoming when the fully analyzed data are published by the

FRS Marine Laboratory. Confidence limits are essential for deter-

mination of false positives and negatives around the regulatory

limit of 80 iJ-g/lOO g.

An AOAC collaborative study is planned for early 1998. where

samples of mussel homogenate will contain one of three difference

toxicity profiles at one of two different levels (high and low), or

high or low levels of saxitoxin standard spiked into the tissue

homogenate. or no toxin at all (controls). Samples will be provided

in duplicate to test inter- as well as intralab variability, but all

samples will be randomly numbered so the participants will not be

able to pre-guess the toxicity values. The 14 participating labora-

tories will each perform testing on the blind samples using the

fully quantitative version of the MIST^^' Kit for PSP, and addi-

tional laboratories will perform the mouse bioassay and chemical

analysis on the same samples. Results of the trials will be pre-

sented to the scientific community as soon as possible after they

are completed.
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VARIATIONS IN THE PSP CONTENTS OF SHELLFISH IN HONG KONG AND THE EASTERN
COAST OF SOUTH CHINA SEA

HO KIN-CHUNG
Environmental Studies Program

Open University of Hont; Kong, Hong Kong

ABSTRACT Results of a monilonng program revealed that there was a steady level of paralytic shellfish poisoning (PSP) toxins in

the inarketed shellfish samples in Hong Kong and the eastern coast of South China Sea. The PSP contents varied from 300 p,/kg to

2.S00 |x/kg. According to high-power liquid chromatography (HPLC) analyses, the major toxins included: CTXs. STX,, STX,. GTX,,

GTX,. and GTXj. By means of similarity analysis it was discovered that the PSP toxins in shellfishes collected froin Macau. Hong
Kong, and Mirs Bay were of the highest similarity. The toxins in shellfish samples that were collected from Daya Bay and the eastern

coast of South China formed another similarity group. Results of the present study suggested that PSP causative phytoplanktons and

the PSP-contaminated shellfish sold in Hong Kong markets were mainly imported from the eastern coast of South China Sea.

KEY WORDS: paralytic shellfish poisoning (PSP). PSP toxin contents, shellfish poisoning in Hong Kong and the South China

INTRODUCTION

Shellfish contaminated with algal toxins are harmful to human

beings. Of the various shellfish intoxications. Paralytic Shellfish

Poisonings (PSP), Diarrhetic Shellfish Poisonings (DSP), and Am-
nesic Shellfish Poisonings (ASP) are closely related to harmful

phytoplanktons. To reduce health risk, numerous countries, includ-

ing Hong Kong and China, have itnplemented monitoring and

control programs on harmful phytoplankton and toxin-contami-

nated shellfish. The physiological mechanisms on toxin production

have yet to be concluded. Scientists also found that there were

significant variations in toxin levels between different shellfish

species, seasons, districts, and even individuals in a monitored

shellfish population (Shumway 1997). For such reasons, scientists

urged for more comprehensive research and monitoring to under-

stand the spreading mechanisms of harmful toxins as well as the

controlling methodology of shellfish poisoning (Smayda and Watt

1995).

MATERL4LS AND METHODS

Monthly monitoring of PSP toxins in five species of shellfish,

namely Green-lipped mussel (Perna viridis). Clam {Tapes philip-

pinarum). Bloody cockle {Anadara crebricostat). Oyster (Ostrea

sp.) and Fan-mussel (Alrina pectinata). was conducted from Janu-

ary 1993 to December 1996. Samples were collected from seawa-

ter of the outer Tolo Harbour in Hong Kong by divers and bought
from various shellfish markets in Hong Kong, Shenzhen, and the

eastern coast of South China Sea. The origins of the marketed

shellfish were recorded according to information provided by the

shellfish sellers.

The toxicity levels of shellfish samples were tested by mouse

assay (AOAC 1984). The detailed contents of toxins were further

analyzed by high-power liquid chromatography (HPLC) according

to the methods suggested by Sullivan et al ( 1987).

Phytoplankton sainples were collected at bimonthly intervals at

Hong Kong and the eastern coast of South China Sea. Haul-netted

(of mesh size 20 (i.m) samples were obtained and examined under

inverted microscopes. Environmental information related to

marine water quality in Hong Kong was extracted from the various

reports of Environmental Protection Department. Hong Kong SAR
Government. The data on shellfish poisonings was kindly provided

by the Department of Health, Hong Kong SAR Government.

RESULTS

Seasonal Patterns and Geographic Distribution of PSP

According to monitoring results, it was observed that there was

very obvious seasonal pattern on the levels of PSP toxins. The

mean PSP concentration in shellfish samples maintained at the

levels of 600 p,/kg to 1650 |x/kg {Fig. 1). For concentrations in

individual species, the green-lipped mussel, fan-mussel, and

bloody cockle accumulated the highest amount of PSP toxin (350-

1650 |j./kg); whereas, oyster accumulated the lowest amount (200-

900 |ji/kg). The PSP levels were generally highest in late winter to

eariy spring, less high in the winter and late spring, with the lowest

in summer and autumn. All the six monitored shellfish species

exhibited a similar seasonal pattern; that is, PSP contents in the

decreasing order of early spring > winter > summer, and autumn.

It was also noted that the seasonal pattern of PSP toxins in

shellfish was closely similar to that of phytoplankton blooms and

related to the seasonal destratification of water columns in Hong
Kong and the South China Sea (Lam and Ho 1989). Such simi-

larity in seasonal patterns suggested that PSP in the areas was

closely associated with the blooms of toxic phytoplanktons and the

availability of algal nutrients through seasonal changes in climate.

Harmful Phytoplanktons

The harmful phytoplanktons as recorded in the monitoring pro-

gram included: Alexandrium catenella. A lamarensis. Goinaiikix

polyedni. and ChaUonella marina (Table 1). It is noteworthy that

most of the harmful phytoplanktons were observed in samples
collected at the eastern waters of Hong Kong and the eastern coast

of the South China Sea, where the intruded oceanic currents from

the South China Sea met the freshwater discharged from the Pearl

River. According to a cyst survey, the closer to the eastern coast of

South China Sea, the higher the amount of Alexandrium cysts

being accumulated in the sediment (Fig, 2). The results agreed
with those of Ho and Hodgkiss ( 1993) that Alexandrium catenella

generally favored waters of high salinity (>30'7f) and high pH,
w hich are the major characteristics of oceanic currents.

Contents of PSP Toxins

The contents of PSP toxins in shellfish samples were analyzed

by HPLC. It is noted that STX comprised to 40 to 60% by weight
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PSP Toxicity in Various Species of Bivalves in Hong Kong Market
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Figure 1. Mean PSP toxicity levels in various species of bivalves collected from markets of Hong Kong and the eastern South China coast.

of the total PSP toxins. GTX|_, were also high in weight percent-

age, but CTXs comprised only a small amount (Figs. 3 and 4).

By compaiing the weight percentages of STX. GTX. and CTX
toxins in shellfish samples, it was discovered that shellfish origi-

nated from different locations exhibited strong characteristics of

grouping and similarities. The toxin species in green-lipped mus-

sels originating from Macau, Hong Kong, and Mirs (Daipeng) Bay
exhibited the highest similanty in weight percentages. The PSP
toxin contents in green-lipped mussel originating from Daya Bay
were quite different from those of the other originating areas.

TABLE 1.

Toxic phytoplanktons identified in Hong Kong and the eastern coast

of the South China Sea.

Area Species Occurrence Season

Southeastern

Hong Kong
waters

Mirs (Daipeng)

Bay
Mirs (Daipeng)

Bay
Eastern Hong

Kong, Mirs Bay,

and Daya Bay
Southern and

Eastern Hong
Kong waters

AJexandrium caienella

AtexanJiium

tamarensis

Challonella marina

GoiwauliLx pohi'dra

Gxmnodiniitm hreves

Feb.-April

Jan.-April

March-May

March-June

March-May

'
Often, normally > 250 cell/mL.

''Occasionally, normally > 100 cell/mL.
'
Rare, normally less 10 cell/mL.

For bloody cockle samples, there was a very high siinilarity

between the samples originated from Hong Kong and Macau.

However, those samples originating from Mirs (Daipeng) Bay and

Daya Bay exhibited another group of similarity. On the basis of the

similarity in weight-composition of PSP toxins in green-lipped

mussel and bloody cockle, it is able to group the PSP toxicity in

two major categories; that is. the "Pearl River Estuary" group of

shellfish toxins and the "South China Sea Oceanic" group of shell-

fish toxins. The first group includes toxins of indigenous shellfish

in Macau and Hong Kong. The later group includes the PSP toxins

of shellfishes cultivated in the eastern coast of South China Sea

(namely. Daya Bay and Mirs Bay). Interestingly, the toxin contents

for green-lipped mussel and bloody cockle that were marketed in

Hong Kong exhibited high similarity to those originating from

Daya Bay (where is believed to be a major shellfish cultivation

water in the South China coast). The results suggested that most of

the PSP-contaminated shellfish marketed in Hong Kong might be

imported from the eastern coast of South China Sea in the main-

land of China.

DISCUSSION

Reports on PSP intoxication are rare in Hong Kong and China.

However, the impacts might be much higher than reported, be-

cause, in the past, there was insufficient awareness of the disease,

which resulted in a general lack of statistical data. Before 1989,

neither PSP nor toxic algal bloom were recorded in Hong Kong
and China, In 1989, a bloom of the harmful phytoplankton:

namely, Alexandrium caienella. was reported in the eastern waters

of Hong Kong (Ho and Hodgkiss 1993). This harmful algal bloom

resulted with a peak of 13.000 ix/kg (in average >4,()()() |j./kg) of

PSP toxins being detected in the cultivated shellfish. The Depart-

ment of Health, therefore, banned the sale of all shellfish for 2
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Figure 2. Distribution of Alexandrium cysts in Hong Kong and the eastern coast of the South China Sea.

weeks to safeguard the health of citizens. In this event, no person

was affected or hospitalized.

The bloom of A. catenella re-occurred in the early spring

(Feb.-March) of 1990, again in the eastern waters of Hong Kong.

Because of the early warnings given by the Hong Kong Govern-

ment, the shellfish market was not closed, but no person became ill

(Ho and Hodgkiss 1993).

The most severe PSP event in China occurred in 1992 (Lin et

al. 1994). In that event, one person died, and 17 persons were

hospitalized. The massive into,\ication happened in the eastern

coast of the South China Sea about 200 km from Hong Kong.

Although no phytoplankton data were collected in this event. A.

tamarense was suspected to be the causative organism, because

this species occurred frequently in the eastern coast of South China

Sea (Qi et al. 1995). The various PSP events in the late eighties and

early nineties suggested that Alexandrium catenella and A. tama-

rense were the major causative organisms of PSP in Hong Kong
and its vicinities.

The waters of Hong Kong and the eastern coast of the South

China were reported to have been eutrophicated since the mid-

Composition of PSP Toxins in Green-lipped

mussel (Perna viridis)

Macau

Daya Bay

1



1660 Kin-Chung

Composition of PSP Toxins in Bloody Cockle

(Anadara crebricostata)

Daya Bay
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Figure 4. Weight-composition of PSP toxins in bloody cockle originating from Hong Kong and the eastern coast of the South China Sea.

eighties (Environmental Protection Department 1996). However,

the phenomenon of eutrophication is not correlated with the in-

crease in PSP intoxication and level of PSP toxins in shellfish

samples of the areas. In Hong Kong, for example, the number of

red tides in Tolo Harbour was highest in 1989 but gradually de-

creased to one-third of its highest magnitude in the midnineties. No
evidence has shown that eutrophication resulted in higher PSP

contents in shellfish samples of Tolo Harbour. Better pollution

control in recent years did not result in a decrease of PSP contents,

according to the present monitoring data.

Nevertheless, on the basis of the information of algal cyst dis-

tribution and the hydrographic conditions in Pearl River Estuary,

Hong Kong, and the South China coast, it can be concluded that

the intruded oceanic currents from the South China Sea during

winter might be the major carrier of harmful phytoplanktons. Qi et

a! (1995) and Ho and Hodgkiss (1995) reported that when the

freshwater of Pearl River and the oceanic currents met at the

eastern waters of Hong Kong, the upwellings provided nutritious

conditions for germination and growth of toxic algae. The simi-

larity between seasonal patterns of algal blooms and the PSP levels

in the eastern coast of South China also supports the hypothesis

that PSP is closely related to algal blooms that were initiated by the

oceanic currents intruded into the region during late winter to

spring.

As noted, some of the PSP-containinated shellfish sold in the

Hong Kong market were imported from the eastern coast of the

South China Sea. Further research and management work must be

done to tackle the risk of cross-border contamination.
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.ABSTRACT Several outbreaks of gastroenteritis related to the consumption of shellfish (frequently eaten raw) have been reported

in different parts of the world. In Europe, human calicivirus infections may have been involved in winter outbreaks in recent years,

although there is little evidence confirming such viral contamination in shellfish. This study presents the first results of a field survey

on viral contamination in two shellfish harvesting areas along the French Mediterranean coast. The first, consisnng mainly of oyster

beds, was classified in category A, as determined by fecal coliforni counts in shellfish (European Community Directive 91/492), and

the second, a mussel bed, was classified in category C. Shellfish samples were collected monthly between August, 1995 and April,

1997, and RT-PCR was used to detect viruses known to be involved in outbreaks of gastroenteritis: enterovirus, human calicivirus,

rotavirus, and astrovirus. Contamination by fecal coliforms was evaluated in the same samples. Virological results in shellfish were

correlated with data on the incidence of epidemics of gastroenteritis in the coastal population obtained from a French survey. A

relationship was observed between virological results and epidemiological data. For the 2 years when the incidence rate of gastroen-

teritis was maximal in winter, the mussel bed was always contaminated by the four types of viruses screened. Similar results were

observed for oyster beds during the second winter; whereas, two samples were highly contaminated during the first winter, and a third

showed low contamination (only rotavirus). These results suggest that an epidemic of gastroenteritis In the human population

contributed to viral contamination of the marine environment through discharge of waste water.

KEY WORDS: shellfish, viral contamination, enterovirus, human calicivirus, rotavirus, astrovirus, fecal coliforms, gastroenteritis

INTRODUCTION

Enteric viruses are dangerous pathogens able to persist in the

environment. They are introduced into marine and estuarine waters

because current sewage-treatment practices are inadequate to

eliminate them from vvastewater effluents. Once in the environ-

ment, they can be accumulated by shellfish and lead to outbreaks

among human consumers. Shellfish-bome diseases include hepa-

titis A. the most serious infection, which can prove fatal, and

gastroenteritis, probably the most frequent pathology. Conse-

quently, viral contamination of shellfish and shellfish farming ar-

eas has become a matter of increasing public health concern

(Gerba and Goyal 1978. Metcalf et al. 1995).

In the 1980s, cell culture methods were used to detect enterovi-

ruses (EV) in the tissues of clams and oysters in the United States

(Vaughn et al. 1980, Wait et al. 1983). However, until recently,

viral pathogens have rarely been identified in shellfish-associated

outbreaks because of the lack of a sensitive method for detecting

viruses not amplified in cell cultures. New analytical methods

based on molecular biology now allow the detection of such en-

teric vii^ses as hepatitis A virus (HAV). human calicivirus (Hu

CV), and rotavirus (RV) in environmental samples and shellfish

implicated in food-borne outbreaks (Le Guyader et al. 1994,

1996a, Lees et al. 1995, Chung et al. 1996, Hiifiiger et al. 1997).

Some viruses detected in the coastal environment have been

associated with gastroenteritis. Diarrhea is commonly reported

among associated symptoms in infections by a number of enterovi-

ruses (Melnick 1996). Hu CV, including Norwalk virus, have been

responsible for gastroenteritis in children and adults, astroviruses

( AV) are common causes of diarrhea in children, and RVs are the

most important etiologic agents of severe diarrheal illness in in-

fants and young children (Kapikian 1996). This study investigated

the occurrence of these viruses in shellfish collected over a 21-

month period from Mediterranean beds, Virological results were

correlated with data for the incidence of epidemics of gastroen-

teritis among the coastal French population and are considered in

terms of their implications for public health.

MATERIALS AND METHODS

En vironmenlal Sampling

Shellfish samples were collected monthly between August
1995 and April 1997 in two harvesting areas along the French

Mediterranean coast. Site 1 was an oyster (Crassostrea gigas
—

Thunberg, 1793) bed producing 10,000 tons per year. Oysters were

collected from three sampling points of this shellfish area classi-

fied as category A on the basis of fecal coliforni counts (European

Community Directive 91/492). Site 2, about 30 km from site 1, had

a low mussel (MytUus galloprovincialis
—Lamarck, 1819) produc-

tion of 50 tons per year. Mussels from this category C shellfish

area were collected at a single sampling point.

Microbiological Analysis

Quantitative estimations of fecal indicators (Escherichia coli)

in shellfish were performed by conductance measurement (Dupont
et al. 1996). For viral analysis, shellfish were shucked and dis-

sected. Viruses were eluted from digestive tissues and concen-

trated by precipitation. After proteinase K treatment, nucleic acids

were purified and RT-PCR performed (Atmar et al. 1995). Am-

plification products were detected by electrophoresis and con-

firmed with specific probes. For EV, the region amplified by RT-
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PCR corresponded to the 5' untranslated region: whereas, for Hu

CV. it was the region coding for polymerase, for AV the 3' un-

translated region, and for RV a portion of protein VP7 (Le Guy-
ader et al. 1994, 1996b, Mitchell et al. 1995).

Data Analysis

Shellfish viral contamination was evaluated monthly at each

sampling point according to an index of the frequency of gastro-

enteritis viruses calculated as follows:

I
= [(Vev + Vcv + Vrv + Vav)/n] x 100

where V for each virus (EV, Hu CV, RV, or AV) is expressed as

positive (value of 1 ) or negative (value of 0); and n is the number

of viruses analyzed in shellfish (n = 4).

Acute gastroenteritis in the French population was estimated

using the French Sentinel System for Monitoring of Communi-

cable Diseases (Flahault et al. 1995). Data on morbidity for seven

communicable diseases were collected on a continuous basis via

Videotex terminals from about 500 general practitioners. Results

are expressed as the incidence rate per 100,000 inhabitants for

acute diarrhea. These data were available on a local scale for this

study.

RESULTS

The seasonal results for each virus detected among 83 samples

analyzed are shown in Figure I. Site 2 (category C) was contami-

nated much more heavily and frequently than site 1 (category A).

However, the latter was not virus-free, and contamination was

greater in autumn and winter, particularly in 1996. In site 1, RV
were present in all samples collected during the winter of 1995,

and Hu CV were detected simultaneously at all sampling points in

the autumn of 1996. In site 2, Hu CV were only present in autumn

and winter during both years.

Figure 2 shows the monthly occurrence of viral contamination

from August 1995 to April 1997 based on the index of viral con-

tamination expressed as the arithmetic mean of all sampling points

(site I -I- site 2). Seasonal variations in pollution are apparent, with

increases in autumn and a maximum in December and/or January,

depending upon the year. Changes in bacterial contamination, ex-

pressed as the geometric mean of E. coli for all sampling points,

show no apparent relationship between virus occurrence and

coliform bacteria counts in shellfish. Similarly, bacterial contami-

-Index of viral contamination (all shellfisn harwsting areas)

-log E coll (all shellfish hancsting areas)

Figure 2. Comparison between index of viral contamination and shell-

fish bacterial contamination (all shellfish harvesting areas).

nation is apparently not correlated with the winter epidemic of

acute gastroenteritis expressed as the local incidence rate per

100.000 inhabitants for acute diarrhea (Fig. 3). However, shellfish

viral contamination seems to be correlated with the winter epi-

deinic of acute gastroenteritis, with both indicators showing an

increase in autumn and a peak in January (Fig. 4). This relationship

was also observed for each site, as indicated for site 1 in Figure 5.

Viral contamination was maximal in January, 1995, persisted until

March, 1996, and was then apparent in December, 1996 and Janu-

ary, 1997. Results for site 2 did not show a clear relationship,

probably because sampling was performed at a single point.

DISCUSSION

These results indicate that enteric viruses in shellfish were de-

tected mainly in autumn and winter in the two sampling areas. No
clear relationship was found between occurrences of viruses and

coliform bacteria counts in shellfish. The variations in viral con-

tamination seemed to follow the pattern of the winter epidemic of

acute gastroenteritis in the French coastal population. These results

suggest that the human epidemic contributed to viral contamina-

tion of the marine environment. However, our investigation, based

on few data, provide only descriptive results and do not demon-

strate a causal relationship. Further studies and more data are

required to test the hypothesis statistically.

In France, large outbreaks of acute gastroenteritis occur every

year during 4 or 6 weeks (end of December to January) (Flahault

et al. 1997). This winter epidemic is caused mainly by a recent

contact with someone with diarrhea but not by shellfish or tap

Site 1 Site 2

Oyster t Oyster 2 Oyster 3 Mussel 1

n EV
I

CV
I
AV

I
RV EV

I
CV

I
AV

I
RV EV

|

CV
|

AV
|
RV EV

]
CV

I
AV

|

RV

Winter 95

Spring 96

Summer 96

VUinter 96

:Mz:HMi:

Spring 97

Bno

virus detected

1 sample + among 3

1 sample + among 2 or 2 samples + among 3

all samples* (1/1, 2/2 or 3/3)

Figure 1. Viral contamination of shellfish between August 1995 and

April 1997; Summer = July, August, September; Autumn = October,

November. December; Winter = January, February, March; Spring =

April, May, June; n = number of sampling months; EV, enterovirus;

CV, human calicivirus; AV, astrovirus; RV, rotavirus.

-Local incidence rate (x10-1)

-log E coli (all shellfish harvesting areas)

Figure 3. Comparison between winter epidemic of acute gastroenteri-

tis and shellfish bacterial contamination (all shellfish harvesting ar-

eas).
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- Local incidence rate (x 10-1)
-Index ofwral contamination (all shellfish hai\esting areas)

Figure 4. Comparison between winter epidemic <if acute gastroenteri-

tis and shellfish viral contamination (all shellfish harvesting areas).

water consumption (Letrilliart et al. 1997). Microbiological analy-

ses have been unfrequently performed in stools, and few data are

available on viral etiologic agents of diarrheal diseases (Maison et

al. 1997). The proportion of each specific virus involved in these

gastroenteritis epidemics remains unknown, but rotaviruses and

caliciviruses are the most often reported etiologic agents. These

viruses could be found in wastewater effluents (data not shown).

Then, through sewage discharge, they could contaminate the ma-

rine environment (Dubois et al. 1997). The gradual changes of the

enteric viruses in this environment are still unknown, and this

question raises the problem of health hazards associated with shell-

fish consumption.

However, few data have been published in France on outbreaks

of gastroenteritis related to shellfish consumption in winter. They

occurred sporadically and locally. For example, one epidemiologi-

cal study has demonstrated that an outbreak in December 1992 was

statistically related to shellfish consumption. This epidemic,

caused by a calicivirus. occurred in an area close to site 1, where

the population was accustomed to eating local shellfish, which

were the suspected vector for infection (Daurat 1992).

4"=-! 1
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INCIDENCE AND DETECTION OF PATHOGENIC VIBRIO SP. IN A NORTHERN NEW
ENGLAND ESTUARY, USA
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ABSTRACT Many Vibrio species are capable of causing infections in humans. Vibrio vulnificus and Vibrio parcihaemolyticus are

part of the normal microflora of estuaries and have been implicated in diseases from consumption of raw or undercooked shellfish. In

the Great Bay Estuary of Maine and New Hampshire, oysters [Crussostreu virginica) and soft-shell clams {Mya arenaria) are harvested

for commercial and recreational purposes. Only one incidence of V. parahaemolyticus infection from shellfish consumption has been

documented. Traditional methods and a gene probe assay were used to enumerate V. vulnificus in water from sites along salinity

gradients from two tributaries to the main water body (Great Bay) of the estuary. V. parahaemolyticus. Escherichia coli, enterococci,

fecal coliforms, nitrate, ammonium, orthophosphate, suspended solids, chlorophyll a. dissolved organic carbon (DOC), temperature,

and salinity were also measured. Results showed lower salinity and higher concentrations of dissolved nutrients, suspended solids, fecal

indicator bacteria, and chlorophyll a in tributaries compared to Great Bay. Both Vibrio sp. were detected more frequently and at higher

concentrations in the tributaries. Multiple regression analysis suggested suspended solids were the most significant variable, accounting

for ~2T7c of the variance in V. vulnificus and V. parahaemolyticus concentrations. However, the gene probe results showed DOC was

the most significant variable for explaining (44%) the variance in V. vulnificus concentrations. The results suggest that improved
detection methods can enhance the understanding of environmental conditions conducive to both growth and inhibition of these

pathogens.

KEY WORDS: Vibrio vulnificus. Vibrio paralnieniolyticus. gene probe, nonpoint source pollution

INTRODUCTION

Shellfish consumed raw or partially cooked may contain patho-

genic microorganisms capable of causing diseases in humans.

Many of the historical problems have been linked to fecal con-

tamination of harvesting waters, where pathogens associated with

untreated sewage discharged into coastal waters are taken up and

retained by filter-feeding bivalve mollusks. In response, federal

and state agencies have worked to eliminate fecal contamination

sources and have instituted monitoring programs with strict stan-

dards to restrict harvesting to safe waters only. This strategy has

been relatively effective in limiting shellfish-bome illnesses in the

United States.

Fecal-borne pathogens are not the only causes of shellfish-

borne diseases. There are also many autochthonous estuarine and

marine bacteria that are pathogens. In particular, pathogenic Vibrio

spp. pose the greatest public health hazard in the United States

from among all naturally occurring bacterial pathogens associated

with shellfish (Janda et al. 1988. Rippey 1994). Vibrio vulnificus is

the most serious public health concern, but Vibrio paraltaemolyt-

icus and Vibrio cholerae are bacteria that can also cause gastro-

enteritis symptoms that may be more severe than sewage-borne
viral and bacterial pathogens (Rippey 1994). Vibrios are prevalent

in warm estuarine areas throughout the world. In the United States,

virtually all V. vulnificus infections occur from consumption of

oysters harvested from the Gulf of Mexico (Watkins 1994, Rippey

1994). However, V. vuhiificus, as well as V. parahaemolyticus.

have been detected throughout all U.S. coastal areas (Wright et al.

1996. Oliver et al. 1983) as far north as Maine on the Atlantic coast

(O'Neill et al. 1990. Bartley and Slantetz 1971) and Washington
State on the Pacific coast (Kelly and Dan Stroh 1988).

In the Great Bay Estuary of Maine and New Hampshire, V.

vulnificus was first detected in 1989 (O'Neill et al. 1990). while

the presence of V. paraluiemolyticus has been reported since 1971

(Bartley and Slanetz 1971 ). O'Neill et al. (1992) showed that V.

vulnificus was only present in the estuary from late June to early

October and was more prevalent in the tidal tributaries compared
to more saline, larger water bodies. Bartley and Slanetz ( 1 97 1 ) also

observed decreases in concentrations of V. parahaemolyticus in

November, with the onset of colder water temperatures. Other

studies suggest that the optimum teinperature and salinity for V.

parahaemolyticus are 20°C and 20 ppt, respectively (Grimes 1991.

Rivera et al. 1989. Kelly and Dan Stroh 1988. Watkins and Cabelli

1985). The usefulness of temperature and salinity for predicting

densities of V. vulnificus in different coastal regions of the United

States has been reported (Tamplin 1994). Thus, the presence of

both vibrios is affected to a great extent by salinity and tempera-

ture.

The lower salinity tributaries of the Great Bay Estuary are also

known to be enriched in nutrients, suspended solids, and phy-

toplankton (Langan and Jones 1996). It is possible that the survival

of V. vulnificus, and possibly V. parahaemolyticus, may be en-

hanced in nutrient-enriched areas of the estuary. Previous studies

suggest that the growth of autochthonous pathogens, including

vibrios, may be enhanced in coastal waters receiving nutrients

from wastewater and surface runoff (Watkins and Cabelli 1985,

Grimes et al. 1985). In this study, spatially intensive sampling was

undertaken over a 3-year period to determine environmental vari-

ables that may help predict the incidence and concentrations of the

target vibrio species, based on a larger study (Jones et al. 1997). In

addition, a gene probe detection method (Summer-Brason 1998)

was used to aid in the detection of the V. vulnificus.

MATERIALS AND METHODS

Field Sampling Sites

The concentrations and occurrence of target bacteria, dissolved

nutrients, and other environmental variables were measured along

transects starting from the tidal dams in the Squamscott and Oyster
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rivers and ending at Adams Point between Great and Little Bays

(Fig. 1). Water samples were collected mainly from seven sites

differentially affected by pollution at least bimonthly beginning in

June, 1993 to November. 1995. except in months where the bay

was frozen.

Sample Collection

Water samples were collected at low tide. Bacteriological

samples were collected in sterile 1-L polycarbonate bottles from

approximately 10 cm below the surface. Water samples were kept

on ice in coolers until processed at the lab no later than 20 hours

from collection time. A multipurpose meter (YSI Model #33, YSI

Incorporated, Yellow Springs, OH) was used to determine tem-

perature and salinity (/; situ. An oxygen meter (YSI Model #5 IB,

YSI Incorporated) was used to measure dissolved oxygen.

Bacteriological Isolation and Enumeration

Water samples were inoculated into a multiple tube fermenta-

tion (MPN) analysis series with an alkaline peptone water (pH 8.6,

1% NaCI) selective enrichment. The MPN tubes were incubated at

35°C for 1 8 to 24 h, and turbid tubes were streaked onto Ihiosul-

fate-citrate-bile salts-sucrose (TCBS) and Colistin-Polymixin B-

Cellobiose (CPC) (Oliver et al. 1992) agar plates. Both TCBS and

CPC plates were incubated at 36°C for 18 to 24 h. Vibrio isolates

were streaked for purity onto brain heart infusion agar supple-

mented with ]7c NaCl. Isolated pure colonies were inoculated into

salt tolerance and differential media tests. Isolates were classified

as presumptive V. vulnificus or V. parahaemolyticus based on their

growth in peptone salt broths, reactions in arginine dehydrogenase,

lysine decarboxylase, and ornithine decarboxylase media, and fer-

mentation of cellobiose and salicin (Jones et al. 1991 ). Presump-

Oyster River

Figure 1. Sampling sites in the Great Bay Estuary. Inset: The location of the Great Bay Estuary between Maine. New Hampshire, and the

Atlantic Ocean.
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tive isolates were frozen at -70°C until further confirmation using

the API 20E identification system (Analytab Products. Inc..

Plaineville. NY) for both vibrios and by the polymerase chain

reaction (PCR) for V'. vulnificus. PCR reactions were carried out

according to the protocol of Hill et al. (1991).

Water samples were also examined for enlerococci. Escherich-

ia coli. and fecal coliforms. Samples were through sterile 0.4.'i

|xm-pore size Gelman filters. Filters were placed on mE agar

(Difco) for enterococci enumeration and mTEC media (Difco) for

fecal coliform and E. coli enumeration and incubated for 48 h at

4rCand 18 to 24 h at 44.3°C. respectively (U.S. E.P.A. 1986). All

yellow colonies on mTEC agar were counted as fecal coliforms; E.

coli colonies were enumerated by transferring the filters onto cel-

lulose pads soaked with urea and counting the remaining yellow

colonies.

Isolation and Identification of V. vulnincus with an Oligonucleotide

Gene Probe

Each of the samples e.xamined by traditional culturing tech-

niques during 1995 were also cultured onto Luna agar supple-

mented with 19f NaCl. Plates were incubated at room temperature

for 48 to 72 h. Plates containing approximately 100 colonies were

used to make colony blots. Colony blots were made according to

the procedures outlined by Wright et al. ( 1993). with a few modi-

fications. Prepared filters were air dried and stored in a plastic bag

until hybridization.

The V. vulnificus fluorescein labeled gene probe was based on

a portion of the V. nilnificiis cytolysin structural gene, consisting

of the following oligonucleotide sequence: GAGCTGTCACG-
GCAGTTGGAACCA. which has 100% specificity and sensitivity

for V. vulnificus (Wright et al. 1993). A fluorescein label (National

Biosciences Inc.. Plymouth. MN) was used instead of the alkaline

phosphatase label on the .5' amino tenninal of the oligonucleotide.

Hybridization procedures and solution preparations were taken

from Genius System User's Guide for Membrane Hybridization

Version 3.0 (Boehringer Mannheim Corp., Indianapolis. IN), with

some modifications in times and wash orders. Hybridization of the

probe was detected colorimetrically using an antifluorescein alka-

line phosphatase antibody and the addition of detection reagents.

The alkaline phosphatase activity detection was assayed colori-

metrically with nitroblue tetrazolium and 5-bromo-4-chloro-3-

indolyl-phosphale tablets dissolved in distilled Milli-Q water. Con-

trol strains of V. vulnificus. V. paraluiemolyticus. V. fluvialis. and

V. cholerae were run with each batch of filters.

Nonrnicrnbiological Water Analysis

Acid-washed 1-L polyethylene bottles were used for additional

water analysis. pH was measured using a Fisher Acumet pH meter.

Samples were shaken and 500 mL filtered through predried and

preweighed glass fiber filters ( 1 .2 p,m nominal pore retention). The

filters were rinsed with deionized water to remove salts and dried

for 24 h at 80""C. Filters were weighed to determine weight of

suspended solids. These filters were then combusted at 450°C and

reweighed to yield the percent organic content of the filtered sol-

ids. The other 500 niL of the water sample was also filtered

through a glass fiber filter with 0.2 niL of MgCO, solution added

to the sample after approximately 475 mL had been filtered. The

filtrate was separated into three acid-washed polyethylene bottles

(50 mL size) and used for nutrient concentration assessment. The

samples were analyzed in duplicate for nitrate, nitrate, phosphate,

and ammonium using a LACHAT "QuikChem'" method. The filter

was analyzed for chlorophyll a and phaeopigments either imme-

diately or the filter was frozen at -80°C and analyzed within 7

days. DOC was measured with a Shimadzu TOC 5000 (platinum-

catalyzed high-temperature combustion) (Sugimura and Suzuki

1988).

Statistical Analysis

Bacterial enumeration data were adjusted with a log transfor-

mation to normalize the distribution of the data. Statistical analysis

of traditional culturing techniques and the oligonucleotide probe

were performed using the chi-square test and Excel software. The

effects of all environmental variables (DOC. DON, nitrate, ammo-

nium, orthophosphate. chlorophyll a. dissolved oxygen. pH, tem-

perature, salinity, total suspended solids, total organic suspended

solids) on concentrations of a bacterial species were examined

using step-wise forward multiple regression models and JMP soft-

ware. Differences were considered significant at p < .05 for all

analysis.

RESULTS

Water samples were collected at low tide at the seven sites from

July. 1993 to November. 1995. For this study, only data collected

during the warmer months of May through November were used.

Temperature and pH measurements did not show much variation

between sites. However, most other parameters showed gradients

from Great and Little Bays up into the tributaries. The over-all

average salinity was higher in the bays (GBI. GB2. ORl) and

decreased going up into the Oyster (OR6 and OR 10) and Squani-

scott (GB4 and GB7) rivers (Fig. 2). Most of the nutrient and

microbial concentrations increased along the two gradients from

the bays into the rivers, as illustrated for overall average fecal

coliform concentrations in Figure 3.

Both V. vulnificus and V. paruhueinolyiicus were detected only

from May until November. Figure 4 shows the responses of both

bacteria to increasing temperatures at all study sites. Relatively

low concentrations were first detected in late May (1995 only),

with sharp increases from June to July and August with increasing

temperatures. Bacterial concentrations declined in September and

October before disappearing again in November. Other studies

have shown these species to become nondetectable in water where

temperatures drop below IO°C (Wright et al. 1996, O'Neill et al.

1992. Bartlev and Slanetz 1971).

Figure 2. Average salinity (ppt) during low tide at sampling sites: 1993

to 1995.
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Figure 3. Average fecal coliform concentrations at sampling sites-

1993 to 1995.

By using only data from sample dates where the vibrios were
detected, an in depth assessment of the effects of water quality
variables on vibrio concentrations was undertaken. Overall aver-

age vibrio concentrations at the seven sampling sites are illustrated

in Figure 5. The same general gradient in concentrations relative to

location along the sampling transects as seen for other water qual-
ity variables was apparent for the two vibrios. Multiple stepwise
regression analysis was used to determine whether the water qual-
ity parameters could be used to predict vibrio concentrations. De-
spite some differences between years, total suspended solids (TSS)
was always a significant variable for V. vulnificus concentrations,
and was also a significant variable for V. parahaenwlyticus in two
of the three years. The regression analysis based on the whole
1993-1995 data showed TSS accounted for 29% of the variation in

V. vulnificus concentrations, with temperature and salinity as two
significant subordinate variables. TSS accounted for 26% of the
variation in V. paralwemolyticus concentrations with temperature,

orthophosphate and total organic suspended solids as significant

secondary variables.

The gene probe assay was used as an attempt to provide more
consistent detection of V. vulnificus compared to the traditional

method of detection. The gene probe assay allowed the detection
ot V. vulnificus more frequently and at higher concentrations (Fig.
6). Multiple stepwise regression analysis identified dissolved or-

ganic carbon (DOC) as the variable accounting for the majority
(44%) of the variation in V. vulnificus concentrations, and TSS was
not a significant variable.

Figure 4. The average monthly water temperature and concentrations
of V. parahaemolyticus and I . vulnificus at all sampling sites: 1991 to
1995.

ORIO

Figure 5. The average concentrations of V. parahaemolyticus and V.

vulnificus at sampling sites: 1993 to 1995.

DISCUSSION

The 3 years of data for V. vutnifuus and V. parahaemolyticus
indicated spatial and temporal variability for these bacteria in the
Great Bay Estuary. These results suggest that the two species may
occupy particular niches that shift in response to changes in envi-

ronmental conditions. Despite specific differences, there were gen-
eral spatial and temporal similarities in incidence and concentra-
tions of the vibrios. Both species were present only during warm
months and tended to be present in higher concentrations in the

tributaries. Previous studies of O'Neill et al. (1992) had first de-
scribed the variability in distribution of V. vulnificus in the Estu-

ary, and Bartley and Slanetz ( 1971 ) had eariier described similar

observations for V. parahaemolyticus. Rivera et al. (1989) found
differences in the distribution of V. vulnificus and V. para-
haemolyticus in tropical waters where both species occurred.

The effects of environmental conditions on the incidence of V.

vulnificus and V. parahaemolyticus was determined using mea-
surements of many different water quality variables made at the

same time as sampling for vibrios was conducted. The results

indicated that TSS was a significant factor for e.xplaining the vari-

ance in vibrio concentrations. Others have shown strong relation-

ships between V. parahaemolyticus and plankton concentrations,

especially copepods (Venkateswaran et al. 1989. Kaneko and Col-
well 1978). Watkins and Cabelli (1985) also suggested a relation-

ship between V. parahaemolyticus and elevated concentrations of

plankton that respond to nutrient pollution associated with sewage
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Figure 6. The average concentrations of V. vulnificus detected at sam-
pling sites by gene probe (Probe) and traditional culture (Culture)
methods: 1993 to 1995.
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discharges. In our study. TSS and chlorophyll a were typically

highest in the nutrient-enriched tributaries. Howexer. samples col-

lected when TSS. were especially high often resulted in no detec-

tion of the target vibrios. Thus, the mechanism of TSS influence on

vibrio concentrations in the Great Bay Estuary is unclear.

The inconsistent detection of vibrios under such environmental

conditions as high TSS concentrations was a concern. A true un-

derstanding of the ecology of these organisms requires accurate

measurements of their concentrations. A gene probe assay based

on that developed by Wright et al. (1993) was used to measure

concentrations of V. viilnificii.s- in 1995. The regression analysis

using gene probe data suggested DOC as the most significant

factor in explaining the variability in V. vulnificus concentrations.

The relationship was positive, suggesting that V. vuliiificiis occurs

in areas with elevated DOC. such as tributaries subject to organic

nutrients present either from point and nonpoint source pollution

or as a result of enriched primary productivity in the presence of

elevated inorganic nutrients. Previous studies suggest that the

growth of vibrios may be enhanced in coastal waters receiving

nutrients from wastewater and surface runoff (Watkins and Cabelli

1985. Grimes etal. 1985).

The results suggest that improved detection methods can en-

hance the understanding of environmental conditions conducive to

both growth and inhibition of these pathogens. Gaining a better

understanding of the ecology of pathogenic vibrios can help in the

prediction of potential disease incidence from shellfish consump-
tion and in the development of postharvest processing that may
eliminate these pathogens from shellfish (Jones et al. 1995).
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SHOULD MOLLUSK TOXICITY IN MEXICO BE CONSIDERED A PUBLIC HEALTH ISSUE?
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ABSTRACT As high as 4,000 (jLg/100 g of tissue of Paralytic Shellfish Poisoning, PSP, toxin has been recorded in one single

specimen of Pinna rugosa. obtained from the Gulf of California, Mexico, in the absence of an evident "red tide" and with no human

poisoning cases on 1993. There is no clue about how the toxin accumulated in such an organism, nor for how long the toxin remained

stored. In contrast, the contamination of other mollusks. such as oysters iOstrea iridescens). mussels {Choromytilus palUopunctatus),

and goose barnacle iPollicipes polinerns). with saxitoxin values as high as 3,500 |xg/100 g of pooled tissue, have provoked at least 500

individuals hospitalized and the death of at least 20 persons in recent years along the Pacific coast of Mexico. Large blooms of toxic

Gxnmodiniiim catenulwn and Pxrodmmm bahamense var. compressum have been associated with such events, and in lesser extent

Alexandirwn sp.. Dmopln.si.<i acuta, and D. acuminata dinotlagellales have also been detected in the water body. On the other hand,

the diatoms Nitzchia pseudodelicatisaima Hasle. Pseudoninscluu punges f. multisenes. and P auslrali.1. have been linked to large

ecological loses in the Gulf of California, but as yet their toxin (domoic acid) has not been detected in local shellfish species. Other

toxin sources are becoming a serious threat to public health, such as those from cyanobactena (Trwhodesmium sp., Nodularia sp.. and

Microcystis sp.. Anabaena sp,. and Aphanizomenion sp.). affecting the aquaculture industry.

KEY WORDS: Mexico. P.SP, monitonng. Pyroduuum. Gymnoduuum. Psendomtzchia

INTRODUCTION

Hannful algal blooms, HABs, are now considered an economic

and environmental problem worldwide. In aquaculture, HABs are

responsible for mass killings of cultured organisms by different

mechanisms, which include toxicity, clogging of the gills, and/or

by producing an oxygen deficit in the water body. Also, the shell-

fish in particular become toxic by accumulation of microalgae

products that can then affect people and wild life. Fortunately, only

a traction (70 species so far) of about 3.000 microalgae species in

the marine environment are considered noxious, although more

than 300 can produce blooms that can discolor the water producing

nontoxic "red tides."

Mexico lacks an official permanent monitoring program to fol-

low HAB events. The information generated on this topic by Mexi-

can scientists has been insufficient to induce a policy that would

regulate and control the collection, distribution, and sale of edible

shellfish from the marine environment. At its best, the health au-

thorities demand from the producers basic hygiene measures for

handling the product to avoid contamination with fecal bacteria.

but the possibility of introducing a product contaminated with

marine biotoxins is high. At present only three laboratories in the

whole country enjoy the certification of the Health Ministry to

carry out the mouse bioassay PSP-test (AOAC) to detect the pres-

ence of marine toxins, and none possess the necessary infrastruc-

ture to identify the nature of the toxin, if found. Hence, the efforts

of just a handful of research workers interested in the HAB phe-

nomena in Mexico are receiving inadequate attention or support. It

is important to recognize that soine organisms often associated

with HAB in the Pacific coast of Mexico are nontoxic. Among

them, the ciliate Mesodinium nibrmn and the dinoflagellates Cera-

lium furca. and C. tripos var. poncticum. Gonyalaux triacantha. G.

splendens, Noctihica scintiUuns. and Scrippsiella troclioidea are

the most common ( Cortes-Altamirano et al. 1996). They all seem

to affect the quality of the water visibility and, at high densities,

provoke fish and invertebrate kills by oxygen depletion. On the

other hand, the events associated with toxic blooms on the Pacific

Coast were caused mainly by Gymnodinium catenatum (Mee et al.

1986) or Pyrodinium bahamense var compressum (Ramirez-

Camarena et al. 1996). Environmental contingencies associated to

HABs reach nearly half of total number of environmental emer-

gencies reported by PROFEPA, the agency for environmental pro-

tection of the Ministry of Ecology of Mexico (Fig. I). The pre-

ferred season for toxic blooms to occur seems to be early spring

(around Easter) and late autumn (close to Christmas) each year. It

is interesting to note that 807r of HABs reported in Mexico have

occurred on the Pacific Coast (Table I ).

From October 1995, throughout February 1996. the Health

Ministry registered 195 human poisoning cases related mainly to

the consumption of oysters in Acapulco's harbor. The toxin analy-

sis revealed levels well above the WHO's standard (129-138 jxg

PSP/100 g of shellfish tissue), and some control measurements

were adopted to preclude the extraction and marketing of toxic

shellfish (Rami'rez-Camarena et al. 1996). Roughly, the total eco-

nomical losses were estimated in several millions of dollars. On

May 7th 1997, a new outbreak, with toxicity levels above 330 p.g

PSP/100 g of tissue of oyster, was observed. The timely interven-

tion of health authorities in banning consumption and marketing of

shellfish yielded only seven mild poisoning cases, showing the

efficacy of such a measurement. However, serious economical

loses were reported by fishers. These experiences clearly indicate

the benefit of establishing a permanent monitoring program, but

the problem of control, avoidance and/or reducing the impact of

HAB's remains a challenge.

CONSIDERATIONS FOR A HAB MONITORING PROGRAM

IN MEXICO

Its geographical location makes Mexico the fifth richest

country in biodiversity on the planet. Therefore, for a sound moni-

toring program, basic knowledge about the biological, chemical,

and physical conditions, as well as the temporal and geographic

1671
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variation within the region of interest must be known. With regard

HAB events, the priority on information concerns the occurrence

in time and space of the toxic algae, its population dynamics, and

the function of the ecosystem. In this case, designing a method to

determine the presence of a given dinotlagellate species is insuf-

ficient, because it is also important to understand its role in terms

of both ecology and economy. It should be remembered that the

potentially harmful algae exhibit genetic variability and that toxic

and nontoxic strains occur within individual species. Furthennore,

toxic species may show differences in potencies. Such differences

seem to be genetically, as well as environmentally regulated, thus

increasing the difficulty of designing a simple monitoring strategy.

The Pacific region of Mexico lies in a transition zone that

receives the influence of the temperate Alaska current from the

north and the equatorial Panama current from the South. Thus,

biodiversity is large and obliges us to consider monitoring of a

particular species even at low densities, because the most dramatic

events in which the wild population has been affected does not

always occur at the peak of a "red tide." and the toxicity in shell-

TABLE 1.

Environmental emergencies affecting the Marine Ecosystem in

Mexico, during 1996.

Cause of the
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linked to diatom blooms in Mexico, their ecological impact has

been dramatic, affecting over 766 sea birds {Gavici hnmer). and

174 marine mammals (4 Balaenoptera physalus. 164 Delphinus

delphis. 3 Tursiops tnmcatus, and 9 Zalophus californiwius).

Events associated to Pseudonitzschia sp. blooms seem to occur

mainly in temperate climates, and this year, for example, at Puerto

Peiiasco. Sonora. numerous marine seabirds and mammals ap-

peared dead in the sea. The impact was even felt as far as Topolo-

bampo. Sinaloa. some 600 miles southward of the blooming cen-

ter, and the time elapsed until the last animal body was recovered

was 75 days. Histopathological analysis revealed some acute le-

sions on liver and accumulation of Ca^* in the brain, as well as

vascular infiltration and evidence of some interstitial pneumonia in

lung samples. All of these lesions could be linked to the effect of

domoic acid, whose presence was confirmed by high-performance

liquid chromatography (HPLC) analysis (concentrations up to

300-600 |jLg/100 g of tissue in brain, heart, and plasma). The

stomach content of some of the animals analyzed also showed the

presence of diatom frustules. In some of the stranded dolphins, the

stomach content revealed the presence of sardine (Sardiiwps sa-

gax). which, in turn, showed accumulation of ASP in the gut

content and also allowed the identification of P. aiistndis.

Recorded since 1993. cyanobacteria blooms are affecting the

aquaculture industry, causing severe losses on shrimp farming

ponds and. also, a serious threat to public health iCortes-

Altamirano et al. 1997). Trichodesiniwn sp.. Nodidaria sp.. Mi-

crocystis sp., Anabaena sp.. Anabuenopsis elenkenii. Anabaena

flns-aquae. Aphanizomenion sp., and Oscillatoria sp., are among
the species reported causing problems in shrimp farming ponds.

During winter 1996. several problems aroused on fresh water res-

ervoirs causing fish mortalities (unpublished results). In one event,

scum forming Microcystis sp., clogged fish gills suffocating more

than 500.000 Oreochromis mossambicus overnight.

Another mass mortality of the same fish species was caused by
an anoxic layer more than 25-m depth, entirely covering the sur-

face of a closed natural basin. This time the culprit was a bloom of

LPPB cyanobacteria. Fortunately, until now. no human poisoning

event has been linked to these phenomena, but the economic effect

has been severe on the rural coinmunities that used to profit from

such fish.
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ABSTRACT Public health controls for molluscan shellfish are hampered by the absence of methods for the detection in shellfish of

the viral pathogens causing illness. The polymerase chain reaction (PCR) offers a potential way forward; however, its application to

such complex samples as shellfish is hindered by the presence of potent amplification inhibitors. We describe the development of a

procedure employing a combination of virus purification and nucleic acid e.xtraction for the removal of the majority of such PCR
inhibitors from shellfish. Initial developmental work used seeded poliovirus as a model and showed that PCR sample tolerance ranged

from 2 to 5 g shellfish for highly polluted samples with over-all sensitivity limits of <10 plaque-forming units (PFU) poliovirus. These

methods have recently been applied to the detection of hepatitis A virus and Norwalk and related small round structured viruses

(SRSVs) in shellfish. Initial seeding experiments have shown that the method for removal of amplification inhibitors is equally

applicable to the detection of these viruses by PCR in shellfish. However a single round reverse transcriptase-polymerase chain reaction

(RT-PCR) proved insufficiently sensitive to reliably detect SRSVs in shellfish samples associated with incidents of huinan infection.

We describe the further development of a nested RT-PCR procedure for the detection of SRSVs in shellfish and the application of this

assay for the detection of SRSV in commercially produced shellfish and in shellfish implicated in outbreaks of gastroenteritis. These

studies show that detection of human enteric viruses in molluscan shellfish by PCR is feasible and may ultimately contribute to the

further development of public health controls.

KEY WORDS: virus. SRSV. shellfish, nested PCR

INTRODUCTION

Gastroenteritis caused by Norwalk virus and the related small

round stmctured vinases (SRSVs), and hepatitis A infection, is

often associated with the consumption of bivalve shellfish (Mur-

phy and Grohmann 1980, Morse et al. 1986, Pontefract et al.

1993). The inability to detect these viruses in shellfish has ham-

pered development of diagnostic and epidemiological procedures

and the application of improved control measures. Numerous

methods have been proposed for the isolation and culture of human

enteroviruses from shellfish (Lewis and Metcalf 1988). However,

these methods are not directly applicable to detection of the dif-

ficult-to-culture hepatitis A virus or the nonculturable viruses pri-

marily responsible for gastroenteritis. Recently, genomic RNA se-

quences of Norwalk virus (Jiang et al. 1993) and other SRSVs

(Green et al. 1994, Green et al. 1995b, Lew et al. 1994) have

become available and have led to the development of sensitive

reverse transcriptase-polymerase chain reaction (RT-PCR) as.says

for the diagnosis of SRSV infection (Green et al. 1995a. Moe et al.

1994). Consensus primers that detect all SRSVs have not as yet

been identified, but a broadly reactive primer pair that detects

approximately 90% of SRSVs circulating in the UK have been

described (Green etal. 1995a). However, a major obstacle to routine

application of the PCR to complex samples, such as shellfish, is

the presence of amplification inhibitors. We describe the develop-

ment of a procedure employing a combination of virus purification

and nucleic acid extraction for the removal of the majority of such

inhibitors from shellfish and the application of this technique to the

direct detection of enteric viruses in field samples. The relative

similarity of the picomaviruses to Norwalk and related SRSVs

suggests that the methods developed for sample concentration and

PCR inhibitor removal should be equally appropriate for the de-

tection in shellfish of these clinically important viral pathogens.

We describe here the application of the developed extraction tech-

nique to the successful detection of SRSVs in shellfish. However,

a single round RT-PCR proved insufficiently sensitive to reliably

detect SRSVs in shellfish samples associated with incidents of

human infection. We describe the further development of a nested

RT-PCR procedure for the detecfion of SRSVs in shellfish and the

application of this assay for the detection of SRSVs in commer-

cially produced shellfish and in shellfish implicated in outbreaks of

gastroenteritis.

MATERIALS AND METHODS

Shellfish

Commercially purified oysters (Crassostrea gigas) and mussels

(Mytilus edidis) were used for assay development. The assay was

evaluated against shellfish {Crassostrea gigas and Ostrea edidis).

mussels (Mytilus ediilis). and cockles (Cardiiini edide) subject to

high levels of sewage pollution at various coastal locations in the

UK. Shellfish used for enterovirus isolation and RT-PCR were

stored frozen whole at -70°C prior to use.

Shellfish Processing and Viral RNA Extraction and Purification

The procedure for shellfish processing was a modification of

that by Lewis and Metcalf (Lewis and Metcalf 1988) and has been

1675
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previously described in full (Less et al. 1994). Essentially, up to 50

g shellfish flesh was shucked, homogenized, sonicated, centri-

fuged, and supematants precipitated using polyethylene glycol.

Resuspended pellets were sonicated and centrifuged before further

virus purification by extraction with 1. 1,2-trichloro, 2.2.1 -

trifluoroethane (Freon TF) followed by centrifugal concentration

and storage at -20°C. Extracts at this stage were termed purified

concentrates. The RNA extraction procedure has been previously

described in full (Lees et al. 1994, Lees et al. 1995). Essentially, a

reaction mix of glass-powder matrix and guanidine isothiocyanate

(GITC) was used to extract total nucleic acid from purified shell-

fish concentrates GITC served to lyse samples and protect RNA
from enzymatic digestion. RNA bound to glass-powder was

washed with GITC. ethanol, and acetone before elution in Tris

buffer. RNA was then precipitated in ethanol and pellets stored at

-70°C prior to RT-PCR.

Reverse Transcription and PCR

cDNA was synthesized from RNA pellets and the RT-PCR for

enteroviruses, and the single round SRSV RT-PCR performed as

previously described (Lees et al. 1994. Lees et al. 1995). The

strategy for development of the nested RT-PCR has been reported

elsewhere in full (Green et al. 1998). Briefly, in the first round.

SRSV RT-PCR, a broadly reactive primer combination of the three

primers, G1/G2/SM31. was used. The sense primers. Gl and G2
were derived from published SRSV RNA polymerase sequences
and were designed to anneal specifically with Genogroup I and

Genogroup II strains, respectively. The antisense primer, SM31,
has previously been described (Norcott et al. 1994). The internal

(nested) primers were a previously described primer pair NI/E3

that amplify a 1 13 base pair region of the RNA polymerase gene

corresponding to nucleotides 4756-4867 of Norwalk virus (Green

et al. 1995). This SRSV primer set has been shown to amplify

greater that 90% of strains circulating in the UK in 1993 to 1994.

Southern Blot Hybridization of Amplification Products

Southern Blot hybridization of SRSV RT-PCR amplicons was

performed to confirm specificity of amplification and to detect

weakly positive samples where amplicon bands were not visible

under UV radiation, as previously described (Lees et al. 1994).

Agarose gels were prepared for the Southern Blot procedure by
submersion for 30 min in denaturation solution followed by neu-

tralization. Amplification products were transferred onto a posi-

tively charged nylon membrane (Boehringer Mannheim) using a

standard capillary procedure and cross-linked to the membrane by

baking at 120°C for 20 min. Hybridization, using a pool of four

oligonucleotides, was perfonned at 40°C overnight. The hybrid-

ized probe was detected by chemiluminescence. Hybridization and

chemiluminescent detection reagents were according to manufac-

turers recommendations (Boehringer Mannheim).

al. 1990. Yamada et al. 1990) gave the cleanest results. A modified

version of the Boom (Boom et al. 1990) procedure, incorporating

guanidine isothiocynate sample lysis (and endonuclease protec-

tion) with an ethanol precipitation step for optimal elution and

recovery was adopted as the NA extraction procedure. However,

crude shellfish homogenates were found to contain potent RT-PCR
inhibitors.

The assay was further developed by combining the NA extrac-

tion procedure with methods for the isolation of intact viruses from

shellfish. RT-PCR inhibition was evaluated by seeding final ex-

tracts with 10'' PFU poliovirus. An adsorption-elution-precipita-

tion procedure (Sobsey et al. 1978) and a polyethylene glycol

(PEG) precipitation procedure (Lewis and Metcalf 1988) were

evaluated for this purpose. In our hands, the PEG precipitation

procedure gave marginally more consistent virus recoveries and

was adopted for further work. RT-PCR inhibition for PEG extracts

of depurated shellfish was substantially reduced with RT-PCR

sample tolerances in excess of 1 g for both species. However,

analysis of environmentally contaminated shellfish showed that

RT-PCR inhibition was still a major factor influencing sensitivity

with sample tolerance of only 0.23 g for oysters and 0.8 g for

mussels. RT-PCR sample tolerance is expressed as the shellfish

weight, causing no more than an arbitary 25% inhibition over that

of a poliovirus control, as measured by RT-PCR band intensity on

agarose gels. Final stages of assay development utilized Freon TF
extraction of PEG extracts for further virus purification followed

by microfugal ultrafiltration for volume reduction. RT-PCR inhi-

bition by extracts prepared from polluted shellfish using this final

form of the procedure was substantially reduced. Sample toler-

ances were in excess of 4 g for depurated oysters or mussels and

ranged from 2 g (oysters) to 9.5 g (mussels) for polluted shellfish

(Table 1 ). The finalized procedure for extraction, purification and

amplification is shown in outline form in Figure I.

Application to Small Round Structured Viruses

The experiments described above using an enterovirus PCR
documented the potent inhibitory potential of shellfish. The appli-

cation of the sample extraction procedures to the SRSVs was stud-

ied by comparing shellfish mediated amplification inhibition in

both the enterovirus and SRSV PCRs. Initially, a 10% extract (in

water) of acute phase human stools containing SRSV was added to

control oyster extracts processed up to Freon extraction (Fig. I,

stage 5). and then nucleic acid was extracted, and RT-PCR was

performed using cross-reactive SRSV primers. There was no dis-

cernible amplification inhibition when commercially depurated or

TABLE 1.

RT-PCR sample tolerance" for contaminated'' shellflsh at key stages

of the extraction and purification procedure (Fig. 1).

RESULTS

Assay Development

The application of the RT-PCR to shellfish was evaluated by

extracting nucleic acid (NA) from homogenates (1:10 in TPB-

glycine broth) of commercially depurated oysters (C gigcis) or

mussels (M. edulis) seeded with 10'' PFU poliovirus. RT-PCR

productivity was assayed by agarose electrophoresis. Of the NA
extraction procedures investigated, glass-powder matrix (Boom et

Oysters Mussels

Shellfish homogenates (stage 1 )

Primary extracts (stage 3)

Purified extracts (stage 5)

0.0 IS
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1. 25g sheUTuh

blend in TPB -glycine pH 9 U-9 5. somcalc

2. coDrentration

centnfogc. pH to 7 2-7 4, PEG precipitate, ctninfuge

3. detoxifiration (primary extracts)
resu spend pellet in Na2HP*34 pH 9 0-9 5, sonicate x2, centnfugc pH supemalent to

74

4. vims assay
virus infrctivity assay using BGM cell monolayers

S. parincation (parifieil extracts)

Freon esctraction x5, ultrafiltration

6. NA extraction

GITC lysis, bind NA to silicon dioxide, wash with GITC. eth^iol, acetone

I

7. ehition

elute with TE at 56°C. ethacol precipitate

I

8. reverse transcription

using random pnm CIS

I

9. PCR
30 cycles (91°C.37°C.72°C)

Figure 1. Outline scheme for extraction, purification, and amplification of enteroviruses from shellfish.

environmentally polluted shellfish were used as a substrate.

Sample tolerances exceeded 6 g (equivalent weight) of shellfish in

all cases. These results demonstrate that the shellfish processing

procedures developed for removal of enterovirus PCR amplifica-

tion inhibitors are also applicable to the SRSVs.

Field Samples

Environmentally contaminated oysters (C editlis and C. gigas).

mussels and cockles were obtained from several highly polluted

field sites in the UK, processed through the virus and nucleic acid

extraction procedures, and the SRSV PCR and Southern Blot hy-

bridization was performed. Positive results were obtained in sev-

eral samples indicating the presence of naturally occurring virus

acquired through filter feeding in sewage-polluted waters. One

sample was positive by both gel electrophoresis of PCR products

and by Southern Blot at all shellTish concentrations tested. For

other samples, specific PCR product was discernible only by

Southern Blot hybridization and only when the highest concentra-

tion (7 g equivalent weight) of shellfish was tested. These results

are consistent with those obtained in the seeding studies at low

virus levels and probably indicate low virus titres in tleld samples.

Outbreak Samples

Following successful demonstration of SRSVs in shellfish from

polluted field sites, shellfish associated with four incidents of hu-

man gastroenteritis were tested for the presence of SRSVs. PCR

products were not demonstrable for any sample by gel electropho-

resis. However. Southern Blot hybridization gave positive results

for all samples tested. The majority of samples were positive by

Southern Blot Hybridization at either the neat and 1:3 dilution but

not at a 1:9 dilution. The absence of PCR product observable by

gel electrophoresis and the titrating out of the majority of these

samples by Southern Blot at a 1:9 dilution is similar to results

obtained for polluted tleld samples. This, again, probably suggests

that SRSV titers in such outbreak-associated shellfish are generally

low and that a single round PCR has inadequate sensitivity to

routinely detect such levels.

Nested RT-PCR

Difficulty in routinely detecting SRSVs in shellfish by single-

round PCR promoted the evaluation of a nested PCR (see Mate-

rials and Methods). This was evaluated using environmental and

"outbreak" shellfish samples previously found be only weakly

positive by single-round RT-PCR. SRSV-specific amplicons were

not visible by gel electrophoresis in any of the samples tested

following single-round RT-PCR; however, all samples gave posi-

tive bands by nested RT-PCR. This shows that the nested RT-PCR
was more sensitive, or less susceptible to inhibition, than the

single-round RT-PCR. Moreover, nested RT-PCR amplicon bands

were of a high intensity and. therefore, suitable for further char-

acterization by sequencing.

Detection of SRSVs During Commercial Shellfish Production

Following development of the nested RT-PCR the procedure

was applied to detection of SRSVs in commercially produced
shellfish. Applications for commercial production included evalu-

ation of the effectiveness of the RT-PCR for detection of virus

contamination in "end-product" shellfish sold to the consumer and

on the effectiveness of commercial shellfish purification for re-

moval of SRSVs. These studies were performed on oysters (Cras-

sostrea gigas) purified in a commercial processing plant associated

with outbreaks of infections disease during February and March

1996. "End product" monitoring of oysters from this particular

plant during this period proved valuable for demonstrating batches

contaminated with SRSVs. These findings were consistent with the

available epidemiological data. Further monitoring of shelltlsh for

SRSVs before and after purification during this period clearly

showed that although the SRSV titer were reduced during purifi-

cation (as judged by RT-PCR band intensity), the virus was not

always completely cleared by this commercial processing.
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DISCUSSION

Direct application of PCR to complex samples, such as shell-

fish, requires extensive sample purification, and a variety of pro-

tocols have been devised. The method we describe here employs a

modified PEG virus extraction and concentration procedure

(Lewis and Metcalf 1988) combined with further virus purification

using Freon TF extraction, and finally, a nucleic acid extraction

using a combination of glass-powder and guanidine isothiocyanate

(Boom et al. 1990. Yamada et al. 1990). This novel approach to the

extraction and purification of nucleic acid from enteric viruses in

moUu.scan shellfish was found to largely overcome the RT-PCR
inhibition problems associated with shellfish extracts.

Application of the shellfish extraction procedure to a PCR for

the SRSVs yielded positive results in both environmentally pol-

luted field samples and in shellfish associated with outbreaks of

human infection. However, a feature of these result was the low

incidence of positives containing enough amplified product to be

visible by agarose electrophoresis alone. The majority of field

results, and all outbreak-associated results, required visualization

through the added sensitivity of Southern Blot hybridization. This

was not a consequence of the methodology employed, because

results were clearly visible by agarose electrophoresis during seed-

ing experiments. These results, and the tendency for samples to

titrate out at a 1:9 dilution, suggest that SRSV titers in polluted

shellfish are generally very low and that the single round PCR

methodology was operating close to its limits of sensitivity.

Further seeding experiments demonstrated that a nested RT-

PCR was significantly more sensitive for SRSV detection in shell-

fish extracts and also overcame any residual PCR inhibition asso-

ciated with such extracts. The nested procedure was applied to

monitoring aspects of commercial shellfish production. The nested

RT-PCR proved capable of detecting SRSVs in processed shellfish

sold for consumption from a commercial supplier associated with

incidents of gastroenteritis resulting from oyster consumption. Fur-

ther monitoring showed that although the commercial purification

routinely applied to these oysters seemed to reduce virus content

SRSVs were not reliably eliminated. The nested RT-PCR should

prove valuable for further studies on the behavior of SRSVs during

such commercial processes as purification and relaying. In addi-

tion, the procedure has applications for monitoring shellfish har-

vesting areas at risk of contamination with SRSVs, for investiga-

tion of SRSV contamination in the products of shellfish producers

associated with outbreaks, and for direct investigation of shellfish

causing illness.
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