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Abstract.—Stock structure dynamics of

the important commercial squid Illcx

argentinus were studied by using bio-

logical data from about 25 thousand

squid caught January-April 1991 by Rus-

sian trawlers in three fishery regions:

51-52°S; 47-49°S within the exclusive

economic zone ofArgentina (EEZA); and

45-47°S outside the EEZA. A total of

2664 statoliths were read to prepare

age-length keys for each 10-day interval

of the period studied. It was found that

between January and April, the Patago-

nian shelf south of 45°S was a feeding

ground of two intraspecific groups of

winter-hatched /. argentinus: a shelf

group that matured at medium sizes

(ShG) and a slope group that matured

at large sizes (SIG). After massive immi-

gration of /. argentinus from the north

in January-February into the two fish-

ery regions within 45-49°S, the stock

structure remained rather stable until

April, composed predominantly of June-

and July-hatched squid. Squid grow and

mature rapidly, and males mature at

younger ages (from one to two months)

than do females. During feeding, some

redistribution of the stock was observed:

maturing and mature SIG squid (mainly

females) tended to shift ft-om the shelf

(130-150 m depth) in a northeast direc-

tion and concentrate over the shelf edge

(160-170 m depth). In April, mature SIG

squid began to shift to the continental

slope around 45-47°S and migrated to

depths >600 m where they then mixed

with schools of SIG squid that had fed

in the region 51-52°S and that were

already migrating northwards along the

slope. ShG squid remained on the shelf

and made their prespawning northward

migrations along the shelf edge.

Intrapopulation structure of winter-spawned
Argentine shortfin squid, ///ex argentinus

(Cephalopoda, Ommastrephidae), during its

feeding period over the Patagonian Shelf

Alexander I. Arkhipkin
Atlantic Research Institute ol Marine Rshenes and Oceanography (AtlantNIRO),

5 Dm. Donskoy street Kaliningrad, 236000 Russia
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The Argentine shortfin squid, Illex

argentinus (de Castellanos, 1960),

is a common neritic species occurring
in waters ofFBrazil, Uruguay, Argen-

tina, and the Falkland Islands in

the SouthwestAtlantic (Nesis, 1987).

This squid is an important world fish-

ery resource. According to the FAO
(1997), since 1978, its total annual

catch has varied firom 180 to 250

thousand metric tons (t), achieving
300-330 thousand tons in 1993-95.

However, actual total annual catch

of/, argentinus could reach up to 700

thousand tons (Uozumi and Shiba,

1993). Illex argentinus is captured

by the international fleet consisting

of both jigging light vessels (mainly
fi-om Asian countries) and trawlers

(mostly fi-om European countries:

Poland, Spain, and Russia (former

USSR) in two fishery regions off

the Argentine Exclusive Economic

Zone (EEZA): at 42°S and 45-47°S.

In the 1970s and 1990s, /. argen-
tinus was also caught in consider-

able numbers within the EEZA and

Falkland Islands Interim Conserva-

tion Zone (FICZ) (Csirke, 1987; FAO,
1997 ). Such an extensive fishery has

induced detailed studies of different

biological aspects of /. argentinus
in order to monitor and forecast its

stock structure dynamics.

Originally, /. argentinus was con-

sidered to be a single stock (Sato

and Hatanaka, 1983; Csirke, 1987).

Then it was found that the species

consisted of two populations differ-

ing both by season and place of

their spawning: an abundant winter-

spawning population (more than 95%
of the total stock) and a small sum-

mer-spawning population (Hatanaka

et al., 1985; Hatanaka, 1988). Bru-

netti ( 1988) divided winter-spawning

squid into two stocks: the bonaerensis

north Patagonian stock (BNPS) and

the south Patagonian stock (SPS), dif-

fering both by feedinggroimds and size

of adults (medium and large, respec-

tively). On the basis of occurrence of

mature females in different seasons,

Nigmatullin (1989a) revealed that

/. argentinus spawn throughout the

year, and proposed to subdivide the

total stock into four seasonal spawning

groups. Although Tsygankov (1987)

found qualitative differences in three

loci of esterases extracted from the

buccal muscles ofvarious intrapopu-

lational groups of 7. argentinus, the

taxonomic status of these groups,

however, still remained imclear. Anal-

ysis ofdynamics in length-frequency

compositions showed that comple-
tion of the life cycle of/, argentinus

populations took one year (Hatanaka

et al., 1985; Hatanaka, 1986) and

this length of time was then con-

firmed by statolith aging investiga-

tions (Arkhipkin, 1990; Rodhouse

and Hatfield, 1990).

The life cycle ofthe most abundant

winter-spawned group can be subdi-

vided into five stages: a postlarval
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period that takes place in waters off Brazil and Uru-

guay in August-September (Leta, 1987; Santos and

Haimovici, 1997); a juvenile period that takes place in

shelf and oceanic waters off Uruguay and Argentina
in September-December (Biiinetti, 1988; Parfeniuk

et al., 1992); a feeding period that takes place on the

Patagonian and Falkland Islands shelves in January-

April (Brunetti, 1988; Hatanaka, 1988); a prespawn-

ing period that takes place on the shelf edge and slope

off Argentina and Uruguay in May^uly (Hatanaka,

1986, 1988; Arkhipkin, 1993); and a spawning period

that takes place in shelf and slope waters off north-

em Argentina, Uruguay, and Brazil in July-August
(Brunetti, 1988; Santos and Haimovici, 1997). Squid

aggregate and are fished mainly during their feeding

period on the shelf, as well as during their prespawn-

ing period on the shelf edge and slope (Nigmatullin,

1989b).

Stock structure dynamics of /. argentinus during
their feeding period on the Patagonian Shelf were

studied both in the fishery region of 45^7°S outside

the EEZAand within the FICZ by using data obtained

fi-om Japanese jigging vessels (Rodhouse and Hat-

field, 1990; Uozumi and Shiba, 1993). It was found

that the age composition of /. argentinus catches

changed between January and April owing to the grad-
ual migrations of feeding schools of these squid. Ear-

lier hatched squid immigi'ated to and emigrated fi-om

the fishery region earlier than later hatched groups
(Uozumi and Shiba, 1993). Squid of the former group
had slower growth rates than those of the latter group
(Rodhouse and Hatfield, 1990). Data from trawling
vessels showed that, during the prespawning period,

winter-spawned /. argentinus made active northward

migrations from the southern Patagonian Shelf along
the continental slope of Argentina. Squid migrated
in waves of abundance, consisting of 2-4 successive

monthly generations. Males moved 2-3 weeks earlier

than females of the same monthly group (Arkhipkin,
1993).

An analysis of length-frequency distributions of /.

argentinus showed that the jigging fishery had a

higher selectivity for squid than did the trawl fishery

(Koronkiewicz, 1995), and therefore data from the

trawl fishery reflected the natural population distri-

bution far better than those from the jigging fishery.

In the present report I examined the stock structure

dynamics of/, argentinus during the January-April

feeding period, using both data from two research

vessels and two commercial trawlers (both fishing

within the fishery) and statolith aging techniques,
and comparing these stock structure data with those

obtained by the Japanese jigging fishery both within

and outside the EEZA. Together with the data obtained

during the prespawning period (April-June) (Arkhip-

-40°S

-4i°S •

-44°S

-46°S

-48°S

-50°S

-52°S

-54°S

-64''W -62°W -60°W -58°W -56°W

Figure 1

Sampling locations of Illex argentinus off (circles I and

within ( triangles ) the Exclusive Economic Zone ofArgen-
tina (EEZA) in the southwest Atlantic in January-April
1991.

kin, 1993), the results of the present study make it

possible to reconstruct the full picture of the stock

structure dynamics of/, argentinus during the entire

fishery period.

Materials and methods

Data on the Ai'gentine shortfin squid, Illex argentinus,
for the present study were collected during four exper-
imental surveys carried out in the fishery region of

45-47°S outside the EEZA by the Soviet research ves-

sels A«c/mr and Volzhanin (2700 GRT) and within the

EEZA (in 47^9°S and 51-52°S) by the fishing trawl-

ers Petropavlovskaya krepost and Batiliman (4000

gross registered tonnage [GRT] ) between January and

April 1991 (Fig. 1). Trawls were conducted with differ-

ent types of rope trawls with a mean horizontal open-

ing of 60-75 m and mean vertical opening of 40-50
m. Trawls were made in the superficial water layer

at night and near bottom in the daytime at bottom

depths ranging from 140 to 190 m in January-March
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and from 190 to 660 m in April. The duration of trawls

ranged from 4 to 8 hours, and the average towing

speed was 6-8 km/h.

Every ten days, average daily catch per unit of effort

(CPUE) was calculated as a mean of daily CPUEs
of the Soviet fishing trawlers that caught squid in

each fishery region. Mean CPUEs were calculated

separately for the fishery region of 45-47°S outside

the EEZA (where a majority of fishing vessels are

2700-GRT trawlers) and for the fisheiy regions within

the EEZA (where all fishing vessels were 4000-GRT
trawlers). To obtain an objective picture of the squid

fisheiy, CPUEs of the 2700 GRT trawlers may be

adjusted to those of 4000-GRT trawlers by a coeffi-

cient of 0.7 (Arkhipkin, 1993).

Length-frequency sampling

A random sample of one hundred squid was taken

by scientific observers from each of two catches (at

night and day) everyday on board each of the four ves-

sels. Dorsal mantle length (ML) was measured to the

nearest 1 mm, total body weight (BW) was weighed
to the nearest 1 g. Sex and maturity stages were iden-

tified according to the maturity scale elaborated for

Illex argentinus (Nigmatullin, 1989a). Sex ratio was
determined. A total of 16,436 squid were analyzed in

the fishery region of 45^7°S outside the EEZA and
9893 squid were analyzed within the EEZA. Every
ten days, three length-frequency curves of males and
females were constructed for three maturity periods;

immature ( maturity stages 1-2 ), maturing ( maturity

stages 3-5
J

) and mature (maturity stages 5.,-5g).

Age sampling and statolith processing

Eveiy ten days, from January to April, statoliths were
dissected from 100-150 individuals of Illex argenti-
nus from two successful catches on board each of

the four vessels. The length-frequency distribution

of the 10-day age sample was proportional to the

length-frequency distribution of squid caught during
these ten days. Statoliths were washed in distilled

water and stored in oil-paper envelopes in 969f eth-

anol. A total of 1700 statoliths were sampled in the

fishery region of45^7°S outside the EEZA, and 1150

statoliths were collected within the EEZA.
All statoliths sampled were processed by statolith

aging techniques in the Laboratory of Commercial
Invertebrates ofAtlantNIRO( Arkhipkin, 1991). Stato-

hth terminology follows Clarke (1978) and Lipinski
et al. (1991). Statoliths were attached to the micro-

scopic slides with Pro-texx mounting medium and
were ground on both sides on a wet waterproof sand-

paper of 1000-grit gi-ade. During grinding, the stato-

lith rostrum was completely removed, so that growth
increments could be easily distinguished from the

nucleus to the edge of the dorsal dome. Ground stato-

liths were embedded in Canada balsam and covered

with glass covers. Ready preparations were placed in

an oven at 90-100°C for one hour to dry the balsam
and improve the readability of growth increments.

Statoliths were read under a Biolam Rl light micro-

scope at 450-500X magnification. To avoid possible

counting errors, each statolith was counted twice by
two observers using the gradation of an eye-piece
micrometer The total number of growth increments
for each specimen was obtained as a mean ofthese rep-
licate counts if the deviation between the two counts

was less than 57(. If deviation exceeded 5%, the stato-

lith was recounted by the two observers once more. If

such deviation did not decrease after the recounting,
the statolith was rejected from further analysis. From
the whole sample, 1597 statoliths fi-om the region outside

the EEZA (93.97^) and 1067 statoliths from the region
within the EEZA (92.7% ) were prepared and read.

Length-at-age data analysis

Deposition of putative growth increments within

/. argentinus statoliths has not yet been validated.

However, incorporation of either tetracycline or stron-

tium marks into statoliths of the congeneric species I.

illecebrosus kept in captivity has shown that growth
increments are formed daily ( Dawe et al., 1985). Stato-

lith microstioicture in both species is similar; therefore

growth increments within statoliths of/, argentinus
are considered to form daily in the present paper.

Hence, their total number was considered to repre-

sent squid age in days. Hatching dates were backcal-

culated. Month classes of hatching were defined by-

pooling squid into each month ofhatching ( Ai'khipkin,

1990; Rodhouse and Hatfield, 1990). Length-at-age
data were analyzed separately for both sexes. The

10-day age stnacture was determined by construction

of age-length keys. Age-length keys were constructed

by using numbers of squid for each month class sepa-

rately for each sex and maturity period (Arkhipkin et

al., 1996).

Results

CPUE dynamics

Region 45-47°S Illex argentinus were caught in all

trawls of the research vessels (Fig. 2). In January,

schools ofsquid aggregated mainly north ofthe region.

Trawl catches were variable ( from 1 to 20 t per vessel

day, \Jd ), and mean January CPUEs were low (8-9 t/d ).
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During the first 10-day period of February, concen-

trations of /. argentinus were observed in all parts

of the region. Squid concentrated near the bottom

during the daytime and ascended to the upper water

layers at night. The CPUE was twice as high as in

January, and the squid fishery stabilized at 16-17 t/d.

However, aggregations of /. argentinus quickly dis-

persed, and during the second 10-day period of Febru-

ary, the CPUE fell sharply to the January level (Fig.

2). Catches of squid were low but stable (around 10

t) imtil the second 10-day period in April, when fish-

ing vessels shifted from the shelf edge ( 170-190 m
depth) to the continental slope (440-660 m depth)

and changed fishing tactics. The vessels performed
near-bottom trawls at the shelf edge during the day-

time, and on the continental slope at night. These tac-

tics considerably increased CPUE (up to 15-18 t/d)

for the third 10-day period of April and in the begin-

ning ofMay because the fleet began to target not only

shelf aggregations but also the slope aggregations of

/. argentinus that were beginning to appear at that

time.

Region AT-AQ^S Fishing trawlers operated in this

region between February and the second 10-day period

of March. The fishing tactics were the same as those

used in the previous region. Abundance of/, argenti-

nus was considerably greater than that in the region

outside the EEZA (Fig. 2). The peak of CPUE was
observed in the third 10-day period of February
(51 t/d).

Region SI-SZ'S All fishing vessels that had oper-

ated in the 47-49°S region moved to the fishing region

west of the Falkland Islands during the second 10-day

period of March and fished there until the middle of

May (Fig. 2). The fishing tactics were different fi-om

those used in the two previous regions. Trawlers fished

for squid in midwater both at night and in the day-

time. CPUE in March-April was high, similar to those

in the 47-49°S region with a prominent peak (53 t)

during the second 10-day period ofApril. At the begin-

ning of May, CPUE decreased sharply and the fleet

ceased fishing for squid in the region.

Sex ratios

Region AS-AT'S The proportion of females was the

highest during the second 10-day period of January
(ca 80% of the total sample). From the end of Janu-

ary through the beginning of February, the proportion

of females decreased sharply (to 55—60%). Sex ratio

was close to 1:1 between the second 10-day period of

February and the first 10-day period of April, when
the proportion of females occurring on the shelf edge
decreased to 30%. However during the third 10-day

period of April on the continental slope at depths of

480 m, the sex ratio was found to be close to 1:1, and

females prevailed in catches (65%) at deeper depths
(630 m) (Fig. 3).

Region 47-49°S Except the first 10-day period of

February (when the sex ratio was close to 1:1), males

always predominated in catches at a ratio of 2:1 (Fig. 3).

Region 51-52°S The sex ratio was close to 1:1, but

the proportion offemales tended to decrease from 55%
to 45% (Fig. 3).

60 -

50

40

30 -

LU 20
Z)
a.
o 10

-• 45-47°S
I

- - - • 47-49°S

i— * — 51-52°S

u

-*— —^

12312312312312
Jan Feb Mar Apr May

Figure 2

Mean CPLIE (tons per vcs.sel day i of the Russian trawlers in the

lllex argentinus fi.shcry in three fishery regions of the Southwest

Atlantic in 1991: 4.5-47°S ibold solid line), 47-49°S (dotted linei

and .51-52°S (dashed line).

Length and hatching-month composition

Region 45-47°S During the second 10-day period

ofJanuary, June-hatched maturing females (modal

sizes 210 mm ML) and mature males (200 mm)
predominated in catches. The proportion of mature

May-hatched squid was low. Hatching-month com-

position changed considerably during the third

10-day period of January owing to an appearance
of maturing and mature May-hatched squid (males

of 200 mm and females of 220-250 mm ML) in the

region (Fig. 4).

Massive appearances of dense schools of immi-

grating June and July-hatched immature and

maturing females (200-220 mm ML) and mature
males (200-210 mm ML) were observed in the

first 10-day period of February which resulted in a

double increase in CPUE of the fishing fleet (Fig.

2) and in corresponding changes in the hatching-
month compositions of squid: June-hatched squid
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of mature males were about 10-20 mm greater in the portion of large mature females was much higher at

southern region than those in the northern region. 47-49°S (Fig. 7) than at 45-47°S (Fig. 4). After the

During the first 10-day period of February, the pro- second 10-day period of February, the opposite situa-

Females

Jan, H

100 160 2O0 2S0 aOO 300 400

Jan, M

no 160 200 260 aOO 360 400

Feb, I

it
•

100 160 200 260 900 360 4O0

Feb, N

100 160 200 260 300 360 400

Feb, HI

100 160 200 260 300 380 400

Mantle length (mm)

Males

Jan. I

no I6O 200 260 300 360 400

Jan,  

wo 160 200 260 300 360 400

Feb, I

no 160 200 260 900 960 400

Feb, N

no I60 200 260 300 360 400

Feb, III

no 160 200 260 300 960

Mantle length (mm)

Age structure

Jan, n

Jan, HI

Feb, I

Feb, n

^ mn{

Fab, III

Hatching month

Figure 4

Length-frequency compositions of immature (dotted line), maturmg (solid line) and mature (bold solid line) squid and hatching month

compositions (age structures) of females (black bars) and males (dashed bars) of ///t'.v argenliniia m the fisher\- region of45-47°S outside

the EEZAin January-February 1991. Number of males in parentheses.



Arkhlpkin: Intrapopulation structure of ///ex argentlnus during its feeding penod over the Patagonian Shelf

tion was observed; the proportion of mature females

decreased at 47-49°S and increased at 45-47°S.

Both the length and hatching-month compositions
of/, argentinus catches were different over the Pata-

gonian Shelf at 45-47°S and 51-52°S. In the southern

region, squid were 20-30 mm larger, about a month

younger, and less mature than in the northern region,

except during the third 10-day period ofApril when the
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Figure 6

Length-frequency and hatching month compositions (age structures) of Ulex argentinus at different depths of the fishery region of

45-47°S outside the EEZA between 21 and 30 April 1991. Symbols are the same as in Figure 4.

hatching-month compositions were practically similar

to those for the continental slope (630 m) at 45-47°S

and shelf (190-210 m) of 51-52°S. However, in spite

of the similarity in modal length both in males and

females in the last case, most of the females were

mature in 45-47°S, whereas those at 51-52°S were

still maturing (Figs. 5 and 8).

Discussion

Stock structure dynamics

Studies of the length-at-age structures for immature,

maturing, and mature squid (separately! ofboth sexes,

with a 10-day interval, revealed in detail the intrapop-

ulation structure dynamics and migratory patterns of

/. argentinus during the January-April feeding period

on the Patagonian Shelf Previous investigations, in

which length-at-age data were pooled separately for

each sex, revealed only general patterns in the age
structure dynamics of/, argentinus (Rodhouse and

Hatfield, 1990; Uozumi and Shiba, 1993).

Stock structure ofwinter-hatched /. argentinus was
rather stable during the feeding period (January-

April). After massive immigration of June- and July-

hatched squid into the region 45^7°S from the end

of January through the beginning of February, prob-

ably from an area farther north on the Patagonian
Shelf (Hatanaka, 1988; Parfeniuk et al, 1992), the

age structure of squid remained rather stable until

the middle of April. During each 10-day period, from

four to five month classes were observed, similar to

the number obtained from the jigging fishery data

(Uozumi and Shiba, 19931. Predominance of monthly
classes changed gradually fi'om June-hatched squid
in February to July-hatched squid in March-April.
A considerable portion of the June and July-hatched

squid continued their southward feeding migrations
and reached 47-49°S by the end of February, which



Arkhipkin: Intrapopulation structure oU/lex argentinus dunng its feeding period over the Patagonian Shelf

Females Males

Feb, I

!00 WO ZOO 2S0 300 360 40O

Feb, I

Feb. I

wo wo 200 2B0 300 3S0 400

Feb, II

wo wo aoo MO *oo 3so 400

Feb, III

o
c
<u
3
CT
0)

wo wo (00 ISO 300 3*0 400

Feb, III

100 wo SCO SBO 300 3«0 400 WO WO 100 230 300 380 400

Mar, I Mar, I

100 wo 2O0 ISO 300 360 400 100 WO tOO 230 300 3SO 400

Mar, II

wo wo 200 2S0 300 360 400

Mantle length (mm)

Mar, II

100 wo 200 260 300 3SO 400

Mantle length (mm)

Age structure

Feb, I

J J * • o

60



10 Fishery Bulletin 98(1)

Females

Mar. Ill

100 160 2O0 2»0 300 9ftO 400

Apr. I

100 «0 200 2aO 300 380 400

Apr. II

100 ISO 200 2SO 9O0 360 400

Apr.  

no ISO 200 250 300 350

Mantle length (mm)

Males Age structure

Mar, Mar. M

^ • 74 I4at

lOO MO 200 260 300 360 400 A M J J A 8 O

10

IS

Apr,

so

JO

60



Arkhlpkin: Intrapopulation structure of ///ex argentinus during its feeding penod over the Patagonian Shelf 11

erable predominance of males (2:1) in catches within

the EEZA in February-March. Similar sex ratios have

also been noted in the fishery region north of the Falk-

land Islands (Koronkiewicz, 1995). Another explana-
tion for the predominance of males in shelf catches

may be the earlier migrations ofmature males (in con-

trast to females ) from the southern part of their feed-

ing area through the region of47^9°S. This migratory

pattern occurs during prespawning migrations of /.

argentinus ft-om the southern part of the Patagonian
Shelf (Arkhipkin, 1993).

In April large mature males and females, which had

been aggregated over the shelf edge, began to shift

to the continental slope and migrate to great depths
(>600 m), where they mixed with the already migrat-

ing schools of July- and August-hatched squid that

had fed in the southern part of the Patagonian Shelf

and around the Falkland Islands (Arkhipkin, 1993).

Such a redistribution of /. argentinus aggregations
caused a rather sharp decrease in the CPUE of jig-

ging vessels on the shelf in April-May and a simulta-

neous regi'ouping of trawlers—a shift from the shelf to

one over the continental slope (Hatanaka, 1988; Nig-

matullin, 1989b). Medium-size squid remained on the

shelf and probably made their prespawning migra-
tions along the shelf edge.

Stock structure of winter-hatched ///ex argentinus

From the complex of biological characteristics (stato-

lith microstructure, modal length in different months,

sizes at maturity, types of feeding, and prespawning

migrations), it is possible to consider the Patagonian
Shelf south of 45°S as a feeding ground for two intra-

specific groups of winter-hatched /. argentinus: the

"shelfgroup that matures at medium sizes" (ShG) and

the "slope group that matures at large sizes" (SIG).

These two groups correspond well with the bonaeren-

sis north Patagonian stock (BNPS) and south Pata-

gonian stock (SPS) distinguished by Brunetti (1988)

by using length-frequency analysis. Later, Brunetti

et al. (1998) postulated that the spawning of both

groups takes place near the shelf edge and over the

continental slope; the BNPS squid spawn north of

43°S in winter, whereas the SPS squid spawn south of

43°S in autumn. It was shown however that the SPS

squid definitely migrated from the southern part of

the Patagonian and Falkland shelves along the con-

tinental slope farther north at 41^2°S (Arkhipkin,

1993), but location of their spawning grounds is still

unknown (Haimovici et al., 1998).

The shelf group also corresponds to the winter shelf

group (WSG), and the slope group corresponds well

to the winter oceanic group (WOG), both (WSG and

WOG) of which were distinguished by different loca-

tions of juvenile feeding and by type of life cycle

(Parfeniuketal., 1992; NigmatuUin and Laptikhovsky,
1996).

The shelf group of /. argentinus has a neritic life

cycle, characterized by the following features: spawn-

ing in warm waters of the northern part of the spe-

cies range (27-36°S); southward feeding migrations of

juveniles < 100-150mm ML over the Patagonian Shelf;

a "shelf type dark zone within the statolith micro-

structure (Arkhipkin, 1993); fast juvenile growth but

rather slow growth of immature squid; medium sizes

at maturation (males at 160-220 mm ML, females at

180—240 mm ML); medium maximum sizes for mature

squid (males of 180-260 mm ML, females of 220-320

mm ML); and northward prespawning migrations over

the shelf The slope group of /. argentinus has an

oceanic-slope life cycle characterized by the following

features: slope spawning in the northern part of the

species area (27-36°S); southward feeding migrations
ofjuveniles < 100-150 mm ML in the open part of the

Argentine Basin; an "oceanic" type dark zone within

the statolith microstructure (Arkhipkin, 1993); slow

juvenile growth but rather fast growth of immature

squid; large sizes at maturation (males at 180-240

mm ML, females at 240—340 mm ML); large maximum
sizes for mature squid (240-340 mm ML, females up
to 280—400 mm ML); and northward prespawning

migrations over the continental slope. The taxonomic

status of the two groups of winter-spawned /. argenti-

nus remains unclear (Arkhipkin and Scherbich, 1991;

Parfeniuk et al., 1992; NigmatuUin and Laptikhovsky,

1996; Santos and Haimovici, 1997).

Interannual changes in stock structure

It has been shown that growth rates of/, argentinus
from the same hatching month vary to a lesser

extent between different years from those of the dif-

ferent months of hatching within one year (Arkhip-

kin and Laptikhovsky, 1994). Thus it is possible to

make comparisons of modal lengths of squid from

the same month of hatching but in different years.

The results of this study (based on data collected by
the trawl fishery in 1991) are somewhat different

from those obtained from the Japanese jigging fish-

ery in 1989-1990 (Uozumi and Shiba, 1993). Gener-

ally, during the same month and in the same region

of sampling, a majority of males and females caught

by jigs in 1989 were about a month younger and

correspondingly 20-30 mm smaller than those sam-

pled by the trawl fishery in 1991 (Figs. 8 and 9 in

Uozumi and Shiba, 1993; and Figs. 4 and 5 ofthe pres-

ent study). Unfortunately, there are no data on the

length-frequency composition oftrawl-caught /. argen-

tinus in 1989 (Arkhipkin and Laptikhovsky, 1994), and
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thus it is difficult to explain the reasons for such a dif-

ference in length composition between the two years.

It was found that /. argentinus caught by jigging gear
were significantly larger and more mature (especially

females) than trawl-caught squid fished in the same
location and time (Koronkiewicz, 1995). Thus, differ-

ences in age and length compositions observed in 1989

and 1991 can be explained by interannual changes
in population structure of/, argentinus rather than

by various selectivity of the two different sampling

gears.

The results of the present study show that in Janu-

ary-April, the international squid fishery in the south-

west Atlantic catches aggregations of both groups of

winter-spawned/, argentinus. Squid ofthe shelfgroup
are captured by trawlers and jigging vessels over the

depth range of 150—200 m mainly in the region of

45^9°S. Squid of the slope group are caught by trawl-

ers and jigging vessels mainly in the southern part of

the Patagonian Shelf within the EEZA(47-51°S) over

the depth range of 150-250 m in February-March,
and by trawlers over the continental slope (45^7°S)
at depths of 600-700 m in April.
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Abstract.—Microsatellite DNA varia-

tion at six microsatellite loci (Omy77,

Ots3, OtslOO, OtslOS, Otsl07, and

OtslOS) was examined in approximately

900 sockeye salmon, Oncorhynchus nerka,

collected between 1987 and 1995 from

three stocks on the west coast of Van-

couver Island, British Columbia, Canada.

Variation in allele frequencies among
stocks was, on average, about 12 times

greater than temporal variation within

stocks. Individual locus Fgj estimates

ranged from 0.013 to 0. 107 among stocks,

with an overall value of 0.056. Analysis

of simulated mixed-stock samples indi-

cated that data from four to six of the

microsatellite loci surveyed would enable

relatively accurate and precise estimates

of stock composition for mixtures com-

posed offish from the three stocks. Appli-

cation ofthe mixture analysis to 1100 fish

sampled in Barkley Sound and Albemi

Inlet fisheries during 1997 indicated that

sockeye salmon from Great Central Lake

constituted about 70% of the commercial

catch. The later time of return of sock-

eye salmon from Henderson Lake than

of those from Great Central or Sproat
Lake as previously indicated by analysis

of parasite frequencies was confirmed in

the 1997 fishery sampling. Stock com-

position of catches varied among gears,

presumably owing to gear selectivity.
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In the sockeye salmon (Oncorhyn-
chus nerka ) fishery in Barkley Sound
on the west coast of Vancouver

Island, three stocks (Sproat Lake,
Great Central Lake, and Henderson

Lake) account for all of the catch in

the mixed-stock fishery (Hyatt and

Steer, 1987) (Fig. 1). These stocks

have been exploited for over 100

years, but the area of the fishery

has changed. The present fishery is

conducted over a wide area in Bar-

kley Sound. Lake fertilization has

been used to increase production of

Barkley Sound sockeye salmon ( LeB-

rasseur et al., 1978; Hyatt and Stock-

ner, 1985). Of the lakes sampled
in our study, Great Central Lake
has been fertilized most extensively,

with annual applications of fertilizer

between 1970 and 1973, and from

1977 to the present. Sproat Lake was
fertilized between 1985 and 1987,

and Henderson Lake has been fertil-

ized from 1976 to the present.

Assessment of the effects of ferti-

lization on the productivity of Great

Central and Henderson lakes re-

quired accurate and reasonably pre-

cise estimates of stock composition in

the Barkley Sound sockeye salmon

catch. The frequency of occurrence

of two myxosporean parasites, Myxo-

bolus arcticus in the brain and Hen-

neguya salmonicola in the muscle,

differed substantially among sock-

eye salmon in the three lakes during
1977-84 (Quinn et al., 1987), and

these differences in prevalence were

used to provide estimates of stock

composition in the fishery until 1984

(Steer et al., 1986, 1988). Sockeye
salmon from Sproat Lake and Great

Central Lake accounted for 95% of

the catch from 1980 to 1984 (Hyatt
and Steer, 1987). In the 1990s, it

became apparent that the frequency
ofoccurrence ofthe two parasites had

changed in Great Central Lake sock-

eye salmon (Beacham et al., 1998),

and fishery managers no longer con-

sidered estimates of stock compo-
sition derived from parasites to be

reliable for management decisions.

The timing of the change in para-
site frequency ofoccurrence between
1984 and the 1990s was unknown,

rendering post-1984 estimates of

stock composition and associated

estimates of individual lake produc-

tivity uncertain. It became impera-
tive to develop a reliable alternative

method of stock identification that

could be applied to fishery samples
for accurate estimation of both catch

and productivity by stock.
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A preliminary survey ofDNA variation

at microsatellite loci indicated that there

was some differentiation among the Bark-

ley Sound sockeye salmon stocks (Nelson

et al., 1998). Evaluation of alternative

methods of stock identification indicated

that mixture analysis based on micro-

satellite allele frequencies would likely

provide reliable estimates of stock compo-
sition (Beacham et al., 1998). In the pres-

ent study, we expanded the analysis of

variation at microsatellite loci of Barkley
Sound sockeye salmon to six polymorphic

loci, examined the differentiation among
and within stocks at each locus, evalu-

ated the precision of data and accuracy of

stock composition estimates for a range
of mixture sample sizes based on data

from three to six loci, and finally used the

microsatellite variation to estimate stock

compositions from 1997 fishery samples.

Materials and methods

Collection of DNA samples and

amplification by PCR

Scales were collected ft'om sockeye salmon

returning to spawn in the Sproat Lake and

Great Central Lake drainages in 1987,

1990, and 1992. Scales were collected from

Henderson Lake sockeye salmon in 1988

and 1993, and liver samples preserved in

95% ethanol were collected in 1995. Scales

or operculum punches were collected from

sockeye salmon sampled in fisheries in

1997. DNA was extracted fi-om scales as

outlined by Nelson et al. ( 1998). For the operculum or

liver samples, approximately 0.3 g oftissue was placed
in each well of a 96-well plate containing 0.2 mL of5%
chelex in TE buffer ( 10 mM Tris pH 7.4, 1 mM EDTA
pH 8.0, 0.10 mg/mL proteinase K, and 0.1% SDS) and

incubated for 15 min at 50°C, and then incubated for

an additional 15 min at 95°C. The supernatant from

each well was collected and placed in a fresh 96-well

plate and stored at -20°C. About 1 mL of this extract

was required for each amplification of the sample by
the polymerase chain reaction (PCR).

Loci amplified by PCR were the dinucleotide repeats

Omy77 and Ots3 and the tetranucleotide repeats

OtslOO, Otsl03, Otsl07, and Otsl08 (Table 1). For all

primer sets used in this study, PCR was conducted

in 25-juL reactions containing 12 pmol (0.48 ^M) of

each primer, 80 ^M of each nucleotide, 20 mM Tris-pH

^4a40 —

Figure 1

Location of Barkley Sound on Vancouver Island. Sockeye salmon are produced in

Great Central Lake and Sproat Lake, both part of the Somass River drainage, as

well in Henderson Lake.

8.8, 2 mM MgS04, 10 mM KCl, 0.1% Triton X-100,

10 mM (NH4)S04, and 0.1 mg/mL of nuclease-free

bovine serum albumin. Each PCR reaction was pre-

ceded by an initial denaturation step of three min at

94°C. All cycle extension (30 cycles for all loci except

OtslOS which was 35 cycles) steps were for 60 sec

at 72°C and all cycle denaturation steps were for 20

sec at 94 C. PCR of Omy77, Ots3, OtslOO, Otsl03,

Otsl07, and OtslOS was accomphshed with anneal-

ing temperatures of 48°C, 50°C, 57°C, 55°C, 48°C, and

46°C, respectively. Annealing times were 30 sec for

Omy77 and OtslOO, and 60 sec for the other loci.

Gel electrophoresis and band analysis

PCR products were size fractionated on 16 cm x 17 cm

nondenaturing polyacrylamide gels and visualized by
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staining with 0.5 mg/mL ethidium bromide in water and

ultraviolet light illumination. Nelson et al. (1998) pro-

vide a complete description of gel electrophoretic condi-

tions. All gels were run for 14—18 h at 65-70 V, using 8%

acrylamide for analysis of OtslOO and Otsl03, and 10%

acrylamide for analysis of Omy77, Ots3, Otsl07 and

Otsl08. Twenty-nine lanes per gel were loaded. One out-

side lane contained a one-kb ladder (Gibco BRL), three

lanes contained a 20-bp ladder (Glensura Labs Inc., Del

Mar, CA) evenly spaced across the gel, one lane con-

tained a standard fish to determine precision of estima-

tion of allele size, and 24 lanes contained an individual

fish for analysis.

Gels were scanned at a 1024 x 1024 pixel density
with a Kodak charge coupled device (CCD) camera
with low-light capability and a yellow filter. Images
were analyzed by using Biolmage Whole Band soft-

ware (Genomic Solutions Inc., 1995), where the size

of the amplified microsatellite alleles were reported to

the nearest base pair (bp) based upon the molecular

size grid created with the 20-bp markers.

Because some uncertainty occuiTed in estimation of

allele size fi-om the 20-bp grid, we identified alleles on

the basis of a bimiing procedure ( Gill et al., 1990). Peaks

in the allele fi-equencies used to identify main alleles and

bin widths generally corresponding to a repeat unit were

set so that the main allele was located in the middle of

the bin. Precision of estimation of allele size was evalu-

ated with the standard fish analyzed for each locus.

Data analysis

Annual variation in allele fi-equencies within populations

was tested with GENEPOP version 3.1 with the Mai-kov-
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tional maximum likelihood method.

Baseline genotypic frequencies for

each of the three stocks were calcu-

lated from the obsei^ved allele fre-

quencies under the assumption of

Hardy-Weinberg equilibrium. Each

baseline stock was resampled with

replacement in order to simulate

random variation involved in the

collection of the baseline samples

during the estimation of stock com-

position of each mixture. Hypo-
thetical fishery samples of 100-300

fish with fixed stock composition
were generated by randomly resam-

pling with replacement the baseline

stocks, and adding the appropriate
number of fish from each stock to

the mixture. Estimated stock compo-
sition ofthe mixture was then deter-

mined, and the whole process was

repeated 100 times to estimate the mean and standard

deviation of the individual stock composition estimates.

Fishery samples

In 1997, samples were collected fi-om three commercial

gillnet fishery openings in Barkley Sound, a gillnet test

fishery, a purse-seine test fishery, the recreational fish-

ery, and an aboriginal fishery. The commercial gillnet

fishery was conducted primarily in Barkley Sound, with

gillnet mesh sizes ranging from 114 mm (4.5 inches) to

133 mm (5.25 inches). The gillnet test fishery was con-

ducted farther inland at the head of Barkley Somid and

at the mouth ofAlbemi Inlet with a gill net 110 m (60

fathoms) in length and 180 meshes deep, and having
a mesh size of 114 mm. Samples from the purse-seine

fishery, the recreational fishery, and the aboriginal fish-

eiy were derived entirely from Albemi Inlet. The recre-

ational fishery was conducted near the head of Albemi

Inlet and the aboriginal fishery, conducted at the head

ofAlbemi Inlet and in the Somass River, was the most

terminal fishery. Estimated stock contributions to each

sample were determined as a point estimate from all the

fish in the sample, and standard deviations of the esti-

mates were derived fi'om bootstrap resampling of both

the baseline stocks and the mixture.

Results

Precision of estimation of allele size

Standard deviations of the estimated allele sizes for

the heterozygous standard fish analyzed at each locus
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1.5-
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Table 3

Observed allele frequencies at six microsatellite loci for three stocks of Barkley Sound sockeye salmon. Alleles have been designated

by the lower size limit of the bin. n is the number offish scored at each locus in each stock.

Allele
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(pairwise F^^j,
estimate: 0.042), and the Sproat Lake

and Henderson Lake stocks showed the greatest dif-

ferentiation (pairwise Fgj. estimate; 0.091).

Estimation of stock composition

The three loci with the highest Fgj< estimates (Omy77,
Ots3, and Otsl07) also possessed the highest ratio of
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son Lake composition, estimated

stock compositions were 5.39c

(SD=3.9'7f) Henderson Lake,

34.3% (SD=8.2%) Sproat Lake,

and 60A7c{SB=8.97c) Great Cen-

tral Lake. No significant bias

was observed when Henderson

Lake sockeye salmon composed
57c or less of the mixture.

Application of estimates to 1997

fisheries

Although estimated stock con-

tributions varied according to

sampling period, sockeye salmon

fi-om Great Central Lake tended

to predominate in all fisheries

at any week (Table 6). However,
differences in stock composition
estimates among fishing gears
were evident. In the commer-
cial gillnet fishery, Great Central

Lake sockeye salmon constituted

about 70% of the catch (Table

6). In the gillnet test fishery, the

proportion of Great Central Lake sockeye generally
varied between 55 and 75% prior to July 25th. In

the purse-seine test fishery, they accounted for about

50-55% of the catch. Higher proportions of Great

Central Lake sockeye salmon were observed in the

selective gillnet gear than in the more nonselective

purse-seine gear. For example, for the week ending 4

July, Great Central Lake sockeye were estimated to

have represented 70-757f of the catch in the commer-
cial gillnet fishery and in the gillnet test fishery, but

only about 40% of the catch in the seine test fishery.

Although the samples analyzed from the purse-seine

fishery were derived fi-om more inland locations than

those from the commercial and test gillnet fisheries,

the differences in proportions ofGreat Central sockeye
salmon more likely resulted from differences in gear

selectivity than ft-om differences in stock distribution

because fish fi-om all three stocks are generally dis-

tributed throughout Barkley Sound and Albemi Inlet

when present.

Sockeye salmon stock ft-om Henderson Lake are the

smallest salmon exploited in the fishery, and thus the

most vulnerable to overfishing in the mixed-stock har-

vest that takes place. Henderson Lake fish, which do

not have to travel throughAlbemi Inlet in their spawn-
ing migration, were apparently caught in fisheries

throughout Albemi Inlet, although there was a high

degree of uncertainty about whether they were caught
in the aboriginal fishery at the extreme head ofAlbemi
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tions in which annual variation has been detected,

the magnitude ofvariation has been substantially less

than that among populations (Nielsen et al., 1997;

Beacham and Wood, 1999).

For sockeye salmon, in which the greatest geo-

graphic determinant of neutral genetic differentiation

is the nursery lake (Wood, 1995), the task of identify-

ing the contributions of three different lake systems to

a mixed-stock sample should be relatively straightfor-

ward. Although significant genetic variation can occur

among spawning sockeye salmon subpopulations iso-

lated by time or space (or both) within a lake system,

the extent of this variation is consistently much less

than that observed among lakes—even those lakes

within a single drainage system (Wood, 1995). Each
of the three lakes is the confluence of multiple tripu-

taries and may harbor genetically differentiated sub-

populations of sockeye salmon. The spawning ground

samples in our study were collected from locations

within each lake system at which fish ft-om more than

one subpopulation may have been present, and dif-

ferent subpopulations may have been sampled among
years. Thus, the departure of Omy77 (and OtslOS

for Henderson Lake) genotypes fi-om Hardy-Weinberg

equilibrium and significant annual variation observed

at these loci might both have reflected subpopulation dif-

ferentiation in allele fi-equencies. It is unlikely that the

heterozygote deficiency observed at Omy77 in Sproat
Lake and Henderson Lake sockeye salmon would be

a result of a null allele because genotypic fi-equencies

of other sockeye salmon stocks surveyed at this locus

have been in Hardy-Weinberg equilibrium (Beacham

and Wood, 1999). Nevertheless, the level of differentia-

tion at Omy77 was about 20 times greater among lakes

than was the temporal variation observed within lakes.

For all six microsateUite loci surveyed, differences among
lakes were on average 12 times greater than variation

within populations, confirming the relative stability of

the microsateUite loci in Barkley Sound sockeye salmon

populations over the 5—8 yr sampling period.

The six microsateUite loci used in the current

study were also surveyed in nine sockeye salmon

stocks of the Nass River drainage in northern British

Columbia (Beacham and Wood, 1999). In the Nass

River, the three loci displaying the greatest differen-

tiation among stocks were OtslOO (Fgj^O.131), Ots3

(FsT^O.lll), and OtslOS (Fs7^0.084), whereas in the

Barkley Sound stocks, the three most discriminating

loci were Omy77 {Fg.,^0.W7), Ots3 (^^7^0.099), and

Otsl07 (Fgj^b.043). The fact that loci differed in their

relative levels of variation between the two areas

is not surprising given the rapid evolution of mic-

rosateUite loci and the likelihood that the regions

were founded postglacially by different sockeye salmon

"races" (Wood, 1995). For stock identification applica-

tions, surveys of microsateUite variation in each geo-

graphic region of interest will generally be necessary
to determine which loci are the most effective in dif-

ferentiating local populations.

Effective assessment and management of sockeye
salmorf production in Barkley Sound is dependent

upon determination of stock composition in fishery

catches. Previous evaluation has indicated that the

application of microsateUite technology to stock iden-

tification can provide the most reliable and cost-effec-

tive results (Beacham et al., 1998), but determination

of the feasibility of such technology for Barkley Sound
fisheries awaited examination of the relation between
the number of loci used, the sample size of the stock

mixture to be analyzed, and the precision of the esti-

mated stock contributions. For any stock identification

application, the optimal combination ofnumber of loci

surveyed and number of fish sampled from the catch

is dependent on the genetic distance among stocks,

the desired precision for an individual stock estimate,

and the cost of the analysis for each locus.

The simulated mixtures evaluated for Barkley
Sound sockeye salmon indicated that microsateUite

variation could be used to provide accurate and rea-

sonably precise estimates of individual stocks in the

catch mixtures. They ftirther indicated that although

genotjqaic fi-equencies at Omy77 and Otsl08 were not

in Hardy-Weinberg equilibrium in some stocks, but

assumed to be so in the stock composition estimation

procedure, the violation of this assumption did not

have a marked influence on the accuracy of the esti-

mated stock compositions. The precision, but not accu-

racy, of the estimated contributions increased with

both the number of loci (from 3 to 6) and the sample
size of the mixture (fi"om 100 to 300). For sample
sizes of 150 fish and larger, a greater increase in preci-

sion for stock contribution estimates could always be

achieved by increasing the number of loci surveyed to

six than by increasing the sample size to 300. How-
ever, these simulations did not include estimation of

the random error associated with sampling only a por-

tion of the catch, and this error will always be reduced

by increasing sample size. The level of precision of an
estimated stock contribution increased with the con-

tribution of the stock to the mixture. For estimation of

the more abundant Great Central and Sproat sockeye

salmon, the increase in precision afforded by additional

data was approximately equivalent whether more fish

(beyond 150) or more loci were analyzed (i.e. approxi-

mately equaUy precise stock contribution estimates were

achieved by analyzing four loci in 300 fish and six loci in

200 fish). However, estimation of the small {I07i) Hen-
derson Lake contribution to the mixture was more sensi-

tive to sample size and was more precise in the analysis
of four loci in 200 fish than of six loci in 150 fish.
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Successfial application of microsatellite loci to esti-

mation of stock composition in mixed-stock fisheries

requires that loci be chosen that highlight differences

among stocks to be separated and that adequate num-
bers of fish in the baseline stocks be surveyed to pro-

vide reliable estimates of allele fi-equencies, and thus

genotypic fi-equencies used in the conditional maxi-

mum likelihood analysis. Microsatellite loci can con-

tain a large number of alleles, and baseline sample
sizes need to be of sufficient size to ensure that alleles

present in fish fi-om a stock in the mixture have also

been observed in the baseline samples. Binning low-

frequency similar-size alleles (Small et al., 1998) is

also a strategy to consider in practical applications.

Although simulated mixtures can provide insights

into the expected performance of the mixture analy-

sis, the stock contribution estimates for actual fishery

samples can only be evaluated by corroboration with

data fi-om other sources. Two supportive sources of

independent information occur: time of return of the

Henderson Lake stock and the typical catch composi-
tion for Barkley Sound that was previously derived

from parasites. In Barkley Sound, the time of return

of Henderson Lake sockeye salmon has been reported
to be later than that of either Sproat Lake or Great

Central Lake fish (Steer et al., 1988). For example, in

1984, Henderson Lake sockeye salmon were evident,

on the basis of parasite analysis, in the commercial

fishery prior to 27 June but increased in relative abun-

dance after that time. The current analysis indicated

that Henderson Lake sockeye salmon were absent

from, or at low abundance in, the 1997 commercial

fishery prior to the week of 4 July. Analysis of the

gillnet test fishery and purse-seine samples indicated

that the proportion ofHenderson Lake sockeye salmon
in those catches was low until mid-July but thereafter

was substantial, consistent with a later time of arrival

of the Henderson stock in Barkley Sound. In a typi-

cal return year, about 60% of the Barkley Sound sock-

eye salmon catch is derived fi-om Great Central Lake,
30% fi-om Sproat Lake, and 10% fi-om Henderson Lake

(Steer et al., 1988). Estimated stock compositions for

the 1997 fishery catches are in reasonable agreement
with the expected stock contributions. Results of the

simulation analysis indicated that more precise, but

not necessarily more accurate, estimates of the stock

contributions (especially that from Henderson Lake)

could have been obtained for the fishery catches if

sample sizes had been larger than 50 (for the gillnet

test fisheries) or approximately 100 (for the purse-
seine test and commercial gillnet fisheries).

Differences in estimated stock composition were
obtained for the purse-seine and gillnet test fisheries

in July samples, where higher proportions of Great

Central Lake sockeye salmon were observed in the

gillnet fishery samples. Although the fishery samples
came ft-om different areas (the purse-seine samples
were collected farther inland in Albemi Inlet than

were the gillnet samples), the most likely explana-
tion of the difference in estimated proportions of stock

composition between the two gears is a difference in

size selectivity. Sockeye salmon caught in purse seines

in Barkley Sound are generally more variable in size

and of smaller mean size than those caught in gill nets

(Steer et al., 1986). Probably gill nets were more selective

for Great Central Lake sockeye salmon than for Sproat
Lake salmon. Thus, it is important to estimate stock con-

tributions to a fishery catch based on samples collected

with the type of gear employed in the fishery. Further-

more, the analysis ofcatch samples to estimate the stock

composition of fish present in an area (as opposed to

those caught in an area) vriH be biased to the degree that

the sampling gear nonrandomly catches the fish that

are present. The results of this study and other analyses
(Beacham et al., unpubl. data) indicate that for salmo-

nids, different gear types sample the various stocks in a

stock mixture with very different efficiencies.

Differentiation among local spawning populations
that are relatively stable over time provides the basis

for applying biological markers to problems of salmo-

nid fisheries management. This study confirmed our

expectation that the level of differentiation observed

at microsatellite loci among sockeye salmon of the

three major lake systems draining into Barkley Sound
is sufficient and stable to assess stock composition of

the fishery catches. The abundance of highly polymor-

phic microsatellite loci in salmonid fish, the relative

ease of nonlethal sample collection, and the moderate

cost per fish for laboratory analysis combine to provide
a technology that will become increasingly used in the

assessment and management ofsalmonid fisheries.
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Abstract.-From 1990 to 1996, during

a large-scale tag-and-release program

in the Great Australian Bight, 20,204

southern bluefin tuna (SBT), Thiinnus

maccoyii. were injected with strontium

chloride (SrCl,^). The objectives of the

marking experiment were to examine

the efficacy of SrClo as an otolith marker

and to determine the periodicity of

increment formation in SBT otoliths.

Nine-himdred and sixty-one Sr-injected

fish were recaptured and 616 otoliths

were sampled from these: the high level

of sampling success was attributable to

a major liaison effort throughout the

multinational SBT fishery. The same tag

return rates for fish that were tagged

and injected and for fish that were

tagged only, indicated that the injection of

strontium did not affect the survival rate

of tagged fish. Strontium marks were

detected with a Robinson detector or an

energy dispersive spectrometer (EDS ) ( or

with both) linked to a scanning electron

microscope; 59 of the 67 otoliths from

injected fish examined had discernible

marks. The intensity of the strontium

mark and the dosage rates were linked;

a dosage of 100 mg Sr/kg fish weight

is recommended to ensure easy identi

fication of the strontium mark. Using the

strontium marks, we established that in

SBT with 1 to 6 increments in their

otoliths, one increment is laid down

per year at liberty. In the 59 marked

fish that were examined, there was

100'7f agreement between the ex-

pected and observed number of incre-

ments after marking. These results, and

the data fi-om two supplementary tag

returns ft-om unmarked fish recaptured

after long times at liberty, provide un-

ambiguous evidence that increments on

the otoliths ofSBT are formed annually, to

at least the age of 13 years. In addition, a

recent study that used bomb-radiocarbon

levels to estimate ages of older SBT has

provided strong evidence that annual

increments are deposited in the sagittal

otoliths of SBT throughout life.

Direct validation of annual increments in

the otoliths of juvenile southern bluefin tuna,

Thunnus maccoyii, by means of a

large-scale mark-recapture experiment
with strontium chloride
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Southern bluefin tuna (SBT), Thu?2-

nus maccoyii Castelnau, 1872, is a

large, long-lived, migratory, pelagic

fish with a circumglobal distribution

between 30°S and 50°S (Caton,

1991). Its only known spawning

ground is in the Indian Ocean south

ofJava, between 7°S and 20°S (Caton,

1991). Since it was first exploited

in the 1950s the stock has declined

dramatically to between 16% and

25% of its initial level (SainsburyM.

The fishery is currently managed by
individual transferable quotas (ITQ)

and the total allowable catch (TAG)

is assessed each year.

Vutual population analysis (VPA)

has been the main method of as-

sessing the condition of SBT stock

since 1980 (Murphy and Majkowski,

1981). The age structue of the pop-

ulation, a major input to VPA, has been

estimated by converting lengths and

weights to ages, using growth curves

derived fi-om tagging data (Hampton,

1991; Polacheck et al.^). lb reduce the

unmeasurable uncertainties that the

estimates introduce into VPA assess-

ments, a validated direct method for

determining age was required.

In 1992 we began a study to de-

velop reUable techniques for deter-

mining ages of SBT. Validation of as-

signed ages is critical in age estimation

studies (Beamish and McFarlane,

1983; Smith, 1992; Secor et al., 1995);

therefore a large-scale mark-recapture

experiment was initiated to provide

the basis for vahdating the age

estimates. From the validation study

we aimed to confirm the periodicity

of the zones that were counted on the

hard parts collected from SBT. The

overall objective of these two studies

was to develop a validated length-at-

age key for the entire size range ofthe

SBT population. We present details

of the mark-recapture experiment

and our evidence that increments in

otoliths are formed annually.

1
Sainsbury, K. 1993. What is happening
to the southern bluefin stock? In W. White-

law and V. Mawson (eds.), Proceedings

of the inaugural southern bluefish tuna

science-industry-management workshop. Port

Lincoln, Australia, p. 5-19. Commonwealth

Scientific and Industrial PJesearch Organi-

zation (CSIRO I Marine Research, GPO Box

15,38 Hobart, 7001 Australia.

2 Polacheck, T, K. Sainsbury. and N. Klaer.

1995. Assessment of the status of the

southern bluefin tuna stock using virtual

population analysis—1995. Paper SBFWS/
95/17. First scientific meeting of the Com-

mission for the Conservation of Southern

Bluefin Tuna (CCSBT). Shimizu, Japan, 70

p. Commonwealth Scientific and Industrial

Research Organization (CSIRO) Marine

Research, GPO Box 1538, Hobart, Tasmania,

7001, Australia.
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Previous attempts to estimate SBT ages directly,

either did not attempt validation, or attempted it for

only a few age classes. Hynd (1965) used scales to

estimate ages of fish up to 80 cm fork length (FL)

but did not attempt to validate his age estimates.

Yukinawa (1970) counted up to eight rings on scales,

using marginal increment analysis, to show that the

rings form at the same time each year. Thorogood
(1987) used otoliths to estimate age in fish ft-om

42 to 167 cm FL and, using marginal increment

analysis, was able to show seasonal band formation

in what he called ages 2 to 4. Jenkins and Davis

(1990) examined microincrements in the otoliths of

SBT larvae between 3.5 and 12 mm standard length

(SL) collected ft-om the same cohort over consecutive

days. From these microincrements, they validated

daily increment formation and assigned approximate

ages of 7 to 18 days to their samples.
In many age determination studies of other species

of tuna, tetracycline has been used in marking ex-

periments to validate daily increment formation in

wild and captive tunas: e.g. yellowfin tuna, Thunnus
albacares in the wild (Wild and Foreman, 1980; Wild

et al., 1995) and in captivity (Yamanaka'^); skipjack

tuna, Katsuwonus pelamis, in the wild (Wild et al.,

1995); black skipjack tuna, Euthynnus lineatus, in

captivity (Wexler, 1993); and Atlantic bluefin tuna,

Thunnus thynnus, in the wild (Inter-Am. Trop. Tuna
Comm.-*).

However, similar experiments using oxytetracycline

(OTC) as a marker in SBT in the 1980s were less

successful. In high proportion of OTC-injected fish, a

mark failed to show up in the otoliths (Gunn^). Given

this previous failure, and public health concerns over

the use of tetracycline (in the USA, the Federal Drug
Administration [US FDA] prohibits its use in wild

fisheries), we selected strontium chloride (SrCl2) as an

alternative marker.

Strontium chloride is a nontoxic salt that occurs

naturally in sea water. It is a component of some foods

and is considered to be benign at the concentrations

used as a marking agent (Sax and Lewis, 1987).

Strontium is readily incorporated into the bloodstream

offish and, although not used previously on scombrids.

^ Yamanaka. K. L. 1990. Age, growth and spawning of yellowfin
tuna in the southern Philippines. FAO. Indo-Pacif Tuna Dev.

Man. Prog. Working paper 90AVP/21. 87 p.

" Inter-Am. Trop. Tuna Comni. 1982. Annual Rep. for 1981, .303 p.

^Gunn.J. S. 1992. Progress report on .strontium chloride mark-

ing of SBT during 1990-92 CSIRO^JAMARC tagging programs.

Paper M\VS4A\T-3. Fourth workshop of the southern bluefin

tuna recruitment monitoring and tagging programs. Hobart,

Australia, 9 p. Commonwealth Scientific and Indu.strial Research

Organization (CSIRO) Marine Research. GPO Box 1.538 Hobart.

7001. Australia.

it has been used successfiilly with other fish species

to mark vertebrae (by introduction into food or in

the surrounding water [Behrens et al., 1990]), and

otoliths (by immersion and injection [Brothers, 1990]).

Strontium is chemically and biologically similar to

calciuffi. Because calcium and strontium ions have

the same valency (2+) and a similar ionic radius (Ca,

0.099 nm; Sr, 0.113 nm), strontium readily substitutes

for calcium during deposition of calcium carbonate.

The first two objectives of this study were 1) to

evaluate whether intramuscular injection ofstrontium

chloride resulted in effective and reliable marking
of otoliths, and 2) to determine if- strontium chloride

injections increased mortality and, hence, affected

recapture rates.

Ifsuccessful and benign markingwas demonstrated,
we planned to use the strontium chloride marks to

verify the accuracy of direct aging techniques by

determining the periodicity ofincrement formation for

as many year classes of SBT as possible.

Materials and methods

Tagging and marking

From 1990 to 1996, a total of 64,497 juvenile SBT in

the Great Australian Bight were tagged and released.

Of these, 20,204 tagged SBT were injected with SrCl2
(Table 1). All fish were double-tagged (in case of "tag

shedding"! (Williams, 1992): strontium-injected fish

were tagged with orange tags, fish that were not in-

jected were tagged with yellow tags. When both orange
and yellow tags were being deployed, an equal num-
ber of fish from targeted schools were chosen at ran-

dom for injecting or not injecting. The smallest fish

caught during the tagging program was 40 cm fork

length (FL); we did not tag and inject fish smaller

than this size because they were considered prere-

cruits, i.e. were not caught in the fishery. The lengths
of orange-tagged fish ranged ft-om 41 to 120 cm in FL.

The return rates of yellow-tagged and orange-tagged
fish were compared by using a chi-squared test to de-

termine if they were significantly different.

The strontium chloride solution for injection was

prepared in the laboratory. A stock solution of 1 g

SrCl2.6H20/mL was made up by dissolving 1 kg of

analytical grade SrCl^.eH.jO crystals in 1 liter of

distilled water, resulting in a 0.21 g/mL solution of

Sr2+. The solution was buffered to pH 7.0 with KOH
and stored between 0°C and 4°C.

For rapid injections into large numbers of fish, a

5-mL automatic vaccinator fitted with a 0.2-mm needle

was used. Flexible tubing connected the vaccinator to

a plastic storage container that was either worn as a
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Table 1

Numbers of southern bluefin tuna released with yellow tags and numbers of SBT injected with SrClj and released with orange tags,
and a summary of yellow and orange tag returns from 1990 to 1996. The number of returned yellow and orange tags released in

each year of the tagging program, and the number of returned tags as a percentage of the total number released in the year (shown
in parentheses) are shown. (The years of release and recapture are from October of one year to September of the next.) NS = not

significant.

Fish recaptured
1990-91

1991-92

1992-93

1993-94

1994-95

1995-96

1990-96

All recapture

years

Difference

between yellow

and orange tag
returns

1990-91 1991-92 1992-93 1993-94 1994-95 1995-96

1990-96

All release year.^-

yellow orange

tags tags

«=6909 n=835

yellow orange yellow orange yellow orange yellow orange yellow orange yellow orange

tags tags tags tags tags tags tags tags tags tags tags tags
H=4.543 n=3595 n=5907 n=5304 «=8253 fi=82.51 n=15,683 «=2219 n=2998 n=0 n=44,293 n=20,204

183 25 — — — — — — — — —
12.65) (2.99)

180 19 84 55 — — — — — — —
(2.61) (2.28) (1.8) (1.53)

111 11 116 86 56 63 — — — — —
11.61) (1.32) (2.6) (2.39) (0.95) (1.19)

62 6 102 76 130 90 50 47 — — —
(0.90) (0.72) (2.2) (2.11) (2.20) (1.70) (0.61) (0.57)

29 6 43 36 177 116 171 168 67 20 —
(0.42) (0.72) (0.95) (1.00) (3.00) (2.19) (2.07) (2.04) (0.43) (0.90)

2 6 6 29 17 86 89 94 25 21

(0.03) (0.13) (0.17) (0.49) (0.32) (1.04) (1.08) 0.60) (1.13) (0.70)

567 67 351 259 392 286 307 304 161 45

(8.22) (8.03) (7.68) (7.20) (6.64i (5.40i (3.72) (3.69) (1.03) (2.03)

5.02(0.83) 3.17(0.94) 1.44(0.61) 3.22(0.40) 1.68(0.39)

183
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intensity of the band depends on the magnitude
of the difference in Z between the two portions of

the otohth.

This kind of analysis requires a flat, polished

surface; therefore we sectioned the sagittal oto-

liths either along the postrostral axis to produce
an oblique longitudinal section (LS), or along
a transverse axis. The rostral axis often shows

clear increments, but we did not find distinct Sr

marks in this part of the otolith. The sections

were ground and polished following Gunn et al.'s

(1992) methods and an evaporated carbon coat

(25-30 nm thick) was applied to the sections to

minimize charging in the SEM. The position of

the Sr mark along the axis was measured with

the vernier attached to the SEM stage drives

(Fig. 2B).

Energy-dispersive spectroscopy (EDS) In the

later stages, an EDS x-ray microanalysis system
became available and we used it to confirm

the presence of Sr in the bright bands, and
also to detect Sr marks in unsectioned otoliths

(the use of unsectioned otoliths decreased the

preparation time required forSEM analysis ). The

system consisted of a Link 133 eV Si(Li) detector

with light element capability and a Thomson
Scientific "WinEDS" PC-based analyzer attached

to a Philips 515 SEM. Before x-ray analysis,

whole (unsectioned) otoliths were acid-etched

along the postrostral axis from the surface with

1 N and 3.5 N HCl, to expose the growth

plane, then rinsed in bleach and distilled water,

and dried. To minimize charging in the SEM,
the otoliths were dipped in a dilute carbon

DAG solution ( approximately 1:50 with dichloro-

ethane) immediately before analysis. Strontium marks
were detected by operating the SEM in "spot" mode
and searching for a point or zone where a significant
Sr signal was detected on the x-ray microanalyzer

(typically, a strong peak at 1.81 keV in the spectrum,

corresponding to emission of Sr La x-rays). When a

strontium mark was detected, its position along the

PR axis was measured and the mark photographed
either with conventional SEM photography (Fig. 4)

or with a rapid, low-grade video print, which also

showed the features of interest. To confirm that the

suspected mark was strontium-rich, two plots of the

x-ray spectra from the otolith were taken: one on
the strontium mark and one just before the mark.

Acceptable evidence of the correct identification of a

strontium mark was considered to be the presence of

an enhanced Sr level in the area analyzed, together
with an absence of Sr (except for background levels)

immediately before the area (Fig. 5).

Figure 1

The drilling technique used to extract otoliths from southern bluefin

tuna destined to be sold as "whole" fish.

The measurements of increments on the whole

otoliths, and the strontium mark in sections or whole

otoliths, were made along the same axes without

reference to the other. This procedure enabled us to

compare the number of increments observed after the

strontium mark with the number expected, calculated

from the known time at liberty after tagging.

Quantitative EDS analyses for linescans were car-

ried out on carbon-coated polished sections in the Phil-

ips 515 SEM operated at an accelerating voltage of 20

kV, by using a focused electron beam of 0.15 pm diam-

eter and analysis times of 60-200 seconds. The effec-

tive area analyzed by the beam was larger than the

diameter of the beam itself because the beam spreads
within the specimen after entry; examination of su-

perficial beam damage to specimens after analysis

suggested that the area analyzed by the beam is in

the order of 2 pm diameter. Elemental concentrations

were calculated by reference to appropriate standards
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B
Figure 2

Sagitta (specimen OB 764) from a fish tagged and injected in March 1994 at 57 cm FL and recaptured

in February 1997 at 111 cm FL. (A) Four increments were counted on the whole, burnt otolith and

measured from the primordium (P) to the beginning of each translucent zone apparent on the distal

surface along the postrostral axis at 2.2 mm, 3.6 mm, 4.4 mm, and 4.9 mm. (B) The sagitta was sec-

tioned through the postrostral axis and viewed in the SEM: the micrograph shows the strontium mark
which was located 3.4 mm from the primordium and the positions of the translucent zones measured

on the otolith before it was sectioned. Scale bars: 1 mm

(calcite and celestite for Ca and Sr, respectively), with

the "WinEDS" software.

Recapture rates of orange-tagged fish and recovery
of otoliths

ResuKs

Of the 20,204 fish injected with SrCl2 between 1990

and 1996, 9614 had been recaptured and 616 sets

of sagittal otoliths were recovered from these by 1

January 1996. Seventy sets of otoliths were chosen

for the validation study, selected from the range of

size classes in the recaptures—fish of 45 to 102 cm
FL at release and 57 to 133 cm FL at recapture

—and

from the range of times at liberty. Age estimates

were made from 67 of the 70 otoliths; three sets of

otoliths were excluded from the experiment because

the increments on the whole otoliths were either

ambiguous or uninterpretable and the reader could

not give an age estimate with confidence.

There were no statistically significant differences be-

tween the return rates of yellow tags (from fish not

injected with SrCL) and orange tags (from fish in-

jected with SrCl2) released in all years of the program

(X^=2. 10, P=0.56) nor between the return rates ofyellow

tags and orange tags for any of the release years (Table

1). The number of otoliths recovered, as a percentage
of orange tags recaptured, varied between 20%, in the

first year of the tagging program, and 88% in the final

year (Table 3); overall, otoliths were recovered from

65% of the orange-tagged fish that were recaptured.

Detection of Sr marks In the otoliths of orange-tagged fish

The otoliths removed from fish injected with stron-

tium chloride typically showed a bright band in back-
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B
Figure 3

SEM micrographs showing strontium marks apparent as bright bands on sections taken from sister

otohths of specimen OB 102. (A) An oblique longitudinal section through the postrostral axis on

which the primordium (P) and postrostrum (PR) are marked. (B) A transverse section on which the

primordium and ventral margin (VM) are marked. Scale bars: 1 mm
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B

Figure 4

SEM micrographs of a carbon-coated whole etched otolith of specimen OB 127, showing
the position of the strontium mark and the check associated with tagging and injection.

The dotted line (B) indicates the axis along which the position of the strontium mark was
measured in relation to the primordium and the postrostrum. Scale bars: 1 mm (A and B),

0.1 mm(C).

features on the whole otolith when increments were

counted. We could not identify Sr marks on vertebral

sections from fish injected with SrCl2.
The presence of strontium in the bright bands was

demonstrated by EDS spectra, which showed a strong

peak of strontium Lor x-rays when, the electron beam

was directed to the Sr mark, in contrast with very low

(background) levels in the regions of the otolith pre-

ceding the mark (Fig. 5). The relative levels of stron-

tium and calcium in the bright band were further con-

firmed by inspection of the difference spectrum ob-

tained by subtracting a spectrum acquired in the area
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4095
Ca

3O ^

O

before Sr band (background Sr level)

O

5110

B

5110

Hgure 5

Examples of EDS spectra from a sectioned SET otolith showing peaks due

to background levels of Sr (A) and enhanced Sr levels associated with the

strontium mark (B). Spectra similar to that shown in Figure 6B were used

to positively identify the location of strontium marks in sections smd etched

whole otoliths (see text for further details).

preceding the mark (e.g. Fig. 5A) from one acquired
on the bright band (Fig 5B), which demonstrated that

strontium levels were enhanced and calcium was re-

duced in the bright band; however, no increase in chlo-

rine was apparent. A quantitative EDS linescan across

a bright band in one specimen, SBT OB 96, sectioned

in oblique LS along the PR axis and analyzed along
the direction of maximum observed growth, revealed

Isackgroimd" levels of 0.1% to 0.25% Sr by weight up
to 5 microns before the band and a measured peak
of 7.1% Sr on the band, falling to 3.5% (50% of peak
level) 6 pm after the start of the band, and 0.7% (10%
of peak level) approximately 15 pm after the start

of the band. There is some indication of continuing

sHghtly elevated Sr levels out to aroimd 50 pm beyond
the band, although visibility of these levels is at the

Umits of the EDS technique (Fig. 6).

Accompanying the measured maximum 7.1%
increase in Sr level in the bright band is a fall in

measured Ca concentration from 39% to 40% before the

band to a minimum of 35.5% on the band—a decrease

of 3.5-4.5% in absolute value or 10% relative value.

Within the limits of accuracy of the EDS technique,
this decrease in calcium concentration supports the

theory that Ca atoms are being replaced by Sr atoms
in the atomic structure on a 1:1 basis, each Sr atom

being approximately twice as heavy as a Ca atom.

Calculation of the increase in mean atomic number of

the specimen resulting from a 7% increase in Sr and
a 3.5% decrease in Ca gives a value of approximately
104 for the Sr-enriched zone. This value compares with

100 for the tmaltered CaCOg—a difference resolvable

with backscattered electron imaging on the SEM
on a suitably polished and coated specimen. The
extent of the visible bright band in this specimen
(OB 96) coincided with measured Sr levels in the

range of 5—7%; thus it is possible that elevated Sr

concentrations in the range of 0.5—5% may not be

detectable by backscattered imaging although they
should still be detectable by EDS. The EDS system is

also essential for testing the identity of weak bright

bands in sectioned specimens when it is not clear from
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Element wt %

40

^'^^-
i—i- =5 Calcium

-Cal
-Sr%

k lirtl ^-^ I—^ -i Strontium

\_y Distance from leading edge of Sr band (microns)

Figure 6

Details of the strontium mark on polished LS of specimen OB 96. Backscattered

SEM images showing overall location of mark (A) and detail of region analyzed for Sr

and Ca levels (B). Dashed line indicates transect followed for x-ray microanalysis (C):

Measured variation in Sr and Ca levels along transect shown in B; pointsA-D indicate

representative positions along the transect to enable comparison of sections B and C.

the backscattered imaging which band, if any, is a

strontium mark.

Reliabilrty of marking through injection of strontium

Of the 67 otoliths from which an age was estimated,

strontiimi marks were detected with the Robinson detector

in 19 ofthe 20 sectioned otoliths (95% detection rate) and

with EDS in 40 out of 47 whole otoliths (85% detection

rate). Strontium marks were as visible in the obhque

longitudinal section (postrostral axis) as in the transverse

section (Fig. 3). However, as increments are more widely

spaced along the postrostral axis, we generally used the

postrostral axis on the whole otolith for measuring the
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Number

of

samples

2 Number of

1
translucent zones

after Sr mark

Age at recapture

(estimated from increment counts

on wfiole otoliths)

Figure 7

The number of strontium-marked otoliths used to validate age estimates that were made by

counting mcrements on whole otoliths. The number of translucent zones observed after the stron-

tium mark is shown for each age class. For all otoliths analyzed, the number of translucent zones

counted after the Sr mark equalled the number that were expected from the period at liberty after

fish were tagged and injected with SrCl.,.

position of translucent zones and for locating the stron-

tium mark, either on a section (on the Robinson detector),

or from the whole, etched otolith (with EDS).

Early in the experiment we found that the Sr marks

in fish tagged and injected when they were 90 cm
PL or larger were consistently fainter than in smaller

fish. The concentration of Sr in the Sr marks of large

fish was also significantly lower than in smaller fish

caused, possibly, by loss of some of the solution during

injection. To overcome this, dosages for large fish were

increased in 1993 (Table 2), after which the bands

were markedly more intense and easier to detect.

There was no apparent correlation between the time

at liberty (i.e. time between Sr injection and recap-

ture) and the intensity of the Sr marks; the longest

time at liberty for a fish from which otoliths were

analyzed for Sr was 1638 days. There was also no

correlation between the intensity of the Sr marks and

the delay between otolith recovery and analysis. Unlike

tetracycline, which is photosensitive, the strontium

mark did not fade after exposure to light.

Validation of annual increment formation from Sr marks

The 59 fish in which Sr marks were located ranged

from 45 to 102 cm FL at the time of release, which

corresponds to estimated ages of 1 to 4 (Gunn et al.'^).

Times at liberty ranged fi-om 8 to 1638 days. The

oldest recaptured fish was estimated to be 6-i- years

old; it had been at liberty for 1242 days (over 3 years).

Gunn, J., N. Clear, T Carter, A. Rees, C. Stanley J. Kalish, and

J. Johnstone. 1995. Age and growth of southern bluefin tuna.

Paper SBFWS/95/8. First scientific meeting of the Commission for

the Conservation of Southern Bluefin Tuna (CCSBT), Shimizu,

Japan, 37 p. Commonwealth Scientific and Industnal Research

Organization (CSIRO) Marine Research, GPO Box 1.538 Hobart,

7001 Australia.
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We counted six translucent zones on the otolith and

the Sr mark occurred between the third and fourth

zones (Fig. 7).

For all otoliths examined, there was agreement
between the number of increments observed after

the strontium mark and the number of increments

expected, calculated from time at liberty. Thus, the

annual periodicity in formation of increments 2 to 6

was validated for the otoliths analyzed. Because we
were unable to tag young-of-the-year fish, in which the

first translucent zone on the sagitta had yet to form,

we could not determine when this translucent zone is

laid down and when the formation ofthe first increment

is completed. However, studies ofdaily microincrements

(Itoh and Tsuji, 1996; Rees et al.^) have calculated

that the approximate size at age 1 is 50 cm. We found

otoliths of 50-cm fish had one increment.

Of the otolith increments counted, the first translu-

cent zone was typically the most difficult to measure.

The beginning of the first translucent zone occurred

between 2.2 and 3.2 mm fi-om the primordium along
the postrostral axis, the most commonly used axis for

analysis. Rees et al.^ found microincrements in this

region to be narrower than those deposited earlier, in-

dicating a period of slow growth of the fish.

Additional validation of annual increment formation

from tagged fish at liberty for extended periods

During the course of our experiment, two fish tagged

by CSIRO in the 1980s were recaptured and their

otoliths sampled. From lengths at first release of 45

cm and 82 cm FL, the fish had grown to 163 cm and
162 cm after being at liberty for 9 years, 7 months, and
10 years, 8 months, respectively. From the age-length

key developed by Gunn et al.** we calculated that the

45-cm fish tagged in 1983 was one year old when

tagged, whereas the 82-cm fish tagged in 1984 was
two years old. The ages at recapture of these two fish

were estimated fi-om transverse sections through the

primordium ofthe sagittal otoliths. Eleven increments

(opaque and translucent zones) were counted on the

otoliths from the fish released as a one-year-old and

caught 9.58 years later; 13 increments were counted

in the fish released as a two-year-old and recaptured
10.75 years later.

'

Rees,A.J.,J.S.Gunn,andN. P.Clear. 1996. Age determination

of juvenile southern bluefin tuna, Thitnnus maccoyii, based on

scanning electron microscopy of otolith microincrements. In

J. Gunn, N. Clear, T. Carter, J. Farley, A. Rees. and C. Stanley,

Appendix 1 : The direct estimation of age in .southern bluefin tuna.

Second scientific meeting of the Commissionfor Con.servation of

Southern Bluefin Tuna (CCSBT). Hobart, Australia. 26 August-,'5

September 1996, 22 p. Commonwealth Scientific and Industrial

Re.search Organisation (C^SIRO) Marine Research, GPO Box 1,5.38,

Hobart, Tasmania, 7001 Australia.

Discussion

Validation

This study demonstrated that, in the sagittae of SBT,
the second through sixth increments, are deposited

annually. This validation is independent of when the

marked fish were tagged or recaptured. Because daily

age estimates have been used to demonstrate that

the first major increment in the sagitta forms in the

first year of life (Rees et al.^), the armual formation

of translucent zones appears to hold for the first six

increments in SBT sagittae—corresponding to fish up
to approximately 133 cm fork length.

The close agreement between increment counts on

otoliths and the sum of age-at-tagging and time-at-

liberty for two fish tagged in the 1980s and recaptured
in the 1990s indicated that increment formation

continues to be annual in fish up to at least 13 years
old. Further evidence that increments in SBT sagittae

are formed annually throughout life has been provided

by a recent comparison of increment counts with age
estimates derived fi-om levels of bomb-radiocarbon in

the early growth zones of sagittae (Kalish et al. 1996).

This study reports close agreement between the two

methods of estimating age for fish up to 34 years old.

Three sources of data—those fi-om our marking ex-

periment, the increment counts for two fish at liberty for

over a decade, and the bomb radiocarbon data—provide

strong evidence that seasonal changes in growth are

expressed as clearly identifiable annual increments in

the sagittal otoliths of SBT. These increments can be

used to estimate the age of individual fish at any point
in their lifespan.

Prior to our studies, Yukinawa (1970, using scales)

and Thorogood (1987, using otohths) used marginal
increment analyses to demonstrate the annual check or

translucent band deposition in fish they considered to be

between 2 and 4 years old. Their results differ from ours

only in the identity of year classes; their two- to four-

year-olds correspond to our one- to three-year-olds. The
difference in scale readings derives from Hynd's (1965)

observation oftwo "checks" on the scales ofnew recruits

(approximately 50 cm FL) to the Western Australian

fishery. Interpretation of otolith microincrements (Itoh

and Tsuji, 1996; Rees et al.^) indicates that these

fish are only one year old. Unequivocal validation of

these estimates is not possible at this stage because

samples from prerecruits were not available to either

Hynd or Yukinawa and we were not able to tag and
mark prerecruit fish. In a number of other Thiinnus

species however, 50-60 cm fish were found to be

aroimd one year old (Uchiyama and Struhsaker, 1981;

Wild, 1986; Foreman, 1996) and our counts of otolith

microincrements and the data based on their inter-
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pretation are consistent with this age. Therefore, we

beheve that the interpretation of Itoh and Tsuji (1996)

and Rees et al.^, that 50-cm-FL fish are one-year-olds,

is most Ukely correct.

The identification offish that we considered to be one-

year-olds as two-year-olds was made by Thorogood in

his 1987 study. However, we have found no evidence of

two increments in the otoliths ofnew recruits. The early

zones on all axes of otohth growth are difficult to read

on some otoliths, and the increments in these areas

are less distinct than those deposited later. In some

fish a poorly defined "band" is also present very close

to the primordium (within 2 mm along the postrostral

axis). Although these two factors may confuse an

inexperienced reader, Thorogood makes no mention of

difficulty in reading the first increment. An alternative

explanation for Thorogood's interpretations may be

that his readings were influenced by the findings of

Hynd (1965) and Yukinawa (1970) that were based on

scales, because their estimates of age at recruitment

were entrenched within the dogma of SBT population

dynamics current in the 1970s and 1980s.

It has been hypothesized that more than one trans-

lucent zone forms per year in the otoUths of mature

Atlantic bluefin tuna, Thunnus thynnus (Berry et al.,

1977; Lee et al., 1983). In females, one translucent zone

may correspond to a winter slow-growth period, the

other to a spawning period (Lee et al., 1983). In the

two large, tagged fish examined in our study, only one

opaque and one translucent zone were deposited per

year throughout hfe. The outer increments (i.e. those

assumed to be deposited after sexual maturation) were

consistent in both their width and optical density and

were visually equivalent to the increments described by
Lee et al. ( 1983), comprising a wide opaque region and

a narrow translucent area that, on a black background,

appears dark under reflected light. Occasionally, there

appeared to be two translucent zones closer together
than normal and, ifthese bands coalesced at the margin,

they were counted as part ofthe same increment. These

may be equivalent to the bands described by Berry et

al. ( 1977 ) who hypothesized that a pair of these paired
bands represented an annual increment. The close

agreement between otolith increment counts and bomb-

radiocarbon age estimates for mature SBT up to 34

years old (Kahsh et al., 1996) supports our hypothesis
that one increment, comprising one translucent and

one opaque zone, continues to form per year, as does

the consistency of the width and optical density of

increments deposited after sexual maturation in the

otohths aged by Kalish et al. (1996). In summary, there

is no significant evidence to suggest that mature female

SBT deposit two translucent zones per year. In this

regard our findings are similar to those of Hurley and
lies (1983) and Hurlbut and Clay (1988) for T. thynnus;

they found, albeit in the absence of direct validation,

that a single translucent zone is laid down per year in

medium- and giant-size classes.

The use of strontium chloride to mark otoliths of

large fish

This study has shown that intramuscular injection of

strontium chloride leaves a distinct mark on the oto-

liths of SBT that is clearly visible as an SEM back-

scatter image in the Robinson detector. In the 20 oto-

lith sections from Sr-injected fish that we examined,
95% had detectable marks. On this basis, we conclude

that the compound is an efficient marker. Success of

OTC as a marker at this rate of detection (95%) leads

to high mortalities (McFarlane and Beamish, 1987).

The high detection rates and lack of evidence of mor-

tality for SrClg are not surprising. This mineral occurs

naturally in sea water, the mean concentration being
3.8-8.2 ppm (Carriker et al., 1991) or 0.09 mM/kg
(Bruland, 1983), and both Sr and CI are major con-

stituents of the otoliths of SBT (Gunn^). When SrCU
is injected into the muscle it is taken up into the blood

stream and incorporated in the endolymph and then

the otolith, substituting for Ca within the CaCOg por-

tion of the aragonite. The combined weight fraction

of Ca and Sr ( approximately 42% ) within the otolith

does not change as a result of the injection. However,
the Ca:Sr ratio changes fi-om 250:1 before injection

to as low as 5:1 during the period over which the Sr

spike induced by the injection is metabolized. At a dis-

tance of 6 pm beyond the injection mark, the Sr lev-

els have dropped to about 50% and at 15 pm to 10%
of peak values (Fig. 6). These distances correspond to

time periods in the order of 2 and 5 days, respectively,

based on median growth rates of around 3.0 pm/day
estimated along this axis (Rees et al.^).

Detecting Sr marks on whole otoliths by using
EDS was possible because the growth plane of tuna

otoliths lies near the surface of the distal face. In

otoliths of young fish, etching will expose the growth

plane, so that sectioning is not required. Although this

method of detection was slightly less successful (85%),

it had two advantages. First, the preparation time was

around half that required to prepare sections suitable

for the Robinson detector. Second, the age estimate

and measurements of increments were made along

the postrostral axis on whole otoliths from the smaller

fish (up to six years old), and the method of locating

the strontium mark by EDS meant that the position

of the strontium mark was measured along the axis in

the same plane. With the Robinson detector, the same

axis was measured but in cross section.

In fish older than about 6 years, the increments de-

posited on the margin can be unclear on whole oto-
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liths; therefore transverse sections are used to deter-

mine ages of older fish (Gunn et al.^). In the future,

as strontium-marked otoliths are returned from older

fish that have been at liberty for longer periods, we
will locate the strontium mark in transverse sections

with the SEM and increase the number of increments

that have been validated.

The recapture rates of orange-tagged and injected

SBT were not significantly different ft-om the recapture
rates ofyellow-tagged SBT; therefore the Sr injections

apparently did not affect survival rate. Although the

dosages of Sr varied between 65 and 250 mg/kg of

fish, there is no evidence to suggest that higher doses

increased mortality because Sr-injected fish with the

highest doses were among those recaptured. A direct

relation between the dosage and the intensity of the

mark had been found in trials with three other species

in 1990-9 1 ( CSIRO, unpublished datai^ ). The increased

dose for large SBT resulted in much more distinct

marks on their otoliths, which have a larger surface

area than that in smaller fish. The less distinct marks

could also be attributable in some large fish to a loss

of strontium solution fi-om the muscle after injection.

Although more solution was injected if a loss was

noticed, there may have been further loss of solution

afler the fish was returned to the water, resulting in

a less effective dose. Thus, as a general guideline, we
recommend a dose of 100 mg Sr/kg for marking otoliths

in SBT. We note, however, that tissue area around the

injection should be observed to ensure that there is no

loss of injected solution fi-om the muscle tissue.

The problem of detecting indistinct marks that re-

sult from low dosage levels are eliminated by using

SrCl2 as a marker. Unlike fluorescent marking, where

it is very difficult to evaluate faint or ambiguous marks

objectively (particularly ifthey are close to the outside

edge of the otolith), it is possible to evaluate Sr marks

objectively by x-ray analysis. Because the concentra-

tions of the Ca and Sr on the Sr mark are high, very

simple energy dispersive spectroscopy systems, which

are available in many SEM facilities, can be used. Al-

though not a trivial procedure, x-ray analysis requires

preparation methods similar to those used for examin-

ing fluorescent markers and can usually be contracted

to facilities at a low cost. Given the ofi;en substantial

investment in tagging progi'ams, and the common
combination oflow recapture rates and even lower oto-

lith sampling rates, every sample is extremely valu-

able in a marking experiment. The safety net of chem-

ical analysis is thus very advantageous.

Comparison of strontium and fluorescent markers

At the beginning of this project we chose strontium

chloride over the more commonly used fluorescent

markers because previous work on SBT with oxytet-

racycline had been unsuccessful. Although immersion

in high concentrations of strontium or feeding with

strontium-laced food (or both) had been used success-

fully for marking hard parts of larvae and juveniles of

hatcheiy-reared salmon (Behrens Yamada and Mul-

ligan, 1982; 1990), salmonids and a variety of tropi-

cal fish species (Brothers, 1990) and squid (Hurley et

al., 1985), strontium had not previously been used to

mark otoliths of large fish. On the basis of his experi-

ments. Brothers ( 1990 ) concluded that, for mass mark-

ing of fish in captivity, detection of strontium marks
was expensive and involved more difficult preparation
than did fluorescent markers and other marking tech-

niques such as thermal inducement (Volk et al., 1990).

Brothers' (1990) comment on expense is certainly

pertinent but the expense of analyzing marked oto-

liths is often a small fraction of the cost of a marking
experiment, particularly one where large numbers of

fish have been tagged, injected, and released. Perhaps
most important in the cost equation should be the rate

of success of detecting marks in the otoliths of marked
fish rather than the comparative cost of analysis. In

otoliths from large tuna whose time at liberty has

been long, the strontium marks are covered by a large

amount of otolith material deposited after the time of

injection. Sectioning is necessary for either marker;
thus preparation times in these cases are much the

same. For smaller tuna and those at liberty for short

periods, fluorescent markers can be detected in the

whole otolith, whereas detection of strontium with-

out an EDS system would require sectioning, which

would increase preparation time. The equipment for

fluorescent markers is cheaper and comprises a light

microscope equipped with an ultraviolet illumination

source and filters to match the wave length of the fluo-

rescence emitted from the marker when excited by the

light source (see Wild and Foreman, 1980). For stron-

tium, an SEM equipped with a Robinson detector is

the minimum requirement; an EDS system is a use-

ful extra. Although an SEM is a common apparatus in

large research laboratories, hourly charges to the user

can be high, although we have found that, with well

prepared specimens, as many as four otoliths can be

examined and analyzed per hour with an SEM.

Apart from preparation time and costs, strontium

marking for age validation has clear advantages over

fluorescent marking. One benefit of a technique that

requires both a light microscope and an SEM is that

measurements of increments and strontium marks
are independent: the strontium cannot be detected

in whole otoliths under the light microscope and the

annual increments cannot be observed in the SEM.

Allergic reactions by humans to compounds such as

oxytetracycline have led the U.S. FDA to ban their use
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in commercial fisheries. Strontium chloride, on the

other hand, is regarded as safe for human consumption
because it is a salt with a low order oftoxicity (Sax and

Lewis, 1987). It is even used in toothpaste by some
manufacturers (e.g. "Sensodyne"). Strontium chloride,

unlike fluorescent markers such as oxytetracycline, is

not photosensitive. Neither the marking solution nor

the marked otoliths need to be stored in the dark, and

the mark does not fade with exposure to light or with

time. In our study, strontium marks were as evident

in fish that had been at liberty for long periods as in

fish recaptured soon after release.

In summary, strontium chloride injection has proved
to be a very successful way to mark the otoliths of

southern bluefin tuna: 959f of those marked and re-

captured in this study had detectable Sr marks in sec-

tioned otoliths. This high "success rate," the harmless

nature of SrCl, to both fish and humans, the capacity
of EDS to positively identify the strontium mark, the

insensitivity of the strontium mark to light, and the

longevity ofthe strontium mark indicate that it should

be seriously considered by those interested in large-

scale marking experiments on commercial fishes.
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Abstract.—Porbeagle sharks, Lamna
nasus. are caught in large numbers as

bycatch in tuna longline fisheries in the

southwest Pacific Ocean. Information on

reproduction, embryonic development,
and size and sex composition was col-

lected by scientific obser\'ers fi-om New
Zealand and Australian waters, and sup-

plemented with data fi-om other sources.

Most sharks were juveniles less than

150 cm fork length (FL), and length-fre-

quency distributions showed 3-5 modal

peaks that we interpret as age classes.

Juveniles grow linearly and rapidly ( 16-

20 cm per year), reaching 110-125 cm FL
in three years. Females mature at around

165-180 cm. Litter size is usually four

embryos and parturition probably peaks
in June-July (winter). This finding con-

trasts with data for North Atlantic

porbeagles which give birth in spring-
summer Embryos grow about 7 cm per

month, and are bom at 58-67 cm FL. The

gestation period appears to be about 8-9

months, but there is considerable vari-

ability in embryo length at any one time,

suggesting an extended mating period.

Embryos are nourished by oophagy, and

develop a grossly distended abdomen as

their "yolk stomach" fills with ova. Small

embryos have fang-like functional teeth

that tear open egg capsules to release

the contained ova. The fangs are shed

at 34-38 cm FL. The weight of yolk in

the stomach peaks at 30-42 cm FL, and
accounts for up to Sl'i of total body

weight. Waste products of yolk diges-

tion accumulate steadily in the spiral

valve throughout gestation, and the liver

reaches its maximum size in near-term

embryos as excess energy from yolk

digestion is stored for postnatal use.
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The porbeagle, Lamna nasus (Bon-

naterre, 1788) is a pelagic mackerel

shark (family Lamnidae) that inhab-

its cool, temperate oceans. It occurs

in the North Atlantic Ocean and in

a circumglobal band in the southern

Pacific, Atlantic and Indian Oceans

(Compagno, 1984; Last and Stevens,

1994; Yatsu, 1995). It is absent from
the North Pacific, where it is re-

placed by its closest relative, the

salmon shark (Lamna ditropis).

Lamnid sharks produce a small

number of large, live young that

are nourished by oophagy (Gilmore,

1993), In this unusual form of em-

bryonic development, the pregnant
female ovulates an enormous num-
ber ofova which are consumed by the

embryos in the uteri. The embryos
develop grossly swollen abdomens as

they store large quantities of yolk
for later growth. Oophagy was first

described in porbeagles (Swenander,

1906, 1907; Shann, 1911, 1923) and
salmon sharks (Lohberger, 1910),

but has only recently been confirmed
in shortfin and longfin makos (Isu-

rus oxyrinchus and /, paucus) and
white sharks iCarcharodon carchar-

ias) (Gilmore, 1983; Stevens, 1983;

Francis, 1996; Uchida et al., 1996),

The unusual bloated appearance of

porbeagle embryos has led to a num-
ber of reports in the literature (Big-
elow and Schroeder, 1948; Graham,
1956; Templeman, 1963), but the ab-

sence of a series of embryos at dif-

ferent stages of gestation has ham-

pered attempts to understand their

development. Litters usually consist

of four embryos (Templeman, 1963;

Gauld, 1989), which are thought to be

bom at about 60-80 cm total length
(TL) (Shann, 1923; Compagno, 1984;

Last and Stevens, 1994). Female size

at maturity is often cited as 152 cm
TL (Bigelow and Schroeder, 1948;

Compagno, 1984; Last and Stevens,

1994), apparently based on two preg-
nant females reported to have been

"about five feet long" (Shann, 1911).

However, no other mature females

under 2 m TL have been reported,

leading some authors to regard the

length at maturity as 2-2.5 m TL
(Aasen, 1963; Pratt and Casey 1990).

The length of the gestation period is

unknown; estimates, however, range
from eight months to two years

(Shann, 1923; Aasen, 1963; Gauld,
1989 ). The timing ofparturition is var-

iously stated as spring, summer, or

autumn in the North Atlantic (Bige-
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low and Schroeder, 1948; Aasen, 1963; Gauld, 1989).

Thus, despite the early discovery of oophagy in por-

beagles, little is known about their reproduction. Most

parameter estimates are imprecise, and several are

speculative or conflicting.

Few pregnant females have been reported from the

Southern Hemisphere, and few details have been pro-

vided for any of them. Graham (1939, 1956) reported
one caught at Otago Heads, New Zealand, in 1933. It

had three embryos that were approaching full term

and weighed 3.4-4.3 kg each. Graham (1956) also

examined several other pregnant females but he re-

ported few details. Duhamel and Ozouf-Costaz (1982)

found four small embryos in a female caught in 1981

near Kerguelen Island in the southern Indian Ocean

(51°S, 70°E).

Growth curves are available for northwest Atlantic

porbeagles, based on modal analysis of length-fre-

quency distributions, and back-calculation of length-

at-age from bands on a vertebra (Aasen, 1963). They
suggest that growth is relatively fast, at least in the

first few years, and that longevity is 20-30 years.

No growth information is available for the Southern

Hemisphere.

Porbeagles have been exploited for their flesh for

many decades, and have proven to be vulnerable to

overfishing. A target longline fishery in the northwest

Atlantic in the 1960s lasted only six years before col-

lapsing (Anderson, 1990; Pratt and Casey, 1990). In

the Southern Hemisphere, porbeagles have not been

targeted, but they are frequently taken as bycatch in

tuna fisheries, especially the pelagic driftnet fishery

for albacore (Thunnus alalunga) during 1982-91 in

the South Pacific (Murray, 1994; Yatsu, 1995), and the

longline fishery for southern bluefin tuna (Thunnus

maccoyii) and bigeye tuna (Thunnus obesus) in the

southern Indian and Pacific Oceans (Stevens et al.,

1983; Francis et al., 1999). In the New Zealand long-

line fishery, porbeagles are the second most commonly
caught shark after the blue shark (Prionace glauca)

(Francis et al., 1999).

The collapse of the northwest Atlantic fishery in the

1960s provides ample justification for a cautious ap-

proach to managing porbeagles. In view of recent in-

creased landings in the North Atlantic (O'Boyle et al..

1996), and the size and scope of the tuna longline fish-

ery in the southern oceans, there is an urgent need for

improved information on reproduction, growth, and
stock productivity as a basis for effective management.
Much of the Southern Hemisphere longline fishei-y oc-

curs in international waters, making monitoring and

management difficult. Recently, the New Zealand and

Australian governments implemented scientific ob-

server programs to monitor catches of foreign and do-

mestic longline vessels in their respective Exclusive

Economic Zones (EEZs). These programs provided an

opportunity to collect information on the reproduction
and growth of porbeagles. In this paper, we describe

the geographical distribution and length composition
of sharks taken by longline vessels in the southwest

Pacific, estimate the growth rate of embryos and juve-

niles, and describe embryonic development and ooph-

agy. We also estimate the length of the gestation pe-

riod, the timing of parturition, and the size at birth,

and compare these with estimates for North Atlantic

porbeagles.

Materials and methods

Data sources

Most of our data and specimens were collected by sci-

entific observers aboard Japanese and domestic tuna

longline vessels operating in the New Zealand and
Australian EEZs. In New Zealand, fishing and ob-

server effort was concentrated in two regions: 1 ) north-

east New Zealand (north and east coasts of North Is-

land and the Kermadec Islands), and 2) southwest

New Zealand (east and west coasts of South Island)

(Fig. 1). In Australia, most effort was around Tasma-
nia (Fig. 2). New Zealand obsei'vers began recording
the quantity of bycatch in 1987, measuring and sexing

porbeagles in 1990, and examining females for em-

bryos in 1992. In Australia, the respective years were

1988, 1990 and 1991. The primary task of observers

was to monitor the target tuna species (mainly south-

ern bluefin and bigeye tuna). Porbeagles were counted

on most longline sets but were not always measured
or examined for embryos. Therefore our data repre-

sent a subsample of the catch taken by observed long-

liners. The opportunistic nature of this collection pro-

cess, and the low catch rate of pregnant females, ne-

cessitated the accumulation of specimens and data

over a lengthy period.

Embryos collected by observers were supplemented

by specimens and data from other sources, and the lit-

erature, including three litters from Heard and Ker-

guelen Islands in the southern Indian Ocean (Table 1).

The four embryos from the Kerguelen female were de-

posited in the Museum National d'Histoire Naturelle

(MNHN 1981-1432-1981-1435) (Duhamel and Ozouf-

Costaz, 1982), and were photogi-aphed and remea-

sured for us by Duhamel.' A 185-cm-fork length (FL)

female from Macquarie Island (Fig. 1) was the only
intact pregnant female we examined.

' Duhamel. G. 1997. Museum National d'Histoire Naturelle
( MNHN), 75231 Paris cede.x 05, France. Personal commun.
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Figure 1

Map of the New Zealand region showing start positions of tuna longUne
sets from which porbeagles were recorded, and capture locations of pregnant
females (n=35). The 250-m isobath and Exclusive Economic Zone are also

shown.

Size and growth

Porbeagles were measured in one or more of three

ways: precaudal length (PL; snout to the precaudal

pit), FL (snout to the fork in the tail), and TL (snout

to the tip of the tail). TL can be measured in two differ-

ent ways—^with the tail in the natural position (TL^^j)

(Bigelow and Schroeder, 1948), or with the tail flexed

down so that the upper caudal lobe lies parallel to the

long axis of the body (
TLjj^j, ) ( Compagno, 1984 ). Observ-

ers probably measured TL^^, on postnatal porbeagles
because

TLj^^j^
is difficult to measure in species with a

relatively rigid caudal fin. TL^^^j measurements in em-

bryos are not strictly comparable with
TL^^.^^

measure-

ments in postnatal porbeagles because of the curved

and folded nature of the caudal fin in embryos.

Most observers measured FL; therefore we adopted
that as our standard. Regression equations relating

FL to TL and PL are given in the "Results" section.

Literature reports of TL were converted to FL before

comparison with our data. Hereafler, FL is reported

unless otherwise stated. Porbeagles were also sexed,

weighed whole, and sometimes weighed after process-

ing. Data were inspected for outliers on bivariate plots

of PL, FL, TL, whole weight, and processed weight.

Obvious errors were corrected if possible, and deleted

if not. Before 1993, some New Zealand observers con-

fused porbeagles and shortfin makos. We therefore re-

stricted our New Zealand analyses of length, weight
and location to data collected from 1993 onwards.

Initial inspection of the length-frequency data re-

vealed modes that might correspond with juvenile age
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Figure 2

Map of the Australian region showing start positions of tuna longline sets from which por-

beagles were recorded, and captui-e locations of pregnant females l7!=5.). The Exclusive Eco-

nomic Zone is also shown.

classes. To assist modal discrimination, we limited our

length-frequency analyses to the period April-July,

during which Kl'''( ofNew Zealand and 86'^^^ ofAustra-

lian length measurements were taken. The MIX com-

puter program (MacDonald and Pitcher, 1979; Mac-

Donald, 1987; MacDonald and Green, 1988) was ap-

plied separately to the New Zealand and Australian

length-frequency data for combined sexes to decompose
the distributions into their component age classes. The

program estimates the mean length, and the standard

deviation of the lengths, for each age class, and the

proportion of the sample in each age class. Length-fire-

quency data were grouped into 3-cm class intei'vals,

and truncated at 162 cm (New Zealand) and 150 cm
(Australia) before analysis because large sharks were

poorly represented in the samples. For each data set,

we fitted a MDC model with three age classes and then

progressively added extra age classes until there was no

significant improvement in the )[- goodness of fit (Mac-

Donald and Green, 1988). Occasionally, partially con-

strained fits ( alternately fixing the standard deviations

and proportions of one or two of the older age classes )

were necessary for successfiil convergence (MacDonald

and Green, 1988). This had no effect on the estimates

ofmean length, which were never constrained.

Embryos and ova

Embryos were placed in plastic bags and ft-ozen; some-

times only partial litters were retained. Rarely, the

uteri were removed intact and frozen with the em-

bryos still inside. In the laboratory, embryos were

thawed, sexed, and theirjaws were examined for func-

tional teeth. The embryos were then weighed, and

measured (usually PL, FL, TL„.,,, and TL^^,^). FL was
estimated from TL for three embryos without FL mea-

surements (see "Results" section for regression equa-
tions). The liver and the contents of the stomach

and intestine were weighed separately. Stomach con-

tents were expressed as a percentage of total weight.

Liver weight, and the weight of the intestinal contents

were expressed as percentages of yolk-free embryonic

weight to avoid distortions caused by the large varia-

tion in the stomach contents.

The uteri and right ovary- of the Macquarie Island

female were examined. The diameters of a subsample
of ovarian ova were measured using an image analy-

sis system attached to a binocular microscope, and an

- The left ovary of lamnid sharks is vestigial iPratt, 1988).
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estimate was made of the total number present by

counting ova in six weighed subsamples.
The four MNHN embryos from Kerguelen Island

were measured for TL, FL, and weight in December
1997. Because there was a mean shrinkage of 4.4%

from the original TL measurements (Duhamel and

Ozouf-Costaz, 1982), we applied an equivalent shrink-

age correction to the 1997 FL measurements. Fresh

embryo weights were not reported by Duhamel and
Ozouf-Costaz (1982), and we have not used the 1997

weights because they probably underestimate the orig-

inal weights due to dissolution and leaching of lipids

from the yolk in the stomach. Similarly, measure-

ments from the Museum ofNew Zealand (NMNZ) em-

bryos are not included here because of likely shrink-

age and weight loss following preservation.
North Atlantic embi-yo lengths and dates of cap-

ture were obtained from the literature for comparison
with Southern Hemisphere data (Swenander, 1906,

1907; Shann, 1911, 1923; Nordgard, 1926; Bigelow
and Schroeder, 1948; Templeman, 1963; Gauld, 1989;

Moss^; Newton'*). For some litters, only one or two

embryos were measured. Data were used only if they

specified the month of capture, and some measure-

ments that were known or thought to have been made
on preserved specimens were corrected for shrinkage.

Sea surface temperature was recorded at about

hourly intervals during hauling of each longline in

New Zealand. The number of sharks caught per 1000

hooks (CPUE) was determined for each set and plotted

against the mean of the hourly SSTs. There was no ap-

parent trend in CPUE between 9.85°C (the minimum
set temperature) and 19.5°C (mean CPUE=1.82, max-

imum=44.8, n = 1292 sets). Between 19.5 and 23.0°C,
mean CPUE was lower (mean=0.54, maximum - 5.0,

M=105), and above 23.0°C no porbeagles were caught

Most pregnant females were caught in the cooler

southern waters of New Zealand and Australia (Figs.

1 and 2 ), and some were taken from the subantarctic

Auckland, Macquarie, Heard, and Kerguelen Islands

( 50—54°S ). However, two were also caught in northeast

New Zealand. For longline-caught females, SST was
10.2-17.2°C (mean 12.9°C, /i=32 ), and bottom depth at

the capture locality was 600^300 m (mean=2104 m,
n = \\). The two Heard Island pregnant females were
taken by bottom trawl at depths of248 and 259 m and
bottom temperatures of 2.9 and 2.5°C, respectively.

The Auckland Islands female was caught by midwater
trawl at 160-164 m and a temperature of 11.9°C. Por-

beagles have also been caught by bottom trawl near

Macquarie Island at temperatures of 1°C (Williams^).

Results

Geographical distribution

Porbeagles have a wide latitudinal distribution. In the

New Zealand region, they range from the Kermadec
Islands (30°30'S) to Macquarie Island (53°52'S) (Fig.

1). In the Australian FEZ, they range from near the

Tropic of Capricorn in southern Queensland (23°44'S)

to south of Tasmania (45°44'S) (Fig. 2). The large num-
ber of capture records from northeast and southwest

New Zealand, and around Tasmania, reflect concentra-

tion of fishing effort, and not necessarily high shark

densities. Porbeagles also occur near Heard Island

(51-52°S), and Kerguelen Island (5rS) in the southern

Indian Ocean (Duhamel and Ozouf-Costaz, 1982).

Porbeagles were caught off southern Queensland
(Fig. 2, north of 31°S) only in winter (June-Septem-
ber), when water temperatures were lowest. Sea sur-

face temperature (SST) at the time of capture of

six sharks off Queensland in July-August 1997 was

21.3-21.6°C, about 4°C lower than normal.

3 Moss. S. A. 1995. University of Massachusetts, North Dart-

mouth, MA 02747, USA. Personal commun.
• Newton. A. 1996. The Marine Laboratory, P.O. Box 101. Aber-

deen, Scotland. Personal commun.

Length, weight, and growth

The relationships between PL and FL (both in cm) for

New Zealand porbeagles were as follows:

PL = -1.366 + 0.907 FL
FL - 1.990 + 1.098 PL

(n=866, r2=0.995,

range 61-223 cm FL,
54-208 cm PL

The relationships between TL and FL (both in cm) for

Australian porbeagles were as follows:

rL = 4.165 -I- 1.098 FL
FL = -0.567 -I- 0.881 TL

(?i=173, /•2=0.967,

range 63-180 cm FL,

71-202 cm TL)

Length-weight data were available for 641 New Zea-

land porbeagles (330 males, 309 females, and 2 un-

sexed) over the range 61-228 cm FL and 3-153 kg

weight. However 96.7% of the sample was less than

150 cm FL; therefore the results represent only juve-

niles. There was no evidence from the raw data, or

the residuals from a log-log regression, of a difference

between the sexes. The regression equation for com-

bined sexes was as follows:

^ Williams. R. 1997. Australian Antarctic Division. Tasmania, Aus-

tralia. Personal commun.
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Figure 3A

Porbeagle length-frequency distributions by sex for April-July: (A)

southwest New Zealand; (Bl northeast New Zealand; (Cl Australia.

The bottom panel in each series includes some unsexed sharks, n =

sample size. Triangles indicate mean lengths of the age classes identi-

fied by MIX modal decomposition.

hog^giweight) ^ -5.050 + 3.128 Logjt, (FL),

(n= 641, r-=0.956)

where weight is expre.ssed in kg and FL in cm.

In New Zealand, length ranges were 64-228 cm for

males and 61-206 cm for females (Fig. 3, A and B).

Most were shorter than 150 cm. The size distribu-

tions were similar for males and females up to 150 cm,
and the sex ratio (both subregions combined) was not

significantly different from one (M:F=0.93:1; ;t:^=1.99,

P>0.1). However, males outnumbered females above

150 cm by 3.18:1 (;t:''^= 16.28, P<0.01).

In southwest New Zealand, there was a strong modal

peak at 79-93 cm for both sexes, and for males there

were also clear peaks at 100-115 cm and 118-133 cm

(Fig. 3A). The best MIX fit to the combined .sexes data

consisted of three age classes whose mean lengths are

shown in Fig. 3A. Sample sizes were small in north-

east New Zealand; therefore no MIX model was ap-

plied. A strong mode was present at 67-88 cm (Fig.

3B), and indistinct modes were present for both sexes

at about the same position as the second and third

modes in southwest New Zealand.

In Australia, length ranges were 61-204 cm for

males and 58-208 cm for females (Fig. 3C). Most
were shorter than 150 cm, with a strong mode at

76-94 cm. The size distributions of males and fe-

males were similar. The sex ratio of sharks smaller

than 150 cm did not differ significantly from one

( 1.07:1; /2=i.47, p>0.1), but males outnumbered fe-

males above 150 cm by 2.71:1 (;f'^=11.08,P<0.01). The
best MIX fit to the combined sexes data consisted of

five age classes whose mean lengths are shown in

Figure 3C.
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The mean lengths of the modes for southwest New
Zealand and Australia were plotted against age, which

was calculated from a theoretical birth date of 1 June

(see below) and mean sampling dates of 5 May and

16 Jime, respectively (Fig. 4). Thus the ages classes

were sampled near their respective birth dates. We
interpret the five Australian modes as representing
sharks that were recently bom, and 1^ years old,

and the three southwest New Zealand modes as those

representing sharks that were 1-3 years old. The first

length mode in the northeast New Zealand distribu-

tion was substantially shorter than the first southwest

New Zealand mode and the second Australian mode,
and we are uncertain about assigning an age to it. At

age 1 year, southwest New Zealand and Australian por-

beagles were similar in length, but for older ages New
Zealand sharks were slightly larger Growth in both re-

gions was linear over the range of the data (Fig. 4):

Australia: FL = 65.4 + 16.1 (Age) {r^=0.997)

Female length at maturity and reproductive

development

Maturity status was not recorded; therefore we cannot

estimated length at maturity. However, 37 pregnant
females ranged from 167^-199 cm (mean=185 cm),

suggesting that female maturity is reached around

165-180 cm.

The Macquarie Island female had four embryos
21.5-23.2 cm long. The right ovary was of the "inter-

nal" type, which is typical of lamnid sharks (Pratt,

1988). It weighed 2.75 kg (2.359^ of total weight) and

was undergoing active oogenesis. The entire ovary was

packed with ova; other than a thin external envelope

it had no macroscopically visible ovarian tissue. There

was a single large efferent pore in the ovary, from

which ova are shed (Stevens, 1983; Gilmore, 1993).

southwest

New Zealand: FL = 66.5 -I- 19.8 (.Age) (/•2=1.000) « FL of 167 cm was calculated from a PL of 151 cm.
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The mean ovum count from six weighed subsamples
was 72.2 ova per gram (SE=2.6), producing an esti-

mated total number of 198,000 ova. Ova diameters

were mostly 1.5-3.3 mm; a group of larger ova had di-

ameters of 3.4-4.7 mm (Fig. 5). In addition to the em-

bryos, the right uterus contained three egg capsules,

and in the left uterus a 22.0-cm embryo had an egg

capsule lodged in its mouth. Three of the capsules
were empty and the fourth contained four ova (Fig. 6).

Uterus width, estimated from a photograph contain-

ing a ruler, was about 10 cm. In other females with

near-term embryos, uterus width was about 20 cm.

The anterior quarter of the uteiois had many longitu-

dinal folds or pleats, and the rest was covered with

small papillae and had a velvety texture.

Litter size, embryonic growth, and gestation

Data were obtained from 43 litters and 138 embryos
(Table 1). All but four of the 40 litters for which litter

size was known contained four embryos, two in each

uterus. The exceptions were two litters reported by

Graham ( 1939, 1956) with two and three embiyos re-

spectively, one reported by Hanchet
"

with three em-

bryos, and a New Zealand longline-caught litter with

two midterm embryos. Mean litter size was 3.85. Of
132 embryos that were sexed, 73 were males and 59

were females, producing a sex ratio not significantly

different from one (;^-=1.48, P>0.1).

Regi-ession equations relating different embryo

length measurements (in cm) were:

PL = -0.125 -I- 0.885 FL

TL^.^^=: 0.180 -I- 1.162 FL
FL = -0.085 -I- 0.859 TL,,^,

TL,,,.^
= 0.836 -f 1.170 FL

FL = -0.644 + 0.853 TL
Ilex

(n=97,r-=0.999)

(n=96, r"=0.998)

(/!=96, r-=0.998)

(,z=87,r-=0.998)

(n=87, /•2=0.998)

A log-log regi-ession of yolk-free embryo weight (kg)

against FL ( cm ) gave

'Hanchet.S. 1996. National InstituteofWaterandAtmospheric
[{(search (NIWA). P. O. Box 893. Nelson, New Zealand. Personal

commun.
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Porbeagle mean lengths-at-age determined by MIX analysis of the south-

west New Zealand and Australian data in Figure 3, A and C, with fitted

linear regressions. Also shown are Aasen's ( 1963 ) northwest Atlantic length-

frequency modes, which were plotted assuming a 9 April theoretical birth

date ( 1.7 months earlier than the Southern Hemisphere) and a mean sam-

pling date of 9 August.
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Table 2

Fork lengths and weights of stomach contents, intestinal contents, and livers ofembryos from two litters that contained one unusually

small embrvo.

Litter 1 Litter 2

Embryo fork lengths (cm)

Length range ( cm )

Length range as percentage of mean length (%)

Smallest embr\'o

Stomach contents (kg)

Intestine contents (kg)

Liver (kg)

Other three embryos

Stomach contents (kg)

Intestine contents (kg)

Liver (kg)

22.5, 27.7,
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Figure 6

Four empty egg capsules found in the uteri and in the mouth ofan embryo, from a pregnant porbeagle
from Macquarie Island. Also shown are several loose ova found in one of the egg capsules. The largest

egg case was 75 mm long.

extend from Ap:il to September. For aging pur-

poses, we defined the theoretical birth date as 1

June. Based on the lengths of the smallest juve-
nile and the largest embryo, the length at birth

is 58—67 cm. If a growth rate of 7.48 cm per
month is maintained by Southern Hemisphere
porbeagles throughout gestation, the gestation

period is about 8—9 months. However, the un-

explained variability in Fig. 7 compromises
our ability to accurately estimate the gestation

period.

Embryonic development

Porbeagle embryos develop the distended yolk
stomach that is characteristic of all oophagous
lamnid sharks (Fig. 8). In the Kerguelen em-

bryos (9.6-10.4 cm), such distension was al-

ready apparent. The caudal fin was notably

curved, with the upper lobe much longer than

the lower lobe, and there were no external gill

filaments. At 19.8-20.7 cm, the bulging yolk
stomach was the most noticeable feature, along
with a marked lateral expansion of the head
and branchial region (Fig. 8A). The body lacked pig-

mentation (except for the eyes), and appeared pink
because of the presence of blood vessels under the
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B iX

Figure 9

Anterior view of the heads of (A) 9.6-cm embryo, and (B) 26.4 cm female

embryo showing the functional fangs. (Photo A. by G. Duhamel.)

swollen, and the upper body and pectoral fins had be-

come pigmented (Fig. 8B). At 40.3 cm, pigmentation
was essentially the same as in postnatal porbeagles,
the swelling of the head had disappeared, and the yolk
stomach had begun to shrink (Fig. 8C). At 58.0 cm the

juvenile body form had been attained, apart from an

enlarged abdomen (Fig. 8D). Other embryos around
this size and larger had a more streamlined shape,
with little noticeable abdominal distension.

Distension of the abdomen during early develop-
ment causes the subdermal muscle layers to split

along the ventral midline, extending anteriorly as far

as the fifth gill slits. The expanding stomach protrudes
between the muscle layers and stretches the abdomi-

nal skin. Later, the stomach shrinks back inside the

muscle layers, and the stretched skin returns to its

original shape. A distinct "scar" remains in the ventral

midline in the area between the origins of the pectoral

fins and the fifth gill slits, marking the anteriormost

point of the split muscle layers.

Small embryos had large, erect, tubular, recurved

"fangs" in both jaws (Fig. 9, A and B). These teeth,

which were quite unlike those found in postnatal por-

beagles, were clearly functional. In the Kerguelen em-

bryos (9.6-10.4 cm), the tooth formula was (1-t- 1/1+1),

and the lower teeth were massive in relation to mouth
size (Fig. 9A). Larger embryos (19.8-38.3 cm) had

more functional upper teeth (3+3/1+1) (Fig. 9B). Ad-

ditional minute teeth were visible under a light micro-

scope, but they appeared vestigial and nonfunctional

and were not included in the tooth formula. Replace-

ment fangs were present behind the functional series,

but they were irregularly spaced and usually located

between the functional teeth. Oval scars on the gum of

both jaws external to functional fangs indicated that

fangs are progressively shed and replaced. The largest
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embryos.

embryo with fangs was 38.3 cm, and the

smallest embryo without fangs was 33.9

cm. In the range of overlap, there were 12

embryos with fangs and 8 without fangs.

Therefore, the fangs are shed between 34

and 38 cm.

Most of the larger embryos without

fangs possessed several series of develop-

ing, nonerect, nonfunctional teeth shaped
like those found in postnatal porbeagles,

except that they lacked lateral cusps. One
near-term litter had three embryos with

nonfunctional upper teeth but partially

erect lower teeth, whereas the fourth had

nonfunctional teeth in both jaws.

The stomach contents consisted wholly
or mostly ofviscous, amorphous, light yel-

low yolk. In many embryos there were

also discrete masses of clear, white or

greyish gelatinous material, probably the

remains of empty egg capsules, embed-

ded in the yolk. This gelatinous material

usually represented less than 10% of the

stomach contents and has been included

in the yolk weights reported below. Occa-

sionally we found shed fangs in the stom-

achs, but the thick glutinous nature of the yolk made
them difficult to find, and it was impossible to assess

their frequency or abundance.

Embryonic total weight increased rapidly between

20 and 35 cm, changed little between 35 and 50 cm,

then increased again during the rest of the gestation

period (Fig. 10). Embryonic weight minus yolk weight
increased steadily throughout gestation. The weights

of five fi-ee-living juveniles shorter than 70 cm were

similar to the yoLk-fi-ee weights of the largest embryos.
The weight ofyolk in the stomach increased steadily

between 20 and 30 cm, before increasing rapidly to

peak at 30^2 cm (Fig. 11). Yolk weight at 30-42

cm varied from 0.39 kg to 1.82 kg, representing

26.7-80.8% of total body weight. Absolute and per-

centage yolk weight both generally declined at lengths

greater than 42 cm. Three embryos longer than 60 cm
still had around 1 kg of yolk in their stomachs, but

it represented a low proportion of their total weight

(ca. 17-22%^). All embryos longer than 50 cm had yolk

or gelatinous material in their stomachs, suggesting

that the yolk may not be completely digested before

birth.

The spiral valve of the intestine contained a thick,

gritty, greenish-brown sludge that is the waste prod-

A Embryo total weigtit

• Embryo weigtit minus yolk

O Juvenile total weigtit

^ A A^
AA A ^

«i^

A
A A

If*
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Fork length (cm)
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Figure 10

in total weight and yolkfree weight with length for porbeagle

Also shown are total weights of five small juveniles.

* Not shown in the percent yolk weight panel of Fig. 11 because

embr>'o total weight.s were not mea.sured accurately.

uct of yolk digestion. The smallest embryos dissected

( 19.8-20.7 cm) contained small amounts of waste, and

the quantity of waste increased steadily throughout

gestation (Fig. 11). Intestinal contents composed the

greatest percentage of yolk-fi-ee weight at 30-50 cm.

Newborn porbeagles had smaller quantities of intes-

tinal waste than large embryos, suggesting that the

waste is retained until after birth.

Liver weight increased exponentially with FL, show-

ing the most rapid increase above 55 cm (Fig. 11).

Relative liver weight also increased to a maximum in

the longest embryos. Postnatal porbeagles usually had

smaller livers, both in absolute and relative terms,

than those of the largest embryos, indicating that en-

ergy reserves stored in the liver are consumed by
the young after birth.

The runts in two litters had low stomach and intes-

tine contents, and liver weights (Table 2). The 22.5-cm

runt in litter 1 had numerous short (1-3 mm) lacera-

tions on its distended abdomen, and a few elsewhere

on its body, presumably inflicted by the teeth of its

larger sibling. However none of the gashes had pen-

etrated the body cavity, and they did not appear to be

life-threatening.

Five pairs of uteri containing embryos were ob-

tained. The orientation of the embryos could be deter-

mined for only five of the 10 uteri; these five uteri con-

tained embryos 38.2-62.6 cm long. In all cases, the

two embryos were facing in opposite directions.
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Variation in the weight of yolk, intestine contents, and liver with length (left panels), and the

percentage of the total weight contributed by yolk, and percentages ofyolkfree weight contributed

by intestinal contents and liver (right panels) for porbeagle embryos. Comparable data for five

small juveniles are also shown

Discussion

Geographical distribution

Porbeagles occur throughout the New Zealand EEZ and
the southern half of the Australian EEZ. On the east

coast of Australia, they reach subtropical waters ( to

23°44'S), but only during winter. At the other extreme,

porbeagles are found in subantarctic waters in the In-

dian and southwest Pacific Oceans, reaching almost

54°S. Our results are consistent with observations of

porbeagles between about 28 and 58°S across the entire

South Pacific between New Zealand and Chile (Yatsu,

1995). Porbeagles are caught only north of 30°S in win-

ter-spring (August-November), and they penetrate far-

ther south during summer and autumn (Yatsu, 1995).

Sea surface temperature at locations where porbea-

gles were caught was 9.9-22.6°C, but catch rates were

low above 19.5°C. This is similar to SSTs reported pre-

viously for porbeagles in the South Pacific by Stevens

et al. ( 19831 (7.&-22.8°C, with most captures less than

16.7°C) and Yatsu (1995) (5-20°C with most captures
less than 15 °C). Temperatures at the actual depth of

capture would be similar to these because most long-

lines fished at 50-100 m depth, which is shallower

than the depth of the mixed ocean layer in autumn-
winter. Bottom temperatures for trawl-caught porbea-

gles were as low as 1-3°C, which is consistent with

temperatures of 1.7°C (Svetlov, 1978) and 3.1-t.l°C

(Templeman, 1963) reported elsewhere. Thus the tem-

perature range inhabited by porbeagles in the South-

em Hemisphere is probably about 1-23°C, with abun-
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dance declining above about 19°C. The preferred tem-

perature in the North Atlantic is less than 18°C

(Aasen, 1963).

Porbeagles can maintain their body temperature up
to 11°C above that of the surrounding water (Carey
et al., 1985). Among the small group of endothermic

sharks, they are exceeded in this capacity only by
salmon sharks (Carey et al., 1985). The apparent pref-

erence for higher latitudes by large (Yatsu, 1995) and

pregnant porbeagles may indicate an increased ability

to thermoregulate in larger sharks. High body tem-

perature is probably necessary for lamnid sharks to

function as active predators of fast-moving prey in

cold water (Goldman, 1997).

In the North Atlantic, porbeagle abundance varies

seasonally and spatially (Aasen, 1961, 1963; Temple-
man, 1963; Mejuto and Garces, 1984; Mejuto, 1985;

Gauld, 1989), and there are indications of seasonal

variability in their vertical distribution ( Bigelow and

Schroeder, 1948; Aasen, 1961, 1963). Limited tagging
results show that they are capable ofmovements up to

2370 km (Aasen, 1962; Stevens, 1976, 1990). In combi-

nation with evidence of seasonal latitudinal migration
in the South Pacific (Yatsu, 1995), this range of move-

ment suggests that Southern Hemisphere porbeagles

may exhibit complex seasonal, spatial, and length-re-

lated distribution patterns. Our data were collected

mainly during April-July, and therefore provide little

information on seasonality.

Length, weight, and growth

Several length-weight relationships have been pub-
lished for the North Atlantic (Aasen, 1961; Mejuto and

Garces, 1984; Gauld, 1989; Stevens, 1990; Ellis and

Shackley 1995; Kohler et al., 1995). All were based

on small samples, except those of Gauld (1989), who
found a significant difference between males and fe-

males above 180 cm. Our New Zealand sample com-

prised mainly sharks less than 150 cm, and compared
with the length-weight relationships of Mejuto and
Garces (1984), Gauld (1989) and Kohler et al. (1995),

our length-weight relationship rises too steeply be-

yond 150 cm. Our relationship should therefore not be

extrapolated beyond 150 cm.

The largest porbeagles in our samples were 228 cm
(male) and 208 cm (female). The maximum length
reached in the North Atlantic is not clear. Maxima of

253 cm (288 cm TL) and 278 cm (317 cm TL) for Scot-

tish males and females, respectively, appear to be the

largest reliable measurements (Gauld, 1989). Lengths
of 294-325 cm ("estimated ... 11 feet", "ca 11-12 feet",

or "340-370" cm TL) reported by McKenzie ( 1959) and

Templeman (1963) were obviously not measured ac-

curately and may have been overestimated. A TL of

12 feet equals 365.8 cm TL, which likely forms the

basis for the maximum length of 365 cm TL reported

by Pratt and Casey (1990). If Southern Hemisphere
porbeagles grow as large as those in the North Atlan-

tic, our samples do not include the larger size classes.

Tuna longlines catch shortfin makos that exceed 300

cm FL (senior author, pers. obs.); therefore, they should

be capable of retaining large porbeagles. The latter evi-

dently inhabit latitudinal or depth ranges outside our

sampling area, which is inhabited mainly by juveniles.

Males and females were equally represented at

lengths up to 150 cm. At greater lengths, males sig-

nificantly outnumbered females by about 3:1 in both

New Zealand and Australia. Skewed sex ratios have
been reported fi-equently in the North Atlantic, in fa-

vor of males (Mejuto and Garces, 1984; Mejuto, 1985;

Ellis and Shackley 1995), females (Gauld, 1989), or

either sex depending on the length range or sample
(Aasen, 1963; O'Boyleetal., 1996). Aasen (1963) found

that the overall sex ratio in large samples was close to

1:1. These results indicate that juveniles do not segre-

gate by sex, but that larger sharks do.

MIX analysis discriminated 3 and 5 length modes

respectively in southwest New Zealand and Australia,

which we interpret as age classes. In northeast New
Zealand, the mean sampling date was 25 June, over

seven weeks after the mean sampling date for south-

west New Zealand; therefore the first mode in the for-

mer could represent new-bom sharks. Alternatively, it

may represent slow-gi'owing one-year-olds. The latter

interpretation is supported by the similarity of the po-

sitions of modes 2 and 3 in both northeast and south-

west New Zealand.

Juveniles gi'ow linearly and rapidly, reaching 110-

125 cm FL in three years. They may grow slightly

faster in southwest New Zealand (20 cm/year) than in

Australia ( 16 cm/year), but the standard errors were

large for New Zealand 2- and 3-year-olds, and the com-

parison could be biased by incorrect determination of

the number of modes in the length-fi-equency data. The
modal lengths for Australian juveniles agree well with

the first four modes for northwest Atlantic porbeagles

presented by Aasen (1963) (Fig. 4), providing that our

modes represent age classes. Aasen (1963) presented
two growth curves—one based on length-fi-equency

modes, and the other on back-calculated lengths-at-age

ft-om a single vertebra fi-om a 226-cm female. ^ His two

growth curves were practically identical.

Our growth estimates also agi'ee with length-incre-

ment data for five tagged northeast Atlantic porbea-

^ In a preliminary report, Aasen (1961) presented vertebral age
data for 50 porbeagles. However the mean lengths-at-age differed

sub.stantially from those presented later, and Aasen ( 1963) stated

that his earlier results "were not very accurate."
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gles (Stevens, 1976. 1990). Their lengths at tagging

and recapture were only estimated; therefore growth
increments were approximate. The sharks were rela-

tively small when released (84-105 cm), and were at

liberty for 0.75-13 years. Annual growth increments

were about 9-32 cm, with a mean of 20.4 cm. Despite

good agreement among all sources ofporbeagle growth
data, a vertebral-based growth curve from adequate

sample sizes and covering the full size range is still

required for both hemispheres.

Longevity is unknown, but Aasen (1963) aged his

226 cm female as 19-i- years and suggested that they

may live around 30 years. This conclusion needs con-

firmation because longevity is often used to estimate

the natural mortality rate, which is an important pa-

rameter in population models.

Length at maturity and reproductive development

The lengths of pregnant females (167-199 cm, mean
185 cm ) suggest that females mature at about 165-180

cm. This estimate is consistent with reports of a

191-cm mature female from the South Atlantic (Svet-

lov, 1978), and immature females of 138, 139, and 150

cm from around New Zealand (Stevens et al., 1983;

Dufiyi°). The length at maturity of North Atlantic

females is controversial. Shann (1911) reported two

pregnant females of "about five feet long" (152 cm
TL, or 133 cm FL). In both cases, the length estimate

was probably third-hand, and it is unlikely that the

females were measured. That estimate of length at

maturity, which we believe to be unreliable and too

low, has permeated the literature ( Bigelow and Schro-

eder, 1948; Compagno, 1984; Last and Stevens, 1994).

Other authors have reported a wide maturity range of

175-220 cm FL (Aasen, 1961, 1963; Pratt and Casey,
1990). Templeman ( 1963) and Moss^ reported females

of 191 and 203 cm to be immature. The smallest ma-

ture females reported by Templeman ( 1963 ) and Gauld
(1989) were 203 and 196 cm respectively, and Pratt

(1993) examined one of 227 cm. Aasen (1961) showed
that uterine width increased rapidly in females longer
than 197 cm. These results suggest that North Atlan-

tic females mature at about 195-205 cm (218-229 cm
TL ), which is higher than the range determined for the

Southern Hemisphere. A similar between-hemisphere
difference in length at maturity has been found for

shortfin makos (MoUet et al.^^).

1°
Duffy, C. 1998. Department ofConservation, Private Bag 3072.

Hamilton, New Zealand. Personal commun.
" MoUet, H. R, G. Cliff, H. L. Pratt, and J. D. Stevens. 1998.

Reproductive biology of female shortfin mako Isurus oxyrinchus

Rafinesque 1809. H. F. Mollet, Monterey Bay Aquarium, Mon-

terey, California 93940, Unpubl. manuscript.

There was no information on length at maturity in

males in our data. On the basis of changes in clasper

length and calcification. North Atlantic males appar-

ently mature at a smaller size than do females, in the

range 131-175 cm (150-200 cm TL) (Aasen, 1961; El-

lis and Shackley, 1995).

The "internal" type ovary from our Macquarie Is-

land pregnant female conformed with the morphol-

ogy found in all lamnid and alopiid sharks examined

so far (Pratt, 1988). It weighed 2.75 kg (2.35% of

total weight). The ovary of Swenander's (1906, 1907)

246-cm North Atlantic pregnant female measured 41

by 28 cm, and weighed 6.3 kg, or 3.6% of estimated

total weight. Mean embryo lengths in the two females

were 22.1 cm and about 25 cm respectively. The em-

bryo stomach contents peak at 30-42 cm, suggesting
that ovarian size and ovulation may peak when em-

bryos are about 25-30 cm long. In the shortfin mako,
the ovary of an actively ovulating female with early-

term embryos weighed about 5% of her total weight,
whereas the ovaries of females carrying near-term

embryos were spent and weighed as little as 0.2-0.3%

of total weight (Mollet et al.''). In sandtiger sharks

(Carcharias taurus), relative ovarian weight peaks at

6—7% of body weight, and then declines during the

second half of gestation (Gilmore et al., 1983; Gilmore,

1993; Mollet et al.''). A low relative ovary weight was
also reported in a longfin mako with near-term em-

bryos (Gilmore, 1983).

The size-frequency distribution ofova from the Mac-

quarie Island female indicated that they are ovulated

at around 4—5 mm. Ova diameters measured in two

pregnant North Atlantic females after preservation
in 10% formalin were mainly in the range 2.3-4.3

mm, with the largest measuring 6.0 mm (Moss^).

Swenander (1906, 1907) reported ova diameters be-

tween 1 and 5-6 mm in a North Atlantic pregnant fe-

male, and encapsulated 4—5 mm ova in the uteri of an-

other female. Maximum ova diameters in other ooph-

agous sharks range between 4 and 10 mm (Springer,

1948; Bass et al., 1975; Otake and Mizue, 1981; Gilm-

ore, 1983; Gilmore et al, 1983; Stevens, 1983; Uchida

et al., 1996; Chen et al., 1997).

Empty and near-empty egg capsules were found in

the uteri of the Macquarie Island female, and in the

mouth of one of its embryos. Moss'^ also found empty

egg capsules in the mouths and gill slits of embryos

measuring 33.8 and 36.2 cm. Apparently, embryos
are capable of rupturing egg capsules and swallowing
the contents, although the occasional presence of ge-

latinous material resembling egg capsules in embryo
stomachs (Swenander, 1907; this study) suggests that

whole or empty capsules are sometimes swallowed.

Swenander (1906, 1907) found over 40 egg capsules,

each measuring about 80 by 15 mm and containing
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21-28 individual ova, in the uteri ofa female that con-

tained four embryos about 4.3^.7 cm long. Duhamel
and Ozouf-Costaz (1982) found 102 nonfertile eggs in

the uteri of their Kerguelen Island female, which car-

ried embryos of 9.6-10.4 mm. No photographs were

taken of the eggs, and it is unclear whether they were

egg capsules or individual ova (DuhameP).

The emerging picture for oophagous sharks is that

large numbers of nutritive egg capsules accumulate

in the uteri during the early stages of gestation, and

they are rapidly consumed as the embryos grow large

enough to puncture and eventually swallow them ( Gr-

uber and Compagno, 1981; Otake and Mizue, 1981;

Gilmore, 1983; Gilmore et al., 1983; Mollet et al.").

Ovulation peaks during midgestation, but full egg cap-

sules are rarely found in the uteri, probably because

they are eaten soon after entering the uteri. During
later gestation, ovulation ceases and embryos metabo-

lise their accumulated stomach contents for energy,

growth, and storage in the liver.

Litter size, embryonic growth, and gestation

In 36 out of 40 of our pregnant females, litter size

was four, with a mean of 3.85 embryos. Litters of

two or three were occasionally recorded. In the North

Atlantic, Shann (1911, 1923) stated that litters com-

monly consisted of two embryos (range 1-4), but his

data almost certainly included several partial litters

(see Table I in Shann, 1923). Templeman ( 1963) found

three, four and four embryos in his three litters, and

Gauld ( 1989) found four to be the most common num-
ber of embryos in a litter, with a mean of 3.7 (n = 12).^-

One litter of five has also been reported ( Bigelow and

Schroeder, 1948). Our sample ofSouthern Hemisphere
litters is the largest yet assembled, and Gauld's ( 1 989 )

is the largest fi-om the North Atlantic. Both samples
had very similar mean numbers of embryos. We con-

clude that litter size is usually four, but smaller lit-

ters are occasionally found; litters larger than four are

extremely rare. Some litters with fewer than four em-

bryos were probably incomplete. Abortion of embryos

during capture is common among nonlamnid sharks,

but it is difficult to imagine midterm embryos with

grossly distended abdomens being aborted, even when
the mother is compressed in a trawl net. One of our

New Zealand longline litters containing two midterm

embryos, 37.5 and 38.3 cm long, was presumably com-

plete. Abortion of near-term embryos is quite possible.

'^ Gilmore's Table 1 contains a number of errors. The reference to

Aasen (19661 in the Lamna nasus section should presumably be

Aasen (19631; the two Swenandcr il907) litters contained four

embryos each rather than 2; and the '219-cm TL shark with four

embryos attributed to Nakaya ( 19711 was actually a male, and
no embryos were mentioned by Nakaya. ,

Linear regressions fitted to the length-month data

for both hemispheres suggest that embryos have a

rapid growth rate of about 7 cm per month, but there

was much unexplained variability (Fig. 7). The esti-

mated growth rate is almost twice that of shortfin

mako embryos (3.7 cm per month) (Mollet et al.^').

The length of the gestation period appears to be about

8-9 months in both hemispheres. During July-Sep-

tember, Aasen ( 1963) found no embryos in the north-

west Atlantic despite examining hundreds of mature

females. He argued that the gestation period was 8

months, and that the females he examined were un-

dergoing a short rest period between pregnancies. Our

interpretation agrees with that ofAasen ( 1963).

A contrary hypothesis involving a gestation period

of 1-2 years has been advanced by Shann ( 1923 ) and

Gauld (1989). They argued that the high variability

in embryo length and the apparent presence of two

cohorts of embryos were inconsistent with a gestation

period of less than one year. We cannot rule out their

hypothesis, and we are conscious that our Southern

Hemisphere data are limited in seasonal scope and

that pooling data across locations and years is not de-

sirable. However, we believe the data from both hemi-

spheres are most consistent with a gestation period

of less than one year. The implied rapid embryonic

growth rate is not unreasonable given the abundant

embryonic food supply and the relatively high growth
rates of postnatal juveniles discussed above.

The high variability in the embryo length data

might be explained by an extended mating period.

In the northwest Atlantic, Aasen (1963) found males

with seminal vesicles that were filling at the end of

August, indicating that mating would begin in Sep-
tember. Pratt ( 1993) reported a mature female caught
in October with moderate amounts of spermatozoa in

the oviducal gland and with ft-esh vaginal abrasions.A
mature male with haematose claspers was caught on

the same longline, providing strong evidence of mat-

ing in October. Gauld ( 1989) found females with fresh

bite marks, thought to be inflicted during mating, on

females near the Shetland Islands in December-Jan-

uary. These observations suggest that mating lasts

from September to January in the North Atlantic.

If our hjTDothesis of rapid embryonic growth and

high intracohort variability is correct, parturition

probably peaks in June—July (winter) in the Southern

Hemisphere and possibly extends ft-om April to Sep-
tember. Parturition in the Northern Hemisphere may
peak around two months earlier (spring-summer). The

presence ofdistinct length modes in juvenile length-fre-

quency distributions from New Zealand, Australia, and

the northwest Atlantic (Aasen, 1963 ) confirms that par-

turition is restricted to part of the year, rather than oc-

curring year-round. Svetlov ( 1978) reported the capture
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of a female in the South Atlantic in March and stated:

"The shark had recently spawned, to judge by external

characters (an inflamed area of the body around the

anus) and the state ofthe ovaries." He did not elaborate

further on the ovaries, so it is difficult to assess his re-

port. If the female was postpartum, the timing is one

month earlier than our suggested parturition period for

Southern Hemisphere porbeagles. Another possibility

is that the inflammation around the cloaca may have

been the result of recent mating.
If the gestation and rest periods combined last one

year, and females reproduce every year, annual fecun-

dity is 3.85 young per female. If there is a resting pe-

riod of just over one year between pregnancies, an-

nual fecundity would be half that amount. It is there-

fore important to determine whether Aasen's (1963)

suggestion of a one-year cycle is valid for both hemi-

spheres. The gestation period in shortfin makos is

thought to be 18 months, with a reproductive cycle of

three years (Mollet et al.^M. Interestingly, the greater

average fecundity ofmakos would result in an annual

fecundity of about four per female (Mollet et al.^M,

which is similar to the reproductive output of porbea-

gles assuming a one-year cycle.

For Southern Hemisphere porbeagles, the length at

birth was estimated to be 58-67 cm (68-79 cm TL),

based on the lengths of the largest embryos and the

shortest postnatal juveniles. In the North Atlantic,

the largest reported embryos were 60-64 cm (Pen-

nant, in Shann, 1911) and 65 cm (Gauld, 1989). Big-

elow and Schroeder (1948) reported a 55.7-cm speci-

men (66.0 cm TL; USNM 47528), but it was an em-

bryo rather than a postnatal juvenile (Williams^'^).

The embryo would have been about 58 cm before pres-

ervation. Postnatal porbeagles of 66 and 70 cm were

reported by Imms and Day respectively (in Shann,
1911). These observations indicate that porbeagles are

bom at about the same length in both hemispheres.

Embryonic development

We assembled a comprehensive series of porbeagle

embryos ranging from early gestation (9.6 cm long)

to full-term, enabling us to describe the main mor-

phological changes that occur during gestation. Pre-

vious studies that described and illustrated embryos
were based on only a few embryos, most of which
were midterm (Swenander, 1906, 1907; Shann, 1911;

Nordgard, 1926; Bigelow and Schroeder, 1948; Tem-

pleman, 1963).The following review of embryonic de-

velopment is derived from our observations, supple-
mented by literature reports.

13
Williams, J. T. 1997. National Museum of Natural History.

Washington DC 20560-0159. Personal commun.

Embryos 4.3^.7 cm long have external gills and

well-developed branchial regions (Swenander, 1907).

They have nearly absorbed their yolk sacs and have a

large spiral valve, but there is no yolk in the digestive

system. Swenander ( 1907) stated that "these embryos
are too small to be able to swallow entire egg capsules
and their teeth are not sufficiently developed to tear

open the egg capsules." They have not begun to feed

at this stage, despite the large number ofegg capsules

present in the uteri, but precocial teeth have already
formed. At 10 cm, the lower jaw contains two rela-

tively massive fangs (Fig. 9A) that appear capable of

tearing open egg capsules. The upper teeth are much
less developed and there is only one functional tooth

on each side of each jaw. Lower jaw teeth also de-

velop earlier than upperjaw teeth in sandtiger sharks

(Hamlett, 1983). The abdomen is swollen and the em-

bryos have presumably begun feeding (the stomachs

were not dissected). Large numbers of egg capsules
are present in the uteri. The external gills have been

resorbed. By 15 cm, the abdomen is distended, and the

head and branchial region are gelatinous and grossly

enlarged (Bigelow and Schroeder, 1948).

Between 20 and 42 cm, development is dominated

by the consumption of large numbers of egg capsules,

leading to a great increase in the relative size and dis-

tension of the yolk stomach (Swenander, 1907; Shann,

1911, 1923; Bigelow and Schroeder, 1948; Templeman,
1963; Moss''; Fig. 8). Large fangs are present in both

jaws (Swenander, 1907; Templeman, 1963; Moss'^; Fig.

9) and are used to open the egg capsules before re-

moval of the contents; how this is accomplished is un-

known. At 30-42 cm, yolk accounts for up to 81% of

total weight (Fig. 11; Templeman, 1963). The stomach

yolk in midterm embryos of shortfin makos peaks at

about 60-70% of total weight (Mollet et al." ). Relative

and absolute amounts of yolk in porbeagles and other

oophagous sharks decline during the rest of gestation

(Fig. 11; Molletetal.il).

Porbeagle embryos shed their fangs at about 34—38

cm. Embiyonic fangs (the "emb" teeth of Gilmore, 1993)

have also been reported in salmon sharks, common and

bigeye thresher sharks (Alopias vulpinus and A. su-

perciliosus), shortfin makos and sandtiger sharks (Loh-

berger, 1910; Bass et al., 1975; Gruber and Compagno,
1981; Gilmore et al., 1983; Hamlett, 1983; Gilmore,

1993; Chen et al., 1997). They probably occur in all

oophagous species, and in at least some species, they

are shed part-way through gestation. In bigeye thresher

sharks, fangs appear at about 11 cm TL and disappear
at about 60 cm TL (Chen et al., 1997). In sandtiger

sharks, they appear at 4-5 cm TL, and are lost some

time before birth (Gilmore et al., 1983; Hamlett, 1983).

We suspect that female porbeagles cease ovulation

at about the time the embryonic fangs are lost, as
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has been reported for shortfin makos and sandtigers
(Gilmore et al., 1983; Mollet et al."). The embryos
then rely on the yolk stored in their stomachs to

provide the energy needed for growth and respira-

tion during the rest of the gestation period. However
it is also possible that females continue ovulating,

and that the toothless embryos feed by swallowing
whole egg capsules or by squashing them in their

mouths. Whole egg capsules have been reported from

the stomachs of near-term embryos of the bigeye
thresher shark (Gilmore, 1983; Moreno and Moron,

1992), but not from near-term lamnid sharks. Clari-

fication of this point requires examination of the ova-

ries of near-term females to assess their ovulatory
state.

Above 35 cm, the waste products of yoLk digestion

continue to accumulate in the intestine. The greenish
coloured waste is characteristic of oophagous sharks

(Swenander, 1907; Lohberger, 1910; Shann, 1923;

Springer, 1948; Uchida et al., 1996). The gritty na-

ture of the intestinal contents was also mentioned by
Swenander ( 1907) and has been reported to consist of

"crystal-like pieces" in white shark embryos (Uchida

et al., 1996). The composition of this material is un-

known. The liver grows most rapidly in the second

half of gestation as energy reserves are transferred

to it for storage. An increase in the relative weight of

the liver in larger embryos has also been observed in

shortfin makos (Mollet et al.'^).

During the second half of gestation, several series

of "post-natal" teeth develop, but they are folded back

in the jaws and are nonfunctional. In white sharks,

some of these teeth are shed and swallowed by the em-

bryos (Francis, 1996; Uchida et al., 1996). The teeth

probably become erect near or soon after birth, as has

been found in near-term white shark embryos (Fran-

cis, 1996; Uchida et al., 1996).

Typically, embryos in a porbeagle litter are of sim-

ilar size, but occasionally a large size range is en-

countered. Gauld ( 1989) found one litter with embryos

ranging ft-om 55.6 to 65.0 cm, and Shann (1923) re-

ported a litter with a range of 38.1-50.9 cm. The runts

in our two litters had small quantities of stomach and

intestinal contents, and small livers, but were other-

wise developing normally. This suggests that sibling

competition may occur when a dominant embryo with

its snout nuzzled into the anterior end of the uterus

consumes most of the egg capsules as they pass into

the uterus, leaving few for its sibling. However, all

four embryos are usually adequately nourished, and
the two embryos in each uterus are usually oriented

in opposite directions. This suggests that the direc-

tion of orientation within the uterus may be a problem

only if the mother is unable to produce enough egg

capsules to satisfy both embryos. -

At birth, embryos may still have yolk in their stom-

achs. Near-term white shark embryos have been re-

ported with either empty (apart from some ingested
teeth and denticles) or yolk-filled stomachs (Francis,

1996; Uchida et al., 1996). Near-term shortfin mako

embryos "and new-bom sandtiger sharks may also

have small amounts of yolk in their stomachs (Cade-

nat, 1956; Bass et al., 1975; Gilmore et al., 1983; Mol-

let et al.'M. Along with the energy stored in the liver,

this yolk supplies the nutritional needs of the embryos
until they learn to feed. However, the livers of por-

beagle embryos never exceeded 10^ of the yolk-free

embryo weight, compared with 13.5-18.6'^ in near-

term white shark embryos (Francis, 1996; Uchida et

al, 1996).

Hubbs ( 1923) reported a 9.1 kg (20 lb) embryo col-

lected in late August in Maine, USA. The weight is

clearly too large to be a porbeagle embryo because

they are not known to exceed 5 kg ( Fig. 10 ). Moss-^ sug-

gests that the embryo may have been ft-om a sandtiger
shark.

The presence ofan "umbilical scar" or "yolk sac scar"

in postnatal oophagous sharks has puzzled many sci-

entists who were aware that the embryos have no pla-

cental connection to their mothers ( Gilmore, 1983; Ste-

vens, 1983; Klimley, 1985; Cliffet al, 1990, 1996; Pratt

and Casey, 1990; Moreno and Moron. 1992; Francis,

1996; Uchida et al., 1996). Our observations show that

distension of the stomach stretches the abdominal

skin and separates subdermal muscle layers as far

forward as the fifth gill slits. As yolk is consumed the

stomach shrinks and the muscle layers return to their

original position, leaving a scar in the pectoral-gill re-

gion. The scar is sometimes faint or absent.

In all lamnid sharks, embryos are nourished by

oophagy. Contrary to earlier suggestions, there is

no evidence that lamnid embryos indulge in uterine

cannibalism (adelphophagy), an extreme extension of

oophagy that has been confirmed only in the sandtiger
shark (Gilmore, 1993). All lamnids, and most ooph-

agous sharks, produce litters larger than two (one

per uterus) (Francis, 1996), providing strong circum-

stantial evidence that adelphophagy does not occur in

those species (Gilmore, 1993). One porbeagle embryo
had nonlethal abdominal lacerations, probably result-

ing from incidental damage inflicted by its larger sib-

ling while searching for egg capsules, which are about

the same size as the smaller embryo's abdomen. This

searching behavior could provide a mechanism for the

development of adelphophagy from oophagy.

Unresolved questions

Two puzzling features of the reproduction of porbea-

gles demand further investigation. The first concerns
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the gross abdominal distension during midgestation, a

phenomenon that must create problems for the mother

in accommodating them. It would seem energetically

and hydrodynamically more efficient for a pregnant

female to match her ovulation rate to the immediate

growth and energy needs of the embryo, rather than

to provide an over-supply of food during a short time

period. We speculate that the answer lies in the avail-

ability of food resources. Porbeagles feed mainly on

small to medium pelagic fishes and cephalopods, but

also eat larger demersal teleosts and elasmobranchs

(Bigelow and Schroeder, 1948; Graham, 1956; Aasen,

1961; Templeman, 1963; Stevens et al., 1983; Gauld,

1989; Yatsu, 1995). Oophagy may be an adaptation

that allows pregnant porbeagles ( and other oophagous

species ) to maximize their use of food resources that

are abundant only during a short season.

The lack of a six-month phase shift between the

reproductive cycles of Northern and Southern Hemi-

sphere porbeagles is surprising, and suggests that

water temperature and day length have little influ-

ence on reproduction. This may be due to porbeagles

having a highly developed endothermic ability (Carey

et al., 1985) which buffers body temperature against

seasonal fluctuations in temperature. But why should

the timing of reproduction be so similar in the two

hemispheres? The shortfin mako is also endothermic,

although not to such a high degree as porbeagles

(Carey et al., 1985), and its reproductive cycles are

six months out of phase in the two hemispheres (Mol-

let et al.i^). In the northwest Atlantic, porbeagle par-

turition coincides with the aiTival of migratory stocks

ofAtlantic mackerel, capelin and 0+ Atlantic herring

(Moss^). Linking parturition with the period of peak
abundance of the common prey species in each hemi-

sphere would provide new-bom young with their best

chance of rapid growth and survival. Unfortunately,

neither of these hypotheses can be tested, because

there is no information on the existence or timing of

abundance cycles of porbeagle prey in the Southern

Hemisphere.
This study has clarified several important aspects

of the reproductive biology of porbeagles, including

the length of the gestation period, mean fecundity,

length at birth, and the timing of parturition. Growth

rates have been estimated for embryos and juveniles

and are consistent with other studies. However con-

siderable imprecision and uncertainty remain in all

of these estimates, especially the lengths of the ges-

tation period and reproductive cycle, and therefore

the annual fecundity. Such information is crucial to

the determination of stock productivity in porbea-

gles; therefore better estimates are required before

effective stock assessment and management can be

achieved.
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Abstract.—The retrospective assign-

ment of collections of larval swordfish,

Xiphias gladiiis, taken from 1973 to

1980, to water tj^pes and area of the Gulf

Stream front, as well as three sets of

contemporary collections taken in 1984,

1988, and 1997, indicated that larvae

were collected most frequently within

the western Gulf Stream frontal zone.

Larval swordfish accumulate by local-

ized hydrodynamic convergence, rather

than localized spawning, and thus these

rare, surface-oriented larvae are found

more frequently within the frontal zone.

Lengths of larval swordfish taken from

curatorial collections, from contemporary

collections, and from published records

from the Caribbean Sea, the Gulf of

Mexico, and the western North Atlan-

tic, as well as assumptions about growth

rates and Gulf Stream transport, indi-

cated that swordfish may spawn as far

north as Cape Hatteras.
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Swordfish, Xfp/z/os^/arf/f/s, is a cos-

mopolitan and highly migratory spe-

cies that spawns year-round (Grail

et al., 1983). Larvae of this fish do

not account for high numbers of the

ichthyoplankton or ichthyoneuston,
and as a consequence, data that de-

scribe their spatial distribution are

sparse. Grail et al. ( 1983) concluded

from available data that, in the west-

ern North Atlantic, small larvae (< 10

mm) occur most fi-equently in the

eastern Caribbean and in the Straits

of Yucatan and Florida in Novem-

ber, and that larger larvae (>10 mm)
occur most often there, as well as

in the Gulf Stream north to Cape
Hatteras from January to March.

Both length groups occur primarily
in surface water over depths deeper
than 200 m (Markle, 1974). Tibbo

and Lauzier (1969) first speculated
that larvae may be associated with

horizontal temperature and salinity

gradients. The collection of larvae

along the apparent edges of the Gulf

Loop Current in the Gulf of Mexico

(Richards and Potthoff, 1980) and

the Gulf Stream in the Atlantic (Pot-

thoff and Kelley, 1982; Post et al.,

1997 ) supports the notion that larvae

occur in greater abundance within

fi-ontal zones. Yet, the rarity oflarvae

has hindered a clear understanding
of such coarse and fine scale (Haury
et al., 1978) spatial distribution.

The scarcity of larval swordfish

has obscured an understanding of

their spawning pattern as well. The
mesoscale pattern of larval distribu-

tion (Grail et al, 1983) implies that

swordfish spawn in the Caribbean

and the Straits ofYucatan and Flor-

ida, and that their larvae are carried

northward by the Gulf Stream. Occa-

sional small larvae taken in the Atlan-

tic imply that swordfish may spawn as

far north as Cape Hatteras (Markle,

1974). Large, and presumably older

larvae in any location may be the re-

sult either of local spawning and sub-

sequent retention or of transport ft"om

a distant spawning locale. Small lar-

vae at a specific locale must be the ex-

clusive result of local spawning.

Hydrated oocytes within the ova-

ries of adult females indicate that

swordfish spawn south of the Sar-

gasso Sea, in the northern Carib-

bean Sea, and the Straits of Florida

(Arocha and Lee, 1995), although

Squires ( 1962 ) has suggested that
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spawning may occur as far north as Cape Hatteras.

Planktonic eggs have not been identified in the west-

em North Atlantic.

Effective fisheries management requires knowledge
of both the spatial distribution of larvae and the dis-

tribution of spawning adults. Contemporary stock sta-

tus ascertained by virtual population analysis can be

calibrated with larval abundance estimates, even for

species with rare larvae (e.g. McGowan and Richards,

1989; Scott et al., 1993). Because this calibration de-

pends on accurate estimates of larval abundance, the

spatial and temporal distribution of larvae must be

known. Knowledge of spawning distribution would be

the first step toward protection of spawning habitat

and, perhaps, the restriction of fishing within spawn-
ing seasons and locales.

Here we examine the coarse- and fine-scale distri-

bution, and the lengths of swordfish larvae off the

southeastern United States. Our focus is on the influ-

ence of the Gulf Stream in shaping the spatial distri-

bution of larvae and in the determination of probable

spawning locales.

Methods

We examined published records of larval swordfish

(Arata, 1954; Arnold, 1955; Tibbo and Lauzier, 1969;

Markle, 1974; Post et al, 1997), data from the Ma-
rine Resources Monitoring, Assessment and Predic-

tion Program (MARMAP), data and specimens from
the Southeast Area Monitoring and Assessment Pro-

gram (SEAMAP), and new data from three surveys
conducted between the Florida Straits and Cape Hat-

teras in 1984, 1988, and 1997 (CF8406, CH8807, and

CH9703J.

Spatial distribution of species

For spatial distribution, we examined exclusively
neuston collections (the upper 0.5 m of water), be-

cause swordfish are surface-oriented as are larvae. Al-

though some swordfish larvae have been collected in

nets that fished principally below the surface (Grail

et al., 1983), most have been collected at the surface

(Taning, 1955; Yabe et al., 1959; Gorbunova, 1969; Ni-

shikawa and Ueyanagi, 1974). All swordfish larvae

collected by MARMAP, SEAMAP, and CH8807 were
collected in the neuston, none in accompanying, sub-

surface ichthyoplankton collections. Small larvae were

occasionally taken from below the surface in CH9703,
but these nets fished obliquely fi-om 20 m and larvae

were likely captured when nets were near the surface.

Collections of larvae were classified to water mass
(or type)

—shelf water (including Georgia water, Car-

olina Capes water, and occasionally Virginia coastal

water [Pietrafesa, 1989]) or Gulf stream water—by
applying measured hydrographic characteristics to

the classifications ofMatthews and Pashuk ( 1986) for

MARMAP and CF8406 collections, and Pietrafesa et

al. (1985) for CH8807 and CH9703 collections. Fron-

tal zone water is a mixture of these water masses
(Hitchcock et al., 1994). South of Cape Hatteras the

Gulf Stream courses north-northeastward in juxta-

position with shelf water. Classically, the definition

of the Gulf Stream front is a dynamic one: the Gulf
Stream front is the point where the pressure gradient
between Sargasso Sea water and slope water (north

of Cape Hatteras) or shelf water (south of this Cape)
is zero ( Stommel, 1966). Practically, observed horizon-

tally compressed surface isotherms and isohalines, ac-

companied by sharp discontinuities in sea-surface tex-

ture and color, define the Gulf Stream frontal zone

(Olson et al., 1994). In our study, we used this obser-

vational definition to assign the surface position and
to classify the water of the Gulf Stream frontal zone.

Surface Gulf Stream water at its western fi-ont be-

tween the Florida Straits and Cape Hatteras has char-

acteristic temperatures that range from 2^ to 24°C
in wdnter and from 27° to 29°C in summer, salinities

that range from 35.7 to 36.4 psu and vary little sea-

sonally, dissolved oxygen values that range from 4.5 to

5.0 mL/L, and nitrate values of 1.0 pM/L (Atkinson,

1985; Schmitz et al., 1993; Hitchcock et al., 1994; Xie

and Pietrafesa, 1995). Shelf water is cooler and less

sahne (Pietrafesa et al., 1985). The course of the Gulf

Stream along the continental shelf break is unstable;
it meanders onshore and offshore and projects intru-

sions, filaments, and eddies onto the shelf (Pietrafesa,

1989; Lee et al., 1991 ). These processes complicate the po-

sition and distort the configuration of the frontal zone.

Retrospective examination of 1163 collections taken

from the Straits of Florida to Cape Hatteras and off-

shore from the 9 m to 2000 m isobath (Fig.l) from

1973 to 1980 (MARMAP) afforded the determination

of coarse-scale distribution. These collections were

taken with neuston nets of two different dimensions

and meshes: a 1.0 x 0.5 m net with 505-pm mesh and
a 2.0 X 1.0 m net with 947-pm mesh. Both meshes col-

lect swordfish larvae, which are reported to be at least

4 mm at hatching (Sanzo, 1910; Yasuda et al., 1978).

Neuston nets were towed for 10 min at 5.6 km/h. Col-

lections were made in all four seasons and at all times

of day and night. Larvae were preserved in 5% forma-

lin solution. The probable location of the Gulf Stream

front for these collections was determined from 1)

advanced, very high resolution, infra-red radiometer

(AVHRR) satellite images of sea-surface temperature
(SST) taken fi-om 1976 to 1980; 2) expendable bathy-

thermograph (XBT) profiles taken from 1973 to 1980;
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3) sea-surface salinity, dissolved oxygen, and nitrate

concentrations taken along with neuston collections

(Mathews and Pashuk, 1986); 4 1 records of the Na-

tional Oceanographic Data Center; and 5) records of

U.S. Coast Guard visual observations from aircraft.

The width of the frontal zone, and consequently the

area occupied by frontal zone water, was determined

as three times the standard deviation of the mean
course of the front, i.e. ±10 nautical miles ( 18.5 km) of

the estimated location of the frontal axis (Olson et al.,

1983).

Forty-seven collections taken from 22 to 24 June
1984 with a 1.0 X 0.5 m neuston net wdth 909-]am mesh

\

\.

Figure 1

Nominal station.s occupied by the Marine Resources Monitoring Assessment
and Prediction Program from 1973 to 1980; each station was occupied at least

once, some more than once.

towed for 10 min at 5.6 km/h in the Gulf Stream
and within its western frontal zone between Cape Ca-

naveral and Cape Hatteras (CF8406) afforded an ex-

amination of coarse scale differences in occurrence of

swordfish larvae within the frontal zone and in the

body of the Gulf Stream. Six collections were taken

during night, the remainder during the day. Larvae

were preserved in 5% formalin. A sea-surface temper-
ature plot, generated from composite AVHRR images
of SST compiled on 20 June 1984 (Fig. 2), in conjunc-
tion vrith continuous temperature and salinity values

from a hull-mounted thermosalinometer, was used to

determine the position of the Gulf Stream and its

frontal zone and to classify these collections to

water mass.

One hundred and fifty-six collections

( CH8807 ), taken from 13 to 24 September 1988

with a 2.0 x 1.0 m neuston net with 947-pm
mesh along six cross-shelfand cross-slope tran-

sects (encompassed by 31°30.4N/080°16.5W,

30°45.0N/078°411.5W, 32 24°30.0N/076°19.5W,
and 33"16.0N/077'54.0W), afforded examina-

tion of coarse- and fine-scale distribution of

larval swordfish within and about the Gulf

Stream frontal zone (Fig. 3). Neuston nets

were towed for 10 min at 5.6 km/h. Ten sta-

tions were occupied along each transect (60

stations); 96 additional neuston collections

were taken within the Gulf Stream or within

its frontal zone. The 60 collections along tran-

sects were 18.5 km apart, whereas 94 of the

additional 96 collections within the frontal

zone or body of the Gulf Stream were clus-

tered in groups of four to ten, with collections

about 1 km apart. Surface salinity, two-dimen-

sional sections of isotherms derived from XBT
casts taken at each station along transects,

and AVHRR images of SST were used to clas-

sify collections.

Six neuston collections taken on 31 May
1997 (CH9703) with a 2.0 x 1.0 m neuston net

with 947-pm mesh within the Gulf Stream
frontal zone in an area encompassed by
33°52.94'N/076°23.89'W,33=52.30'N/076°24.77'W,

and 33°52.92N/076°22.27W afforded exami-

nation offine-scale distribution oflan'al sword-

fish within the Gulf Stream frontal zone (Fig.

4). Nets were towed for 10 min at 5.6 km/h,
twice in the Gulf Stream frontal zone, and
twice each on the shelf and Gulf Stream sides

of the front. Larvae were preserved in 959^

ethanol. Sea-surface temperature from a hull-

mounted thermister in conjunction with XBT
profiles and AVHRR images of SST were used

to classify collections.



I Govoni et a\ Distribution of larval Xiphias gladius off thie soutfieastern United States 67

Figure 2

The position of the GulfStream (diagonal line pattern) illustrated from

a 3-d average of sea-surface temperatures compiled on 20 June 1984

with data from infrared sensors on a Global Stationary Environmen-

tal Satellite operated by the National Weather Service (closed circles

denote approximate locations of multiple neuston collections where

swordfish larvae were present; open circles, locations where swordfish

larvae were absent; fractions are the number of positive collections

over the total number of collections).

Length of larvae

The overall distribution of the length of swordfish lar-

vae in the Caribbean Sea, Gulf of Mexico, and off the

southeastern Atlantic coast of the United States pro-

vided a view of the occurrence of the smallest larvae.

Because most published have records reported either

standard length (SL) or total length (TL), both mea-

sures are reported in our study. We employed no con-

version, although the length of the caudal finfold or

fin ranges from 3% to 12% of TL for larvae from 6 to

192 mm (calculated from Arata [1954]). We employed
no correction for the shrinkage of larvae due to death

or preservation, because preservation fluid was not

routinely reported in the literature and some speci-

mens were measured alive. Although the length from

the anterior eye orbit to the tip of the notochord is per-

haps a better measure of length in swordfish larvae,

because the rostrum is often broken (Potthoffand Kel-

ley, 1982), this measure was not uniformly available

in published records. Standard or total lengths (ante-

rior tip of the upper jaw to the posterior tip of the noto-

chord or hypural plate (SL) or caudal fin (TL)) of sword-

fish larvae and locations of collection were taken ft-om

Arata ( 1954), Arnold ( 1955), Tibbo and Lauzier (1969),

Markle (1974), Post et al. (1997) and MARMAP. Stan-

dard length was measured on larvae from SEAMAP,
CF8408, CH8807, and CH9703 (ft-om neuston as well

as plankton collections taken within the Gulf Stream

fi-ontal zone with a MOCNESS (Wiebe, et al., 1976)

system with 505 m mesh nets), and on a larva fi"om

a neuston collection taken in a Sargassum raft at

33°38.7'N/076°02.7'W in 1991. Specimens were consid-

ered larvae if they were <190 mm SL or TL, because
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I
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Figure 4

Advanced very high resolution infrared radiometer images of sea-surface

temperatures off the southeastern Atlantic coast of the United States on 28

May 1997 from NOAA polar orbiting satellite (darker to lighter shades denote

cooler to warmer water; circles denote locations ofhydrographic stations occu-

pied on 3 June 1997).

yielded more than one larva, i.e. two larvae in each. Ten
collections with larvae present were within the frontal

zone, whereas two collections were in the body of the

Gulf Stream (Table 1). The probability of observing the

presence or absence of larvae with a frequency at least

this extreme was 0.176% (two-tailed test).

In September 1988 (CH8807), the GulfStream fron-

tal zone was defined by 27° to 29°C surface isotherms.

With the defining criterion of horizontally compressed
surface isotherms within this temperature range, the

width of this frontal zone ranged from 18 to 93 km.
This area, however, encompassed a westward intru-

sion of the Gulf Stream that developed over the tran-

sect grid (Fig. 3) in the wake of the Charleston Bump,
a topographic rise at the continental shelf break that

typically forces an eastward deflection of the Gulf
Stream (Pietrafesa et al., 1985). Isolated surface pools
of 27° to 29°C water inshore of the Gulf Stream front

proper (Fig. 6, B and F) indicated this intrusion. This

convolution of the Gulf Stream front proper mani-
fested three fronts across the shelf but these were
considered a composite single front for analysis. Shear
zones (determined by rapid increases in the ship's

set), drift lines of Sargassum, and discontinuities in

sea-surface texture, were embedded within the fron-

tal zone and evidenced probable convergence of sur-

face water (Stommel, 1966; Olson et al., 1994). The
156 collections ofCH8807 yielded 12 swordfish larvae.

One collection yielded three larvae; another two. Lar-

vae were collected exclusively within the frontal zone

(Table 1), one at the tip of the intrusion (station 58;

Fig. 6F). The probability of observing the presence or

absence of larvae at least this extreme was 0.020%.

In May 1997 (CH9703), the Gulf Stream frontal

zone was defined by 27° to 29°C surface isotherms.

The frontal zone was moving rapidly eastward. On
23 May, 8 d before the collection of swordfish larvae

within the frontal zone, an elongate filament of a Gulf

Stream intrusion lay inshore of the collection area

(Fig. 41. The isolated pool of 25°C water at the sur-

face and eastward ofthe frontal zone (Fig. 7) indicated

that this intrusion was extant on 31 May 1997 when
collections ofCH9703 were taken. The six neuston col-

lections ofCH9703 yielded nine larvae. One collection

taken along the frontal axis and one collection taken

on the Gulf Stream side of the axis yielded two larvae

each; the other collection taken along the axis yielded

three. Larvae were present in two collections along the

frontal axis, two collections 1 km to the Gulf Stream

side of the axis, and one oftwo collections taken 0.5 km
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one 3.8 mm SL (4.3 mm TL) taken off North Carolina

(CH9703), had recognizable yolk and oil globule rem-

nants. These lengths were smaller than the reported

length of larvae at the completion of yolk and oil glob-

ule absorption, about 5 mm TL for larvae (measured

alive, 65 h after fertilization ) from the Mediterranean

(Yasuda et al., 1978).

Counts of increments on sagittae from larvae 4, 5,

and 6 mm SL, taken in CH9703, were 4, 3, and 6

(increments on swordfish otoliths have not been vali-

dated as daily intervals [Price et al., 1991] ).

Discussion

North of the Florida Straits, larval swordfish were

collected most frequently within the western frontal

zone ofthe GulfStream. This observation corroborates

the speculation that larvae are associated with water

within sharp horizontal gradients of temperature and

salinity (Tibbo and Lauzier, 1969). Convergence ofsur-

face water is a possible mechanism for their accumu-

lation within the Gulf Stream front. The Gulf Stream
front south of Cape Hatteras is cyclonically sheared

with shelf water that directly opposes Gulf Stream
water (Pietrafesa et al., 1985). The retrograde, hydro-

graphic discontinuity between Gulf Stream and shelf

water and their hydrodynamic opposition results in

convergence of surface water within the frontal zone

(Garvine, 1980; Olson et al., 1994). Convergence of

surface water has been implicated in the accumula-

tion of adult fishes with depth-keeping abilities (Ol-

son and Backus, 1985). Positively buoyant or surface-

seeking larval fishes will be entrained in converging
water and will be advected toward the front where

they will accumulate as they resist downwelling along
the frontal axis (Govoni and Grimes, 1992). Sword-

fish larvae are unquestionably surface-seeking larvae.

Convergence of surface water within oceanic frontal

zones should produce accumulations of larvae on spa-
tial scales of 10 to 100 km (Olson et al., 1994). At a

coarse scale, larvae were more abundant within the

frontal zone; no fine-scale pattern was evident within

the frontal zone. Adaptive sampling (Lo et al., 1997)

may be a more efficient means of estimating larval

swordfish abundance than simple random sampling,
because of the rarity and the spatial aggregation of

larvae.

Small swordfish larvae were collected most often

in the eastern Gulf of Mexico and off the east coast

of the United States as far north as Cape Lookout,
North Carolina. Swordfish apparently spawn in the

eastern Gulf, but the present observations corroborate

the speculation ofspawning offthe Carolinas (Squires,

1962; Markle, 1974) as well. Off the Carolinas, larvae

Station number

200 200L

Figure 6

Sections of isotherms along transects occupied in September
1988: (A) 13 September; (B) 14 September; (C) 1.5 Septem-

ber; (D) 16 September; (E) 17 September; (Fl 18 September
(bars above station numbers indicate the Gulf Stream fron-

tal zone).

5 mm SL or less occurred in 25° and 26°C water. Lar-

vae that were 4 to 5 mm SL had 3 and 4 apparent

growth increments on their sagittae. In water from

22° to 25°C, larvae that were 5 mm TL would be ap-

proximately 6 d old (Yasuda et al., 1978). Given an egg
incubation period of 3 d at 24°C (Yasuda et al., 1978)

and an additional 3 or 4 d for posthatch growth, along

with a average axial velocity of the Gulf Stream of 1.5
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a.

a

Station number

36 37 38 40 42 44 46

200

Figure 7

Section of isotherms along a transect occupied on 3 June 1997, Bar above

station numbers indicates the Gulf Stream frontal zone and the location of

larval swordfish collections.

m/s (Olson et al.. 1994), larvae that were 4 to 5 mm
SL in the Atlantic could have been transported from

as far away as 900 km. A similar trajectory was pro-

jected for small larvae of bluefin tuna, Timunits tliyn-

nus (McGowan and Richards, 1989). Larvae that were

<5 mm in length, collected off North Carolina could

have been spawned in the Florida Straits if they re-

mained in the core of the Gulf Stream. Current ve-

locities within the western Gulf Stream frontal zone,

where larvae most frequently reside, are less than

axial velocities (Lillibridge et al., 1990; Song et al.,

1995; Limouzy-Paris et al., 1997). Further, departures
from a smooth, along slope. Gulf Stream trajectory,

in the form of meanders, intrusions, and filaments

along the western Gulf Stream frontal zone are fre-

quent (Pietrafesa, 1989). We collected swordfish lar-

vae frequently within these Gulf Stream anomalies

(Figs. 4-7). Water within these features veers and re-

verses direction (Lee et al., 1991), the result being
that the northward translocation of swordfish larvae

within the frontal zone is checked and their north-

ward transport delayed. The possibility of spawning
between Cape Canaveral and Cape Hatteras is real,

but not certain.
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Abstract.—For fish populations with an

annual breeding cycle, a biological ref-

erence point based on the Leslie matrix

is presented and compared with percent

maximum spawning potential CJMSP)
and F^^ reference points. For determin-

istic population projections, the reference

point is defined as the level of fishing

mortality </^,,)
that results in a Leslie

matrix with a dominant eigenvalue (i.e.

finite rate of increase or A) of 1.0. It is

shown that for the same input data, F^^

is similar to a reference point based on

a '7fMSP approach. For populations that

are growing or declining, however, popu-
lations with the same A but with different

age-specific selectivities have different

levels of '5MSP. Previous applications

of this reference point are extended to

include situations where recruitment is

a stochastic process. In stochastic pro-

jections, F^i is defined as the level of

fishing mortality that results in an aver-

age finite rate of increase of 1.0. In an

example with Georges Bank haddock, a

deterministic analysis with mean birth

and death rates resulted in an estimate

of
F.,,

of 0.52. The same estimate of F^,

was obtained in a stochastic projection in

which the growth rate of the mean popu-
lation size was used. Stochastic projec-

tions using the mean of the finite rates

of increase resulted in a lower estimate

of Fj, (0.45). When the value of recruits

per unit of spawning stock biomass used

in the '7fMSP analysis was calculated as

Xrecruits/lspawning stock biomass, the

estimated reference point was the same
as the stochastic projection. On the basis

ofthese results, I recommend calculating

the reference point based on a stochas-

tic projection for which the mean of the

simulated growth rates is used. A refer-

ence point based on a VfMSP approach

using the Irecruits/Ispawning stock bio-

mass results in an equivalent estimate of

the reference point but does not convey

important information on the expected

population growth rate at higher or lower

rates of fishing mortality.

A biological reference point based
on the Leslie matrix
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Advice to fishery managers on desir-

able harvest or exploitation rates is

ideally based on full knowledge of

fishery dynamics, including informa-

tion on the fish population's stock-re-

cruitment relationship, growth and
maturation schedule, and bioeco-

nomic considerations. With a lack

of such complete information, guid-
ance to fishery managers often takes

the form of providing an estimate

of fishing mortality and a compari-
son of that rate to one or more bio-

logical reference points (e.g. Clark,

1991; Anonymous^). Numerous bio-

logical reference points exist, each

concerned with a somewhat differ-

ent aspect of population response to

harvesting. One class of reference

points focuses on yield per recruit as

a function of fishing mortality. The

general goal of this class of reference

points is to optimize harvest rates

in relation to natural mortality and

growth (i.e. prevent gi'owth overfish-

ing; Beverton and Holt, 1957). For

example, F,,,^^ is the fishing mortal-

ity rate at which yield per recruit

is maximized (Beverton and Holt,

1957). A related reference point is

Fq j
which is the fishing mortality

rate where the slope of the yield per
recruit curve is 10% of the slope at

the origin (Gulland and Boerema,
1973). Fishing at

F„,^^. or F^^ re-

sults in maximal or nearly maximal

yield from a fishery when recruit-

ment is independent of stock size.

A limitation of this class of refer-

ence points, however, is that reduc-

tions in recruitment are often evi-

dent when stocks are depleted to low

levels (e.g. Overholtz et al., 1986).

Thus, management advice based on

^max ^^ ^0 1
^^^ result in declines

in abundance through recruitment

overfishing (Sissenwine and Shep-
herd, 1987), ultimately resulting in

reduced total yield from a stock.

As a counterpart to reference

points based on yield per recruit, sev-

eral reference points based on stock-

recruitment considerations have

been developed. The goal of these

reference points is to provide a mea-
sure of fishing mortality that will

likely avoid recruitment overfishing.

An example of this type of reference

point is F^gj which is based on the

median of the observed levels of re-

cruits produced per unit of spawn-

ing stock biomass (R/SSB) (Sissen-

wine and Shepherd, 1987). The ra-

tionale behind this reference point is

that fish abundance is maintained

when the spawning stock biomass

produced by a cohort over its lifetime

is equal to the spawning stock bio-

mass of the parent population when
the cohort was spawned. Related to

F„j^^ is a set ofreference points based

on the spawning stock biomass per
recruit (SSB/R) in relation to the

SSB/R that would be produced if the

'Anonymous. 1996. Report of the 20th

Northeast Regional StockAssessment Work-

shop 1 20th SAW ): SAW Public Review Work-

shop. Northeast Fisheries Science Center

Reference Document 95-19. National Oce-

anic and Atmospheric Administration, Na-

tional Marine Fisheries Service, Woods Hole,

MA, 52 p.
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stock were not fished (Gabriel et al., 1989; Clark,

1991 ). These reference points are termed percent max-

imum spawning potential (%MSP) or spawning per

recruit (SPR) reference points. As an example, Gabriel

et al. (1989) found that fishing at F,,,^^ for Georges
Bank haddock results in a SSB/R ratio of about 30'7(

(Fg,),,
) of the SSB/R that would be produced if the stock

were not fished.

There are several limitations to this group of refer-

ence points. First, the population-level effect of fishing

above or below a given reference point is not immedi-

ately obvious. For example, if fishing at
F.^,y^

results

in a stable population, the rate of population decline

when fishing mortality results in a 20% MSP is not

clear. Secondly, although the use of the median SSB/R

is an attempt to determine the SSB/R ratio with a

robust estimator, the effects of variability in recruit-

ment have not been closely examined in the estima-

tion process. There is also an implication that two fish-

ing mortality patterns (i.e. combination of fishing in-

tensity and age at entry into the fishery) that produce
the same SSB/R will result in equivalent impacts on

the population. To my knowledge, this implication has

not been investigated. Finally, these reference points

treat the R/SSB ratio as being independent of stock

size. Although the stock-recruitment relationship for

many stocks is so weak and highly variable that this

is a reasonable approach (Clark, 1991), this assump-
tion should be examined on a case-by-case basis.

The goal of this paper is to explore a method for

computing a reference point based on stock-recruit-

ment data that overcomes some of the limitations of

^nud ^^^ related reference points concerned with re-

cruitment overfishing, hi particular, this method al-

lows for 1 ) a direct determination of the population-

level impact of fishing above or below the reference

point and, 2) incorporation of information on recruit-

ment variability into the estimated reference point.

This method does not, however, take into account any
curvature in the stock-recruitment relationship (i.e.

this method assumes that recruitment is proportional

to spawning stock biomass). Although this assump-
tion is not always met, the reduction in abundance

that occurs for most exploited fish stocks results in

a reduced magnitude of density-dependent effects on

recruitment. Thus, the use of this reference point is

likely to be reasonable for fish stocks that have al-

ready been exploited (Francis, 1997).

Methods

The proposed method is founded on an eigenvalue

analysis of Leslie matrices representing the popula-
tion's djmamics under exploitation- As such, the model

is specifically intended for use for fish with a single

breeding season per year. The underlying model is

based on one developed by Quinn and Szarzi (1993),

which led to determination of the fishing mortality

(F^^) that resulted in a stationary population in a Les-

lie matrix setting. Their results are extended by exam-

ining the effects of recruitment variability on the ref-

erence point and the relationship between this method
and %MSP methods. This model is conceptually sim-

ilar to those used for environmental impact assess-

ment of power plants (e.g. DeAngelis et al., 1977; Co-

hen et al., 1983: Goodyear and Christensen, 1984) but

differs in that it focuses on sustainable harvest rates

across several age classes, whereas environmental im-

pact assessment models typically focus on mortality
of early life stages. Related methods have also been

presented by Getz and Haight ( 1989). Their methods,

however, are not explicitly framed toward providing a

reference point for a fishery. Further, their methods

are based on catch (in numbers or weight) whereas

my methods are based on fishing mortality rates.

Developing a Leslie matrix representation of

harvesting: deterministic case

Consider initially a population with no harvest, and

where abundance estimates are available on an an-

nual basis at the time of breeding. If we assume that

the vital rates (i.e. age-specific reproduction and sur-

vival) are constant, the dynamics of the population
can be represented by a Leslie matrix

L,^;
(see Table 1

for a list of symbols and their definitions):

£(0)
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tion, however, only one level of fishing will satisfy

this condition. Note that the converse is not true; for

a given level of fully recruited fishing mortality, nu-

merous partial recruitment functions can satisfy the

above condition. Because of the nature of these rela-

tionships, I will focus on those situations where the

partial recruitment function is specified and solve for

the level of fishing that is sustainable. Once the selec-

tion pattern and fully recruited fishing mortality are

set, Ap can be found by the power method as described

by Johnson and Riess ( 1981 ).

Example of maintenance fishing mortality:

deterministic case

Data from Georges Bank haddock (Melanogrammus
aeglefinus) are used to illustrate the computation and

application of this reference point. For ease of discus-

sion, I first present general results assuming knife-

edge recruitment to the fishery at age t^,
with full vul-

nerability thereafter.

Age-specific fecundity equivalents (X(i); Table 2)

were computed as

Xa) = W(i)xPM{i),

where W(/) = mean weight (kg) at age /; and

PMii) = proportion of females mature at age i.

and spawning stock biomass was computed as the

product of fecundity equivalents and number of fish

at age. Mean weight at age iW{i))and proportion of fe-

males mature ^PM^ i ) ) reported by O'Brien and Brown^
were used in this analysis. The instantaneous natural

mortality rate (Mii)) of haddock age 1 and older is 0.2

(Clark et al., 1982), and a maximum age of 15 was
used following Gabriel et al. ( 1989).

I computed annual R/SSB (Table 3) from the ratio

of number of female fish at age 1 to their parental
female spawning stock biomass (Clark et al., 1982;

O'Brien and Brown^; Hayes and Buxton^) for the pe-

riod 1931-94. For the entire data series, R/SSB aver-

aged 0.5902. As noted by Gabriel et al. (1989), how-

ever, the R/SSB ratio (reflecting age-0 survival) ap-

pears to have declined following the collapse of the

Georges Bank haddock stock during the early 1960s.

2
O'Brien, L., and R. W. Brown. 1996. Assessment of the

Georges Banlt haddock stock for 1994. Northeast Fisheries

Sdence Center Reference Document 95-13. National Marine
Fisheries Service, Northeast Fisheries Science Center, Woods
Hole, MA. 107 p.

'
Hayes, D. B., and N. G. Buxton. 1991. Assessment of the

Georges Bank haddock stock. Papers of the Northeast Regional
Stock Assessment Workshop, Research Document SAW 13/1,

126 p.



Hayes: A biological reference point based on the Leslie matnx 79



80 Fishery Bulletin 98(1

0.2

to harvesting. The analysis of the LesHe

matrix offers information not available

in the analysis of SSB/R, however. First,

the consequences of ovei"fishing or "un-

derfishing" are clearly evident from the

graph of A, against fishing mortality rate.

For example, for an age at entry of 3

years, F^^ is 0.465. If the fishing mortal-

ity rate was limited to 0.20 (for exam-

ple), the population would be expected
to increase at a rate of about 8.8% per

year (Fig. 1). Likewise if fishing mortal-

ity was increased to 1.0, the population
would be expected to decline at a rate of

about 10.3% per year (Fig. 1).

When %MSP is plotted against lambda

resulting from various levels of fishing

mortality and ages at entry into the fish-

ery, it is apparent that equal %MSP val-

ues are obtained for the same lambda

only at two points along each of the

curves. The first point is for the unfished

population when lambda is at a maxi-

mum and there is 100% MSP. The second point where

all 7fMSP values are equal is when lambda is equal to

1.00 (Fig. 2). These results demonstrate the assertion

that fishing mortality rates that result in equal %MSP
values do not necessarily result in the same population

dynamics (i.e. the same rate of increase or decrease).

The reason for this disparity is that in a growing or

declining population, the timing of reproduction dur-

ing the lifetime is important, as well as the total life-

time egg production. For example, when a population is

growing, earlier realization of lifetime spawning poten-
tial contributes more to population growth than later

reproduction. This relationship is evident when the for-

mula for lifetime spawning stock biomass (on which

%MSP is based) is compared to the formula for repro-

ductive value, upon which the rate ofpopulation change

depends. Observe that lifetime spawning stock biomass

per newborn individual is (Gabriel et al., 1989)

Age at entry

5 Maintenance

4 level

Current

3

0.0

—\—
0.5

—
I

—
1.0 1.5

—
I

—
2.0 2.5

Instantaneous fishing mortality

Figure T

Rate of population increase (lambda) in relation to instantaneous fishing

mortality (F) for a range of age at entry into the fishery.

SSB/Nq = S(0)W( 1 )PM( 1 ) -t- S( )S( 1 )W( 2 )PM( 2 ) -i-

S(0)S(1)S(2)W(3)PM(3) + ... .

This formula is equivalent to that for the "net repro-

ductive rate" (Caswell, 1989) which is the expected
number of offspring produced by a newborn over its

lifetime. With the above notation, the reproductive
value (Caswell, 1989) ofan age-1 individual can be ex-

pressed as

Reproductive
value =

S(0)S(1)W(2)PM(2)A-' +

S( |S( 1 )S( 2 )W( 3 )PM( 3 )A-2 +

S(0)S(l)S(2)S(3)W(4)PM(4)A-3 +

Table 4

Sustainable fishing mortality (F^,) and %MSP as a function

of age at entry (tj for Georges Bank haddock.

t. F„ '?MSP

27.20

27.20

27.20

27.20

27.20

1
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termination of how rapidly the stock will

be rebuilt under various levels of fishing

mortality.

Developing a Leslie matrix

representation of harvesting:

stochastic case

One of the major challenges facing fish-

ery managers is to determine appropriate

reference points for fish populations that

show variable recruitment. When one or

more elements of the Leslie matrix vary
in a stochastic fashion, no general closed-

form expressions for the growth rate of

the population are available (Tuljapurkar,

1989). Results of theoretical studies of sto-

chastic Leslie matrices are useful, how-

ever, in guiding the analysis and interpre-

tation of matrices with entries that vary
over time. Two results summarized by

Tuljapurkar (1989) that are particularly

useful in this analysis are

1 The analog to lambda for deterministic matrices

is the mean population growth rate, in contrast to

the growth rate of the average population. This is

equivalent to the mean rate of change in the loga-

rithm of population size (N).

2 The distribution ofprojected population size (AO over

time tends towards a lognormal distribution when
the dynamics are governed by a stochastic matrix.

From these results, maintenance fishing mortality can

be defined as the fishing mortality that results in an

average population growth rate of (equivalent to

Ag=l). Because this measure is analogous to lambda,
I will use the symbol A for its representation but em-

phasize that computationally the measures for deter-

ministic and stochastic Leslie matrices differ. An im-

portant corollary of the above two results is

3 A population growing deterministically at the mean
growth rate does not produce the mean of the pop-
ulation sizes produced in the stochastic represen-
tation. Nor does a deterministic matrix composed
of the means of the stochastic matrices produce a

population with the same dynamics as applying
the stochastic matrices.

To illustrate these theoretical results, I performed a

simulation of the Georges Bank haddock stock dy-
namics using a stochastic Leslie matrix. In this case,

I focused on the effects of stochastic age-0 survival

as represented by R/SSB. I performed this simulation

1.15 -



82 Fishery Bulletin 98(1)



Hayes: A biological reference point based on the Leslie matrix 83



84 Fishery Bulletin 98(1)

cause it can fully represent the information contained

in the distribution of observed R/SSB values. Also, a

stochastic simulation can be used to provide a mea-

sure of the uncertainty associated with estimates of

the biological reference point. The use of the mean

population growth rates instead of the mean of the

population sizes is justified on theoretical grounds

(Tuljapurkar, 1989). As shown in Table 6, use of the

mean R/SSB in a deterministic analysis or the rate

of growth of the mean population size in a stochastic

simulation tends to result in higher estimates of sus-

tainable fishing mortality (or, alternatively, a higher

estimate of population growth rate for a given fishing

mortality rate) than does the stochastic simulation

where the mean of population growth rates are used

as the output. 1 feel that the reason for this difference

hinges on the distinction between projections and fore-

casts (Caswell, 1989) . If we view the long-term simu-

lation results as forecasts, this implies that we could

use the distribution of population size ( and the mean

of the distribution) as the best estimate of the future

state of the population. In these simulations, however,

the mean population size is strongly influenced by the

very high values that occur in the right-hand tail of

the lognormal distribution. These estimates are far

above what has ever been observed for this stock, and

are probably not biologically realistic. As such, they

should not be treated as true forecasts of the future

population. In contrast, if we view the analysis as a

projection, the goal is not to forecast future popula-

tion size but rather to use the results to detennine the

population growth rate that is represented by the cur-

rent Leslie matrix. By knowing the curi'ent population

growth rate, it is possible to find the fishing mortality

rate that maintains an expected value for population

growth of zero, which would result in a statistically

stationary population.

In a stochastic setting, the entire distribution of

FJ/SSB ratios is used to portray the reproductive suc-

cess for the stock. When a deterministic analysis is de-

sired, however, it is necessary to choose among several

possible measures of central tendency for the R/SSB

ratio. Sissenwine and Shepherd (1987) advocated the

use of the median R/SSB ratio as a way of robustly

portraying the reproductive success of a stock. Their

rationale was that the frequency of relatively poorer

recruitment is balanced by years of better recruitment

when the median R/SSB is used. Table 6 illustrates,

however, that using the median of the observed R/SSB

ratios can result in estimates of sustainable fishing

mortality that are substantially different from the sto-

chastic simulations, which are arguably the best to

represent the population's dynamics. The use of the

mean of the observed R/SSB ratio as the measure

of central tendency can likewise result in estimates

of sustainable fishing mortality that differ from the

standard set by stochastic simulations. The primary

reason for this difference is that use of a mean of

the observed ratios is biased high in relation to the

preferred estimator of the ratio ( in this case the sum

of recruitm'ent over the sum of spawning stock bio-

mass; Cochran, 1977). As such, the use of the mean

of the observed R/SSB values can also be inaccurate.

Among the measures presented here, the estimator

Ireciaiitment/Sspawning stock biomass should be used

as the measure of central tendency for the R/SSB ratio

in deterministic analyses. The use of this measure re-

sults in point estimates of sustainable fishing mortal-

ity that are essentially the same as a full stochastic

analysis.

Although the Leslie matrix is a useful tool to por-

tray the dynamics of harvested populations and to de-

termine appropriate reference points, several issues

arise that are of considerable practical importance.

As alluded to earlier, a significant challenge is how

to detennine what is an appropriate distribution for

the R/SSB ratio. Because of the variability in R/SSB

over time and the occurrence of occasional large year

classes, it is very difficult to determine what time

frame is representative of the present. Although the

answer to this question is beyond the scope of this pa-

per, 1 feel that the best approach is to plot the mean

R/SSB ratio over progressively longer time periods

back from the present to determine if there are any

temporal trends or epochs in the data set. The analyst

should then use his or her judgment based on other

biological information over time (such as stock size,

mean weight per individual at age, and maturation

schedule) to determine an appropriate period to use as

the basis for stochastic simulations. It is important to

emphasize that the dilemma of choosing a representa-

tive time period is not unique to analyses in which the

Leslie matrix is used, and the same problem arises for

computing any biological reference point.

In addition to the difficulty of determining what is a

representative time period for the present population,

a fundamental question is how to represent the dy-

namics of populations with a density-dependent stock-

recruitment relationship. In principle, this can be ap-

proached by altering the R/SSB ratio as a function of

stock size (e.g. Quinn and Szarzi, 1993). Although I

agree with Quinn and Szarzi's (1993) approach, the

challenge of accurately specifying the distribution of

R/SSB ratios at different stock sizes is even greater

than specifying the current distribution.

As a final comment, biological reference points for

fish populations are not necessarily targets for fish-

ery management (Mace, 1994), nor are they inviolate

boundaries that may not be crossed. Rather, they are

most useful as a means ofcomparing the consequences
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of different choices among fishery management op-

tions. For example, it is appropriate to allow fishing

mortality to exceed the biological reference point if the

goal is to reduce an overly abmidant fish stock. Like-

wise, they can be useful in projecting the likely growth
of a population under more restrictive fishery man-

agement measures. In the end, however, they may be

most useful as a reminder and a warning that there

are limits to the productive capacity offish population
and that if we consistently exceed their limits, popu-
lation declines are almost certain to occur (Francis,

1997; Myers, 1997).
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Abstract.—We conducted a large-scale

field experiment to test whether clam

and oyster harvesting applied alone and

in combination on intertidal oyster reefs

have impacts on resident shellfish pop-

ulations. This experiment was conducted

to resolve a long-standing conflict be-

tween oyster iCrassostrea virginica

(Gmelin, 1791)) and clam (Mercenaria

mercenaria (Linneaus, 1758)) fishermen

who contend that the other fishery causes

high rates ofmortality to their respective

species. Intertidal oyster reefs located in

two estuarine creeks near Wilmington,
North Carolina, were harvested for clams

only, oysters only, both clams and oys-

ters, or were left undisturbed as controls.

Experimental harvesting was conducted

over a one-year period by a professional

shellfisherman who used realistic fish-

ing techniques (clam rakes and oyster

tongs), intensity, and frequency. Har-

vesting impact on hard clam and oyster

populations was assessed by sampling

naturally occurring oysters before and

after harvesting, and sampling both nat-

urally occurring clams (all size classes)

and transplanted, hatchery-raised clams

(20-37 mm in length) after harvesting.

Clam and oyster harvesting had obvious

negative effects on populations of oys-

ters. There was a substantial decrease in

the number of live oysters on clam-har-

vested and oyster-harvested reefs com-

pared with unharvested, control reefs.

Clam and oyster harvesting, applied

together, reduced oyster densities and

killed unharvested oysters at a level sim-

ilar to that caused by each type of har-

vesting applied separately. The effects of

the shellfish harvesting on populations of

hard clams varied between the two sites

(i.e. creeks). In both creeks, clam har-

vesting, alone and combined with oyster

harvesting, significantly decreased the

number of live, naturally occurring

clams. Oyster harvesting alone decreased

the number of live, naturally occurring

clams only at one site. Clam harvesting

also decreased the number of live, trans-

planted clams on reefs, but there was

no effect of oyster harvesting, because

the transplanted clams were juveniles

too small to be harvested with oyster

tongs. Overall, the combined effect of

both types ofharvesting applied together

did not have a negative synergistic effect

on clam and oyster populations. Conse-

quently, both clamming and oyster har-

vesting should be permitted on some

reefs, but maintaining large populations

of oysters and clams on intertidal oyster

reefs will require protection ofsome reefs

from both types of harvesting.
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Marine fisheries are an important
source of employment and protein

for humans but can negatively affect

marine organisms and ecosystems

(Dayton et al., 1995; Engel and

Kvitek, 1995; Botsford et al., 1997).

The most obvious negative ecolog-

ical effects of fishing result from

over-harvesting of target species,

incidental mortality ofnontarget spe-

cies ("bycatch"), and fishery-related

disturbances to marine habitat ( FAO,

1993; Dayton et al., 1995). Ofcourse,

fisheries over-exploitation and hab-

itat destruction also threaten the

sustainability of the fishing indus-

try. At present, 44'^ of the worlds

fish stocks are fully to heavily

exploited, and 22'7( are overexploited

or depleted, indicating most fisher-

ies are not managed for long-term

sustainability (Botsford et al., 1997).

The degradation and destruction of

marine biogenic habitat (e.g. coral

reefs, seagrass beds, mangrove for-

ests, and oyster reefs) by dredging,

trawling, use of explosives, and poi-

soning reduces fishery production by

removing habitat essential for the

recruitment, growth, and survival of

fishery and prey organisms (Winslow

1881, a and b; Peterson et al, 1987;

Norse, 1993; Rothschild et al., 1994;

NRC, 1995; Lenihan and Peterson,

1998). The sustainability of a fishery

is often threatened when competing
fisheries exploit a common resource

or negatively impact a commonly
used habitat. For example, when the

bycatch of one fishery is within a

food web supporting another fishery

(West and Gordon, 1994), or when
a fishery destroys habitat impor-
tant to the life history of other fish-

ery species (Russ and Alcala, 1996),

heated political battles arise and the

livelihood of many people may be

lost. Resolving such fishery conflicts

has important ecological and eco-

nomic consequences and is of major
concern to fisheries managers and

ecologists worldwide (McAllister and

Peterman, 1992). This paper pres-

ents the results of an experimental

analysis of whether two economi-

cally valuable fisheries conflict and

provides management recommenda-

tions to resolve the conflict.

High productivity of fishery stocks

in estuaries and shallow water coastal

habitats often induces intense exploi-

tation ofa common species or habitat

by multiple, potentially conflicting

fisheries (Peterson et al., 1987). In

many estuaries along the Atlantic

coast of the USA, intertidal oyster

reefs are harvested for hard clams

{Mercenaria mercenaria ) year round,
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and for oysters iCrassostrea virginica ) in the fall and
winter (i.e. October-March). In recent years, clam and

oyster (i.e. "shellfish") harvesting on oyster reefs has

led to conflict between the two fisheries, and between

fishermen and habitat managers over the issue ofhab-

itat degradation, especially in the southeastern United

States (e.g. Frankenberg^; Noble-^). Oyster fishermen

claim that the harvesting of clams from intertidal

oyster reefs decreases resident oyster populations,
and vice-versa, because each type of fishing kills or

removes the other species. Rakes and hand tongs used

for the two types of shellfishing appear to increase the

mortality of the sessile reef animals by burying them
beneath sediments, fracturing their shells, or causing
other physical damage (Noble^). In addition, bodies of

dead and wounded animals left behind may attract

scavengers and predators, thereby increasing preda-
tion intensity on healthy live animals (Dayton et al.,

1995). Habitat and fishery managers are concerned

that the physical destruction of oyster reefs caused by

shellfishing will negatively affect many other fishery

organisms that recruit to and utilize oyster reef habi-

tat, including many species of fishes (Breitburg et al.

1995, Lenihan et al., 1998, Luckenbach et al., 1998)

and the blue crab (Callinectes sapidus (Rathbun))

(Bahr and Lanier, 1981; Zimmerman etal., 1989; Leni-

han et al., 1998; MicheU and Peterson, 1999). Shell-

fishing also reduces the overall size of reefs because

shell material is broken or removed along with the

target species (Lenihan and Peterson, 1998; Coen^).

Reducing the size of reefs is thought to decrease the

abundance of clams because less habitat is available

for adults and recruits (Arnold, 1984; Sponaugle and

Lawton, 1990; Peterson et al., 1995). Decreasing the

size (i.e. height) of oyster reefs also reduces oyster

production because flow speed over reefs diminishes,

causing sediment to accumulate and oyster growth
and survival to decrease (Lenihan, 1999; Lenihan et

al., 1999). In contrast to the negative effects of shell-

fish harvesting, many fishermen claim that "turning
over" the shell matrix of oyster reefs during harvest-

ing improves clam and oyster production because it

removes accumulated sediment. In North Carolina

and many other Atlantic coast states, both types of

shellfishing are allowed on reefs and conflicts between
the fisheries continue (e.g. Frankenberg'; Marshall'').

'

Frankenberg, D. 1995. Report of North Carolina Blue Ribbon

Advisory Council on oysters. North Carolina Department of Envi-

ronmental Health, and Natural Resources, Raleigh. NC, 101 p.
^ Noble, E. B. 1995. Destruction of oyster rocks by individuals

taking clams by legal hand harvest methods. Report ofthe North
Carolina Division of Marine Fisheries, Morehead City, NC, 11 p.

^ Coen. L. D. 1995. Areview of the potential impacts of mechani-
cal harvesting on subtidal and intertidal shellfish resources. A
report prepared by the South Carolina Department of Natural

Resources, Marine Resources Research Institute, SC, 111 p.

Whether oyster harvesting, clam harvesting, or both

types of fishing activities together have negative

impacts on shellfish populations of intertidal oyster
reefs is a matter of opinion and has not been tested

experimentally.
A comparison ofthe biological impact ofvarious fish-

ing practices by using large-scale field experiments is

an efficient method of resolving many fishery-related

conflicts (McAllister and Peterman, 1992) and is an

important component of adaptive management strat-

egies (Walters, 1986). Such experiments are usually

designed so that replicate areas (i.e. treatments) are

fished, by using each technique separately and by using
a combination of techniques, while other areas (i.e. con-

trols) are closed to fishing. For these experiments to be

meaningfial, they must be conducted on realistic tem-

poral and spatial scales, and the fishing treatments

must be applied through the actual fishery (McAllister

and Peterman, 1992). The success of such experiments
also depends heavily on close working relationships

among fishermen, fisheiy ecologists, and fishery man-

agers (Grumbine, 1997). For adaptive management,
the results of initial (i.e. "prototype") experiments are

used to design new management strategies that are

subsequently tested on even larger temporal and spa-
tial scales. Such adaptive management strategies and
the use ofexperimental approaches are often discussed

in fisheries management, but in reality are rarely

attempted (e.g. Walters, 1986; Botsford et al., 1997).

We conducted a large-scale field experiment to test

the effects of hard clam and oyster harvesting, sepa-

rately and in combination, on oyster and hard clam

populations living on intertidal oyster reefs in North

Carolina. Specifically, we tested whether 1) the den-

sity of live and dead oysters varied among oyster
reefs that were harvested for clams, harvested for oys-

ters, harvested for clams and oysters, or were unhar-

vested; 2) the density of live and dead clams varied

among oyster reefs subjected to the same four harvest-

ing treatments; and 3) the joint application of both

shellfish harvesting practices has a synergistic (i.e. a

multiplicative) effect on each species. If applying both

types of harvesting to the same reefs enhances poten-

tial negative effects of each harvesting type, a possible

management option would be to allow clam and oyster

harvesting only on separate reefs. This experiment was

designed and conducted with the combined effort of a

clam and oyster fisherman,
">

ecologists,^ and habitat

^Marshall, M. 1996. North Carolina Division ofMarine Fisheries,

3431 Arendell St.. Morehead City, NC, 28557. Personal commun.
''

Cummings, R. A. 1996. For address contact H. S. Lenihan.

Institute of Marine Sciences, 3431 Arendell, Morehead City, NC
28557. Personal commun.

"
Peterson, C. H., and H. C. Summerson. 1997. Institute of

Marine Sciences, 3431 Morehead City, NC 28557.
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managersJ and is a prototype experiment for adaptive

management of shellfisheries in southeastern North

America.

Methods

Study sites

The intertidal oyster reefs used in this study were located

in two large tidal creeks, Pages and Whiskey Creeks, sit-

uated on the Intercoastal Waterway near Masonborough
Inlet, Wilmington, North Carolina. The two creeks con-

sisted ofwell-flushed sandy to muddy bottom tidal chan-

nels 0-2 m in water depth. Channels in each creek were

separated by small to large patches of marsh iSpartina

alterniflora ) habitat surrounded by oyster reefs created

by Crassostrea virgimca. The two creeks were chosen

because they have been permanently closed to fishing for

about the last ten years owing to high coUform bacteria

counts caused by the seepage of septic tanks from sur-

rounding homes. Both creeks are highly productive, sup-

porting large populations of fishes, birds, crabs, clams,

and oysters. Tides in each creek are predominantly M-2

lunar tides, and the tidal range is 1-2 m in both creeks.

Four large oyster reefs (9-13 m wide x 45-55 m long),

each containing relatively high densities of oysters and

hard clams, were chosen in each creek. The reefs were

situated 150-200 m from the mouth of each creek. The

salinity near the experimental reefs was 22-34 psu

throughout the course ofthe experiment and water tem-

perature was 3-30°C.

Three to five permanent 6-m long x 1-m wide tran-

sects were established haphazardly on each oyster reef

by using PVC poles with rebar anchors between 1-14

June 1996. A total of sixteen transects were estab-

lished in each creek at approximately 0.5 m above

the mean low tide level. The sixteen transects pro-

vided a total of four replicates of each of the following

four harvest treatments: clam harvesting only, oyster

harvesting only, clam harvesting and oyster harvest-

ing combined, and no harvesting. Reefs and transects

were located in areas where disturbances caused by

shellfishing, boat traffic, or other human activities did

not normally occur. We found no evidence suggesting
that experimental reefs were physically or chemically
disturbed throughout the course of the experiment.

Sampling of clams and oysters

The density of live and dead oysters on each experi-

mental oyster reef was measured between 5 and 10

^
Carpenter, R., and M. Marshall. 1996. North Carolina Division

of Marine Fisheries, 3431 Arendell St., Morehead City, NC 28557.

July 1996 before harvest treatments were applied.

Oyster density was measured by counting (but not

removing) oysters in three 0.25-m^ permanent plots

established in each of the sixteen transects in each

creek. Plots were established by stretching a measur-

ing tape between the two PVC poles marking each

transect and by placing a PVC quadrat at 0.5-, 2.5-,

and 3.5-m distance. All live and dead oysters were

counted in each quadrat. The density of naturally col-

onized clams was not determined prior to the appli-

cation of harvest treatments to avoid disturbing the

reefs and potentially influencing the condition of the

remaining clams and oysters. Instead, between 5 and
10 July, 16 hatchery-raised clams provided by ARC,
Inc. of Atlantic, North Carolina, were placed in each

of three 1-m- quadrats established within each 6-m

transect. This introduction of transplanted clams was
done to assure that enough clams were present for

the experiment. The 1-m- quadrats were also placed
at 0.5, 2.5, and 3.5 m distance along the transects.

Before being transplanted, hatchery clams were dyed
in Alizarin red dye in order to distinguish them from

natural clam populations (Peterson et al., 1995). Of
the 16 clams in each plot, eight were 20-25 mm in

length, and eight were 27-32 mm in length.

Between October 1996 and March 1997, oysters were

harvested with hand tongs during low tides within the

1 ) oyster harvesting and 2 ) clam and oyster harvest-

ing treatments. Oysters were harvested for the same
total period of time (3.75-4.0 h/transect) along the

entire length of each transect. From August 1996 to

May 1997, clams were harvested during low tides with

clam rakes and clam tongs from the 1 ) clam harvest-

ing and 2) clam and oyster harvesting treatments,

and for approximately the same total period of time

(i.e. 3.75-4.0 h/transect). The total number of natu-

rally occurring and transplanted clams and oysters

removed during the harvest was recorded. All harvest-

ing was conducted by R. A. Cummings, a professional

shellfisherman.

The density of live and dead clams and oysters

remaining on experimental reefs was sampled 10-23

July 1997, after termination of the harvesting treat-

ments. Clams and oysters were sampled several months

after the last clam harvesting in May so that any poten-

tial long-term effects of harvesting were realized. For

example, unharvested clams and oysters remaining on

reefs may have been injured during harvesting and

died after several weeks. Oysters were sampled by plac-

ing a measuring tape along the transects and counting
all oysters within the three 0.25-m2 quadrats at 0.5-,

2.5-, and 3.5-m distance along each transect. Clams
were sampled by digging up the top 25 cm of sediment

from each 1-m- sampling plot. The sediment was then

passed through a 1-mm sieve to remove all clams.
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were caught in oyster tongs during oyster harvest-

ing, which was conducted from October 1996 to March
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Table 3

Mean square errors (MS), F ratios, and corresponding significance levels of (P) two-way fixed factor ANOVAs comparing densities of

live and dead oysters, and proportions of dead oysters (per 0.25 m-) among intertidal oyster reefs afler application of experimental

harvest treatments ( 10-23 July 19971. The main factors in ANOVAs were creeks (Pages and Whiskey Creeks) and harvest treatment

(clamming, oystering, both, and neither).
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Figure 3

Mean density of live and dead naturally-occurring hard

clams found after ( 10-23 July 1997 1 application of experi-

mental harvest treatments in Pages and Whiskey Creeks,

NC. Data are means and one standard error (^=4) of

counts taken within 1.0-m'^ quadrats. Results of SNK
post hoc comparisons are illustrated with letters above

bars (a>b at P<0.05). Separate ANOVAs and SNK tests

were used to compare numbers of live and dead clams.
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Rgure 4
Mean percentage of naturally-occurring hard clams found

dead after (10-23 July 1997) application of experimental

harvest treatments in Pages and Whiskey Creeks, NC.

Data are means and one standard error (?!=4) of counts

taken within 1.0-m'-^ quadrats. Results o{ SNK post hoc

comparisons are illustrated with letters above bars (a>b

at P<0.05 ).
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tions on intertidal oyster reefs. Both types of shellfish

harvesting, applied separately or together, reduced

the densities of live oysters by 50-80% compared with

densities at unharvested reefs. Surprisingly, there

was no difference among the effects of clam harvest-

ing only, oyster hai'vesting only, and clam and oyster

harvesting combined on the density of live oysters.

We expected oyster harvesting to reduce oyster pop-
ulations more than clam harvesting because oyster

harvesting removes oysters whereas clam harvesting

targets clams only (see Table 2). We do not know the

effect of clam and oyster harvesting on oysters <1

mm in length; therefore further experiments should

be conducted to determine their fate. Results of our

experiment show conclusively that the density of live,

adult oysters was significantly reduced on reefs that

were harvested for clams only (Fig. 1 ). Therefore, clam

harvesting has important negative effects on oysters,

most likely through increased oyster mortality.

We did not investigate the specific mechanisms

underlying the negative effect of clam harvesting
on oyster populations, but obsei-vations made during

experimental harvesting indicated that clamming with
rakes killed oysters in two ways. First, during the pro-

cess of clamming oyster shells were cracked or punc-
tured (senior author, personal obs.) Severely wounded

oysters probably died. Oysters were also indirectly

killed during clamming when they were buried or

smothered beneath sediments that were removed in

the process of digging for buried clams (senior author,

personal obs.). Another potential, but unobserved,

mechanism potentially leading to enhanced oyster

mortality during clamming was that predators (e.g.

blue crab and the sheepshead fish, Archosargus pro-

batochephalus) were attracted to the reefs by wounded

oysters and by sediment disruption, thereby enhanc-

ing predation intensity on oysters (e.g. Dayton et al.,

1995). It did not appear that oysters were spread
around on the experimental reefs by clam harvesting,
thus reducing their densities in sampling plots.

Effects of clam and oyster harvesting on naturally

occurring populations of hard clams were less clear

than effects of clam and oyster harvesting on oysters.

Clam harvesting, both alone and in combination with

oyster harvesting, decreased densities of live clams

by 50—90'%^ compared with unharvested reefs. This

result was expected because clam harvesting removes

large numbers of clams (see Table 2). Because clams

are motile, it is possible that some clams emigrated
from sampling plots following the harvest disturbance,

thereby accounting for some reduction in clam density.

However, this movement is unlikely to have accounted

for a large proportion of the reduction in clam densi-

ties because the sampling plots covered much of the

area on reefs inhabited by clams. Oyster harvesting
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Figure 5

Mean density of live, dead, and missing hatchery-raised

hard clams after (10-23 July 1997) application of experi-

mental harvest treatments in Pages and Whiskey Creeks,

NC. Sixteen clams were placed in each 1.0-m-^ quadrat
between 5-10 July 1996. Data are means and standard

errors («=4) of counts taken within 1.0-m'-' quadrats.

Results of SNK post hoc comparisons are illustrated with

letters above bars (a>b at P<0.05). Separate ANOVAs and

SNK tests were used to compare numbers of live, dead, and

missing clams.

alone also reduced the density of live clams but only at

one site. Pages Creek. At Whiskey Creek, the density
of live clams after harvesting was similar between oys-

ter-harvested and control plots, indicating that oyster

harvesting had little effect on clam survival (Fig. 3).

A negative effect of oyster harvesting on clams may
be caused both by direct removal of clams as bycatch
(Table 2) and enhanced clam mortality through mecha-

nisms analogous to those hypothesized for oysters (see

above). Some clams may also have emigrated from the

oyster harvesting treatments following harvesting.

Patterns of survival and mortality of hatchery-

raised clams transplanted to experimental reefs varied

with site and harvest type (Table 5). Fewer live and

dead transplanted clams were recovered from reefs at

Whiskey Creek than at Pages Creek (Fig. 5). In con-
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trast, there were greater numbers of missing trans-

planted clams at Pages Creek than at Whiskey Creek.

Harvest type, specifically clam harvesting, influenced

the number of live transplanted clams but had no sig-

nificant effect on the number ofdead or missing trans-

planted clams. Fewer live, transplanted clams were

found in clam-harvested plots than were found in con-

trol plots at both sites (Fig. 5). Because few of the

transplanted clams were removed from reefs by exper-

imental harvesting, the negative effects of clam har-

vesting on densities of live, transplanted clams may
be explained by increased clam mortality caused by
clam harvesting. Overall, the effects of shellfish har-

vesting appear to be more variable and unpredictable
for clams than for oysters. Our results indicate that

both types of shellfish harvesting can have negative

impacts on clam populations, but that this is a site-

specific phenomenon.
PJesults of this study do not support the hypothesis

that harvesting reefs for both clams and oysters has a

negative synergistic impact on clam and oyster popu-
lations. Clam and oyster harvesting alone had similar

negative effects on densities of live oysters, and thejoint

harvesting of both species on the same reefs did not

decrease the density of live oysters any fuither. Simi-

larly, the negative effects ofclam harvesting on the den-

sity of live clams, and on survival of hatchery-raised

clams were not enhanced when oyster harvesting was

applied in combination wdth clam harvesting. Thus, the

combined harvesting ofboth clams and oysters on inter-

tidal reefs does not cause greater direct or indirect mor-

taUty of shellfish populations than that caused by clam

or oyster harvesting conducted separately.

This experimental analysis has important implica-

tions for the management ofintertidal oyster reefs and

their associated molluscan fishery resources. First,

maintaining high densities of oysters on some inter-

tidal reefs, by preventing both clam and oyster har-

vesting, may help to preserve future oyster harvests

and brood stock. Protecting some reefs from shellfish-

ing will also help preserve the many ecological ser-

vices that oysters and oyster reefs provide, such as

improving water quality through the filtration of sus-

pended particles (Officer et al., 1982; Dame et al.,

1984; Newell, 1988) and creating essential recruit-

ment, refuge, and foraging habitat for economically
valuable fishes and crabs (Bahr and Lanier, 1981;

Zimmerman et al., 1989; Lenihan et al., 1998). Pre-

venting oyster and clam harvesting on some intertidal

reefs will also potentially conserve clam populations
from both the direct and indirect negative effects of

shellfish harvesting, thereby protecting future clam

harvests and brood stock. Overall, allowing the har-

vest of both clams and oysters on some natural and

restored oyster reefs is a rational option because the

combined effect of both clam and oyster harvesting is

no greater than the effect of each harvesting activity

conducted alone. Thus, we recommend that both types
of harvesting be allowed on some reefs but that other

reefs be protected as refuges for shellfish populations
and other reef-associated fauna.

In adaptive fishery and habitat management, the

results of relatively small-scale, prototype experi-

ments, like the one reported here, are used to design

larger-scale comparisons of potential management
options. Therefore, we recommend that the results of

our experiment be used to design alternative shell-

fishery management options that can be implemented
and monitored on relatively large spatial and tempo-
ral scales in North Carolina and other coastal states of

North America. Our recommendation that some natu-

ral and restored oyster reefs be closed from shellfish

harvesting and others opened or restored for the pur-

pose of both clam and oyster harvesting can be used to

identify potential management options. Further test-

ing of the generality of our findings on larger spatial

and temporal scales is necessary because our study
was conducted at only two sites and over a one-year

period. Therefore, our results may not apply to areas

with different environmental conditions (e.g. different

flow and sedimentary regimes, areas of low recruit-

ment) and hai-vesting intensities (e.g. very low and

high levels of hai-vesting). It is necessary to determine

with experiments and simulation models how much

oyster reefhabitat should be preserved from harvesting
to maintain sustainable oyster and clam brood stock

populations and habaitat for the successful recruitment

and sunaval of other fishery organisms.
The following steps should now be taken by fishery

and habitat managers to improve management of the

clam and oyster populations and intertidal oyster reef

habitat: 1 ) identify overall management goals and pos-

sible options; 2) derive specific predictions based, at

least in part, on the experiment results reported in this

study; and 3) design monitoring programs to quantify

the effect of each management option. Whenever pos-

sible, it is highly recommended that fishermen, fish-

ery managers, and ecologists be included in designing
and monitoring large-scale management experiments
because collectively they will provide the highest level

of rigor and reality.
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Abstract.-In 1996 we surveyed the

fishes living on and around seven olT-

shore oil platforms in the Santa Bar-

bara Channel area. We conducted belt

transects at various depths in the mid-

water and around the bottoms of each

platform using the research submers-

ible Delta. The bottom depths of these

platforms ranged from 49 to 224 m and

the midwater beams ranged from 21

to 196 m. We found that there were

several distinct differences in the fish

assemblages living in the midwater

and bottom habitats around all of the

platforms. Both midwater and bottom

assemblages were dominated by rock-

fishes. Platform midwaters were dom-

inated by young-of-the-year (YOY) or

juveniles up to two years old. Rockfishes

larger than about 18 cm total length

were rarely seen in the midwater. The

fish assemblages around the bottoms

of the platforms were dominated by

larger individuals, primarily subadults

or adults. Density of all fishes was sim-

ilar between the bottoms and midwa-

ter of any given platform. However,

the total biomass was much greater on

the bottoms, owing to larger fish living

there. There was a consistently greater

number of species on the bottom than

in the midwater ofeach platform, likely

because of a larger variety of habitat

types on the bottom. The fish assem-

blages also differed among platforms.

We found significantly higher densities

of young-of-the-year rockfishes around

platforms north of Pt. Conception com-

pared with those in the Santa Barbara

Channel, probably because the more

northerly platforms are located in the

more productive waters of the Califor-

nia Current.
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Petroleum production has been a

part ofthe southern Cahfornia econ-

omy since the nineteenth century.

The earhest drilUng took place on

land, but by the early twentieth cen-

tury a large number of piers lined

the coast, tapping into offshore oil

deposits. Hazel, the first offshore

oil platform, was constructed off

Summerland in 1958 (Carlisle et

al., 1964). At the peak of oil drill-

ing in the early 1980s, there were

30 platforms operating in southern

and central California. Currently,

there are 19 platforms in operation
in the Santa Barbara Channel and

off Point Conception (Fig. 1).

Oil platforms provide considerable

habitat for marine organisms. The
earliest structures were relatively

small (23 m long at the surface),

newer platforms, however, are over

100 m long (MBCi). Sessile inverte-

brates (primarily mussels, barnacles

and anemones) encrust the pilings

and well pipes and cover the bottom

to form additional habitat.

Oil platforms have a finite eco-

nomic lifespan and a number of

them are becoming uneconomical

to operate. In 1996, four platforms
were removed from the Santa Bar-

bara Channel, although not without

controversy. There is considerable

debate regarding the fate of these

structures. Some interest groups
would like to leave part or all of

them in place, claiming protection of

fish habitat; others favor complete

removal. Understanding the biologi-

ical communities on the platforms
is crucial to making rational deci-

sions regarding the fates of these

structures. In addition, research on

these platforms could also address

questions regarding the role that

artificial reefs might play in coastal

fish communities. Ultimately, this

research will allow us to contrast

the fish assemblages on platforms
with those of nearby reefs.

Currently, very little is known
about the fish fauna around these

platforms. One relatively compre-
hensive SCUBA survey examined
fish populations around two shallow

inshore platforms. Hazel and Hilda,

during Hazel's first three years and
Hilda's first year of operation (Car-

lisle et al., 1964), Additional cur-

sory surveys were conducted around

these two platforms in 1970 and

1975; Bascom et al., 1976; Allen

and Moore'^). With the exception of

a short-term study of fishes around

platform Hidalgo using a remotely

operated vehicle (ROV) (Love et

al., 1994) and a survey of recre-

ational fishing around Santa Bar-

• MBC( Marine Biology Consultants). 1987.

Ecology of oil/gas platforms offshore Cal-

ifornia. Outer Continental Shelf (OCS)

Studv Minerals Management Service (MMS)
86-0094.

-
Allen, M. J, and M.D.Moore. 1976. Fauna
ofoffshore structures. South. Calif Coast.

Water. Res. Proj. Annu. Rep., Long Beach,

CA, p. 179-186.
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Figure 1

Locations of 19 oil platforms in the Santa Barbara Channel and off Pt. Conception. The seven platforms sur-

veyed in this paper are denoted with stars and labeled.

bara Channel platforms (Love and Westphal, 1990),

no other research has been published on the fishes of

any California oil platform.
In 1995, we began a survey of the fishes living

on and around several platforms in the Santa Bar-

bara Channel area. The surveys were of two t3^es:

a scuba-based study in the surface waters (to 30
m) of the platforms and a submersible survey that

examined the deeper sections of these structures.

However, in 1995, we could not survey any platform
bottoms because of inclement weather. This paper
discusses the results of the 1996 deep survey.

Channel are typically cool because the California

Current flows equatorward from high latitudes year-
round and upwells in the Point Conception and Point

Arguello areas during spring and summer. At the

same time, the cyclonic circulation pattern in the

southern California bight brings warm water flow-

ing poleward along the coast from the east and south

of the Santa Barbara Channel. In general, water

is cooler and more productive in the area of Points

Arguello and Conception than in the Santa Barbara

Channel, particularly compared with the more east-

ern end of the channel.

Materials and methods

Study sites

We surveyed fish assemblages around oil platforms
situated in and just northwest of the Santa Barbara
Channel. Surveys were conducted around the bottom
of six platforms and in the midwater of seven plat-

forms in 1996 (Fig. 1; Table 1). The bottom depth of

these platforms ranged from 49 to 224 m. The mid-

water depths ranged from 21 to 196 m.

The platforms are situated in an area with a com-

plex oceanographic regime. The Santa Barbara Chan-
nel is semi-enclosed, faces east-west, and is bordered

by the Northern Channel Islands on the south and
the mainland on the west. It is embedded within

the much larger California-Baja California coastal

current regime (Brink and Muench, 1986; Hickey,
1992). Surface waters to the north and west of the

Surveys

Using the submersible Delta, we conducted belt tran-

sects around each platform. The submersible main-

tained a speed ofapproximately 0.5 knots and stayed

approximately 2 m from the structure. Transects

were made around the bottom of the platform (from

the substrata to approximately 2 m above the sub-

strata) and around each set of cross beams to a mini-

mum depth of about 20 m below the surface. Dives

were conducted during daylight hours, between one

hour after sunrise and two hours before sunset.

During the transects, researchers made their

observations from the central starboard-side viewing

port. An externally mounted Hi 8-mm video camera

with associated lights filmed the same viewing field

as seen by the observers. Observers identified and

counted all fishes and verbally recorded those data

on the video. All fishes within 2 m of the submarine

were counted. Fish lengths were estimated by using
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calculations "estimated density" (number/m^) and
"estimated biomass "{kg/m-).

This method of estimating transect length and
hence fish density and biomass relies on the assump-
tion that the submersible travels at the same speed
in both habitats. Although we did not have data on

submersible speed, every attempt was made to main-

tain the submersible at the same speed on all tran-

sects during the survey. However, because of debris

on the bottom and water currents in the midwater,
if there were differences in speed, the submersible

was likely to travel slightly faster in the midwater
habitats than on the bottoms. In this case, the sub-

mersible would cover more area per unit time and
the true fish density in the midwater may actually
be slightly lower than our estimated density. We
consider the potential bias introduced by differences

in submersible speed to be minor in relation to the

magnitude of the observed differences in fish densi-

ties between the midwater and bottom transects (see

"Results" section).

We calculated both species richness (number of

species) and species diversity. We used the Shan-

non-Weiner diversity index (H') for all species diver-

sity comparisons (Shannon and Weaver, 1949). We
also calculated a percent similarity index (PSD that

quantifies how similar two assemblages are in terms

of their species composition (i.e. the relative abun-

dance of those species). The index ranges from (no

species shared) to 100'7f (identical composition and
relative abundances). The formula for PSI is

PS/ =
{^min(p„,pj)x 100.

where, p^, and
p^.^

are the proportion of the ith spe-
cies in habitat x and habitat y. PSI was calculated

for each pair of platform bottom assemblages.

Results

Bottom versus midwater transects

We found that there were several distinct differ-

ences in the fish assemblages living in the midwater
and bottom habitats around all of the platforms. We
calculated percent similarity indices (PSI) between
the bottom and midwater assemblages for each plat-

form. These PSIs ranged from 19( to 349c (mean
13.3%). Although both midwater and bottom assem-

blages were dominated by rockfishes, platform mid-

waters were dominated by young-of-the-year (YOY)
or slightly olderjuveniles (<10cm). Rockfishes larger
than about 20 cm were rarely seen in the midwater

cm

E
o

Density (number/minute)

20-1

Biomass (kg/minute)

Figure 2

Regressions of (A) density in terms of number per
minute on density in terms of number per m- and

(B) biomass in terms of kilograms per minute on bio-

mass in terms of kilogram per m- for bottom tran-

sects on all platforms. The regression equations were

used to calculate density and biomass from number
and kilogram per minute into number and kilogram

per ni'^ on the midwater transects. See "Methods"

section for explanation of the conversion.

(Fig. 3). The fish assemblages around the bottoms

of the platforms were dominated by subadults or

adults (11-20 cm) and occasionally harbored very

large individuals (up to 48 cm) (Fig. 3).

Average density per platform of all fishes com-

bined was not significantly different on the bottom

versus the midwater transects (bottom mean density
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Figure 3

Length-frequency distribution for all roclifish species and all platforms combined.

Midpoint length is the midpoint of .5-cm length bins.

(SE)=141.4 fish/lOOm'- (49.0), n=6 platforms; mid-

water mean density (SE)= 115.8 fish/lOOm^ (32.2),

«=7 platforms; Mest, /=0.44, P=0.66). On three plat-

forms, density was higher on the bottom than in mid-

water and on three other platforms the reverse was
true. However, there was a much larger and consis-

tent difference in biomass between bottom and mid-

water transects. For most families and all platforms,
total biomass was higher on bottom than midwater
transects (Table 2). Average biomass per platform
(SE) for all species combined was 19.06 kg/m^' (2.5)

on the bottom and 6.47 kg/m- (2.3) in the midwater

(^test, ;=3.75, P=0.003). This consistent difference

was due to the lack of adult fishes in the midwater.

Fewer species lived on the midwater structures

than on the bottom. Species richness for all rigs

combined was 24 in the midwater versus 40 on

the bottom. Average species richness per platform
was significantly higher on the bottom than in the

midwater (bottom mean richness (SE)=14.7 species
( 1.5); midwater mean richness (SE)=8.2 species ( 1.4);

^-test, ^=3.26, P=0.008). Average species diversity

(H') across platforms was identical between bottoms

and midwaters (bottom mean H' (SE)=:1.2 (0.2); mid-

water mean H' (SE)=1.2 (0.2); ^test, ^=0.09. P=0.99).

We present the remaining results for bottom and
midwater habitats separately.

Bottom habitat

All platforms We identified at least 40 fish species
around the platform bottoms (Table 2). Twenty-seven

species were rockfishes; they were by far the most

speciose group. Rockfishes made up 92. 7*^ of all

fishes on the bottom (Table 3) and represented 96.7%
of the biomass (Table 2).

Halfbanded, greenspotted, copper, vermilion, widow,
and fiag rockfishes, and bocaccio were among the

most commonly observed rockfishes (Table 3). Our
observations indicated that vermilion I'ockfish, flag

rockfish, and bocaccio of all sizes were always closely

associated with the platform structure (Fig. 4A).

Larger copper and greenspotted rockfishes also were

more likely to be very close to the platform. In par-

ticular, flag rockfish were most often seen tucked

well into the space formed by the bottom of the

lowest crossbeam and the bottom (Fig. 4B). Flag and

greenspotted rockfishes were almost always seen on

or very close to the bottom. Halfbanded rockfish, as

well as smaller greenspotted and copper rockfishes,

were less bound to the platform and were often seen

well away from the structure. Juvenile greenspotted
and copper rockfishes were usually nestled within

or just above the mussel, shell-covered substrata.

Vermilion rockfish, and to a certain extent copper
rockfish and bocaccio, would occasionally ascend up
platform legs as much as 5 m.

Flag rockfish, as well as larger bocaccio and ver-

milion rockfish, often were solitary or found in small

groups. The exception occurred at platform Gail,

where one school of bocaccio comprised at least 100

individuals. Smaller adult or subadult vermilion and

copper rockfishes tended to aggi'egate, often in mixed

groups containing 50 or more individuals. The few
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Table 2 (continued)
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Figure 4
Fishes typical of offshore oil platforms in the Santa Barbara Channel and Santa Maria Basin: (A) bocaccio, Sebastes

paucispinis, (B) flag rockfish. S. rubnvinctus, (C) halfbanded rockfish, S. semicinctus, (D) adult lingcod, Ophiodon

elongatus, (E) juvenile lingcod. A-E all on bottom transects, and (F) young-of-the-year rockfish, Sebastes spp,. on

midwater crossbeam.
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Table 3 (continued)
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Table 5 (continued)
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far more abundant around southern California plat-

forms. This conclusion comes from observations we
made in the mid-1970s, a period of relatively strong

juvenile rockfish recruitment offCalifornia (Love and

Westphal, 1990). During that period, we observed a

significant recreational fishery directed at juvenile

widow rockfish and bocaccio (and to a certain extent

olive and blue rockfishes) at platform Holly, as well

as at a number of other Santa Barbara Channel plat-

forms. We estimate that tens of thousands of these

YOY and 1- and 2-yr-old fishes were caught over the

course of about three years.

The absence or relative rarity of such common
nearshore species as kelp bass (Paralabrax clath-

ratus), opaleye iGirella nigricans), black seaperch

(Embiotoca jacksoni), and white seaperch (Phaner-

odon furcatus) from the upper waters was partic-

ularly striking. This is in contrast to the inshore

platforms and reefs of this area that harbor many
of these species (Carlisle et al., 1964; Ebeling et al.,

1980; Schroederf ). A most important cause for the

absence of nearshore species is the isolation of these

offshore structures; relatively deep water separates
them from the mainland. This distance may effec-

tively cut these species off from source populations
of many shallow-water species. Thus, it may be dif-

ficult for the young of many species to either reach

these platforms or become established there. Sea-

perches are viviparous and produce fully developed

^ Schroeder, D. 1997. Marine Science Institute, University of

California, Santa Barbara, CA 93106. Personal commun.

00-
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young that do not disperse widely, making it unlikely

that they commonly find their way to platforms.

Kelp bass and opaleye produce pelagic larvae and

although it is likely that some may settle to the plat-

forms, conditions at these structures may preclude
their survival after settlement. Young opaleye seem
to require quiet intertidal waters and kelp bass YOY
may need algae or thick benthic turf to avoid preda-
tion (Carr, 1994; Stephens'*). Both of these conditions

are lacking at platforms. Moreover, in the study area

kelp bass recruitment is only sporadic and may not

have occurred in the recent past. Thus, strong cur-

rents and lack of suitable habitat around platforms

may reduce the amount of successful recruitment of

these and other nearshore species.

A few species, notably painted greenling, do seem
to be well adapted to a substrate-associated life in

the midwaters. Judging from the very small individ-

uals we observed, it is likely that lai-vae of this spe-

cies recruit directly to the platform and settle out in

the shallower portions. We saw a wide range of sizes,

from newly settled individuals to adults, sitting on

the crossbeams and hanging vertically on the pil-

ings. Other than painted greenling, only a few juve-
nile flag, greenspotted, copper, swordspine, gopher,
and rosy rockfishes were seen sitting on the platform
in midwater.

Although juvenile rockfishes dominated the plat-

form midwater, for some species platform bottoms

tended to harbor a wider range of life stages. For

some rockfishes (such as copper and greenspotted
rockfishes), the entire range of stages from YOY to

adults were present. In these species, the smaller

individuals tended to live somewhat away from the

legs and crossbeams and more among those parts
of the mussel shell mounds a few meters from the

platform. Although juvenile vermilion rockfish were
common on several of the shallower platforms, we
saw no YOYs around any of these structures. Ver-

milion rockfish tend to settle out in the nearshore,

relatively shallow waters, and it is likely that even

the shallowest of the surveyed platforms were situ-

ated in waters too deep for successful recruitment.

This supposition was born out in our SCUBA diver

surveys of platform Gina, located off Port Huen-

eme, southern California. Platform Gina is located

in waters about 33 m deep. Divers have surveyed
the entire structure and on several occasions have

noted YOY verm.ilion rockfish at the bottom of the

platform.
The situation with lingcod is particularly interest-

ing. Including observations from all platforms, we

observed all life stages from YOYs to large adults.

However, almost all the young fish lived around plat-

form Irene, in relatively high densities. From the

lengths of these animals (Miller and Geibel, 1973),

we determined that these fish were either YOYs
or one-year-olds. We noted that most were sitting

in the mussel shells on the bottom slightly away
from the structure. In an underwater survey that

encompasses seven platforms and 61 natural reefs

in central and southern California, we have never

encountered juvenile lingcod densities approaching
the levels noted around platform Irene. Similar

submersible research farther north, off Big Sur-

Monterey (Yoklavich^) and Alaska (O'Connell^) also

implies that such aggregations are very rare. The

aggregation around Irene may also be relatively

stable because we saw similar high densities in the

subsequent 1997 survey. It is unclear what attracts

young lingcod to this location. A large juvenile aggre-

gation was noted off Big Sur on a sandy bottom cov-

ered with ripple marks (Yoklavich"*). Perhaps young
lingcod seek out substrate with at least some verti-

cal relief and, at Irene, mussel shell mounds provide
this type of relief.

Many bottom fishes tended to be patchily distrib-

uted around individual platforms. This is particu-

larly true of the aggregating species, such as bocaccio

and vermilion and halfbanded rockfishes. Whether
this is in response to current pattern, variations in

platform structure, or to other parameters is not

clear at this point. We have also observed a ten-

dency for small individuals, such as halfbanded rock-

fish or juvenile greenspotted rockfish, to be found

away from larger, presumably predacious, individu-

als. Smaller fishes also tend to be found farther away
from the platform, again probably to avoid the larger
fishes nestled in the structure.

Fishing pressure is intense over most of the natural

reefs in southern California and platforms may act

as refuges for rockfishes and lingcod. An example is

the relatively high numbers of bocaccio living around

platform Gail. Historically, bocaccio were very impor-
tant recreational and commercial fish along all of Cal-

ifornia and owing to a combination of over-fishing

and poor juvenile recruitment, their populations have

drastically decreased ( Ralston et al. , 1996 ). Our survey
of the fish assemblages of 61 natural reefs off south-

em and central California shows that platform Gail

has by far the highest density of adult bocaccio of

all of these sites ( 10.5 fish/100 m^ on platform Gail

•
Stephens, J. 1997. Department of Biology, Occidental College,
1600 Campus Rd., Los Angeles, CA 90041. Personal commun.

^ Yoklavich. M. 1997. Pacific Fisheries Environmental Labora-

tory, National Marine Fisheries Service, 1352 Lighthouse Ave.,

Pacific Grove, CA, 93950. Personal commun.
'^ O'Connell, T. 1998. Alaska Department of Fish and Game,
304 Lake St., Rm. 103, Sitka. AK, 99835. Personal commun.
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compared with 4.4 fish/100 m^ on the highest density

natural reeD. The reef was located on the northern

side of the passage between San Miguel and Santa

Rosa islands. The average density of bocaccio across

all natural reefs surveyed in 1996 was only 1.26 fish/

100 m-. The large numbers of bocaccio around Gail

may reflect the minimal fishing pressure around this

platform. Fishing by recreational or commercial ves-

sels near platforms is generally discouraged by plat-

form operators. In addition, because larger fishes

tend to live close to or inside the platforms, they
are difficult to catch because the habitat close to or

inside the platforms eludes most fishing gear.

We realize that the data presented in this paper

represent a "snapshot" in time and thus issues of

seasonality or interannual variation in assemblage
structure remain to be addressed. Longer-term sur-

veys of the fish fauna on two platforms in the Gulf of

Mexico as well as one in the Santa Barbara Channel
showed considerable diel and seasonal variation in

the number of species present (Carlisle et. al 1964;

Hastings et. al. 1975). In addition, monthly SCUBA
observations on one shallow-water platform indicate

that there may be large temporal changes in assem-

blage structure (Schroeder-). Despite this, the differ-

ences we observed in fish assemblages among and
within platforms suggest that each platform may
have unique characteristics.

There has been considerable discussion regarding
the role of artificial structures in aggregation or

enhanced production of marine species (or both)

(Carr and Hixon, 1997). Based on this study, it

appears that oil platforms may serve to do both.

First, large adult fishes of several species were pres-

ent on several platforms where no juveniles of those

species had previously been observed, e.g. vermilion

rockfish. It appears that those adults may have set-

tled away from the platforms and migrated to them
at some life stage. On the other hand, several plat-

forms had very large numbers of very young fish

that presumably settled to the platforms directly

from the plankton, e.g. widow rockfish. If we assume
that some of these young fishes would not have found

appropriate settling habitat, then platforms, at least

in the short term, do play some role in enhancing pro-

duction. To ultimately assess the role of platforms in

production of reef fishes, it will be necessary to under-

stand the fate of the young fish settling to them.

Acknowledgments

We would like to thank Bob Lea, Mary Nishimoto,
Donna Schroeder, Rick Starr, and Mary Yoklavich,

all of whom were instrumental in -helping us collect

data. We would also like to express our appreciation
to the crew of the RV Cavalier, Douglas Morse, Jona-

than Blackman, Don Chesnut, Don Tondro, Nancy
Stewart, Erik Kohnhorst, and the pilots of the sub-

mersible Delta, Chris Ijames, and Dave Slater, for

their very professional handling of the technical

aspects of this survey. Lyman Thorsteinson was, as

always, extremely supportive and we thank him.

This research was based on an information need

identified by the Minerals Management Service's

Pacific OCS Region and funded through the U. S.

Geological Survey Biological Resources Division's

National Offshore Environmental Studies Program
(1445-CA-0995-0386).

Literature cited

Bascom, W., A. J. Mearns, and M. D. Moore.
1976. A biological survey of oil platforms in the Santa Bar-

bara Channel. J. Pet. Tech. 28:1280-1284.

Brink, K. H., and R. D. Muench.
1986. Circulation in the Point Conception-Santa Barbara

Channel region. J. Geophys. Res. 91(C1 1:877-895.

Carlisle, J. G., Jr., C. H. Turner, and E. E. Ebert.

1964. Artificial habitat in the marine environment. Calif

Dep. Fish and Game, Fish. Bull. 124, 93 p.

Carr, M. H.

1994. Effects of macroalgal dynamics on recruitment of a

temperate reef fish. Ecology 7.5:1.320-13.33.

Carr, M. H., and M. A. Hixon.

1997. Artificial reefs: the importance of comparisons with

natural reefs. Fisheries 22:28-33.

Ebeling, A. W., R. J. Larson, W. S. Alevizon, and R. N. Bray.
1980. Annual variability of reef-fish assemblages in kelp for-

ests off Santa Barbara, CaHfornia. Fish. Bull. 78:361-77.

Hastings, R. W., Ogren, L. H., and M. T. Mabry.
1975. Observations on the fish fauna associated with off-

shore oil platforms in the Northeastern Gulf of Mexico.

Fish. Bull. 74:387-402.

Rickey, B. M.
1992. Circulation over the Santa Monica-San Pedro basin

and shelf Prog. Oceanog. 30:37-115.

Holbrook, S. J., and R. J. Schmitt.

1996. On the structure and dynamics of temperate reef fish

assemblages—are resources tracked? In M. L. Cody and

J. A. Smallwood (eds ), Long-term studies of vertebrate

communities, p. 19-48. Academic Press, San Diego, CA.

Love, M. S., J. Caselle, and K. Herbinson.
1998. Declines in nearshore rockfish recruitment and pop-

ulations in the southern California Bight as measured

by impingement rates in coastal electrical generating sta-

tions. Fish. Bull. 96:492-.501,

Love, M. S., J. Hyland, A. Ebeling, T. Herrlinger, A. Brooks,
and E. Imamura.

1994. A pilot study of the distribution and abundances of

rockfishes in relation to natural environmental factors and

an offshore oil and gas production platform off the coast of

southern California. Bull. Mar Sci. 55:1062-1095.

Love, M. S., and W. Westphal.
1990. Comparison of fishes taken by a sportfishing party

vessel around oil platforms and adjacent natural reefs near

Santa Barbara, CaHfornia. Fish. Bull. 88:599-605.



Love et al Fish assemblages around oil platforms In the Santa Barbara Channel area 117

MacCall, A. D.

1996. Patterns of low-frequency variability in fish popula-

tions of the California Current. Calif Coop. Oceanic Fish.

Invest, Rep. 37:100-110.

Miller, D. J., and J. J. Geibel.

1973. Summary of blue rockfish and lingcod life histories;

a reef ecology study; and giant kelp, Macrocystis pyrifera,

experiments in Monterey Bay, California. Calif Dep. Fish

Game. Fish Bull. 158, 137 p.

Ralston, S., J. N. lanelli, R. A. MiUer, D. E. Pearson, D.

Thomas, and M. E. Wilkins.

1996. Status of bocaccio m the Conception/Monterey/Eureka
INPFC areas in 1996 and recommendations for manage-
ment in 1997, Appendix B. In Status of the Pacific Coast

groundfish fishery through 1996 and recommended accept-

able biological catches for 1997, stock assessment and fish-

ery evaluation, p. 1^8. [Available from Pacific Fisheries

Management Council, 2130 SW 5th Ave, Suite 224, Port-

land, OR 97201.1

Roemmich, D., and J. McGowan.
1995. Climatic warming and the decline of zooplankton in the

California Current. Science (Wash. D.C.) 267:1324-1323.

Shannon, C. E., and W. Weaver.
1949. The mathematical theory of communication. Univ.

Illinois Press, Urbana, IL, 117 p.

Stephens, J. S. Jr., P. A. Morris, D. J. Pondella, T. A. Loonce,
and G. A. Jordan.

1994. Overview of the dynamics of an urban artificial reef

fish assemblage at King Harbor, USA, 1974-1991: a recruit-

ment driven system. Bull. Mar. Sci. 55:1224-1239.

Stephens, J. S. Jr., P. A. Morris, K. Zerba, and M. Love.

1984. Factors affecting fish diversity on a temperate reef: the

fish assemblage of Palos Verdes Point, 1975-1981. Env.

Biol. Fish. 11:259-275.



118

Abstract.-The Gulf of Mexico is the

only known spawning area for bluefin

tuna {Thunnus thynnus thynnus) in

the western Atlantic. Although it is

known from tag recaptures that east-

em Atlantic bluefin tuna travel to the

western Atlantic, whether or not these

fish spawn in the western Atlantic is

of critical importance in interpreting
the significance of this movement. East

Atlantic bluefin tuna mature at a

younger age (4-5 yr) and smaller size

(45 kg) than western bluefin tuna (8 yr
and 135 kg), and tag recaptures indi-

cate that some young fish make the

trans-Atlantic swim. Thus the presence
of small (<135 kg) bluefin tuna in the

Gulf of Mexico during spawning season

would constitute evidence that bluefin

tuna ofeast Atlantic origin spawn in the

west. We used size-frequency analysis
to test the hypothesis that Atlantic blue-

fin tuna of eastern and western origins

mingle on the Gulf of Mexico spawning
grounds. We created a simple model to

estimate the proportion of small east-

ern spawning fish that should be found

in the Gulf of Mexico catch, assuming a

2% east-to-west transfer rate and com-

plete mixing of eastern and western

fish. Using conservative assumptions,
the model predicts that between 5%
and 10% of the bluefin tuna catch in the

Gulf should consist of fish that are less

than 135 kilograms in weight, and thus

are presumably eastern migrants. We
analyzed Gulf of Mexico catch records

from 1980 to 1992 for the presence of

bluefin tuna less than 135 kg. These

small fish represented from 0'7c to 0.9%
of the catch annually, and only 0.3%
for the entire period. We conclude that

eastern migrant tuna do not mix com-

pletely, if at all, with western bluefin

tuna on the Gulf of Mexico spawning
grounds.
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Atlantic bluefin tuna ( Th un n us thyn -

nus thynnus) is a highly migratory

pelagic species that ranges through-
out the Atlantic between 60°N lati-

tude and the equator, although it

has not been encountered south

of 20°N since the 1960s. Two blue-

fin tuna breeding sites are known
in the North Atlantic: the Gulf
of Mexico and the Mediterranean
Sea. No other regular spawning site

has been identified in the North
Atlantic (Richards, 1976;McGowan
and Richards, 1989; NRC, 1994).

Intensive fisheries exist for bluefin

tuna along the North American and

European coasts, and to a lesser

degree in the high seas of the North
Atlantic. Although fish tagged on

both sides of the ocean have been
recovered on the side opposite from
their release, it is not known ifblue-

fin tuna return to their natal spawn-

ing ground to reproduce (Turner

and Powers, 1995; Cooke and Lank-

ester, 1996). This question is of

utmost importance in evaluating
the significance of trans-Atlantic

movement and the scale at which

management must operate to be

effective.

The behavior of trans-Atlantic

migrating bluefin tuna is unknown,
but the possibilities are bounded

by two extremes. At one extreme,
an emigrant may join the popula-
tion on the side of the ocean to

which it migrates, becoming indis-

tinguishable from the population
it joins with respect to the proba-

bility, timing, and locale of future

life history events, such as matura-

tion, spawning, and migration. At
the ether extreme, a migrant may
always return to its natal side prior

to the next spawning season.
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These two extremes, and the terms used to describe

them, have been the subject of some confusion in the

bluefin tuna hterature. The permanent transfer of

individuals from one side of the Atlantic to the other

has been called the "no-memory condition" (Punt and

Butterworth, 1995; Powers and Cramer, 1996) or the

"diffusion model" (Cooke and Lankester, 1996). The
case where migrants always return to their natal

side prior to the next spawning season is termed the

"overlap model" by Cooke and Lankester (1996). We
follow the convention of Cooke and Lankester (1996)

and use the terms diffusion and overlap to refer to the

two models. We use "transfer rate" to refer to the per-

manent transfer of an emigrant from one population
to the other and "migration rate" to refer generally to

the trans-Atlantic movement of individuals. Finally,

we use the term "memory" to refer only to an individ-

ual's behavior with respect to spawning location, not

to other life history attributes. That is, under the dif-

fusion (no-memory) model, a migrant will spawn on

the side of the ocean to which it migrates, regardless
of its birth location, but will retain other life history
attributes such as size or age at maturity.
The permanent transfer of individuals can be con-

sidered a migration for dispersal (Greenwood and

Harvey, 1982), whereas the overlap model can be

assumed to be a feeding migration, and is free of

implications for reproductive mixing. One can envi-

sion intermediate scenarios combining varying degrees
of memory, or philopatry. For example, migrants may
remain on the opposite side for a period of years,
while either participating in or foregoing spawning,
before ultimately returning to their natal side. Fur-

thermore, some migrants may exhibit spawning
site fidelity while others may stray, joining previ-

ously established spawning populations (e.g. Curry,
1994).

Simulation models have shown that the dynamics
of the two populations are potentially very sensitive

to even low trans-Atlantic migration rates, partic-

ularly for east-to-west transfer (NRC, 1994; Porch

et al., 1995; Punt and Butterworth, 1995; Powers
and Cramer, 1996) because the average size of the

eastern population has been about 6 to 13 times

that of the western population over the past 20

years (ICCAT^'^; Fig. 1). Recent spawning biomass
estimates for the western population are based on

' ICCAT ( International Commission for the Conservation ofAtlan-
tic Tunas). 1994a. WestAtlanticbluefin tuna. Biennial report
of the ICCAT Standing Committee on Research and Statistics,

41 p. ICCAT, Estebanez Calderon 3, E-28020, Madrid. Spain.
^ ICCAT (International Commission for the Conservation ofAtlan-

tic Tunas). 1994b. East Atlantic bluefin tuna. Biennial report
of the ICCAT Standmg Committee on Research and Statistics,

31 p. ICCAT, Estebanez Calderon 3, E-28020, Madrid, Spain.

East Atlantic

Population

West Atlantic

Population

Figure 1

Representation of the effect of migration on the eastern

and western populations of bluefin tuna. Migration from

the larger eastern population to the west has a larger effect

on the western population than does migration from the

smaller western population to the east. In this schematic,

the eastern population is about six times the size of the

western population, and the migration rates are about 1%
in each direction.

catches throughout the fishing area, which includes

the entire North Atlantic west of 45°W longitude.
If fish of eastern origin are included in these catch

statistics but do not spawn in the west Atlantic,

then western spawning biomass will be substantially
overestimated (Powers and Cramer, 1996; American
Fisheries Society'^).

Determining the spawning site fidelity of itero-

parous pelagic species that occur over a wide area of

open ocean is difficult. Population differentiation can

be inferred from tag-return data, comparisons of life

history parameters and morphometric characters,

or from genotypic variation. Several studies have

attempted to analyze the population structure of

Atlantic bluefin tuna with these methods (Calaprice,

1986; NRC, 1994; Cooke and Lankester, 1996).

Several investigators have reviewed and ana-

lyzed trans-Atlantic tag returns to estimate rates

of migration (NRC, 1994; Punt and Butterworth,

1995; Turner and Powers, 1995; Cooke and Lank-

ester, 1996). These studies have estimated annual

migration rates of between 1% and 10% and have

considered both diffusion and overlap models. Gen-

erally, these studies have sought to find interpreta-

tions of tag-return data that agree best with other

estimates of population size.

•* American Fisheries Society. 1995. Marine Fisheries Section

statement on bluefin tuna, 2 p. Am. Fish. Soc, 5410 Grosvenor

Lane, Ste. 110, Bethesda, MD 20814-2199.
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Punt and Butterworth (1995) estimated west-to-

east transfer at about 7% and east-to-west transfer

at about 1.5-3%, assuming a diffusion model. They
also state that the higher end of the range (3%) sug-

gests a far larger size for the western population
than do models that assume no migration. Cooke
and Lankester (1996) test both diffusion and over-

lap models and concluded that the overlap model fits

the data better. Under that model, they estimated

exchange rates at 7.3% east-to-west and 9.8% west-

to-east, but with no statistical difference between the

two. Powers and Cramer ( 1996) examined the impli-

cations of a range of migration rates and degrees of

spawning site fidelity. Although they made no con-

clusions about which scenario is most likely, they

pointed out the extreme sensitivity of the results to

the assumptions.
Eastern and western Atlantic bluefin tuna popu-

lations have markedly different life history parame-
ters (Turner, 1994). The western population spawns
from mid-April to mid-June (Richards, 1976). West-

ern bluefin tuna sometimes mature as early as age
6 and are considered fully mature by age 8, at a

weight of 135 kg ( Baglin, 1982; NRC, 1992 ). The east-

ern population spawns from June through August
(Dicenta and Piccinette, 1980) and matures at an
earlier age and smaller size than the western pop-
ulation. Eastern bluefin tuna mature as early as

age 3, at a weight of 15 kg ( Rodriguez-Roda, 1967;

Baglin, 1982), and are fully mature by age 5 (Rodri-

guez-Roda, 1967; Baglin, 1982; ICCAT-).

The contrast in size and age at maturity ofwestern

and eastern Atlantic bluefin tuna allows an inferen-

tial test of spawning site fidelity. Because the Gulf of

Mexico is the only known spawning ground for west-

ern Atlantic bluefin tuna, and the vast majority of

fish collected in the Gulf are large adults that are

present only during and just prior to the spawning
season (January-June), we assumed that all bluefin

tuna in the Gulf during this time period are there to

spawn.
If eastern Atlantic bluefin tuna that migrate to the

west mature according to the eastern Atlantic matu-
ration schedule, then the size distribution of bluefin

tuna in the Gulf of Mexico should reveal the pres-
ence of eastern migrants within the western spawn-
ing population. Finding small fish (<135 kg) on the

Gulf of Mexico spawning grounds would support the

diffusion hypothesis and suggest that trans-Atlan-

tic migrants from the east mix with western fish

during spawning. In contrast, the absence of small

fish on the Gulf of Mexico spawning grounds would

imply that eastern migrants do not spawn in the

west, supporting the overlap model and indicating

strong spawning site fidelity. We know that small

bluefin tuna from the east Atlantic swim west at

least occasionally. All tagged eastern Atlantic blue-

fin tuna recaptured in the west have been small fish

(n=19, all captured outside the Gulf), although very
few large fish, and relatively few bluefin tuna over-

all, have been tagged in the east, compared with tag-

ging in the west (NRC, 1994).

Methods

We analyzed the size distribution of bluefin tuna

caught in the Gulf of Mexico prior to and during the

spawning season (the only time of year when bluefin

tuna are present in the Gulf) for fish between the

known size of first breeding in the Mediterranean
and the known size of first breeding for west Atlan-

tic bluefin tuna. Any individuals smaller than the

known size of first spawning in the west would pre-

sumably be of eastern Atlantic origin.

A weight-frequency distribution (WED) of bluefin

tuna on the Gulfspawning grounds was constructed by

using data reported to National Marine Fisheries Ser-

vice (NMFS) by the commercial fishing industry oper-

ating in the Gulf This data set included the weight
and date of capture for every bluefin tuna legally

caught and landed in the Gulf We used data from 1980

through 1992, because beginning in 1993 only bluefin

tuna over 178 centimeters ( 70 inches) fork length were

legally permitted to be retained and sold.^

To estimate the proportion of smaller eastern

spawning fish expected at a given east-to-west annual

transfer rate (i.e. fish remain with the western popu-
lation), we created a simple model of the number of

sexually mature eastern migrants that arrive in the

west each year:

where S^^.
= the number ofage-7 or younger spawn-

ing fish of eastern origin arriving in

yeary;

P„ = the percentage of sexually mature
adults in eastern age class a;

T^ = the east-to-west transfer rate; and

A^^^ ^

- the number in eastern age class a in

yeary.

East-to-west transfer was modeled as an instan-

taneous process that occurs prior to the spawning
season. The parameter P was taken from the lit-

• National Marine Fisheries Service. 1995. Supplemental draft

environment impact statement for a regulatory amendment for

the western Atlantic bluefin tuna. U.S. Dep. Commer. NMFS.
NOAA, Silver Spring, MD, 131 p.
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erature, and is for ages

0-3, 0.5 for age 4, and 1 for

ages 5 and beyond (Baglin,

1982; ICCAT"). We assumed
that any migrant of age 8 or

greater would be the same
size as western spawning fish

and would not be distinguish-

able from western spawning
fish of the same size (Cort,

1991; Turner et al., 1991;

Table 1 ). We used a transfer

rate T of 29^ per year, east-to-

west. This rate is at the low

range ofpublished estimates.

In this initial test, we did not

consider fish less than age 4

that could have migrated to

the west as immature fish in

prior years and then reached

age 4 and maturity in the

current year. Thus, our esti-

mate of the expected number
of spawning fish of eastern

Atlantic origin in the western
Atlantic should represent a minimum estimate and

provide a conservative test for the presence of east-

ern migrants. N^a.\ was taken from yearly age-spe-

cific population estimates supplied by NMFS from a

run of the ADAPT virtual population analysis (VPA)

program with 27c east-to-west and a 1% west-to-east

transfer rates, assuming no memory. Note that the

population estimates from this VPA run resulted in

poor fits to the indices of abundance used to tune the

VPA. '5 We used these population estimates because

they provided a conservative test of our assump-
tions.

Results and discussion

Bluefin tuna smaller than the accepted size at first

spawning of western fish are very rare in the Gulf.

Catches of fish less than 135 kg ranged from 0% to

0.9% of annual catch from 1980 to 1992 and aver-

aged 0.3*^ over the entire period (Table 2). A com-

plete weight frequency distribution is presented in

Figure 2.

These percentages are not consistent with the

low end of published migration rate estimates under
the diffusion model. That is, if 27( of each age class

Weight (kg)

Figure 2

Weight-frequency distribution of bluefin tuna caught in the Gulf of Mexico between 1980

and 1992. The numbers over the bars indicate the total number of fish caught in the

weight interval indicated.
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ference in size and age at

maturity between east and

west Atlantic populations does

not appear related to dif-

ferences in growth rate be-

cause recent growth models

indicate little difference be-

tween populations (Cort, 1991;

Turner et al., 1991; Table 1).

Similarly, if differences in

age or size at maturity are

affected by environmental

conditions, for example tem-

perature, we would expect this

effect to be manifested pri-

marily by changes in growth
rate. Again, the similarity in

growth rate between east and

west Atlantic bluefin tuna

suggests that environmental

conditions are unlikely to

explain the difference in size

and age at maturity.

Alternatively, if age at ma-

turity is a heritable trait, then a long period of size-

selective fishing mortality could shift genotype fre-

quencies in the population because few late-maturing
fish are likely to survive to reproduce (Trippel, 1995),

resulting in a younger age or smaller size at matu-

rity, or both (Policansky, 1993; Trippel, 1995). Experi-
ments with guppies indicate that increased mortality

(as through fishing) selects for earlier maturity at

smaller size (Reznick, 1993). Bluefin tuna in the east

Atlantic has a longer history of exploitation and a

much larger population than west Atlantic bluefin

tuna. Assuming that the very large difference in

population sizes results in a comparable difference

in stock density, then an eastern bluefin tuna with

a genetic propensity to mature at or before age 5

in the east Atlantic should, upon migrating to the

west Atlantic, find itself in a relatively resource-rich,

lower-density environment, which should certainly
not delay maturation or inhibit spawning. Thus,

although genetic effects are difficult to establish,

such a large difference in size and age at maturity
as between east and west Atlantic bluefin tuna is

unlikely to be a result of density-dependent or envi-

ronmental differences. Further, it seems unlikely
that a sexually mature five- or six-year-old east

Atlantic bluefin tuna would revert to immaturity
upon migrating to the west Atlantic, and then remain
immature for two or three years until finally spawn-
ing at age eight.

Another possible explanation for these results is

that the size-at-maturity data on which this analy-
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Alternative spawning grounds

Our results might also be otabined if small migrant
tuna of eastern origin spawn elsewhere in the west

other than the Gulf of Mexico. A recently discovered

concentration of medium and large tuna off the

coast of North Carolina from January through April
caused speculation that perhaps this concentration

represents another spawning area. However, the

lack of gonad development in a sample of seventeen

fish (weighing between 65 and 183 kg) suggested
that these fish were unlikely to spawn in the year

they were captured and were probably immature

(Belled).

Several other workers have searched for evidence

ofbluefin tuna spawning in the west Atlantic. Mather
et al. (1995) reported finding ripening small fish

but no larvae. If the overlap hypothesis does pre-

vail, then these potentially mature but nonspawning
smaller fish may be eastern migrants that although

capable of spawning, will return to the Mediterra-

nean before actually doing so. McGowan and Rich-

ards (1989) reported on the sporadic presence of

larvae in the GulfStream as far north as North Caro-

olina but concluded that most larvae found in the

Gulf Stream were either advected out of the Gulf

or spawned by tuna exiting the Gulf Furthermore,

they stated that conditions are poor for larval devel-

opment in the Gulf Stream and that the occasional

occurrence of larvae there does not indicate an addi-

tional spawning ground. On the matter ofalternative

spawning grounds, the National Research Council

concludes that "extensive searching has detected

only two spawning localities: the Gulf of Mexico and
the Mediterranean Sea" (NRC, 1994, p. 18).

Underreporting or low catchability
'

Two other possibilities for the lack of small bluefin

tuna in the Gulf of Mexico catch are that they are

present in the Gulf of Mexico and are either being

caught but not recorded, or are not being caught

owing to a lack of appropriate fishing effort. To test

for the first possibility, we acquired records of all

bluefin tuna recorded by longline observers in the

Gulf of Mexico during 1993-95. Of 31 bluefin tuna

recorded by observers for which actual or estimated

weights were recorded, all were greater than 135 kg.

We also reviewed ICCAT data for the Japanese long-
line fishery in the Gulf of Mexico for the period 1973

to 1981 and found that only 58 records out of 14,530

(0.4%) were for fish under 180 cm ( 135 kg). These

data are particularly significant in light of the fact

that there were no regulations concerning the reten-

tion and sale of small bluefin tuna during this period
as there have been in recent years. Therefore, the

Japanese would have had no incentive to intention-

ally misidentify or underreport small bluefin tuna.

Mather etal. (1995), after reviewing longline catches

in the Gulf and Caribbean prior to 1973, found only
fish larger than 185 cm. They also reported very

young bluefin tuna (less than 2 kg) in the Gulf of

Mexico from July into November (Mather et al.,

1995); fish presumably spawned a few months ear-

lier. Similarly, Hisada and Suzuki (1982) presented

length-frequency distributions of Japanese longline
catches from the Gulf of Mexico which appear to

show essentially no fish smaller than 200 cm.

The possibility that small bluefin tuna are present
in the Gulf but are not being caught cannot be com-

pletely eliminated. However, there is a considerable

accumulation of evidence that suggests that this is

highly unlikely. For example, although there cur-

rently is no directed fishery for either small or large

bluefin tuna in the Gulf, there is a widespread, year-
round yellowfin tuna (Thunnus albacares) longline

fishery. This fishery targets yellowfin tuna ofthe same
size as the small bluefin tuna of east Atlantic origin

that we hypothesize would be present in the Gulf if

the diffusion model is correct. This fishery does have

a bycatch of bluefin tuna, none of which have ever

been recorded by observers as less than 175 cm.^

Furthermore, longline operations in the northwest

Atlantic do catch small bluefin tuna, indicating that

they are potentially vulnerable to this gear. Cramer
and Turner*^ reported length frequencies for observer

data from the U.S. longline fishery in the northwest

Atlantic from 1992 to 1995, showing that over 30%
of fish hooked were less than 150 cm straight fork

length (Fig. 4). Similarly, catch data from the Japa-
nese northwest Atlantic longline fishery in the 1970s

and 1980s show that the catch dominated by blue-

fin tuna between 100 and 150 cm in several years

(Fig. 8 in Hisada and Suzuki, 1982). Although fail-

ure to catch a given species or size class in an area

can never rule out its presence, given the extent and

diversity of fishing activity in the Gulf, it is unlikely
that any significant aggregation ofsmall bluefin tuna

^
Belle, S. 1996. Biological sampling of bluefin tuna off Cape
Hatteras, North Carolina. Final report to the New England
Aquarium Corporation (NOAA requisition no. 43AANF503279I,
Boston, MA. 12 p.

'

Lee, D. 1996. National Marine Fisheries Service, Southeast
Fisheries Science Center, 7.5 Virginia Beach Drive. Miami. FL
33149. Personal commun.

" Cramer, J., and S. C. Turner 1996. Standardized catch rates

for bluefin tuna, Thunnus thynnus, from the U.S. pelagic long-
line fisherv in the northwest Atlantic. ICCAT working docu-

ment SCRS/96/69.
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there would have been entirely

missed.

Finally, we tested the sensitivity

of our results to a range of selec-

tivities of longline gear set in the

Gulf of Mexico. With selectivities

on fish smaller than 135 kg rang-

ing from to 1 (where the selec-

tivity on fish greater than 135 kg
is 1), the sensitivity analysis indi-

cated that at selectivities greater
than about 0.13, small fish were

significantly less abundant (chi-

square test, P<0.05 ) in the catch in

the Gulf than would be expected

given our assumptions and a 2%
east-to-west transfer rate.

Future research on this topic

must seek to address both the

annual rate of trans-Atlantic

movement as well as the degree
of philopatry exhibited by mi-

grants to achieve a full under-

standing ofthe population dynam-
ics ofeast and west Atlantic bluefin

tuna. Currently, there are studies underway to iden-

tify nuclear and mitochondrial DNA markers that

may have variations specific to east and west popu-
lations (Graves et al., 1995). Examinations of otolith

chemistry (microconstituent analysis) may provide
information on stock differentiation and mixing
rates, and researchers are currently deploying archi-

val tags on bluefin tuna caught in the west Atlan-

tic, primarily off Cape Hatteras, North Carolina. ^'i"

These tags will record geolocation data and, if recov-

ered, should yield a complete record of each fish's

movement since its release. Finally, additional stud-

ies on the maturation schedules of fish in the east

and west are still needed.

Clearly, it will take years before these studies

yield sufficient information on transfer rates and

philopatry to provide robust management advice.

The depleted state of bluefin tuna populations world-

wide, and in the west Atlantic particularly (Safina,

1993), make these issues of considerable practical

importance. Until such time as these questions are

answered definitively we believe that spawning site

fidelity should be assumed and the stocks managed
accordingly.

Landed
Catch

Observed
Catch

n
70 90 110 130 150 170 190 210 230 250

Fork Length (cm)

270 290 310 330 350

Figure 4

Length-frequency distributions of bluefin tuna caught on longlines in the north-

west Atlantic (landings. n=403) and measured by observers on longline vessels

(observer. n = \\2) between 1992 and 1995 (see Footnote 7 in the main text).

^
Prince, E. 1996. National Marine Fisheries Service, South-
east Fisheries Science Center, 75 Virginia Beach Drive, Miami.
FL 33149. Personal commun.

10
Block, B. 1997. Hopkins Marine Station, Stanford Univer-

sity, Oceanview Boulevard, Pacific Grove, CA93950-3094. Per-
sonal commun.
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Abstract.—Genetic information per-

taining to stock structure in red drum

ISciaenops ocellatus) is equivocal, com-

plicating attempts to develop sound

fishery management and stock enhance-

ment plans. In this study, genetic stock

structure was examined by using mito-

chondrial DNA(mtDNA) control region

sequences of 209 individual red drum

from six locations in the Gulf of Mexico

and five locations in the nearshore

Atlantic Ocean off the southeastern

United States. Eighty-one polymorphic

sites within a 369 base-pair portion

of the control region defined 134 dif-

ferent haplotypes which differed by

up to 26 nucleotide substitutions. Red

drum showed high average within-sam-

ple haplotype (0.98) and nucleotide

(0.030) diversities. Sequence diver-

gences between pairs of haplotypes

ranged from 0.27'7, to 7.06% (J=3.17% ).

Cluster analysis of haplotypes revealed

very little phylogeographic structure

among mtDNA lineages. However, a

neighbor-joining tree based on nucleo-

tide divergence between pairs of sam-

ples showed cohesion among Atlantic

samples and, to a lesser degree, among
Gulf samples. In contrast to a prior

study, we found no evidence that red

drum in Mosquito Lagoon, Florida, con-

stitute a self-contained, reproductively

isolated population. Hierarchical anal-

ysis of molecular variance supported
the hypothesis that red drum are subdi-

vided into two weakly diverged popula-

tions with a genetic transition in south

Florida between Sarasota Bay and Mos-

quito Lagoon. This area forms a zone

of differentiation between two geneti-

cally semi-isolated populations between

which the structuring of heterogeneity

differs from that under the assump-
tion of panmixia. In addition, the analy-

sis of molecular variance also indicated

that red drum from Apalachicola Bay
are genetically divergent from all other

samples. The Atlantic and Gulf red

drum populations are likely to respond

independently to harvest regulations;

these fisheries should continue to be

managed separately. Additional subdi-

vision of the Gulf stock between pen-

insular Florida and the northern and

western Gulf may also be warranted.
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Red drum (Sciaenops ocellatus) is

a pelagic marine fish that is dis-

tributed over a large geographic

range that extends throughout the

northern Gulf of Mexico and along
the Atlantic coast of the southeast-

ern United States to Cape Cod,

Massachusetts (Ross et al., 1983).

Juveniles grow rapidly in estuarine

nurseries and reach reproductive

maturity by age 4. At this age they

join large schools of highly dispers-

ing adults and for the remainder

of their approximately 35-year life

span (Murphy and Taylor, 1990),

maintain a pelagic existence except

to spawn during annual congrega-
tions at the mouths of bays and

estuaries. The census size of the

breeding population in the Gulf of

Mexico has been estimated to be

greater than 7 million individuals

(Nichols^ ). Abundance in the Atlan-

tic is thought to be of a similar mag-
nitude (Gold et al., 1993).

Red drum supports highly valu-

able commercial and recreational

fisheries throughout its range
(Mercer, 1984). Fishing pressure
is directed principally on subadult

year classes (ages 2-4). A high rate

of annual mortality among some

cohorts (Murphy and Taylor, 1990)

and an overall decline in abundance

and recruitment during the 1980s

(Goodyear^) have led to concerns

regarding the status of red drum

spawning stocks. Because there have

been no prolonged offshore fisheries

for adult red drum, biological and

fishery-dependent data pertaining

to their spawning stocks have been

limited. Therefore, fishery managers
have had to rely principally on vir-

tual population analysis and simi-

' Nichols, S. 1988. An estimate ofthe size

ofthe red drum spawning stock using mark/

recapture. Southeast Fisheries Center,

Natl. Mar. Fish. Serv., Pascagoula, MS.
-
Goodyear, C. P. 1989. Status of the red

drum stocks of the Gulf of Mexico. Report
for 1989. Contract no. CRD 88/89-14.

Coastal Resources Div, Miami Laboratory,

Southeast Fisheries Center, Natl. Mar.

Fish. Serv., Miami, FL.
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lar analyses (e.g. Vaughan-^) to manage the red drum

fishery. Knowledge of stock structure in red drum,
i.e. the geographic relation between spawning and

recruitment, is needed to facilitate the management
of this fishery.

Molecular studies have been used to define appro-

priate geographic scales for monitoring and man-

aging exploited animal populations (Moritz, 1994),

including marine fishes (e.g. Bentzen et al., 1996;

Graves, 1996; Tringali and Bert, 1996). Although
several population genetic studies have been con-

ducted on red drum, the existing data are equivo-

cal. On the basis of significant differences in allele

frequencies at a single allozyme locus, Bohlmeyer
and Gold ( 1991) concluded that red drum are weakly
subdivided between the Atlantic Ocean (North Car-

olina and South Carolina) and the Gulf of Mexico.

However, data from other allozyme surveys (Ramsey
and Wakeman, 1987; Campton'*) did not permit the

rejection ofthe null hypothesis that red drum form a

single panmictic gene pool. In contrast, on the basis

ofsmall but statistically significant differences in the

frequencies of several composite mitochondrial DNA
(mtDNA) haplotypes between red drum collected

from North Carolina and South Carolina waters and

red drum collected from the Gulf of Mexico, Gold and

Richardson (1991) and Gold et al. (1993, 1994) reas-

serted that red drum are weakly subdivided between

these regions, ostensibly along the south Florida

coast. In addition, Gold et al. (1993) reported a pat-

tern of mtDNA differentiation in Gulf red drum con-

sistent with the isolation by distance model (Wright,
1943) for samples ranging from Florida to Texas.

However, samples from a significant portion of the

species range, including locations near the putative
Atlantic-Gulf division (i.e. the eastern Florida sea-

board), were not assayed in any of the above studies.

An equally tenable but untested hjrpothesis is that

isolation by distance occurs over the entire range
of the species, perhaps in the absence of a genetic
break at a particular geographic location.

Localized population subdivision in red drum has

also been postulated. From comparisons with sam-

ples from North Carolina and South Carolina waters

and samples from the Gulf of Mexico, Gold and Rich-

ardson (1994) proposed that red drum inhabiting

Mosquito Lagoon, Florida, form a genetically distinct

population. Red drum in Mosquito Lagoon report-

edly have a life history uncharacteristic of other red

drum. Adults occupy this coastal lagoon throughout
the year and may complete their life cycle within

the lagoon (Johnson and Funicelli, 1991). Adult red

drum also occur throughout the year in other coastal

lagoons adjacent to Mosquito Lagoon (e.g. Banana,
Indian, and Halifax Rivers), but these have not been

surveyed genetically. Rather than forming a self-con-

tained population, red drum from Mosquito Lagoon
may belong to a larger subpopulation occupying Flor-

ida Atlantic waters.

Owing to the perceived decline of red drum abun-

dance in the 1980s, state agencies in Alabama, Flor-

ida, South Carolina, and Texas studied the feasibility

of stock enhancement as a means of supplementing
wild populations. Hatcheries in Florida, South Caro-

lina, and Texas currently employ stocking on a large
scale (McEachron et al., 1995; FDEP"^). Hatchery
programs potentially affect the gene pools of indige-

nous red drum populations by way of an inappropri-
ate introduction of non-native individuals (Hindar et

al., 1991) and by hatchery-induced inbreeding effects

(Tringali and Bert, 1998). For example, because brood-

stocks for large-scale stock enhancement programs

along the Atlantic seaboard have been obtained from

Mosquito Lagoon and nearby estuaries (Halstead^),

there is a potential for artificial genetic exchange
between putatively separate gene pools (e.g. those of

Mosquito Lagoon and the Carolinas).

State and regional fishery managers (Vaughan'^;
FDEP'') and hatchery managers (FDEPM have

adopted the stock structure scenario proposed by
Gold et al. (1993) and Gold and Richardson (1994)

in which red drum are divided into Gulf of Mexico

and Atlantic populations, and those fish in Mosquito

Lagoon comprise a unique, self-contained Atlantic

subpopulation. However, several important ques-
tions regarding the genetic structure of red drum
remain unanswered; each has serious implications
for fishery management and stock enhancement pro-

grams. First, are red drum populations in the Gulf

of Mexico and Atlantic really subdivided or do the

observed genetic differences solely reflect isolation

by distance over the range of the species? Second, if

a genetic break does exist somewhere between the

Gulf and the coast of the Carolinas, where is it?

*
Vaughan, D. S. 1995. Statu.s of thi- ri-d drum stock on the Atlan-

tic coast: stock a.sse.ssment report for 1995. Southeast Fisheries

Science Center, Natl. Mar Fish. Serv., Beaufort, NC. 50 p.
'' Campton, D. E. 1992. Gene flow estimation and population
structure of red drum iSciaenops ocellatiis) in Florida. Final

report, cooperative agreement no. 14-16-009-1522, National
Fisheries Research Center, U.S. Fish and Wildlife Serv.. Gaine.s-

ville, FL.

' FDEP (Florida Department of Environmental Protection).

1993. A stock assessment of red drum iSciaein>ps ocellatiis) in

Florida. Florida Marine Research Inst., Dep. Natural Resources,
100 Eighth Ave. SE, St. Petersburg, FL, 24 p.

•^

Halstead, B. 1997. Stock Enhancement Research Facility,

Florida Department of Environmental Protection, 14495 Harlee

Road, Port Manatee, FL 34221. Personal commun.
' FDEP (Florida Department of Environmental Protection l.

1993. Marine fi.sh stock enhancement and hatchery executive sum-

mary. Report to the legislature. FDEP, St. Petersburg, FL, 17 p.
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Figure 1

Sampling sites for red drum in waters off the southeastern United States. Florida: AP =

Apalachicola Bay; TB = Tampa Bay; OF = offshore, Tampa Bay; SA = Sarasota Bay; CH
= Charlotte Harbor; FB = Florida Bay; IR = Indian River; ML = Mosquito Lagoon; PO =

Ponce de Leon inlet; TP = Tomoka Basin. South Carolina: SC = Charleston Harbor.

Third, are red drum in Mosquito Lagoon reproduc-

tively and genetically distinct or do they belong to

a larger and heretofore unsampled east Florida pop-
ulation? To examine these questions, we obtained

sequence data from the rapidly mutating mtDNA
control region. Sequencing the control region has

proven useful in intraspecific phylogeographic and

population genetic studies of fishes (e.g. Fajen and

Breden, 1992; Brown et al., 1993; Stepien, 1995;

Stabile et al., 1996). We employed sampling and

analytical regimes designed to test the various com-

peting hypotheses of red drum population structure.

In addition, by gathering baseline data for mtDNA
control region diversity in red drum populations, we

explored the potential for using the control region
as a marker to assess and monitor ongoing stocking

programs for wild red drum populations.

Materials and methods

Sample collection and DNA purification

Samples of red drum were collected with hook-and-

line gear, trammel nets, and purse seines from riv-

erine, estuarine, and offshore waters of the South

Carolina coast (one location) and the east coast

of Florida (four locations, sampled prior to stock

enhancement activities), referred to collectively as

the Atlantic samples; and the west coast of Florida

(six locations), referred to collectively as the Gulfsam-

ples (Fig. 1). All specimens were collected between

February 1992 and February 1997. Somatic muscle

and liver tissue were dissected from each individual.

Total length (range 280-1070 mm) ofeach individual

was recorded prior to dissection. Tissues were frozen

in liquid nitrogen and stored at -80°C in the labora-

tory until processing.

Approximately 100—400 milligrams of muscle or

liver tissue were digested in 900 microliters of

lysis buffer (O.IM Tris, pH 8.0, 0.05M ethylenedia-
minetetraacetid acid (EDTA), 0.2M NaCl, 1% weight

by volume of sodium dodecyl sulfate (SDS), contain-

ing 1-2 milligrams of proteinase K) with moderate

shaking for 3-5 h at room temperature. Following
the addition of 150 microliters of chilled 8M potas-

sium acetate, the SDS and cellular debris were

precipitated for 30 min at A'C and removed by

centrifugation. Total genomic DNA was purified by

phenol/chloroform extraction ( Sambrook et al., 1989).
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The DNA was concentrated by isopropanol precipita-

tion, resuspended in 75 microliters of sterile water,

and stored at -20°C.

mtDNA control region sequencing

Initially, we used the polymerase chain reaction (PCR;

Saiki et al., 1988) and published primer sequences

L15926 (Kocher et al., 1989) and H16498 (Meyer

et al., 1990) to amphfy a portion of the mtDNA con-

trol region of red drum. Double-stranded PCR was

performed with Perkin Elmer AmpliTaq in a 50-pL

reaction volume for 32 cycles in a DeltaCycler II

System (Ericomp Inc., San Diego, CA), according to

the methods described by Kocher et al. (1989). We

amplified a 455-base-pair (bp) fragment of the con-

trol region for several individuals of red drum. How-

ever, because direct sequencing of the amplicon with

the same PCR primers in the sequencing reaction

yielded unsatisfactory results, we used a process of

cloning and sequencing to design specific primers for

red drum.

The 455-bp amplicon was cloned in pBluescript by
TA cloning (Marchuk et al., 1990). Following denatur-

ation of the plasmid DNA(Hattori and Sakaki, 1986),

sequencing was done from both directions by the dide-

oxy termination method (Sanger et al., 1977) by using

Sequenase version 2.0 (U.S. Biochemicals, Cleveland,

OH) and [a-S^S] dATP (Dupont Biotechnology Sys-

tems, Wilmington, DE). Products of the sequencing
reactions were resolved in 6% polyacrylamide/7-M
urea gels that were vacuum dried at 80°C and auto-

radiogi'aphed with Kodak X-Omat AR film. We used

the ESEE program (Cabot and Beckenbach, 1989)

to align sequences. From these sequences, (Genbank

accession no. AF054671), highly specific internal

primers were designed for the control region of

red drum. These primers partially overlapped the

initial primers and were designated L15943 (5'-GTA

AACCGGATGTCGGGGGTTAG-3') and H16484
(5'-GGAACCAGATACCAGGAATAGTTCA -3' ).

We used these custom primers to amplify a por-

tion of the control region for 209 individuals in SO-pL
reaction volumes. The PCR products were run on

1.2% low-EEO (Fisher Scientific, Norcross, GA) aga-

rose gel during electrophoresis. The resulting bands

were excised and then purified with GeneClean (Bio

101, La Jolla, CA). Double-stranded sequencing was
conducted as described by O'Foighil et al. ( 1996).

Data analyses

Base composition, number of transitions (TSs), and

number of transversions (TVs) were determined by

using MEGA 1.01 (Kumar et al.-, 1993). Further

analysis of base substitutions was conducted as in

Brown and Clegg (1983). Each different haplotype

was assigned a number, and the distribution ofthe dif-

ferent haplotypes was determined for each sample.

We used MEGA to generate a pairwise matrix of

sequence divergence values between pairs of haplo-

types and to construct an unrooted neighbor-joining

tree; 200 replicates were used to estimate bootstrap

values for the nodes. Sequence divergences were

computed by using the pairwise-deletion option in

MEGA; this distance estimator excludes sites at

which indels occur on a pairwise basis. Haplotype
and nucleotide diversity within samples and nucleo-

tide divergence (D) between pairs of samples were

estimated according to Nei and Tajima (1981) and

Nei ( 1987 ) by using the DA option ofREAP 4.0 ( McEl-

roy et al., 1992). The nucleotide divergence values

were clustered by using the NJTREE program (Jin

and Ferguson, 1990) based on the neighbor-joining

method of Saitou and Nei ( 1987 ).

Geographic structuring of molecular variance

among samples was examined by using the matrix

of sequence divergences between all pairs of haplo-

types in AMOVA 1.55 (Excoffier et al., 1992). In this

analysis, the haplotype correlations ((^statistics) and

their variance components were estimated in a hier-

archical fashion: between regions, among samples
within a region, and among individuals within sam-

ples. Statistical significances of values were com-

puted by performing randomization tests with 500

replicates. Goldet al. ( 1993) concluded that red drum

was subdivided into Atlantic and Gulf of Mexico pop-

ulations. To determine the validity of this conclusion,

we examined the spatial partitioning of molecular

variance as follows. The between-region component
of variance and

(J^.^
was first calculated for red dium

samples divided into Atlantic (SC, TP, PO, ML,
and IR) and Gulf (FB, CH, SA, OF, TB, and AP)

regions. The compositions of the two groups were

then adjusted by sequentially adding Atlantic sam-

ples to the Gulf group and then sequentially adding
Gulf samples to the Atlantic group. After each addi-

tif)n. the apportioning of molecular variance between

the resulting groups was recalculated. For example,
IR ( the Atlantic sample closest to the Gulf) was added

to the Gulf group and tested against the remaining
Atlantic samples (ML, PO, TP, and SC). ML (the

second closest sample) was then added to the Gulf-

plus-IR gi'oup; that grouping was then tested against

PO, TP, and SC. This process was repeated until only

a single sample remained in one group.

Finally, to test for an association between interpopu-

lation D values and geogi-aphic distance (isolation-by-

distance), we performed the Mantel test (BIOMstat,

version 3.0; Rohlf and Slice, 1995) for samples gi-ouped
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by region (Atlantic or Gulf)

and for all samples combined.

The statistical significance of

the association was tested by
random permutation analysis

by using 500 replicates (Sokal

andRohlf, 1995).

Results

-AP

FB
-OF

c
CH

TB

SA

Gulf

r-SC

54

We analyzed sequence data

from a 369-bp portion of the

mtDNA control region for 209

red drum. A total of 81 poly-

morphic sites were observed

among all individuals. Of

these, 67 sites had single-

state, 11 had double-state, and

3 had triple-state transfor-

mations, totaling 98 polymor-

phisms and including two

indels. The first indel consisted

ofan insertion of a pyrimidine
(T or C) at position 160 and

occurred in 10 individuals; the

second indel consisted of a

deletion of a purine (A) at position 210 and occurred

in one of these individuals (Table 1). Seventy-three
of the substitutions were TSs and 22 were TVs. As
with control regions of other fishes (Stepien, 1995),

the relative frequencies of the four nucleotide bases

differed; adenine was the most prevalent (399^), fol-

lowed by thymine (27*^), cytosine(23'^), and guanine
(11%). The TSrTV ratio was 3.4:1 and was similar

to ratios reported for marine and freshwater fishes

(Stepien, 1995; but see Brown et al., 1993).

We observed 134 different haplotypes in the 209

individuals sequenced (Table 1). Sequences of these

haplotypes have been deposited in GenBank under
the accession numbers AF054672-F054805. Twenty-
nine haplotypes were shared by more than one indi-

vidual. Two haplotypes, no. 56 and no. 83, were
shared by nine and nineteen individuals, respectively,

which were widely dispersed among seven samples.

Twenty-six haplotypes occurred infrequently, 25 in

two to five individuals scattered among two to five

samples, and one in two members of a single sample.
Of the 19 individuals with haplotype no. 83, 17 were
from the Atlantic and two from the Gulf The per-

centage of different haplotypes in any one sample
varied from im to lOO'/f {x=Sl'7c ). Haplotype diver-

sity within samples ranged from 0.95 to 1.00 (x=0.98,

SE=0.00) and nucleotide diversity ranged from 0.025

to 0.037 (x=0.030, SE=0.003).

i-IR
4 ML

PO

•-TP

Atlantic

1

0,36 0.18 000

Patristic distance  100

Figure 2

Neighbor-joining tree based on mtDNA nucleotide divergence between samples of red

drum from Florida and South Carolina nearshore waters. Sample location and abbrevi-

ates are defined in Figure 1.

Percent sequence divergences between pairs of dif-

ferent haplotypes ranged from 0.3% to 7.1% (x-

3.2%; SE=0.oi7). Between any two different haplo-

types, the number ofnucleotide differences varied from

one to 26 (x=\2). The topology of the unrooted tree

neighbor-joining (not shown) revealed that the 134

haplotypes were not phylogeographically structured.

Haplotypes observed in Gulfand Atlantic samples were

scattered throughout the tree; with the exception of

two terminal groupings, nodes on the tree had low sta-

tistical support. Internal branch lengths of the tree

were generally short; however, one interior branch was

relatively long, and it defined the only well-supported

major clade (bootstrap value=85). This clade consisted

of 23 haplotypes, including the 10 haplotypes that had

the insertion at position 160. The 10 insertion-bearing

haplotypes were found in nine Atlantic individuals but

in only one Gulf individual.

The D values between pairs of samples ranged
from -0.08% to 0.10%. In the neighbor-joining clus-

ter analysis, cohesion of the samples within geo-

graphic regions was generally observed (Fig. 2). All

Atlantic samples formed a distinct clade which was

separated by the longest branch of the tree from the

clade formed by the Gulf samples. Less cohesion was
observed among the Gulf samples, although the geo-

graphically proximal SA, TB. and CH samples clus-

tered closely together.
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Table 1
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Table 1 (continued)

Gulf Atlantic

Haplotype AP TB OF SA CH FB IR ML PO TP SC

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84'

85

86

87

88

89'

90

91

92

93'

94

95'

96

97

98

99

100

101'

102

103

104

105

106

107

108

109

110

continued
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Table 1 (continued)

Gulf Atlantic

Haplotype AP TB OF SA CH FB IR ML PO TP SC

111

112

113

114

115

116

117'''

118

119

120

121

122'

123

124

125

126

127

128

129

130'

131

132

133

134

Total 20 22 14 20 20 17 21 22 23 22

'

Haplotypes with an insertion at position 160.

-
Haplotype with an insertion at position 210.

The D value between the ML sample and the

remaining pooled Atlantic samples was -0.05%. In

contrast, the D value between the ML sample and
the Gulf samples ranged from -0.02% to 0.076%,

The analysis ofmolecular variance (AMOVA) for all

samples yielded a
(^^.j-

value of -0.001, indicating that

no significant heterogeneity was detected between

any two samples. For the geographic analysis, in

which samples were divided into shifting regional sub-

sets, the variance components among samples within

groups and among individuals within samples were

not significant for any grouping. Significant values of

(|)f.j.were observed in five of the 10 groupings (Table 2).

In four of the five significant groupings, the division

occurred in peninsular south Florida. Overall, results

of theAMOVA suggest that a genetic transition occurs

in red drum along the Florida coast between Sara-

sota Bay in the Gulf and Mosquito Lagoon in the

Atlantic. However, the highest (/)(^.y,
value and between-

group variance component were observed when sam-

ples were grouped according to their actual Atlantic

and Gulf locations (Table 2, grouping 1). The signifi-

cant
0f,j.

value for theAP sample versus all other sam-

ples suggests that an additional genetic discontinuity

occurs in Gulf waters off northwest Florida.

In the Mantel test between interpopulational D
and geographic distance, no association was observed

among the Atlantic samples (P=0.20) or among
the Gulf samples (P=0.053). However, a significant

association was observed for all red drum samples
(P<0.01 ), reflecting the genetic transition that occurs

in south Florida.

Discussion

Genetic population structure

Because there are few absolute barriers to gene flow

in the ocean, it is generally expected that marine spe-

cies with continuous distributions, large populations,

and high levels of larval and adult dispersal should

have very little intraspecific population structure over

large geographic areas (Avise, 1987; Palumbi, 1992).
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lation. Contrary to the study of Gold et al. (1994),

we found no evidence to support the hjrpothesis that

red drum in Mosquito Lagoon are reproductively iso-

lated from other Atlantic red drum. In our survey
of the mtDNA control region, there was no nucleo-

tide divergence between Mosquito Lagoon and other

Atlantic samples, whereas divergence values between

the Mosquito Lagoon and the Gulf samples were

among the highest. Furthermore, other investigators

also found no significant differences at the allozyme
loci that putatively distinguish Mosquito Lagoon red

drum from other red drum (Campton*; Crawford and

Bert'M. This lack of difference suggests that the allo-

zjrme frequency differences observed by Gold and Rich-

ardson ( 1994) may not be temporally stable. A lack of

samples geographically proximal to Mosquito Lagoon

may have also influenced the outcome of that study.

Considering all the evidence, it seems more likely

that red drum from Mosquito Lagoon belong to the

larger genetic population occupying nearshore Atlan-

tic waters of the southern United States. Although
it is generally better to obtain hatchery broodstock

from locations within or near the intended release

site (Utter, 1998), the use of Mosquito Lagoon red

drum as a source of broodstock in Atlantic coast stock

enhancement programs should not produce a nega-
tive genetic impact on wild red drum.

Implications for fishery and hatchery management

Because red drum support valuable fisheries through-
out the Gulf of Mexico and Atlantic seaboard, the

species is ofspecial concern to state and regional fish-

ery management agencies. Our results support the

hypothesis that a genetic transition in red drum pop-
ulation structure occurs in south Florida. In theory,

it requires the regular exchange of only a few indi-

viduals between breeding populations to homoge-
nize their genetic composition (Slatkin, 1987). Thus,

genetic exchange between Atlantic and Gulfstocks by

any recruitment process must be sufficiently low to

allow genetic differences to accumulate or, if the dif-

ferences reflect a historical disassociation, for them
to be maintained. The two red drum stocks can best

be described genetically as demes, separate semi-iso-

lated groups between which the structuring of het-

erogeneity differs from the assumption of panmixia
(Hartl and Clark, 1989). Therefore, the Atlantic and
Gulf stocks are likely to respond independently to

harvest regulations and these fisheries should con-

tinue to be managed separately.

"
Crawford, C, and Bert, T. 1997. Florida Marine Research

Institute, Department of Environmental Protection, St. Peters-

burg, FL. Unpublished data.

Gold et al. (1993) observed a pattern of isolation

by distance in the distribution ofmtDNA haplotypes

among Gulf samples that ranged from the south-

east coast of Texas to the southwest coast of Florida.

Although we did ^ot observe a similar pattern for

Gulf samples ranging from Apalachicola Bay to Flor-

ida Bay, the probability value for the Mantel coeffi-

cient was nearly significant at the 0.05 level and the

AMOVA value for the Apalachicola sample versus all

other samples was highly significant. This indicates

that the minimum geographic scale at which the

isolation-by-distance mechanism operates is greater
than the distance between Apalachicola Bay and
Florida Bay (approximately 670 km) or that genetic

discontinuity also exists between Florida Gulf red

drum and red drum inhabiting the northern and
western GulfofMexico. Accordingly, cooperative man-

agement of the Gulf fishery on a regional basis is

appropriate. No pattern of isolation-by-distance was
evident for red drum along the southern Atlantic sea-

board; the fishery between South Carolina and south-

east Florida should be managed as a single unit.

Our principal objective for undertaking this study
was to improve upon available genetic information

relating to red drum population structure for fish-

ery management purposes. Our most informative

statistical tools were those that assessed relation-

ships among the samples. Genotype frequency differ-

ences accumulate quickly in subdivided populations

compared with the rate at which distinct phyletic

lineages emerge and sort geographically. Moreover,
mitochondrial DNA restriction fragment length poly-

morphism and sequence data for marine populations
are typically characterized by haplotype distributions

which consist of a few numerically and geographi-

cally prevalent haplotypes and many rare, geograph-

ically restricted haplotypes that may be important
with respect to population structure. Therefore, as

our results and the results of Tringali and Bert ( 1996)

demonstrate, genetically-based management units

(sensu Moritz, 1994), especially in marine fishery

stocks, may be more easily identified by applying pop-
ulation-level analyses that take full advantage ofboth

differences in genotype frequencies among samples
and phylogenetic relatedness of individual genotypes.
Statistical tests of association when applied to skewed

haplotype distributions often lack the power to detect

the low levels of population divergence that may char-

acterize marine populations. Moreover, these tests

ignore the interrelatedness of haplotypes in terms of

sequence similarity or difference. The two principal

analytical methods we employed, clustering of inters-

ample nucleotide divergence values and AMOVA, are

based on both the occurrence ofhaplotypes at particu-

lar locations and their sequence similarity to other
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haplotypes at those locations. This approach may be

particularly important in studies of pelagic marine

species because, like red drum, genetic divergence

separating populations is often buried within a high

background of overall genetic diversity.

Finally, Moritz (1994) described the potential of

using mtDNA as a marker for evaluating the suc-

cess of stock enhancement programs. For this appli-

cation, the mtDNA haplotypes borne by hatchery
fish should be sufficiently rare in wild populations.
The portion of control region we examined provides
an excellent source of naturally occurring genetic
markers. Because the percentage of wild red drum
individuals with different haplotypes in any given

sample averaged 87% and ranged up to 1001, a

genetic monitoring program using this mtDNA frag-

ment to track haplotypes borne by hatchery-released
red drum after release should allow for assessment
of the survival and reproductive output of these fish

in the natural environment. In addition, nucleotide

substitutions in this portion of the control region
could be used to estimate the contribution of each

female parent to the broods. This information will

be important in the evaluation of breeding protocols

designed to optimize levels of genetic variability in

hatchery broods, in the assessment of genetic risk

posed to wild red drum populations by hatchery stock-

ing programs (e.g. Tringali and Bert, 1998), and in

the evaluation of stock supplementation programs.
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Abstract.—On the eastern seaboard of

the United States, populations of the

blue crab, Callinectes aapidus, experi-

ence recurring outbreaks of a parasitic

dinoflagellate, Hematodinium perezi.

Epizootics fulminate in summer and

autumn causing mortalities in high-

salinity embayments and estuaries. In

laboratory studies, we experimentally

investigated host mortality due to the

disease, assessed differential hemato-

logical changes in infected crabs, and
examined proliferation of the parasite.

Mature, overwintering, nonovigerous
female crabs were injected with lO'^ or

10^ cells of//, perezi. Mortalities began
14 d after infection, with a median
time to death of 30.3 ±1.5 d (SE). Sub-

sequent mortality rates were greater
than SG'/r in infected crabs. A relative

risk model indicated that infected crabs

were seven to eight times more likely to

die than controls and that decreases in

total hemocvte densities covaried signif-

icantly with mortality. Hemocyte densi-

ties declined precipitously (mean=48'^ )

within 3 d of infection and exhibited

differential changes in subpopulations
of gi-anulocytes and hyalinoc)d;es that

lasted throughout the course of the

infection. Crabs that did not present
infections after injection (i.e. "immune"

hosts) did not show hemocytopenia and

exhibited significant long-term (21-27 d)

granulocvtemia. Detection of the para-
site in the hemolymph of infected crabs

increased from approximately 30'^i after

14 d to 60'7< after 21 d to 100% after

35 d. Plasmodial stages were, however,
detectable in histological preparations
of the heart within 3 days of infection

and increased in number over 5 and
7 days. Sporulation of the parasite
occurred over a short time (at least 4

d, after 43 d of infection I and did not

culminate in the immediate death of

the host. Hematodinium perezi repre-

sents a significant threat to the blue

crab fisheries in high-salinity estuar-

ies. Although the parasite infects male
and female crabs, it may have a greater

impact on mature females as they move
to higher salinities to breed.
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Hematodinium perezi is a parasitic

dinoflagellate that proliferates in

the hemolymph of several crab spe-
cies. In the blue crab, Callinectes

sapidus, H. perezi is highly patho-

genic and usually kills the host.

The main symptom of the infection

is lethargy. Heavy infections are

characterized by discolored (brown,

yellow, milky or chalky ) hemolymph
that does not clot. The disease oc-

curs in blue crabs in high-salinity

i>\Yi() waters from Delaware to

Florida, and in the Gulf of Mexico

(Newman and Johnson, 1975; Mes-

sickandSinderman, 1992). In 1975,

Newman and Johnson (1975) re-

ported a prevalence of 309r in blue

crabs from Florida; the effect of this

disease on the blue crab population
was thought to be high.

In 1991 and 1992, prevalences of

infection up to IQO'^/r were found in

blue crabs (mean prevalence=43'^,
several locations from 709f to 100*^,

/7=971) from coastal bays in Mary-
land and Virginia (Messick, 1994).

Commercial watermen reported re-

duced catches, lethargic and mor-

ibund crabs in pots and shedding
facilities, and crabs that died soon

after capture (Rux, Oesterling'). In

1996 and 1997, IQ'A to 40% of adult

crabs from the eastern portions of

Chesapeake Bay in Virginia were

infected.- The disease has a low

prevalence or does not occur in the

larger, riverine ("bayside") fishery;

it appears most detrimental to the

coastal ("seaside") crab fisheries.

Outbreaks ofinfestation by Hema-
todinium spp. have caused concerns

to several major crustacean fisher-

ies. Significant population declines

and economic losses have been

reported for the Tanner iChion-

oecetes bairdi) and snow (C. opilio)

crab fisheries of Alaska and New-
foundland (Meyers et al.. 1987,

1990; Taylor and Khan, 1995),'^ the

Norway lobster (Nephrops norveg-
icus) fishery of western Scotland

(Field et al., 1992), and the velvet

crab iNecora puber) fishery of west-

ern France (Wilhelm and Miahle,

1996). The parasite causes a condi-

Contribution 2241 from the Virginia Insti-

tute of Marine Science, The College of

William and Marv, Gloucester Point, VA
23602.

Rux, S. 1993. Red Bank Seafood Co.,

Box 37 Marionville, VA 23408. Personal

common. ; Oesteriing, M. 1993. VASG,
Virginia Inst. Marine Science, Gloucester

Point. VA 23062. Personal commun.
 

Shields. J. D. 1997. An investigation into

the epizootiology of Hematodinium perezi,

a parasitic dinoflagellate in the blue crab,

Callinectes sapidus. Saltonstall-Kennedy

Progi'am, National Marine Fisheries Ser-

vice, NOAA. Final Report.

Prevalences in Newfoundland are now at

1-15"^; in the northern bays. Taylor, D.

1998. DFO. CP 5567, White Hills, St.

Johns, Newfoundland, Canada, AlC 5X1.

Personal commun.
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tion known as bitter crab disease in snow and Tanner

crabs (Meyers et al., 1987). Low prevalences (1-4%)

of another species, H. australis, have been reported

in sand (Portunus pelagicus) and mud (Scylla ser-

rata) crabs from Australia (Shields, 1992; Hudson

and Shields, 1994).

Infections of Hematodinium spp. or Hematodin-

jum-like species have been reported from a variety of

different hosts (see Shields, 1994, for review). There

are, however, only two described species oi Hemato-

dinium: H. perezi Chatton and Poisson, 1931, and H.

australis Hudson and Shields, 1994. By convention

(Newman and Johnson, 1975; MacLean and Rud-

dell, 1978) and from its distinct morphological fea-

tures, we concur that Hematodinium perezi is the

infectious species in the American blue crab.

Blue crabs sustain one of the largest fisheries in

Chesapeake Bay. Current management plans and

state regulations are based on population assess-

ments that include numbers of juvenile and adult

crabs found during winter, spring, and summer sur-

veys (Lipcius and Van Engel, 1990; Abbe and Stagg,

1996; Rugolo et al., 1998). Although these projections

include estimates of natural mortalities, they do

not account for the potential epizootics and mortali-

ties caused by Hematodinium perezi. In this study,

we examined host mortality in controlled laboratory

experiments and documented changes in the hemo-

grams (total cell counts, and differential counts) of

inoculated crabs versus uninfected crabs. We also

examined proliferative growth of//, perezi at approx-

imately weekly intervals and made observations on

the biology and life history of the parasite.

Materials and methods

Blue crabs were collected from Chesapeake Bay and

several of its subestuaries during the annual VIMS
Winter Dredge Survey (part of the Chesapeake Bay
Stock Assessment Program) with a 1.83-m-wide Vir-

ginia crab dredge fitted with 0.5-inch ( 1.25-cm ) Vexar

mesh dragged on the bottom for one minute at three

knots. Crabs were also taken with commercial crab

pots from two reference locations on the Delmarva

Peninsula, Red Bank and Hungars Creeks, Virginia.

Uninfected crabs were housed together for three to

seven days prior to treatment to ensure acclimation

and absence of overt bacterial or protozoal diseases

(as assayed below). During the experiments, crabs

were fed fish and squid semiweekly and held individ-

ually in aquaria (5 gal., 19 liter) at 20° to 21°C, and 24

ppt salinity. Although H. perezi infects both sexes, only

mature, nonovigerous female crabs (healthy, orange

maturing gonads, little to no shel] damage, 120-160

mm carapace width including epibranchial spines)

were used in the experiments. Females were used

to limit the number of treatment effects (e.g. poten-

tial differences between sexes) and to improve sample
sizes given the laborious nature of the experiments.
Hematodinium perezi was maintained in the lab-

oratory by serial passage of infected hemolymph.

Hemolymph from naturally infected crabs was in-

jected directly into uninfected crabs. Naive (unex-

posed) crabs and crabs used for inoculation experi-

ments were obtained from low-salinity non-enzootic

locations. Infected and inoculated crabs were housed

separately and used as hemolymph donors to inject

naive hosts (10^-10^ parasites per host). Injections

were given in the arthrodial membrane of the fifth

leg at the juncture of the basis with the cara-

pace. We have maintained //. perezi for over seven

months using this method with no apparent loss from

pathogenicity.
Two mortality experiments and one early life his-

tory experiment were undertaken. The mortality-I

experiment used raw, infected hemolymph as the inoc-

ulant. Although appropriate for maintaining infec-

tions in the laboratory, raw hemolymph cannot be

adjusted to manipulate parasite densities without

the use of physiological buffers, nor can it be guar-
anteed as sterile without appropriate assessment

(see Welsh and Sizemore, 1985). Preliminary experi-

ments with sterile sea water, physiological buffers,

and infected hemolymph indicated that buffer-washed

parasites remained infectious, and could, therefore,

be adjusted to consistent densities appropriate to

controlled experiments. The mortality-II experiment
used buffer-washed parasites adjusted to a density
similar to that used in the mortality-I experiment.

Mortality-II experiment closely resembled mortality-I

experiment except for 1 ) handling (buffer washes with

centrifugation) and 2) the use of plasmodial versus

uninucleate stages of the parasite. Uninfected crabs

served as controls in both experiments. Controls were

used to assess handling effects and to establish base-

line densities of hemocytes. The early infection exper-
iment was designed to examine the effects of early

infections on the hematology of the host and the

early life history of the parasite. Experimental den-

sities in the early infection experiment were four

times higher than those in the previous experiments
(4.1 X 10'' vs. approx. 1.0 x 10'^ parasites/crab, respec-

tively) and were arbitrarily higher to insure obser-

vation of parasites prior to their proliferation.

In the mortality-I and mortality-II experiments
different proportions of trophonts and plasmodia
were used (for definitions see below). The mortal-

ity-I experiment consisted of a control group of unin-

fected crabs (n=22) injected individually with 100 pL



Shields and Squyars: Mortality and hematology of Call/nectes sopidus infected with Hematodinium perezi 141

of hemolymph from an uninfected donor crab and

an experimental gi'oup («=20) injected individually

with 100 ]iL of infected hemolymph from a donor

crab containing an estimated 1.3 x 10'' trophonts/mL
(1.3 X 10^ trophonts per crab).

The mortality-II experiment consisted of a con-

trol group (n=8) injected individually with 100 ]iL

of physiological saline buffer (modified from Apple-
ton and Vickerman, 1998; NaCl, 19.31 g/L; KCl 0.65

g/L; CaCl.,-2H.,0 1.38 g/L; MgSO^-TH^O 1.73 g/L;

Na2S04 0."'38 g/L; HEPES 0.82 g/L;) adjusted to pH
7.8, with added glucose (1.0 mg/mL) and two exper-
imental treatments (high dose=1.0 x 10^ parasites/

crab; low dose=1.0 x lO"' parasites per/crab, /i = 10, 10

respectively). To prepare the inoculum for the exper-
imental treatments, 2.0 mL of infected hemolymph
were drawn from a donor crab infected with 6.15

x 10" parasites/mL (comprising 97% plasmodia; 3%
trophonts). The infected hemolymph was diluted 1:1

with buffer, centrifuged at 4000 rpm for 10 minutes,
the supernatant was decanted, and the cells were

resuspended in buffer. The cells were then adjusted
to 1.0 X 10'' parasites/mL, centrifuged through two

more washes, and serially diluted to attain densities

of 1.0 X 10*' parasites/mL and 1.0 x lO'* parasites/mL
(for inoculum of 100 pL, 1.0 x 10^ parasites/crab and
1.0 X 10^ parasites/crab, respectively).

In both experiments, crabs were monitored daily for

mortalities. Deaths within the first nine days of each

experiment were excluded because of handling stress

arising from infrequent, bacterial infections (e.g. John-

son, 1976). None of the crabs in the experiments were

infected with amoebae, microsporans, or overt bacte-

rial infections (but see Welsh and Sizemore, 1985 for

background levels of Vibrio spp. in hemolymph of C.

sapidus). Ten crabs from each treatment in the mor-

tality-! experiment, and all of the crabs in the mortal-

ity-II experiment were bled approximately weekly to

assess infection status. In the mortality-I experiment,
the same ten crabs were bled approximately weekly
until they died; other crabs from within the experi-

ment were added as replacements.
Crab hemolymph was taken by using a tubercu-

lin syringe (1 mL) with a 25.5-ga. needle from the

arthrodial membrane at the juncture of the basis

and the ischium of the 5th pereopod (swimming
leg). Ethanol (70*7^^) was used to sterilize the site of

inoculation and blood letting. Total and differential

counts of host hemocytes and estimates of parasite

density were obtained from individual crabs with a

hemocytometer (Neubauer improved, Bright Line,

two counts per crab) with phase contrast microscopy
at 400x. Host hemocytes were identified as granu-

locytes, semigranulocytes (intermediate cells with

relatively few granules, Bodammer, 1978; Johnson,

1980) and hyalinocytes (cell types defined in Soder-

hall and Cerenius, 1992). Hemocyte and parasite
densities higher than 1.0 x IC cells/mL were diluted

1:5 with buffer and recounted to provide better esti-

mates of cell density. For comparative purposes,
total hemocyte densities and differential counts from

naturally infected male and female crabs were also

obtained.

Parasites were easily distinguished from host cells

by using phase contrast microscopy (Fig. 1): uni-

nucleate trophonts (9-15 pm) possessed few small,

refractile vacuoles and were rounded or amoeboid,
without filopodia; multinucleate plasmodia (20-100

pm) were slender, vermiform, and motile. The den-

sity of infection refers to the number of parasites

per mL ofhemolymph. Total hemocyte density refers

to the number of hemocytes per mL of hemolymph.
Mean intensity refers to the mean number of para-
sites per quantity of infected host tissue (Margolis et

al., 1982).

Permanent preparations of hemolymph were pro-

cessed and stained as described in Messick ( 1994).

Briefly, acid-cleaned, poly-1-lysine-coated microslides

were smeared with fresh hemolymph, allowed to

stand for 2-3 minutes, and fixed in Bouin's fixative.

The smears were processed through a routine Harris

hematoxylin and eosin-Y procedure ( Humason, 1979,

p. 123 without acid destain).

The early infection experiment consisted of a con-

trol group (n=5 crabs) injected individually with

100 pL ofhemolymph from an uninfected donor crab

and an experimental group {n=20) injected with 100

pL of hemolymph from a donor crab containing an

estimated 4.1 x 10^ parasites/ml (4.1 x 10^ parasites

per crab; comprising 79% plasmodia, 21% trophonts).
Three days prior to infection, cell counts were con-

ducted on all crabs to serve as a benchmark (presa-

mple) for before-after comparisons. On days 3, 5, and
7 after inoculation, five infected crabs were bled and
dissected. Differential cell counts were conducted and
tissue samples taken for histological analysis. Tissue

samples were processed through a routine hematox-

ylin and eosin procedure and included muscle, hepa-

topancreas, heart, and, in some cases, foregut. The
control crabs were bled and tissue samples taken 10

days after injection.

For statistical analyses, the proportional hazards

model with the Weibull distribution was used to

examine survival data and associated variables (Cox

and Oakes, 1984 ). The Tarone-Ware log-rank test was
used to examine differences between survival curves

(Wilkinson, 1997). ANOVA was used to analyze rela-

tionships in hemocyte densities and proportion of cell

type (cell type density divided by total hemocyte den-

sity) between inoculated and uninfected crabs. Simi-
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Days alter injection

Figure 4

Detectability of parasites in hemolymph of infected blue crabs over the course of infec-

tion. Data were combined from mortality-I and mortality-II experiments and include only

infected crabs. Samples sizes were 21, 11, 10, 10, 16, 4, and 4 crabs on days 7, 14, 18, 21,

26, 32. and 35, respectively.
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3 and 4, Fig. 5). Total hemocyte density was signifi-

cantly depressed in infected crabs (Fig. 5A; 2-way
ANOVA by group and day, i^=5.03, P<0.001). Total

Table 2

Relative intensity of Plasmodia in histological prepara-

tions of heart sections of mature, nonovigerous female blue

crabs from the early infection experiment. Mean intensi-

ties represent direct counts of Plasmodia and are not stan-

dardized by tissue area.
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"Immune" crabs exhibited a fluctuation in cell types
with significantly higher proportions ofgranulocytes
to semigranulocytes during the first five weeks after

inoculation (F=4.35, df =5, 18, P<0.01). By day 40,

the hemograms of "immune" hosts were virtually

identical to those of the uninfected controls (Table 7,

Fig. 5, C and D).

In the early infection experiment, hemocyte popu-
lations shifted within the first three days of infec-

tion (Tables 5 and 6; ANOVA, log hemocytes, F=9.16;
df =3, 31, P<0.01); the proportion of granulocytes in

infected crabs increased significantly compared with

the proportion ofsemigranulocytes (ANOVA, 7^=4.39,

P<0.05). Uninfected crabs exhibited minor fluctua-

tions in the proportion of granulocytes to that of hya-

linocytes but the proportions were similar to those

observed in the mortality-I and mortality-II experi-
ments (Tables 6 and 7).

Discussion

In laboratory experiments, Hematodinium perezi
caused significant mortality to infected mature,

nonovigerous blue crabs. Infections were not always
fatal (four crabs survived inoculation without devel-

oping infections), but the overall mortality to labo-

oratory-inoculated crabs was high at 86% over 40

days. The proportional hazards model indicated that

infected crabs were seven to eight times more likely to

die than uninfected crabs. Infections in Tanner crab,

Chionoecetes bairdi, and Norway lobster, Nephrops
norvegiciis, are frequently fatal to the host (Meyers
et al., 1987; Field et al., 1992). The mortality ofnatu-

urally infected Tanner crabs held in aquaria for 97

days was 67% (;? = 11) and hosts survived from 20 to

158 days in the laboratory. Uninfected Tanner crabs

experienced no mortality during the course of the

experiment (Meyers et al., 1987). Naturally infected

Norway lobsters suffered mortality rates of 86% to

100% over 27 d and 75 d, respectively, and had mor-

tality rates 2-4 times higher than uninfected lob-

sters, and most of the deaths occurred early in the

course of the experiment (Field et al., 1992).

During epizootics, juvenile blue crabs have a

higher prevalence of//, perezi than do mature hosts

(Messick, 1994). Male blue crabs have a prevalence
of infection similar to that for females along the

Total hemocyte density
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Figure S

Total hemocyte densities and proportions of host cell types in uninfected, infected and "immune" crabs. Data combined from mor-

tality-I and mortality-II e.xperiments. Bars = SE. Standard errors (not shown) for proportion of host cell types were low (0.02-0.05).

"Immune" crabs were survivors from mortality-II e.\periment that never developed infections. Sample sizes given in Table 3.
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Table 5

Differential densities of hemocytes (xlOi^ hemocytes/ml ) in relation to days after inoculation for crabs in the early infection experi-

ment. Sample sizes are given in Table 2.

Days

Uninfected control crabs

Presample
10

Inoculated, infected crabs

Presample

3

5

7

Granulocyte density

Mean ±SE

3.72 ±0.31

7.48 ±1.60

6.88 ±0.92

4.95 ±0.40

2.51 ±0.91

2.93 ±0.68

Semigranulocyte density

Mean ±SE

7.66 ±0.50

11.20 ±1.94

11.43 ±1.00

4.36 ±0.31

5.40 ±1.60

6.92 ±0.80

Hyalinocyte density

Mean ±SE

4.53 ±0.79

5.30 ±1.47

4.97 ±0.40

2.80+0.15

1.49 ±0.51

1.56 ±0.31

Delmarva Peninsula (Messick, 1994; Messick and

Shields^) and show significantly gi-eater changes

than females in certain blood parameters.'' Infected

blue crabs apparently die before acquiring the bitter

flavor found in infected Tanner and snow crabs.

Survival analysis indicated that parasite density

was not associated with mortality. Similarly, survival

time of Norway lobsters did not show a significant

relationship with severity of infection, but host mor-

tality did increase with the progression of the disease

(Field et al., 1992). In blue crabs, absolute declines in

ln( total hemocyte density) were associated with host

mortality. Hence, the cellular defensive response of

the host appeared seriously compromised by infec-

tion. Anecdotal evidence from hosts used to maintain

the parasite suggests that infections established with

Plasmodia are more pathogenic than those estab-

lished with trophonts; this may explain the similar

mortality curves for the high and low doses of Plas-

modia in the mortality-II experiment. Observations

on naturally and experimentally infected crabs indi-

cate three possible outcomes to the disease:

1 Crabs with acute infections, such as those

reported here, show rapid mortalities, typically

dying within 40 d. Acute infections rarely lead

to heavy infections (10'^"^ parasites/mL), and may
not lead to the development of dinospores.

•• Messick, G. and J. D. Shields. 1999. The cpizootiology of the

parasitic dinoflagellate HcmatiHiiniuin perezi in the blue crab,

Callinectes sapidus. Oxford Cooperative Laboratory, 904 S.

Morris St., Oxford, MD 21654. Unpubl. data.

^
Shields, J. D. 1999. Mortality and pathophysiology studies

of blue crabs infected with the parasitic dinoflagellate Hcmnlo-

dinium perczi. Saltonstall-Kenncdy Program. NOAA/National

Marine Fisheries Service. Final Report.

Table 6

Total hemocyte densities (xlO'' hemocytes/mL) in relation

to days after inoculation (-- = not done) in the early infec-

tion experiment.
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Sparks, 1980), changes in mitotic stimuli of hemo-

poetic tissue (Hose et al., 1984). or sequestration of

specific cell types in defense of the infection (e.g.

nodule formation, Johnson, 1976, 1977). Hyalino-

cytes and semigranulocytes are the major phagocytic

hemocytes in crustaceans (Bachau, 1981; Hose et

al., 1990). Such hemocytes form nodules in bacte-

rial, amoebic, and Hematodinium infections in blue

crabs, Hematodinium infections in A^. norvegicus,

and gaffkemia infections in Homarus americanus

(Johnson, 1976, 1977; Johnson et al., 1981; Messick,

1994; Field and Appleton, 1995) are thus removed

from circulation, and may account, in part, for the

observed declines. In fungal infections of crayfish, P.

leniusculus, hemocytic nodules do not dissociate in

the presence of zymosan, a yeast derivative, and may
last several days (Perrson et al., 1987). In Aeromo-

?jas-infected lobsters, the hyalinocytes increase in

proportion to the other cell types, presumably by
increased mitotic activity in hemopoeitic centers, but

there is a significant decline in hemocytes after five

days of infection (Stewart et al., 1983).

Lastly, several blue crabs (n =4) successfully fought
off the infection. These "immune" crabs exhibited

significant sustained levels of granulocytes, did not

suffer hemocytopenia, their hemolymph clotted nor-

mally, and they did not exhibit gross changes in

morbidity. Histological preparations of heart, hepa-

topancreas, muscle, and hemopoeitic tissues were

negative for latent infections in the "immune" ani-

mals. The relative increase in semigranulocytes and

sustained densities of hyalinocytes over time (Fig. 5)

suggests an increase in mitotic activity in hemopo-
etic tissue in response to the infection. This increase

may not be sufficient to counter the parasite in sus-

ceptible hosts. In A^. norvegicus infected with Hema-
todinium sp., the hemopoeitic tissues show marked
increases in activity. Although changes in host cell

densities were not quantified, apparent stem cells

were present in the active nodes (Tables 1 and 2 in

Field and Appleton, 1995). The role of the granulo-

cytes in the defense against Hematodinium infec-

tions and the underlying mechanisms leading to

refractory hosts warrant further study.
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Abstract.—Atlantic sturgeon ^Aapcnscr

oxynnchtis) are a large anadromous

fish which is especially vulnerable to

overharvesting owing to its late age of

maturity and low rate of reproduction.

Age determination methods and growth
rates are poorly described for this spe-

cies. Pectoral-fin spine sections and sag-

ittal otolith sections were examined to

determine whether one of these struc-

tures would be u.seful in estimating the

age and growth of Atlantic sturgeon.

Otoliths have been difficult to collect,

process, and interpret. Interpretation

of annuli in sectioned pectoral spines

has proven to be an unbiased method

for aging juvenile and adult Hudson

River Atlantic sturgeon. Marginal incre-

ment analysis has indicated an annual

cycle of annulus deposition. Microchem-

ical analysis with an electron micro-

probe of the periphery of fin spines has

shown seasonal patterns of calcium and

phosphorus concentrations related to

the translucent and opaque zones of the

annuli. Formation of yearly annuli was

verified in 4-year-old laboratory-reared

sturgeon. \'on BertalanflTy growth models

(based upon fin-spine interpretations)

were fitted for the Hudson River popu-

lation. Models predicted a more rapid

growth rate for males than for females

(females: K=0.07, L„=251 cm; males:

A'=0.25,Z,. = 180cm). Females, however,

attained a greater maximum age 1 42 yr I

and size (TL=277 cm). We believe that

exploitation has had a large but unquan-
tifiable bias on gi'owth estimates for

male and female Atlantic sturgeon. As

the Hudson River population recovers,

age structure and growth rate estimates

should be refined to predict population

recovery rates more accurately in the

absence of a directed fishery.
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"

Atlantic sturgeon iAcipeiiser oxyrin-

chus) are a large anadromous fish

that ranges the East Coast of North

America and spawns in rivers from

Florida to Canada. Population levels

throughout the range of the species

declined appreciably in the late 19th

century owing to increased harvest

of sturgeon for caviar following the

Civil War (Murawski and Pacheco,

1977; Secor and Waldman, in press).

Overfishing and deterioration of

habitat, predominantly the blockage
of spawning runs, have contributed

to the extirpation of several Atlantic

sturgeon populations (Taub, 1990;

Waldman and Wirgin' ). The life his-

tory strategy of the anadromous
Atlantic sturgeon indicates that age
structure and vital rates are espe-

cially critical to conservation . Atlan-

tic sturgeon exhibit high maximum
age, late maturation (females 14-17,

males 10-12; Van Eenennaam et

al., 1996), and probable low mor-

tality rates; growth, however, is

rapid. These traits, as well as low rel-

ative fecundity and less-than-annual

spawning frequency, make sturgeon

especially susceptible to overexploi-

tation (Boreman, 1997). Therefore,

models ofAtlantic sturgeon popula-
tion dynamics may be expected to be

sensitive to biases in estimated vital

rates and reproductive schedules.

Atlantic sturgeon growth rates have

been estimated in several studies,

but results are divergent (Table 1).

Poorly validated techniques have

been employed to estimate age; and

rates of growth, reproduction, and

mortality have not been developed

sufficiently to support resource man-

agement models (Taub, 1990).

Studies of acipenserid age have

employed annuli in calcified struc-

tures including scutes, pectoral-fin

spines, otoliths, operculi, and other

skeletal parts ( Harkness, 1923; Gree-

ley, 1937; Brennan and Cailliet, 1989,

1991; Guenette et al., 1992; Rien and

Beamesderfer, 1994). The term "fin

ray," previously used to describe the

leading ( primary) ray of the pectoral

fin supporting element, was revised

by Feindeis ( 1997 ) because this ele-

ment becomes fully ensheathed with

dermal bone early in ontogeny, and

therefore should be termed a spine.

Pectoral-fin spine sections have been

preferred for aging because annuli

in sections can be consistently inter-

preted, and fin spines are easily col-

'

Contribution 3272 of the University of

Maryland Center for Environmental Sci-
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Waldman, J. R., and I. I, Wirgin. 1998.

Status and restoration options for Atlantic

sturgeon in North America. ICES Coun-

cil Meeting/T 16.
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(« = 114). Sagittae were cleaned in 107c

bleach, rinsed several times with deion-

ized water, and air-dried. One sagittal oto-

lith from each pair was embedded in Spurr

epoxy and sectioned as described in Secor

et al. (1991). Owing to their fragility, oto-

lith sections were polished by hand with a

variety of fine sandpapers and a 0.03-pm
alumina slurry.

Annuli in thin sections of fin spines
and otoliths were viewed under reflected

light at 15x magnification by two experi-

enced readers. An annulus was defined as

a bipartite zone comprising an opaque and
a translucent zone (Fig. 1 ). The first trans-

lucent zone was counted as the beginning
of the first year of life. In some instances, a

secondary fin spine was embedded within

the primary fin spine (Feindeis, 1997), in

which case care was taken to enumerate
annuli only in the primary spine. False

annuli were consistently observed in fin-

spine sections of older individuals and
were excluded from annulus counts. These

structures were not continuous around the

entire circumference of the section and

were thus distinguishable from annuli to

be counted (Prince et al., 1985).

Precision and bias

Readers counted annuli without knowing
collection date, fish size, or previous age
determination. They were trained with

the aid of an imaging system that permit-
ted simultaneous observation of annular

growth zones. Paired difference tests were

used to statistically evaluate bias and pre-

cision among readers in a single blind test.

The coefficient of variation (CV) was used

to measure precision; bias was assessed

visually using age-bias plots (Fig. 2). An
age-bias plot showed paired estimates of

age for the same fish (Campana et al.,

1995), with the estimates of reader 2 rep-

resented as mean age, and 95';'f confidence

intervals corresponding to each of the age
classes estimated by reader 1. For exam-

ple, if reader 1 estimated five fish to be 15

years old, the age-bias plot indicated the

mean age of those five fish as estimated

by reader 2. Divergence from the equiva-
lence line, where A^e^,,,,/,, ,

=
Age„„,^„. ^_,

indicates a systematic difference between
readers. Paired age estimates for either fin-

translucent

zones

Figure 1

Backscatter electron micrographs show (A) a sagittal otolith section;

IB) a pectoral-fin spine (lower lobe only) from a Hudson River Atlantic

sturgeon; and (C) a fin-spine section from a hatchery-reared Atlantic

sturgeon. White arrows (B) indicate annuli. Organic deposits in the fin-

spine section are indicated with dark arrows (B). Pits resulting from

chemical microanalysis are visible in the otolith section. Dashed circle

in (A) indicates annuli that are difficult to interpret.
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spine sections or otolith sections made by two

readers were contrasted. In addition, for each

reader, ages estimated from fin spine sections

were compared with ages estimated from oto-

hth sections from the same fish.

Validation of annulus formation

The periodicity ofannulus formation in Atlantic

sturgeon fin spines and otoliths was studied by

using measurements and chemical microanal-

ysis of marginal increments, and observation

of annuli in juvenile hatchery-reared sturgeon

marked with oxytetracycline (OTC) at a known

age. Efforts were concentrated on fin-spine age

validation because annuli were difficult to con-

sistently interpret in otolith sections.

Marginal increment analysis measures the

opaque zone deposited after the last identifi-

able translucent zone at the margin of a struc-

ture used for age estimation (Kalish, 1995).

Seasonal growth of that opaque zone is used

to determine the timing of annulus formation

(Cailliet et al., 1986; Beamish and McFarlane,

1987; Brennan and Cailliet, 1989). In our anal-

ysis, marginal increments were measured with

image analysis software (Optimas, Inc., 1994)

to the nearest 0.001 mm. Marginal increment

ratio (MIR) was calculated as

MIR = MIx 1/A,

where MI = the width ofthe outermost opaque
zone (marginal increment); and

A = the mean width of the three

annuli deposited previous to the

marginal increment.

Mean MIR was computed for each month sepa-

rately, with ages and sexes combined. Because

very few fish were collected for several months,

monthly samples were pooled for four three-

month seasons. The winter season (December-

February) was eliminated owing to very low

sample size.

Microchemical analysis of calcified struc-

tures can verify the periodicity of annuli (Jones and

Geen, 1977; Casselman, 1983; Radtke and Targett,

1984; Cailliet and Radtke, 1987). Calcium concen-

tration is correlated with optically defined growth
zones in the hard part (e.g. calcium is increased in

the opaque zone and decreased in the translucent

zone; Cailliet and Radtke, 1987; Lai et al., 1996). For

instance, the most recently formed material in fin

o
O

41
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persive (WDS) electron microprobe at the Center for

Microanalysis, College Park, MD. Phosphorus was
also measured because it makes up a large fraction

of the fin spine's hydroxyapatite structure ( Steven-

son, 1997). Accelerating voltage was 25 kV and cup
current was 20 nA. Each measurement represented

rastering or scanning by the probe over a 5 x 5 jam
area of the hardpart section. Molar weights of cal-

cium and phosphorus were measured in peripheral

regions of fin spines for 20 fish aged 3-18 years (fin-

spine estimate) collected in March, June, September,
and November. The mean of three peripheral points
was calculated for each individual, and means were

contrasted by month of collection with ANOVA.
Microprobe measurements were used to construct

elemental chronologies of 15 fin spine sections taken

from sturgeon aged 12-36 years (fin-spine estimate)

and 164-236 cm TL. For each chronology, a series of

point measurements was taken along an axis that

traversed several annuli, with five points per annu-

lus; points were assumed to sample seasons in linear

proportion.

A solution of OTC (25 milligrams per kilogram of

body weight) was injected into the dorsal muscula-

ture of five juvenile laboratory-reared fish of known

age (55—65 cm TL) from Hudson River broodstock.

Juveniles had been reared in circular fiberglass

tanks in a recirculating system and fed a mixture

of commercial pellet feeds. They were subjected to a

twelve-hour photoperiod; water temperature ranged
from 15° to 20°C. Three months after injection, the

first fin spine section was removed from three fish

with a jeweller's saw, and silver nitrate was applied
to encourage clotting of the wound. Fifteen months
after injection, a second section was removed from

the opposite pectoral-fin spine of one fish only. Fin-

spine segments were dried, sectioned, mounted on

glass slides, and polished. Thin sections were viewed

with epifluorescent microscopy to identify OTC marks.

The position of OTC marks with respect to opaque
and translucent zones was recorded and a micro-

graph was taken. In all cases, the reader was aware
that the fish had received an injection of OTC but

had no knowledge of the date of section collection.

Growth

Reported measurements of dressed carcasses were
converted to total length based upon conversion met-

rics derived for Hudson River Atlantic sturgeon (Ste-

venson, 1997). Sturgeon included in the conversion

metric sample (n=235l were collected during spawn-
ing season in the Hudson River; all but five pos-
sessed mature gonads. Ages derived from fin-spine
and otolith sections were used to fit von Bertalanffy

growth models by using a Marquardt iterative esti-

mation procedure for the three model parameters.

Length-at-age relationships were first examined to

determine variance structure and progression of

modal length with age. Growth parameters were
estimated iteratively for males and females with a

least-squares method. Because of high variance at

the point of growth inflection, it was unlikely that

a single growth model would fit all portions of the

growth curve. Therefore, the juvenile portion (42-152

cm TL) was modeled separately with a power func-

tion based upon the best fit of residuals.

PC-SAS (SAS Institute, Inc., 1994) and Statgraph-
ics Plus (STSC, Inc., 1992) were used for all statisti-

cal tests. Data that did not satisfy the assumption
of heteroscedasticity (Bartlett's test, a=0.05) were

transformed to satisfy this assumption. Transformed

data that did not satisfy this assumption were ana-

lyzed with a Kruskal-Wallis nonparametric test to

examine differences among groups.

Results

Comparison of hard parts

Otoliths were irregularly shaped and their annuli

were difficult to interpret. In contrasting several sec-

tioning planes, we observed that annuli on transverse

sections yielded the most consistent interpretations.

The first three to nine growth zones showed a clear

alternation of opaque and translucent zones. There-

after, translucent zones were irregularly spaced and
often appeared to overlap (Fig. lA). Low optical con-

trast between opaque and translucent zones reduced

the readers' confidence in assigning annuli, espe-

cially in sections with more than twenty annuli.

In contrast, fin-spine sections exhibited concentric

narrow translucent zones and wide opaque zones

when viewed with transmitted light. Fin spines con-

tained a vascularized core and deposits of organic
material in lobe regions (Fig. IB). Interspersed were

fibrils that we interpreted as collagen or some other

structural protein. Annuli became narrower toward

the outer edge in larger (and presumably older) fish.

Secondary fin spines (84% of fin-spine sections) and
false annuli were observed but were simple to iden-

tify and disregard. Belts of two to five narrow annuli

were apparent in most female fin-spine sections (96%
of a subsample of 48). These belts were not apparent
in the juvenile sturgeon examined.

Imprecision (CV) in age estimates was 4.8% between

two readers of the same fin-spine section (Fig. 2A).

Mean imprecision was 1.2 years (^=-1.97, P>0.05);

estimates by the two readers were not significantly



158 Fishery Bulletin 98(1)

different. Age estimates from otolith sec-

tions were less precise than from fin-spine

sections ( Fig. 2B). Absolute imprecision was

3.3 years and the CV on paired differences

was 14.8%. No significant bias occurred in

otolith interpretations between readers. In

a comparison of ages estimated by a single

reader from otolith sections and from cor-

responding fin-spine sections (i.e. from the

same fish), the former were significantly

lower than the latter (Fig. 2C; mean dif-

ference=5 yr, ^=9.01, P<0.05). The bias was
most apparent for presumed by older fish.

Validation of the fin-spine aging method

Marginal increment ratios for fish collected

in late winter and spring (February-April)
were significantly lower than those for

summer and fall (Fig. 3; Kruskal-Wallis

test;P=0.04). Mean MIR was 18% in spring,

33% in summer, and 36%. in fall. The high-

est rate of marginal increment completion
was observed for winter months (Decem-

ber-February), although sample size was

very small for these months (n=3).

Readings of annuli from hatchery-reared

sturgeon resulted in exact age estimates.

The sturgeon were 4-i- years old and annuli

were clearly defined. There was a distinct

difference in the shape of fin spines from

hatchery-reared and wild juvenile stur-

geon (Fig. IC). Hatchery-reared fish exhib-

ited irregularly shaped, compressed annuli

which could indicate erosion or injury,

but were nonetheless easily recognized. In

OTC-injected fish, a distinct OTC mark fol-

lowed by an opaque zone was apparent in

all fin spines examined three months after

injection. The fish did not show any symp-
toms of stress following fin-spine removal. The only

sample examined at fifteen months after injection

exhibited a clear OTC mark that was followed by

opaque and translucent zones.

Microchemical analysis

The concentrations of calcium and phosphorus in

peripheral regions of fin spines showed significant

seasonality (Kruskal-Wallis test, P<0.04; Fig. 4). Fin

spines collected in November were significantly lower

in calcium and phosphorus than those collected in

March, June, and September. Calcium-to-phosphorus
ratios increased significantly from March through
November (Kruskal-Wallis test, P=0.04). Plots of cal-
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of females (Fig. 7A). Males grew faster but

reached a smaller asymptotic length at a

younger age than did females. Females grew
more slowly (K=0.07) toward a significantly

larger maximum length (251 ±12.8 cm). The

asymptotic growth phase for females and

males was 12-42 and 11-28 years, respec-

tively. Estimates of growth coefficients, K,

were significantly different between sexes

(/=73.2, df=431, P<0.05). Log transformation

of the data did not correct for the error struc-

ture. Residuals from the models were desig-

nated as corresponding either to fish of the

size at entry into the fisheries ( 152 cm TL in

New York and after 1993 in New Jersey), or

to larger or smaller fish. The resulting resid-

ual plots indicated that the faster-growing
males were harvested just as they reached

size at entry ( positive residuals) and that the

slower-growing females entered the fishery

at much older ages (negative residuals; Fig.

7B). The modeled growth pattern for females

appeared more biased than that for males

owing to a sharp shift in residuals from posi-

tive to negative at about 15 years. At older

ages, the von Bertalanffy model underesti-

mated the size of females. These patterns in

residuals were also apparent in males, albeit

less pronounced.

Discussion

Fin spines or otoliths?

Owing to ease of collection and processing,

as well as precision and accuracy in aging, we rec-

ommend the use of fin spines rather than otoliths

for demographic analysis of Atlantic sturgeon. Prep-
aration techniques used in this study (embedding,

sectioning, and polishing) may have improved the

visual resolution of annuli in pectoral-fin spines over

that reported in earlier investigations.

Annuli in sturgeon otoliths and, as a result, growth
rates, have been grossly misinterpreted in the past

owing to examination of the external surface of hard

parts only (Greeley, 1937). Especially in presumed
older individuals, otoliths should not be used to

verify age estimates based on fin spines. Annular

clarity diminishes towards the distal end of the oto-

lith (more recent growth), which may result in lower

age estimates. In addition, individuals must be sacri-

ficed to collect otoliths. Concern over declining stur-

geon populations should restrict the size of otolith

samples.

31
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Figure 5

Series of microprobe analyses for calcium and phosphorus across annuli in fin-spine sections were used to

construct elemental chronologies for Hudson River Atlantic sturgeon. In these two representative chronolo-

gies, dashed lines correspond with translucent zones.
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Males Females

mean =
1 75 + 1 .30 cm

mode = 152 cm
mean = 217 + 3.49 cm

mode= 2 1 8 cm

nJ cm

240 280 120
Total length (cm)

160 200 240 280

B mean =17 + 0.278 yrs
mode= 1 6 years

an = 23 + 0.913 yrs
mode= 19 years

50
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age truncation of the population by directed fishing

effort. However, Dovel and Berggren ( 1983) reported

difficulty in aging fish greater than 153 cm TL and

may have misidentified annuli in both juveniles and

adults. Greeley's (1937) study was based on enumer-

ating annuli in otoliths. Likewise, K estimates from

our study are higher than those estimated previ-

ously. Our growth estimates are consistent, however,

with those of Doroshov et al.,^ who aged the same

population in the early 1990s.

Comparative studies of fish populations along a

latitudinal gradient have shown an inverse relation

between latitude and rates of growth and mortality

(e.g. Leggett and Carscadden, 1978; Jennings and

Beverton, 1991). Among Atlantic sturgeon popu-

lations, the most rapid growth was exhibited by
fish sampled in southern latitudes. Maximum size

increased with increasing latitude, which may indi-

cate postponement of maturation (Magnin, 1964).

Values of Jf*L for the Hudson River population did not

differ significantly from those for any other popula-

tion (a=0.05), whereas L„ values estimated for the

Hudson River population were statistically differ-

ent from those estimated for all other populations

(a=0.05) along a latitudinal gradient (Table 2).

Implications for stock restoration

Growth rates of acipenserid species are apparently
affected by migratory behavior (Roff, 1988). Anad-

romous species of sturgeons exhibit higher growth
coefficients than do semi-anadromous or freshwater

resident species, although the semi-anadromous

Table 2

Growth parameters have been calculated in various stud-

ies of Atlantic sturgeon populations (combined sexes). For

Smith (1985), n=number of age classes. Smith's (1985)

data were converted from fork length to total length (FL=

111- TL; Beamesderfer, 1993 ) and were presented as mean

length by age class in the literature.

Location Study K ijcml

St. Lawrence River Magnm, 1964 582 0.03 315

Kennebec. ME
Hudson River, NY
Winyah Bay, SC
Suwannee River, FLA

Smith, 1985

This study

Smith, 1985

Smith, 1985

7 0.06 236

634 0.08 225

24 0.12 242

17 0.14 184

white sturgeon achieves a higher maximum length

than do anadromous sturgeons (Table 3). Atlantic

sturgeon undergo an ontogenetic habitat shift from

estuarine nursery grounds to marine waters (Gil-

bert, 1989). We believe these species grow rapidly

as juveniles (as shown by their high /f coefficient) to

outgrow predation in marine waters. Unfortunately,

rapid gi-owth may affect the timing ofjuvenile migra-
tion and increase their susceptibility to coastal fish-

eries at an early age.

Estimates ofgrowth traits for Hudson River Atlan-

tic sturgeon indicate that they are extremely vulner-

able to overfishing. Slow growth following matura-

tion, high longevity, and presumed low natural mor-

tality indicate that year classes in this population

reach their maximum biomass at relatively old ages
(Alverson and Carney, 1975). Therefore, maximum

fishing yield from sturgeon would be achieved at low
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rates of fishing or harvest of large, mature individu-

als (Bullock et al., 1992; Stevenson, 1997). A mora-

torium on commercial sturgeon fishing in the New
York Bight was instituted in 1996; however, Atlantic

sturgeon continue to be caught incidentally in many
coastal fisheries. Continued research and monitor-

ing of recruitment and bycatch mortality will be nec-

essary to ensure the restoration of this population.
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Abstract.—Although juvenile fish are

studied extensively in estuarine and

nearshore environments, surprisingly

little is known about the basic habitat

requirements of juveniles for offshore

settlement and nursery areas. Between

June 1996 and July 1997, settlement

and nursery habitats of age-0 (early

juvenile) demersal fish on the conti-

nental shelf of the New York Bight
were investigated by using a two-meter

beam trawl. Replicate tows at 21 sta-

tions along three cross-shelf transects

(20-95 m depth), were sampled on a

near monthly basis to determine gen-

eral ecology (21,309 fish collected in 659

tows). Of the 47 species collected, 33

included age-0juveniles, and 25 included

near-settlement size individuals. The
two dominant species, Pleuronectes fer-

rugmeus and Merluccius biliuearis, con-

stituted 88.9'/f of the total catch of age-0

fish. Of all age-0 fish, 94"^ were collected

during summer and fall. Comparisons of

weighted means and the use of canoni-

cal correspondence analysis determined

that settlement and nursery habitats

across the shelf are primarily delin-

eated by depth, temperature, and time

of year. Three zones across the shelf

(inner, middle, and outer) each had dis-

tinct juvenile fish assemblages. Knowl-

edge gained about the distribution and

quality of juvenile habitat for commer-

cially important offshore species should

facilitate their improved management.
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With the decrease in fish abun-

dance in the latter half of the twen-

tieth century, particularly in the

Northwest Atlantic (McHugh, 1972;

NEFSC, 1992), fisheries managers
have been concerned with both over-

fishing and habitat degradation.
Much effort has been put into under-

standing the abundance, distribu-

tion (Colton, 1972; Colvocoresses

and Musick, 1984), and environ-

mental preferences (Scott, 1982;

Auster et al., 1991; Felley and

Vecchione, 1995) of adult ground-
fishes in the northwestern Atlan-

tic. Although information on adult

groundfishes is useful, events during
the early life history of fish may
be more important in determining
recruitment variability (Sissen-

wine, 1984; Houde, 1987; Peterman
et al., 1988; Bradford, 1992; Miller,

1994). Several ichthyoplankton sur-

veys have helped to increase our

understanding of egg and larval

distributions of groundfishes in the

Mid-Atlantic Bight (MAB; Morse

et al., 1987; Cowen et al. 1993).

However, less is known about the

juvenile stage, which represents
a dramatic change in lifestyle for

groundfishes: they leave the three-

dimensional environment of the

plankton and settle onto the two-

dimensional world of the sea floor

(Chambers and Leggett, 1992).

Within this two-dimensional envi-

ronment, the growth, survival, and
recruitment of groundfishes are

affected by various factors associ-

ated with the quality (value for

growth) and quantity (area) of their

nursery habitat (Gibson, 1994). Re-

search involving the nurseries of

groundfishes has been limited to

estuaries and nearby coastal habi-

tats where they can readily be stud-

ied (Riley et al., 1981; Able et al.,

1989; Bolle et al., 1994; Henderson

and Seaby, 1994; Nash et al., 1994;

'
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168 Fishery Bulletin 98(1)

but see Toole et al., 1997). However, Able et al. ( 1989)

have suggested that there is a lack of studies that

examine the continental shelves ofthe MAB as poten-

tial nursery grounds. This is remarkable because

the early life history stages of many species of

groundfish are believed to inhabit almost the entire

shelf as well as the slope (Fahay, 1983; Miller et al.,

1991).

A wide assortment of biotic and abiotic variables

may have a role in determining the distribution of

continental shelf nursery grounds. Variations of abi-

otic parameters, such as temperature, salinity, and

oxygen, can affect the metabolism of marine flat-

fishes during the juvenile stage (Malloy and Tar-

gett, 1991: Pihl et al., 1991; Gibson, 1994; Neill et

al., 1994). Changes in temperature, for example, can

have a marked effect on feeding rate and growth;
thus lower temperatures may slow growth and con-

sequently increase susceptibility to mortality due to

size-selective predation (Van der Veer et al., 1994).

Salinity seems to have a small influence on the

growth rate of fish, but it is often effective in con-

trolling their distribution (Rodgers, 1992). By adjust-

ing their position in relation to local abiotic factors,

fish may modify their gi'owth rate and survival

with respect to average environmental parameters
(Gibson, 1994).

Biotic factors, particularly food resources and shel-

ter related to biological activity, may also be a potent

determinant of nursery habitat. Auster et al. (1991)

found that several biotic microhabitat types, includ-

ing amphipod tube mats, shells, and biogenic depres-

sions, significantly affected the abundance of fishes

and other megafauna. Other biotic factors that influ-

ence the distribution of juvenile fishes include the

presence of potential predators (Bailey, 1994) and

the availability of potential prey species. Biotic fac-

tors may be ephemeral; however their presence or

absence at a given time and space may control the

distribution of associated fish species. The spatial

distribution of amphipod tubes in particular have

been shown to have a strong influence on the abun-

dance of age-0 silver hake {Meiiiicciii^ bilinearis)

during fall in the MAB (Auster et al., 1997).

Recent recruitment research has emphasized fac-

tors that affect survival ofthe early life history stages

of fishes. Identification of the habitats preferred by

juvenile fishes in offshore waters will allow for a

more complete understanding of recruitment varia-

tion. Although shelf habitat is magnitudes larger in

area than the nearshore habitat traditionally stud-

ied, there is currently little knowledge of its role as a

nursery. For many flatfish species, the size of nurs-

ery habitat and year-class strength have been cor-

related (Rijnsdorp et al., 1992; Gibson, 1994). Our

objectives were to provide a first-order analysis ofthe

species that use the shelf as settlement and nursery
habitat during the course of a year and to address

the relation of these distributions to environmental

correlates. ^

Description of the study area

The New York Bight (NYB), a central portion of the

MAB, encompasses an area of39,000 km^ on the East

Coast of the United States. Its boundary extends out

to the 200-m isobath between Montauk Point, New
York, and Cape May at the southern end of New
Jersey. The bathymetry of the NYB varies on sev-

eral geographical scales. Although the continental

shelf in this area is, to the most extent, gently slop-

ing, large-scale features do exist. The Hudson River

Canyon, which almost bisects the NYB. is the most

obvious of these. Imposed on this bathymetry are

the convoluted isobaths of the ridge and the swale

topography that dominates the NYB (Freeland and

Swift, 1978). Surficial sediments range from fine

sand along the southern shore of Long Island to

pebbly gi-avel off the coast of New Jersey ( Schlee,

1964). On a somewhat smaller scale, the sediments

vary in color from yellow ochre to greenish gi'ay and

in composition from biogenic calcium carbonate to

quartz and feldspar (Freeland and Swift, 1978).

The hydrography of the NYB changes seasonally.

During the winter months, the entire water column

is well mixed, but the coldest waters are found near-

shore (Bowman and Wunderlich, 1977). Stratifica-

tion begins in the spring and peaks in the summer.

During stratification, a body of cold dense water,

known as the cold pool, remains trapped on the

bottom under the pycnocline on the midshelf This

cold pool foi'ms a distinct band of midshelf temper-
ature minima (about 4-5°C in midsummei) from

Georges Bank to Cape Hatteras, persisting from late

spring to early autumn (Houghton et al., 1982). Out-

side the cold pool, bottom temperatures in the NYB
range inshore from less than 1"C in the winter to

above 21°C in the summer. Deeper bottom water,

near the 100-m isobath, is less variable, ranging
from 7° to 12'=C (Ketchum and Corwin, 1964). Salin-

ity in the NYB varies less, with only a mild seasonal

cycle. The lowest salinities (<31 psu) are found near

the apex of the NYB, southeast of the Hudson River.

However, salinities as high as 35 psu are found at

the 200-m isobath. As with temperature, the largest

seasonal fluctuations in salinity are found nearshoi-e

( Bowman and Wunderlich, 1977 ). Overall, nearshore

habitats are less stable than those offshore in terms

of both salinity and temperature.



Steves et a\ Settlement and nursery habitats for demersal fishes 169

Materials and methods

Sample collection

Ten sampling cruises were conducted between June
1996 and July 1997 on board an 85-foot commercial

fishing vessel, the Illusion. Summer and fall cruises

were conducted monthly, and winter and spring
cruises were conducted every other month (Table 1).

The 21 stations sampled during each cruise were

arranged in three transects (west, central, and east),

each with seven stations ranging in depth from about

20 meters to 90 meters ( Fig. 1 ). Stations on each tran-

sect were located according to bathymetrj' so that six

stations were distributed evenly across the range of

depths (one approximately every 15 m of depth). The
seventh station was placed to fill any large distance

between stations that was due to variability in the

slope. The distance from shore of stations at a par-
ticular depth varied between transects.

Not all stations were sampled during every cruise

(Table 1). Owing to weather, only five stations were

sampled during cruise 6 (December 1996) and only
two of the three transects were sampled during the

February 1997 and April 1997 cruises. Because less

than 25^ of the stations were sampled during cruise

6, we did not include these data in some of the analy-
ses. However, cruises 7 and 8 were included because

of their broader range of coverage (between the two

cruises all three transects were covered at least once).

Temperature and salinity data were collected after

trawling at each station by using an internally record-

ing conductivity-temperature-depth (CTD) probe

(Applied Microsystems Inc. model AMS-STD 12).

Care was taken to collect data from as close to the

bottom as possible without risking damage to the

CTD Because a backup CTD was unavailable and
the CTD used was not always reliable, gaps in the

physical data exist. Expendable bathythermograph
(XBT) data collected nearby in early August by the

MV Oleander as part of the NOAA Ship of Oppor-

tunity Program (SOOP) were substituted for miss-

ing temperature data for the central transect in that

month.

Juvenile groundfishes were collected with a modi-

fied 2-m beam trawl with 4-mm stretch mesh net

( and 5-cm stretch mesh outer net for chaffing), towed
at about 2-2.5 knots. The addition of a meter wheel

allowed us to measure the area swept as the dis-

tance trawled, multiplied by the width of the trawl

(as in Carney and Carey, 1980). At each station,

three 5-min tows were made; a fouled trawl was dis-

counted and another trawl was repeated. The mean
area swept during a 5-min tow was 698 m- ±35.1 m^
(95% CI).

41 5

Figure 1

Twenty-one stations ( numbers 1 on the continental shelf

of the New York Bight were sampled with a two-meter

beam trawl.

Table 1

Dates and sampling stations in the New York Bight for

each of the ten cruises in this study. For each of the three

transects, numbers indicate the stations sampled on a

given cruise (sample locations are depicted in Figure 1).

Cruise
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dard 2-m beam trawls in order to reduce the amount

of time the trawl took to reach the bottom and to

ensure that it was heavy enough to remain there.

To accommodate the increased weight (about 38 kg)

and prevent the trawl from digging into the sedi-

ment, the skids were also longer (0.85 m) and wider

(0.1 m). Typically, 2-m beam trawls are not used in

depths greater than seven meters (Rodgers, 1992;

Gibson, 1994; but see Pearcy, 1978); however, these

modifications enabled us to trawl easily in waters as

deep as 100 m.

Fish samples were sorted on deck and all recently

settled juvenile fishes (age-0) were preserved in 957c

denatured ethanol. These fish were measured in the

laboratory to the nearest tenth ofa millimeter standard

length (SL) with digital calipers. Older fish were mea-

sured on deck to the nearest millimeter and returned

to the water With the exception of Sebastes and Uro-

phycis spp., all age-0 fishes were identified to species.

Fish stages were identified according to morphologi-

cal changes such as squamation and, for flatfish, eye

migration, as well as analysis of length freo.uencies of

cohorts. The relative abundance and composition of

the remaining sample (shell hash, sand dollars, and

shrimp) were estimated from subsamples.

Length-frequency distributions ofeach species col-

lected were calculated for each cruise. To account for

differences in sampling effort among cruises, abun-

dance data were standardized to the average cruise,

which had 63 tows (21 stations x 3 tows each) last-

ing five minutes each. Length frequencies were then

used to estimate the size range of the age-0 fishes

collected during each cruise, as well as to infer some

growth rates of the age-0 cohort between cruises.

Distribution analysis

Abundance data were standardized to the average
number offish per 1000 m'^. Because we were specifi-

cally interested in early juveniles, and adults were

not efficiently collected, we limited our analysis to

age-0 fishes. All species of age-0 fishes collected were

included in the analyses. The distribution of age-0
fishes was evaluated with respect to a suite of envi-

ronmental data (bottom temperature, bottom salin-

ity, and depth) by comparing weighted means for

each species (Scott, 1982). For a given species, an

environmental variable such as temperature was

weighted by the abundance of that species at each

sampling station. The sums of each weighted vari-

able were then divided by the total abundance of

that species collected to yield a mean value for that

species on that environmental parameter.
Cross-shelfmigrations with ontogeny are a common

feature of demersal fishes, particularly flatfish (Riley

et al, 1981; Toole et al., 1997). To determine changes
in cross-shelf distribution with size, weighted mean

depths by size class were calculated for the more

abundant species collected. In particular, distinct dif-

ferences between th^ location of near-settlement size

fishes and larger age-0 fishes might indicate migra-
tion between settlement and nursery habitats.

Environmental correlates

Distribution and abundance of fishes in relation

to underlying multivariate environmental gradients

were analyzed by canonical correspondence analy-

sis (CCA) by using the software program CANOCO
(ter Braak, 1992). This analysis has been widely

applied in the field of community ecology (ter Braak,

1995; ter Braak and Verdonshot, 1995; Rakocinski et

al., 1996); it entails reciprocal averaging of species

and environmental data based on the assumption
of a unimodal response of species abundance to the

environment (Palmer, 1993; ter Braak, 1995). In a

comparison of ordination techniques. Palmer (1993)

found that CCA was robust, being less susceptible

to spurious results such as the "arch effect" often

common to principal components analysis (PCA).

Furthermore, Palmer's (1993) simulations of CCA
illustrated that noisy or skewed species data could

be compensated for, and a variety of data types and

sampling design were possible.

In total, 25 environmental variables (Table 2) were

sampled during the cruises and included in the CCA
analysis. Bottom temperature and salinity (from CTD
casts), station depth (from an onboard depth sounder),

latitude and longitude (global positioning system

[GPS]), and distance from shore (nautical charts) were

employed as continuous measures during the analy-

sis. The relative abundances of nonfish constituents

collected by the trawl were also considered to be envi-

ronmental variables. Information on surficial sediment

character at each station, another environmental vari-

able we employed, was obtained from published data

from the Marine EcoSystems Atlas (MESA) program's

New York Bight Project (Freeland and Swift, 1978).

Although these data are independent of this study, the

MESA sampling area was the same and the spatial

resolution of its sediment sampling was fine enough
to obtain general information suitable for our analysis.

The data on nonfish trawl constituents and surficial sed-

iments were entered into the analysis as scaled values

(i.e. as a number describing relative abundance among
stations and tows). Because collections of both species

and environmental data were made year-round, sea-

sonal variables were also included and coded in the anal-

ysis as a set ofnominal variables: spring (March-May),
summer (June-August), fall (September-November),
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Elropus microstomus

Scophthalmus aquosus
Citharichthys arctifrons

Pholis gunnellus
Lepophidium profundorum

Centrophstis striata

Prionotus carolinus

Tautogolabrus adspersus
Merluccius bilinearis

Parallchthys oblongus
Astroscopus guttatus
Peprilus triacanthus

Myoxocephalus octodecemspinosus
Pleuronectes ferrugineus

Urophycis spp
Optiictitnus cruentifer

Lipans inquilinus

Glyptocephalus cynoglossus
Sebastes spp,

Hippoglossoides platessoides
Hemitripterus americanus
Helicolenus dactylopterus

Enchelyopus cimbrius

Raja erinacea
Gadus morhua

Macrozoarces americanus

Settlement time

JFMAMJJASOND
Month

Figure 2

Timing of settlement for age-0 fish collected. For each species, a black

horizontal bar marks the months in which cruises collected fish at or

near settlement size. In some months there was no cruise (Table 11,

and any settlement that might have occurred was not witnessed.

M. bilinearis), large decreases in abundance were

observed following initial settlement, whereas abun-

dance decreased at a more modest rate for other spe-

cies such as C. arctifrons, Macrozoarces americanus,

and L. inquilinus.

For species such as P. ferrugineus and L. inqui-

linus that settled during the summer (Fig. 4), the

cohort could be followed for the entire first year after

settlement (June 1996—July 1997). For other species

that did not settle in the summer (Figs. 5 and 6),

the cohort from the previous year was observed until

the new cohort settled in the fall, winter, or spring.

Inferred growth rates from the length-frequency dis-

tributions varied from two millimeters per month for

species such as P. ferrugineus and L. inquilinus (Fig.

4 1, to about 15 mm per month for Merluccius bilin-

earis (Fig. 5) and Macrozoarces americanus (Fig. 6).

Cross-shelf movement between and within settle-

ment and nursery areas was evident for some species

but not for others. Pleuronectes ferrugineus, Etropus

microstomus, and Lepophidorum profundorum are

examples of species with consistent mean depths of

distribution during their first year after settlement

(Fig. 7, A-C). However, M. americanus exhibited a

gradual migration towards deeper waters, whereas

C. arctifrons and Merluccius bilinearis moved rapidly

after settlement to waters about 30 meters deeper
for the remainder of the first year (Fig. 7, D-F).

Habitat characteristics

Bottom temperatures in the NYB were dynamic

(Fig. 8), and seasonal shifts in temperature were

more varied at nearshore stations (5-20°C at the

25-m isobath) than at offshore stations (7-ll°C at

90 m). Midshelf bottom temperatures showed a mod-

erate seasonal range (4.3-14°C at 50 m). During
the summer, bottom temperatures were stable, and

there was only a slight increase of about 1°C per

month. The highest rate of increase in bottom tem-

peratures was recorded at the inshore stations: 8°C

between August and September, associated with an

early fall turnover in 1996. This was followed by
the highest rate of cooling (-3°C) at the same near-

shore locations between the September and October

cruises. During fall turnover, the bottom tempera-
tures increased by about 4°C per month over the mid-

shelf, for a total of 8°C in two months. Following this
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Figure 3

Weighted mean (A) depth, (B) saHnity, and (C) temperature (±1 SDl for all species of

age-0 fishes. Species are ordered on the v-axis of each plot by their mean depth. See

Table 3 for definitions of species codes (at bottom).

warming trend, temperatures decreased by about

1°C per month until they reached their minimum in

April. Late winter bottom temperatures in 1997 were

not as cold as midshelf temperatures during summer
1996.

Salinity was a more conservative hydrographic
variable than temperature. Variation in seasonal

bottom salinity was slight; all cruises had a salinity

range of approximately 31-35.5 psu. Bottom salin-

ities were lowest inshore near inlets (station 1)

and the Hudson River (station 15). The correlation

between bottom salinity and bottom depth was high
(r=0.87). Higher bottom salinities (>34 psu) off-

shore showed some fluctuation in their distribution

on the outer shelf associated with similar fluctua-

tions in warmer bottom temperatures. These warm,

high-salinity bottom waters are representative of

slope water intrusions (Churchill, 1985; Flagg et al.,

1995).

The total catch of benthic organisms from the trawl

varied greatly between stations, but there were gen-

erally three major groups or types of trawl samples.

Groups were delineated to some extent by the depth
at which they were collected. Inner-shelf stations

(<40 m) typically included such organisms as the

common sea star iAsterias forbesi) and fig sponge

{Suberitesficus). Gammarid amphipods, sand shrimp

(Crangon septemspinosa), and northern moon snail

iEuspira heros) constituted much of the rest of the

nonfish fauna collected there. Sand dollar (Echina-
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rachnius parma ) and valves of surf clams (Spisula

solidissima) dominated the midshelf group (40-70

m) of benthic organisms. Shell hash collected mid-

shelf consisted of fine fragments of sand dollar tests

and larger pieces of clam valves. Small, recently

settled rock crabs (Cancer borealis) were found in

high numbers (>100 per 5-min trawl) during the

summer in this type of sample. Margined sea stars

(Pontaster tenuispinus) and sea scallops iPlacopec-

ten magellanicus) made up most of the trawl catch

for deeper outer-shelf stations (70-90 m). Young

pandalid shrimp (Pandalus montagui) constituted a

large fraction (30-90%) of samples from these sta-

tions in late summer and fall. Larger crustaceans

such as American lobsters (Homarus americanus)

and large rock crabs (C. borealis) were occasionally

abundant (>10 per 5-min trawl) at these stations.

Several were collected during each cruise.

Table 5
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Figure 5

Length frequencies by cruise of four species fMerluccius bilineans. Lepophidium profundorum. Cithanchthys arctifrons, and Uro-

phycis spp. ) that settled to the shelf between late summer and midfall. Plots for each species are ordered from top to bottom accord-

ing to the order of the 10 cruises (see Table 1 for cruise dates). Abundance on each cruise was standardized to the number offish

collected during 63 5-min tows (21 stations with 3 tows each).

The origin represents the mean for each environ-

mental variable, and those means are weighted by

species abundance. Because of the numerical domi-

nance ofP ferrugineus in the samples, its mean tem-

perature and depth of collection is driving the location

of the origin. Consequently, the location of P. ferrugin-

eus is just slightly left of the origin. The mean depth
distribution off! ferrugineus, however, was midshelf

and thus its abundance did not skew the species dis-

tributions about the second axis, CCA 2.

One of the largest effects of the forward selection of

variables is that the third and fotuth CCA axes (Fig.

9D ) now have definite environmental correlates. When
25 variables were used during fiill CCA, no one variable

stood out as a clear contributor to the variation along

these axes (Fig. 9B). With the abtmdance of scallops

being the important environmental gradient describing

the third CCA axis, one important species association is

made clear: the abundances ofjuvenile inquiline snail-

fish and scallops. The fourth CCA axis, representative

of longitude, accoimted for only 5% of the total environ-

mental explanation of the species patterns. This pat-

tern might be considered as the subtle variation among
the three transects (west, central, and east).
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Figure 8

Bottom temperature by distance offshore for tlie center transect between June 1996 and June

1997.

occur in the same area, include just a slight overlap
with one another, or may be entirely separate spatial

entities. Although association with settlement habi-

tat is not a given, an area in which postsettled juve-
nile fishes persist and grow prior to first spawning
must be considered to be nursery habitat. Evalua-

tion of nursery habitat quality requires the compari-
son of gi'owth rates among stations for individual

settlement cohorts (Sogard, 1992; Jenkins et al.,

1993)—information not presented in our study. For

many species, however, growth certainly occurs on

the shelf after settlement (Figs. 4-6).

For several of the species collected during this study
in the NYB, nursery and settlement habitats are syn-

onymous. For example, P. ferrugineus,E. i7iicrostomus,

and L. profundorum were limited in their distribu-

tions, remaining unchanged from settlement through-
out the first year of life (Fig. 7, A-C). Several other

species, M. bilinearis, C. arctifrons, and M. america-

nus (Fig. 7, D-F) showed some movement in depth
between settlement and nursery areas, as well as

some indication of within-nursery migi-ation across

the shelf Toole et al. ( 1997 ) observed similar migi'ation

between the settlement and nursery areas of Dover

sole (Microstomus pacificus) and suggested that such

movements were actively pursued by the juveniles,

but the ultimate migratory cues remained unclear.

Within the NYB, several environmental gradients
describe the spatial and temporal distributions of

settlement habitats. Species-environment relation-

ships from the ordination analysis reveal that tem-

perature and depth explain most ofthe among-species
variance in habitat associations. Previous studies of

adult fishes in the NYB have shown the importance of

temperature and depth in describing species assem-

blages (Colvocoresses and Musick, 1984). This is in

contrast to the west coast of the United States, where

fish habitat associations have been studies exten-

sively for rockfish (Sebastes spp.) and to a lesser

extent for flatfish. There, for many species, more

importance has been attributed to geological fea-

tures such as sediment size and bathymetric hetero-

geneity (Pearcy, 1978; Stein et al., 1992; Adams et

al., 1995). Considering the higher level of geological

diversity on the West Coast than in the NYQ, this

conclusion is not surprising.
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shelves, and the middle front, dividing the middle

and outer shelves. A third front, the shelf-break

front, separates the outer shelf from the continental

slope (McRoy et al., 1986). These three hydrographic
features can be utilized as an effective means for

describing the general nursery areas for gi-ound-

fishes within the NYB.
Differences in environmental conditions occur not

only along the shelf, but also temporally. Patterns

in surficial sediments and bathymetry change on

the order of hundreds to thousands of years. These

characteristics are relatively stable in their distri-

butions on the shelf Other factors such as benthic

faunal distributions may change from year to year
but should remain unvarying during the first year of

a fish's life. Hydrographic variables and the presence
of ephemeral predator and prey species, however,

may change on a seasonal or even daily basis. The
scale and extent to which these variables change are

important in understanding the nature of the settle-

ment and nursery areas.

The turnover of the cold pool in the fall represents
an abrupt change in bottom temperature that sub-

sequently may have biological significance. In our

study, higher mean catch of age-0 P. ferrugineus cor-

responded to the distribution of the cold pool, and
catch dropped dramatically in the fall as bottom

temperature increased during cold pool turnover.

For a species with a preference for low tempera-

tures, increased temperature may be a density-inde-

pendent source of mortality. In at least one case,

an increase in mortality of larval P. ferrugineus on

Georges Bank has been associated with an increase

in temperature from a warm-core ring ( Colton, 1959 ).

Although such abrupt temperature fluctuations at

greater depths are not common, they may occa-

sionally occur near the edge of the shelf in some

areas, perhaps associated with Gulf Stream mean-
ders (Able et al., 1993). Able et al. (1993) found a

temperature increase of 6°C over a two-day period,

and they suggested that such temperature fluctua-

tions may cause a cessation of feeding for tilefish,

Lopholatilus chamaeleonticeps. In contrast, some

species may benefit from increased bottom temper-
atures associated with turnover. For example, in

our study, settlement of M. bilinearis did not peak
until after turnover, when bottom temperature was

greater than 9'"C. Likewise, spawning distribution

for Atlantic croaker (Micropogonias undulatus) in

the southern portions of the MAB has a positive
association with the presence and location ofwarmer
waters coincident with the cold pool turnover (Nor-

cross and Austin, 1988).

This study and another from Georges Bank (Frank
et al., 1992) indicate that the distribution of P. fer-

rugineus corresponds well with bottom temperature.
The presence of P. ferrugineus is negatively corre-

lated with bottom temperature in the NYB, with

highest abundance in the coldest waters (<8°C).

However, on the Grand Banks the correlation with

temperature was positive, with most fish collected

above the warmest bottom waters (>3°C). Juveniles

from the Grand Banks, however, were collected off

the bottom, and highest abundances were found just

below the thermocline, in waters closer to 6°C. Tem-

peratures between 4° and 8°C have been noted as

the preferred temperatures for older P. ferrugineus

(Scott, 1982; Ross and Nelson, 1992; Walsh, 1992),

and the evidence from these studies suggests that

this may be true for age-0 P. ferrugineus as well.

Besides P. ferrugineus, several other boreal spe-

cies, American plaice iHippoglossoides platessoides),

haddock (Melanogrammus aeglefinus), and Atlantic

cod {Gadus morhua), were collected in our samples
from the cold pool. Although not as numerically
dominant as P. ferrugineus, the presence of these

species this far down the coast suggests that the

cold pool may act as a temporary refuge from the

warmer waters normally associated with lower lati-

tude. Metapopulations of such species, wherein local

populations occupy small areas of suitable habitat

outside the main population, are a potential confound-

ing factor to the management of these species (Bailey,

1997). In the extreme, these juveniles may not be

viable additions to the population if environmental

conditions are not suitable for them to reach matu-

rity. Just as warm-core eddies and eddy streamers

may bring expatriates into this area from the south

in the summer (Hare and Cowen, 1991), the cold pool

may allow boreal species to temporarily extend their

range southward during the summer. It is possible

that conditions may occasionally enhance survival in

such potentially marginal habitats to the extent that

success of the population year class is facilitated.

In our study, we used trawl data to describe the

general distribution and large-scale habitat associa-

tions of age-0 fishes. The resolution obtainable from

trawl data is limited to the area swept (about 700

m^). Such resolution is sufficient to determine differ-

ences between stations that are 10 km apart but not

to deterine the heterogeneity in habitat within a sta-

tion. In situ methods, including the use of manned

submersibles, are required for these types of small-

scale studies (see Auster et al., 1991, 1997; Adams
et al., 1995). One other drawback of using a trawl to

quantify fish abundance is that trawls are inherently

poor at collecting all fishes present in a given area;

gear selection is size- and species-specific. However,

ifgear selection is constant between sites, trawl sam-

ples should be comparable (Kuipers et al., 1992). The
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relative efficiency of our 2-m beam trawl on offshore

nursery areas for juvenile flatfish and other demer-

sal species was unknown, although it was likely that

our trawl was relatively inefficient but consistent

in collecting demersal fishes. Consistent inefficiency

among trawl samples would not affect the general

patterns that we found but could have led to under-

estimation of abundances.

For a trawl to be efficient, demersal fishes must re-

main near the bottom. Recently settled juveniles

of some species, such as M. bilinearis, have been

shown to make nightly excursions away from the

bottom to feed (Fahay, 1974). For a fusiform juvenile

like M. bilinearis this ability is not surprising. How-

ever, the pleuronectiform P. ferrugineus has been col-

lected well off the bottom on the Grand Banks, not

only as larvae but also as juveniles (Frank et al.,

1992). These "pelagic juveniles" were of the same

size classes (10-34 mm) as the postmetamorphic
flounder we collected on the bottom with a 2-m beam
trawl in our study. In extensive studies in the MAB
with comparable or larger midwater sampling gear,

few P. ferrugineus larger than 15 mm were collected

(Morse, 1989; Cowen et al., 1993). For the NYE, how-

ever, juvenile P. ferrugineus do not appear to exhibit

such trawl-avoiding behavior. This regional differ-

ence in vertical distribution of >20-mm postmeta-

morphic young may be due either to differences in

the temperature structure of the water column (i.e.

depth of optimal temperature, as discussed above)

or to some other unknown latitudinal difference

in developmental rate, settlement size, or behavior

(Miller et al., 1991; Fuiman and Higgs, 1997; Osse

and Boogaart, 1997).

In summary, age-0 demersal fishes utilize the con-

tinental shelf of the NYB as both settlement and

nursery habitat. According to our findings, the shelf

of the NYB can be divided into three broad nursery
areas (inner, middle, and outer shelves) and can

be described by species assemblage as well as by

hydrography. There is a need for more research con-

cerning the quality of habitats for age-0 fishes in

the NYB. Information on smaller-scale variation in

habitat for age-0 fishes may be just as revealing
as that for larger macrobenthos (see Auster et al.,

1991). Manned submersibles may be used to deter-

mine such small-scale habitat associations, even for

small juveniles. Differences in growth rates of given

species among habitats should also shed light on

habitat quality within the NYB. Nursery habitats

play an important role in the life history of marine

fishes, and knowledge gained about the distribution

and quality of these areas for commercially impor-
tant offshore species should help to improve man-

agement of these areas..
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Abstract.—The distribution and abun-

dance of deep-sea sharks on Chatham

Rise, New Zealand, are described.

Sharks were collected as bycatch in two

deep-water trawl fisheries at a total

of 390 stations, which ranged in depth

from 740 to 1503 m. Sixteen species

of shark were caught: Deania calcea,

Centroscymnus crepidaten Etmopteriis

granulosus, and Centroscymnus owstoni

accounted for the largest portion of

the shark catch. Species that would

provide the highest yield of commer-

cially important liver lipids were not

abundant in trawls. All sharks com-

bined formed only 4.2^^^ of overall bio-

mass captured in trawls. Depth is a

major determinant of the composition
of the shark assemblage; both density

ofsharks (kg/km-) and species diversity

were inversely proportional to depth.

Distributional patterns of the shark

community varied with location on Cha-

tham Rise, and species composition of

the shark catch varied with the spe-

cies of teleost targeted in deep-water
trawls.
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Sharks are common bycatch in deep
water fisheries around the world,

forming as much as 509?^ of the

catch in deep-sea trawls in areas

such as New Zealand and Austra-

lia (Deprez et al., 1990; Clark and

King' ). Most sharks captured in the

New Zealand and Australian deep-
water fisheries are dead by the time

they are brought to the surface and

are discarded, but some sharks are

retained for their liver oil. In Japan
and Australia, several species of

deep-sea shark in the family Squal-
idae are targeted in fisheries and
their liver oil is utilized. Although
the short-term potential of fisheries

directed towards deep-sea sharks

has been investigated for a few spe-

cies (Summers, 1987; Davenport
and Deprez, 1989), little informa-

tion on even basic biology is avail-

able for the species captured in

these fisheries. Thus, the effects

that deep-water fisheries have on

shark populations that are either

targeted directly or caught inciden-

tally are unknown. Information on

abundance, distribution, commu-

nity structure, reproduction, and

age and growth of deep-sea sharks

would improve understanding of

these effects.

Shark liver oil contains commer-

cially important lipids, such as

squalene and diacyl glycerol ether,

which are used in cosmetic, phar-

maceutical, and other industries

(Deprez et al., 1990; Bakes and

Nichols, 1995). The lipid composi-
tion of liver oil is quite variable

among and within species, and

consequently the most desirable

sharks are those individuals and

species that have the highest poten-

tial as a source for these valuable

lipids ( Davenport and Deprez, 1989;

Bakes and Nichols, 1995). There-

fore, understanding the distribution

and abundance of different species

of deep-sea shark, in conjunction
with knowledge of the lipid compo-
sition of their liver oil, is important
for optimal use of these resources.

Some deep-sea sharks prey upon
commercially important teleosts

(Clark et al., 1989; Clark and King' ),

but the impacts of shark predation
on fish populations in terms of the

overall economic impact on the fish-

ery are unknown. Diet varies consid-

erably among even closely related

species of deep-sea shark (Com-

pagno et al., 1991; Ebert et al.,

1992), and the level of predation
on commercially important species

of teleost by sharks also varies

among species (author's unpubl.

data). Information on the distri-

bution and abundance of deep-sea

sharks, in conjunction with knowl-

1
Clark, M.R., and K.J. King. 1989. Deep
water fish resources off the North Island,

New Zealand: results of a trawl survey.

May 1985 to June 1986. New Zealand

Fisheries Technical Report 11, 56 p. MAF
Fisheries Research Center, RO. Box 297,

Wellington, New Zealand.
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edge of their feeding habits,

would improve our under-

standing of interactions be-

tween sharks and commer-

cially important teleosts.

A variety of species of

shark inhabit the deep wa-

ter off New Zealand, where

they form part of the by-

catch of deep-sea fisheries

that target teleosts such as

orange roughy (Hoploste-

thus atlanticus ) and smooth
oreo (Pseudocyttus macula-

tus) (Clark and Tracey,

1994; Clark and KingM. Ac-

cess to this bycatch pro-

vided an opportunity to ex-

amine a multispecies com-

plex of sharks, which might
be termed an assemblage—
"a group ofco-occurring pop-
ulations—not necessarily interacting" as defined by
Crowder (1990). The purpose of this study was to

investigate the abundance and distribution ofsharks

on Chatham Rise to increase understanding of the

effects of fishing on shark populations, the poten-
tial of shark fisheries and utilization of bycatch,
and interactions between sharks and commercially

important teleosts.

Materials and methods

Data for this study were collected from deep-water
bottom trawls during two cruises conducted by the

Ministry of Agriculture and Fisheries on Chatham
Rise, New Zealand (Fig. 1). The first survey (15 June
to 5 August 1990) consisted of 281 trawls for orange

roughy iH. atlanticus) and was conducted primarily
on the north of Chatham Rise from the FV Cordelia.

The second survey (24 October to 9 November 1993)

consisted of 109 trawls for smooth oreo (P. macula-

tus), primarily on the south of Chatham Rise from

the RV Tangaroa. Fishing during both surveys was
conducted at depths of 740-1503 m throughout the

day and night (Fig. 2).

Each survey consisted of a stratified random trawl

design intended to provide relative biomass estimates

and to illustrate patterns of distribution of deep-water

species on Chatham Rise. Six-panel bottom otter-

trawls with cut-away lower wings were used in each

survey. The door-spread was 75 m for orange roughy
trawls and 119 m for smooth oreo trawls, and distance

between the net wdngs for both trawls was approxi-

Figure 1

Map of Chatham Rise, New Zealand, showing depth contour lines and locations of trawls

in a 1990 orange roughy survey and a 1993 smooth oreo survey. Trawls were grouped into

10 areas on the basis of major latitude and longitude meridians.

mately 26 m. Codend mesh sizes were 110 mm for

orange roughy trawls and 100 mm for smooth oreo

trawls. Towing speed for both vessels was approxi-

mately 3.0 kn. Orange roughy trawls were roughly
1 h in duration, and smooth oreo trawls ranged from

several minutes to 45 min. For density estimates (kg

shark/km''^ ) it was assumed that herding by, and escape

from, nets were minimal, and that trawls sampled dif-

ferent species of shark with equal effort.

For each trawl, the catch was sorted into bins by

species, and the total weight of each species caught
at each station was recorded. Latitude, longitude,

water temperature, minimum and maximum depth
of fishing, towing speed, and start and end time were

also recorded for each trawl. When the author was

present on the research vessel (at all times other

than from 15 June to 10 July 1990), all individuals of

each species of shark were weighed and measured,

except when large numbers of sharks were caught
and a lack of time prevented examination of every
shark. Because of size varied among species, an esti-

mate of the total number of individuals captured in

all fishing was derived by using the average weight
for each species. Because there were differences in

fishing methods (net characteristics, trawl duration)

and time (season, year) between the two surveys,
catch data from surveys were examined separately.

When possible, comparisons were made between

common areas fished during both surveys. For com-

parison of the composition of the shark community
at different locations on Chatham Rise, ten areas

were designated based on major latitude and longi-

tude meridians (Fig. 1).
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Consideration of sharks as an assemblage, which
is separate from the rest of Chatham Rise commu-

nity, is an artificial division. However, because the

primary interest of this study was to describe the

abundance and distribution of the sharks on Cha-
tham Rise, several ecological indices were employed
to compare different locations, depths, and species
of shark. Abundance was expressed as density (kg
shark/km- ) and was calculated for each species within

each trawl based on the total weight ofsharks caught,
net width, towing speed, and trawl duration. Three
features of distribution were examined for sharks:

diversity, similarity, and randomness. Diversity was

expressed as the number of species of sharks per
trawl (Stephens et al. 1984; Garcia et al. 1998). The

Bray-Curtis similarity index was used for compari-
sons among the ten areas on Chatham Rise, depth
intervals, and between the two surveys:

S=l IK->^u|/X<i^.,+^*

where
Yj^

= score for /'^ species in the j^^ sample;
and

y,^
= score for the /* species in the k^^ sample

(Field et al. 1982; Sedberry and Van
Dolah 1984).

This index ranges from (no species in common) to

1 (identical species in each sample). Morisitas index

of dispersion (/^) was calculated for each species
of shark as an indicator of the randomness of their

distributions:

Ia=n{^X--N/N(N-l)\,

801

E

Z

1990(281)

1993(109)

§ ^
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Area Area 2 Area 3

1,798.9

Area 4

4,558.5

Area 7

2,054.2

2,936.5

Area 5

007.6

Area 10

2,282.9

Area 6

903.7

Q
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part of the catch, but the catch of C. owstoni declined

substantially, and D. calcea began to dominate the

shark catch. Along the eastern tip and southeast

portion of Chatham Rise (areas 6 and 7), D. calcea

accounted for the highest percentage of the catch,

but E. granulosus was also prominent, and these

two species formed over 85% of the shark catch by

weight. Etmopterus granulosus dominated catches

in areas along the south of Chatham Rise (areas

8-10); the proportion of the total catch increased

with proximity to New Zealand (Fig. 3). The three

large squalids (C. squamosus, S. plunketi, D. licha)

were sporadically caught in areas 1-8, each with a

peak density in area 6, but no squalids were recorded

from the southwest of Chatham Rise (areas 9 and

10). Apristurus spp. were caught in small numbers

throughout Chatham Rise, but their presence was

more dependent upon depth than location (Fig. 3).

Composition of the catch also varied with depth

(Fig. 4) and several natural divisions were apparent.

The three large squalids (C. squamosus, S. plunketi,

D. licha ) appeared to have shallow distributions, and

were not captured deeper than 1100 m (with the

exception of one S. plunketi caught at 1170 m, and

one C. squamosus at 1201 m). Densities (kg/km-)

of the other species were fairly high at depths of

700-1200 m, although D. calcea was most abundant

at depths of less than 1000 m, E. granulosus peaked

1,200,

1,000

^
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700-1000 m versus 1300+ m
intei-vals.

Morisita's index ofdispersion

(/^) indicated that all species

of sharks tended to be aggre-

gated on Chatham Rise to some

degree. The three large squalid

sharks were the most aggre-

gated: S. plunketi (7^=104.5),
C. squamosus (82.4), D. licha

( 55.4 ), followed hyE. granulosus

{24.3), Apristurus spp. (21.2), C.

owstoni (10.9), D. calcea (8.2),

and the most randomly distrib-

uted was C. crepidater {1^-5.4}.

Discussion

Kg sharli per km
-

Number of Species

12

10

3

Sharks are abundant and

widely distributed on Chatham
Rise. Even though sharks form

a relatively small percentage of

the overall catch in deep-water
trawls they are frequently

caught by the hundreds and

occasionally dominate catches.

The most abundant shark (by weight) on Chatham
Rise, D. calcea, was often caught in large numbers,
which suggests the presence of large aggregations.

However, this species was caught in a high percent-

age of trawls and was widely distributed on Chatham
Rise, which resulted in a fairly low index of disper-

sion
(/^).

D. calcea is abundant elsewhere in New Zea-

land waters, accounting for as much as 70% of the

shark catch off the North Island (Clark and King').

Kobayashi (1986) reported that D. calcea was one of

the most common sharks in deep-water catches from

Japan as well. The most ubiquitous shark in terms

of presence at nearly all depths and locations on Cha-

tham Rise was E. granulosus, although this species

may have a fairly limited distribution outside of New
Zealand and southeast Australia. Tachikawa et al.

(1989) synonimized the New Zealand lantern shark,

E. baxterl, with the widely-distributed southern lan-

tern shark, E. granulosus; however, there may be sev-

eral species within the E. granulosus group and E.

baxteri may well be a valid species (Compagno et al.,

1991; Wetherbee, 1996).

Catsharks captured in trawls were keyed out to

five undescribed species (A-E ) belonging to the genus

Apristurus (Paulin et al., 1989). That several hundred

specimens of these undescribed sharks were collected,

underscores the paucity of information on deep-sea
sharks. This genus also contains many undescribed

Depth (m)

Figure S

Average density (kg/km- ±SDl of all sharks combined and number of species captured
within various depth intervals on Chatham Rise, New Zealand, for both surveys com-

bined. For comparison of mean densities among intervals with ANOVA, P = 0.011,

df=389.
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Very few individuals of three species of relatively

large squalid sharks iCentrophorus squamosus, Scym-
nodon plunketi, and Dalatias licha) were captured on

Chatham Rise. These three species also happen to

have liver oil that is high in squalene, or that has

a high diacyl glycerol ether to triglycerol ratio, and

the liver oil of these sharks is thus of high quality for

industrial purposes (Bakes and Nichols, 1995; Weth-

erbee, 1998). Because each of these species formed

less than 1% of the total shark catch in all fishing,

targeting ofany of these species by commercial fisher-

ies on Chatham Rise does not appear to be practical.

However, these species have been captured in greater

numbers in fishing that was conducted at shallower

depths and that targeted different fishes at locations

other than Chatham Rise in New Zealand (Clark and

Kingi).

The consistency in catch rate, regardless of time

of day, indicates that there are few changes in the

distribution of the deep-sea shark community on a

diurnal basis. However, capture in a trawl may not

provide information on activity patterns or feeding

periodicity. For example, Kobayashi (1986) found

that capture rate of sharks was higher at night than

during the day in deep-sea fishing with baited lines.

The present study was conducted over a three-month

period and does not provide much information on

seasonal differences in the distribution of deep-sea
sharks. Some studies have suggested that there is

continual movement of reproductive groups, or age

classes, out of a particular area (Yano, 1991; Weth-

erbee, 1996). Other studies have maintained that

community structure, temperature, and salinity of

the deep-sea environment vary little throughout the

year (Kobayashi, 1986; Clark and KingM.

Orange roughy appear to be common prey of two

species of sharks (E. granulosus and C. owstoni) and

are also consumed by two of the less common, large

squalids (C. squamosus and D. licha ). Centroscymnus
owstoni may exert the greatest predation pressure on

orange roughy populations because both species are

found in large numbers on the north of Chatham Rise.

An expanded investigation of the feeding habits of

sharks would provide more information on the relation-

ship between sharks and commercially important tele-

osts on Chatham Rise.

Abundance

Differences in abundance of sharks between the

orange roughy and oreo surveys appear to be attrib-

utable to the location at which fishing was concen-

trated in each survey. For the oreo survey, fishing

was restricted to the south of Chatham Rise, and

during the orange roughy survey, fishing was con-

centrated on the north of Chatham Rise (although
trawls were made throughout Chatham Rise). The
observation that there were no significant differences

between the catches in areas common to both surveys
indicates that overall differences between the sur-

veys were probably not due to differences in fishing

methods (duration of trawls and net specifications)

or time (season or year). The contribution of sharks

to total biomass of each survey was also remarkably
similar.

The composition of the shark community was

dependent upon the area of Chatham Rise that was

sampled. Moving from west to east on the north

of Chatham Rise, the dominant species in trawls

changed from C. owstoni to D. calcea. Fishing areas

at the eastern tip of Chatham Rise were the most

diverse. There, the highest densities (kg/km^) were

recorded for six of the eight species of sharks and for

all sharks combined. Etmopterus granulosus was the

most abundant shark on the south of Chatham Rise,

completely dominating the catch in the westernmost

areas. Variation in the composition of the deep-sea
shark community with location has been observed in

other areas off New Zealand, and also in Japan and

southern Africa (Kobayashi, 1986; King and Clark,

1987; Compagno et al., 1991). In several studies, the

community of deep-sea sharks was thought to vary
with latitude (Merrett and Marshall, 1981; Nakaya
and Shirai, 1992; Yano and Kugai, 1993). The distri-

bution of sharks on Chatham Rise may be influenced

by a number of physical and biological factors. How-

ever, the lack of information on the deep-sea envi-

ronment in this area precluded examination of the

relationship between shark abundance and either

biotic or abiotic factors; in contrast to other studies

(Graham and Hastings, 1984; Bianchi, 1991; 1992;

Garcia et al., 1998). Large portions of Chatham Rise

are as shallow as 500 m, and sharks with fairly

deep distributions might not move freely between

the north and south slopes. Thus, the patterns of

distribution observed for several species of sharks

near Chatham Rise may be related to this physical

barrier.

In this study, shark abundance also varied with

depth. The depth range at which maximum shark

density was recorded in the present study ( 700—800

m) was deeper than that reported by Kobayashi
(1986) (300-500 m), and shallower than that found

by Yano and Kugai ( 1993 ) ( 1100-1200 m). Depth dis-

tributions of sharks caught on Chatham Rise are

characterized by several patterns. Some of the larger

species were rare at depths greater than 1100 m.

which may approximate their maximum depth of

occurrence. The density of other species declined

abruptly beyond 1200 m, and the proportion ofApris-
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tiirus spp. in the catch increased at depths greater
than 1200 m. The depths fished in the present study
did not appear to reveal the minimum depth of

occurrence for any species of shark. Compagno et

al. ( 1991 ) noted the importance of determining mini-

mum depth of occurrence describing the depth dis-

tribution of a particular species.

On Chatham Rise, density (kg/km-) of all sharks

combined was fairly constant up to about 1200 m but

dropped drastically beyond this depth. Nakaya and
Shirai (1992) observed a similar dramatic decrease

in shark density at 500 m, and Merrett and Marshall

(1981) at 1000-1100 m. An inverse relation between
shark abundance and depth has been described for a

number of species in other regions of New Zealand,
and in other parts of the world (Merrett and Mar-

shall, 1981; Kobayashi, 1986; King and Clark, 1987;

Yano and Kugai, 1993).

Distribution

Diversity (species of shark/trawl) was higher for the

orange roughy surveys than for the oreo sui-veys, but

there was no significant difference in mean diversity

between areas common to both surveys. These obser-

vations support the contention that differences in

the shark catch between surveys are related to sam-

pling location, rather than to temporal or method-

ological differences between surveys. However, there

were generally more trawls within each area during
the orange roughy survey than for the oreo survey,

which may have increased the total number of spe-

cies caught on the north of Chatham Rise. Hill ( 1973)

predicated that as the size of a sample is increased,

so almost without limit will the diversity. Diversity
also declined with increased depth on Chatham Rise,

and Crowder (1990) suggested that such a decline

in species diversity might be due to changes in the

level of competition, predation, or environmental

homogeneity.
In this study, only 16 species of shark were caught,

although many more species of deep-sea shark have
been captured in New Zealand (Paulin et al., 1989).

The total of only 16 species caught in the present

study is also low in comparison to numbers (>30)

of species caught in deep-water surveys in other

parts of the world (Kobayashi, 1986; Compagno et

al., 1991; Nakaya and Shirai, 1992; Yano and Kugai,
1993). Much of the fishing on Chatham Rise was
conducted at depths of greater than 1000 m, which

may be beyond the depth limit of a number of spe-
cies of squalid sharks found in New Zealand waters

(Yano, 1985; Compagno et al., 1991).

The index of similarity between the orange roughy
and oreo surveys was high, again suggesting that

differences introduced as a result of variable fishing
methods or time were probably not substantial. The

nearly identical indices of similarity between depth
intervals for each survey also support this conclu-

sion. The high indices of similarity between areas

for most species, along with the fairly low indices of

dispersion, indicate that although their abundance
is variable, most species have fairly wide distribu-

tions on Chatham Rise.

Sharks within the genera Etmopterus and Centro-

phorus are thought to segregate by species in Jap-
anese waters (Kobayashi, 1986; Baba et al., 1987;

Yano and Tanaka, 1983). In the present study there

was little evidence to suggest that any two species

displayed such segregation. Compagno et al. (1991)

found that Centroscymnus spp. were sympatric but

had very different food habits. An examination of

dietary overlap among sharks common on Chatham
Rise may reveal whether these sympatric species

compete for the same food resources.

Although the sharks captured during this study
were incidental to commercially important fishes,

such as orange roughy and smooth oreo, the data

collected from these trawls have provided informa-

tion on the abundance and distribution of a number
of species of deep-sea shark on Chatham Rise. Dis-

tributional patterns of sharks vary among species,

and the composition of the deep-sea shark commu-

nity varies with depth and location. Therefore, the

overall impact of deep-water trawl fisheries on shark

populations would be expected to vary among spe-

cies and to depend on the particular fishery, which in

turn influences the location and depth where fishing

is concentrated.
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Abstract.-Sagittae (n=2,263) and

gonads (?i=870) from snowy grouper,

Epmephelus nireatus, caught primar-

ily with longlines. Kali poles, snapper
reels, and chevron traps ofT North Caro-

lina and South Carolina were examined

1) to compare growth rates, population

age structure, and sex ratio between

two periods 1979-85 and 1993-94, and

2) to determine reproductive seasonal-

ity, size and age at maturity, and size

and age at sex change. There were sev-

eral indications that the population off

North Carolina and South Carolina is

overfished; 1 ) size at age of specimens

caught with longlines and snapper reels

has increased noticeably since the 1980s

(possibly a a density-dependent popula-

tion response to a high level of fishing

mortality ); 2 ) 8 1'^f ofthe fish caught with

commercial longlines during 1993-94

were ages 1-6. the majority (SB*?) of

which were immature females; 3) the

percentage of males in the population

appears to have decreased significantly,

from 7-23<7f in the 1970s and 1980s to

1% in the 1990s; and 4) mean length

of fish landed in the longline fishery

has steadily decreased from 65-80 cm
in the early 1980s to 50-60 cm in the

mid-1990s. There was a positive trend

between water depth and total length

in fishery-independent samples. Histo-

logical examination of gonads revealed

that mature gonads were present in 4%
of the females at age 3, 52*^ at age

5, 95*7^ at age 7, and 1007c at ages >7

during 1993-94. The smallest mature

female was 469 mm TL, and the larg-

est immature female was 575 mm. Esti-

mates of Lengthjy and Age^^ were 541

mm (95'» CI=529-553 mm) and 4.92

yr OS'/f CI=4.65-5.21 yr), respectively.

Spawning females were caught during

April through September on the upper
continental slope off South Carolina at

depths of 176-232 m. The size ( 767-1090

mm I and age i8-29 vr) of 97 male speci-

mens and the capture of two specimens

undergoing sex change provided conclu-

sive evidence that snowy grouper are

protogynous hermaphrodites.
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The snowy grouper, Epinephelus
niveatus, is a commercially impor-
tant deepwater species that occurs

in the western Atlantic from North

Carolina (Cape Hatteras) to Brazil,

including the Gulf of Mexico and
the Bahamas (Smith, 1971). It also

occurs in the eastern Pacific from

California to Mexico (Miller and

Lea, 1976; Fitch and Schultz, 1978 ).

Along the coast of the southeast

United States, adult snowy grou-

per are predominantly found on the

upper continental slope ( >75 m; Lee

et al., 1985) at depths of 116-259 m
(Low and Ulrich, 1983; Moore and

Labisky, 1984; Parker and Ross,

19861, whereas juveniles are more
common at shallower depths ( Moore
and Labisky, 1984). Low and Ulrich

(1983) noted a positive correlation

between total length (TL) and water

depth off South Carolina. Most fish-

ing for this species occurs in habi-

tats characterized by rocky ledges,

cliffs, and swift currents (Matheson
and Huntsman, 1984).

Snowy grouper are captured pri-

marily in commercial fisheries ofthe

southeastern United States ( Parker

and Mays, 1998). Most are caught
with bottom longlines and snapper
reels^ (handlines). Starting in 1991,

the longline fishery was restricted

to waters deeper than 91 m by the

South Atlantic Fishery Management

Council (SAFMC, 1991). Fishing
for snowy grouper has occurred off

North Carolina and South Caro-

lina (the Carolinas) since the mid-

1950s (Huntsman, 1976); annual

landings from the Carolinas aver-

aged 119,657 kg during 1981-96

(Moran-). According to the spawn-
ing stock ratio (SSR), the popula-
tion off the Atlantic coast of the

United States is considered to be

overfished (SAFMC, 1993).

Population age structure and

individual growth rates in the

snowy grouper population have not

been assessed since the mid-1980s

and should be assessed again given
the sustained fishing pressure on

the population. Studies of other

fish populations have shown that

size at age is often affected by the

level and duration of exploitation
( Haug and Tjemsland, 1986; Harris

and McGovern, 1997; Helser and

Contribution 430 of the South Carolina

Manne Resources Center, P.O. Box 12559.

Charleston, SC 29422.

'

Snapper reels are commonly known as '1)an-

dits" or "one-armed bandits' by fishermen

owing to the remote similarity between early

snapper reels and gambling slot machines,

and because luck is involved in what is

caught. The early mechanical reels have

typically been replaced by 12 volt DC auto-

mobile starter motors or hydraulic systems.
- Moran.J. 1996. S. Carolina Dept. ofNat-

ural Resources, P.O. Box 12559, Charleston,

SC 29422. Personal commun.
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Almeida, 1997; Zhao etal., 1997; Goodyear and Schir-

ripa^), thus trends in growth can be indicators of

population stability. Additionally, nothing is known
about trends in sex ratio. Recent studies along the

southeast Atlantic coast and in the Gulf of Mexico

have documented sharp decreases in the proportion

of males in other grouper, gag (Mycteroperca microl-

epis) and scamp (M. phenax), populations (Coleman

et al, 1996; McGovern et al., 1998). This and other

factors have led to reduced genetic diversity in the

gag population along the southeast coast, a cause for

serious concern, although the ramifications are not

clearly understood (Chapman et al., 1999).

Little is known about the reproductive biology of

snowy grouper off the Carolinas because the only pre-

vious study ( Moore and Labisky, 1984 ) was conducted

in the Florida Keys. Using a histological technique,
Moore and Labisky (1984) showed that the snowy

grouper is a protogynous hermaphrodite; females

reach sexual maturity at ages 3-5 and change to

males as early as age 6. The objectives of the present

study were 1) to compare individual growth rates,

population age structure, and sex ratio between two

periods, 1979-85 and 1993-94, and 2) to determine

reproductive seasonality, size and age at maturity,

and size and age at sex change for snowy grouper off

the Carolinas.

Materials and methods

Specimen acquisition

Snowy grouper were obtained from commercial boats,

research vessels, and headboats, primarily off North

Carolina and South Carolina (Table 1). All speci-

mens were collected between 31°09'N and 34°44'N

at depths of 42-302 m. Only seven specimens were

caught south of 32°04'N. Fishery-independent sam-

ples were collected during cruises of the MARMAP
(Marine Resources Monitoring Assessment and Pre-

diction) program with bottom longlines. Kali poles

(an off-bottom longline; Russell et al., 1988), snap-

per reels, rods and reels, and chevron traps (Collins,

1990). Specimens caught with longlines were col-

lected primarily off South Carolina, whereas speci-

mens caught with snapper reels were collected off

South Carolina in the 1980s and primarily off North

Carohna in the 1990s (Fig. 1). Total length (mm) was
measured for all specimens and all length measure-

ments in the text refer to total length (TL).

During 1993-94, samples from the commercial

fishery usually included the total catch of snowy
grouper from a vessel or a random subsample; on

three of 20 occasions, the catches from vessels that

landed fish in South Carolina were subsampled to

collect otoliths from small and large specimens. No
documentation on sampling design was available for

fishery-dependent samples that were collected with

snapper reels during 1979-85.

Age and growth

The left sagitta, and the right sagitta when time

permitted, was removed and stored dry prior to

processing. Each otolith was embedded in paraffin

( 1979-85) or Araldite epoxy resin ( 1993-94) and sec-

tioned along a dorsoventral plane through the focus

with a single high-concentration diamond wheel on a

Buehler Isomet low-speed saw. Otolith sections were

mounted on glass slides with Crystalbond thermo-

plastic or Accu-mount 60, covered with cedar wood

oil, and examined under a dissecting microscope
( 10-63x) with reflected and transmitted light.

We examined otoliths from 1937 specimens and used

the age determinations (/!=326) of Waltz'* for speci-

mens collected with snapper reels from 1979 to 1985.

The width of the translucent zone along the margin of

the section was measured to assess the periodicity of

increment formation. Increments were counted inde-

pendently by two readers for 1853 of 1937 specimens.
In older fish, all increments could not be counted along
one axis in many specimens. Counting commenced on

one of three axes (ventral, ventromedial, or adjacent

to the sulcus acousticus) and shifted to another axis by

following an increment to the new axis. If counts dif-

fered, both readers examined the otolith by projecting

the image onto a TV monitor The otolith was rejected

if agreement could not be reached.

A small portion ( /; = 129 ) of the 1937 otoliths that we
examined were used for an earlier MARMAP study
(Waltz"*). Age assessments were compared to deter-

mine if annual increment structure was being inter-

preted in a similar manner. The specimens selected

for the comparison were collected with longlines or

Kali poles on research cruises during 1982-85. Age
data from specimens collected with these two gear

types were combined because they were fished simul-

taneously in the same area and were deployed with

the same hook type and bait.

The sagittae of three young-of-the-year (YOY)

specimens were hand-polished to thin (approx. 5pm)

*
Goodyear, C. P., and M. J. Schirripa. 1993. The red grouper
fishery of the Gulfof Mexico, Report MIA92/93-75. Miami Lab-

oratory, Southeast Fisheries Science Center, National Marine
Fisheries Service, 75 Virginia Beach Dr, Miami, FL 33149.

•
Waltz, W. 1986. The size and age of snowy grouper (Ep/nep/i-

elus niveatus) in the South Atlantic Bight. MARMAP Analytical

Report, 16 p. S. Carolina Department of Natural Resources,

PO. Box 12559, Charleston, SC 29422.
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34''N

SS^N
-

O Longline

A Snapper reel

X^ Trawls

Figure 1

Approximate locations of commercial fishing effort with longlines and snapper reels for snowy

grouper off North Carolina and South Carolina between June 1993 and September 1994.

Snowy grouper were also caught in trawls in June 1978 during an exploratory squid cruise

conducted by the government of Spain and the National Marine Fisheries Service on the RV
Pescapuerta Segundo. Trawl site off Georgia is not shown.
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from the core to the first annulus was made for a

subsample of 23 specimens that were age 1 and com-

pared with the measurements from the three YOY to

estabhsh the position of the first annulus.

Age-length keys were formed by obtaining a matrix

of numbers at age by length interval for each gear

type (longline and snapper reel ) in two periods ( 1980s

and 1990s). Besides the differing selectivities of long-

lines and snapper reels, another reason for develop-

ing keys by gear type was the difference in sampling
area in 1993-94 (Fig. 1) and potential differences in

sampling depth due to the restriction (SAFMC, 1991)

that limits the use of longlines to waters deeper than

91 m. Additional keys were generated to address

two questions: 1) Do data from specimens with age
estimates of lower precision affect the accuracy of

the key for specimens caught with longlines in the

1990s? and 2) Are there differences in the keys for

specimens caught with longlines or Kali poles during
1982-85 that were examined in the present study
and in an earlier study by Waltz?^ To address the

first question, keys based on all specimens and spec-

imens for which there was a difference of 0-1 incre-

ments between readers were compared.
All analysis of age and growth data was conducted

with SAS software (SAS Institute, Inc., 1990). Fish-

er's exact test ( Siegel, 1956 ) was used to compare the

age distributions of two age-length keys by 25-mm

length intervals. The FREQ procedure was used to

run this test. A comparison was made only if each

key had >6 specimens in an interval because of

the low power associated with small sample sizes

(Bennett and Hsu, 1960). The large number of tests

required to compare age-length keys necessitated

compensating for experimentwise error by comput-

ing an adjusted significance level (a*) using the for-

mula presented by Hayes (1993).

Nonlinear regression analysis with Marquardt's

algorithm (NLIN procedure) and the NLIN weight
statement were used to fit the von Bertalanffy growth
model to observed length at age data (von Berta-

lanffy, 1938). Lengths were weighted by the inverse

of the number of fish at each age to moderate the

effect of large and small sample sizes on the esti-

mates of growth parameters. Age-length keys were

applied to length data collected through the Trip
Interview Program (TIP) in the Carolinas to gener-
ate an age-frequency distribution. TIP is a commer-
cial fisheries data collection program funded by the

National Marine Fisheries Service (NMFS).

landed whole by fishermen (Table 1). Ninety gonad

samples from the headboat fishery during 1973-1981,

collected in association with the study of Matheson
and Huntsman ( 1984), were obtained from the Beau-

fort Laboratory of the NMFS. The posterior portion

of the gonad was fixed in 10*^ seawater-formalin for

1-2 weeks and transferred to 509^ isopropanol for

1-2 weeks. Gonad samples were processed, sectioned,

and stained with double-strength Gill hematoxylin
and eosin-y by using the methods of Schmidt et al.

(1993).

Sex and reproductive state were assessed primar-

ily by one reader using histological criteria (Table 2),

without reference to body length or date of capture. A
second reader examined sections from 75 specimens
to ensure accurate interpretations. If the assessments

of the two readers differed, the section was viewed

simultaneously by the readers and rejected if agree-

ment could not be reached. Specimens with develop-

ing, ripe, spent, or resting gonads were considered

sexually mature. For females, this definition of sexual

maturity included specimens wdth oocyte development
at or beyond the cortical granule stage and speci-

mens with beta, gamma, or delta stages of atresia (see

Hunter and Macewicz, 1985). To ensure that females

were correctly assigned to either the immature or

resting categories, the length-frequency histogram of

females with evidence of certain maturity (e.g. those

that were developing, ripe, or spent) was compared
with the histograms for immature and resting females.

Females ofuncertain maturity (Table 2) were excluded

from data analyses. To estimate length at SO'X matu-

rity (L50) and age at 50*7^ maturity (Ajg), the PROBIT

procedure (SAS Institute, Inc., 1990) was used to fit

gompit, logit, or probit models to maturity data in

25-mm length intervals or one year increments. The

LOGISTIC procedure was used to determine which

model to use in the PROBIT procedure.

Females with hydrated oocytes or postovulatory
follicles were considered to be in spawning condition.

Macroscopic observations of snowy grouper caught
in June 1978 during trawls (Fig. 1) of an explor-

atory squid cruise conducted jointly by the govern-
ment of Spain and the Northeast Fisheries Center

of NMFS in Woods Hole, Massachusetts, on the RV
Pescapuerta Segundo were also used to define the

area and timing of spawning.

Results

Reproduction

Gonads were obtained during 1979-95 from 870 spec-

imens collected on research cruises and from fish

Age and growth

An age was assigned to 91.6'^ of 1937 otoliths that

we examined (Table 1). Otoliths were rejected if the
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Table 2

Histological criteria used to determine reproductive stage in snowy grouper (see Hunter and Goldberg, 1980; Wallace and Selman,
1981; Hunter and Macewicz, 1985; Wenner et al., 1986; West, 1990).

Reproductive stage Criteria

Immature

Developing

Ripe

Developing, recent spawning

Spent

Resting

Uncertain maturity

Transitional

Previtellogenic oocytes only, no evidence of atresia. In comparison with resting female, most previ-

tellogenic oocytes are <70 pm, area of transverse section of ovary is smaller, lamellae lack muscle
and connective tissue bundles and are not as elongate, oogonia are abundant along margin of

lamellae, and ovarian wall is thinner.

Oocytes undergoing cortical granule (alveoli) formation through nucleus migration and partial

coalescence of yolk globules.

Completion of yolk coalescence and hydration in the most advanced oocytes. Zona radiata becomes
thinner.

Developing stage as described above plus presence of postovulatory follicles.

More than 50% of vitellogenic oocytes in alpha or beta stage of atresia.

Previtellogenic oocytes only with traces of atresia possible. In comparison with immature female,

most previtellogenic oocytes >70 pm, area of transverse section of ovary is larger, lamellae have
muscle and connective tissue bundles, lamellae are more elongate and convoluted, oogonia are less

abundant along margin of lamellae, and ovarian wall is thicker and exhibits varying degrees of

expansion owing to previous spawning.

Immature or resting. Inactive ovaries, previtellogenic oocytes only. Reproductive stage is uncertain.

Proliferation of spermatogonia through limited spermatogenesis within lamellae of resting ovary,

accompanied by development of peripheral sinuses in musculature of ovarian wall.

readers couM not agree on the age or if the section

was not adequate. Ages ranged from 1 to 29 yr and

lengths from 226 to 1137 mm. From a subsample
(n=21A) of 3-10 yr old specimens, we found that

the mean width of the sagittal marginal translucent

zone was smallest in April and May, indicating the

period of increment formation ( Fig. 2 ). The unimodal
nature of the data indicated that one increment was

deposited per year.

Data from longlines and snapper reels showed
that size at age was greater during 1993-94 than

during the previous decade (Figs. 3 and 4). Snowy
grouper captured with longlines in 1993-94 exhibited

a nearly constant growth rate until approximately

age 10, after which there was a notable decrease.

A similar growth pattern was noted for snowy gi-ou-

per caught with snapper reels, although the trend

was less definitive owing to smaller sample sizes.

Estimates of theoretical maximum length (Lj were
reasonable when compared with maximum observed

lengths (Table 3). Data from both gear types indi-

cated that L
.,
has increased 169-231 mm in the last

decade. The application of the age-length key for

samples caught with longlines during 1993-94 to

TIP length data for the same period revealed recruit-

ment to the fishery as early as age 1, and a modal

age for recruitment of 5 (Table 4).

The increase in size at age since the 1980s was also

evident in comparisons of age-length keys between
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Figure 2

Mean width (+SEl of marginal translucent zone in trans-

verse sections of sagittae from 248 snowy grouper that

were 3-10 yr old.

periods for each gear type. For longline gear, the

comparisons in 8 of 8 length intervals exceeded the

adjusted significance level (P<0.00639; Table 5). The
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Table 3

Von Bertalanffy parameters (± SEl desci-ibing the growth in mm total length of snowy grouper collected with snapper reels and

longlines and Kali poles (LL, KP) during two decades. Mean observed length at age data were used to generate parameter esti-

mates. Estimates from two earlier studies, generated using back-calculated lengths, are included for comparison.

Maximum
observed

length L,, k ?„

1090 970(24) 0.109(0.001) -2.123(0.336)

1110 1201(34) 0.103(0.008) -1.149(0.231)

1034 948(28) 0.122(0.017) -0.668(0.681)

1137 1117(13) 0.119(0.004) -1.409(0.121)

1130 1255 0.074 -1.92

1180 1320 0.087 -1.013
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Mean observed size at age ( ±SE ) for snowy grouper caught

with longHnes and Kali poles in the 1980s. The sagittae

were examined by Waltz in = 132; see Footnote 3 in the

main text) and investigators in the present study (n = 129i.

2) by comparing the measurements of otolith radius

in these three specimens with the radial measure-

ment to the first annulus in a subsample of 23

specimens that were age 1. Examination of sagittae

from YOY revealed that fish lengths of 37, 156,

and 172 mm were associated with estimated ages of

35, 159-201 and 191-291 days, respectively. Radial

measurement to the edge in these three otoliths was
less than the radial measurement to the first annu-

lus in a subsample of 23 age-1 specimens.

Reproduction

Histological examination of 599 sexually mature

snowy grouper in four data sets from three periods

( 1970s, 1980s, and 1990s I suggested that the number
ofmales in the population has substantially decreased.

The percentage of males was 7.27^, 19.57., and 22.9'7f

for samples collected with hook and line during

1973-81, snapper reels during 1980-84, and long-

lines and Kali poles during 1982-85, respectively,

whereas males represented 1.2% of samples collected

with longlines during 1993-94 (Table 7). Although

sample sizes were <100 for two data sets, especially

the 1993-94 data set, the mean total length (.v=63.6

cm,SE=1.0 )ofspecimensinthe 1993-94 data set was

larger than the mean length of specimens measured

through the TIP in North Carolina ( 1993: .v=58.0 cm,

SE=0.6; 1994: i=56.0, SE=1.4) and South Carolina

Table 6

Comparison of age distributions by length interval with

Fisher's exact test for snowy grouper collected off North

Carolina and South Carolina. These comparisons included

1) all specimens thafwere caught with longlines dunng
1993-94 and assigned an age versus those for which the

difference in age assignment between readers was 0-1

increments (Best), and 2 1 specimens caught with longlines

during 1982-85 that were examined in the present study

and by Waltz (Footnote 4 in the main text). Dashed lines

indicate that the sample size was less than seven in one or

both groups.

iTL

Best vs.

all

251-275

276-300

301-325

326-350

351-375

376-400

401-425

426-450

451^75

476-500

501-525

526-550

551-575

576-600

601-625

626-650

651-675

676-700

701-725

726-750

751-775

776-800

801-825

826-850

851-875

876-900

901-925

926-950

951-975

976-1000

1.000

1.000

0.852

0.855

0.980

0.978

0.951

0.853

0.966

0.932

0.997

0.993

1.000

0.955

0.663

0.832

0.943

0.902

1.000

0.795

0.00256

a' = adjusted significance level.

Longline,

present study
vs. Waltz

0.669

0.669

0.242

1.000

0.660

0.01021

( 1993: .v=59.1, SE=0.7; 1994: .r=53.8, SE=0.6) for the

same years, indicating that our data set was not

biased toward smaller specimens.
There were ninety-seven males and two transi-

tional specimens in the four sex-ratio data sets.
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Figure 6

Transverse sections of snowy grouper sagittae displaying (A) crystalline area in an

age-1 fish that obscures increments, (B) opaque deformities (arrows) in an age-5 fish

that distort increment spacing. (C) change in growth axis in an age-9 fish, and (D)

easily interpreted increments in an age-6 fish. S = sulcus acousticus axis, VM = ven-

tromedial axis, V = ventral axis.

Males were collected during March through Sep-
tember and their length range was 767-1090 mm
(median=918, a=919 mm, SE=7). Age was assessed

for 47 males and ranged from 8 to 29 yr (median=16,
.v=16.87, SE=0.63). Transitional specimens (787 mm
and unknown age, 1000 mm and age 13) were col-

lected in July and September. The 787 mm speci-

men was in the latter stage of sexual change (Fig.

7); male tissue was predominant, although previtel-

logenic oocytes were still numerous.

The near overlap in the length distributions of

female snowy grouper that were definitely mature
and females that were resting indicated that speci-

mens were correctly assigned to immature and rest-
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ing categories (Fig. 8); only 29 females of uncertain

maturity were excluded from analyses. Samples col-

lected primarily with longlines and chevron traps in

1991-95 revealed that snowy grouper become sex-

ually mature at lengths of 451 to 575 mm (ages

3-7; Tables 8 and 9). Mature gonads were present
in 4% of females at age 3, 527f at age 5, 95% at

age 7, and 100% at ages >7 (Table 9). The smallest

mature female was 469 mm, and the largest imma-
ture female was 575 mm. Estimates of L,;^ and Aj,^

were 541 mm (gompit model; 95% CI=529-553 mm)
and 4.92 yr (probit model; 95% CI=4.65-5.21 yr).

Samples collected primarily with bandit reels and

longlines in 1980—85 showed that snowy grouper
reached sexual maturity at similar lower limits of

length and age, 476-500 mm and age 3, although

sample sizes were small (<10) in the length and age
intervals near the lower limit (Tables 8 and 9). Upper
limits ofsize and age at maturity were higher, 626—650

mm and age 9, during this period and better defined

owing to larger sample sizes in comparison to those

for 1991-95. Mature gonads were present in 33% of

females at age 3, 62% at age 5, 91% at age 7, 95% at

age 9, and 100% at ages >9 (Table 9). The smallest
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Figure 7

Histological section of gonad tissue from a 787-mm-TL snowy grouper captured in July

in which transition to male is nearly completed. Chromatin nucleolar (arrows) and

perinucleolar oocytes are still present. Bar = lOOp.

Table 7
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Figure 9

Histological sections of ovarian tissue from female snowy grouper with evidence of

imminent or recent spawning: (A) hydrated oocytes (arrow) in a 744-nim-TL specimen

captured in May (bar=400p), and (B) age 24-48 h postovulatory follicles (arrows) in a

546-mm-TL specimen captured in August (bar=100 ]i).

The fishery

Historically, most snowy grouper landings along the

Atlantic coast of the Unitecd States, as reported

through TIP, have occurred in North Carolina and
South Carolina (Fig. 12). Although landings sta-

tistics are reported by state, fish are often caught

throughout the region, especially by vessels fishing

with longlines. Landings have varied widely, with

peaks noted in 1983 and 1990 for South Carolina

and in 1990 and 1992 for North Carolina. These fluc-

tuations have often been the result of changes in

effort. For example, the peak in 1983 reflected an

approximate doubling in the number of vessels as
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Percentage composition (based on histological criteria) of reproductive stages by month for 510

female snowy grouper Number of specimens examined is above each bar. POP = postovulatory

follicle.
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Relationship between length of snowy grouper and depth
of capture in fishery-independent sampling off North Car-

olina and South Carolina primarily with longhnes. Kali

poles, and snapper reels during 1981-85 (^=359) and pri-

marily with chevron traps during 1991-95 (n=114).

the bottom longline fishery developed. The decreases

in 1984 and 1985 reflect a shift in effort to the pelagic

longline fishery for swordfish (Low et al., 1987).

In South Carolina, the mean length of snowy grou-

per caught with longlines decreased steadily from 66

to 72 cm during 1983-84 to a low of49 cm in 1996 ( Fig.

13 ). No trend was evident in the length data for snowy

grouper caught with snapper reels. The snowy grouper

caught with snapper reels were consistently smaller

than those caught with longlines because snapper reels

were deployed in shallower water (Fig. 14).

Length data from North Carolina for snowy grou-

per caught with longlines showed a similar decreas-

ing trend, though with greater interannual variation

(Fig. 15). The mean length of snowy grouper caught
with snapper reels has fluctuated, with peaks noted

in 1985 and 1993.

Discussion

Status of the fishery

There are several indications that the snowy grou-

per population off the Carolinas is overfished: 1) size
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at age of specimens caught with longlines

and snapper reels has increased notice-

ably since the 1980s (Table 3), which

could be a density-dependent population

response to a decrease in competition for

resources, 2) 81'a^ of the specimens caught
with longlines were ages 1-6, the major-

ity (Se*^ ) of which were immature females

( Tables 4 and 9 ), 3 ) the percentage ofmales

appears to have decreased significantly,

from T^f to 237^ in the 1970s and 1980s

to 19c in the 1990s (Table 7), 4) spawning
stock ratio for the snowy grouper popula-
tion in the South Atlantic Bight was 0.15

in the most recent assessment (SAFMC,
1993)—below the 0.30 level which means
that the SAFMC considers the stock over-

fished, and 5 ) mean length offish landed in

the longline fishery has steadily decreased

from 65 to 80 cm in the early 1980s to

50-60 cm in the mid-1990s (Figs. 13 and

15; see also Low, 1998).

Snowy grouper are susceptible to rapid

depletion in a localized area through fish-

ing efforts. A study on a previously unexploited deep
reef offNorth Carolina found that fishing can remove
3% of the reef population daily (Epperly and Dodrill,

1995). In less than three months, the catch per unit

of effort and mean size of snowy grouper at that reef

were reduced to levels comparable to other exploited
sites. The mean size of snowy grouper landed in

North and South Carolina during most of the 1990s

(Figs. 13 and 15) is comparable to the size Epperly
and Dodrill (1995) reported for exploited sites.

The increase in size at age over a ten-year period
for fish from both gear types is noteworthy because

this trend has been documented in populations that

had experienced moderate to high levels of fishing

mortality. Increases in size at age have been noted

for silver hake ( Helser and Almeida, 1997 ) and Atlan-
tic halibut (Haug and Tjemsland, 1986) in the north

Atlantic and several reef fish species (gag, red grou-

per, and red porgy) off the southeast coast of the

United States and in the Gulf of Mexico (Johnson

et al., 1993; Johnson and Collins, 1994; Harris and

McGovern, 1997; Goodyear and Schirripa'^). In our

study, the increase in size at age may represent den-

sity-dependent growth in response to an increase

in fishing mortality (Rothschild, 1986). Decreases in

the abundance (Low, 1998) of co-occurring species on
a similar trophic level, such as gi'ay tilefish (Caulo-

latilus microps) and tilefish (Lopholatilus chamaele-

onticeps), also may reduce competition for food and
shelter in deepwater habitats. Snowy grouper and

gi-ay tilefish feed on macroinvertebrates, particularly
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Figure 14

Estimated mean water depth (±SE), based on minimum
and maximum depths provided by captains, during fish-

ing efforts in the longline and snapper reel fisheries. Data

were collected through the Trip Interview Program (TIP)

at the South Carolina Department of Natural Resources

from vessels landing their catches in South Carolina.

Sample sizes ranged from 141 to 851.

ily exploited and possibly overexploited. A situation

of greater concern would be one where size at age
has decreased after a sustained high level of fishing-

induced mortality, as has been reported for red porgy,

Pagrus pagrus, and vermilion snapper, Rhombop-
lites aurorubens, in our study region (Harris and

McGovern, 1997; Zhao et al., 1997). There is evi-

dence that faster-growing individuals in the popula-

tions of red porgy and vermilion snapper have been

effectively eliminated, thus causing a decrease in

size at age. Red porgy exhibited a density-dependent

response after an initially high level of fishing mor-

tality, but the sustained high level of mortality even-

tually removed the faster-growing individuals. Size

at age should be monitored to ensure that this does

not occur in the snowy grouper population.

The age composition of the snowy grouper land-

ings also needs to be monitored because the long-

line fishery is presently supported by younger age
classes ( 1-6). The present study showed that snowy

grouper can attain an age of 29 yr, but only 19*7^ of

the fish caught on longlines were >age 6 (Table 4).

The low percentage of older age classes in the land-

ings supports the preliminary sex ratio data from

the 1990s, showing that the percentage of males had

significantly decreased.

• =
Snapper reel

o =
Longline

1983 1985 1987 1989 1991 1993 1995 1997

Year

Figure IS

Mean length (±SE) of snowy grouper landed in North

Carolina in the longline and snapper reel fisheries.

Data were collected through the Trip Interview Program
(TIP) at the North Carolina Department of Health,

Environment, and Natural Resources. Sample sizes

ranged from 5 to 1908 fish.

Age and growth

A comprehensive comparison of growth data in our

study with previously published results was not pos-

sible because 1) lack of large and old specimens and

small sample sizes, and 2) differences in study area

(Florida Keys in Moore and Labisky [1984|). One or

more of these factors could explain the differences

in size at age, k, and L^^ between the results of two

published studies (Matheson and Huntsman, 1984;

Moore and Labisky, 1984) and our results for long-

line and snapper reel data from the 1980s. A primary
reason for higher values of L^, in the published stud-

ies (Table 3) is that the growth curves do not exhibit

asymptotes, which is probably due to low numbers

of specimens greater than approximately 900 mm
and older than 15-17 yr. In our study, all the data

sets (2 bandit reel and 2 longline) had individuals

over 1000 mm and at least 21 yr old. Sample sizes in

two data sets were very small (<200): our longline or

Kali pole data set (;! = 163) and the data set of back

calculations (n = 118) in Moore and Labisky (1984).

Important factors that could not be evaluated on the

basis of previous publications were 1) similarity of

fishing gear, 2) method of increment interpretation,

and 3) whether or not a weighting factor was used

when fitting the von Bertalanffy growth model.
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We feel confident that our assessment of the age
structure in the snowy grouper population off the

Carolinas was accurate, even though interpretation
of growth increments was difficult and a minimal

number of YOY specimens was available. The dif-

ficulty of assigning an age to the sagittae of snowy
grouper had not been reported by other investiga-

tors, although it has been reported for other deepwa-
ter species of continental slopes. The clarity of the

hyaline and opaque zones in otoliths (presumably

sagittae) from hoki, Macruroniis novaezelandidae,

off New Zealand is highly variable and is divided

into six categories based on internal features which

are related to the ease of counting increments (Kuo

and Tanaka, 1984). When otoliths are difficult to

interpret, one option is to base population age struc-

ture only on the specimens for which age is easily

assessed. Alternatively, ages can be estimated for

nearly all specimens despite the difficulties, as we
did in our study, with the assumption that the larger

sample will represent the population better. We found

that limiting the data set to only those specimens
for which the difference in counts between readers

was 0-1 increments did not improve the accuracy of

the age-length key for specimens caught with long-

lines (Table 6). Thus, we advocate using the entire

sample of specimens assigned an age. Crabtree and

Bullock ( 1998) found that rejected otoliths tend to be

from slower-growing older specimens, which could

introduce bias into analyses. This bias was minimal

in their study of growth in black grouper, M. bonaci,

where each otolith was examined three times by two

independent readers. Parameter estimates for the von

Bertalanffy model based on all black grouper with

ages were within one standard error of those based

only on specimens for which the coefficient of varia-

tion of the six readings was <12%.

An important consideration in age determination

is positive identification of the first annulus and

any settling mark that may be deposited prior it.

We believe that we have identified the first annulus

because the largest YOY specimen (172 mm) had
an estimated age of 191-291 days and the measure-

ments of otolith radius for all YOY in -3) were less

than radial measurements to the first annulus in

a subsample of 23 specimens that were age 1. Evi-

dence to support our conclusion that these three

specimens were YOY was found in another sam-

pling effort, where six specimens 4-5 cm in length
were caught with a trawl during August and Sep-
tember (Machowski'^), the last two months of the

^ Machowski, D. 1998. S. Carolina Department of Natural

Resources, P.O. Box 125.59. Charleston, SC, 29422. Personal
commun.

spawning season. Moore and Labisky (1984) consid-

ered 150-175 mm specimens to be YOY, although

they did not examine daily increments.

Validation of a technique for aging snowy grouper
with otoliths has been weakly supported by pre-

vious studies. We found that marginal increments

form annually and there is a peak in April and May
that corresponds to the beginning of the spawning
season. This finding concurs with the limited results

of Matheson and Huntsman (1984) and Moore and

Labisky (1984) who found that increment formation

appeared to begin in April and peaked in June. Mathe-

son and Huntsman (1984) measured marginal incre-

ments in 18 specimens collected during April through
October and Moore and Labisky (1984) examined

specimens collected during March through July in not

reported). Waltz"* found a wider period of increment

formation, April through September, although he was
not able to conclude that increments form annually
because samples were lacking for four months.

Reproduction

The reproductive pattern of snowy grouper needs

to be investigated more comprehensively and the

sex ratio should be assessed again, given the small

sample size in 1993-94 («=82), because there is evi-

dence that reef fish species, particularly grouper,
which change sex and aggregate to spawn, are more

susceptible to size-selective mortality and overex-

ploitation (Bannerot, 1987; Huntsman and Schaaf,

1994; Coleman et al., 1996). The capture of only one

male in the 1993-94 samples, which appeared to be

representative of the population based on commer-
cial landings, is reason for concern because the per-

centage of males has apparently decreased from the

7-23*^ for samples collected with three gear types in

the 1970s and 1980s (Table 7).

Large decreases in the number of males have been

documented for two other grouper species in the

southeast region. Percentages of males in popula-
tions of gag and scamp in the Gulf of Mexico, grou-

pers that are known to form small spawning (lO's

to lOO's of individuals) aggregations, decreased from

17% to 19c and 38% to 18%, respectively, between

the 1970s and early 1990s (Coleman et al., 1996). A
similar decrease, from 20% to 6%, was noted for gag

along the Atlantic coast of the southeastern United

States during the same period (McGovern et al.,

1998). The resultant decrease in genetic diversity

has been documented for gag (Chapman etal., 1999),

and its ramifications are currently of great concern

to many fishery scientists in the southeast region.

The size (767-1090 mm) and age (8-29 yr) of 97

male specimens in the present study and the capture



216 Fishery Bulletin 98(1)

of two specimens in the process of changing from

female to male is conclusive evidence that snowy

grouper are protogynous hermaphrodites. Moore and

Labisky ( 1984 ) reported males as young as age 6 and

some males with evidence of recent sex change. It is

likely that we collected only two transitional speci-

mens because sex change occurs after a female fin-

ishes spawning, during months when sample sizes

in our study were small. Sex change in other grouper

species, gag for example, occurs primarily during the

first two to three months after the spawning season

(McGovern et al., 1998), before males and females

become spatially separated (Coleman et al., 1996).

Our findings on age at maturity and spawning
season are in general agreement with the results of

Moore and Labisky ( 1984) for snowy grouper in the

Florida Keys. They found that the smallest mature

female and largest immature female were age 3 and

age 5, respectively, whereas the smallest mature

female from 1980 to 1985 in our study was also age 3,

but small percentages (<10'7f ) of the age 7-9 females

were immature (Table 9). Females and males in the

Florida Keys were in spawning condition from April

through July, although no mature fish were sam-

pled in other months (Moore and Labisky, 1984).

We found that females off the Carolinas spawn from

April through September—possibly longer owing to

small sample sizes in October through March.

The capture of 1160 specimens, some of which were

assessed macroscopically as spawning, in four trawl

collections on the exploratory squid cruise in June

1978 suggests that snowy grouper may form spawning

aggregations. Estimates of density would have been

much higher than 13.5-79.5 kg/ha calculated from

the trawl data if the fish were caught in only a small

part of the area sampled during tows of 7.4-18.5 km.

Dodrill and Epperly (1995) reported that the initial

density of exploitable snowy grouper on a 2700-m-^

virgin reef off North Carolina was 11 kg/m^.

Depth distribution

Fishery-independent data collected over several years
and with various gear types show that fish length

is positively correlated with water depth (Fig. 11).

Longlines, Kali poles, and snapper reels were the pri-

mary gear types deployed in waters >150 m and the

waters <100 m were sampled primarily with chev-

ron traps. Chevron traps are not known to be selec-

tive for snowy grouper <600 mm. Dodrill et al. ( 1993 )

speculated that the low abundance of adults in shal-

low waters may in part reflect years of intensive fish-

ing pressure in 40-120 m depths and only relative

recent fishing activity at depths >183 m off North

Carolina. Alternatively, we propose that snowy grou-

per may migrate to deeper water toward the end of

the juvenile stage.

Fish length and water depth data from the com-

mercial fisheries ( Figs. 13 and 14 ) concurred with the

positive correlation noted in the Florida Keys (Moore

and Labisky, 1984) and off Georgia and South Car-

olina (Low and Ulrich, 1983), although depth data

from fishermen may be less accurate than fishery-

independent data. We found small juveniles in shal-

low water, a finding that agrees with the results

of Moore and Labisky ( 1984) and with observations

from submersible dives that documented juvenile

snowy grouper (<300 mm) between 46 and 91m, but

not in deeper waters (Parker^).

Accurate assessment of population parameters re-

quires knowledge of juvenile and adult distributions

of snowy gi'ouper as well as characteristics of the fish-

ery. The snapper reel fishery catches a greater pro-

portion of younger age classes than does the longline

fishery because fishing efforts are generally restricted

to areas <100 m in depth (Figs. 13 and 14). The long-

line fishery presently catches a greater proportion

of older age classes than does the snapper reel fish-

ery because regulations established by the SAFMC
restrict longlines to waters deeper than 91 m.

Conclusions

As other investigators have suggested, rebuilding

grouper populations may require a novel approach
such as long-teiTH area closures or individual trans-

ferable quotas (Epperly and Dodrill, 1995; Coleman

et al., 1996). At present, the regulations enacted

to rebuild the snowy grouper population include an

annual quota of 245,082 kg, with a trip limit of 1134

kg (SAFMC, 1993). Traditional management mea-

sures such as minimum size limits will not be effective

because snowy grouper experience fatal embolisms

while being brought to the surface from deep waters

(Matheson and Huntsman, 1984). Future research

should focus on improving our understanding of repro-

ductive pattern (e.g. spawning behavior, spatial and

temporal aspects of distribution) and include a thor-

ough assessment of sex ratio and an updated assess-

ment of population age structure.
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were dissected, the diameter of all

visible oocytes were recorded, and

embryos were removed. For the sub-

sequent analysis ofC cephalus, pre-

viously published data were also

used. The length-weight relation-

ship was determined with STATIS-
TICA software (StatSoft, Inc., 1995)

by using the exponential function of

the form

W^aTL'',

as used by Cross ( 1988) for the file-

tail catshark. Length-weight rela-

tionships were compared between

males and females by using an

analysis of covariance.

The head, or lollipop, shark (Cephal-
urus cephalus) and filetail catshark

(Parmaturus xaniurus) are found in

the eastern Pacific in waters rang-

ing from 245 to 828 m and from 91 to

1251 m depth, respectively (Castro,

1983). Little is known of their

biology because they are rarely

captured. Cephalurus cephalus is

a benthic catshark and has been

recorded from southern Califor-

nia, Gulf of California, the Revil-

lagigedo Archipelago, and off the

coasts ofPeru and Chile (Kato et al.,

1967; Melendez and Meneses, 1989;

Pequeho, 1989). Mathews and Ruiz

(1974) reported it from the upper
Gulf of California, Mexico, and
Castro-Aguirre (1981) gave basic

information about its morphology,

taxonomy, and ecology based on 11

specimens from this locale.

Parmaturus xaniurus is distrib-

uted from central California to the

Gulf of Cahfornia (Castro, 1983).

Cross ( 1988) has described its gen-
eral biology and Lee ( 1969 ) reported

that, in the Santa Barbara basin,

it consumed myctophids. Cailliet'

concluded thatjuveniles were meso-

pelagic, adults demersal, and noted

that efforts to determine their age
have failed because of the absence

of annual rings on the vertebrae.

The objective of this study was to

provide additional data on the biol-

ogy ofC cephalus and P. xaniurus,

with information on length-weight

relationships, and notes on repro-

ductive biology, including the sizes

ofoocytes and embryos, the sex ratio

of embryos, and clasper length, for

specimens from the west coast of

Baja California Sur, Mexico.

Materials and methods

Fish were sampled by bottom trawl-

ing with commercial shrimp nets

(20-m mouth, 30-mm mesh size)

during the oceanographic expedi-
tion EP9505 along the Pacific coast

of Baja California Sur, Mexico.

Trawls were made at depths of

50-280 m from the RV El Puma
during May 1995. On 5 May two

scyliorhinid species (C. cephalus
and P. xaniurus) were collected and

whole specimens were frozen. All

specimens were captured at the

following three stations: 26°01.9'

N, 113 26.9W (280 m); 25'59.6'N,

113 20.5W (260 m); 26 00.7N, 113°

18.3'W(230m). Bottom temperature
at the collection sites was 10.0°C.

Total weight (W, g), and total length

(TL, mm) were recorded. Females

Results and discussion

Seventy-five catsharks were ob-

tained: 51 P. xaniurus and 24 C.

cephalus. The latter species is

recorded for the first time along
the west coast of the Baja Cali-

fornia peninsula. At one station,

C. cephalus was captured together
with P. xaniurus. as reported by
Mathews and Ruiz (1974). Other

organisms collected at the three sta-

tions were the fishes Merluccius

angustimanus , Physiculus rastrel-

liger, Kathetostoma averruncus, Sy-
nodus lucioceps, Hippoglossina sto-

mata, and Lepophidium spp., and

the crustaceans Pleuroncodes pla-

nipes and Cancerjohngarthii.

Cephalurus cephalus

Of the 24 specimens, 23 were fe-

male, with a range of 224 and 295

mm TL (.v=249 mm TL). The single

male specimen was 298 mm TL.

Previously reported maximum total

'
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lengths for females and males were 295 and 245 mm
TL respectively (Castro-Aguirre, 1981). The length-

weight relationship suggested allometric growth and

was described by the following equation

W = 0.000012 rL2 8-*
(Fig. lA)

The b coefficient was not significantly different (i^j 33=

2.15) between the sexes.

Females of this species have two functional ovaries

and oviducts. Sixteen (70Vf ) of the females had mature

oocytes in their ovaries and a mean oocyte diameter

of 10.5 mm (range 2.0-21.8 mm). The relationship

of mean oocyte diameter with TL indicated that all

females were mature (Fig. IB). The size at first matu-
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A commercial trawl fishery in the

upper Gulf of California provides
the principle source of income for

the coastal communities of the

region, but catches of estuarine-

dependent crustaceans and fish

have declined in recent years (Her-

nan, 1997; Cudney-Bueno and Turk-

Boyer, 1998). Declines in shrimp

landings, mainly Litopenaeus styl-

irostris (formerly classified as Pen-

aeus stylirostris ) i Perez-Farfante

and Kinsley, 1997 ) have been attrib-

uted primarily to over-exploitation

of the resource and to viral diseases

(Rosas-Cota et al., 1996; Hernan,
1997).

The Biosphere Reserve of the

upper Gulf of California and Col-

orado River Delta was created in

1993 to address some fisheries man-

agement problems. A more funda-

mental problem, however, may be the

lack of river flow after construction

of upstream dams. Historic reduct

tions in river discharge have caused

dramatic increases in salinity in the

estuary and changes in the distri-

bution of nutrients ( Alvarez-Borrego

et al., 1975; Hemandez-Ayon et al,

1993). Since 1979, occasional flood

releases have entered the upper Gulf

of California by means of the Colo-

rado River when upstream impound-
ments are filled (Glenn et al., 1996).

Effects of freshwater on penaeid

shrimp population development are

controversial (Garcia and Le Reste,

1981; Day et al., 1989), but recruit-

ment of spawning stocks of white

shrimp (Penaeus setiferus ) has been

positively correlated with river dis-

charge in the southwestern Gulf of

Mexico and has been attributed to

an expansion in estuarine nursery
habitat for white shrimp (Garcia,

1991). River discharge also can

stimulate the migration of sub-

adults from estuaries (Deben et

al., 1990; Vance et al., 1998). Fish-

ermen have a strong perception
that shrimp and fish catches in

the northern Gulf of California

are related to freshwater discharge
from the Colorado River (Cudney-
Bueno and Turk-Boyer, 1998). To

evaluate their perception we con-

ducted a correlation analysis of

shrimp landings at San Felipe Baja
California (nearest shrimping sta-

tion to the delta) with freshwater

discharges from the Colorado River

to the northern Gulf of California.

Materials and methods

Data on annual shrimp landings and

number of trawlers legally fishing

from San Felipe were obtained ft-om

the Secretary of Environment, Nat-

ural Resources and Fish (SEMAR-

NAP), San Felipe, Mexico. Landings
were available from 1977 and

number of trawlers from 1982. The

artisanal catches by small boats

(pangas) or the significant illegal

shrimp fishery are not accounted

for in reported shrimp landings.

Annual shrimp landings serve as

indicators of the variability in the

total landings and are reported

for all species of shrimp, even

though landings are >90% L. styl-

irostris in San Felipe (Rosas-Cota

et al., 1996). Data on freshwater

discharge of the Colorado River

were from the Southerly Inter-

national Border (S.I.B.) gauging
station which is below the last

diversion on the river and were

obtained from the United States
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Bureau of Reclamation, Yuma, Arizona (Wil-

liamsM. We assumed that this flow entered

the delta and the upper Gulf of California.

Annual shrimp landings and landings
divided by numbers oftrawlers { normal catch

per unit of effort, CPUE) were correlated

with river flow and number of trawlers. Our
normal CPUE was a crude approximation of

stock abundance or catchability. We lacked

actual fishing time (days, weeks, hours ofnet

deployment), size frequency of the legal ves-

sels, and number ofsmall boats ( pangas ) fish-

ing. We made landings lag river discharge by
one year because the life cycle of shrimp from

hatching to capture is approximately one

year (Gracia-Pamanes^). Transformed river

flow (logjij) was tested for nonlinearity; then

we conducted a multiple regression analysis
to predict shrimp landings from variables that

were individually correlated (P<0.05) with

landings.

Results

Annual shrimp landings ranged from 701

metric tons (t) ( 1983-84) to 217 t ( 1992-93),

decreasing significantly from 1977 to 1996

(r=0.78, P<0.001, Fig. lA). The reported
number of trawlers legally fishing from San

Felipe ranged from a high of 59 in 1988 to a

low of 20 in 1995 (Fig. IB). Catch per unit of

effort (CPUE) increased from 1982 to 1984,

then markedly decreased back to the 1982-83

level in 1985, remaining low until 1993, after

which a positive trend was achieved and the

highest CPUE ever was recorded in 1995

(Fig. IC). There were substantial flows (>700

million cubic meters, Mm-^) in 8 of the 21

years from 1976 tol996 and varied over

10'*-fold, ranging from 1 Mm^ in 1990 and
1996 to 15,657 Mm'^ in 1984 (Fig. ID). High-
est volume occurred between 1980 and 1987

as a result of overflow from Lake Powell in

the United States (Glenn et al., 1996). The
flow spike in 1993 was due to releases from Painted

Rock Dam on the Gila River in Arizona. Periods

of significant river flow at the S.I.B. were closely
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Figure 1

(A) Annual San Felipe shrimp landings (metric tons); (B) Number of

shrimp trawlers fishing annually in San Felipe; (C) CPUE (metric

tons/boat); (D) Colorado River freshwater discharge flow below the

Southerly International Border (million m-Vyrl.

1

Williams, B. 1998. United States Bureau of Reclamation.

Yuma, Arizona. Personal commun.
' Garcia-Pamanes, F. C. 1992. Biologia reproductiva y din-

amica poblacional del camaron azul Penaeus stylirostris en el

Alto Golfo de California. Instituto de Investigaciones Oceano-

logicas, Universidad Autonoma de Baja California, En.senada.

Unpubl. final report.

matched to El Nino Southern Oscillation (ENSO)
events that occurred in 1983 and 1993.

Shrimp landings were significantly (P<0.05) cor-

related with same year river discharge, but logj^-

transformed river discharge in the year prior to

shrimp harvest produced the highest correlation

coefficient (r=0.67, P<0.001) (Table 1). The number

of trawlers also significantly correlated with shrimp

landings (r=0.77, P<0.001), as expected. The best

correlation (r) of shrimp landings was the product
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Abstract.—Brazilian menhaden, Bre-

voortia aurea, is the only species of the

genus Brevoortia in South American

Atlantic waters and is abundant in the

Rio de la Plata estuar\'. We found that

B. aurea in this area spawns almost ex-

clusively in this estuary. We studied the

temporal and spatial reproductive pat-

tern of this menhaden and related the

pattern to the major hydrographic fea-

tures of the region. We based evidence

of spawning activity on the presence

of females with hydrated oocytes and

on the occurrence of menhaden eggs

in plankton samples. Our results show

that B. aurea spawn during virtually

every month of the year, but that they

spawn mainly from September (late

winter) to January (early summer). In

the Rio de la Plata estuary, spawned

eggs occur in a thermohaline range of

13-23"C and 10-25 psu, mainly in strat-

ified waters. Breroortia aurea .spawn

very near the bottom salinity front,

probably in a convergent flow between

the riverine and estuarine waters that

helps to retain eggs. In contrast to men-

haden of the northern hemisphere (B.

tyrannus and B. patronus ), which spawn
offshore and which drift during early life

history stages, Brevoortia aurea in the

Rio de la Plata estuary are spawned and

held in estuarine waters near spawning
sites. The latter reproductive pattern is

also shared by Micropogonias furnieri

(whitemouth croaker), the most abun-

dant fish species in the area.

Spawning of Brazilian menhaden,
Brevoortia aurea, in the
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off Argentina and Uruguay*
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The Rio de la Plata drains the second

largest basin of South America. It

flows into the Atlantic Ocean with

an average discharge of 22,000 m^/s,

generating a large estuary of about

35,000 km- and 5-15 m in depth,

located at 36°S, 56°W (Framinan

and Brown, 1996). Brazilian menha-

den, Brevoortia aurea , is abundant in

this estuary ( Cousseau, 1985; Boschi,

1988); it also inhabits coastal and

estuarine environments from 13^S

(Brazil) to 40°S (Argentina). Histori-

cally, two species of menhaden were

thought to inhabit Brazilian-Argen-
tine waters (de Ciechomski. 1968;

Weiss et al., 1976; Weiss and Krugg,

1977; Whitehead, 1985; Lasta and de

Ciechomski, 1988); however, Cous-

seau and Diaz de Astarloa (1993)

concluded that B. aurea is the only

species that inhabits South Ameri-

can Atlantic waters.

Little is known about the reproduc-
tive biology of S. aurea. De Ciechom-

ski (1968) described eggs and early

lai"val stages offi. aurea and reported

a period of 86—88 hours from the

time of spawning to hatching at

13-14'C. Spawning has been detected

in the Rio de la Plata estuary (Lasta

and de Ciechomski, 1988). Although
their planktonic eggs also have been

found in inshore waters along the

Uruguayan and Argentine coasts (de

Ciechomski, 1968; Hubold and Ehr-

lich, 1981; Cassia and Booman, 1985;

Sanchez and de Ciechomski, 1995),

Samborombon Bay (a shallow area

inside the estuary) seems to be the

locus of intensive spawning, where

B. aurea eggs are exposed to low

salinities (5—15 psu) (Lasta and de

Ciechomski, 1988). Estuarine spavin-

ing by species producing pelagic eggs
is uncommon ( Dando, 1984; Haedrich,

1992; Potter et al., 1993 ); however no

attempts have been made to describe

the basic spawning habitat require-

ments of S. aurea. Furthermore, in

the Rio de la Plata, Micropogonias

furnieri, the species with the largest

biomass, releases pelagic eggs in the

inner zone of the estuary (Macchi et

al., 1996; Acha etal., 1999).

The life cycles of Northern Hemi-

sphere menhaden, mainly Brevo-

ortia tyrannus and Brevoortia pat-

Contribution 1130 of the Instituto Nacional

de Investigacion y Desarrollo Pesquero
(INIDEP). (7600) Mar del Plata, Argentina.
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ronus (the Atlantic and gulf menhaden, respectively)

are well understood. Both species are typical repre-

sentatives ofestuarine dependent species that spawn
in the marine environment (Lawler et al., 1988; Day
et al., 1989) in contrast to the Brazilian menhaden,
which spawns in an estuarine environment.

Since 1983 the coastal resources of the Argen-

tine—Uruguayan Common Fishing Zone have been

monitored by a number of cruises, and results per-

taining to menhaden form the basis for this paper.

Our objectives were to describe the timing and spa-

tial occurrence of spawning in relation to the major

hydrographic features of the region in order to gain

insight into the spawning habitat requirements of the

Brazilian menhaden. Whenever possible, comparative

analyses with other species of the estuary and men-

haden of the Northern Hemisphere were performed.

Materials and methods

Samples from 47 cruises from 1983 through 1998

were analyzed in our study. Twenty-two of these

cruises were on research vessels of the National

Institute for Fisheries Research and Development
(INIDEP), covering the Rio de la Plata estuary and

adjacent coastal waters, throughout which stations

were randomly distributed. Twenty-five cruises took

place in Samborombon Bay, on small fishing boats

using a systematic sampling design. Monthly distri-

bution of the sampling effort is shown in the insert of

Figure 1. During 1983 and 1987, nineteen cruises in

Samborombon Bay were performed every 30-45 days

during the entire year. The remaining six cruises in

this bay correspond only to spring months (October,

November, and December). Cruises were made with

several objectives, hence covering different periods,
but sampling effort was higher in spring (October-

November) when cruises for stock assessment were

performed. The high number of plankton samples
in May was due mainly to one cruise, designed to

study physical variables and plankton in the estuary.
Cruises on the small boats and on the research ves-

sels were not simultaneous. All data were employed
as a composite representing mean conditions.

Plankton was collected at 980 sampling stations by
oblique tows of 60-cm bongo nets, 20-cm bongo nets,

or a Nackthai sampler ( a modified GulfV high-speed

plankton net, see Nellen and Hempel, 1969). All nets

were equipped with flowmeters. The volume filtered

in each tow ranged from 10 to 400 m''. Sampling
depth was estimated from measurements taken with

an angle indicator (inclinometer) and a wheelout

meter. All samples were preserved in 5*^ buffered

formalin. Plankton samples were sorted and ana-

lyzed in the laboratory. Brevoortia aurea eggs were

identified following the description of de Ciechomski

(1968).

Estimates of egg density from the different sam-

plers were not intercalibrated. They were arranged
into four broad density classes (<10, 10 to 99, 100 to

999, >1000 eggs/m'^), and marked on a map to delin-

eate the geographic location of the spawning area.

Monthly distribution of the average number of eggs

per tow (catch per unit of effort, CPUE) and the per-

centage of positive stations for menhaden eggs were

plotted to identify the spawning season. Stations with

no catch were included in the CPUE estimates.

Data from the November 1995 cruise were useful

for gaining insight into the vertical distribution of

menhaden eggs. During that cruise, plankton was

sampled at five stations in a small area near Mon-

tevideo, where schools of spawning B. aurea were

previously detected. In each of those stations, two

tows were conducted with the Nackthai net, one

to sample the surface and the other to sample the

bottom layers as defined by a strong halocline. The

depth of the halocline was previously measured with

a conductivity-temperature-depth (CTD) profiler.

On all cruises, menhaden were collected with bot-

tom trawls, and the presence offemales with hydrated

oocytes (macroscopic examination) was considered

evidence of imminent spawning. The percentage of

females with hydrated oocytes for each tow was also

indicated on the map to identify the location of the

spawning area. In addition, the mean monthly per-

centage of females with hydrated oocytes was used

to determine the spawning season.

Temperature and salinity information was taken

from the oceanographic database created by Guer-

rero et al. (1997a), which included all the CTD sta-

tions sampled during the cruises that we performed.
Bottom salinity and temperature data for spring-
summer were used because they could be matched

to the vertical distribution of the eggs and the main

reproductive period. Salinity is expressed as psu

(practical salinity units; Anonymous, 1981). Hori-

zontal and vertical salinity contour lines were made
to compare the spawning area with the salinity field.

Egg density was plotted into a temperature-salinity

diagram to show the environmental ranges of the

spawning habitat of the Brazilian menhaden.

Results

Eggs in the plankton

Brazilian menhaden eggs were detected virtually all

year round (Fig. 1). The highest CPUE occurred from
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Figure 1

The spawning season of the Brazihan menhaden in the Ri'o de la Plata estuary. Line and

dots show monthly distribution of the mean number of menhaden eggs per tow (CPUE). Black

bars show the percentage of positive plankton stations for menhaden eggs. Gray bars show

the females with hydrated oocytes as a percentage of the total adult females caught each

month. Insert; the gray bars show the monthly distribution of plankton (above) and adults

(below) samples. Numbers below the bottom axis correspond to cruises on small boats (SB) and

research vessels (RV) each month.

September through January and diminished during
late summer, followed by a secondary peak during the

fall (April-June). The percentage of positive stations

for menhaden eggs had a similar pattern to that of

the CPUE. There was no plankton sampling in July.

Menhaden eggs were identified in 220 samples
that represented 22. 5C^ of all samples analyzed. The

eggs were found mainly in estuarine waters (Fig.

2A), especially at depths <10 m. Highest densities

of eggs were found in Samborombon Bay and west

of Montevideo in the innermost part of the estuary,

where salinity values ranged between 10 and 20

psu. Medium egg densities were found along the

Uruguayan coast between Montevideo and Atlan-

tida (55'45'W) and in the middle area of the river

between Montevideo and Punta Piedras. Lowest den-

sities (<10 eggs/m'^) were present in the rest of the

estuary and adjacent coastal waters.

The study area (5 stations) of the vertical distri-

bution of B. aurea eggs is shown by an arrow in

Figure 2A. Total depth in this area was 6.5-7.5 m
and halocline depth was 4.8-6.5 m. Menhaden eggs
were present in the water layer below the halocline

but were extremely scarce in the upper layer. In

the bottom layer, egg density ranged from 50-2100

eggs/m'. Eggs were found within a thermohaline

range of 9.7-27.3 psu and 18.5-20.2°C. The upper

layer was less saline (0.7-10.8 psu) and warmer
(19.7-21.7-C). Strong haloclines up to 21.5 psu/m
were observed. Figure 3 shows the vertical distri-

bution of salinity and B. aurea eggs along a tran-

sect in the estuary. This transect includes four of

the five plankton stations sampled above and below

the halocline. Menhaden eggs were detected in the

region where the salt wedge intersects the bottom

(the bottom salinity front). In this area of stratified
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waters, depth of bottom layer (measured from the

halochne to the bottom) was less than 3 m, and men-

haden eggs were located below the halocline.

Menhaden eggs occurred in a wide environmental

range (Fig. 4). Densities of > 100 eggs/m^ were found

34 S

35 -

36

3

37

34 S

33 -

36

37

53W

75-100%

Figure 2

Location of the spawning area of the Brazilian menhaden, (A) The size of

the symbols is proportional to the egg density from the plankton samples;
the arrow shows the study site for examining the vertical distribution of

eggs (see the text). (B) The size of the .symbols is proportional to the per-

centage of females with hydrated oocytes. In both maps, the isohalines

(expressed as psui represent the bottom salinity field for spring-summer.
PE = Punta del Este; A = Atlantida; M = Montevideo; PP = Punta Piedras;
SB = Samborombon Bay; SAC = San Antonio Cape.

in a salinity range of 10 to 25 psu; minor densities

were located in waters with salinities reaching 33 psu
(continental shelf waters). The low salinity boundary
for egg distribution seems more abrupt than the high

salinity boundary; very few eggs were detected below

10 psu. Most eggs produced over

the prolonged spawning season

were found at temperatures be-

tween 13 and 23°C.

Gravid females

A total of 375 sampling stations

were analyzed, in which 1084

gravid females were identified.

All the gravid females were

caught from September through
December. In these months, the

total percentage offemales with

hydrated oocytes ranged from

72.8% to 89.4'7r (Fig. 1).

Gravid females were detected

across the river between Mon-
tevideo and Punta Piedras, and
in Samborombon Bay (Fig. 2B).

In that region, percentages of

gravid females in each tow were

>50%. The highest percentages
offemales with hydrated oocytes

appeared to be associated with

the highest horizontal salinity

gradient (the salinity front). No
females with hydrated oocytes

were detected in continental

shelf waters.

Discussion

The distribution of eggs and

gravid females reveals that B.

aurea spawn in the estuary (Fig.

2). Gravid females were found

in a more restricted area than

that where eggs were found,

thus providing a more accurate

picture of the spawning spatial

pattern, because currents may
move eggs to more distant

areas. An echo sounder showed
Brazilian menhaden below the

halocline on all cruises, includ-

ing the occasions when spawn-
ing individuals were collected.

The halocline was detected by

South
America*

J

\/
( M Study
H" Area

53W
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Figure 3

Vertical distribution of Brazilian menhaden eggs. (A) Vertical distribution of eggs at the head of the salt wedge,

where the upper and bottom layers were sampled separately. Numbers in the white areas show eggs/m' above

the halocline, numbers in the gray areas show egg concentrations below the halocline. Black lines show salin-

ity profiles. (B) Location of the transect in the estuary. (C) Salinity section in the estuary. Isohalines are each

2.5 psu; vertical dots indicate CTD observations. Numbers above the top axis show eggs/m' in oblique plankton

tows from bottom to surface.

the echo sounder as a scattering layer, owing to the

concentration ofzooplankton ( Madirolas et al.
,
1997 ).

Brazilian menhaden appears to spawn close to the

bottom, at the salinity front. The mean position of

this front is strongly related to bottom topography
(Guerrero et al., 1997a), having a relatively fixed

location. This spawning area extends into the strati-

fied waters of the estuary between Montevideo and

Punta Piedras, and along Samborombon Bay. How-

ever, because waters of the inner zone of the bay are

vertically homogeneous, or weakly stratified (Guer-

rero et al., 1997a), some high egg concentrations oc-

cur in nonstratified waters.

Menhaden eggs occurred in a wide range of salini-

ties and temperatures. Because the bottom front is a

zone of major salinity changes, the eggs are exposed
to a wide range of salinity values, and because the

reproductive season extends over a long period, eggs

are exposed further to a wide thermal range (Fig.

4). Low egg densities at low temperatures and high

salinities represent samples taken in continental

shelf waters, which were cooler than the estuarine

waters during the warm season (Guerrero et al.,

1997a, 1997b).

Presence of Brazilian menhaden eggs in the plank-

ton year-round (Fig. 1) is strong evidence that they

have a protracted reproductive season. Major spawn-

ing activity, based on incidence of eggs and hydrated
ovaries (gravid females), occurs from September to

January. Other reports of menhaden eggs, based on
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partial temporal or spatial coverage, or

both, fall within the temporal limits that

we detected (de Ciechomski, 1968; Hubold

and Ehrlich, 1981; Cassia and Booman,

1985; Lasta and de Ciechomski, 1988).

Brevoortia aurea eggs remain in the

bottom layer of the water column, near

where the halocline intersects the bottom

(Fig. 3). At this frontal interface, a conver-

gent flow near the bottom (Largier, 1993)

would serve to retain eggs near the con-

fluence of river and marine waters, mini-

mizing their drift. Thus, specific gravity of

the eggs seems to be an important feature

of the reproductive strategy of B. aurea,

allowing the eggs to stay in the saltier ( and

denser) bottom waters. Typically, bottom

waters move landward in salt-wedge estu-

aries (Kjerfve, 1989; Mann and Lazier,

1991 ). Lower egg concentrations in the rest

of the estuary probably indicate some dis-

persion of eggs or reduced spawning in

these areas.

Disruptive events such as storms, which

destroy the halocline (Guerrero et al.,

1997a), intermittently occur in this region.

These meteorological events are character-

ized by strong winds over 13 m/s from the

southeast (Balay, 1961). The events have

a characteristic duration of 1-3 (occasion-

ally 5) days, occur throughout the year, and are usu-

ally the strongest from May to October (Anonymous,
1995). During these events, the estuarine circulation

is modified, thus altering the egg retention properties
of the system as well. The protracted reproductive
season and multiple spawning of B. aurea (Macchi

and Acha, 2000) may help to ensure that enough eggs
survive in this unpredictable environment.

The four menhaden species in the Northern Hemi-

sphere are the small-scaled menhaden B. smithi and
B. gunteri and the large-scaled menhaden B. tyran-
nus and B. patronus (Ahrenholz, 1991). Thei-e is little

information on the biology of6. smithi and B. gunteri.

Conversely, B. tyraruius and B. patronus have been

intensively studied, and the information on their life

histories has been broadly reviewed (Ahrenholz, 1991;

Powell, 1994). Both species have protracted reproduc-
tive seasons and a main spawning period in winter

(Nelson et al, 1977; Shaw et al., 1985; Powell, 1994).

Spawning of these menhaden takes place in marine

waters. Larvae swim and drift with tides and currents

toward estuaries where metamorphosis from larvae

to juveniles takes place. In the case of B. tyrannus.
larvae must be transported from the intensive spawn-

ing area south of Cape Hatteras, up to 100 km to
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little importance as a fishery species (Argentine

landings in 1997 were 893 t (Anonymous, 1998).

Life history characteristics of Brevoortia aurea are

probably more similar to those of B. smithi and B.

gunteri, which tend to be more nearshore and estu-

arine-oriented species, form loose aggregations in

coastal waters, and have protracted spawning peri-

ods during fall-winter months (Ahrenholz, 1991).

Not enough information, however, on their reproduc-
tive biology exists to make further comparisons.

Drift of early life history stages is a major feature

in the life cycle of 5. patronus, and especially of B.

tyrannus. On the contrary, egg retention seems to

be a main property of the life cycle of the Brazilian

menhaden in the Rio de la Plata estuary. However,
in southern Brazil, B. aurea does not seem to be an

estuarine spawner ( reported as B. pectinata , Weiss et

al., 1976; Weiss and Ki-ug, 1977; Weiss, 1981; Sinque
and Muelbert, 1997 ). The greatest number of eggs
occurred in nearshore waters, in a saline range of

33.04-35.50 psu. Several eggs were also found in the

access channel to Lagoa dos Patos (a large coastal

lagoon in southern Brazil, 32''S) during high salinity

events, although its larvae and juveniles were dis-

tributed throughout the estuary in low salinity con-

ditions (Weiss et al., 1976; Weiss, 1981; Sinque and

Muelbert, 1997). The spawning area of M. furnieri,

the most abundant fish species in the Rio de la Plata,

partially overlaps that ofS. aurea, and the eggs ofM.

furnieri are retained in the estuary below the halo-

cline (Acha et al., 1999). Like B. aurea, M. furnieri is

an estuarine spawner in the Rio de la Plata (Macchi

et al., 1996) but seems to be a saltwater spawner in

southern Brazil (Sinque and Muelbert, 1997). Both

species have the potential for estuarine reproduc-

tion, but the eventual spawning site depends on the

dynamic properties of the environment.

Major reviews of the role of estuaries for fishes

state that spawning of pelagic eggs within estuar-

ies is an unusual episode (e.g. Day et al., 1981; Day
et al.,1989; Haedrich, 1992). Owing to the net sea-

ward movement of estuarine waters, export of early

life-history stages from the estuaries seems to be a

major problem for estuarine spawners ( Boehlert and

Mundy, 1988).

In the Rio de la Plata estuary, at least two fish

species (S. aurea and M. furnieri) spawn pelagic

eggs, taking advantage of the retention properties at

the head of the salt wedge. These retention proper-

ties are not a feature unique to the Rio de la Plata

because estuaries with salt wedges are well known

features (e.g. Mann and Lazier, 1991; Officer, 1992);

however spawning of pelagic eggs at those locations

is an uncommon event. Retention of eggs and larvae

in the convergence zone may not be complete and

the net nontidal flows (residual currents) may drive

them seaward. Given the large size of the Rio de la

Plata estuary, distance from the spawning area to

the offshore limit of the salt wedge may reach 250

km (Guerrero et al., 1997a, 1997b). Therefore, larvae

probably have enough time to develop to the stage

where they become able to control their vertical posi-

tion in the water column. The migratory behavior of

larvae is manifested mostly in the vertical rather than

horizontal plane (Norcross and Shaw, 1984). Thus,
larval menhaden could take advantage of the two-lay-

ered circulation pattern and through vertical migra-
tions compensate for the horizontal transport. This

movement would be an important adaptation to main-

tain population (as the reproductive unit) coherency

(Boucher, 1988; Sinclair and lies, 1989).
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Abstract.—Sandbar sharks iCarcha-

rhinus plumbeus) support an impor-

tant commercial fishery. They are man-

aged as a component of a multispecies

group, termed large coastal sharks, by

the National Marine Fisheries Service

(NMFS) under the Fishery Manage-
ment Plan (FMP) for Atlantic sharks.

Currently, large coastal sharks, gener-

ally, and sandbar sharks, specifically,

are considered overfished. Several man-

agement options, including nursery

ground closures and size limits, are

being considered to conserve the fish-

ery. We explored the implications of

management options for large coastal

sharks within the framework of a stage-

based model. Based on biological crite-

ria, the life cycle of the sandbar shark

was represented as five stages: neonate,

juvenile, subadult, pregnant adults, and

resting adults. The model followed only

females. From a fishing mortality rate

(F) of 0.20, estimated in the 1996 stock

evaluation workshop (SEW), the model

projects a population decline to 13% of

its current abundance within 20 years.

The population is not stabilized until

F is reduced to 0.07. In one run of the

model, we assumed that F on neonates

and pregnant adults was zero in order to

assess the impact of a "perfect" nursery

ground closure. Under this scenario, the

population continued to decline unless

F on the remaining stages was reduced

to 0.097. Even with the closure of nurs-

ery grounds or the introduction of size

limits to protect neonates and juveniles,

F has to be reduced substantially. The

model is highly sensitive to the dynam-
ics of juveniles and subadults, which

implies that management should pro-

tect these immature sharks to rebuild

the stock.
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The sandbar shark (Carcharhinus

plumbeus) is a species of primary

importance in the Atlantic and Gulf

of Mexico shark fishery (NMFS,
1993; NMFSi; Branstetter and Bur-

gess- ). It is managed as a part of the

large coastal shark group defined

under the Atlantic shark Fishery

Management Plan (FMP; NMFS,
1993). Since the mid 1980s, the

demand for shark has increased

(NMFS, 1993). The fishery peaked
in 1989 with landings of approxi-

mately 4600 metric tons (t) dressed

weight ( dw; NMFS-^ ). Catch per unit

of effort of large coastal sharks

declined rapidly during the 1970s

and 1980s. To prevent overfishing,

the FMP imposed an annual quota
of 2570 t dw from 1994 to 1996 for

the large coastal fishery, required

mandatory reporting of landings,

and prohibited the removal of fins

(NMFS, 1993). At the 1996 stock

evaluation workshop (SEW), scien-

tists found no evidence of improve-
ments in the large coastal stocks

and recommended reducing fishing

mortality by SC}^ (NMFS, 1996).

In response, the National Marine

Fisheries Service (NMFS) reduced

the annual quota in 1997 by SC^
to 1285 t dw and reported to Con-

gress that large coastal sharks were

overfished (NMFS, 1997). The most

recent data indicate that fishing

mortality rates have not declined

as much as expected and may still

be too high to stabilize the sandbar

shark stock (NMFS^). A size limit

equivalent to approximately 12-13

years of age (140 cm fork length)

was recommended.
The NMFS is mandated, through

the Magnuson-Stevens Fishery Con-

servation and Management Act, to

* Contribution 3264 of the University of

Maryland Center for Environmental Sci-

ences Series, Chesapeake Biological Labo-

ratory, University of Maryland, Solomons,
MD 20688-0038."
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rebuild the large coastal stocks to the optimum yield

level. In October 1998, the NMFS released a draft

FMP for Atlantic tunas, swordfish, and sharks. The
measures in this FMP were designed to halt over-

fishing and to rebuild these stocks. Management
options under consideration for large coastal sharks

included restrictions on effort, size limits, and area

closures that were focused on nursery gi-ounds.

Many traditional approaches that could be used to

compare management options, such as surplus produc-
tion models or age- and size-structured approaches,

rely on catch or effort data, or both. However, because

logbook reporting in the shark fishery was not man-

datory until 1993, fishery-dependent time series have

been insufficiently long to permit reliable application

of these approaches. Yet a comparison of the efficacy

of the potential management options is still required.

The paucity of fishery-dependent data suggests that

demographic approaches, such as life-table or stage-

based analyses, may be the appropriate tools to

explore the potential response of shark populations
to management actions.

Life-table analysis is a common age-structured

demographic approach with a long history in pop-

ulation dynamics (Kingsland, 1985). It is a matrix

projection approach that estimates the contribution

of each age class to future generations. Sminkey
and Musick (1996) applied a life-table approach
to sandbar sharks. From the intrinsic rate of nat-

ural increase, r, predicted by the model, they con-

cluded that the population could not sustain the

observed rates of fishing mortality. Heppell et al.

(1999) developed matrix-based life tables for leopard

{Triakis semifasciata) and angel (Squatina califor-

nica) sharks. Heppell et al. calculated the elasticity

or proportional sensitivity of the population growth
rate to changes in survival and fecundity and con-

cluded that the two species differ in the degree to

which each can compensate for changes in exploi-

tation. Simpfendorfer (1999) developed a life table

for the dusky shark {Carcharhinus obscurus). He
concluded that in the absence of exploitation, dusky
shark populations in southwestern Australia would

increase at 4.3% annually. Analysis also indicated

that current patterns of exploitation were sustain-

able. However, there are problems in application of

life-table analysis to long-lived marine species. The

intrinsic rate of natural increase predicted is depen-
dent on the products of survival and fecundity for all

ages and the estimated generation time. Thus, life

tables require estimates of the schedules of mortal-

ity (survival) and fecundity over the entire age range

(Gotelli, 1995). Consequently, in a long-lived species

such as the sandbar shark, small errors in para-

meter estimates can become magnified.

Stage-based modeling is a matrix-based demo-

graphic approach that considers aggregate stages

(defined in terms of size or life history stages) that

represent functional biological units (Gotelli, 1995).

It too has a long history in the field of ecological pop-
ulation dynamics (Kingsland, 1985). A stage-based
model can be formed by collapsing a life table into

discrete stages. Thus, unlike the life-table analysis

that requires estimates for every year the organism

lives, the stage-based model requires only estimates

for each stage. Therefore, the realism of a many-

staged model can be balanced with the precision of

a simpler model when parameter estimation error is

of concern. As with life tables, stage-based projection

models can easily be solved analytically to permit
formal sensitivity analysis (Caswell, 1989). Ander-

son ( 1990), and Hoenig and Gruber (1990) have sug-

gested that stage-based models may provide a more
realistic view of the dynamics of some populations.
The population dynamics of several marine spe-

cies, including sandbar sharks (Cortes, 1999), sea

turtles (Grouse et al., 1987; Crowder et al., 1994),

blue crabs (Miller and Houde''), sardines (Lo et al.,

1995), and anchovies (Pertierra et al., 1997) have

been explored by using stage-based models. Cortes

(1999) developed a stochastic stage-based model for

sandbar sharks in the western North Atlantic. He
used the model to explore the implications of three

different harvest strategies on population viability

when fecundity varies. He concluded that in the

absence of exploitation, the sandbar shark popula-
tion should increase slowly by about 1.3% annually.

Additionally, Cortes concluded that all three pat-

terns of exploitation would cause declines in popula-
tion abundance. Cortes' model and results indicate

the utility of stage-based models in exploring poten-

tial management alternatives for sandbar sharks.

Here, we develop a deterministic stage-based model

for sandbar shark populations. The model includes

the two-year reproductive cycle of fertile and rest-

ing periods known to occur in sandbar sharks, but

which were not included in Cortes's (1999) original

description. We chose to use a deterministic frame-

work to permit a formal elasticity (proportional sen-

sitivity) analysis of the basic model. Stages to which

the population dynamics are most sensitive can be

interpreted either as being stages at which manage-
ment action is likely to have the most impact or as

stages at which parameter estimates have to be most

precise because of impacts of potential environmen-

tal stochasticity. We use the model to examine the

expected change in population growth resulting from

5 Miller, T. J., and E. D. Houde. 1998. Blue crab targeting.

U.S. EPA Chesapeake Bay Program Report, Annapolis, MD, 167 p.
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two particular management options, nursery ground
closures and size limits. We exercised the general

model framework to address four fundamental ques-

tions. What is the intrinsic rate of increase of sandbar

shark populations under current patterns of exploi-

tation? What is the sustainable level of fishing mor-

tahty '•Pcritical'''^
What is the effect of ehminating

fishing mortality on early stages, either through nurs-

ery ground closures or through the introduction of

size limits? For each question, we provide the results,

predictions, and interpretation of sensitivity analyses

to indicate the reliability of our conclusions.

Materials and methods

Life history of sandbar sharks

The first step in developing a stage-based model is

to review the life history of a species to identify

appropriate stages. Results of tagging and age and

growth studies (Springer, 1960; Casey et al., 1985;

Casey and Natanson, 1992; Sminkey and Musick,

1995, 1996) indicate that sandbar sharks are a long-

lived species with low fecundity. These studies also

indicate that females, males, and juveniles segregate

by water depth and distance from shore. However,

estimates of key vital rates are inconsistent. The

generally accepted estimate of mortality and fecun-

dity schedules indicates that sandbar sharks mature

between 12 and 15 years of age and live to around 30

years of age (Casey et al., 1985; Sminkey and Musick,

1996 ). Another estimate suggests that sandbar sharks

may not mature until age 29 and may live past 50

(Casey and Natanson, 1992). In our model we used an

age at maturity of 15 years. From the biological func-

tion and the migration pathways determined by these

studies, we identified five stages in the life history
of the sandbar shark: neonates, juveniles, subadults,

pregnant adults, and resting adults (Fig. 1).

Neonates are young-of-the-year sharks. Sandbar

shark neonates are bom fully developed at a fork length
(FL) between 43 and 52 cm (Castro, 1983; Branstetter

and Burgess^). They remain in this stage for one year
before becoming juveniles. Juveniles are the first stage
to show a seasonal pattern ofmovement. In the winter,

juveniles migrate to warmer waters, often to the edge
of the Gulf Stream off North Carolina. In the summer,

juveniles return to their nursery grounds. They con-

tinue this seasonal migration until they are between 6

and 10 years old (Casey et al., 1985; Branstetter and

BurgessM. In contrast, subadults, while still not yet

mature, follow the adult migration pattern. This migra-
tion pattern consists of swimming along the Atlantic

coast of the United States as far nor:th as New England
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lina (Castro, 1993). In the model, females alternate

between pregnant and resting adult stages, spend-

ing one year in each. Thus, the stage durations used

in the model were the following: 1 year for neonates;

6 years for juveniles; 8 years for subadults; 1 year for

pregnant females; and 1 year for resting females.

Model development

The approach we present below is based on the gen-

eral framework presented by Caswell ( 1989). Details

on the general background of the approach can be

found in Caswell (1989). In all equations, matrices

and vectors are shown in boldface type, parameters
in italic type.

The model is a postbreeding census, follows only

females, and uses a yearly time step. The total

number of sharks in the population at time t can be

expressed in vector form as N^. Each element of N,

represents the number of sharks in the appropriate

stage at time t. There are three possible transitions

for each individual in each stage: the probability of

surviving and growing to the next stage, G,; the prob-

ability of surviving yet remaining in the same stage,

P,; or the probability of dying, 1-G—P,. The individual

transition probabilities G, and P, may range between

and 1. The sum of G, and P, is further constrained

such that when a stage is not subject to mortality, G,

+ Pj
= 1. One other parameter, stage-specific fecun-

dity, is required to estimate the number of young
females produced per breeding female per year.

The vital rates governing the dynamics of the

shark population can be expressed mathematically
in a 5 X 5 transition matrix, A. The fundamental

equation to estimate the stage-structure in the pop-

ulation at any time t is given by

N, = A' - N„ (1)

where N^ = a vector of the number of individuals in

each stage at time /; and

the transition matrix A for sandbar

sharks given by

A =

G^xf^

Gi P„

G2 ^3

G,

G.

(2)

For large values of t, AN, = AN,=N,^j, where the

scalar A is the finite rate of population increase. Fur-

ther, InA = r, the intrinsic rate of increase.

The columns of the matrix represent the fates of

individuals in each stage. For example, surviving neo-

nates can grow only to the juvenile stage (G,) where-

as surviving juveniles can either remain a juvenile

(P2) or survive and grow into a subadult iG^)- Sur-

viving pregnant adults can give birth and become

resting adults (G^). Surviving resting adults (Gr,) can

grow only into a pregnant female. The rows repre-

sent the origins of individuals in each stage. Neo-

nates arise from pregnant adults who survive (G^x/^j)

whereas juveniles arise from neonates surviving and

growing into juveniles (Gj) or from juveniles surviv-

ing and remaining juveniles (Pg). Pregnant adults

can arise from subadults surviving and growing into

a pregnant female (G3) or from resting adults sur-

viving and becoming pregnant adults (Gr,). Resting
adults can arise only from pregnant adults that sur-

vive (G4).

The transition probabilities, P, and G,, can be cal-

culated from estimates of the probability that during
a single time step an individual of stage /' survives,

a,, and an individual of stage / grows, y^.
In this way

G,, the probability of surviving and gi'owing to the

next stage is given by

G,
= oj.

Consequently P,, the probability of surviving,

not growing to the next stage is given by

P,
=

a,(l-y,).

(3)

but

(4)

The probability of survival, a^,
over a single time step

can be expressed as

a, = e-^i. (5)

Following traditional fisheries models, total mortal-

ity (Z,) is calculated by using the equation Z,
=

F^ +

M,, where F, is the rate of fishing mortality and M, is

the I'ate of natural mortality at stage /.

Estimates of
7,
can be obtained in several different

ways. Caswell (1989) recommended assuming con-

stant stage duration for all individuals in the stage

when only a relatively crude estimate of survival

over broad age ranges is available. For this approach,

individuals entering the stage have an equal prob-

ability of survival as individuals nearing the end of

the stage. Employing this assumption yields an esti-

mate of
Y,
as

Y,

(CT,/A„,„) -((T, A J.-i

<^- ^,n„
.1-1

(6)

where T the expected stage duration of a single

stage; and



240 Fishery Bulletin 98(2)

A = the finite rate ofpopulation increase given

by the dominant eigenvector ofA (lnA=r,

the intrinsic rate of increase).

We began with an initial value of A,„„
= 1. We then

iterated A until the value of A given by an eigenanal-

ysis of the matrix A (see below), equaled the value

of A„j„ used in Equation 6. Together, Equations 1-6

described above allow estimates of G, and P, within

A to be defined.

Fecundity must also be defined. The fecundity

term, /j,
is simply the expected number of female

offspring produced by a female in stage i. For sand-

bar sharks only one stage is reproductively active

and thus the only fecundity term in the matrix A is

f^
= 4.5. This estimate is based on an equal sex ratio,

9 pups per brood, and one brood per year. However,

as the model is a postbreeding census, the fecundity
has to be discounted by the probability that a preg-

nant female will survive the gestation year to pup.
Thus the realized fecundity term used in the model

is G4 X
f^.

All parameters within the matrix A are

now defined.

One feature of stage-based projection models that

motivated their use was that they allowed us to solve

A analytically in order to calculate important demo-

graphic features and find the sensitivity of the model

to parameter estimates. The two demographic fea-

tures that can be calculated from A are the stable

stage distribution and the reproductive value of each

stage. Once the stable stage distribution has been

reached, the relative proportion of individuals in

each stage remains constant over time. The I'epro-

ductive value is the relative number of offspring
that are yet to be born by individuals in a given

age (Gotelli, 1995). This value depends on individu-

als surviving to maturity and reproducing. Thus, the

youngest stages should have the lowest reproductive
values because individuals in those stages must sur-

vive and reach maturity before they can reproduce.
Both features can be calculated from an eigenanaly-
sis of A. For any |/!xn| matrix one may define up to

n scalar values (Aj ,,
) and /! -associated right and left

vectors such that

Aw = Aw

vAT - Av

(7)

(8)

where A^ = the transpose of A;

A = the eigenvalue; and
w and V = the right and left eigenvectors of A.

interpretation is simplified for the sandbar shark

transition matrix. A, because it is non-negative, irre-

ducible, and primitive. Thus, we are guaranteed that

there is a single, dominant eigenvalue, Aj, that is

real, positive, and strictly greater than all other pos-
sible As. This dominant eigenvalue, Aj will eventu-

ally describe the population rate of increase and In

Aj
= r, the intrinsic rate of increase of the popula-

tion. Moreover, the right and left eigenvectors associ-

ated with Aj will be strictly positive. The population
structure will eventually become proportional to a

single stable stage distribution, given by Wj. Finally,

there will be a single vector, Vj, associated with

Aj, that expresses the relative contributions of each

stage to the future population—a vector of reproduc-
tive values. Reproductive values are standardized so

that the reproductive value of an individual in the

first stage is one.

We were interested in calculating the change in A

following a change in vital rates expressing a tran-

sition from stage / to any other stage (including

remaining in i ) that may have been caused by man-

agement activities. This change reflects the sensitiv-

ity of A to the transition probability. If entries in the

transition matrix A are represented as a, „ it can be
'J

shown that

3A

da,,

(9)

i>,v)

where <w,v> = the scalar product of the two vectors.

Simply stated, the sensitivity of the population

growth rate to changes in any vital rate is the prod-
uct of the reproductive value of stage / and the

proportional level of stagey in the stable stage dis-

tribution.

Because transition probabilities are censored

parameters, varying only between and 1, and

fecundity is noncensored, it is more helpful to report
the elasticity of A. This is defined as the proportional

change in A for proportional changes in a . Elasitici-

ties are calculated as

3A

A da.
(10)

Importantly, elasticities are additive, such that the

sum of elasticities for each stage defines the pro-

portional contribution of a to overall population

growth, A. as

The sandbar shark transition matrix has five pos-
sible eigenvalues and eigenvect9rs. However, our II'„
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Elasticities depend on a stable stage distribution

and should be compared qualitatively.

Transition probability estimation

for management options

Current conditions Fishing mortality (F) and espe-

cially natural mortality (M ) are difficult to estimate.

Owing to the uncertainty in estimates and in order

to simplify the model, we used an estimate ofM = 0.1

for all stages and all projections (NMFS^ Sminkey
and Musick, 1996). We projected the population for-

ward using F = 0.20 for juveniles and older stages,

as estimated in the 1996 shark evaluation workshop
(SEW) for sandbar sharks only (NMFS'^). For neo-

nates a lower value of F - 0.10 was used because

small sharks may be, but are not as likely to be,

caught on the same gear as older sharks (Branstet-

ter and Burgess' ). Using these values ofF andM and

f^=4.5, we iterated Equation 6 to estimate all P, and

G, values. We initialized the population with 1000

neonates. Then we estimated the initial number in

subsequent stages using the dO'Jr survival schedule

for sandbar sharks given in Sminkey and Musick

( 1996). These calculations yielded an initial popula-
tion of 9640 sharks (Nq).

Estimate of Fcritical ^^ defined
Ff^j^jj^f^j^i^

as the

limiting level of fishing mortality that is sustainable,

i.e. the F for which r = or A = 1, where r = InA. We
systematically reduced F on all stages to define the

relationship between F and r. For our estimations,

Fj remained 0.10 as long as ^234 5
^^^ >0.10. For

any ^2 3 4 5
<0- 1^- ^i =^2345- Thus, the fishing mor-

tality of neonates was never greater than the fishing

mortality on other stages.

Protecting neonates and pregnant adults: an extreme

example We used the model to determine how effi-

cient protecting different stages would be in pro-

moting recovery of sandbar shark stocks. We asked

the question: If neonates and pregnant adults are

removed from the commercial fishery, how much
will F on other stages need to be reduced to arrive

at a sustainable population level? To address this

question, we modified the model to remove all mor-

tality on neonates (F^=0, Mj=0) and to protect all

pregnant adults from fishing pressure (^^=0). In

reality, we could not completely protect neonates

from mortality (i.e. Mj>0) and we could not fully pro-

tect pregnant adults from commercial fishing. Thus

the scenario represents an idealized nursery closure

scheme. Fishing mortality on juveniles, subadults,

and resting adults remained at 0.20. The fecundity

for pregnant adults was left at 4.5.

Nursery closures and size limits We also ran the model

using more realistic scenarios. In this case F on neo-

nates and juveniles was 0, and F on the older stages

was 0.20. Natural mortality for all stages remained

at 0.10. This scenario is a fairly realistic size limit or

nursery ground closure because sandbar sharks seg-

regate by size. This scenario is similar to, but not as

strict as, the 1998 SEWs recommended size limit.

Size limits protecting only one stage are another

management option available. This method can be

used to reduce the fishing mortality on any range of

sizes. In this paper, two scenarios of this type are pre-

sented: 1 ) a size limit which reduces the F on juve-

niles to 0; and 2) a size limit which reduces the F on

subadults to 0. Fishing mortality was equal to 0.20

in all other stages except neonates, where F=0.10.

Implementing such management actions would be

difficult because the gear (longlines) cannot realisti-

cally avoid catching only the restricted stage, but the

results would be indicative of the potential of these

mechanisms to improve stocks.

Using the relationships (Eqs. 1-10) and vital rate

estimates defined above, we now proceed with an

analysis of the population dynamics of sandbar

sharks. For each scenario, we calculate the stable

stage distribution, the proportional reproductive

value for each stage, and the elasticity ofA to changes
in each matrix parameter, and compare the popula-
tion growth rate and potential population reduction

after 20 years for each scenario.

Results

Current conditions

When F = 0.20 for all stages except neonates, the

population decreases (Table 1). The model predicts

the intrinsic rate of natural increase, r, of the popu-
lation as r = -0.124. The population is 13% of the

initial abundance when projected 20 years forward.

Population growth rate, stable stage distribution,

and reproductive values are not affected by choice of

the actual numbers used for initial abundance. The
stable stage distribution is reached after 21 years in

this scenario.

The largest proportion of the population (>0.56)

are juveniles (Table 2). The smallest proportions

(0.04, 0.03) are pregnant and resting adults, respec-

tively. Adults have much larger reproductive values

than prereproductive stages (Table 3).

The pattern of model proportional sensitivity is

shown in Figure 2. The elasticity of A to a small

change in fecundity was expressed only in the preg-
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Nursery ground closures and size limits

Results of this scenario show that the protection

of neonates and juveniles from all fishing mortality

slowed the decline (r=-0.058) but could not stabilize

the population. When projected forward 20 years,

the population abundance is 49% of the initial abun-

dance (Table 1). In order to stabilize this model, F
had to be reduced on subadults and adults to 0.109.

Thus, this closure provides a 54% increase in the F

-0.10

-0.20

required to maintain a sustainable population over

that required in the absence of nursery closures and
a 12% increase in F over the extreme option mod-
eled above (Table 4). Protecting neonates and juve-
niles through nursery ground closures or size limits

would require a 46% reduction in F over those levels

currently estimated to be operating in the fishery.

Juveniles have the highest proportion of individu-

als in the stable stage distribution ( Table 2 ). Pregnant
adults and resting adults have the highest reproduc-

tive values (Table 3). Again, the

model shows the highest sensitivi-

ties to the juvenile and subadults

stages (Fig. 6).

Protecting eitherjuveniles or sub-

adults alone still leads to a declin-

ing population. When F2=0, after

20 years the population is 38% that

of the initial population (Table 1).

When F3=0, the population at 20

years is 50% that of the initial

population (Table 1). Further runs

indicated that the population is sta-

Instantaneous rate of fishing mortality

Figure 3

The relation between the intrinsic rate of increase (r) and fishing mortality IF).

F,.r,i,cai
'^ reached at 0.071. IfF is less than

F^r,r,ra/'
^^^ population will increase. If

F is greater than f,.„(„.„/. the population will decrease.

0.03

Fishing mortality

Figure 4

Isoclines showing the intrinsic rate of increase (r) at different rates of fishing iF)

and natural mortality (A/l. The population will increase if r is greater than zero.

The population will decrease if r is less than zero.

bilizedifF.
3,4,5

0.101 (whenF2=0)
or if F245 = 0.120 (when ^3=0).

Quota reductions of 50% and 40%,

respectively, are required to achieve

these critical levels of F. In both

cases the stable stage distribution is

achieved within 24 years. The stable

stage distribution proportions and

reproductive values of each stage
are listed in Tables 2 and 3. Figure
7 shows the sensitivity of the model

to fecundity, growth, and stage res-

idence when F.2
- 0. These sensitivi-

ties were approximately the same
when F3 = 0. As in the other models,

juveniles and subadults have the

highest sensitivity.

Discussion

The model projects that the sand-

bar shark population is unlikely to

increase unless F is reduced below

F CRITIC M.- '^^^ value calculated

here is less than the Fcritical value
of 0.10 that Sminkey and Musick

(1996) predicted by using a life

table. Both Sminkey and Musick's

(1996) and Cortes's (1999) results

and those presented here indicate

that current estimates of F are
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Neonate Juvenile Subadult Pregnant adult Resting adult

Fecundity if) B Growth from stage ( G, ) D Stage residence i P, )

Figure 5

The proportional sensitivities (elasticity) of each stage to fecundity, growth, and stage residence

if neonates and pregnant adults are protected (Fj ^=0; F 23 5=0.20).
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nursery grounds to pup, and

any juveniles who may have

returned for the summer. One
of the scenarios we ran is

extreme in that every neo-

nate survives (Z=0) and preg-

nant adults are not fished for

the entire time they are preg-

nant. But in this scenario,

juveniles are not protected. If

F is not reduced on juveniles,

subadults, and resting adults,

the model shows that the pop-

ulation will decrease until F
is reduced to 0.097. This is

higher than the F = 0.07 which

would be needed to stabilize

the population without any

protection for neonates, and

would almost be met by the

50'^ reduction in quota as sug-

gested by the 1996 SEW. How-

ever, these scenarios assume

complete protection of protected stages from either

fishing or natural mortality. Thus, they probably
over-estimate the effectiveness of the potential man-

agement action. Overall, these models indicate that

nursery ground closures or size limits that protect

only neonates and juveniles, or neonates and preg-

nant adults, are not likely to be the ultimate solu-

tion. Additional measures will need to be taken to

protect the sandbar shark.

Subsequent runs of the model showed that size

limits that protect juvenile and subadult stages will

not act to rebuild the population alone, despite the

fact that the model indicates these stages are the

most sensitive to survival. In these cases, F needs to

be reduced to 0.10 or 0.12, respectively. If the current

F estimate of 0.20 is correct and if a 50% reduction in

quota reduces F by 50%, size limits to protect either

stage and a reduction in quota of between 40% and
50% may be sufficient to stabilize the population.

All scenarios indicate that the sandbar shark stock

will most likely be rebuilt through a combination

of management strategies. With nursery closures

or size limits that protect only one stage, the stock

will decline if fishing mortality remains the same as

that currently estimated. Because the model's esti-

mates of population growth are sensitive to survival

at the juvenile and subadult stages, because these

stages have the highest proportion of the population
in the stable stage distribution, and because sub-

adults have relatively high reproductive values, ide-

ally any management strategies selected should be

those that conserve these stages. ,

Neonate Juvenile Subadult Pregnant adult Resting adult

Fecundity (/)  Growth from stage ( G, ) D Stage residence (P,l

Figure 6

The proportional sensitivities (elasticity) of each stage to fecundity, growth, and stage

residence if neonates and juveniles are protected iF, .,=0; F., ^
-=0.20).

Most of the model projections indicate that the

total sensitivities of juveniles and subadults are the

greatest. The sensitivity of population growth to

events during these stages suggests two things: man-

agement needs to focus on protecting juveniles and

subadults, and scientists need to collect accurate esti-

mates ofF and M for juveniles and subadults. Possi-

ble conservation efforts could include minimum sizes

to protect immature sandbar sharks or time-area clo-

sures to protect both juveniles and subadults during
their migrations. If our model is correct, it is impor-
tant to take measures to protect these stages soon,

not only because the model shows that the population
abundance decreases quickly at current estimates of

F, but also because there is evidence of strong year
classes of immature sandbar sharks entering the

fishery ( Branstetter and Burgess^). In 1994, Sminkey

suggested that the 1987, 1989, and 1992 year classes

in Chesapeake Bay were exceptionally strong. It will

be easier for the fishery to recover if we have strong

year classes on which to build.

This is not the first time the use of a stage-based

model has concluded that conservation efforts should

target juveniles and subadults of a long-lived species

more than newborns. Rates of population growth in

many marine species are effected more by changes
in survival of juvenile and subadult stages than by

changes in survival of other stages, or by changes in

fecundity (Heppell et al., 1999). For example, Grouse

et al. (1987) and Crowder et al. (1994) concluded

that population growth rate was most sensitive to

the survival of large juvenile loggerhead sea turtles.
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Figure 7

The proportional sensitivities (elasticity) of each stage to fecundity, growth, and stage residence if

only juveniles are protected lF,,=0; F,=0.10; F, ^ -=0.20 >.

They suggested that the use of turtle excluder devices

would protect juvenile sea turtles and aid in conserva-

tion and recovei7 of this species. Additionally, Heppell
et al. (1996) indicated that population enhancement

by means of hatchery production of sea turtles would

likely not be successful. In contrast, marine mam-
mals show a different pattern of sensitivity. For these

taxa, population gi-owth appears most sensitive to

events occurring during the adult stages (Heppell et

al., 1999). Studies indicate that maiine fish may also

show a different pattern of sensitivity, where there is

increased sensitivity to events in the early life history

(Heppell et al. 1999; Quinlan and Crowder, 1999).

Three features of our approach require one to use

caution in interpreting our conclusions. First, there

are problems in using stage-based models, or demo-

graphic models of all types, with highly migratory
animals such as sharks. For instance, most demo-

graphic models assume that the population is closed.

In the case of the sandbar shark this assumption

may not hold true. Tagging studies show that a

small percentage of sandbar sharks tagged in U.S.

waters are caught in Mexican waters. Because it is

currently unknown if there are nursery grounds in

Mexican waters, this migration to Mexico may rep-

resent an additional source of loss to the population
that may not be replaced. The model does not con-

sider this loss. If a significant number of sandbar

sharks are found to migrate to Mexican waters, cur-

rent estimates oiF may be underestimates. If this is

the case, even greater reductions in F may be neces-

sary to help the stock recover.

Second, we have presented a deterministic model
of sandbar shark population dynamics. Thus, we
have ignored uncertainty of and plasticity in vital

rates such as growth and fecundity. Tuljapurkar
( 1997 ) and Nations and Boyce ( 1997 ) have discussed

the potential biases that may result from basing har-

vest strategies on results from a deterministic model,

particularly when juvenile survival is closely tied to

environmental conditions. In addition to potential
biases in the results, a deterministic model yields

only a point estimate of population growth rate.

Cortes (1999) included a stochastic term for fecun-

dity in his model for sandbar sharks. Subsequently,
he used Monte Carlo simulations to generate distri-

butions of predicted population gi'owth rates when

fecundity varies stochastically. His results indicate

that predicted population growth rates may vary by
2-3*^ when fecundity is allowed to vary. The impact
of stochasticity in survival and growth on the pre-
dicted population growth rates is unknown. How-
ever, given the sensitivity of the model to transition

involving growth and survival for juvenile and sub-

adult animals, its impact may be substantial.

Finally, unlike many traditional fishery models, our

demographic model does not take into account den-

sity dependence or compensation. However, given the

longevity and age to maturity of sandbar sharks, and
sharks in general, compensation may not be as signif-
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icant or as observable as that for teleost fish. Sminkey
and Musick ( 1995) have suggested three mechanisms

of compensation in sharks: decreases in natural mor-

tality of younger sharks as the abundance of preda-

tory larger sharks is reduced; compensatory increases

in fecundity when food is more available or when uter-

ine mortality is reduced; and an increase in growth
rate and thus a decrease in natural mortality and pos-

sibly earlier maturity when food is abundant. In Ches-

apeake Bay, they found evidence of a slight increase

in growth rate of juvenile sharks after the popula-

tion had been depleted but were not able to ascertain

if the age of maturity had also been reduced. Late

age at maturity due to relatively slow growth rates

reduces the probability that small increases in growth
or increased neonate survival through density-depen-
dent mechanisms will compensate for fishing mortal-

ity (Heppell et al., 1999).

In summary, the results when F = 0.20 for older

stages indicate that sandbar shark stocks are cur-

rently being fished above their ability to replace

themselves (i.e. r is negative for the best estimate

of F). Thus, management action (e.g. time area clo-

sures, reduced quota, minimum size) is needed to

reduce F to the level where r is zero or positive.

Because the model is highly sensitive to juvenile and

subadult survival, management actions that reduce

the mortality rates of these stages would likely be

more effective than nursery closures that protect

only neonates and pregnant females.

Although our study suggests that the protection
of juvenile and subadult sandbar sharks may aid

in recovery of sandbar sharks, our method may not

work as well on other shark species, because life

history traits differ. Sandbar sharks are often con-

fused with other shark species such as the dusky
shark; therefore, whichever management strategy
is chosen, it should work for all large coastal shark

species. These problems, combined with a paucity of

data on pupping grounds, age at maturity, and other

traits, make selection of a conservation method dif-

ficult. The model in our study should be viewed as a

starting point for looking at the effect of the different

options available and for comparing these options

among the shark species involved.
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Abstract.—Food habits of the South

American sea lion (Otaria flavescens)

off Patagonia were studied by means

of stomach content analysis. The sam-

ples were collected during 1982-1987

and 1990-1998 in northern and central

Patagonia. The samples (/!=59) came

from individuals found dead on beaches

and from animals recovered in inciden-

tal catches ofthe fishery. Forty-one prey

species (including fishes, cephalopods,

crustaceans, gastropods, polychetes,

sponges, and tunicates) were identi-

fied; most important were Argentine

hake (Merluccius hubbsi), red octopus

{Enteroctopus megalocyathus), Argen-

tine shortfin squid illlex argentinus),

"raneya" iRaneya brasiliensisK Patago-

nian squid (Loligogahi), and Argentine

anchovy (Engraulis anchoita). Differ-

ences in diet were found between sexes

but not between geographical area of

sampling, period of sampling, or source

of samples. Females fed mostly on ben-

thic species, whereas males fed mostly

on demersal-pelagic species. The differ-

ence in diet between sexes was asso-

ciated with different feeding grounds
or different home ranges and could

be produced by different constraints

in the feeding behavior of each sex.

These different constraints and restric-

tions could lead females to feed in more

coastal and shallower waters than those

waters where males feed. Some of the

important prey were commercial spe-

cies (Argentine hake, Argentine short-

fin squid, Patagonian squid I consumed

at both commercial and noncommer-

cial sizes by sea lions. The presence
of gastroliths was independent of the

presence of stomach parasites; how-

ever, gastrolith weight was positively

correlated with individual sea lion's

length, indicating that gastroliths could

be involved in buoyancy control. In sum-

mary, these stomach content analyses
indicate that South American sea lions

feed primarily on demersal and ben-

thic species and, in general terms, use

resources according to their environ-

mental availability.
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The SouthAmerican sea hon (Otaria

flavescens) is one ofthe most common
and abundant marine mammal spe-

cies in the southwestern Atlantic

and is distributed along the coasts of

South America from Peru to south-

em Brazil in both the Pacific and

Atlantic Oceans ( Vaz Ferreira, 1982;

CrespoM. Most investigations on

South American sea lions have been

focused on social behavior, breeding

biology, and population dynamics
(Vaz Ferreira, 1982; Campagna and

Le Boeuf, 1988; Cappozzo et al.,

1991; Crespo and Pedraza, 1991;

CrespoM. Recent research has pro-

vided new data on the interactions

between South American sea lions

and fisheries (Crespo et al., 1994,

1997), on population size and trends

(Reyes et al., 1999; Dans et al.^),

and on diving behavior of lactating

females (Werner and Campagna,
1995).

South American sea lions are con-

sidered opportunistic and broad-

spectrum feeders, feeding on fish,

squid, crustaceans, and occasionally

on sea birds (Vaz Ferreira, 1982;

George-Nascimento et al., 1985;

Crespo et al., 1997). In Chilean

waters, their most important prey
are the Patagonian grenadier iMac-

ruronus magellanicus ) and the king-

clip (Genypterus spp.); no relation-

ship has been found between pred-

ator and prey sizes (George-Nasci-
mento et al., 1985). For Patagonian

waters, only preliminary informa-

tion has been published about feed-

ing (Crespo et al., 1997). Several

studies (Hamilton, 1934; Vaz Fer-

'

Crespo, E. A. 1988. Dinamica pobla-
cional del lobo marino del sur Otaria

flavescens (Shaw, 1800) en el norte del lito-

ral patagonico. Doctoral thesis, Facultad

de Cs. Exactas y Naturales, Universidad

Nacional de Buenos Aires, Buenos Aires,

Argentina, 298 p.
- Dans, S., E. A. Crespo, S. Pedraza, R. Gon-

zalez, and N. Garcia. 1996. Estructura

y tendencia de los apostaderos de lobos

marines de un pelo iOtaria flai-escens) en

el norte de Patagonia. Informes Tecnicos

del Plan de Manejo Integrado de la Zona
Costera Patagonica. Fundacion Patago-
nia Natural (Puerto Madryn, Argentina)
1.3:1-21.
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Table 1

Number of South American sea lion stomachs analyzed in our study by period of time

sampling. The number of empty stomachs is given in parentheses.
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into geographical areas based on the spa-

tial distribution of rookeries (Fig.l) and

the reported animal movements between

rookeries in northern Patagonia (Crespo
and Pedraza, 1991; Crespo^; Dans et al.^).

Sex and standard length (SL, cm) were

recorded when possible. Males ranged from

114 to 243 cm SL, whereas females ranged
between 102 to 196 cm SL (Fig. 2).

Stomach content analysis

Stomach contents were preserved in 70%
alcohol or frozen at -20°C. Hard pieces were

recovered by using sieves of different mesh
sizes (from 0.5 to 10 mm) flushed with water

and by using decantation trays. Fish oto-

liths and bones, cephalopod beaks, crusta-

cean exoskeletons and other hard remains

were used to quantify and identify the prey

species. Identification was made by using
local species reference collections at the

Marine Mammal Laboratory, Centro Nacio-

nal Patagonico, CONICET, and available

catalogues (Clarke, 1986;Mennietal., 1984;

Roper et al.
, 1984; Boschi et al., 1992; Gosztonyi and

Kuba''). Complete and undigested elements (com-

plete prey, otoliths and beaks) were measured with

digital calipers. When digested and broken hard

pieces were found in a stomach, the measurements
for these elements were assigned from a random

sample of undigested and whole parts of the same

species obtained within the same stomach (Koen

Alonsoetal., 1998).

Size (total length ([TL]) offish and dorsal mantle

length (IDML]) of squid, cm) and wet weight (W, g)

of prey were estimated from hard pieces by using
allometric regressions (Clarke, 1986; George-Nasci-
mento et al., 1985; Koen Alonso et al., 1998) (Table

2). In those cases where regressions were not avail-

able, regressions of related species were employed
(Table 2). When related species regressions did not

exist, weight was assigned by direct comparison with

measured and weighed individuals of similar size for

the same species or by weighing the fragments found
in the stomach. The presence of stomach stones and

parasites was recorded and all the gastroliths were

weighed in each stomach.

110 130 150 170 190 210

Standard length (cm)

230 250

I Males a Females

Figure 2

Length-frequency distribution of the total sample of South American

sea Hons analyzed in this work. Three males and four females were

not included in this figure because their standard lengths could not be

obtained.

•*

Gosztonyi, A., and L. Kuba. 1996. Atlas de huesos craneales y
de la cintura escapular de peees eosteros patagonicos. Informes
Tecnicos del Plan de Mancjo Integrado de la Zona Costera

Patagonica. Fundacion Patagonia Natural i Puerto Madryn.
Argentina) 4:1-29.

Data analysis

The relative importance of prey species was evalu-

ated by means of the index of relative importance
(IRI) (Pinkas et al., 1971). The IRI was calculated for

each prey species as

IRI = i'7(N -^^WWcFO,

Where %FO = the percent frequency of occurrence;

%N = the percentage by number; and

%W = the percentage by regression-esti-

mated wet weight.

This IRI is a modified version of the index where the

original term of percentage by volume was replaced

by the '/fW term (Koen Alonsoetal., 1998). In order to

make easier the interpretation of the IRI, this index

was expressed on a percent basis i'JdRI) (Cortes,

19971. Graphical representation of the diet was also

employed to present some results (Cortes, 1997).

Two overlap indices, the general overlap index

(GO) and the specific overlap index (SO) (Petraitis,

1979; Ludwig and Reynolds, 1988), were used to

examine dietary differences. These indices were

selected because they are based on the same theo-

retical framework, have associated statistical tests

(Petraitis, 1979), and the GO presents a small bias

even when the sample size is small (Smith and Zaret,

1982).
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hypothesis of a complete overlap {G0=1) can be sta-

tistically tested by using the V-statistic (Ludwig and

Reynolds, 1988).

The SO is a pairwise nonsymmetric index which

evaluates the probability of obtaining the utilization

curve of one group from the utilization curve of the

other (Petraitis, 1979; Ludwig and Reynolds, 1988).

The probability of obtaining the utilization curve of

the group / from the utilization curve of group k is

denoted by SO,^. The null hypothesis of a complete

overlap (S0^.=1) can be tested with the fZ-statistic

(Ludwig and Reynolds, 1988).

The comparisons made were 1 > geographical area

of sampling (between northern Patagonia and cen-

tral Patagonia), 2) period of sampling (between

1982-1987 and 1990-1998), 3) source of sampling
(between dead animals on shore and entangled ani-

mals in the fishery), and 4) sex (between males and

females). Because entangled individuals were mostly
males and were obtained only during the 1990-1998

period (Table 1), comparisons were made between

entangled and nonentangled males in the period
1990-1998.

The data employed for this analysis were those

data on the occurrences of prey species that pre-

sented an %IRI greater than 2'7c in the pooled sample.
Inherent in the use of occurrences of prey species

is the assumption that each prey species in a stom-

ach was consumed independently. For this reason,

the correlations between the prey species used in

our analyses were evaluated with the Spearman
rank correlation coefficient (r^) (Siegel and Castel-

lan, 1995). The use of occurrences of prey species as

data also increases the sample size for these com-

parisons because the stomach of one sea lion usually
contained more than one prey species.

Differences in prey sizes consumed were tested by
using the nonparametric two-sample Mann-Whitney
U test in those cases where differences were detected

(Siegel and Castellan, 1995).

The relationship between mean length of prey in

each stomach and predator SL was evaluated using
the

Tj, (Siegel and Castellan, 1995). This analysis was

performed by using the pooled sample and analyzed

by sex of predator.

The function of gastroliths

The role of gastroliths in eliminating stomach par-
asites and the potential function of gastroliths in

buoyancy control were investigated. The indepen-
dence between the presence of gastroliths and the

presence of parasites in the stomachs was tested

with Fisher's exact test. The relationship between SL
and total weight of gastroliths found in the stomach

(GW) was evaluated with the Spearman rank cor-

relation coefficient (r^) (Siegel and Castellan, 1995).

This relationship was analyzed by considering each

sex and the pooled sample.

Results

Prey species

Forty-eight of 59 stomachs analyzed contained food

remains (Table 1). Aproximately 37 prey species
were identified, mostly fishes and cephalopods (Table

3). Additionally, the stomach of one female found

dead on the beach contained two sponge species,

tube polychetes, nudibranchs and hagfish (Mixine

sp.). Because this specimen was considered sick and

anomalous, it was excluded from the analysis.

The collection analyzed was composed of 1449

individual prey, and the total estimated weight was
209.9 kg.

Males consumed a broader trophic spectrum of 32

prey species (Table 3), dominated by Argentine hake,
followed by Patagonian squid, Loligogahi, Argentine
shortfin squid, "raneya," Raneya brasiliensis, and
red octopus, Enteroctopus megalocyathus. Only the

Argentine hake had a %IRI greater than 10%. The
total number of prey found in male sea lions stom-

achs was 738 and the total estimated biomass was
91.4 kg. The five most important prey represented
74.0% by number and 74.6% by weight.

Twenty-nine species were found in female sea lion

stomachs. The important prey were red octopus,

Argentine shortfin squid, Argentine hake, "raneya,"
and Argentine anchovy (Engraulis anchoita) (Table

3). Only the first three species had %IRIs greater
than 10%. The total number of prey found in the

female stomachs was 711 and the estimated weight
of this collection was 118.5 kg. The five most impor-
tant prey represented 75.5%> by number and 91.3%

by weight.

Homogeneity of the sample

Six species (Argentine hake, red octopus, Argentine
shortfin squid, Patagonian squid, "raneya," and

Argentine anchovy) had an %IRI greater than 2% in

the pooled sample (Fig. 3). All pairwise correlations

for these prey species were nonsignificant (P>0.05).

Data on the occurrences of these species were used

in the overlap analysis.

Considering the GO, no differences in diet were

found between geographical areas and between peri-

ods of sampling (Table 4). However, the SO indicates

differences in diet between the periods 1990-1998 and
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two overlap indices (Table 4 ). No differences were

also found between entangled and nonentangled
males in the period 1990-1998 (Table 4).

When the difference in feeding between sexes

was analyzed, no differences were found with

the GO, but the SO indicated significant differ-

ences in diet (Table 4). Taking into account that

the GO analyzes the differences between the uti-

lization curves of the groups with reference to a

common utilization curve, whereas the SO ana-

lyzes one utilization curve with respect to the

other one, our data suggest that there are some
differences in the diet between sexes.

Prey size

No differences were found in the sizes of Ar-

gentine hake (^7=13,785.5; ",„„,,,=286; n/,,„„/„=

101; P=0.496), Argentine shortfin squid ([/=

1,331.5; n,„„,,,=27; n/„„„,^.,= 108; P=0.486), and

Argentine anchovy ({7=1,627; /3„,„,„=33; "/„„„,,,=

123; P=0.080) consumed by the two sexes. Sev-

enty-four percent of the Argentine hake eaten

by sea lions were less than 30 cm TL. Argentine
shortfin squid consumed by sea lions had a DML
greater than 15 cm, whereas Argentine anchovy
consumed by sea lions were mostly between 12

and 17 cm of TL (Fig. 4). Red octopus consumed

by males weighed significantly less than those

consumed by females ({7=194. 5; n„,„,,.=21; /!,-„,„., =54;•^ ' /?? a / (.'.s ^females '

P<0.0001). Patagonian squids consumed by males

were larger than those consumed by females ( {7=880;

",„«/.,= 145; /v,„,„,,,= 18; P=0.024), but the range of

DMLs of squid consumed by females was gi-eater

than that of squid eaten by males. Larger "raneya"
was consumed by male sea lions than "raneya" eaten

by female sea lions ( {7=2,681; '!,„„/,.,=67; 'ife,„„i,,s=^^^<

P<0.0001)(Fig. 5).

No relationships were found between mean length
of prey and predator SL with the pooled sample

(r,=0.007; n=37; P=0.964), with males only (r^=0. 004;

n = 19; P=0.985) or with females only (r =0.118; n = 18;

P=0.641).

Gastroliths

Of the stomachs analyzed, 60.4Vf had gastroliths
and 87. 97^ had parasites. The parasites found in the

stomachs were mostly nematodes. The presence of

parasites and gastroliths was independent (Fisher

exact test; P=0.999 ). A positive correlation was found
between the SL of South American sea lions and GW
(r^.=0.572; n=45; P<0.0001) (Fig. 6).

Gastroliths were found in 56.7'7f of females sea

lions and 90.07r of females had parasites. The pres-

-T""
i 1 j, 1 '!•-..
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of dead, beached males with entan-

gled males did not show any signifi-

cant difference.

The only difference in diet found

between subsamples was that shown

by sexes. In this case differences in

behavior and feeding habits could

reflect differences in diet. Even if each

sample source may have had differ-

ent potential biases and the overlap

analysis between them did not detect

differences, we consider our sample to

be, even with its limitations, a reason-

able approximation of the diet of South

American sea lions in Patagonia.

The diversity of prey species (Table

3) found in the diet of the South

American sea lion indicates that it is

a broad-spectrum predator. Some of

these prey species (Argentine hake,

Argentine shortfin squid, and Ai'gen-

tine anchovy) are abundant key spe-

cies in the Patagonian continental

shelf ecosystem and have commercial

value (Angelescu, 1982 ;Angelescu and

Prenski, 1987; Brunetti, 1990; Bezzi

etal., 1994).

Argentine hake and Argentine short-

fin squid are the two major target spe-

cies of the Argentine fleet (Anonymous,
1996), and Patagonian squid is also

exploited in the Falkland (Malvinas)

Islands (Hatfield, 1996). Sea lions ate

these prey species at both commercial

and noncommercial sizes (Fig. 4).

The fishery catches Argentine hake

with length modes between 35 and

40 cm TL (Caiiete et al., 1986), and

the minimum commercial size of this

species is 30 cm TL. Mostly noncom-

mercial sizes of Argentine hake (less

than 30 cm TL) were consumed by
South American sea lions (Fig. 4).

Estimates of stock number by age by

using virtual population analysis indi-

cated that the most abundant Argen-
tine hakes are those of age-1 and age-2

year classes (approximately 30 cm or

less in TL), which represent around

56% in number of the estimated hake

stock (Bezzi et al., 1994). These data

indicate that sea lions are feeding on

this species according to prey-size dis-

tribution and availability in the envi-

ronment. Hakes smaller than 10 cm
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Figure 5

Box plots of regression-estimated size of red octopus (Enteroctopuf; megalo-

cvathiis). Patagonian squid iLoligo gahi), and "raneya" (Raneya hrasilwn-

sis) consumed by male and female South American sea lions collected in our

study.
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TL are not caught by either sea Hons or the

fishery because of the pelagic behavior offish

in this size range (Angelescu and Prenski,

1987).

The commercial squid species found in the

diet ofsea lions (Argentine shortfin and Pata-

gonian squid) form schools of restricted size

range ( Brunetti and Ivanovic, 1992; Hatfield,

1996). Therefore, it is difficult to determine

if the consumed sizes represent the environ-

mental availability of these prey species. The
commercial size of shortfin squid is approxi-

mately 15 cm DML, and this species was con-

sumed by sea lions at commercial sizes (Fig.

4). Patagonian squid was consumed mostly
at noncommercial sizes (less than 10 cm
DML) because that most of the squid catches

in the Falkland fishery were between 10 and

15 cm DML (Hatfield, 1996).

These results indicate some overlap be-

tween the South American sea lion diet and

fishery catches but not enough to conclude

that competition exists with the fishery. The

population of South American sea lions in northern

Patagonia has been increasing during recent years
at a rate of increase greater than 39( (Crespo and

Pedraza, 1991; Dans et al.'). There is no indication

that fishery catches affect the availability of food for

sea lions at the present time. More detailed estimates

of food consumption by South American sea lions are

needed. Also, estimates of the catch and bycatch of

the fishery are needed to evaluate conclusively the

existence of ecological competition.
Differences in the diet between sexes are probably

associated with different utilization of common and

frequent food resources, suggesting some kind of dif-

ferential feeding behavior between the sexes. The
South American sea lion is a dimorphic and poly-

gamous species. Therefore each sex must have dif-

ferent ecological constraints. Adult female feeding

trips last for about three days during reproductive

(Cappozzo et al., 1991) and nonreproductive (Reyes
and Crespo^) seasons. Nursing pups may limit the

distance that females can travel to feeding ground.
Males are not restricted by nursing pups and their

feeding trips seem to be less constant (Reyes and

Crespo^). There is also some evidence obtained from

sightings from fishing vessels that males move far-

ther offshore than do females which remain closer

50 100 150 200 250

Standard length of sea lions(cm)

300

• Maks o Females

Figure 6

Scatterplot of total weight of gastroliths versus standard length for

South American sea lions, by se.xes.

*
Reyes, L. M,, and E. A. Crespo. 1993. Variaciones diarias y
lunares y viajes de alimentacion en el lobo marino del sur Otarin

ftavescens en el norte de Patagonia. Abstracts of the Jornadas
Nacionales de Ciencias del Mar "93," 19-25 September 1993,

Puerto Madryn, Argentina, 156 p.

to the coast (Crespo et al., 1997). Thus, differences

in the diet could be associated with different feeding

grounds or different home ranges between the sexes.

The prey of female South American sea lions were

more evenly distributed within ecological groups
than the prey of males (Fig. 7). The prey of females

were mostly benthic and demersal-pelagic species.

The mean dive depth recorded by lactating females

in Patagonia was 60.9 m, and GdVc of the dives were

flat-bottomed and U-shaped ( Werner and Campagna,
1995)—data that agree with the bottom and coastal

feeding behavior suggested by the stomach contents.

On the other hand, the most important prey of males

were demersal-pelagic species (Fig. 7).

The Patagonian squid spawns in shallow waters,

and the new generation migrates offshore to feed,

grow, and mature (Hatfield, 1996). This migration

pattern implies that small Patagonian squid must
be more abundant in shallow, coastal waters than

in deeper, offshore areas, but their size range in the

coastal area must be broader than that in offshore

areas because mature (and large) squids return to

shallow waters to spawn. The consumption of larger

Patagonian squid by male sea lions and the broader

range size of Patagonian squid eaten by female sea

lions agree with the hypothesis that females feed in

more coastal and shallower waters than do males.

The red octopus lives mostly in caves on rocky bot-

toms (Re, 1998) and is the most important prey spe-

cies of female South American sea lions. Red octopus
reach maturity around 120 mm DML and 850 g of

total weight (Re, 1998); male sea lions consumed
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Abstract.—The objective of our study

was to model the performance of an air-

borne lidar survey system for northern

anchovy in terms of survey accuracy

and precision. Our analyses indicated

that swath width would have little or

no effect on the probability that at least

one fish school would be encountered.

In typical coastal waters off California

(attenuation coefficient=0.1/ml, about

half of the schools were detected by the

lidar during the day and about 64'7r

during the night. A greater proportion of

schools were detected during the night

because anchovy have a shallow ver-

tical distribution, whereas in the day,

schools may extend down to 155 m;

schools below about 40 m depth were

not detectable to the laser Although
schools tended to be more diffuse during
the night than during the day, even

the very diffuse schools of anchovy
(0.5 flshym') were detectable at night

throughout the upper 20 m of the water

column with a lidar With a substan-

tial increase in instrument and survey

costs, it would be possible to increase

the equivalent laser-pulsed power by a

factor of 10 over that ofthe "off-the-shelf

system," as used in our model. Such a

change would increase the ma.xinium

detection depth of the lidar system by
about 10 m but would have a negligi-

ble effect on the probability of detect-

ing schools during the day owing to the

skewed vertical distribution of anchovy
schools. More effective approaches for

improving the accuracy and precision

of potential lidar surveys for fisheries

would be to improve school detection

algorithms and to develop a lidar survey
model based on line transect theory
to obtain an unbiased estimate of

abundance. To produce an accurate

reconstruction of the average vertical

distribution of schools for a particular

season and region, a synthesis of acous-

tic and lidar surveys of school distribu-

tion is required.

Modeling statistical performance of an
airborne lidar survey system for anchovy
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Airborne lidar sui-veys are an at-

tractive alternative to the methods

presently used in fishery-independent

surveys of epipelagic fishes (Hunter

and Churnside^. They would cost

much less per survey mile than

ship-based methods ( acoustic-trawl,

ichthyoplankton), and the survey
would extend to greater depths than

present aerial methods. A lidar,

(li[ght| d[etecting] and r[angingj)

system, in its most basic form, pro-

duces short pulses of laser light

that pass through the water sur-

face and reflect off fish and particles

in the water; a receiver measures

the returning reflected pulse; the

strength ofthe returning pulse sep-

arates fish targets from small par-

ticles, and the elapsed time from

start to return of pulses indicates

the range (depth below the sur-

face) of the target. The application
of lidar technology to fishery sur-

veys is still in its infancy. Fish

schools have been detected with a

variety of lidar systems (Churnside

and Hunter, 1996 1, but schools have

never been systematically studied

with lidar, nor has existing lidar

technology been adapted to fish-

survey needs; formal fish surveys
have never been conducted.

A lidar survey system for fishery-

independent monitoring of epipelagic

fish stocks is being developed jointly

by two laboratories of the National

Oceanic Atmospheric Administra-

tion (NOAA): Environmental Tech-

nical Laboratory, Boulder, CO; and

Southwest Fisheries Science Center,

La Jolla, CA. The approach is to

combine evaluations of prototype
instruments at sea with modeling of

survey performance to develop an

optimal lidar survey system. The

goal is to develop a system that will

deliver the greatest statistical preci-

sion for the lowest survey cost, while

minimizing potential biases. In our

study, we modeled a lidar survey
with the objective ofevaluating how
instruments would affect survey

precision or accuracy. Two classes of

instrument design were considered,

those affecting fish schools in the

horizontal plane (swath width) and

those affecting the detection offish

schools in the vertical plane ( depth-

specific detection ). We also analyzed
a trade-off between swath width

and penetration depth, which is

analogous to changing from a visual-

based aerial sui-vey (wide swath,

shallow penetration ) to a lidar-based

Hunter, J. R., and J. H. Churnside, eds

1995. Airborne fishery assessment tech-

nology—a NOAA workshop report. SWFSC
Admin. Rep. U-95-02. 33 p. Southwe.st

Fish. Sci. Ctr, NMFS, NOAA, P.O. Box

271,La Jolla. CA 92038.
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aerial survey (narrow swath, deeper penetration).

We discuss each.

Precision of an airborne Hdar survey will depend
upon the number of transects flown and the probabil-

ity of encountering schools along them. The width of

the transect lines ( swath width ), may affect the prob-

ability ofencountering schools and therefore could be

one of the few factors affecting precision that involve

instrument design. Swath width could be increased

in a variety of ways (flying higher, scanning or opti-

cally expanding the laser beam), but such changes
are accompanied by disadvantages (loss in penetra-
tion depth, reduced resolution, increased instrument

cost and weight). In our study, we modeled how the

width of the swath (width of transect line) cut by the

survey instrument affects the probability of encoun-

tering fish schools, and therefore the precision of the

survey estimate, assuming fish are uniformly dis-

tributed in the water column.

The accuracy of a biomass survey depends on the

extent to which the entire stock is vulnerable to the

counting technique and on the variability in size of the

uncounted fraction (Gunderson, 1993). The key issue

for accuracy of a lidar survey is the vulnerability of

a stock to being counted in the vertical plane. Depth-

specific detection by a lidar depends upon laser power,

sensitivity of the detection system, the rate ofexponen-
tial decay of the laser pulse with water depth, the way
the fish-detection function of the instnament changes
with signal attenuation, fish size and reflectivity, school

packing density, and, of course, the vertical distribu-

tion of the fish. Using a set of models and taking into

account many of these variables, we evaluated the

effect of instrument and survey design on the accuracy
of an aerial lidar survey for measuring fish abundance.

We considered how variations in laser power, school

size, diel changes in vertical distribution of schools

and school packing density (number of fish per m'^)

would affect the accuracy of the survey. We also used

these models to estimate the maximum depth at which

schools might be detected by a single lidar pulse. For

our study, we chose to use anchovy because more data

exist on anchovy schools than most other species. Lo et

al.- have, however, recently applied the same models

to sardine and hemng schools.

Materials and methods

We used various models to evaluate the potential

effects of instruments on survey design. To evaluate

how swath width may affect survey accuracy, simu-

lation runs were used for a school-group encounter

model. To evaluate the relation between laser power
and maximum detection depth for fish schools, we

computed the probability of detecting schools as a

function of the signal-to-noise-ratio and estimated

laser power and the laser attenuation coefficient.

School parameters, size, distribution and density,

and survey area (46,204 km^=333 km (180 nmi) x

138.75 km (75 nmi)) were taken from acoustic sur-

veys of northern anchovy in the Southern California

Bight (Mais, 1974; Fiedler, 1978; Smith, 1981; Mac-

CalF). For daytime profiles, vertical distributions of

schools were based on northern anchovy off Califor-

nia (Holliday and Larsen, 1979); for nighttime pro-

files we used the distribution of early stage anchovy

eggs (Pommeranz and Moser, 1987) and acoustic

data for anchoveta off Peru (Castillo Valderrama,
1995). Signal-to-noise ratio was based on informa-

tion on packing density of schools provided by Aoki

and Inagaki ( 1988) and Graves ( 1977).

Many pelagic fish schools form distinct aggrega-
tions or school groups (Cram and Hampton, 1976;

Fiedler, 1978). The area of an anchovy school (ex-

pressed by school diameter in our study) is highly

variable, as are the size and number of schools with-

in a school gi'oup. Because of this complexity, simula-

tions were used to compute the probability ofencoun-

tering anchovy schools in a survey area (Fiedler,

1978).

In the simulation, school groups were randomly

assigned in the survey area. The sizes of the anchovy
schools within a gi'oup were generated from the fre-

quency distribution of the diameters of northern

anchovy schools in the Southern California Bight

(Fiedler, 1978; Smith, 1981; Table 1). The number of

anchovy schools within an anchovy school group was

generated from the area occupied by the group and

the density of schools. Both the diameters of school

groups and the density of schools within a school

group were assumed to follow the lognormal distri-

butions measured for anchovy in the Southern Cal-

ifornia Bight (Fiedler, 1978; Smith, 1981) (Fig. 1).

Simulations were used to compute the encounter

probability {py'f
for various swath widths iy).

The locations of school groups were randomly allo-

cated in north-south ( n-s ) and east-west ( e-w ) direc-

tions. When school groups overlapped (intersected)

in the north-south directions, they were combined

as a "single" school group for computing the encoun-

-'

Lo, N. C. H., J. R. Hunter, and J. H. Churnside. 1999. Mod-

eling properties of airborne lidar surveys for epipelagic fish.

Admin. Rep. LJ-99-01. Southwest Fish. Sci. Ctr. NMFS, NOAA.
P.O. Box 271, La Jolla, CA 92037.

* MacCall, A. 1975. Anchovy population survey simulation: a

report ofCalCOFI Anchovy Workshop Group on methods of esti-

mating anchovy abundance, July 21-22. 1975, Contribution 4,

9 p. Marine Life Research Group. Scripps Institution of Ocean-

ography, 9500 Oilman Drive, La Jolla, CA 92037-0227.
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of 0.676, and that the density offish schools/nmi^ in

a school group had a logarithmic mean of 3.91 and a

logarithmic variance of 0.51 based on data from Mac-

Call.'^ The number of schools within a school group is

the product of the area of the school group and the

density of schools within. Thus, the mean number of

schools was 10,274^ in a school group (Table 2). The

diameter of anchovy schools was generated from the

frequency distribution of the diameters ofanchovy fish

schools in the Southern California Bight (Table 1).

On average, there were 150,000 anchovy schools

in the Southern California Bight in the 1970s (Mais,

1974). In recent years, the population has decreased

to one fifth of that level ( Jacobson et al., 1994). In

the simulation, we constructed populations compris-

ing 80,000, 32,000, and 16,000 schools with an aver-

age biomass of 12 metric tons (t). At each population

level of anchovy, we simulated school gi'oups for nine

combinations of three school diameters and three

school densities, each with a multiplier of 0.5, 1, and

1.5 applied to both mean and standard deviation

of \n(school diameters) and of \n(density of schools)

respectively (Table 2). For example, for a population

of 32,000 schools, a multiplier of 0.5 applied to both

mean and standard deviation of In(diameter) (an

area of 9.45 nmi- or 32.34 km-) for a school gi'oup,^

and a multiplier of 1.5 applied to the mean and stan-

dard deviation of ln( density) (625 schools /nmi^ or

182 schools/km^),'' would yield an average number of

5914 schools per school group and an average of six

school groups (32,000/5914) (Table 2). This popula-

tion was denoted as 32,000 (0.5,1.5). The encounter

probabilities for seven swath widths (1, 10, 50, 200,

500, 900, and 1600 m for a total of 63 (3 x 3 x 7)

sets of scenarios) were simulated (in computation,

numeral 1 was used to represent diameters less than

or equal to 1 m). For each of the three populations,

500 iterations were run for each of 63 sets. The mean

of the encounter probabilities from 500 runs was used

to estimate the mean encounter probability.

For multiple swaths (n ), the probability (p,, „
) that

at least one of the swaths intercepts schools is com-

puted as

where p is computed from Equation 1.

(2)

• The mean diameter is 14.25 nmi = expi2.319+0.676/2l and the

mean density offish schools is 64.39 schools/nmi- = expi3.91 +

0.51/2), the mean number of fish schools in a school group =

(14.25/21-64.39=10,274.

^
[exp(2.319 X 0.5 + 0.676 x 0.5 x 0.5/2 )/2P x 3.1416 = 9.45 nmi-.

**

exp(3.91 X 1.5 + 0.51 x 1.5 x 1.5/2) = 625.62 schools/nmi^.

Table 2
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where z = depth in meters;

Sq = the signal level at the surface;

/3 ,

= the clear-water backscatter coefficient;

/L = the backscatter coefficient of a school of

fish;

^Q
= the backscatter coefficient at the sur-

face; and

a = the lidar attenuation coefficient.

The backscatter coefficients, P, have units of 1/m and

represent the fraction of the energy that would be

scattered upward by a 1-m layer of either clear water

or fish. By clear water we mean natural sea water

with its attendant load of yellow substance, plank-

ton, silt, etc., but without fish. The lidar attenuation

coefficient is related to the absorption and scatter-

ing coefficients of the water, in a way that is not com-

pletely understood, but depends on the field of view

of the lidar. In an operational system, this parameter
can be obtained directly from the lidar data. A very

narrowly collimated system (defined as one where

the field of view is much smaller than the average

scattering angle in the water and much smaller than

the ratio of the beam attenuation coefficient to the

lidar height) will have an attenuation that is very
close to the sum of the absorption and scattering.

A wide field of view collects multiple scattered pho-

tons, and the attenuation is closer to the absorption
coefficient.

The noise in a lidar system can come from sev-

eral different processes. One of these is likely to

predominate in any particular set of circumstances.

One source is thermal noise in the receiver. This is

an additive noise that is independent of the signal

level. It is Gaussian with a zero mean. Another

source of noise is the shot noise from the sum of the

signal current, background-light-generated current,

and detector dark current. This is a Poisson process
that depends on the total detector current. However,

except for very low illumination levels, the Poisson

distribution is nearly Gaussian, and we made this

approximation. Also, we noted that if the signal from

the fish school is very large, the detection probabil-

ity is nearly unity, and accurate modeling of the

noise distribution is not critical. If the fish signal
is small, the shot-noise variance will be very nearly
the same whether fish are present or not. This is the

situation that must be treated accurately, and so we
assumed that shot noise could be approximated by
an additive signal-independent Gaussian process for

the purposes of our study. The final noise source is

caused by variations of the optical properties of the

water with depth. Variations that are slow in com-

parison with the depth resolution of the lidar can be

estimated and eliminated. However, more rapid fluc-

tuations would be indistinguishable from noise. In

the absence of a better model for these fluctuations,

we also assumed that they were Gaussian. Thus,
an additive signal-independent Gaussian noise was

considered, and the source of this noise was not

considered further. The final results would not be

very different if the dominant noise was not Gauss-

ian. Non-Gaussian noise would change the numeri-

cal values of the detection and false-alarm integrals.

Because of the strong exponential decrease in signal

level with depth, small changes in these values would

correspond to small changes in detection depth. A
similar effect was caused by our choice of threshold

level, which also changed the detection and false-

alarm integrals. We show that the results are not

very sensitive to our choice of threshold level for

the same reason. It is possible that the variations

in optical properties produce a highly non-Gaussian

noise that will have a significant effect, but we have

no evidence for this.

The probability density function ( pdf) ofthe instan-

taneous signal (s) for a single pulse at some depth
can therefore be approximated by a normal pdf with

mean - S and variance =: d^. For illustration, we
assumed that a was not depth dependent, although
s clearly was.

Detection was accomplished by setting a threshold

signal level above which we asserted that fish were

present. The detection probability is the probability

that the instantaneous signal is above this threshold

when fish are present (i.e. when /3.
> 0). Thus,

p{detection) = P(s>T)= 1-0
r-s,

o

where T = the threshold level;

S = a normal random variable with mean=
S, and variance = a^;

Sr - the signal level with fish present; and

(p{u) = P(U<u) is normal distribution function

of U with mean = and variance = 1.

Specifying that fish are present whenever the re-

ceived signal exceeds some threshold value entails

some probability of a "false alarm." This probability

can be calculated from

Ptfalae alarm) = Pis >T)= 1-0 T-S.,.

o

where S,^
= the signal from clear water.

To reduce the number of free parameters, we nor-

malized everything by the noise level. Thus, we
defined a signal-to-noise ratio, SNR =

(S^
-

S^J/a
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and a threshold-to-noise ratio, TNR =

(T-S,;\/o. Then Pidetection )= 1 -(tKTNR -

SNR) for signals following normal distri-

bution with mean SNR and variance 1

when fish are present, and Pifalse alarm ) -

1 - 0{TNR) for signals following normal
distribution with mean = and variance =

1 when no fish are present.
The maximum detection depth, z" ' max'

was defined as the depth at which the

detection probability is 0.5, i.e. the SNR,
is equal to the TNR because of the sharp

drop in detection probability from 1 to

with depth (Fig. 2).

TNR = SNR^ =
SNRf^e^-^""'. (5)

We could rearrange the terms in Equation
5 and calculate that

2a
In

TNR
SNR,,

(6)

«

We investigated the degree that maxi-

mum detection depth for schools is affected

by the setting of the false-alarm rate by

calculating z^^^^ as a function of the false-

alarm probabilities and determining the

value ofTNR to be used in Equation 6. The
detection probability {Pidetection)) can be

approximated by unity for depths above this
z,,,^^^.

and by zero for depths below it (Fig. 2). That is

Pidetection ) = 1 for SNRz>TNR or z <
2,„„,

= otherwise.

Laser power and penetration depth

To get an idea of the ranges of depths that might be

available to the lidar for a reasonable cost, we calcu-

lated the maximum penetration depth (?,„„^.)
with a

lidar model that was developed to perform engineer-

ing trade-offs quickly and easily. Input parameters
and lidar components can be changed easily by the

user, and the computer program automatically cal-

culates all of the affected quantities. Plots can be

quickly generated within the program to allow the

results to be immediately viewed. The lidar system
was assumed to be similar to that currently used by
NOAA (Churnside et al., 1997). Actual parameters
are presented in Table 3.

Only laser power effects were considered. Clearly,

other factors were also important. These included

receiver telescope diameter, detector sensitivity, back-

ground light conditions, fish species, density, etc.

20 30

Depth (m)

Figure 2

Detection probability as a function of depth for a lidar system with a

false-alarm probability of 0.01 operating in water with an attenuation

coefficient of 0.1/m. Curves are labeled by the value of the signal-to-

However, a full investigation of the effects of all

pertinent parameters was beyond the scope of our

study. The effects of some of these parameters, how-

ever, could be estimated. Doubling the receiver tele-

scope area, detector sensitivity, or fish density, for

example, is equivalent to doubling the laser power,
and we could have considered an equivalent laser

energy that included differences in these parameters.
Because of the assumptions used in our calculations,

our calculations should be taken as representative
and are not necessarily precise.

Because of the interference with the surface, it

was difficult to actually calculate SNRq. Instead, we
noted that

SNR^^ = SNR^exp(2az), (7)

where z = any arbitrary depth; and

SNR, = the signal-to-noise ratio at that depth.

The calculations were done with a fish school deep

enough so that surface effects (e.g. specular reflec-

tions of the tail of the laser pulse) did not contribute

to the received signal from the school. Equation 7

does not hold for fish within about 1 m ofthe surface,
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but the errors are negligible for the depth distribu-

tions offish used in our study.

The signal and noise levels can be defined at any
one of a number of points in the receiver, including

optical power on the detector, current out ofthe detec-

tor, the voltage generated by that current through
a standard 50-Q resistance, the output of the log-

amplifier, or the integer value that this produces
when digitized. We consistently used the voltage

across 50 Q, which is the input voltage to the log-

amplifier. For an infinitesimally short laser pulse,

this signal varies in time as the pulse propagates

through the water. We could relate this time to the

depth at which the light was scattered back to the

receiver because we knew the speed at which light

travels through water. Therefore, we could write the

signal as a function of depth as for a nadir-pointing:

S'{z}
P(z)nd-RIHn)

4(z + nh)~
exp(-2oz). (8)
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From this expression, we ob-

tained the scattering coefficient

and the backscatter coefficient for

each of the Jerlov water types.

The beam attenuation coefficient

is given by

C a + (11)

The hdar attenuation coefficient

lies somewhere between the dif-

fuse attenuation coefficient and
the beam attenuation coefficient in

such a wa}' that it depends on the

beam divergence of the Hdar and
on the spot size of the laser at the

surface. The details of this depen-
dence are not completely under-

stood, and therefore we made what
we hoped were reasonable esti-

mates. Following Feigels and Kopi-
levich (1994), we estimated the

divergence angle effect for a beam
of negligible size by assuming that

photons scattered at angles greater than the lidar

divergence angle 0/2 are lost. We then applied a cor-

rection to this value for the finite size of the spot at

the surface based on a curve fitted to the results of

Gordon ( 1982). The final result was an estimate for

the lidar attenuation coefficient given by

o
CD

Figure 3

Vertical distribution and probability of detection (Eq. 16) by lidar of anchovy
during day (open symbols) and night (solid symbols). The mean depth of anchovy
schools was 38.98 m during the day and 11.64 m during the night (Eq. 13).

a KD+27tbexp{-0.8c<ph)\^^sm{e}de, (12)
J b

where h = the height of the lidar above the surface.

The results were fairly sensitive to this parameter; a

factor of 2 in a is equivalent to a factor of 2 in depth

penetration. The values used in our study were con-

sistent with observations in the Southern Califor-

nia Bight, and are representative of what can be

expected. However, more work is needed before accu-

rate predictions of detection probability can be made
for a specific water mass based on measurements of

the optical properties. Direct measurements of a can

provide better detection predictions and can also be

used to refine this relationship.

Vertical distribution and packing

density of fish schools

The vertical distributions of schools below the sur-

face, their packing density, and fish size are critical

biological properties affecting detection of schools

with a lidar. Two vertical distributions of anchovy
fish schools were used in our analyses. One repre-
sented an average distribution of anchovy schools

during the day and the other, average distribution

of anchovy schools during the night (Fig. 3). The

da.ytime vertical distribution fitted the average of

the cumulative proportion of fish schools during the

May 1997 and September 1997 surveys of Holliday
and Larson (1979), who used the acoustic reflection

from the bottom as a better way to probe the upper
10-20 m than that afforded by conventional acoustic

methods. The nighttime vertical distribution curve

fitted the cumulative proportions of newly spawned
anchovy eggs from two California sites (Pommeranz
and Moser, 1987) and anchovy schools from three

anchoveta acoustic surveys in Peru (Castillo Valder-

rama, 1995). The depth of early-stage anchovy eggs

may indicate school depth because anchovy spawn
during the night. Vertical distributions during the

daytime and nighttime were fitted to an exponential
distribution function:

Fiz) =p{Z <z)= 1 -exp(-2/A), (13)

where Fiz) = the proportion of fish schools in the

upper z meter depth; and
A = the mean depth of the fish schools.

Direct measurements of school packing density
(numbers of fish/m'^) for anchovy were taken from

the literature (Table 4). Graves (1977) deployed a
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data, suggesting that light was penetrating the first

layer. We also observed that the water returned from

below and above schools of fish and found that the

additional attenuation caused by the fish was small in

comparison with the background water attenuation.

Proportion of fish schools detected (<7)

The proportion offish schools detected in the upper 2

meters (q^) depends on the depth-specific probability
of detection (P„izy, Eq. 16) and the vertical distribu-

tion offish schools (Eq. 13).

The quantity (gj was computed by numerical

integration:

A.

q,
=

\p„(ii)f(u)du

=1

(17)

1-*
2au + \n{TNR/A)-ij'

(J A

where p^(u) is derived from Equation 16 and flu) is

the exponential pdf derived from Equation 13:

A(.) = -e- :i8)

The quantity, q^, increases with depth z and reaches

an asymptote at2^^^{q;q<=l) andq is defined as the

proportion offish schools detected.

Criterion for evaluating trade-offs between

penetration depth and swath width

If laser power is held constant, an increase in swath

width would decrease the maximum depth of penetra-
tion of the laser pulse. In this section, we established

a criterion for comparing various instruments having
different combinations ofswath width and laser power
(maximum penetration depth). The effectiveness of

the width of a swath (y ) can be measured by the prob-

ability that some fish schools will be encountered
(p^,)

in the swath (Eq. 1 from simulation). The effective-

ness of a lidar in detecting schools within the swath

is measured by the proportion offish schools detected

iq) (Eq. 17). The product of
p^, q (Eqs. 1 and 17) is

then used to evaluate the overall effectiveness of any
instruments with a given swath width (y).

Results

Effects of swath width on encounter probability

We assumed that schools were aggregated into school

groups in the survey area (42,204 km') and that

school diameters and densities were equal to, or less

than, those reported by Smith (1981). Our simula-

tion results indicated that swath width had little

effect on the probability of encountering schools.

This was true for all three population sizes: 16,000,

32,000, and 80,000 schools ( Fig. 4). Encounter proba-

ability was affected by the swath width only when
the diameters of the school groups were small and
the school density within the school group was so

low (both multipliers were 0.5) that their distribu-

tion became nearly random rather than aggregated.
In these cases, the encounter probability increased

sharply when the swath width increased from 1

m to 50 m. Even this very limited effect of swath
width diminished as the number of schools in the

survey area increased. The encounter probability for

swath widths greater than 50 m was almost con-

stant regardless of conditions.

For the multiple swaths, the probability that at

least one of them would intercept anchovy schools

(Eq. 2) was high in general. The lowest probability
was 0.65, for the case where fish were aggregated in

few large school groups of low population, i.e. 16,000

(1.5,1.5) for /2=5 (Eq. 2). For n^lO, the probability

(p^, „
) was close to one for all cases.

Depth-specific detection probability

The depth at which a lidar is capable of detecting
a school or target will depend in part on the thres-

hold setting of the instrument in relation to the noise

(TNR). To illustrate these relationships we fixed a

false-alarm rate iPifalse alarm ) for the detection of

schools, used an alarm rate to determine the thresh-

old level, and then calculated the detection proba-

bility for schools (P(detection)). The results of such

a calculation are presented in Figure 5, where the

detection probability for fish schools was plotted as a

function of the probability of a false alarm for signal-

to-noise ratios of 1 and 3. Zero, the lower limit of the

plot, corresponds to a very high threshold (TNR) set-

ting, where the probability of a false alarm and the

probability of detecting a school are both zero. We
concluded that fish are never present at a setting of

zero. The upper limit of Figure 5 corresponds to a

very low threshold setting, where Pifalse alarm ) and

Pidetection ) are both unity; at a setting of 1, we con-

cluded that fish are always present.

If one selects a reasonable false-alarm rate and a

signal-to-noise ratio at the surface, one can calculate

the detection probability as a function of depth. This

was done for a false-alarm probability of l^c and a

lidar attenuation coefficient of 0.1/m, and the results

are plotted in Figure 2 for several values of the sur-

face signal-to-noise ratio. There are several interest-
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Swath width (m)

200 1600

Figure 4

Simulated encounter probability of anchovy schools in Los Angeles Bight (Table 2)

for 16,000. 32.000, and 80,000 schools. The swath width ranged from 1 m to 1600 m.

The multiplier for mean and standard deviation of the log of diameter of school

group and the log of school density in a school group are given in parentheses.
Values for populations with multiplier (1.5,1.5), similar to populations with mul-

tiplier ( 1.0,1.01, are not shown.

1.0
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a single lidar pulse and computed, using

Equation 16, the proportion offish schools

that could be detected for anchovy (Fig.

3). During the daytime, and at a depth
of 30 m, 97*7^ of 10-cm anchovy would be

detected (p„izK when a=0.1/m). Moreover,
one can also compute a signal-to-noise

ratio from the packing density(.v): SNR,
= Av exp{-2(xz) for a fish length of 10 cm
and compare it to the threshold target-
to-noise ratio iTNR) of 3. At the surface,

SNRq was 11,480 for 10-cm anchovy and

^max
= 41-24 m. At a depth of 30 m, SNR.^^

(a=0.1) was 28.5, which was above TNR =

3, indicating that most ofthe schools in the

upper 30 m could be detected. The detec-

tion probability for anchovy was unity
over the upper 30 m (Fig. 3), which was
consistent with the results we obtained

from Equation 16 (Fig. 3).

For the schools at night, we used a very
low packing density (0.53 anchovy/m'^).
The signal-to-noise ratio at the surface

(SNRq) for such diffuse schools was 53,

substantially above a TNR of 3, and 2,^^^.
=

14 m. At 20 m, the SNR.-,,^ for anchovy
schools declined to 0.97 with a probability

of detection of only 13%. At 30 m, the

detectability of anchovy was less than l^c.

50
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and settings of the lidar as well.

Some generalizations can be made.

During the night the lidar field of

view can be large because less back-

ground light exits to interfere with

the signal. Under these conditions,

the lidar attenuation coefficient (a)

will be very nearly equal to the dif-

fuse attenuation coefficient. For the

Jerlov open-ocean water types at 532

nmi, a varies from about 0.05/m (type

I) to about 0.11/m (type III). The
values for the Jerlov coastal water

types range from 0.15 (type 1) to

about 0.53 (type 9). From our analy-

sis, we expected that most anchovy
schools would be detected during
the night in the open ocean for a <

0.1.

During the day, the situation is

more complicated. A lidar system
with a large field of view will have

a smaller signal-to-noise ratio be-

cause scattered sunlight reaches the

receiver. We could have increased the signal to noise

by decreasing the field of view, but this would tend

to increase a. Besides, an increase in the signal-to-

noise ratio during the day would have little effect on

q, because the vertical distribution of schools during
the day has a long tail extending down to 155 m
(Castillo Valderrama, 1995). At night, an increase

in the signal strength that extends the maximum
depth of a return by 10 m or so could have an impor-
tant consequence because of shallow vertical distri-

bution (829f of the school are in the upper 20 m).

Comparisons with vision-based methods

We compared the ability of a human observer to count

fish schools with the capability of a lidar. Hara ( 1990)

reported that an observer flying at 500 m would be

able to detect sardine schools along a 1600-m swath
and to a depth of about 4 m. We assumed that all

schools at 4 m could be detected visually and none
was detected below that depth. For the lidar, we used
a swath width of 7 m, and we considered the prod-
uct of encounter probability (p^,) (Eq. 1) depicted by
swath width and the maximum proportion of schools

detected (q) depicted by depth (Eq. 17) to be a mea-
sure of the overall performance.
A human observer detects somewhat more schools

in the horizontal plane than does a lidar system
because of the relatively large swath width provided

by aerial viewing (Table 5). The encounter probabil-
ities in the horizontal plane (Eq. 1) obtained from

1.0
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single-engine aircraft. An aircraft something like the

DeHaviland Twin Otter may be necessary to accom-

modate the size and power requirements of the NOAA
lidar system. The system size and cost would prob-

ably increase significantly at an equivalent energy
of about 1 J. Thus, a practical range for penetration

depths would be between about 35 and 50 m.

Discussion

Interpretation of modeling results

Our goal was to model various aspects of a lidar

survey system for anchovy with a focus on features

that might affect survey accuracy and precision. We
learned from our modeling of swath width that this

width has little or no effect on the rate at which

schools are encountered when they are aggregated
into school groups, as is commonly the case with

small pelagic fish, like sardines and anchovy, except
under very low biomass levels. Under conditions

of very low biomass, schools may become scattered

rather than aggregated, in which case encounter rates

would increase with swath width. Our analyses also

showed that the chance that all the transects would

not intercept any fish school was extremely small

because the number of transect lines is likely to be

much greater than 5, owing to the high speed of the

survey airplane. Thus, from the standpoint of survey

precision, swath width may be given a low priority.

Lack of full vulnerability to the counting technique
is one of the most important potential sources of bias

for biomass sui-veys. Fish may not be fully vulner-

able because the survey does not extend over the full

geographic range of the stock and because there are

limitations to the counting system. Nearly all fishery-

independent surveys suffer to some extent from these

problems. In the case of an airborne lidar survey, the

depth limits of the sensing system could produce a

large potential bias, particularly if the system is used

during the day. Our model indicated that, on average,
36% of schools of anchovy during the day would be

expected to be below the maximum detection depth
of the lidar (2„,„j=41 m) (Figs. 3 and 8). Because
the vertical distribution of schools can vary consider-

ably between surveys, the undetected fraction would

vary, thus affecting survey accuracy. This computa-
tion is driven by our vertical distribution curve for

the daytime and the rapid attenuation of light in

water; packing density and fish size have negligible
effects. Thus, a reliable estimation of the biomass
of such small schooling fishes during the day in off-

shore waters does not seem practical unless a reliable

unbiased estimate of vertical distribution of schools

is available. On the other hand, in water up to 30

m depth over the shelf, accurate estimates of bio-

mass for the daytime are practical because the verti-

cal movements of the fish would be restricted.

If a lidar survey were restricted to night flights,

when schools are closer to the surface, the bias

caused by the uncounted fraction of deep schools

would be considerably reduced. During the night,

however, schools may become very diffuse and con-

sequently have a much lower target strength which

reduces their detectability. The good news from our

modeling work was that even the very diffuse schools

of 10-cm Japanese anchovy (0.53/m^ Aoki and Ina-

gaki, 1988) at night were detectable over the upper
20 m. Our model indicated that 65% of all anchovy
schools would be detected during the night.

In our study, we focused only on 10-cm anchovy
schools at two known and widely differing packing
densities and vertical distributions. We ran our models

with other packing densities and fish sizes, using data

from heiring, sardine, and mackerel but keeping the

vertical distributions the same as that for anchovy.
-

These results indicated that packing density is an

important factor in the detection of schools at night
when the vertical distribution is shallow but is unim-

portant during the day when fish have a deeper verti-

cal distribution. The effect of packing density at night
can be significant. For example, at night at 30 m the

SNR for schools of 10-cm anchovy (packing density

0.53) was only 0.97, whereas that for 13-cm sardine

(4.0 packing density) was 12.38 (their detectability

was 13% and 77%, respectively). Schools of small

fishes may be inherently more detectable than those

of larger fish because the decline in average packing
densities of schools with increasing fish size is not

completely compensated by the increase in reflective

area of the fish ( packing density changes in propor-
tion to 1/L'^ (Misund, 1993), whereas the reflective

area changes in proportion toL-^). However, this theo-

retical relationship is eclipsed by the huge variation

in packing density due to behavioral factors. The

density of anchovy schools at night varies from com-

pact schools suitable for capture by the purse-seine

fishery ( Squire, 1972 ) to schools so diffuse that many
authors have concluded that schooling ceases (Whit-

ney, 1969; Baxter and Hunter, 1982). The packing

density used in our example of an anchovy school

at night from Aoki and Inagaki (1988) represents
such an extremely dispersed state, but dense con-

centrations of anchovy do occur at night, only their

packing density has not been measured. In fact, 4

fish/m'' used in the sardine night example might
be equally appropriate for anchovy. Unfortunately,
because field measurements of packing densities at

night are so infrequent, it is impossible to tell at this
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point where the mean may fall or what differences

might exist between species.

Detection of schools during the night would im-

prove if maximum schooling depth and a were cor-

related as Hunter and Nicholl (1985) speculated.

They determined the visual threshold for schooling
in northern anchovy (6xlO"i^W/cm-) and suggested
that maximum nighttime depth was a function of

the ability offish to see one another. They estimated

that the visual threshold for schooling would occur

at 38 m during a full moon and at 30 m on a starlit

night where chlorophyll was 0.2 mg Chla/m'^ and at

8 m (starlit) and 20 m (full moon) when chlorophyll
was 2.0 mg Chla/m^. If Hunter and Nicholl (1985)

are correct, then the maximum lidar detection depth
should increase as the schooling depth increases at

night, as long as survey flights are made under the

same moon phase. This relationship between visual

threshold and moon phase also indicates that it may
also be important to exclude survey nights during a

full moon—a rule long observed by pilots who locate

schools for the fishing industry.
It may be possible in practice to detect schools

somewhat deeper than those that our model indi-

cates because the model estimates the detection of a

single pulse at one range gate or depth. In practice,

a lidar will generate a composite image of a school

derived from a number of such pulses over a range of

gates (depths) analogous to an echogram trace. Such
a composite image produced from multiple returns

and gates can be more readily separated from back-

ground noise than can a single pulse, but such a

separation involves a more complex, and at the pres-

ent time, somewhat more qualitative discrimina-

tion process. Signal-processing algorithms can be

developed for this application, but their performance
would depend on the exact algorithm used. More
accurate estimates of detection depth would depend

upon the development of such signal-processing algo-

rithms. Development of such algorithms is one of the

most promising directions for future research on fish-

eries lidar. Their development would greatly improve
both the accuracy and precision offuture lidar surveys
for fisheries, as well as reduce the work in processing

images. Similarly, a more thorough understanding of

the causes of the observed variation in the vertical

distribution offish could improve survey accuracy and

precision. The phase of the moon, time of day, mixed

layer depth, temperature, location of forage, fish size,

season, and spawning habitats, may all influence

where in the water column a school may be found.

It seems unlikely that depth of detection will be

greatly improved by increasing sensitivity or power
of a lidar system over the basic radiometric system
used in our model. Our analysis indicated that an

order ofmagnitude increase in equivalent laser power
(laser power plus sensor changes) would gain about

10 m in detection depth. Such a change would require
a custom, rather than an "off-the-shelf laser, which
would cost around a million dollars, in addition to

associated costs, including a larger aircraft to satisfy

the new power and weight requirements. In addition,

increasing the depth of penetration by 10 or 20 m,
on the average, would not increase the numbers of

schools detected by more than about 10% during the

day because school distributions tend to be skewed
with a long tail extending to depths far beyond the

practical limits of lidar detection in coastal waters. A
10-m gain would be more significant during the night
but may not be worth the additional cost.

We have treated the failure of a lidar to count deep
schools as a potential bias, which is true unless an
unbiased estimate of the mean vertical distribution

of schools exists for the particular survey region and
season and an appropriate statistical model is used for

the sui-vey. When these conditions are met, the fail-

ure of a lidar to count deep schools becomes a matter

of precision rather than bias. An unbiased estimate

of the mean vertical distribution of schools could be

estimated from data generated by lidar and acoustic

surveys for the same region because by combining the

two surveys, one corrects for the vertical bias in each.

The appropriate statistical model for a lidar survey
would be one based on line transect theory (Buckland

et al., 1993). Line transect theory usually deals with

encounter rates on the horizontal plane, and animals

are assumed to be uniformly distributed in space. In

the case of lidar, we turned the model on its side

and used an average vertical distribution of anchovy
schools in the survey area. An empirically derived ver-

tical distribution does not seem to be subject to any
more bias than a uniform, horizontal distribution, one

that is commonly assummed in line transect surveys.

To provide indices of relative abundance based on

airborne lidar is an important fishery application

that is less demanding than that of estimating bio-

mass. For an index of abundance, the extent to which

schools are available for counting is not a major con-

cern. Lidar seems uniquely well-suited for taking an

inventoi-y of the juveniles of small pelagic fishes (pre-

recruits) because they are extremely patchy and tend

to inhabit shallow water near the coast in areas dif-

ficult to sample with a research vessel. Lidar sur-

veys can provide useful indices of adult biomass as

well. Aerial observations (Lo et al., 1992) and passive

imaging ( Nakashima, 1990; Nakashima and Borstad^)

Nakashima. B. S., and G. A. Borstad. 1993. Detecting and

measuring pelagic fish schools using remote sensing tech-

niques. ICES Report CM. 1993/B:7, session T, Fish Capture
Committee, 18 p.
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from aircraft are currently used in several fisheries as

indices of the abundance of small pelagic fishes and

a lidar-based system would have several advantages
over these passive methods. Our computation with a

deterministic model showed that a lidar survey may
be about twice as efficient in detecting schools as a

vision-based system during the night and five times

more efficient during the day. At night, a lidar will

detect more schools than an observer, but the differ-

ence is not huge because the very wide swath width

(1600 m) of our hypothetical aerial obsei-ver compen-

sated, to some degree, for the observer not seeing

farther beneath the surface. During the day, the effi-

ciency of lidar detection, in contrast to visual detec-

tion, increases greatly because schools inhabit deeper
water. In addition to increased detection efficiency,

lidar has several other advantages over aerial observ-

ers: lidar images can be better quantified than those

based on visual detection or cameras because the

school volume rather than school area can be esti-

mated, thereby improving the precision of the index;

in addition, detection is less dependent on sea state

and is little affected by sun angle or moon phases. On
the other hand, skilled fishermen working in aerial

surveys can identify species of schooling fish with

remarkable accuracy; a remote species identification

algorithm for a lidar will be difficult, if not impossible,

to develop.

As with hydroacoustic methods, species identifica-

tion with lidar is a major concern. Even after 50 years
of hydroacoustic research, the only method for iden-

tifying acoustic targets with certainty is by securing
voucher specimens. Radiometric backscatter has no

magical properties in relation to those of acoustic back

scatter that might allow a rapid solution to the prob-

lem of species identificaton. The lesson learned from

hydroacoustics is that for species identification to be

a reality in lidar surveys, additional sensing systems
will be needed. That skillful humans make accurate

species identifications visually provides the hope that

species recognition algorithms eventually will be prac-
tical. We believe it will be possible over the long teiTn to

develop species recognition algorithms for lidar in com-

bination with advanced lidar signal processing, digi-

tal video cameras, and local knowledge, but at present

species identifications must depend upon combining
lidar survey data with other information. From the

lidar data, we could distinguish reliably between small

(about 30 cm length) and large (about 1-m) fish. Iden-

tification of intermediate lengths may become possible

with more practical experience. One possible approach
for obtaining additional information is to use visual

identifications of fish schools by aerial observers pro-

rated to lidar targets. Other possible approaches are to

combine airborne lidar survey with a research trawler

that can provide voucher specimens or to combine air-

borne lidar with simultaneous sampling of fish eggs
from a research vessel (Checkley et al., 1997). The
latter approach has been used successfully in a test of

the NOAA lidar (Chumside, 1999).

Future application of airborne lidar

An airborne lidar survey could provide a census of

epipelagic fishes an order of magnitude faster than

that provided by ships, thus reducing costs in dol-

lars (based on 1999 dollar amounts) from about $100

per ship-survey mile to $3 per aerial-survey mile

(research ship cost=$12,000 per day, net ship speed

including stopping at stations=5 kn; airplane=$600

per hour at 200 kn).

Faster surveys not only cost less but improve accu-

racy because steady state assumptions are reduced,

vessel avoidance is eliminated, and, most important,

high speed makes it practical to survey a much larger

area, thereby eliminating the errors associated with

partial coverage. No major technical barrier exists in

acquiring a suitable instrument; adequate fish detec-

tion lidars already exist. Fish-detecting lidars may
be purchased from one or more vendors or a radio-

metric lidar may be assembled from "off the shelf

components as has been done with the NOAA lidar

(Churnside and Hunter, 1996). However, to imple-
ment routine surveys, signal-processing algorithms
for rapid quantification of targets are needed, and if

the fish targets are to be converted to biomass, direct

calibrations of target strength will be needed.

The depth limitation of lidar is not a major bar-

rier to implementation. Our analysis demonstrates,
as does our practical experience, that school detec-

tion depths of 30-40 m can be expected for California

coastal waters using off-the-shelf instrumentation.

In fact, more powerful systems are unlikely to do

much better owing to the rapid attenuation of signal

with depth. The 30-40 m depth limitation is less

important at night because most epipelagic fish

schools are found within the volume of water that is

to be detected by lidar. Our analysis demonstrated

that schools can be detected at night despite a much
lower packing density. To deal most effectively with

the fraction of undetected schools, survey design
should be based on line transect theory and should

require an estimate of the average vertical distribu-

tion of schools under the specific survey conditions

(region, species, season, time of day).

In conclusion, the census of epipelagic fish schools

with airborne lidar would be practical and useful

today if three conditions could be met: assumptions

regarding species identity are acceptable; a line

transect survey design is used in conjunction with
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the known vertical distribution of schools; and algo-
rithms are developed to process the data.
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Appendix

The detection probability by depth (p„(2 ) I was defined

as the proportion by which the mean values ofSNR^
exceed the threshold, TNR (Eq. 16). Strictly speak-

ing, one should define the detection probability as

the expected probability that each signal exceeds the

threshold. The expectation would be computed by

integrating over the pdf of mean SNR^. For a lognor-

mal distribution of mean SNR,, we would have

PJz) =
\Pis>

TNR I SNR^ )lognormal (SNR^ idSNR^

= {\1-^(TNR-SNR,)] ,

^

exp -0.5
( ln(SNR^)-^^
[ o

2 \

diSNR, ), (20)

where

SNR

= the signal-noise-ratio which
follows normal iSNRz, 1);

and
= a lognormal random vari-

2K(y SNR,

able with mean;/^ = In (A) +

£(ln(.r))-2a2; and
standard deviation a = SD( ln(.v ) ) where .v is the pack-

ing density.

Our exercise indicated that both detection probabil-
ities from Equations 16 and 20 were very similar.

Equation 16, although an approximation, was used in

our computation because of its simplicity.
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Abstract.—The reproductive biology of

Brazilian menhaden, Brevoortia aurea,

inhabiting the estuarine waters of the

Rio de la Plata (Argentina-Uruguay).
was studied by using histological anal-

ysis of the ovaries. The samples were

collected during the peak of the spawn-

ing period of this species (November)

during 1994, 1995, and 1997. Brevoortia

aurea is a multiple spawner with inde-

terminate annual fecundity. Spawning
frequency, determined from the per-

centage of females with postovulatory

follicles, was about VZ'-i during Novem-
ber 1995. At this frequency, each female

on average spawned a new batch of

eggs about every 8 days. Batch fecun-

dity, estimated from counts of hydrated

oocytes, was fitted to a power function

of length and a linear function of ovary-

free female weight. Batch fecundity esti-

mates ranged from 20,000 (27 cm fork

length) to 130,000 (34 cm fork length)

hydrated oocvtes. Annual differences

in the size-fecundity relationship were

observed. Relative fecundity estimates

obtained from the different years sam-

pled ranged from 60 to 212 hydrated

oocytes/g of female (ovary-free weight).
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The Brazilian menhaden {Brevoor-

tia aurea I is a pelagic coastal species

of the southwest Atlantic ranging
from Salvador de Bahia, Brazil

(13°S), to the south of Buenos Aires

province, Argentina (40°S) (Cous-

seau and Diaz de Astarloa, 1993). It

is abundant in the estuarine waters

of the Rio de la Plata area, where it

is caught by the commercial fleets of

Argentina and Uruguay, although
it is a resource of little economic

value (Argentine landings in 1997

were 893 metric tons (t); Anony-
mous, 1998). Maximum body size is

about 41 cm total length ( 36 cm fork

length ), which corresponds to an age
of 11 years (Lopez Cazorla, 1985).

These attributes are similar to those

for Atlantic menhaden (Brevoortia

tyrannus) from the Atlantic coast

of the United States, which attains

a maximum body size of 36-37 cm
fork length and a maximum age
of about 10 years (Powell, 1994).

Estimation of size at sexual matu-

rity of Brazilian menhaden has not

been documented, but the mini-

mum length at maturity for female

is 22.5 cm TL (Cassia et al., 1979).

Previous reports on life history
attributes include descriptions of

embryonic and lai-val development
(de Ciechomski, 1968; Weiss and

Krug, 1977), growth (Lopez Cazorla,

1985), taxonomy (Cousseau and
Diaz de Astarloa, 1993; Diaz de As-

tarloa and Cousseau, 1993), and

feeding (Sanchez, 1989; Giangiobbe
and Sanchez, 1993). Comprehensive
information on reproduction of Bra-

zilian menhaden does not exist.

Recently, we reported that major

spawning in the Rio de la Plata area

occurs from September to Decem-

ber, in estuarine waters across a

wide range of salinities (Acha and

Macchi, 2000). Cassia et al. (1979)

reported total fecundity estimates

based on the assumption that the

number ofeggs spawned by a female

is fixed prior to the onset of spawn-
ing. Brazilian menhaden may be

a multiple spawner, in which case

Contribution 1128 of the Institute Nacio-

nal de Investigacion y Desarrollo Pesquero,
Mar del Plata, Argentina.
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Figure 1

Sample locations for female Brazilian menhaden taken in the Rio de la Plata estu-

ary, during November 1994, 1995, and 1997. PE = Punta del Este, M = Montevi-

deo, PP = Piedras Point, SB = Samborombon Bay, SAC = San Antonio Cape.

batch fecundity and spawning frequency must be

estimated to determine annual fecundity (Hunter

and Goldberg, 1980).

Through histological analysis of the ovaries, we

investigated the reproductive biology ofB. aurea from

the Rio de la Plata estuary to determine the pattern
of spawning and estimate spawning frequency and
batch fecundity during the main spawning peak.

Materials and methods

Brevoortia aurea females were collected from the Rio

de la Plata estuary during three fortnightly research

cruises in November 1994, 1995, and 1997 (Fig. 1).

Fish samples and oceanogi'aphic data (temperature
and salinity) were taken for each trawl station from 6

to 20 m depths. Fork length ( FL, cm ) and total weight
(TW, g) were recorded for each fish sampled. Length
distributions obtained for the three years were com-

pared with a Kolmogorov-Smirnov Test (KS) (Sokal

and Rohlf, 1969). During 1994, only gravid females

with hydrated oocytes («=54) for fecundity estima-

tion were sampled. Females collected in 1995 (n = 169)

and 1997 in=92) were randomly selected including
different maturity stages. The ovaries were removed
and fixed in W^r neutral-buffered formalin for one

week. In the laboratory, the gonads were weighed,
and a portion of tissue (about 2,0 g) was removed

from the center of each ovary, dehydrated in metha-

nol, cleared in benzol, and embedded in paraffin. Tis-

sues were cut into 4-pm sections, and stained with

Harris's hematoxylin followed by eosin counterstain.

Classification of ovaries was based on the stage of

oocyte development and on the occurrence of post-

ovulatory follicles (POF) according to Hunter and

Goldberg ( 1980). Our description ofthe stages ofPOF
degeneration was adapted from that given by Fitz-

hugh and Hettler (1995) for B. tyrannus and these

stages were classified as day-0 and day-1, according
to the elapsed time from spawning. A day-0 POF
(elapsed time from spawning <24 h) has an irregular,

convoluted shape; the granulosa cells are aligned,

and many folds and the lumen are clearly visible (Fig.

2, A and B). A Day-1 POF (elapsed time from spawn-

ing >24 h) shows degenerative process, the linear

appearance of the granulosa cells is not distinct and

the lumen becomes reduced (Fig. 2, C and D).

Oocyte diameters for five gravid ovaries were mea-
sured after fixation ( 40 ±pm ) with an ocular microm-

eter («=749). Spawning frequency was estimated

from samples (n = 169) collected during November
1995. Daily fraction of spawning females was esti-

mated by the incidence offish with day-0 and day-1
POFs (Hunter and Goldberg, 1980) and spawning

frequency was determined from the average of the

percentages of day-0 and day-1 spawning females

(Fitzhugh et al., 1993; Macchi, 1998).
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Figure 2

Postovulatoty follicles from female Brazilian menhaden at different stages: (A and B ) day-0,

cordlike appearance of the granulosa layer can be observed; (C and D) day-1, reduction

in size and degeneration of follicles are evident. T = thecal layer; G = granulosa layer:

L = lumen; YO = yolked oocytes; PO = postovulatory follicles. Bar = 50 jim

Batch fecundity (BF; number of oocytes released

per spawning) was estimated gravimetrically by the

hydrated oocyte method (Hunter et al., 1985) for

112 females (44 from 1994, 38 from 1995, and 30

from 1997). The hydrated ovaries showed no evi-

dence of recent spawning (no POFs). Three pieces of

ovary, approximately 0.1-0.2 g each, were removed
from the anterior, middle, and posterior parts of

one gonad, weighed (±0.1 mg), and the number of

hydrated oocytes were counted. Batch fecundity for

each female was the product of the mean number

of hydrated oocytes per unit of weight and the

total weight of the ovaries. Relative fecundity (RF;

hydrated oocytes per gram ofbody weight ) was deter-

mined as the batch fecundity divided by female

weight (without ovary). The relationships of batch

fecundity to fork length and to total weight (ovary
free) were described by regression analysis (Draper
and Smith, 1981), and the significance evaluated by

testing whether the slope of the regression was sig-

nificantly different from zero. Interannual compari-
sons were based on coincident length ranges in the
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three years, and an analysis ofcovariance to log-trans-

formed data was applied (Draper and Smith, 1981).

Results

Length distributions for Brazilian menhaden ranged
from 26 to 36 cm FL and did not differ among
the years sampled (P>20). All individuals collected

were adult mature females with yolked or hydrated

oocytes; no immature ovaries were observed.

The oocyte diameter distribution of gravid B. aiirea

females (with hydrated oocytes) showed four groups
of oocytes (Fig. 3). The smallest group was com-

posed mainly of primary growth oocytes (smaller

than 120 pm). The next larger group was composed
of cortical alveolus stage and partially yolked oocytes

(primary yolk stage) ranging from 120 to 500 pm. A
third group included advanced yolked oocytes (sec-

ondary yolk stage) ranging from 500 to 700 pm. The
fourth group was the largest and corresponded to

the hydrated oocytes measuring 1100 to 1500 pm.
The continuous distribution from primary growth

oocytes to advanced yolked oocytes is a characteris-

tic pattern in multiple spawning fishes.

Spawning frequency was estimated by examining
ovarian tissue from 169 mature females sampled
between 21 and 23 of November 1995 during the

main spawning peak. Of all specimens examined,

41%

^

25
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Figure 3

Oocyte diameter distribution for an ovary of Brazilian menhaden containing

hydrated oocytes. The different shadings represent the four groups of oocytes
identified.

about 14% had new postovulatory follicles (day-0)
and 10% had day-1 postovulatory follicles (Table 1),

the average was 11.98% (SD=7.53%).

Batch fecundity estimates ranged from 20,000

hydrated oocytes for a 27-cm-FL female to 130,000

hydrated oocytes for a 34-cm-FL female. A power
model and a linear model were fitted to the rela-

tionships BF versus FL and BF versus TW, respec-

tively (Fig. 4). Analysis of covariance indicated that

the slope of the regression of fecundity on length
did not differ between years, but the intercepts were

significantly different ( 1994-95, F, j 74,^6.68, P<0.05;

1994-97, F, 1 gg, ^ 26.02, P<0.01; 1995-97, F, j gj ,=4.53,

P<0.05). Relative fecundity ranged from 60 to 212

hydrated oocytes per gram of female (ovary free).

These values were different (P<0.05) between the

years 1994 ( 107 ±29 hydrated oocytes) and 1995 ( 135

±34 hydrated oocytes), and 1994 versus 1997 ( 149 ±30

hydrated oocytes), but not between 1995 and 1997.

Discussion

Brevoortia aurea is a multiple spawner with inde-

terminate annual fecundity, according to our obser-

vations of maturing ovaries with postovulatory
follicles and yolked oocytes (partially spent stage).

These observations suggest that after one batch

of eggs is spawned, a new batch develops and is

released ( Hunter etal., 1992). Further,

the oocyte size-frequency distribu-

tion of gravid females shows different

batches of growing oocytes, including

hydrated eggs. Fractional spawning
has been suggested for other con-

geners, such as Atlantic menhaden
and gulfmenhaden (Brevoortia patro-

nus), on the basis of oocyte diameter

distributions (Lewis and Roithmayr,

1980; Lewis et al., 1987). These spe-

cies have a long reproductive season,

6-8 mo. (Powell, 1994), similar to

that of B. aurea. Atlantic and gulf

menhaden spawn during the fall and

winter (Powell, 1994), whereas Bra-

zilian menhaden spawn in spring-

summer, as do most of the fishes

inhabiting the Rio de la Plata estu-

ary (Macchi and Acha, 1998).

During November the temperature

ranges from 19° to 2rC in the

spawning area of Brazilian menha-
den. Because duration of the POF
stage varies at different tempera-

tures, disappearance of the lumen
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Abstract.—Age and growth were deter-

mined for the yellowedge grouper, Epm -

ephelus flavolimbatus, and the yellow-

mouth grouper, Mycteroperca interstiti-

alis. off Trinidad and Tobago. Age was

determined from cross sections of sag-

ittae and opaque rings were counted

as annuli. From the monthly variation

in marginal increment ratio (marginal

increment divided by the distance be-

tween the penultimate and outermost

annulus), rings were found to be depos-

ited annually from October to February

in the yellowedge grouper Monthly

variation in the frequency of otoliths

with an opaque margin showed that

opaque rings were deposited from Sep-

tember to January in the yellow-

mouth grouper Both species were found

to grow slowly, to have long lifespans,

and to achieve high asymptotic lengths.

Ages between 3 and 35 years (282-985

mm TL) were found for the yellowedge

grouper, for which the von Bertalanffy

growth equation was L,
= 963

( i_e-o 099if *o 08 1

,_ where L, is length ( mm I

at time t (yr). Yellowmouth groupers

between ages 5 and 41 years (335-827

mm FL) were found and the von Ber-

talanffy growth equation was L,
= 854

ll_e-oo57i/t4.6i, The length-weight rela-

tionship for the yellowedge grouper was

W< = 5 X lO-^TL- 80, where Wt is body

weight (g) and TL is total length (mm).

For the yellowmouth grouper this rela-

tionship was Wt = 1.88 y 10-^FL^^\

where FL is fork length (mm ). Both spe-

cies appear to grow more slowly and to

achieve a greater asymptotic size and

age than populations in higher latitudes,

in contrast to what was expected based

on differences in environmental temper-

ature. This may be attributed to differ-

ences in fishing pressure because the

populations in this study might have

been subjected to a lower level of exploi-

tation over a shorter period of time.
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The yellowedge grouper (Epineph-
elus flavolimbatus) and the yel-

lowmouth grouper (Mycteroperca
interstitialis) are two large serra-

nids commonly caught in the trap

fishery off Trinidad and Tobago.
The yellowedge grouper has been

recorded from North and South Car-

olina (Huntsman, 1976), the Gulf

of Mexico, the West Indies, and the

north coast of South America to

Brazil at depths of35-370 m ( Smith,

1978). The yellowmouth gi'ouper is

found in rocky areas from the shore-

line to depths of at least 55 m and

is distributed from Bermuda, the

South Atlantic Bight, the Gulf of

Mexico, throughout the West Indies,

Venezuela and Brazil ( Smith, 1978 ),

replacing the northern species M.

phenax in some areas.

Both species are ofsignificant com-

mercial value in Venezuela (Smith,

1971; Gonzalez and Celaya'). The

yellowmouth grouper is alsc com-

mercially exploited in Bennuda

(Smith, 1971) and the eastern Gulf

of Mexico (Bullock and Murphy,

1994). Groupers are also of com-

mercial importance in Trinidad and

Tobago where they form part of

a lucrative export trade in chilled

fish. Yellowedge and yellowmouth

groupers are the most commonly
caught groupers in traps and are

also caught by handlines (Manick-

chand-Heileman and Phillip, 1993 ).

Historically, these species have been

fished on the continental shelf and

shelf edge northwest of Tobago and

along the north and northeastern

coasts of Trinidad by artisanal

vessels from Trinidad and Tobago,
as well as from Venezuela (Men-

doza and Larez, 1996). Due to the

decline in catch rates in these areas

(Manickchand-Heileman and Phil-

lip, 1993; Mendoza and Larez,

1996), the fishery has expanded to

' Gonzalez, L.W., and J. Celaya. 1986.

Diagnostico socio-economico de la pesque-
ria de media altura pargo-mero del estado

Nueva Esparta. Contrib. 8, Centro de

Investigaciones Cientificas, Univ. Oriente,

Venezuela. 31 p. Univ. del Oriente, Apdo.
Postal 245, Cuniana, -Sucre. Venezuela.
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the offshore continental shelf and shelf

edge to the east of Trinidad. At present,
this fishery is not managed and the

decline in catches in the traditional fish-

ing areas emphasizes the need for proper

management. However, lack of data is

an impediment to the development of

appropriate management strategies for

this important fishery.

Groupers are relatively long-lived and

slow-growing and are protogynous her-

maphrodites, making them especially

susceptible to overexploitation ( Bannerot
et al., 1987; Shapiro, 1987; Bohnsack-).

In reviewing the status of grouper stocks

in the western central Atlantic, Sadovy
( 1990) found that these stocks are heav-

ily fished throughout the region and that

many are gi'owth or recruitment over-

fished, or both. Sadovy also emphasized
the need for management to ensure their

continued commercial and recreational viability.

Published information on the yellowedge and yel-

lowmouth gi'ouper is scarce. Age, growth and repro-
duction of the yellowedge gi-ouper in South Carolina

have been investigated by Keener ( 1984 ) and in the

eastern Gulf of Mexico by Bullock and Godcharles.'^

Randall (1967) documented the food habits of yel-

lowmouth grouper from the Bahamas and Thomp-
son and Munro (1978) recorded the occurrence of

spawning individuals in Jamaica. Aspects of the life

history, including age and gi-owth, of yellowmouth
grouper in the eastern Gulf of Mexico have been

reported by Bullock and Smith (1991) and Bullock

and Murphy (1994).

In Trinidad and Tobago, information on repro-

duction, age, and gi'owth of the yellowedge and

yellowmouth groupers have been presented by Man-
ickchand-Heileman and Phillip.^ However, age was
not validated and results were only preliminary. Our

study reports on the age and gi'owth of these two

species off Ti'inidad and Tobago. It was carried out

as part of a national fish stock assessment project, in

I

62°W 61°W

Tobago

Caribbean Sea 11°N.

ION

50km

- Bohnsack, J. A. 1989. Protection of gi-ouper spawning aggre-

gations. Coastal Resour. Div. Contrib. Rep. CRD 88-89-06.

NMFS Southeast Fish, Sci. Cent., Miami, PL, 8 p,

3
Bullock, L. H,, and M, F, Godcharles, 1984, Life history

aspects of the yellowedge gi'ouper, Epinephelun flavolimbatus
(Pisces: Serranidae) from the eastern Gulf of Mexico, Annual

Report, Fla, Dep, Nat. Resour,. Mar, Res, Lab,, St, Petersburg,
FL, 28 p, Unpubl, data,

^ Manickhand-Heileman. S, and DA, T, Phillip, 1992, Prelim-

inary stock assessment of the fishpot fishery of Tobago, Techni-

cal report of the Project for the Establishment of Data Collection

Systems and Assessment of the Fisheries Resources, Report
FAOAJNDP:TRI/91/001/TR12, 38 p.

Figure 1

Location of study area.

collaboration with the Fisheries Division, Ministry of

Agriculture, Lands and Marine Resources (Ti-inidad

and Tobago), the United Nations Development Pro-

gram (UNDP), and the Food and Agriculture Orga-
nization (FAO).

Materials and methods

Study area

Trinidad and Tobago, a twin-island Republic, are the

southernmost of the Caribbean chain of islands (Fig.

1). Both islands are situated on the South American
continental shelf; Tobago is about 32 km to the north-

east of Trinidad. Topographically, the shelf in this

area is relatively featureless; a substratum of fine

mud is interspersed with occasional patches of shell

debris and fine sand (Kenny and Bacon, 1981). The
shelf edge lies along the 90-100 m contour (Gade'')

which ranges from a distance of approximately 12

km from the northwest coast of Tobago to approxi-

mately 50 km from the north coast of Ti-inidad.

This area experiences a dry season from Decem-
ber to May and a wet season from June to Novem-
ber. Bottom temperatures at depths of about 100 m
vary from a maximum of 25'C in the dry season to a

minimum of 22^C in the wet season (Gade''). During
the wet season the large input of fresh water from

'' Gade, H. 1989, The environmental-ecological regimes. In

Report on surveys of the fish resources in the shelf areas between
Suriname and Colombia with the RA' Dr. Fndtjof Nansen, p.

8-41. Institute of Marine Research. Bergen.
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local precipitation and runoff from South American

rivers, particularly the Orinoco River, affect surface

salinity which ranges from 35.57ct in the dry season

to less than 27%c in the wet season. However, the

salinity of deeper waters is not greatly affected and

ranges from about 36.8'^<r in the wet season to 36.59cc

in the dry season (Gade^).

Methods

Monthly samples of yellowedge and yellowmouth

grouper were obtained from commercial fish landings
at a fish processing plant on the island of Tobago.
Fish were caught by Antillean fish traps (Munro et

al., 1971) on the continental shelf and slope to the

northeast of Trinidad and northwest of Tobago in

depths of 37-128 m (Fig. 1). A total of 729 yellowedge
and 116 yellowmouth groupers were obtained during
the study period.

Total length (mm) was recorded for the yellowedge

grouper, whereas fork length (FL) was recorded for

the yellowmouth grouper because, in most cases, the

filamentous rays of the caudal fin of this species

were damaged. Total body weight (g) was recorded

for both species. For most fish the left sagittal otolith

was removed unless broken or lost, in which case

the right was obtained. Otoliths were stored dry in

labelled envelopes.
For sectioning, otoliths were embedded in Spurr

resin (Spurr, 1969) and allowed to harden overnight.

One or two 0.5-mm transverse sections of each oto-

lith were taken through the focus along a dorsoven-

tral plane with a high-speed circular saw. Sections

were ground and polished with several grades of sili-

con carbide paper. They were placed in glycerol and

viewed against a black background with reflected

light under a dissecting microscope at a magnifica-
tion of 20x. Alternating opaque and translucent bands
were visible and the former were counted as annuli.

For each species, otolith radius (distance from the

core to the otolith edge) and the distance from the

core to the distal edge of each opaque ring were mea-
sured under a binocular microscope with an ocular

micrometer ( 1 micrometer unit=0.125 mm). All mea-
surements were taken along the ventral surface of

the sulcus acousticus. In order to validate that rings
were formed annually in the yellowedge grouper, the

monthly mean marginal increment ratio, that is, the

marginal increment (distance between the distal edge
of the outermost annulus and the otolith margin)
divided by the distance between the distal edge of the

penultimate annulus and proximal edge of the outer-

most annulus (Bullock ot al., 1992), was calculated.

Because of difficulty in measuring annulus radius

in the yellowmouth grouper, it was not possible to

carry out this analysis in sufficiently large monthly
samples. Instead, for this species the monthly fre-

quency of occurrence of otoliths with an opaque edge
was determined. Mean monthly marginal increment

ratios in the yellowedge gi'ouper and frequency of

occurrence of opaque edges in the yellowmouth grou-

per were compared by using the chi-square goodness-
of-fit test for circular data (Zar, 1974). Least squares
linear regression of otolith radius on fish length was
carried out and the relationship used to backcalcu-

late lengths offish at earlier ages.

The von Bertalanffy growth function was used to

describe growth (Ricker, 1975):

L,=L„(l-
-Kit-t,. I

where L^
= total or fork length (mm) at time t

(years);

L^ = the asymptotic length;

K = the growth coefficient; and

<ii
= theoretical age at zero length.

This function was fitted to observed lengths at age by

using the FISHPARM program (Prager et al., 1987).

The length-weight relationship was determined by
least squares linear regression with logarithmically
transformed data:

W = aL^

where W = body weight (g);

L = fish length (mm); and
a and b are constants.

Results

Validation

Satisfactory annuli counts were made on 326 of the

367 yellowedge grouper otoliths examined. A ran-

domly chosen subsample of 63 otoliths was read by
an independent reader and a 95'^ agreement was
found. This species showed a significant difference

among monthly mean marginal increment ratios

{P<0.001). with elevated values (greater than 50'^)

occurring from March to September (Fig. 2). This

finding suggests that there is one main period of

annulus formation during the year from October to

February, even though otoliths with opaque edges
were observed throughout the year.

Growth of the otolith was proportional to growth
in length of the fish and the relationship between

total length (TL) and otolith radius (OR) was
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TL = 111.40i? - 105.2

(«=:330, r-'=0.93).

Number of rings increased with

fish length; 3-35 rings were found

in yellowedge grouper between 282

and 985 mm TL.

Of the 90 otohths read for the

yellowmouth grouper, satisfactory

annuH counts were made on 80.

A random subsample of 33 oto-

hths was read by an independent
reader and a 98'7f agreement was
found. For this species frequency
of otohths with an opaque edge
showed significant monthly varia-

tion (P<0.001 ), with elevated values

occurring from September to Janu-

ary (Fig. 3). Growth of the otolith was proportional to

growth in length and the relationship between fork

length (FL) and otolith radius was

1,2
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lepis. Hood and Schlieder, 1992; E. guttatus, Sadovy
et al., 1992). In the southern United States, the yel-

lowedge grouper has a lower asymptotic length and

higher growth rate {L^=891mm TL, if=0.163, Keener,

1984; L„=831 mm TL, X=0.191, Bullock and God-

charles^) than those found in our study. Our maxi-

mum observed age (35 years) was greater than those

(15 and 27 years) reported by Keener ( 1984) and Bull-

ock and Godcharles,'^ respectively.

Comparison of gi'owth curves using <J>', where =

logiiL + 21ogL„ (Munro and Pauly, 1983; Pauly and

Munro, 1984) showed close agreement with those in

other areas ( 0=2.96, our study, 0=3. 11 and 3.12, south-

em United States with growth parameters of Keener,

1984, and Bullock and Godcharles'\ respectively). This

comparison suggests that the general growth pattern

of yellowedge grouper observed in our study is similar

to that for the southern United States and further vali-

dates the results obtained in our study.

The yellowmouth grouper also showed a higher

L^ (854 mm FL or 934 mm TL) and lower K than

reported for the eastern Gulf of Mexico where L,, was
828 mm TL and K was 0.076 (Bullock and Murphy,
1994). The maximum observed age (41 years) was

higher than that (28 years) reported by Bullock and

Murphy (1994). Comparison of growth curves using
'showed close agreement between the growth curve

obtained in our study (<f>'=2.70) and that obtained

by Bullock and Murphy ( 1994) whose gi-owth param-
eters resulted in <J>of 2.72.

Results suggest that the growth curve of each spe-

cies belongs to the same family of curves as their

counterparts in other geographical areas, i.e. the

relationship between L. and K is similar (Pauly,

1991). However, comparison of actual growth rates

and asymptotic lengths indicates that each species

grows slower and achieves a greater size and age
than those reported for populations in the southern

United States. This finding is in contrast to what is

expected in the growth patterns of tropical versus

subtropical and temperate populations. Tropical fish

generally grow faster and reach smaller sizes than

populations in higher latitudes, mainly because of dif-

ferences in environmental temperature (Longhurst
and Pauly, 1987). It appears that factors other than

those related to the environment may be responsible
for the differences observed, or may mask the real

growth pattern. Such factors may include intrinsic

differences between populations, or differences in

fishing patterns between the two areas. The latter

may contribute significantly to differences in growth
because grouper populations in the southern United
States have been fished since the late 1970s (Bullock

and Murphy, 1994; Bullock et al, 1996) for a longer

period oftime than the populations in our study. Pop-

ulations subjected to high exploitation rates for long
time periods generally exhibit changes in growth
and reproductive patterns, such as faster growth
and smaller sizes (Gulland, 1983), as well as smaller

size at maturity (McGovern et al., 1998) than popu-
lations that have not been as heavily fished.

The slow growth, long life spans, and presumed
low natural mortality rates of yellowedge and yellow-
mouth gi'ouper reported for our study, imply that they
are highly susceptible to overfishing (Bullock et al.,

1992). These characteristics suggest that maximum
yield would be obtained at either low exploitation

rates or with capture of only large individuals (Bull-

ock et al., 1992). In addition, the protogynous her-

maphroditic strategy of some groupers may also make
them more susceptible to overfishing than gonocho-
ristic species (Bannerot et al., 1987). Evidence of her-

maphroditism has been reported for the yellowedge

grouper (Keener, 1984; Bullock et al., 1996) and other

species of Mycteroperca (Matheson et al., 1986; Col-

lins et al., 1987; Hood and Schlieder, 1992; Crabtree

and Bullock, 1998). We did not consider differences

in growth patterns and population dynamics specific

to an alternative reproductive strategy in our study.

For protogynous hermaphrodites, the pooling of data

for combined sexes may mask certain growth pat-

terns such as enhanced growth rates following sexual

transition and could lead to errors in the predictions

obtained from standard yield models (Bannerot et al.,

1987). Thus, subsequent studies should consider the

effects of an alternative reproductive strategy on pop-

ulation parameters and the predictions for manage-
ment of these species in Trinidad and Tobago.
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Abstract.—Reproductive data fnim 95

mature female shortfin mako sharks,

Isurus oxyrinchiis Rafinesque. 1810.

including 35 pregnant females, together
with data on 450 postnatal fish were

collected from around the world. Size

at birth was approximately 70 cm total

length (TL) and litter size varied from

4 to 25. increasing with maternal size.

Embi-yo length-at-capture data predicted

a gestation period of 1.5-18 months and

late winter to midspring parturition in

both hemispheres. A temporal analysis

of uterus width index and gonadoso-
matic index ofpregnant and postpartum
females indicated that the reproductive

cycle is three years. The median TL-

at-maturity of females from the west-

ern North Atlantic ( 2.98 m ) was gi'eater

than that of females from the South-

ern Hemisphere (2.73 ml and they were

16-19% heavier in the TL range of 2.5-

3.5 m.

Recently ovulated females and a litter

with 2.6-3.3 cm TL embryos having
external gills, a large yolk sac, and still

inside their egg cases, are described.

We describe a litter of embryos (52.0 cm
TL) with huge yolk-filled stomachs. Lit-

ters of 59.9- and 68.8-cm-TL embryos
showed a decline in the mass of the

yolk-filled stomach from 29.1^i to 10.9'7(

of total mass and an increase in hepa-
tosomatic indices from 3.7% to 7.0% as

gestation advances. When the mass of

the yolk-filled stomach was excluded,

the mass-length relationship of short-

fin mako embryos could be fitted with

a power regi'ession similar to that for

postnatal fish. The condition factor of

lamnid embryos (including yolk-stom-
ach mass) reaches a maximum between

20 and 35 kg/m-' when the embryos
are midterm and have the largest yolk

stomachs. The condition factor of alo-

piid embryos remains constant, indi-

cating that no large yolk-filled stomach

develops.

Reproductive biology of the female
shortfin mako^ Isurus oxyn'nchus Rafinesque,
1810, with comments on the embryonic
development of lamnoids
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The shortfin mako, Isurus oxyrin-

chus Rafinesque, 1810, is a pelagic

species with a circumglobal dis-

tribution in tropical and temper-
ate seas (Garrick, 1967). It is fre-

quently taken by commercial fish-

eries, mainly as bycatch of tuna

and swordfish longlining, and is an

important recreational species (e.g.

Casey and Kohler, 1992; Pepperell,

1992), It is one of five species in the

family Lamnidae comprising the

genera Isurus, Carcharodon, and

Lamna (Compagno, 1984), All 1am-

nids are large, active pelagic sharks

that regulate their body tempera-
ture (Carey et al,, 1985; Goldman,
1997). Reproduction in lamnids is

oophagous (Swenander, 1907; Loh-

berger, 1910; Bass et al,, 1975; Gil-

more, 1993; Francis, 1996),

Our knowledge of shortfin mako

biology and reproductive parame-
ters has increased considerably in

the last 30 years, Garrick (1967)

showed that the 12 nominal species
of Isurus represent a single world-

wide species, /, oxyrinchus; these

findings were confirmed by Heist et

al, (1996). Both males and females

were thought to mature at around

1,8 m TL (Bigelow and Schroeder,

1948; Gubanov, 1978; Cailhet et al,,

1983). With the collection of more
extensive data it has become appar-
ent that females mature at a much

larger size than males (2,7-2,8 m;
Pratt and Casey, 1983; Stevens,

1983;Chffetal., 1990),

Our review of available reproduc-
tive data showed that female short-

fin makes have similar reproductive
characteristics in all regions. Based
on a small number of mostly near-

term litters, litter size is 4-16 in

Australia (Stevens. 1983) and 9-14

in South Africa (Cliff et al, 1990).

Litter sizes from other parts of the

world are reported to be between

6 and 18, with the exception of a
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litter of 25-30 from the Mediterranean Sea (Sanzo,

1912; Mollet et al.i). Pratt and Casey ( 1983 ) reported

April parturition at a size of 65-75 cm TL in the

western North Atlantic. Stevens (1983) and Cliff et

al. (1990) suggested November parturition at about

70 cm TL in New South Wales and KwaZulu-Natal,

respectively. The data presented by Gilmore (1993)

showed no clear time of parturition, but investiga-

tion during the course of our study revealed several

data errors (see Table 1). Cliff et al. ( 1990) proposed
a 6- or 18-month gestation but indicated that 18

months appeared more feasible, based on a gesta-

tion of a little over 1 year postulated by Pratt and

Casey (1983). Pratt and Casey (1983) reported first

year growth rates of about 50 cm per year in the

western North Atlantic, whereas Cailliet et al. ( 1983 )

suggested growth rates half as fast off California.

Recent tagging results from California- and New
Zealand (Saul and Holdsworth, 1992; Saul'^) have

shown that growth rates in the Pacific are similar to

those reported for the Atlantic.^ The size-frequency

modes reported by Hanan et al. (1993) and O'Brian

and Sunada (1994) confirmed high juvenile gi'owth

rates for California sharks.**

Currently there is growing concern over the extent

of pelagic shark catches worldwide, both as targeted

fishing and, particularly, as bycatch of high-seas

longlining. Further attempts to manage resources

of shortfin makos will require, among other demo-

graphic data,^ information on reproductive para-

meters. Although this species is commonly caught
in a variety of fisheries (Bonfil, 1994), few pregnant
females have been documented and extensive bio-

logical data from a single location do not exist. Given

all these factors and assuming reproductive synchro-
nism of mating and gestation, spring parturition,

and consistency in growth and size at birth of sharks

from several widely spaced regions, we decided to

combine all available information, adjusting for sea-

sonal shifts between hemispheres. Our study docu-

ments the reproductive biology of female shortfin

mako sharks from around the world.

' Mollet, H. F., A. D. Tcsti, L. J. V. Compagno, and M. P. P^rancis.

1999. Re-identification of a lamnid shark embryo. In review.

-
Laughlin, L. 1997. California Department of Fish and Game,
330 Golden Shore, Long Beach, CA 90802. Personal commun.

'
Saul, P. 1997. Blue Water Marine Research, RD :!, Whanga-
rei New Zealand. Personal commun.

>
Mollet, H. F, and G. M. Cailliet. 1997. Prehminary demo-

graphic analysis of the shortfin mako shark, Isuriis oxyrinchu^.

Program and Abstract of the American Society of Ichthyologists
and Herpelologists ( A.SIH i and American Elasmobranch Society
(AE.Si Annual Meetuig, University of Washington, Seattle WA,
.June26-July 1, 1997.:i:i6p.

Materials and methods

Materials examined

Reproductive and morphometric data from 95 mature

females, including 35 pi'egnant individuals (Table 1),

together with data on 450 postnatal fish, including
almost 200 age-O-i- fish, were collected from around

the world. Much of the data came from the western

North Atlantic (largely unpublished, with the excep-

tion of data on three pregnant females), from east-

ern Australia (all unpublished, except four pregnant
females reported by Stevens 1 1983]), and from Kwa-

Zulu-Natal, South Africa (either unpublished or pro-

viding substantially more detailed information than

that reported by Cliff et al. [1990J). For methods of

collection, measurement, and assessment of matu-

rity see Pratt and Ca.sey ( 1983 ); Stevens ( 1983 ); Cliff

et al. ( 1990); and Stevens and McLoughlin ( 1991).

Morphometries

We used total length (TL, expressed in meters or

cm) for our length measurement following Stevens

(1983) and calculated TL of western North Atlantic

and some South African sharks from the relation-

ship with fork length (FL) (Casey and Kohler, 1992)

or precaudal length (PCL) (Cliff et al., 1990), respec-

tively. Total length of embryos, if not measured, was
estimated from TL-FL ratios (1.156 at TL 60 cm;

1.203 at TL 35 cm) and the TL-PCL ratio (1.294 at

TL 60 cm) of similar-size specimens.
We defined power regression as a linear y-on-.v

regression of log-transformed data. We used Student

residuals and leverage, an index of the leverage of

each observation on the size of the mean square

error, to carry out linear regression residual analy-

ses (Wilkinson, 1986). We fitted power regi'essions

to our mass-length data of females weighing more

than 55 kg(TL=~2 m) from the western North Atlan-

tic and the Southern Hemisphere (no maternal data

were available from Brazilian litters) and reported

back-transformed equations in the form M (kg)=a

TL^ (m). The prepower coefficient "a" predicts the

mass of a 1-m-TL shortfin mako because we used

meters as the unit of length in all such calculations

(Mollet and Cailliet, 1996). We were interested only

in possible mass differences of adolescent and mature

females from different regions and chose 55 kg as the

suitable minimum. A geometrical mean (GM) regres-

sion gives the correct functional relationship (Mollet

and Cailliet, 1996), but we wanted to compare our

results with previously reported back-transformed

y-on-.v power regressions. An F-tesi and the linear

interaction model were used to check for statisti-
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cally significant differences between hemispheres
(Neter and Wassermann, 1974). The condition factor

(CF=total masslTL'^, in units of kg/ni'*) was used as

a quaHtative estimate of the size of the yolk-filled

stomach in lamnid and alopiid embryos.
The calculation of gonadosomatic index (GSI)

(ovary mass as percentage of total mass) and hema-
tosomatic index (HSI) (liver mass as percentage of

total mass) required a mass estimate if the shark

was not weighed. For a few sharks only the mass
was available and a TL estimate was required. We
estimated mass or TL (from FL) of western North
Atlantic and Southern Hemisphere sharks from the

equations of Casey and Kohler (1992) and Stevens

(1983), respectively. Only two dimensions (length
and width) were available for the ovaries of western

North Atlantic sharks and the mass had to be esti-

mated. The estimates were calibrated with an ovary of

dimensions 19.6x8.7cmandmassof0.630kg(Fig. 2C
in Stevens, 1983). The resulting GSI values proved
to be comparable with those obtained from weighed
ovaries of mature Southern Hemisphere sharks.

Size at maturity

In the absence of embryos or egg cases, the matu-

rity of nonpregnant females was determined from

GSI, maximum ova diameter (MOD), oviducal gland
diameter (measured in western North Atlantic spec-

imens only), uterus width, and absence of a hymen.
We fitted a logistical model y=[l+e-'°**'^'']-i to our

binomial maturity data (immature=0, mature=l) of

female specimens with TL > 2.0 m (Wilkinson, 1986;

Welch and Foucher, 1988). Two meaningful parame-
ters to characterize maturation, namely median TL-

at-maturity {MTL=-<i/b} and slope at MTL (S=b/4),

can be expressed in terms of a and b as given. An
i^-test was used to check for statistically significant

difTerences between hemispheres (Neter and Was-

sermann, 1974).

Litters, gestation, and parturition

Data collected on litters included number of embryos

, length and mass of embryos, maternal length and

mass, capture date and location, and sea surface

temperature (Table 1). Data for 21 litters, either not

previously published or published with errors, are

presented. We fitted a power regression to the litter

size and maternal length data. For two recently fer-

tilized South African fish, the number of uterine

egg cases containing a single blastodisc ovum was

assumed to be the litter size. The gestation period

was estimated from seven litters from the western

North Atlantic, one from the Gulf of Guinea, one

from the Mediterranean Sea, two from Japan, seven

from Australia, four from South Africa, and four

from Brazil (n=26). The litters from Hawaii (no. 10

in Table 1) and the Gulf of Mexico (no. 35) were
not included because of uncertain length data. We
defined early-, mid-, and near-term litters as having

embryo size between to 20, 20 to 45, and 45 to 70

cm TL, respectively. Embryos of a term litter had
TLs between 65-75 cm. Capture dates and TL esti-

mates of 188 age-O-i- fish from the western North
Atlantic (extrapolations based on Fig. 3 in Pratt and

Casey [1983] [n=45J), from California (Cailliet et al.,

1983; Cailliet^) (n=16), and from New South Wales,
Australia (Pepperell, 1992; Pepperell*') (/! = 119), and
South Africa (n=8), were also considered in the esti-

mation of size at birth and time of parturition.

Capture dates from Northern and Southern Hemi-

sphere fish were combined on a single time scale

based on seasons. For example, spring was defined

as 21 March to 21 June in the north and from 23 Sep-
tember to 23 December in the south. Seasons were

further divided into three periods of equal length
to define the terms early, mid, and late (e.g. early

spring in the north lasts from 21 March to 20 April ).

To support the combination ofNorthern and South-

ern Hemisphere data for the shortfin mako, we
examined sandtiger shark (Carcharias taurus) data

from South Africa (Bass et al., 1975) and the east-

ern United States (Gilmore et al., 1983). These data

were also used to support our use of a linear regres-

sion to estimate gestation and parturition from the

slope of the embryo TL versus seasonal time regres-

sion, as well as size at birth. Bass et al. (1975)

reported that 100-cm neonate sandtiger sharks were

born from June through August after a gestation

of 8-9 months. Gilmore et al. (1983) reported that

100-cm neonates were born from December through
March after 9-12 months of gestation. We analyzed

reported length-at-capture data by using a linear

regression which yielded similar estimates for time

of parturition and gestation period from intercept

and slope:

South Africa: Jul.-Aug. parturition, 10 months ges-

tation, n=27,r2=0.93;
Eastern United States: Jan.-Feb. parturition, 8

months gestation, n = 14, /•'-=0.83;

Combined data: midwinter parturition, 9 months

parturition, n=Al, r'-=0.93.

^
Cailliet, G. M. 1997. Moss Landing Marine Laboratory, PO
Box 530. Moss Landing, CA 95039. Personal commun.

''

Pepperell, J. G. 1997. Pepperell Research and Consulting

Pty, PO Box 818. Caringbah, NSW 2229, Australia. Personal

commun.
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These results justified combining shortfin mako data

from different regions and the use of a Hnear regres-

sion. Embryonic development may, however, deviate

from a straight line and be more S-shaped; therefore

a straight line may underestimate time of fertiliza-

tion and overestimate parturition. These deviations

cancel each other and a straight line still provides a

good estimate of gestation.

Reproductive cycle

We lacked sufficient numbers of females in all repro-

ductive stages to determine the reproductive cycle

from a stage-frequency distribution. For many litters,

little or no maternal data were available, which pre-

cluded the use of a more rigorous multivariate statis-

tical analysis in determining the reproductive cycle.

We used temporal uterus width index data (UWI,
uterus width as % ofTL) of pregnant and postpartum
females with a graphical comparison of 2- and 3-year

reproductive cycles. The utenas of postpartum short-

fin mako sharks shrinks after parturition. We chose

the reproductive cycle compatible with this, given that

our results suggested an extended gestation period of

15-18 months. For easier graphic interpretation, we

plotted the 19 March (1988) Southern Hemisphere
specimen a few days later. This procedure assured

that the specimen appeared at the beginning of the

gestation period (fall) on the far left-hand side of the

temporal graphs. The use of polar coordinates did not

provide a better presentation.

Results

Pregnant females and details of selected litters

There were 35 pregnant females on record (Table

1), with mean length of 3.1 m (range 2.63-3.85 m,
/!=24) and mass range of 153-547 kg. Capture dates

ranged from pre-1832 (Vaillant, 1889; no. 14, Table

1) to 27 August 1997 (no. 20, Table 1 ). Capture loca-

tions were distributed worldwide and corresponding
sea surface temperatures, where available, ranged
from 18" to 28.5 C. Detailed information was avail-

able for six females, three in very early pregnancy
and three with well-developed embryos (Table 2).

Two recently fertilized South African sharks of

2.92 and 2.88 m were caught in late summer and
late fall of 1987 and 1986 (nos. 1 and 2 in Tables

1 and 2, respectively). A 3.09-m female was caught
near Puerto Rico in January (early winter) with a

litter of nine early-term embryos (no. 3 in Tables 1

and 2). The 2.6-3.3 cm embryos, each still inside an

egg case, had external gills and a.large yolk sac (Fig.

lA). The size of the yolk sac was estimated from Fig.

lA to be 0.9 X 0.6 cm, assuming the embryo in the

center of the figure was 3.0 cm. There were over 40
nutritive egg cases in each uterus (Fig. IB).

A3.25-m female with a near-term litter was caught
in the same month and location (January and Puerto

Rico, respectively) by a commercial swordfish long-
liner (no. 16 in Table 1, no. 4 in Table 2). This

female carried 15 embryos of around 52 cm, each

with a similarly large yolk-filled stomach (Fig. IC).

No uterine compartments were observed and no egg
cases remained in the uterus. A3.34-m female shark

stranded on the beach at Umhlanga, South Africa,

in late winter (no. 20 in Table 1; no. 5 in Table 2).

This female carried a litter comprising nine embryos
of about 60 cm. Emerging adultlike teeth were pres-

ent in both jaws of the embryo examined. The stom-

achs of four embryos that were cut open had no

shed teeth but had large amounts of yolk (Fig. ID).

No uterine compartments were obsei"\'ed and no egg
cases remained in the uterus. About one liter of clear,

viscous fluid (not seawater) was found in each uterus

but was not analyzed. A Japanese longliner caught a

3.14-m female in the southern Pacific in midwinter

(no. 30 in Table 1, no. 6 in Table 2). The 13 full-term

embryos had a length of about 69 cm and a total mass
of 36.8 kg, 14% of the estimated matei'nal mass of 266

kg. The embryo stomachs were slightly distended and
contained small but variable amounts of yolk.

Litter size

The majority of the litters examined for this study
were near-term. The mean number of embryos per
litter (litter size) was 12.5 (range: 4 to 27.5, ;7=30).

The largest litter comprised 25-30 embryos (we

used 27.5 in our calculations) in a female caught
in the Mediterranean Sea in about August of 1903

(Sanzo. 1912). The capture date was inferred fi'om

the observation that it occurred during a long holi-

day period ( summer) at the University of Messina. ' A
summer date agrees with the dates of the traditional

swordfish fishery, in which this shark was probably

caught.'^ One of these embryos was described by
Sanzo (1912) as being a great white shark, Carcha-

rodon carcharias. but a recent re-examination has

shown it to be a shortfin mako shark.' The male to

female ratio of 10 litters was 57:68 and is not signifi-

cantly different from 1:1 (pooled ;^-=0.80, Yates cor-

rected, P=0.37).

' Notarbartolo di Sciara, G. 1997. Institute Centrale pi>r la

Riceica Applicata al Mare ( ICRAM I, via di Casalotti 300. 0()l(i6

Rome, Italy. Personal commun.
"
Fergu.'ison, I. 1998. The Shark Ti-u.st. 36 Kingfisher Court,

Hambridge Road, Newbury, UK RG14 5SJ. Personal commun.
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Table 2

Details for pregnant hunts oxyrinchus. i 1-3) Females in very early pregnancy with blastodisc and nutritive egg cases. Observa-
tions appear in proposed chronological order. (4-6) Females with well-developed embryos. (L=left; R=right.) GSI = gonadosomatic
index; HSI = hematosomatic index.

No. TL(m) Date Location Observations

1 2.92 19 Mar. 1987 KwaZulu-Natal

2 2.88 10 June 1986 KwaZulu-Natal

3 3.09 9 Jan. 1993 Puerto Rico

4 3.25 15 Jan. 1992 Puerto Rico

5 3.34 27 Aug. 1997 KwaZulu-Natal

6 3.14 15 Aug. 1997 South Pacific

6(L)-f5(R) egg cases with single egg; no blastodisc observed; 4(L)-i-8(R)

nutritive egg cases with numerous burst eggs; capsule being formed in left

oviducal gland; GSI = 1.13%, HSI = 10.6%; mating bites.

7{L)-f7(R) egg cases wdth single egg ( some blastodisc); 12( L+R) nutritive egg
cases with up to 14 eggs of 4 mm diameter; several ova being encapsulated
in right oviducal gland; GSI = 1.219?. HSI = 10.3'7f ; mating bites.

7(L) empty egg cases; 4(Li blastodisc egg cases at least, with one embryo
each (-3.0 cm TL, badly disintegrated when measured); 5(R) blastodisc egg
cases ( 3x 10 cm ) with one embryo each ( 2.6, 2.9, 3.0, 3.0, & 3.3 cm TL ); 43( L)

+ 42(R) nutritive egg cases (3x5 cm) with 16-20 eggs per capsule, 7-9 g
each capsule, 334 g total (R); 2(L) egg cases in lower oviduct; GSI -5'5

(estimate from ovary dimensions 44x27 cm).

7(L) embryos (1 female, 5 males, and 1 lost). 51.0-54.0 cm, 1.660-2.300

kg; 8(R) embryos (4 females), 50.5-53.8 cm, 1.435-2.370 kg; mean length
and mass of 14 embryos 52.0 cm (SE 0.4) and 2.000 kg (SE 0.071); uteri

dimensions 103x22 cm (L), 111x22 cm iR); GSI -0.3% (estimate from ovary
dimensions 27x9 cm), spent ovary.

9(L-i-R) embryos (5 females), 56.8-62.0 cm (mean 59.9 cm, SE 0.6),

2.100-2.800 kg (mean 2.416 kg, SE 0.094); embryo stomachs with 551-846

gyolk, 26.2-32.0% of total embryo mass (;!=4); embryo livers 75-110 g, HSI

range 3.4-4.1% {n=4); GSI = 0.185% (spent ovary), HSI = 2.465%.

13 (L+R) embr>'os (6 females), 64.6-70.7 cm (mean 68.8 cm, SE 0.5);

2.300-3.125 kg (mean 2.830 kg, SD 0.062); embryo stomachs with 73-478

g yolk, 2.6-15.3% of embryo mass; embryo spiral valve with 68-88 g .yolk,

2.4-3.37t of embryo mass (mean 2.9% ); embryo livers 146-234 g, HSI range
5.2-8.0% (mean 7.0%, SE 0.2); GSI and HSI of female not available.

Litter size ( LS) increased with maternal TL accord-

ing to

LS=0.810 rL2 3-16 (n=24,P=0.013, /2=0.25)

and fell within the band of a model calculation

(LS=(0.26 to 0.46) TL'^^"^). The model was derived

from the maternal mass-length relationship (M=
7.658 rL3 10; Stevens, 1983) by postulating that the

litter mass is a constant fraction of the pregnant
female mass (10-15%, based on available data) and

by using an estimate of the embryo mass at birth

(2.5-3.0 kg, based on available data). The power

regression was still significant (P=0.029) if the small-

est litter of four (an outlier) and the largest litter of

27.5 were excluded.

There were no significant differences between the

mean litter size of Northern ( 14.0, n = 13} and South-

ern Hemisphere females (11.1, n= 17, ANOVA,P=0.09)
or between western North Atlantic (12.8, n=8} and

Southern Hemisphere females (ANOVA, P=0.28).

Indicators of sexual maturity

The size of reproductive organs increased as the

shortfin mako approached maturity (Fig. 2). A loga-

arithmic scale was necessary to present the large

GSI range between 0.00044% and -5.0% (Fig. 2A),

reflecting ovaries weighing less than 10 g in imma-
ture sharks smaller than 2.4 m, up to an estimated

11.3-13.5 kg in a female in early pregnancy (no. 3 in

Table 2). There was considerable overlap in the GSI
of adolescent females (range: 0.005-0.28%, a; =28)

and that of mature, nonpregnant females with inac-

tive ovaries (range: 0.08-0.81%, n=38) or pregnant
females with near-term embryos and spent ovaries

(GSI=0.185% and -0.3%, n=2). The GSI (1.1%) of

recently fertilized females with egg cases and the

GSI ( -5% ) of the female with the 3-cm embryos were

the largest observed (Fig. 2A).

Oocytes of noticeable size (1 mm) appeared in

maturing females larger than 2.4 m (Fig. 2B). The
MOD of immature fish ranged from 1.0 to 4.0 mm
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Fiyure 1

Isurus oxyrinchus embryos and egg cases. (Al 3-cm-TL embryos with external gills, large yolk sac, and still within the egg cases

from right uterus of pregnant female (no. 3 in Tables 1 and 2). Embryo in the center was removed from egg case. (B) Right uterus

containing 42 nutritive egg cases from female with embryos shown in A. Scale bar, 10 cm (C) Embryo from a litter of 15 with

mean TL=52.0 cm and mean mass=2.000 kg with large yolk stomach of estimated dimensions 19 v 12 cm (no. 16 in Table 1(.

(Di Embryo from a litter of 9 (mean TL=59.9 cm, mean mass=2.426 kg, mean yolk mass=29.1%, mean HSI=3.7'7f ) dissected to show

yolk stomach, spiral valve, and right liver lobe. Upper jaw cartilage is visible and emerging adultlike teeth are present in both jaws
(no. 20 m Table 1). Scale bar, 30 cm.

in -17) and overlapped considerably with that in

mature sharks which had a range of 1-8 mm (n-26).

The blastodisc ova appeared to be 6-8 mm in dia-

meter, given the MOD of 8 mm and the estimated

spherical diameter of 7 mm of the yolk sac of a 3-cm

embryo (Fig. 2B). Nutritive eggs appeared to have

a slightly smaller diameter at 4—6 mm. This dia-

meter was based on a MOD of 6 mm for the female

in early pregnancy (Fig. 2B) and on the 4-mm ova

found in the uteri of two fertilized South African

females (Table 2). A spent ovary in a female with

large embryos also contained 6-mm ova (Fig. 2B).

The oviducal gland remained undeveloped until

the onset of maturity and then increased rapidly in

diameter in females of 2.7-3.0 m, as they matured

(Fig. 20, western North Atlantic specimens only).

The range in immature fish was from 0.1 to 1.1 cm
in -32). There was considerable overlap in the dia-

meter of the adolescent oviducal gland, ranging from

2.5 to 4.7 cm (n = ll) and in the diameter of mature

females, ranging from 2.3 to 5.1 cm (« = 19). The ovi-

ducal gland diameter of two pregnant females, one

with early-term, the other with near-term embryos,
were similar (4.9 and 4.2 mm, respectively) to that of

nonpregnant mature females.

Uterus width provided the best indication of matu-

rity. There was little overlap between immature fe-

males in the range of 0.3-6.5 cm (mean 1.6, SE=0.2,
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«=58) and mature females in the

range of 5.0-22.7 cm (mean 10.7,

SE 0.7, n=AA) (Fig. 2D). The uterus

widths ofpregnant ( with egg cases or

embryos) and nonpregnant females

overlapped.
The HSI of immature and mature

females in the TL range of 0.73-3.66

m varied from 1.2 to 17.9% and
the overall mean HSI of 6.7*7^

(SE=0.25%, « = 161 ) was a little lower

than the HSI of near-term embryos
(see below). The large HSI range
of immature females (1.2-17.67f,

n = V25) was almost the same as

that of mature females (2.5-17.9'^^ ,

«=36).

Gestation and parturition

The capture of two females with

litters containing 3.0- and 52-cm

embryos (Table 2, nos. 3 and 4) in

the same month (January ) and loca-

tion (Puerto Rico) suggested that

gestation is longer than one year.

Assuming a gestation in excess of

12 months, the mean embryo length
for 26 litters and the length for

188 age-0+ fish from both the North-

ern and Southern Hemisphere were

graphed against season of capture

(Fig. 3A). Based on the three

females caught in early pregnancy
(Table 2), ovulation takes place in

fall. Parturition occurs in late

winter to mid-spring at ca. 70 cm.

The length-at-capture data of the

age-0+ fish indicated a smooth con-

tinuation of the growth rate evident

in utero.

The relationship between embryo
length and time of capture of all

western North Atlantic litters (n-1 .

slope=3.7 cm/month, SE=0.6 cm/mo.,

P=0.002, r-=0.87) predicted a ges-

tation of 19 months. The combined
Northern Hemisphere data, which

include five mid-term litters, yielded
a gestation of 20 months (n = ll,

slope=3.4 cm/month, SE=0.05 cm/mo.,

P<0.001,r2=:0.84).

There were no mid-term litters

from the Southern Hemisphere. If

the two females with recently fer-
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Figure 2

The relationsliips between four reproductive parameters and lengtli of female

hurus o.xyrinchus. (A) Natural logarithm (Ln) of gonadosomatic index (GSI) was
used. iB) Maximum ova diameter. Lack of, or very small oocytes, are indicated

by diameter. A = female with active ovary and 3-cm-TL embryos; + = diam-

eter of yolk sac of 3-cm-TL embryo; S = female with spent ovary and 52-cm-TL

embryos. (C) Oviducal gland diameter of western North Atlantic specimens. iDi

Uterus width. ( = pregnant; 0=mature, not pregnant; X = immature and ado-

lescent; E=enibryos present; EC=egg cases with single ovum present, i
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Figure 3

Gestation, parturition, and reproductivt- cycle of Isurus o.xyrinchuK. (A) The

relationships between length of embryos and age-O-i- fish, and time of cap-

ture. Regression with 95'f confidence band for the line of combined embryo
data from Northern and Southern Hemispheres is shown. • = embryos;

O=age-0-^ fish. (B) Temporal uterus width index lUWI) of mature females

based on a 3-year reproductive cycle. The dotted line was fitted to the

data by eye. (C( Temporal L'WI of mature females based on a 2-year repro-

ductive cycle. (D) Temporal gonadosomatic index (GSIi based on a 3-year

reproductive cycle. The dotted line shows suggested decrease of GSI during

last third of gestation. i> = pregnant; n = mature, not pregnant; E=embryos

present; EC=egg cases with single ovum present i.

ova (Table 2, nos. 1 and 2) are more than

one year apart from the near-term litters

(on the basis ofthe Northern Hemisphere

data), the regression predicted a 19-mo.

gestation period (n = 15,slope=3.7 cm/mo.,

SE=0.3 cm/mo., P<0.001, ^2=0.92). It is

also possible to fit these data with a

regi-ession that predicts a 6.7-mo. ges-

tation period (7! = 15, slope=10.4 cm/mo.,

SE=1.8 cm/mo., P<0.001, /? = 15, r-=0.T3).

The intercept and slope of Northern

and Southern Hemisphere regressions,

assuming a gestation longer than 12

months, were not significantly different

(P=0.8 and 0.7, respectively) and the

combined regression was

Einbryo TL (cm)=3.71 (SE-0.27)T,

(P<0.001, r~0.89 7!=26)

where T = the number of months since

midfall.

It predicted a gestation period of 15-24

months ( 19 for the line) with 70 cm for

the size-at-birth (Fig. 3A). However, we

suggest the shorter estimate is more

realistic because parturition appears
to be a little earlier than what was

indicated by the regression. The GM
regression line (not shown) was slightly

steeper than the y-on-x regression and

predicted a gestation of 17.8 months.

The GM regression reflects the func-

tional relationship better because of the

uncertainties of several dates. There-

fore, we concluded that the best esti-

mate for the gestation is 15-18 months.

When the three early-term litters with

fairly high leverage (L=0.2-0.35) were

excluded, the gestation was still around

18 months based on a significant regres-

sion (P=0.001) with a slope of 3.8

cnVmonth (SE= 0.6, n=23}.

Reproductive cycle

A three-year reproductive cycle provided

the best fit to the temporal UWI data.

UWI increased in early-term females

and reached a maximum of 7-8*^^^ at par-

turition (Fig. 3B). The pregnant female

with the 52-cm embryos and UWI of

6.8'r would be expected to give birth
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about 3-4 months later and have

a UWI around Tv^ at that time.

The UWI decreased in postpartum
females over a 6 month period to

values around 2—^'7( (Fig. 3B, cui"ve

fitted by eye). With a 2-year cycle,

UWI showed no decreasing pat-

tern for postpartum females and

low UWI values between 2^c and
A'Jc extended over almost the entire

second year of the reproductive

cycle (Fig. 3C). This result would

suggest aseasonal parturition; how-

ever, this conclusion is in conflict

with the observed seasonal partu-
rition indicated by Figure 3A.

The GSI was not as useful in de-

termining the length of the repro-

ductive cycle because it decreased

during pregnancy. Recently ovu-

lated females had a GSI of \.1'7(

and an early-term female had an

estimated GSI of about 5% (Fig.

3D). We suggest that the GSI
remains high until the embryos are about 40-50 cm

long, and then decreases (Fig. 3D, cui-ve fitted by

eye). Two females with large embryos (mean: 52.0

and 59.9 cm) had low GSIs of -O.m and 0.185%,

respectively, indicating that ovulation had ceased

(spent ovary). The GSI during at least the last quar-
ter of gestation (i.e. >4 months) was similar to that of

postpartum females (mean: 0.26% , SE=0.03%, ?2=38).

When we tried to fit the GSI data with a 2-year

cycle, we found that data for six postpartum females

caught in winter (five from South Africa) overlapped
with those for the two pregnant females with large

embryos. This would extend parturition into fall and

would conflict with convincing seasonal parturition

data (Fig. 3A).

The remaining reproductive parameters were not

helpful in determining the reproductive cycle. No

temporal pattern was evident for MOD. Oviducal

gland diameters were available mostly for summer

captures only and possible temporal changes could

not be investigated. There was no clear temporal

pattern in the HSI because we had few data for pre-

ovulating and early-term pregnant females.

Regional differences

The scarcity of data precluded a meaningful statis-

tical comparison of many reproductive parameters
for female shortfin makos from different regions.

However, we were able to substantiate differences

for mass and length-at-maturity for females from

30

Total length (m)

Figure 4

The relationships between maturity and length of female Isurus oxyrinchus from

the western North Atlantic and the Southern Hemisphere. A logistical model was
fitted to the binomial maturity data (0=immature, l=mature). Mean TL and mean
fraction mature of 10-cm-TL ranges (instead of individual data points) were plot-

ted for clarity. Estimated TLs when 50*7^ are mature iMTLlare included. • = west-

ern North Atlantic (n=61);0=Southern Hemisphere (;i=82l.

the western North Atlantic and the Southern Hemi-

sphere (South Africa and Australia; no data were

available from Brazil).

Western North Atlantic females were significantly

heavier by 19-66 kg or 16-19% than Southern Hemi-

sphere females (P<0.001 in TL range 2.5-3.5 m). The
latter data were combined because the power regres-

sions for South African (n =47 ) and Australian females

(?!=22) were not statistically different (P=0.164,F*<F
(0.95,2,65)). The back-transformed M-TL relation-

ships were

M=7.299 rL3 224

M=6.824 rL3 137

(n=63, 7-2=0.94, western North

Atlantic females 2.0-3.7 m TL);

(n=69, r2=0.90, Southern Hemi-

sphere females 2.0-3.4 m TL).

The median TL-at-maturity (MTL) of 61 western

North Atlantic females ( 2.98 m, SE=0.045 ) was signif-

icantly larger by 25 cm (P<0.001,F*»F( 0.95,2, 147),

than that of 82 Southern Hemisphere females (2.73

m, SE=0.02 m) (Fig. 4). The data from South Africa

and Australia were combined because MTL in South

Africa was only 11 cm smaller than MTL in Aus-

tralia and the length of these fish was not mea-

sured consistently. The maturation size of western

North Atlantic sharks extended from 2.76 m, when
IC/f were mature, to 3.20 m when 90% were mature

and was 16-35 cm larger than that in the Southern

Hemisphere, where the range was 2.60-2.85 m.

The largest immature female from the western
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North Atlantic (3.15 m) was a

virgin. The smallest mature fe-

male from the Southern Hemi-

sphere of 2.63 m was pregnant
(no. 23 in Table 1).

Liver-, yolk-, and total mass of

embryos

There was a significant posi-

tive relation between the HSI
and the length of near-term

embryos, rising from 3.8% in

a litter with a mean length
size of 59.9 cm to 7.0% in a

litter with a mean length size

of 68.8 cm. The slope was
0.34%/cm (SE=0.04%/cm, P<

0.001, /•2=o.83, n=17). The TL
range of the embryos in these

two litters was small (12.5 cm)

but they covered almost 50% of

the HSI range. The increasing
HSI was accompanied by a cor-

responding decrease in the amount of yolk in the

stomach from 29.1% to 10.9%- of total mass. The

yolk percentage versus TL regression was signifi-

cant with slope -1.64%/cm (SE= 0.33%/cm, P<0.001,

r2=0.62, /z=17).

The mass-length relationship of embryos is com-

plicated owing to the highly variable mass of the

yolk-filled stomach. The scarce data indicated that

the yolk mass amounts to 60-70% of total mass for

mid-term litters and then decreases to around 10%
in a full-term litter (Fig. 5, y-axis on left). When the

mass of the yolk-filled stomach was subtracted from

the total mass, a power regression could be fitted to

net embryo mass
(M,,^,,) (Fig. 5, y-axis on right). The

back-transformed equation was

M„,„=8.198TL3"'

(«=21, r2=0.98, TL ranges 0.36-0.71 m).

The mass of the smallest free-swimming fish agreed
with the predicted mass based on the extrapolated
curve beyond the upper limit of the embryo data

(Fig. 5). The corresponding condition factors of short-

fin mako embryos (CF„,,,=M,„,/rL^) were between 7.3

and 7.9 kg/m'^ and were similar to postnatal values.

If the mass of the yolk-filled stomach was included,

the condition factor (CF=M/TL-^) reached values as

large as 26 kg/m-^ when the embryos were mid-term
and had the largest yolk stomachs (Fig. 6, /. oxyrin-

chus data).

0.4 0.6

Total length (m)

0.8 1.0

Figure 5

The relationships between 1) yolk '/i (left ,v-axis), 2) embryo mass with and without

yolk (right _v-axisl, and length of Isurus oxynnchus embryos. A power regression was
fitted to embryo mass without yolk data. n=yolk '^i; • = embryo mass without yolk; +

= embryo mass with yolk; X = mass of free swimmers; S = Sanzo (1912); U = Uchida

et al. (1987); remaining data from this study including P = upper and lower limit of

mass range of litter with punctured yolk-stomachs.

Discussion

Embryonic development

Our data documented early and late embryonic devel-

opment of the shortfin mako. As expected, it was simi-

ilar to that reported for other lamnids (Swenander,

1907; Lohberger, 1910; Otake, 1990; Gilmore, 1993;

Francis and Stevens, 2000) in which the embryos
hatch at about 6 cm TL and then feed on nutritive

eggs (oophagy) until the beginning of the last third

of the gestation period. Embryonic nutrition may
also include egg jelly absorbed through the external

gill filaments in the prehatching phase and uterine

milk in the posthatching phase ( Hamlett, et al. 1985;

Gilmore, 1993; Koob and Straus, 1998).

After mating, the largest of the relatively small

ova are ovulated, fertilized, and packaged into egg
cases (one blastodisc ovum per egg case) as evident

in three cases in our study (Table 2). The diameter

of these blastodisc ova appears to be slightly larger

(~7 mm) than the nutritive ova (4-6 mm) and the

ova remaining in the ovary (4-6 mm); this larger

diameter may also apply to other lamnids and

lamnoids. Mating may stimulate the enlargement
of the largest ova in the ovary and trigger subse-

quent ovulation. The capsules with nutritive ova are

formed after the blastodisc ova have been encapsu-
lated. Blastodisc egg cases with only one fairly large
ovum were observed in the bigeye thresher shark,

Alopias superciliosus (Moreno and Moron, 1992). In
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the sandtiger shark, the blastodisc

capsules contain up to 14 blasto-

disc ova, but only one egg develops
and absorbed material and other

encapsulated ova contribute more
to initial development than does

the yolk sac (Gilmore et al., 1983).

A possible early-term great white

shark had a total of 192 egg cases

of three types of different size and
mass in the left uterus, but the

size and number of the ova were

not reported (Uchida et al., 1987).

We obsei-ved 3-cm-TL shortfin

mako embryos still attached to

a relatively large yolk sac and
inside egg cases (Fig. lA). It is

not clear at what size the embryos
hatch from the egg cases, possibly
5-6 cm, the size at which porbea-

gle (Lamna nasus) and sandtiger
sharks hatch (Swenander, 1907;

Gilmore et al., 1983). This esti-

mate agrees with an estimate of

the embryo TL calculated from the

diameter of the blastodisc ovum
(Mollet, unpubl. data). Bigeye thresher embryos
hatch at a slightly larger size (7-8 cm FL) because

their yolk sac diameter (11 mm) is greater than

that of porbeage and sandtiger sharks (Chen et al.,

1997).

During the oophagous embryonic phase, lamnids

develop huge yolk-filled stomachs, sandtiger sharks

develop large yolk-filled stomachs, and alopiids

develop only slightly extended yolk-filled stomachs

according to photographs and our calculated condi-

tion factors (Nakamura, 1935; Gilmore et al., 1983;

Moreno and Moron, 1992; our Fig. 6 for lamnids and

alopiids). The condition factors of the shortfin mako
(our data and references in Table 1), the porbeagle

(Templeman, 1963; Francis^), the salmon shark,

Lamna ditropis (Lohberger, 1910; Otake, 1990), and

the great white shark (Norman and Fraser, 1938)

reach a maximum between 20 and 35 kg/m'^ when the

embryos are midterm. The condition factor decreases

in the last third of gestation and approaches values

similar to those of postnatal lamnids (our data for

the shortfin mako; Francis and Stevens (2000) for

the porbeagle; Uchida et al., 1996; Francis, 1996

for the great white shark). The yolk-stomach in the

sandtiger shark reaches its largest size between 33.4

50
-
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estimate agrees with the observation that a sandtiger

pup born in captivity at Sea World of Orlando did

not eat until 25 d after birth (Gilmore et al., 1983).

By comparison, HSI values of 13-19% were recorded

in three great white shark full-term embryos with

stomach yolk mass between 0% and 4% (Francis,

1996; Uchida et al., 1996). A near-term 97-cm-TL

longfin mako, Isurus paucus, embryo had a large

liver but surprisingly small amounts of yolk in the

cardiac stomach (0.549^) (Gilmore, 1983).

There is no convincing evidence^^ to confirm that

older shortfin mako embryos eat smaller ones while

in the uterus, as claimed by Tricas et al. ( 1997). They

possibly inferred this conclusion from a misleading
statement in Compagno ( 1988, p. 83 ).>- Costa et al.i'^

suggested that uterine cannibalism occurs on the

basis of a piece of lower jaw found in the stomach of

a term embryo. This behavior is difficult to explain,

and Francis (1996) observed only shed teeth in the

stomach of a great white shark full-term embryo.

We expected to but did not find any shed teeth in

the stomach of near-term embryos. Embryonic can-

nibalism has only been documented in the sandtiger

shark (Gilmore et al., 1983) and seems unlikely in

the shortfin mako with a litter size as high as 25-

30.

Litter size

Data on litter size of shortfin makos were scarce

and possibly biased by low values due to abortion

during capture and the reported large value of 25-30

in Sanzo (1912). The lowest values of 4-6 were for

near-term litters (TL~60 cm ) reported anecdotally by

game fishermen. Although we are sure they are reli-

able, they should be taken as minimum estimates

because such low values suggest abortion during

capture, especially for near-term litters. Abortion is

unlikely for mid-term embryos with their huge yolk

stomachs." A means model test was not conclusive

because litter size also depends on maternal size,

which was not available for five near-term litters.

The number of embryos in the Sanzo (1912) litter

was also based on information from a fisherman;

howevei", a study of the original Italian text has sug-

" Gilmore, R. G. 1999. Dynamic Corp., Kennedy Space Center,

FL 32899. Pensonal commun.
'^ Compagno. L. V. C. 1998 and 1999. Shark Research Centre,

P.O. Box 61. 8000 Cape Town, South Africa. Personal commun.
" Costa, F. E. S.. F M. S. Braga, A. F Amorim. and C. A. Arfelli.

199.5. Reproductive biology of shortfin mako, Isiinis oxyrin-

chus, Rafinesque 1809. Resumos VII Reuniao do Grupo de Ti'a-

balho sobre Pesca e Pesquisa de Tubaroes e Raias do Brasi' Rio

Grande, November 20-24, 199.5. Fundacao Universidade do

Rio Grancc, FURG Rio Grande, RS Brasil.

gested that the value of 25-30 is reliable.^ Although
western North Atlantic females are slightly heavier

than females of similar size from South Africa and

Australia, there were no regional differences in litter

size between the two regions.

The mean litter size of 12.5 is larger than that for

other lamnids, although data for some species are

scarce. The longfin mako has a mean litter size of

four (range 2-8, /?=3, Compagno, 1984; Killam and

Parsons, 1986; Casey^^). The mean litter size of the

gi-eat white shark is 8.9 (range: 4-14, 11 = 11; Fran-

cis, 1996; Uchida et al., 1996). A single litter of four

was reported for the salmon shark (Otake, 1990).

The litter size of the porbeagle is 2-5, mostly 4 (e.g.

Swenander, 1907; Templeman, 1963; Francis and

Stevens. 2000). A weak relationship between litter

size and maternal length in the shortfin mako also

exists for the great white shark (based on data in

Francis, 1996). A positive relation between litter size

and maternal size has been observed for many car-

charhinids (Compagno, 1988).

Indicators of sexual maturity

The GSI was not conclusive in determining sexual

maturity in lamnids because near-term and post-

partum females both have low values. In oophagous
sharks the ovary continues production to nourish

the embryos well into gestation, thus producing high
GSIs. The large variations in ovary size in mature

shortfin makos (0.2-12 kg; GSI ~0.1-5.07( ) were as

expected. Data from other lamnids are scarce. A
longfin mako with near-term embryos had a spent

ovary with 081=0.469^ (Gilmore, 1983). Active ova-

ries in mid-term porbeagles weighed 2.75 kg (GSI

2.35%) and 6.3 kg (GSI 3.6Vr ) (Francis and Stevens,

2000; Swenander, 1907). Arfelli and de Amorim''^

observed a 12-kg ovary (GSI 0.489^ ) in a nonpreg-
nant 5.3-m-TL great white shark.

We found that MOD was not useful for determin-

ing maturity in shortfin makos, whereas it is in

sharks without oophagy (e.g. Pratt, 1979; Peres and

Vooren, 1991; Parsons, 1993). The values near the

upper limit of the observed range (1-8 mm. Fig. 2B)

were similar to values (5-11 mm) reported for other

lamnids (Swenander, 1907; Gilmore, 1983; Bruce,

"
Casey, J. 19(S(i. Disti'lbution of the longfin mako tlminiy

paucux\ in the northwest Atlantic. Program and Abstracts

ASIH and AES Annual Meeting, Victoria BC, Canada, 15-21

June 1986, no page numbers.
1^

Arfelli, C. A., and A. F. de Aniorini, 199.3. Notes on the

white shark ( Carcharndon carc/iancis ) caught offCananeia. Sao

Paulo-Brazil. Program and Abstracts ASIH and AES Annual

Meeting. The flniversitv of Texas at .Austin, 27 May-2 .lune

199.3, 348 p.
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1992; Francis and Stevens, 2000) and lamnoids (Mat-

thews, 1950; Gilmore et al., 1983; Chen et al, 1997;

Yano et al., 1999). The report of a 50-mm diameter

egg in the ovary of a 3.37-m-TL shortfin mako with

an empty uterus (Applegate, 1966) is inexplicable.

Uterus width was the most suitable reproductive

parameter for distinguishing between immature and
mature female shortfin makos and also between dif-

ferent reproductive stages of mature females. Our
data indicated that immature shortfin mako have

UWIs between 0.11% and 2.19^, whereas mature
shortfin makos have UWIs between 1.7% and 7.5%,
with the largest values occurring at parturition and
in early postpartum females (Fig. 3B). Little com-

parative data for other lamnids were available. Two
immature great white sharks of 4.8 m and 4.9 m
had a UWI of 2.1% and 1.6%, respectively.

12. le A
5.2-m-TL gi-eat white shark had a UWI of 7.7%; this

fish may have recently given birth (Stevens, unpubl.
data). However, a 5.2-m, 1520 kg female reported

by Bruce (1992) to be mature, and bearing possible

mating scars had UWIs of only 0.88-1.0% (left) and
0.44-0.56% (right); these values appear to be far too

small for a mature shark of this size.

Our study failed to confirm the potential of HSI as

a good indicator of reproductive status. Our sample
size was large (immature, 7i = 125; mature, n=35);

however, we had few data for pregnant fish. Cliff et

al. (1990) observed the highest HSIs in two recently
fertilized females, which also had high GSIs. Their

observations suggested that HSI might be useful as

an indicator of reproductive status: however, their

sample size was small (n = 12). They also noted that

the HSIs of males were just as variable and covered

about the same range (2.9-13.7%). For sharks with

long gestation period, the HSI may not be tied closely

to the reproductive cycle. Because the shortfin mako
has a high metabolic rate (Graham et al., 1990),

reserves in the liver cannot be expected to last longer
than a few weeks.

Gestation period

A small number of early and mid-term litters from

the western North Atlantic and the Northern Hemi-

sphere supported a gestation period in excess of 12

months. By contrast, the absence of measured mid-

term litters from the Southern Hemisphere made it

possible also to fit the data with a 6-7 month ges-

tation period. It is highly unlikely that a regional

difference of this magnitude could exist in a widely
distributed species such as the shortfin mako. It is

therefore most probable that the duration of gesta-
tion is 15-18 months in both hemispheres.

Is a 6-7 month gestation possible for the North-

ern Hemisphere? Reproductive asynchrony (where

individuals in an accessory population are out of

phase with the principal population) is a possibility

for wide-ranging oceanic sharks, and was suggested
for the great white shark (Lineaweaver and Backus,
1970). For our shortfin mako data, we would have
to propose that the early-term (no. 3 in Table 1)

and all five mid-term litters (nos. 4-8) belong to

the accessory population(s). However, the gestation

period becomes indeterminate when these litters are

excluded from the calculations. It is far more prob-
able that these pregnant females belong to the prin-

cipal populations, should this theory apply to the

shortfin mako, and that the gestation period is 15-18

months. Additional data would be needed to test the

hypothesis of reproductive asynchrony for elasmo-

branchs.

No embryo length data were available for an early
fall litter from the Southern Hemisphere (no. 9 in

Table 1). If the gestation period were 6-7 months,
this litter would have been at the blastodisc stage
(as were litters no. 1 and no. 2 in Table 2) and might
have been overlooked without detailed examination

of the uterus. If the gestation period was 18 months,
the embryos of this litter would have been 35-45 cm

long and would have been observed (as they were)

during gutting of the pregnant fish on the boat.

Body temperature may account for some ofthe dif-

ference in the gestation between the shortfin mako
(15-18 months) and the porbeagle (9 months in

both hemispheres; Francis and Stevens, 2000). The

porbeagle and the salmon shark possess a sizable

kidney rete, which is not found in the shortfin mako,
and body temperatures are in general higher in

Lamna than in Isurus.^'' Cloacal temperature mea-
surements from 21 salmon sharks had a mean of

23.3^0 (SD=1.1°) which is probably most represen-
tative of the uterus area.''^ This temperature could

be 5"C higher than the temperature of the uterus

in the shortfin mako, which prefers water tempera-
tures around 18°C and is known for vertical move-

ments into colder water (Casey and Kohler, 1992;

Carey and Scharold 1990; Holts and Bedford, 1993).

Our litter of 3.0-cm-TL embi-yos confiiTned slow

shortfin mako embryonic development, at least during
the early stage. These very early-term embryos were

found next to more than 40 nutritive egg cases in each

uterus ( Fig. IB, Table 2 ). Gilmore ( 1993 ) reported that

I'' Bruce, B. 1998. CSIRO Manne Re.search, P.O. Box 1.538,

Hobart, Tasmania 7001. Personal commun.

'" Goldman, K. 1998. Virginia Institute of Marine Science

(VIMSl, RO. Box 1346, Gloucester Pt.. VA 23062. Personal

commun.
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production ofempty and blastodisc egg cases preceded
that of nutritive egg cases in the sandtiger shark and

that each oviducal gland produced one egg case per

day. We observed that blastodisc egg cases preceded
the nutritive egg cases in the shortfin mako (no. 2 in

Table 2). Therefore, the 2.7-3.3 cm TL embryos would

be about 40-50 days old. They were at a very early

stage of development because the yolk sac was almost

intact, and oophagy may not begin until the embryos
are about 3^ months old and 5-6 cm long.

The gestation period of the shortfin mako is about

twice as long as that of the sandtiger shark (9

months; Cliff, unpubl. data), which has a term litter

mass (13 kg), about half that of the shortfin mako
(25-40 kg). Scant ovary data for the shortfin mako
and extensive ovary data for the sandtiger shark

(Gilmore et al., 1983; Cliff, unpubl. data) suggested
that the masses of ovulating ovaries are similar in

the two species. The shortfin mako would therefore

require about twice as long to nourish a litter double

the weight of that of the sandtiger shark.

Our interpretation of reported great white shark

data suggested that the gestation is longer than one

year and probably similar to that of the shortfin

mako. Parturition is in late spring (Klimley, 1985;

Francis, 1996; Uchida et al., 1996). Uchida et al.

(1987; 1996) suggested that a 5.55-m-TL, 1970-kg
female captured in mid-February had aborted an

entire litter of near-term embryos. However, the

presence of almost 200 egg cases in the left uterus

(weighing 9 kg) and the robust appearance of the

specimen, probably due to a large liver, suggest that

this great white shark was at an early stage of ges-

tation. Further support for our gestation estimate of

about 18 months was the capture of a great white

shark with a midterm litter of nine embryos in the

summer of 1934 (Norman and Fraser, 1938). Length
and mass of these embryos (61 cm TL, 5.4 kg as

suggested by Ellis and McCosker, 1991) were as

expected for midterm embryos with a large yolk-
filled stomach (M/TL3=23.8 kg/m^, Fig. 6) and birth

was expected 9 months later in spring.
Gestation periods longer than 12 months were

reported for the whitetip reef shark, Triaenodon

obesus (13.5 mo.), the tiger shark, Galeocerdo cuvier

(13-16 and 15-16 mo.), the dusky shark, Carcha-

rhinus obscurus (22 mo.), and the spiny dogfish,

Squalus acanthias (18-24 mo.) (Compagno, 1984;
Uchida et al., 1990; Randall, 1992; Musick et al.,

1993; Crow'^). The basking shark, Cetorhinus maxi-

inus, probably has a gestation period longer than 12

months, but we agree with Pauly'^ that the reported

gestation period of 3.5 years by Parker and Stott

( 1965) was based on fallacious reasoning.

Parturition in Northern and Southern Hemispheres

Based on a few full-term litters and a large number of

neonates, parturition occurred mainly in late winter

to midspring in both hemispheres (Fig. 3A). Pratt

and Casey (1983) reported "late spring parturition"
in the western North Atlantic, but April should be

called early spring; and the data in their Figure 3

suggest that parturition begins as early as late Feb-

ruary (late winter). Other large pelagic and near-

shore sharks have seasonal parturition in late spring
to early summer in both hemispheres (e.g. Bass

et al., 1973; Pratt, 1979; Klimley, 1985; Randall,

1992; Musick et al., 1993; Francis, 1996; Crow^^).

Parturition of the porbeagle peaks in June—July in

both hemispheres which Francis and Stevens (2000)

found puzzling.

Reproductive cycle and resting period

Given a gestation period of about 18 months and a

distinct seasonal spring parturition, the reproduc-
tive cycle for shortfin makos is either 2 or 3 years.

There were insufficient data to determine its dura-

tion conclusively, but a 2-year cycle would only allow

a recovery period of some 6 months, which would

appear to be insufficient. Our temporal UWI data

(Fig. 3B) support a 3-year reproductive cycle, which

would mean an 18-month resting period.

There is conflicting evidence about the need for

a resting period after parturition in elasmobranchs.

For many medium to large sharks a resting period
has been documented. Peres and Vooren (1991)

reported a 3-year reproductive cycle for the soupfin

shark, Galeorhinus galeus, off southern Brazil with

a gestation of 12 months. The gestation for the

whitetip reef shark is 13.5 months and the reproduc-
tive cycle is 2 or 3 years (Uchida et al., 1990). Musick

et al. ( 1993) suggested that the sandbar shark, Car-

charhinus plumbeus (with one-year gestation), must
have a resting period of at least one year, requiring
a 2-year reproductive cycle. The 2-year reproduc-
tive cycle for the sandtiger shark with 8—9 mo. ges-

tation period is well documented (Branstetter and

Musick, 1994; Cliff, unpubl. data). Tagging and cap-

i*Crow, G. L. 1995. The reproductive biology ofthe tiger shark.
Galeocerdo cuvier, in Hawaii: a compilation of historical and

contemporary data. Program and Abstract ASIH and AES
Annual Meeting, University of Alberta, Edmonton, Alberta,

Canada, June 15-19 1995, 229 p.

'^
Pauly, D. 1978. A critique of some literature data on the

growth, reproduction and mortalities of the lamnid shark Ceto-

rhinus maximus (Gunnerusl. Report to the Pelagic Fisheries

Commission, International Council for the E.xploration of the

Seas, CM 1978/H17, Copenhagen.
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tive gi-ow-out studies indicated that the nurse shark

Ginglymostoma cirratinn has a 2-year reproductive

cycle with a 3.5-4.5 months gestation and a -20

months resting period.-'^ A 3-yr reproductive cycle

was proposed for the dusky shark and the tiger

shark with 22-mo. and 15-16 mo. gestation periods,

respectively (Musicke et al., 1993; Crow*^). Francis

and Stevens (2000) reported that gestation in the

porbeagle lasts 9 months, which would allow for only
a very short resting period if they have pups every

year. Francis (1996) suggested that the great white

shark might have little or no resting period because

mating was observed immediately after parturition.

In the 3-year cycle of the shortfin mako, mating
could occur either after parturition, which would

require sperm storage, or after the resting period
and before ovulation. Two recently fertilized shortfin

makes from South Africa caught in March and June
had fresh mating scars, suggesting mating takes

place in late summer-fall before ovulation. It may be

selectively advantageous for mating to occur in sum-

mer-fall prior to ovulation when the females appear
to be in a different geographical area, rather than

after parturition in spring of the previous year near

the pupping grounds, because both sexes may be

feeding actively at that time.

There was an uneven distribution of reproductive

stages in our shortfin mako data. Pre-ovulating and

early to mid-term pregnant females were poorly rep-

resented. Casey and Kohler (1992) suggested that

adult females remain far offshore in more tropical

waters. We propose that this suggestion applies par-

ticularly to pre-ovulating females ready to be mated

and early to midterm females. Because the shortfin

mako prefers 18°C water (Casey and Kohler, 1992),

these females are likely to be found in deeper water

and are less likely to be caught.

Regional differences

The studies of Garrick (1967) and Heist et al. (1996)

have suggested that there is only one circumglobal

species of shortfin mako, Isurus oxyrinchus. Despite
this conclusion, we found that there were significant

differences in the median TL-at-maturity of females

and in their mass-length relationship between the

Northern and Southern Hemispheres. Small regional

differences in size at maturity have been reported

for a number of other elasmobranch species, includ-

ing widely distributed species such as the sandbar

shark (Last and Stevens. 1994), scalloped hammer-

2"
Carrier, J. C, and H. L. Pratt. 1998. Albion College, 470.5 Kel-

logg Ctr., Albion, MI 49224. Unpubl. data.

head shark, Sphyrna lewini (Branstetter, 1987; Chen

etal., 1990), soupfin shark (Peres and Vooren, 1991),

and dusky shark, Carcharhinus obscurus (Natanson

and Kohler, 1996). Our estimates of the duration of

gestation and reproductive cycle are unlikely to be

greatly affected by these differences.

Determining reproductive parameters for the large,

wide-ranging and oceanic shortfin mako proved dif-

ficult. A dedicated sampling program conducted

throughout the year within a particular region may
still not provide the necessary data. We believe

our approach of combining scarce data from widely

spaced localities was justified.
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Abstract.—Juvenile pink salmon, Onco-

rhynchuti gorbuscha, from four consecu-

tive brood years were tagged as they emi-

grated to the estuarine waters of Auke

Bay, and information was obtained on

the relationships between early marine

growth, environmental conditions, and

survival to adulthood. Juveniles that

emigrated from Auke Creek later in the

spring spent significantly less time in

the estuary. Individual growth rates of

tagged fish recovered inAuke Bay ranged
from 3. 1'* to l.\'7c per day. In all study

years, juvenile pink salmon grew more

slowly in early April than in late April

and early May. Water temperature and

growth were significantly correlated in

all years, but growth did not consis-

tently correlate with the biomass of epi-

benthic prey or zooplankton available to

the fish. Comparisons of expected and

observed growth rates suggested that

low prey availability, as well as low tem-

peratures, may have limited growth for

early spring emigrants. Although early

emigrants encountered poorer growth
conditions, survivors were larger at a

given date than later emigrants, their

larger size possibly protecting them
from size-selective predation. Early
marine growth was significantly related

to intra-annual cohort survival to adults

(r-'=0.65, P<0.05). Larger fish con-

sistently survived better than their

smaller cohorts for all years. Although

early marine growth was an important
determinate of survival within a cohort

of pink salmon, other factors, such as

predator abundance, contributed to the

large interannual variability observed.
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Pink salmon, Oncorhynchusgorbus-
cha, are the most abundant Pacific

salmon species native to the west

coast of the United States and
Canada (Morrow, 1980). In south-

eastern Alaska pink salmon typi-

cally mature after 15 tol8 months
at sea and return to their native

streams to spawn in late summer
and early fall. Pink salmon usu-

ally spawn in the lower portions
of streams just above the inter-

tidal zone and in intertidal areas

at stream mouths (Bailey, 1969).

Eggs hatch in January or Febru-

ary and the embryos (alevins) con-

tinue to develop within the gravel

of the stream bed. In late March
or early April juvenile pink salmon

(fry) emerge from the gravel and

emigrate downstream to salt water

and begin feeding on epibenthic

organisms and small zooplankton.

They form schools and reside in

the nearshore marine habitat for

several weeks (Heard, 1991). This

early marine residency is evidently

a critical stage in the early life

history of salmon and can signif-

icantly affect year-class strength

(Parker, 1968; Walters et al., 1978;

Bax, 1983; Nichelson, 1986). Rapid
growth during this early marine

period may be a mechanism by
which size-selective mortality is

reduced (Parker, 1971; Hargreaves
and LeBrasseur, 1985).

Growth and mortality of juvenile
fish is thought to be coupled with

the magnitude and timing of pri-

mary and secondary production

(Gushing, 1976; Pitcher and Hart,

1982; D'Amours, 1987). Slight vari-

ations in migration timing and the

developmental rate of juvenile fish

in relation to secondary production
influence feeding success and may
in turn affect growth and survival.

Subarctic estuarine ecosystems are

characterized by high levels of pri-

mary and secondary production in

spring (Russell-Hunter, 1970; Lar-

rance, 1971; Goering et al., 1973).

Consequently, the timing of emigra-
tion of species such as juvenile pink
and chum, O. keta, salmon may have

evolved so that this highly productive

period maximizes growth and sur-

vival (Murphy et al., 1988; Holtby et

al., 1989). This concept is somewhat
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intuitive and there is little direct sup-

portive evidence. To test this idea, we

designed our study with the following

objectives: 1) to examine emigration

timing and growth of tagged individ-

ual juvenile pink salmon in relation

to secondary production and water

temperature and 2) to investigate

the relation between timing ofemigra-

tion, early marine growth, and intra-

and interannual variability in marine

survival.

Methods

This research focused on the Auke
Creek pink salmon population. Auke
Creek is a small, lake-fed stream

that empties into Auke Bay in south-

east Alaska (Fig. 1). The National

Marine Fisheries Service maintains

a permanent two-way counting weir

(where both seaward-migi'ating and

returning salmon are counted) at the

confluence of Auke Creek with Auke

Bay. The pink salmon run at Auke
Creek is bimodal, that is it has a dis-

tinct early and late spawning compo-
nent. Salmon in the early run begin

spawning in late July through August
and salmon in late run spawn from

September through mid-October. The

emigration of fry in the spring lasts

from late March to mid-May and is

relatively unimodal. The peak emigration usually
occurs in late April (Taylor, 1980)

The downstream emigration of wild pink salmon

juveniles from Auke Creek into Auke Bay generally

begins in early March, peaks between mid-April and

early May, and ends by mid-May. From 1986 to 1989,

53,526, 17,249, 38,149, and 42,599 juvenile pink
salmon emigrated from Auke Creek respectively.

Each day all captured emigrants were counted and

samples were measured to the nearest millimeter

fork length.

Each year a portion of the emigrants was marked.

Marking involved the excision of the entire adipose
fin after a 0.5-mm binary coded wire was injected

into the snout. Tag codes were assigned in lots of

10,000; therefore to use all the tags in a particular

code-lot, tagging was conducted over several days
each week. The 1985 brood was tagged in five-day

emigration periods when sufficient numbers of fish

were captured. The 1986 through 1988 broods were

Figure 1

Map of Auke Bay, Alaska, showing beach seine sites (circles) and surface trawl tran-

sects (dashed lines).

tagged in two to three-day emigration periods. After

having been tagged, the fish were held for one day
( 1985 and 1986 broods) or three days ( 1987 and 1988

broods) to assess mortality and tag loss. Dead fish

and those missing tags were deducted from the total

tagged in each group. Release dates were similar

each year.

Nearshore areas of Auke Bay were sampled for

juvenile pink salmon from late March to early July
with a 37-m long x 3-m deep beach seine. All captured

juvenile salmon were identified to species, counted,

and checked for evidence of tagging at the capture

site; recaptured tagged fish were retained for tag

recovery and size measurements. Random samples of

up to 100 unmarked fish from each beach seine from

sites on Spuhn and Indian Islands in Auke Bay were

retained for length and weight measurements and

stomach analysis. Other species (nonsalmonid) that

were captured in the beach seines were enumerated

and measured to the nearest millimeter (fork length
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[FL| or total length (TL) depending upon the species).

These fish have the potential to be either predators
on or competitors with pink salmon juveniles.

Beginning in 1987, offshore areas of Auke Bay
(>100 m from shore) were sampled weekly, at night,
with a 6.1-m wide x 3.0-m deep surface trawl (Bax
et al.M. All tagged salmon and a sample of up to 100

untagged juvenile pink salmon from each tow were
retained for length and weight measurements and
stomach analysis. All other fish captured in each tow
were identified, enumerated, and measured.

Water temperature at 1-m depth was recorded

daily in Auke Bay. Spuhn Island was sampled weekly
for littoral epibenthic crustaceans in 1987-1989,
with an epibenthic pump (1987) (Simenstad et al.-)

or an epibenthic sled (1988 and 1989) (Celewycz and
Wertheimer. 1996b). Zooplankton data for the upper
5-m and upper 40-m water column in Auke Bay were
collected concurrently with our study by University
ofAlaska researchers (Coyle and Paul, 1990).

Stomachs ofa subsample ofuntaggedjuvenile pink
salmon retained from beach seine and trawl catches

were examined to determine feeding habits. Stomach
contents were weighed, and prey items were iden-

tified, measured, and counted. A mean volume and

dry weight were calculated for each prey category,
and the index of relative importance (IRI; Pinkas et

al., 1971) was then computed by using the formula

IKI ^iN+V)F,

where A^

V
the numerical percentage;
the volumetric percentage of each prey
item in the diet; and

F = the percent frequency of occurrence of

the prey item.

The importance of individual prey groups were com-

pared as a percentage of the total IRI for all prey.

The maximum residence of tagged fish from each

weekly release group in Auke Bay was calculated

by subtracting the actual release date for a particu-

lar lot of tagged fish from the last recovery date of

a tagged juvenile from the same lot of tagged fish,

yielding the number of days from release to recap-
ture. The weighted mean residence time for each

tag release group (

D,.,,^
) was calculated by subtract-

Ba.x, N. J., E. O. Salo, B. P. Snyder. C. A. Simfiistad. and
W. J. Kinnev. 1978. Salnionid outmigi-ation studies in Hood
Canal. Final Report FRI-UVV-7819, Phase III, -January to July
1977, University of Washington, College of Fisheries, Fisheries

Research Institute, Seattl. WA.

Simenstad, C. A., C. D. Tanner, and R. M. Thorn. 1989. Estu-
arine wetland restoration and monitoring protocol. Report
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ing the weighted mean release date for each weekly
release group from the weighted mean recovery date

for each release group. The weighted mean release

date
(D,.j,/

) for weekly release group i was calculated

from the formula

D.
rel,

I
(/ = !

E<"^<i
(/ = n

I^<,
d=l

where ii - the number of release days per week;

d^^i
= the actual release day (Julian date); and

Nj^^
= the number of tagged fish from that

day that were released. The weighted
mean residence for each weekly group
was then calculated by subtracting the

weighted mean release date of a juvenile
for a given week from the weighted mean
recovery date. The weighted mean recov-

ery date ( D,^,^. ), for a particular release

group was calculated as

IL'^rec^^:

D .. =^

d=l
I^^.

where « = the number of recovery days per week;
d

,.^.^

= the actual recovery day (Julian date) of a

tagged juvenile; and

^d,,,
= the number of tagged fish recovered on

day d.

The weighted mean residence time (
D,.^,^

) was regressed

against release date for each year Analysis of covari-

ance (ANCOVA) was used to detennine whether signif-

icant differences existed among years, followed by the

Newman-Keids multiple comparison test to determine

if significant differences (a=0.05) existed within years.

The instantaneous growth rate, g. for individual

tagged pink salmon juvenile was calculated as

W.-, =
W,exp«',

where / = the period in days from the mean
release date, over which the growth
rate was calculated; and

Wj and W., = the fish weight at the beginning and

end of the period, respectively.

In addition the natural log of the weight of tagged
fish at capture was regressed against days from
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release to recovery to provide the growth rate (the

slope of the regression line) for each release group.

Using g we then calculated the relative growth, h,

as the percentage of body weight per day (%bwd) for

each fish and for each group was calculated from the

formula

h =(exps- 1) 100.

Tagged juveniles that were recaptured within a week
of the mean release date from the Auke Creek weir

were not used in gi'owth rate calculations. It was
assumed that after a week the fish had acclimated

to the marine environment and were recovered from

prerelease tagging stress. In addition to the above

calculations, the weights of tagged and untagged

juveniles at successive capture dates were logarith-

mically transformed and regressed against days from

the mean release day to the day of capture.
To determine how water temperature and food

abundance relate to growth in the estuary, individ-

ual growth rates of tagged fish were correlated with

average surface water temperature and prey bio-

mass over the period between release and recapture.

The average daily biomass of prey organisms was
calculated for three habitats: the upper 5-m of the

water column, the upper 40-m of the water column,
and the littoral zone (harpacticoid copepods only).

Correlation analysis and stepwise regression (Zar,

1974) were employed to determine significant cor-

relations and provide partial correlation coefficients

for each of the above parameters.
To test the possibility that estuarine growth of

juvenile pink salmon could be limited by prey avail-

ability, the residual (difference) between expected
and actual growth of individual juvenile pink salmon
at given water temperatures was calculated and plot-

ted against average water temperature. Expected
maximum growth rates for given temperatures were
obtained from (Mortensen and Savikko, 1993).

Growth of the tagged juvenile pink salmon was
also computed for two periods or stanzas. Each year,

the early period was that before and including 5

May, and the late period was that after 5 May. These
dates were chosen because of the distinct change in

size of juveniles between the two periods and the

distribution of tag recoveries. Each year a dramatic

increase in length was noted in the tagged fish at

the beginning of May. Growth for each tagged group
within a year was calculated for the early period; this

rate was then used to estimate the initial weight for

each tag group for computation of growth in the late

period. Differences in growth between periods and

years were tested by using analysis of covariance

(ANCOVA) and the Newman-Keuls multiple com-

parison or Dunnet's tests (Zar, 1974). Significance
levels were set at a = 0.05.

Survival offish from each release group for each emi-

grant year, 1986-1989 (brood years 1985-1988) was
determined from the number of adult salmon return-

ing to the Auke Creek weir. Each pink salmon adult

passing through the weir was examined for a coded

ware tag (cwt) on the adipose fin. Clipped fish were

killed and their heads removed. Fish with adipose fins

were returned to the creek to spawn. Coded-wire tags
were removed from heads of the clipped fish later at

the laboratory. Fish that showed a clip mark but were

missing cwts were assigned to an emigration group
that was based upon the proportion of all tag codes

recovered each return week. Therefore, the return

of each emigration group was the number of known

tagged fish plus an expansion for clipped fish that had
lost their tags. The total return of pink salmon adults

to Auke Creek was the product of weir recoveries and
a fisheiy correction factor. The fishery correction factor

for each brood year was determined as

1/il-h ),

where h - harvest rate determined as the propor-
tion of the total return that is caught
in the commercial fishery according to

estimates by Alaska Department of Fish

and Game (ADF&G) commercial fisher-

ies management personnel.

Fishery correction factors obtained from the commer-
cial fisheries branch of ADF&G for the 1985-1988

broods at Auke Creek were 1.45, 1.03, 1.53, and 1.43,

respectively.'' Growth and survival of the individual

release groups within each year were standardized

as a proportion of the highest rates observed. The

proportional growth rate for each release group was

regressed against proportional survival to deter-

mine the degree to which growth rate was a pre-

dictor of intra-annual survival. Survival rates were

regressed against gi'owth rates to determine the rela-

tion between gi'owth and interannual survival.

Results

Catch and residency times

Juvenile pink salmon use Auke Bay as a nursery area

throughout the spring and early summer and reside

nearshorefrom late March until mid-June. Pink salmon

3
Ingledue, D. 1987-90. Alaska Department of Fish and Game,
Division of Commercial Fisheries, Southeast Regional Office.

802 Third Street, Douglas, Alaska 99609. Personal commun.
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were most abundant in late April and

early May; 70-809f of the catch occurred

between 5 May and 1 June. Most pink
salmon left the nearshore area by late

May. Salmon catch offshore tended to

increase coincidentally with the decline in

catch near shore; offshore catches peaked
between May and mid-June, depending
on the year (Fig. 2). Most tagged juve-

niles were recaptured near shore; only
11 and 2 fish were recaptured offshore in

1987 and 1988, respectively ( no fish were

recaptui'ed in 1989, and no offshore sam-

pling occurred in 1986). By mid-July of

each year, juveniles were not present in

nearshore or offshore catches.

Estuarine residence time (based on

recaptures of tagged fish) generally de-

creased with progressive release dates. The

exception was 1988, when residence time

was similar between all release groups.

Mean residence time ranged from a high
of 30 d for the early release in 1986 and
1987 to about 7 d for the late release in

1989. The mean residence was also signifi-

cantly longer in the first two weeks of 1986

and 1987 than in 1988 and 1989 (Table 1).

Mean residence times did not differ signif-

icantly by release week between 1986 and

1987 or between 1988 and 1989, but were

significantly different between 1987 and
1988. Based on recaptured tagged fish,

maximum residence times in Auke Bay
ranged from 19 d for juveniles from the 3

May release in 1988 to 72 d for the juve-

niles fi-om the 13 April release in 1987 (Table 1).

Nearshore catches consisted primarily of juvenile

pink and chum salmon (Fig. 3). In even years, pink
salmon juveniles were more abundant than chum
salmon juveniles; pink salmon juveniles made up
SS'/r and 65'7f of the catch in 1986 and 1988, versus

169^ and 17*7^ for chum salmon juveniles. In con-

trast, the ratios of pink and chum salmon in odd

years were nearly equal (52-43'7r, 1987, and 52-44*7^,

1989). Coho (O. kisutch) and sockeye (O. nerka)

salmon smolts and juvenile and adult Dolly Varden

(Salvelinus malma) were also captured each year.

Other nonsalmonid fishes captured included juve-
nile Pacific herring {Clupea pallasi) sculpins (Cotti-

dae,) juvenile flatfish (Pleuronectidae), and juvenile

walleye pollock (Theragra chalcogramma). Juvenile

Pacific herring made up a significant proportion of

the nearshore catch (14%) only in 1988.

Offshore catch composition for 1987 through 1989

consisted primarily of Pacific herring and capelin

6,000 ^
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Chum Salmon aWo
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Pink Salmon 65%
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Other 6%
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Herring 28%
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Pink Salmon 13%
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Sockeye Salmon 6%
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Capelin 1%

Chum Salmon 52%

Figure 3

Species composition of nearshore and ofTshore catches from Auke Bay, Alaska, 1986-89.

by Coyle and Paul (1990), and we used their data

to develop these profiles. Generally the biomass of

zooplankton prey in the upper 40 and the upper 5 m
of the water column began rising in mid-April and

peaked in mid-June. However, in 1986 the biomass

of prey in the upper 5 m remained low throughout
the spring (Fig. 5).

Littoral harpacticoids were sampled at Spuhn Island

in 1987, 1988, and 1989. Although the sampling method

changed between 1987 and 1988, an indication of the

dynamics of the hai-pacticoid population is achieved by

presenting indices of biomass as a proportion of the

highest value within each year In 1987, harpacticoid

copepod biomass was characterized by rapid fluctua-

tions but remained low, except for a peak in mid-May.
The biomass in 1988 again fluctuated rapidly, with

peaks in late April and early May. In 1989, the biomass

peaked in early April and again in early May.

Diet

Harpacticoid copepods and zooplankton (princi-

pally calanoid copepods, euphausid larvae, Oiko-

pleura sp., and fish eggs and larvae) were eaten

by the pink salmon juveniles captured near shore

(Fig. 6). Between April and May, pink salmon con-

sumed epibenthic prey more than pelagic prey; by

mid-May they switched to a predominately pelagic
diet.

Pink salmon juveniles captured offshore in Auke

Bay exhibited a predominately pelagic diet, but

some epibenthic organisms were still present. This

finding may indicate that at times epibenthic prey
are transported to offshore areas by water currents,

or that the juvenile salmon optimize feeding by

moving between pelagic and epibenthic areas in

Auke Bay.
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Figure 4

catch per set of potential predators of juvenile pink salmon in the

areas of Auke Bay, Alaska, 1988 and 1989.

Growth rates

Growth ( as a percentage [bwd] ), oftagged and untagged

juvenile pink salmon was examined in two periods, 1

April to 6 May (early) and 7 May to 16 June (late) in

all study years (Table 2). Growth of tagged fish in the

early period ranged from 2.93% bwd in 1986 to 4.88%

in 1989 and of untagged fish from 1.21% bwd in 1987

to 2.10% in 1989. In the late period, growth of tagged
fish ranged from 4.82% bwd in 1986 to 6.66% in 1988,

and of untagged fish from 2.87% bwd in 1989 to 4.86%

in 1988. Tagged and untagged juvenile pink salmon

grew significantly slower in the early period than in

the late period in all years.

Growth rates calculated for tagged juvenile pink
salmon in any given period in a year were consis-

tently higher than the apparent growth rates calcu-

lated from the mean weights of samples of untagged

pink salmon (Table 2). Continuous recruitment of

newly emigrated juveniles (fork length <33 mm) into

the untagged population caused this pattern. The

number of untagged juvenile pink salmon shorter

than 33 mm that were captured by beach seine

ranged from highs between 59% and 100% in late

March each year to below 10% by 20 May of each year

except 1989, when they remained at 11% until 12

June. Such variations in the number of new recruits

and the number of larger fish leaving the nearshore

juvenile pink salmon population resulted in a bias

for growth rate calculations from untagged popula-

tions. Tagged fish provided a more realistic assess-

ment of growth in relation to the environment.

Factors limiting growth

Fish growth can be limited by low water tempera-
tures (Weatherley and Gill, 1995) and low prey abun-

dance ( Brant et al., 1992 ). To determine when growth
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Figure 5

Water temperature, biomass of zooplankton and harpacticoid copepod prey of juvenile

pink salmon from the epibenthos, upper 5 m, and 40 m of Auke Bay, Alaska. Owing to

differences in collection technique between years, the values depicted for littoral harpac-
ticoids are expressed as a proportion of the highest biomass within each year. Littoral

harpacticoids were not collected in 1986. Zooplankton data for the upper 5 m and 40 m
were taken from Coyle and Paul ( 1990).

ofjuvenile pink salmon might be restrained by prey

abundance, the observed growth of each tagged fish

was compared to maximum expected growth at simi-

lar water temperatures. In all years, the residuals

between observed and expected growth (observed-

expected) had significant positive slopes (Fig. 7),

indicating that a higher proportion of early emi-

grants (rearing in relatively cool water) were below

expected growth rates compared with fish at higher
water temperatures (later emigrants). If abundance
of prey is not growth-limiting, the growth rate of

juvenile pink salmon at 5°C water temperature in
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Table 2

Growth rate (as percent body weight per day [7c bwd]), of tagged and untagged juvenile pink salmon caught m Auke Bay in early and

late growth periods (1 April-6 May and 7 May-16 June). Growth of tagged juveniles was calculated between release and recapture
within the early period and the number of days from the end of the early period to recapture within the late period. To calculate the

rate ofgrowth of tagged fish, the average weight of the fish from release to recapture within the early period was used, whereas in the

late period the estimated weight offish at the end of the early period and at the date of recapture within the late period was used. The

growth of untagged fish was calculated similarly, except that the number of days from the beginning to the end of a specific growth

period was used. The standard deviation (SD), coefficient of determination (r-), and sample size in) are also shown.

Growth
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Figure 7

Residuals between the observed growth rate of tagged juvenile pink salmon

and expected growth rate ofjuvenile pink salmon fed excess ration. Year shown
refers to recoverv vear.

Interannual growth of tagged pink salmon

The growth rates of juvenile pink salmon from indi-

vidual release groups varied substantially between

years (Table 1). All release groups of juvenile pink
salmon in recovery year 1986 (1985 BY) grew sig-

nificantly slower than those of juveniles in subse-

quent years. In 1987 ( 1986 BY) and 1988 ( 1987 BY),

the only years when tagged juveniles from the 1

April group were recovered, growth was not signifi-

cantly different. Similarly the growth of juveniles
from the 7 April groups were not significantly differ-

ent between years. Juvenile pink salmon from the 15

April and 22 April releases gi'ew significantly slower

in 1987(1986 BY) than in 1988 (1987 BY) or 1989

(1988 BY), by nearly l^c. Growth was significantly

slower (about O.S'^ bwd) for the 22 April release

group in 1989 (1988 BY) than in 1988 (1987 BY).

The juveniles from the 29 April release grew signifi-

cantly faster (0.3<7f bwd) m 1988 (1987 BY) than in

1989 (1988 BY).

Growth in relation to water

temperature and prey biomass

Water temperature was the only environmental

parameter measured that was significantly corre-

lated with growth rate over all years (Table 3).

Both simple and partial correlations were significant

(<0.05) in each year for water temperature, and in

every year except 1988, temperature explained the

most variation in the parameters tested.
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Table 3

Simple and partial (S/P) correlation coefficients between the instantaneous growth rate ofjuvenile pink salmon and average water

temperature; average harpacticoid biomass; average biomass of prey integrated from 40 m to surface; average biomass of prey in

the upper 5 m; and average biomass of harpacticoids + prey from the integrated water column. An * indicates a significant (P<0.05i

correlation. NA = not available.

Year
Average water

temperature

Average harpacticoid

biomass
Average integrated

column biomass
Average biomass

in upper 5 m

1986

1987

1988

1989

0.696*70.696*

0.312*/0.312*

0.423*/0.047*

0.354*/0.354*

NA
-0.201*/-0.017*

0.337/0.000

-0.226*/-0.118*

0.630*70.187*

0.193/0.248

0.505*/0.505*

0.057/0.003

-0.187/-0.046

0.228/0.046

0.472/0.228

0.254/0.128*

The 5-m depth zooplankton biomass was not signifi-

cantly related to growth in any year, whereas biomass

from the 40-m integrated water column was signifi-

cantly correlated in two of the four years. In 1988, the

biomass from the 40-m integrated water column was
the parameter most correlated with growth.
The biomass of littoral harpacticoids was signifi-

cantly correlated with juvenile pink salmon growth
for two of the three years for which data were avail-

able. In both cases, the relationship was negative
(Table 3). Because feeding habits showed that the

pink salmon were switching between epibenthic and

zooplankton resources during the nearshore phase,

growth rate was also correlated with a combined

index of the biomass of littoral harpacticoids and the

40-m depth zooplankton. This combined index did

not fit the growth data as well as either water tem-

perature or zooplankton biomass considered inde-

pendently (Table 3).

Growth and survival

Mid- to late April emigrants had significantly higher
survival than the earliest emigrants within a year
(Table 1). Brood year is specified in the following

paragraphs unless otherwise noted. When emigra-
tion extended into May ( 1985 and 1988 brood years),

survival decreased by as much as 2% from the groups
released from mid- to late April. The last emigi-ants
from both the 1985 and 1988 broods, which had the

lowest growth rates of those years, also had signifi-

cantly lower survival than emigrants from mid- to

late April.

The intra-annual survival of cwt juvenile pink
salmon exhibited a pattern similar to that for growth
rates. Regression of growth rate against survival

(as proportions within each year) indicated a highly

significant relationship (r2=0.65, P<0.003; Fig. 8).

Within-year survival generally increased with growth
rate.

To examine the relation between growth and
survival interannually, growth rate (%bwd) was

regressed against survival rate ofeach release group.

Although survival appears to increase with increas-

ing growth rate, there was no relationship when all

years were considered (r'-=0.02, P>0.397). Fish from

the 1987 brood year (1988 emigrants, 1989 adults)

had a distinctly different growth versus survival

trajectory than fish for other years (Fig. 9). Data
from brood years 1985, 1986, and 1988 fitted well

(r~0.88, slope=1.82, P=0.001). Survivals of the 1987

brood were also significantly related to growth when
considered separately from the other years (r''^=0.93,

slope=0.40.P=0.001).

Discussion

Pink salmon juveniles were abundant in the near-

shore areas of Auke Bay in April and May; by the

end ofMay or early June, the fish had moved farther

offshore. This pattern is typical for juvenile pink

salmon, which generally follow shorelines during
their first weeks in the marine environment, then

migrate offshore as they grow (Heard, 1991; Celew-

ycz and Wertheimer, 1996a).We found water tem-

perature to be the main factor that determined the

growth rate of juvenile pink salmon during their

early marine existence. The metabolism and growth
offish are influenced extensively by water tempera-
ture and prey density (Brett et al., 1969; Weather-

ley and Gill, 1995). To attain maximum growth at

a particular temperature, prey concentrations must
be adequate (Bailey et al., 1975; Cooney et al., 1981).

In our study there were indications in early spring
of each year that the growth ofjuvenile pink salmon

was limited by abundance of prey. These early fish

enter the Auke Bay estuary before the spring zoo-

plankton bloom and rely on overwintering epiben-
thic prey organisms such as harpacticoid copepods.
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Bay, pink salmon samples for diet analysis were

taken from low-gradient beaches where there is a

high production of epibenthic harpacticoid copepods

(Landingham, 1982; Cordell, 1986). However, even

at this habitat type, pelagic zooplankton was an

important dietary component. Similarly, Sturdevant

et al. (1996) found zooplankton to be the dominant

dietary component of pink salmon juveniles from all

nearshore habitat types sampled in Prince William

Sound, Alaska.

From a bioenergetics standpoint, prey density
and water temperature are critical factors affecting

fish growth by influencing consumption rate, meta-

bolic rate, and gastric evacuation rate (Willette,

1996). Temperature was significantly correlated with

observed growth of juvenile pink salmon, but indi-

ces of prey abundance were not consistently corre-

lated with growth and were even inversely related

7 ^
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emigrants. Despite spending more
time in low-gi'owth conditions,

they will have the advantage of

being larger at a given date than

subsequent, faster-growing emi-

gi-ants (Fig. 10). Thus, there is

an adaptive advantage in less-

ening size-selective predation by

being on the "leading edge" of the

synchronous emigration to marine

waters. However, this advantage
is constrained by poorer growth

early in the spring and poorer sur-

vival to adulthood.

The abundance of potential pred-
ators (coho salmon, Dolly Var-

den, and sculpins) near shore in-

creases rapidly in May, empha-
sizing the importance of larger
size and larger numbers for pink
salmon to avoid predation. Late

emigrants, although encountering
what appear to be good conditions

for growth, may not be able to ef-

fectively outgrow increasing pre-
dation pressure or may not be abun-

dant enough to saturate the preda-
tor population. Other factors may
combine to affect the gi'owth and

ultimately the survival of the late

emigrants. The abundance of com-

petitors such as young-of-the-year
and juvenile heiring and capelin

may affect the availability of prey
at critical times and could explain
the lower growth rates observed for

lat«-emerging pink salmon.

Growth rate ofpink salmon juve-
niles in Auke Bay was consistently related to sur-

vival within a given year. This finding is consistent

with the concept that high growth rates during early
marine residency give a sui'vival advantage by min-

imizing the intensity of predation (Parker, 1971;

Heard, 1991). Following the Exxon Valdez oil spill in

Prince William Sound in 1989, WiUette ( 1996) found

a direct relationship between growth and survival of

pink salmon juveniles. However, he did not observe

this association forjuveniles captured in 1990 or 1991

and speculated that changes in the feeding habits

of predators due to the absence of alternate prey
obscured the relationship between growth and sur-

vival. Correlations of parameters for scale growth
rates with run size of pink salmon in northern south-

eastern Alaska indicated that nearshore gi'owth con-

ditions are a significant contributor to the interannual
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Figure 10

The predicted size of pink salmon fry by 1 June and the number of days to reach

1 g for emigration dates between 1 April and 12 May.

variation in marine sui'vival. Early scale growth ( Jae-

nicke et al., 1994) was positively correlated with

survival, indicating that high early marine growth
lessens mortality due to predation. In our study, for

three of the four years, growth rate was an excellent

predictor of survival interannually, explaining 85*^

of the observed variability. The anomalous year was
1988 ( 1987 brood), which was also the year of highest
overall growth rates. Fish from all release groups of

the 1987 brood returned to the weir at consistently

lower rates than fish from the other brood years. Fish-

ery exploitation on returning adults may be a factor.

We corrected the rate of survival each year for those

fish taken in the commercial fishery with the correc-

tion factor used by the Alaska Department of Fish

and Game; however, the correction factor was rela-

tively crude with no measure ofvariance. It is conceiv-
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able that fishery exploitation could still have affected

the growth and survival relationship. Changes in

nearshore predation or conditions (both environmen-

tal and biological) after the fish had moved offshore

could also have been the cause. Although we noted

no unusually high concentrations of piscivorous sea

birds or marine mammals in the Auke Bay area in

the spring of 1987
,
that observation does not preclude

the possibility that larger than normal populations

of predators may have caused significant mortality

on the juveniles beyond our study area ofAuke Bay.

Identification of the elements causing such anom-

alous years would provide insight into how these

factors interact with growth conditions to drive inter-

annual variation.

Acknowledgments

We thank our colleagues at the Auke Bay Laboratory
who participated in this project. We are particularly

indebted to Joe Orsi, Adrian Celewycz, Molly Stur-

devant, Herbert Jaenicke, and Judy Lum. Without

their unfailing dedication, expertise, and excellent

attitudes this project would not have been as success-

ful or enjoyable. Additionally, we extend our apprecia-

tion to Mark Carls, Jon Heifetz, and John Joyce who

provided in-house reviews of this manuscript.

Literature cited

Bailey J. E.

1969. Alaska'.s fishery resources—the pink salmon. U. S.

Fish and Wildhfe Serv., Bur. of Comm. Fish. Leaflet 619.

Bailey, J. E., B. L. Wing, and C. R. Mattson.

1975. Zooplankton abundance and feeding habits of fry of

pink salmon, Oncorhynchus gorbuscha, and chum salmon,

Oncorhynchus keta. in Traitor's Cove. Alaska, with specu-

lations on the carrying capacity of the area. Fish. Bull.

73:846-861.

Bax, N. J.

1983. Early marine mortality of marked juvenile chum
salmon {Oncorhynchus keta) released into Hood Canal.

Puget Sound, Washington, in 1980. Can. J. Fish. Aquat.
Sci. 40:426-4.35.

Brant, S. B., D. M. Mason, and E. V. Patrick.

1992. Spatially-explicit models of fi.sh growth rate. Fish-

eries 17('2):23-33,

Brett, J. R., J. E. Shelbourn, and C. T. Shoop.
1969. Growth rate and body composition of fingerling sock-

eye salmon, Oncorhynchus nerka, in relation to temperature
and ration size. J. Fish. Res. Board Can. 26:2363-2394.

Celewycz, A. C, and A. C. Wertheimer.
1996a. Abundance and growth of juvenile pink .salmon in

oiled and non-oiled locations of western Prince William

Sound after the Exxon Valdez oil spill. Am. Fish. Soc.

Symp. 18:518-.532.

1996b. Prey availability to juvenile salmon after the Exxon
' VnWee oil spill. Am. Fish. Soc. Symp. 18:.564-577.

Cooney, R. T., D. Urquhart, and D. Barnard.
1981. The behavior, feeding biology and growth of hatchery-

released pink and chum salmon fry in Prince William Sound,

Alaska. Univ. Alaska, Sea Grant Report 81-5, 114 p.

Cordell, J. R.

1986. Structure and dynamics of an epibenthic harpacticoid

assemblage and the role of predation by juvenile salmon.

M.S. thesis, Univ Washington, Seattle, WA, 134 p.

Coyle, K. O., and A. J. Paul.

1990. Interannual variations in zooplankton population and

biomass during the spring bloom in an Alaskan subarctic

embayment. In APPRISE—Interannual variability and

fisheries recruitment (D. A. Ziemann and K. W. Fulton-

Bennett, eds.), p. 179-228. The Oceanic Institute, Hono-

lulu, HI, and The School of Fisheries and Ocean Sciences,

Fairbanks, AK.

Gushing, D. H.

1976. Biology of fishes in the pelagic community. In The

ecology of the seas (D. H. Cushing and J. J. Walsh, eds.). p.

317-340. W. B. Saunders Co., Philadelphia.

D'Amours, D.

1987. Trophic phasing ofjuvenile chum salmon (Oncorhyn-
chus keta Walbaum) and harpacticoid copepods in the

Fraser River estuary, British Columbia. Ph.D. diss., Univ.

British Columbia, Canada, 163 p.

Godin, J.-G. J.

1981. Effects of hunger on the daily pattern of feeding rate

in juvenile pink salmon (Oncorhynchus gorbuscha Wal-

baum). J. Fish. Biol. 19:63-71.

Goering, J. J., W. E. Shiels, and C. J. Patton.

1973. Primary production. In Environmental studies of

Port Valdez (D. W. Hood. W. E. Shiels, and E. J. Kelley,

eds. ), p. 253-279. Univ. Alaska, Fairbanks, Inst. Mar. Sci.

Occas. Publ. 3.

Hargreaves, N. B., and R. J. LeBrasseur.

1985. Species selective predation on juvenile pink (On-

corhynchus gorbuscha I and chum (O. keta ) by coho salmon

(O. kisutch ). Can. J. Fish. Aquat. Sci. 42:659-668.

Healey, M. C.

1980. The ecology ofjuvenile salmon in Georgia Strait. Brit-

ish Columbia. In Salmonid ecosystems ofthe North Pacific

(W. J. McNeil and D. C. Himsworth, eds.), p. 203-229.

Oregon State Univ. Press, Corvallis, OR.

Heard. W. R.

1991. Life history of pink salmon (Oncorhynchus gorbus-

cha ). In Pacific salmon life histories (C. Groot and L. Mar-

golis, eds.), p. 119-230. Univ. British Columbia Press,

Vancouver, Canada.

Holtby, L. B., T. E. McMahon, and J. C. Scrivener.

1989. Stream temperatures and inter-annual variability

in the emigration timing of coho salmon (Oncorhynchus
kisutch ) smolts and fry and chum salmon (O. keta ) fry from

Carnation Creek, Bntish Columbia. Can. J. Fish. Aquat.
Sci. 46:1.396-1405.

Hunter, J. R., and G. L. Thomas.
1974. Effect of prey distribution and density on the .search-

ing and feeding behaviour of larval anchovy Engraulis

mordax. In The early life history offish (J. S. H. Blaxter,

ed. ), p. 559-574. Springer-Verlag, New York, NV.

Jaenicke, H. W., M. J. Jaenicke, and G. T. Oliver.

1994. Predicting northern southeast Alaska pink salmon

returns by early marine scale growth. In Proceedings

of the 16'*' Northeast Pacific Pink and Chum Salmon

Workshop, p. 97-109. Alaska Sea Grant College Program

Report 94-02.



Mortensen et al : Growth of Oncorhynchus gorbuscha in relation to marine water temperature, secondary production, and survival 335

Kaczynski, V. W., R. J. Feller, and J. Clayton.
1973. Trophic analysis of juvenile pink and chum salmon

^Oncorhynchua gorbuscha and O. keta ), in Puget Sound. J.

Fish. Res. Board Can. 30:1003-1008.

Landingham, J. H.

1982. Feeding ecology of pink and chum salmon fry in the

nearshore habitat ofAuke Bay, Alaska. M.S. thesis, Univ.

Alaska. Juneau, AK, 132 p.

Larrance, J. D.

1971. Primary production in the mid-subarctic Pacific region
1966-68. Fish. Bull. 69:595-613.

LeBrasseur, R. J., and R. R. Parker.

1964. Growth rate of central British Columbia pink salmon

{Oncorhynchus gorbuscha). J. Fish. Res. Board Can.

21:1101-1128.

Morrow, J. E.

1980. The freshwater fishes of Alaska. Alaska Northwest

Publishing Company, Anchorage, AK, 248 p.

Mortensen, D. G., and H. Savikko.

1993. Effects ofwater temperature on growth ofjuvenile pink
salmon (Oncorhynchus gorbuscha). U.S. Dep. Commer.,
NOAATech. Memo. NMFS-AFSC-28, 12 p.

Murphy, M. L., J. F. Thedinga, and K V. Koski.

1988. Size and diet of juvenile Pacific salmon during sea-

ward migration through a small estuary in southeastern

Alaska. Fish. Bull. 86:213-222.

Nichelson, T. E.

1986. Influences of upwelling, ocean temperature, and smolt

abundance on marine survival of coho salmon iOncorhyn-
chus kisutch ) in the Oregon production area. Can. J. Fish.

Aquat. Sci. 43:527-535.

Parker, R. R.

1968. Marine mortality schedules of pink salmon of the

Bella Coola River, central British Columbia. J. Fish. Res.

Board Can. 25:757-794.

1969. Foods and feeding of juvenile pink salmon in central

British Columbia waters. I. 1966 diel series. Fish. Res.

Board Can. Manuscr. Rep. Ser. 1017, no pages given.

1971. Size selective predation among juvenile salmonid

fishes in a British Columbia inlet. J. Fish. Res. Board

Can. 28:1503-1510.

Parker R. R., and W. E. Vanstone.
1966. Changes in chemical composition of central British

Columbia pink salmon during early sea life. J. Fish. Res.

Board Can. 23:1353-1384.

Pinkas, L., M. S. Oliphant, and I. L. K. Iverson.

1971. Food habits of albacore, bluefin tuna, and bonito in

California waters. California Dep. Fish and Game, Fish.

Bull. 152, 64 p.

Pitcher, T. J., and P. J. B. Hart.

1982. Fisheries ecology. AVI Publishing Co., Westport, CT,
414 p.

Russell-Hunter, W. D.

1970. Aquatic productivity. Macmillan Co., New York, NY,
306 p.

Sturdevant, M. V., A. C. Wertheimer, and J. L. Lum.
1996. Diets of juvenile pink and chum salmon in oiled and
non-oiled nearshore habitats in Prince William Sound, 1989

and 1990. Am. Fish. Soc. Symp. 18:578-592.

Taylor, S. G.

1980. Marine survival of pink salmon fry from early and
late spawners. Trans. Am. Fish. Soc. 109:79-82.

Walters, C. J., R. Hilborn, R. M. Peterman, and
M. J. Staley.

1978. Model for examining early ocean limitation of Pacific

salmon production. J. Fish. Res. Board Can. 35:1303-1315.

Ware, D. M.
1972. Predation by rainbow trout iSalmo gairdneri): the

influence of hunger, prey density, and prey size. J. Fish.

Res. Board Can. 29:1193-1201.

Weathcrley, A. H., and H. S. Gill.

1995. Growth. In Physiological ecology of Pacific salmon

(C. Groot, L. Margolis, and W. C. Clarke, eds.), p. 101-158.

Univ. British Columbia Press, Vancouver, Canada.

Webb. D. G.

1991. Effect of predation by juvenile Pacific salmon on

marine harpacticoid copepods. I. Comparisons of patterns
of copepod mortality with patterns of salmon consumption.
Mar Ecol. Progr. Ser 72:25-36.

Willette, M.
1996. Impacts of the E.xxon Valdez oil spill on the migration,

growth, and survival ofjuvenile pink salmon in Prince Wil-

liam Sound. Am. Fish. Soc. Symp. 18:533-550.

Wing, B. L., and J. J. Pella

1998. Time series analysis of climatological records from

Auke Bay, Alaska. U.S. Dep. Commer, NOAATech. Memo.

NMFS-AFSC-91,90p.
Zar, J. H.

1974. Biostatistical analysis. Prentice-Hall, Inc., Engle-
wood Cliffs, NJ, 620 p.



336

Abstract.-The tautog fTautoga onitis )

is one of two temperate labrid species

commonly inhabiting the coastal marine

and estuarine waters of the mid-Atlan-

tic coast of the United States. To delin-

eate population structure throughout its

primary range, we examined samples

collected from three sites ( Rhode Island,

Delaware, Virginia). Five regions of the

mitochondrial genome (COI, ATPase 6,

cyt 6, ND2 and control region) and one

nuclear intron were amplified by PCR
and screened for sequence variation

with a battery of restriction enzymes
(RFLP analysis), or by denaturing gra-

dient gel electrophoresis (DGGE).

With RFLP analysis an average of

129 restriction sites per individual were

revealed and 5.32 bases per individual

were surveyed. Polymorphisms were

observed in the ND2 and control region

fragments, but not in the COI, ATPase

6, or cyt 6 fragments. Mean within-

sample haplotype diversity was 0.690.5

(±0.00184), within the range of values

reported for other marine species. How-

ever, mean nucleotide diversity was

0.000782, one of the lowest values re-

ported for a marine teleost. Corrected

nucleotide divergence between samples

was essentially zero, suggesting the

absence of population structuring along

the mid-Atlantic Coast. DGGE analy-

ses of COI, cyt b. and a lactate dehy-

drogenase (LDH) intron revealed little

additional variation; each product pos-

sessed a single common haplotype and

occasional rare variants.

The low level of genetic diversity ob-

served in the tautog may reflect a small

effective population size resulting from

historical population bottlenecks or large

variance in reproductive success. The

apparent absence ofgeographic differen-

tiation suggests that tautog from Rhode

Island to Virginia form a single genetic

stock; data from additional genetic poly-

morphisms are needed to confirm or dis-

prove this conclusion.

Genetic structure of tautog iTautoga onitis)

populations assayed by RFLP and DGGE
analysis of mitochondrial and nuclear genes
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The tautog iTautoga onitis) is one

of two temperate labrid species

commonly inhabiting the coastal

marine and estuarine waters of the

mid-Atlantic coast of the United

States. Although the species range
extends from the outer coast ofNova

Scotia to Georgia, tautog are most

abundant from Cape Cod to Chesa-

peake Bay (Bigelow and Schroeder,

1953). They are generally found in

high relief, reeflike habitats such as

those associated with jetties, break-

waters, and wrecks (Auster, 1989).

In the northern part of the their

range, adult tautog generally over-

winter in a state of torpor in shel-

tered areas in deep water offshore

and move inshore during the spring

to spawn in estuaries and near-

shore waters (Cooper, 1966; 011a

et al., 1974). Some tautog remain

offshore throughout the year, par-

ticularly in the southern part of

their range (011a and Samet, 1977;

Eklund and Targett, 1991). Those

that migi'ate offshore do not always
return to the same sites to over-

winter (011a et al., 1979). Juve-

niles and some adults have been

found to overwinter at inshore sites

off Virginia (Hostetter and Munroe,

1993) and Delaware (Eklund and

Targett, 1991). In a tagging study,

Cooper (1966) found that adult

tautog tagged in Narragansett Bay
tended to return to the same spawn-

ing site each year, and adult move-

ment into and out of the area was

negligible. In general, tautog do not

appear to undergo extensive along-

coast migration (Cooper, 1966; 011a

etal., 1974;Briggs, 1977).

Tautog spawn between mid-May
and mid-August; spawning activ-

ity peaks in June (Colton et al.,

1979). Eggs are buoyant and gen-

erally confined to coastal waters.

Hatching occurs in 42-45 hours at

20-22°C, and pelagic larval dura-

tion is approximately 20-30 days

(Victor, 1986), Although spawning
occurs primarily in estuaries, off-

shore spawning has been reported

(Eklund and Targett, 1990; Hostet-

ter and Munroe, 1993).

Tautog support important recre-

ational and small commercial fisheries

throughout their range. After peak-

ing in 1986, annual hai-vests have

declined, and the species is believed

to be overexploited, particularly in the

northern part of its range, between

New York and Massachusetts.'

Despite the economic importance
of tautog, little infomiation is avail-

able regarding stock structure of

the species. Tagging studies suggest

that there is little mixing of adult

fish between geographical regions

(Cooper, 1966; Briggs, 1977). Hostet-

ter and Monroe ( 1993) reported lati-

tudinal variation in size-at-age; fish

from Virginia were found to grow

' Atlantic States Marine Fisheries Commis-
sion. 1996. Fishery management plan for

tautog, April 1996. Fishery Management
Report 25 of the Atlantic States Marine

Fisheries Commission. 1444 Eye Street,

N.W., 6"^ Floor, Washington D.C. 20005.
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denaturation step of 2 min at 94°C followed by 35

cycles of 1 min at 95*^0, 1 min at 50 ^C, and 1 min at

72°C, with a final step of 5 min at 72''C. Reaction vol-

umes of 100 ]iL contained 1 jiL of DNA extract, 2 mM
MgCl,,, 200 pM each dNTP, 2.5 units Tag polymerase

(Promega), and 0.17 pM of each primer. An approxi-

mately 380-bp fragment ofthe cyt b gene was amplified

with universal primers CB2-H and CBl-L (Palumbi et

al., 1991) by using the same protocol, except that the

final primer concentrations were 0.2 pM.
An approximately 680-bp fragment of the ATPase

6 gene was amplified with primers ATPase6-F and
ATPase6-R by using an initial denaturation step of 2

min at 94"C followed by 30 cycles of 45 sec at 94°C, 1

min at 52°C, and 2 min at 72°C, with a final step of

5 min at 72°C. Reagent and template concentrations

were identical to those used to amplify the cvt b frag-

ment. This PCR reaction protocol was also used to

amplify an approximately 1270-bp fragment of ND2
with universal primers t-Met and c-Trp (Park et al.,

1993) and an approximately 1455-bp fragment con-

taining the entire control region, tRNAf*^*^, as well

as part of the 12S rRNA gene with universal prim-
ers L15995 (L-Pro; Meyer et al., 1994) and 12SAR-H
(Palumbi etal., 1991).

An approximately 240-bp fragment of the LDH
intron 6 was amplified with primers LDHA6F1 and
LDHA6R (Quattro and Jones, 1999) by using an ini-

tial denaturation step of 2 min at 94°C followed by
35 cycles of 1 min at 95"C, 1 min at 52°C, and 1 min
at 72°C, and a final step of 2 min at 72°C. Reaction

volumes of 100 pL contained 3 pL of DNA extract, 2

mM MgClg, 200 pM each dNTP, 2.5 units Taq poly-

merase, and 0.2 pM of each primer.

Restriction endonuclease digestion of PCR products

Restriction enzyme digestions were performed as

specified by the manufacturer (New England Bio-

Labs, Inc., Beverly, MA) in 20 pi reactions contain-

ing 5 units of enzyme per reaction. Digestions were

incubated for a minimum of 5 hours before being

stopped with loading dye (207. Ficoll 400, 0.1 M
Na^EDTA pH 8, m SDS, 0.257r bromophenol blue,

0.25% orange G). The digests were run for electro-

phoresis on 2% agarose gels for at least 2 hours at

100 volts. Gels were stained with ethidium bromide

and photographed under UV light. Fragment sizes

were determined from migration distances in rela-

tion to known standards [BstN I digest of pBR322
(New England Biolabs) and Hae III digest of pUC18
(Sigma, St. Louis, MO)] with the computer package

Anagel (Mrazek and Spanova, 1992).

A subset of 24 fish, eight from each geographical

region, was screened for polymorphisms in the five

amplified mitochondrial DNA segments with the fol-

lowing 16 restriction enzymes: Alu I, Aci I, BsmA I,

BstV I, Dde I, Dpn II, Hae III, Hha I, Hiiif I, Mid I,

Mse I, Msp I, Ma III, Rsa I, oTaq I, and rsp509 I.

Restriction enzyme and mtDNA region combinations

that revealed variation in the initial screening, ND2-
Hinf I and control region-Hae III, were repeated for

the entire sample of 72 fish, 24 from each geographic

region.

Denaturing gradient gel electrophoresis

Perpendicular gradient denaturing gels were run

to determine the approximate denaturing points of

the COI, cyt b, and LDH intron PCR products. For

each fragment, PCR product was mixed with an

equal volume of neutral loading dye (207r sucrose; 10

mM Tris-HCl, pH 7.8; 1 mM ethylenediaminetetra-
acidic acid [EDTA]; 0.1% bromophenol blue) and run

on 6.5^^ acrylamide gels (14 cm x 19 cm, 0.75 mm
thick) containing a perpendicular gradient of to

80% denaturant [100% denaturant was defined as

7 M urea/ 40% (v/v) formamide]. Gels were electro-

phoresed at 150 volts for a minimum of 5 hours in a

recirculating 1 x TAE buffer bath at 60°C (CBS Sci-

entific, Inc., Del Mar, CA). Gels were visualized with

ethidium bromide staining and photographed under

UV light.

The entire sample of 72 fish was screened for poly-

morphisms in COI, cyt 6, and the LDH intron by
means of parallel DGGE. The parallel gradient gels

spanned a range of 10% denaturant on either side

of the experimentally determined melting point of

each region: 40% to 60% gels were used to screen

COI and cyt 6, and 20% to 40% gels to screen the

LDH intron. Parallel denaturing gels were run at

150 volts under conditions identical to those used for

the initial perpendicular DGGE; the running times

were optimized for resolution of each region: 4 hours

for the LDH intron, 5 hours for cyt b, and 6 hours for

COI.

In addition, heteroduplex analysis was performed
on each individual from each of the three regions.

Heteroduplexes were formed by heating samples

containing equal volumes of PCR product from two

individuals to 95°C for 5 min and then incubating
them at -20'C for at least 30 min. Each heteroduplex

sample was allowed to thaw slowly at room temper-
ature and was run on the appropriate gradient. To

create a chain of comparison linking each individual

to all of the others, the samples were sequentially

combined: the first was mixed with the second, the

second with the third, etc., including the last sample
which was combined with the first. Pairs of samples
that exhibited a single homoduplex band and no het-
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Table 2

Frequencies of composite haplotypes from restriction digestion of the COI, cyt h, ATPase 6, ND2, and the control region amplified

fragments from T. onitis. Restriction enzymes used for each PCR product are listed. RI = Rhode Island, DE = Delaware, VA =

Virginia. All individuals had identical haplotypes for COI, cyt b, and ATPase 6 for the enzymes surveyed.

COI: Hae III, Hinfl. NIa III, Dde I, Mnl I. Aci I and Tsp509 I

cyt 6: Hae III. Hha I, aTaq I, NIa III. BstV I, Mse I. Dde I, Mnl 1, Aci 1, and 7sp509 I

ATPase 6: Alu I, Rsa I, Hae III, Hha I. aTaq I, Hinfl. NIa III, BstV I, Mse I, Dde I, Mnl I, Ac, I, and Tsp509 I

ND 2Alu I, Hoc III, Rsa I, Hha I, M,sp I. Hind, Dpn II, Ma III, BstV I, Mac I, DA I, Mnl I, Aci I and Tsp509 I

control region: Alu I, iJsa I, //ae III, Hha I, oTaq I, Msp I, //(>if I, Dpn II, Ma III, BstV I, Mse I, Dde I, Mn/ I, Aci I and 7sp509 I

Haplotype

ND2 Control region RI DE VA

AAAAAAAAAAAAAA

AAAAABAAAAAAAA

AAAAAAAAAAAAAA

AAAAAAAAAAAAAA

AAAAAAAAAAAAAAA

AAAAAAAAAAAAAAA

AABAAAAAAAAAAAA

AACAAAAAAAAAAAA

4
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One of the composite haplotypes was found only

in a single individual from Virginia, whereas the

remaining three were found in all three geographi-

cal regions. Mean within-sample haplotype diversity

was 0.6905 (±0.00184), and mean nucleotide diver-

sity was 0.000782 (Table 4).

Corrected nucleotide divergence between samples
varied between -0.0077 and -0.0081%, suggesting

the absence of population structuring along the mid-

Atlantic Coast. This inference is further supported

by exact log-likelihood analysis of the distribution of

the four composite haplotypes across the three sites

(likelihood ratio statistic==2.82, 6 df, exact P=1.00).

A similar analysis of the larger data set (n=12, only

polymorphic sites examined) indicated no significant

heterogeneity (likelihood ratio statistic=6.05, 6 df,

exact P=0.469). Lack of population differentiation

was further supported by a mean Fg-j- value of-0.005
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Summary statistics from the

Samples are pooled according
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for black sea bass but detected significant divergence

between Gulf of Mexico and Atlantic populations.

The results of our study are consistent with the

null hypothesis that the tautog form a single genetic

stock within the species range. Although tagging
studies in Rhode Island have suggested that adult

movement into and out of the area is negligible

(Cooper, 1966), tautog have a relatively long pelagic

larval stage of approximately three weeks which

could result in enough gene flow among geographic

regions to prevent the genetic differentiation of

subpopulations.
The current system off of the mid-Atlantic coast

of the United States consists of three major fea-

tures: the northeastward flow of the Gulf Stream, the

southwestward flow of the along-shelf current, and

the across-shelf-flowing warm-core ring streamers

that split off from the Gulf Stream (Brooks, 1996).

The direction of flow is also influenced by local river

runoff, seasonal wind patterns and meteorological

events, and by the onshore movement ofEkman cur-

rents. The flow patterns in the mid-Atlantic region

suggest that a high degree of transport of larvae

among regions is possible (Hare and Cowen, 1993),

especially for species such as the tautog that spawn
in nearshore waters and have pelagic eggs. Larval

transport has been suspected as the cause of genetic

homogeneity over wide geographic ranges for many
marine species (Avise, 1994; Hedgecock, 1994).

Other mtDNA analyses of stock structuring of

coastal fish species in the mid-Atlantic region have

likewise detected no population subdivision, e.g.

weakfish (Graves et al., 1992b), bluefish (Graves et

al., 1992a), summer flounder (Jones and Quattro,

1999), and Atlantic croaker (Lankford et al., 1999).

None of these studies detected significant genetic

heterogeneity among samples collected at different

sites within the geographical region spanning from

Rhode Island to Chesapeake Bay. For many fish spe-

cies, the extensive mobility of juveniles and adults

coupled with larval dispersal is likely to result in

substantial gene flow.

We were unable to reject the null hypothesis of

genetic homogeneity among three sites in the north-

em, middle, and southern portions of the tautog's

range but we did not not conclusively prove that

tautog in the mid-Atlantic region constitute a single

genetic stock. Population structure not resolved by our

study might be detected by an examination of addi-

tional polymorphisms, with rapidly evolving markers

better suited for detecting recent subpopulation diver-

gence. Improved resolution would also be gained by

increasing sample sizes; the current analysis with a

sample size of 24 individuals per population had lim-

ited power (40%) to detect significant heterogeneity

among populations with the observed haplotype-fre-

quency distributions. However, it is unlikely that by

simply increasing sample sizes with the same set of

molecular markers the picture of minimal geographic

heterogeneity would alter substantially. If we had

found the same haplotype proportions in a study with

quadrupled sample sizes (n=96 individuals per site),

estimates of gene flow (Nm) would still be substantial

(Nm=8.6 between RI and DE; 28 for VA-RI; 73 for

DE-VA). We conclude that the sampled populations
are probably genetically homogeneous, as the result

of contemporary or recent gene flow.

In many genetic studies of population structure,

PCR amplification of DNA is coupled with a restric-

tion fragment length polymorphism (RFLP) analy-

sis or direct sequencing. Although PCR is relatively

simple, the subsequent analyses can become expen-
sive and time-consuming when large numbers of

individuals must be evaluated. These drawbacks can

be alleviated through the use of mutation detection

techniques such as DGGE and DNA heteroduplex

mobility assays (Lessa 1992; Grompe, 1993; Lessa

and Applebaum, 1993 ). These methods can be used to

compare DNA fragments to determine rapidly which

individuals have the same haplotype. Only one rep-

resentative of each haplotype needs to be further

characterized, and large numbers of individuals can

be rapidly and efficiently screened. High-resolution

DNA screening techniques such as DGGE and het-

eroduplex analysis provide the sensitivity of DNA
sequencing and make it possible to screen greater

numbers of individuals for less cost and effort than

standard sequencing techniques.

Our study employed a DGGE-heteroduplex assay

to screen regions of the mitochondrial and nuclear

genomes of the tautog for polymorphisms useful for

the analysis of population structure. Both the cyto-

chrome b and cytochrome c oxidase products, as well

as the LDH intron, appeared to be invariant in the

tautog samples, raising the question of whether the

DGGE-heteroduplex technique was providing the

high degree of resolution anticipated.

In order to provide an independent assessment of

the DGGE-heteroduplex technique, we examined the

cytochrome b fragment from eight spot (Leiostomus

xanthurus), a species that has been shown to have

a high genetic diversity in a RFLP analysis of the

ATPase 6 and control regions (Lankford et al., 1999),

with the same protocol used to evaluate tautog sam-

ples. Four to six haplotypes were observed in the

eight individuals. It is clear that DGGE-heteroduplex

analysis is capable of revealing DNA sequence diver-

sity in amplified mtDNA, as has been reported by
other investigators (e.g. Campbell et al. 1995; Michi-

kawa et al. 1997; Tek Kay et al. 1997).
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Additionally, this study shows that DGGE-hetero-

duplex analysis is a powerful technique that makes
it possible to screen large numbers of samples and
to identify haplotypes that differ by as little as a

single nucleotide. The unique tautog cytochrome b

haplotypes identified by DGGE-heteroduplex analy-
sis result from single base substitutions that would
not have been revealed by a RFLP analysis because

of the lack of restriction enzyme target sequences

spanning the mutation sites.

The low level of genetic variation in the tautog
mitochondrial genome suggests that further mtDNA
analyses would likely prove to be unsuccessful in

delineating tautog population structure. It might
be more productive to focus instead on highly vari-

able nuclear DNA sequences such as microsatellite

loci, major histocompatibility complex genes, and
introns. In addition, more thorough tagging studies

and observations of tautog egg and larval transport
should prove valuable in determining the amount of

exchange among regions within the species range.

However, until further studies are undertaken, the

null hypothesis that tautog populations between

Rhode Island and Virginia constitute a single genetic

stock cannot be rejected.
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Abstract.— Dolphinfish, Coryphaena

hippurus, ofT Puerto Rico were sampled
over an 8-month period to study age and

growth from daily increments recorded

in the sagittae. A total of 121 otoliths

were analyzed. Growth was rapid and

nonlinear. No significant differences in

growth rate were observed based on

sex or on location of capture (north or

south coast ). The von Bertalanffy growth

parameters were L„ = 1457 mm FL,
K = 2.19/yr, and t^

= -0.046 yr. With

these values, extrapolated growth over

the first year averaged 3.6 mm FIVday.

An existing hypothesis of two separate

stocks (north and south I in the vicinity

of Puerto Rico predicts that fish from

the north coast caught primarily in

the winter would show a much slower

growth rate than fish from the south

coast caught primarily in the spring.

The absence of growth differences

between coasts does not match this pre-

diction; however previous growth esti-

mates for the northern stock may have

been underestimated. On the basis of

these results, the stock structure and

migration pattern of dolphinfish are

likely to be more complicated than orig-

inally postulated.
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The dolphinfish, Coryphaena hip-

purus L., is a pelagic and migratory

fish, distributed worldwide through-
out tropical and subtropical waters

(Gibbs and Collette, 1959; Shcher-

bachev, 1973). Migrating stocks

supportimportant sportand commer-

cial fisheries. In the northwestern

Atlantic they are fished off North

Carolina (Rose and Hassler, 1968),

Florida (Beardsley, 1967), in the

Gulf of Mexico (Gibbs and Collette,

1959), off Puerto Rico (Erdman,

1956; Perez and Sadovy, 1996), off

the U.S. Virgin Islands and the

Windward Islands (Mahon et al.,

1981), and off Barbados (Oxen-

ford and Hunte, 1986).

Age and growth for dolphinfish
have been studied in detail by

Beardsley (1967), Rose and Has-

sler (1968). Wang (1979), Oxenford

and Hunte ( 1983), Uchiyama et al.

(1986), and Bentivoglio (1988). No
such studies have been conducted

for fish off Puerto Rico. For the

Caribbean region, the most rele-

vant studies are those of Beards-

ley (1967), off Miami, and Oxenford

and Hunte (1983) in Barbados.

Beardsley (1967), using annuli on

scales, found dolphinfish distri-

buted among five age groups: 379 in

group 0, 121 in group I, 9 in group

II, 1 in group III, and 1 in group
IV. In that study, the mean growth
rate in the first year was 1.82 mm
SL/day. Oxenford and Hunte ( 1983)

assumed daily increment formation

in the otolith and obtained a linear

growth rate of 4.71 mm SL/day for

all fish. The rate for adult fish ( ±700

mm SL) was 1.43 mm SL/day. Oxen-

ford and Hunte's assumption of

daily increment formation was vali-

dated indirectly by comparing their

estimated growth rates to modal

progression in length frequency dis-

tributions; their study was subse-

quently validated directly by Uchi-

yama et al. (1986) in a study of

Hawaiian dolphinfish. Determina-

tion of age from annuli has not been

validated and remains subjective.

Dolphinfish have sexually dimor-

phic growth; older male fish show
an enlargement of the forehead

(Schuck, 1951; Lozano-Cabo, 1961).

Oxenford ( 1985 ) and Uchiyama et

al. (1986) reported differences in

the growth rate in length between

sexes, but other studies have

reported growth as a combination

of both sexes; specifically. Rose and

Hassler ( 1968 ) found no differences

in length at age between males and
females.

Oxenford and Hunte (1986) pro-

posed a migi'ation circuit in the

western Central Atlantic for two

separate northern and southern

stocks (Fig. 1). One stock is located

southeast, and the other north-

west, of Puerto Rico and the Virgin
Islands. Abundance of dolphinfish
in Puerto Rico peaks from Novem-
ber to January and again (albeit to

a lesser degree ) from April to June
(Perez and Sadovy, 1996). The U.S.

Virgin Islands also has a bimodal

distribution in abundance, with a

large peak in April-May and small
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Figure 1

Proposed migration circuits for northern and southern stocks of dolphinfish, Coryphaena hip-

purus. SoHd arrows indicate proposed migration route, open arrows indicate proposed migra-
tion route where catch data are not available. Letter symbols indicate months of peak catch.

Redrawn from Oxenford and Hunte ( 1986).

peak in November. Assuming the migration circuit

of the two-stock hypothesis (Oxenford and Hunte,

1986), we interpret the major peak in Puerto Rico as

coinciding with the presence of the northern stock,

whereas the minor peak coincides with the appear-
ance of the southern stock in the Virgin Islands. The
two-stock hypothesis is based on three main obsei-va-

tions. First, there are differences in life-history para-
meters between dolphinfish from the southeast United

States (North Carolina and Florida) and those from

Barbados. Southern dolphinfish grow faster, attain

sexual maturity at a larger size, have lower fecun-

dity for size, and have smaller eggs than northern

dolphinfish (Oxenford and Hunte, 1986). Second, the

gene flow between both groups is slight. The dif-

ference in allele frequencies of the IDH-2 locus in

heart extracts and in phenotypic frequencies at the

IDH-2,3 loci in liver extracts indicates infrequent

breeding between the stocks (Oxenford and Hunte,
1986). Third, the seasonality ofcatch between regions
is different (Oxenford and Hunte, 1986). Because
Puerto Rico lies along the boundary for the two pro-

posed stocks, it is an ideal location to test the two-

stock hypothesis.

The purpose of our study was to determine age
and gi-owth of dolphinfish in Puerto Rico. Compari-
son of growth rates between Puerto Rico and other

areas (Florida, Barbados) was used to test the two-

stock hypothesis. Of specific interest was the com-

parison of growth between fish from the north and
fish from the south coasts. All fish from the north

coast were caught during the period when abun-

dance first peaked, whereas 92% of the fish from

the south coast were caught during the period of the

second peak in abundance.

Materials and methods

Dolphinfish were collected from sportfishing tourna-

ments and commercial fishing villages from Septem-
ber 1991 to April 1992. Twelve dolphin tournaments

were held in Puerto Rico, five on the north coast and

seven on the south coast. Fifteen billfish tournaments

were visited for additional samples. Purchased fish

or fish heads supplemented samples when necessary.

Fish were caught by trolling lines. Data on date and

site of collection, standard, fork, and total lengths,
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weight, and sex were recorded. All fish were measured
to the nearest millimeter and weighed to the nearest

50 grams. Heads were separated from the body at the

site of collection and kept frozen.

The removal and preservation of otoliths followed

the methods of Panella (1980) and Brothers (1987).

A sagittal (longitudinal) cut through the midline of

the frozen head was made with an electric band
saw. Under a dissection microscope, sagittae were

removed from the sacculi and extraneous tissue was
removed. Sagittae were used owing to their rela-

tively larger size in comparison with the lapillus and
asteriscus. Each pair of sagittae was stored in gly-

cerin for clearing in labeled vials.

Examination of external otolith micrcstructure

was used to determine age (Panella, 1971). Sagittae
were placed on glass slides in glycerin. Otolith struc-

ture was examined and the radius measured under a

compound light microscope with transmitted light at

200x. Translucent and opaque lines were counted fol-

lowing the procedure of Oxenford and Hunte ( 1983).

Otolith rings were assumed to be daily lines (Uchi-

yama et al., 1986) and were counted from the focus

to the edge of the posterior rostrum.

All otoliths were read twice at random. If there

was any difference in reading (10% or more), the

otolith was discarded. A subsample of ten otoliths

was sent to Hazel Oxenford (Bellairs Research Insti-

tute ofMcGill University, in Barbados) for additional

reading and verification of counts. Otoliths were sent

in coded vials with no information about length,

weight, or sex. Fish length, from which otoliths were

sent, ranged from 630 mm FL to 1325 mm FL.

The relation between fish fork length and daily

increment of the sagittae was determined with a pre-

dictive linear regression of length on number of rings

(Ricker, 1975, Francis, 1990). Following Oxenford

and Hunte (1983) and Bentivogho (1988), growth
rates were calculated from the linear regressions and

reported as mm/day. Analyses were done by coast

(north and south) and by sex (male and female). Dif-

ferences between growth-rate estimates were com-

pared by using a homogeneity of slopes test (ANOVA)
(SokalandRohlf, 1981).

For a more realistic representation of growth, age-

length data were also modeled by using the von Ber-

talanffy growth function.

l,=L^(l-e-'"'-'"'],

where
/,

- length (mm) at time t (years);

L^- asymptotic length;

k = the growth coefficient; and

Iq
- the hypothetical age at which length

equals zero.

Parameters were estimated by a nonlinear regres-

sion with SYSTAT (Wilkinson, 1987).

Results

A total of 170 dolphinfish were collected during the

eight-month sampling period. From this total, 80

were captured off the north coast and 90 were cap-
tured off the south coast. The size range from the

south coast was broader than that from the north:

north = 475 mm FL ( 1.25 kg) to 1283 mm FL ( 18.50

kg); south = 381 mm FL (0.70 kg) to 1479 mm FL
(25.00 kg); in addition, the largest fish were found on

the south coast. From the total sample, 55 were male
and 115 were female. Males were slightly larger than

females: males = 630 mm FL (2.50 kg) to 1479 mm
FL (25.00 kg); females = 381 mm FL (0.07 kg) to

1283 mm FL( 19.75 kg).

The relation between standard length (SL) and fork

length (FL) was linear and expressed by the equation

SL = -1.37 -I- 0.92 FL (r=0.99).

The relation between the logarithms of fish weight
( W) and fork length was linear and expressed by the

equation

log W = -4.42 H- 2.78 log FL (r=0.98).

Otoliths were collected from 22 males and 38

females from the north coast, and from 21 males and
40 females from the south coast. Otoliths were not

collected from all fish owing to difficulties in making
the longitudinal cut through the head, to breakage

during dissection, or to loss during extraction from

the cranial tissue. Thus, for the age and growth
determinations, fork lengths ranged on the north

coast from 746 mm FL to 1283 mm FL for males

and from 475 mm FL to 1222 mm FL for females.

Males on the south coast ranged from 625 mm FL to

1325 mm FL, and females ranged from 550 mm FL
to 1275 mm FL.

Examination of the external structure of the oto-

lith showed clear growth increments. On large oto-

liths, increments tended to be tightly spaced on the

edge of the rostrum. Reading daily increments in this

area was difficult owing to poor resolution even after

clearing in glycerin; however, independent readings

by Oxenford were within 10%. The oldest individual

had 336 increments.

Figure 2 shows the length and number of otolith

increments for all fish. Linear growth rate was 2.52

mm FL/day for all fish (Table 1, Fig. 2). Differences in

linear growth rates by sex or coast (Table 1) were not
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significant. For the comparison by sex, however, the

test approached significance, with P=0.138. Given

the variabiHty in data, the power of this test was

probably low. Furthermore, growth was clearly non-

linear and decreased over time. To reach a size of600

mm FL in 100 days, cumulative growth would have

to be 6 mm FIVday. The maximum observed cumu-

lative growth rate was 9.5 mm FL/day for a fish of

1303 mm FL and 137 increments. On average, fish

of 110-150 days grew 3.3 mm FL/day, those 170-220

days old grew 2.9 mm FL/day and those 230-270

days of age grew 2.1 mm FL/day. Parameter values



Rivera and Appeldoorn: Age and growth of Coiyphoena hippurus 349



350 Fishery Bulletin 98(2)

the period of annulus formation (presumably in

winter) and the spawning season. It is distinctly

possible that otolith studies in these areas might
show significantly faster growth and younger fish.

This possibility is also raised by the rapid growth
rates of dolphinfish from these areas when main-

tained in aquaria (Herald, 1961; Beardsley, 1971;

Hassler and Hogarth, 1977), which are among the

highest reported (Table 3).

The two-stock hypothesis of Oxenford and

Hunte ( 1986) predicts that fish sampled offPuerto

Rico from November to March (north coast fish)

should show distinctly different growth rates

from fish sampled from March to May (south

coast fish). However, no such differences were

found, and in general growth rates were similar

to those reported for the proposed southern stock

(Oxenford and Hunte, 1983). Figure 3 shows that

most fish sampled may have belonged to a single

cohort whose distribution shifted over time. The
size differences between fish from the north coast

(primarily January-February) and those from

the south coast (March-April) can be explained

by growth over the 8-month sampling period.

There is an influx of small fish in April off the

south coast; the growth rates of these fish are

equal to those of the rest of the sample. Although
these fish may represent the appearance of a

different (e.g. southern) stock, an equally likely

explanation is that they represent the entry of

a new cohort. Dolphinfish are known to spawn
several cohorts over the year (Beardsley, 1967;

Oxenford, 1985; Perez and Sadovy, 1996), and a

similar appearance of small fish occurs off Bar-

bados in June, where only one stock is hypoth-
esized. Annual length-frequency data from the

south coast of Puerto Rico (Fig. 4 in Perez and

Sadovy, 1996) show considerable variation in the

most abundant size class landed (from 800-1100

mm FL), which may reflect variations in the relative

strengths of the two cohorts.

These observations do not necessarily negate the

two-stock hypothesis if, as postulated above, growth
rates for northern dolphinfish are much greater than

previously reported. In addition to growth rate, the

hypothesis is also based on differences in other life-

history parameters, but more recent studies cast

doubt on the significance of most of these. Data
in Perez et al.^ show trends in several parameters

Fork length (mm)

Figure 3

Length-frequency distributions of dolphinfish from Puerto Rico

by month. Vertical position of the horizontal axes represents

the mean sampling date for each month. Curves indicate the

von Bertalanffy growth rate estimated from otoliths and are

positioned to indicate the main cohort offish sampled.

Perez, R. N., A. Roman, and G. A. Rivera. 1992. Investigation
of the reproductive dynamics and preliminary evaluation of land-

ings data of the dolphinfish Cnryphaena hippurus, L. Puerto

Rico Department of Natural Resources, Puerto Rico Fisheries

Research Laboratory, P.O. Box 3665, Mayaguez, Puerto Rico

00680. Final Report D-J F26-1, 95 p.

related to reproduction. Both the range and mean
size of mature oocytes show a gradual increase

in fish from Florida, Puerto Rico, and Barbados,

although sizes were identical for the north and south

coasts of Puerto Rico. A trend of increasing slope

among length-fecundity relationships was also evi-

dent.' Length of minimum maturity in females also

increased along the same gi'adient, from 324 SL mm
for Florida (Beardsley, 1967), 400 mm FL (369 mm
SL) for Puerto Rico,' to 610 mm SL for Barbados

(Oxenford and Hunte, 1986). These results, however,

could equally be interpreted as representing a cline,

as opposed to data for distinct stocks (Mahon and

Mahon, 1987). Genetic data showing differences is

based on the extremes of the distribution (Florida,

Barbados) and thus cannot be used to interpret what

occurs at a mid location such as Puerto Rico.
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Furthermore, the perceived movements of dolphin-
fish in the vicinity of Puerto Rico is complex. In

Puerto Rico, fish generally are caught in abundance
first on the north coast and then on the south coast.

Fish are caught in the Mona Passage on the west

side of Puerto Rico but not off the east coast over

the Puerto Rican-Virgin Islands shelf.' Off the U.S.

Virgin Islands there is a bimodal distribution of catch

over time similar to that for Puerto Rico. For recrea-

tional boats operating out of St. Croix, increases

in catch rates, particularly in the spring are first

observed to the southeast, then move progressively
closer to St. Croix and then St. Thomas-St. John.-^

The implied direction of movement is from south-

east to northwest, opposite to that predicted by the

two-stock hypothesis. The temporal distribution of

dolphinfish along the southeast coast of the Domini-

can Republic is similar to that off the south coast

of Puerto Rico,'^ but in contrast, off the southwest

coast, dolphinfish catch rates show a single sharp

peak in the month of November.'* In agreement with

Mahon and Mahon (1987), the real stock structure

and migration pattern of dolphinfish are likely to be

more complicated than originally proposed, a point
well appreciated by Oxenford and Hunte ( 1986).
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Abstract.—Five rockfish juveniles

( 15.0-30.4 mm SLi collected in midwa-
ter trawls from offshore banks off the

coast of California were identified by

using a combination of morphological
and molecular characters. All had pig-

ment patterns consistent with members
of the subgenus Sebastomus. but each

required the use of molecular markers

for species identification. Using DNA
sequence data from the mitochondria!

cytochrome b. we identified the juve-

niles as a transforming larva ofSehastes

constellatus and a transforming larva

and three pelagic juveniles of S. ensi-

fer. We provide detailed descriptions

of the specimens and compare our

results with the developmental stages
of other species of Sehastes of the sub-

genus Sebastomus. We found some dif-

ferences in structure and pigmentation
that might allow identification of these

young stages by traditional means, but

more descriptive work is necessary.

The use of molecular tools can thus be

successfully used to complement tra-

ditional identification efforts to solve

problems unassailable by morphologi-
cal and pigment characters alone.
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Sebastes constellatus and Sebastes ensifer

AxayacatI Rocha-Olivares

Scnpps Institution of Oceanography

University of California San Diego
9500 Gilman Dr, La lolla, California 92093 0208

Present address, Louisiana State LIniversity

Department of Biological Sciences

508 Life Sciences Building

Baton Rouge, Louisiana 70809- 17'5

E-mail address arocha^alsu edu

H. Geoffrey Moser

Jason Stannard

La Jolla Laboratory

Southwest Fishenes Science Center

National Marine Fishenes Service, NOAA
PO, Box 271, La Jolla California 92038

Manuscript accepted 28 September 1999.

Fish. Bull. 98:353-363 (2000).

Live-bearing rockfishes of the genus
Sebastes constitute the largest genus
of scorpaeniform fishes with about

110 species woridwide, 72 of which

reside in the Northeast Pacific ( Esch-

meyer and Herald, 1983; Kendall,

1991; Nelson, 1994). In this geo-

graphic region, rockfishes are very

important in the bottom trawl fish-

ery as well as in recreational fisher-

ies (Lenarz, 1986; Leet et al., 1992;

Low, 1993 ). Newborn rockfishes are

extruded as first-feeding larvae

from viviparous females (Yoklavich

and Boehlert, 1991), and they rank

among the most frequent and abun-

dant of all fish larvae in plankton
collections off the coasts of Califor-

nia and Oregon (Moser et al., 1993;

Moser, 1996; Doylei). The juvenile

stages of Sebastes are also impor-
tant ecologically as prey of larger
fishes and birds (Love et al., 1991;

Moser and Boehlert, 1991;Ainley et

al., 1993). In addition to their bio-

logical significance, rockfish larvae

and early juveniles have received

much attention for. their potential

use in estimating spawning bio-

mass and recruitment (Moser and

Butler, 1987; Hunter and Lo, 1993;
Ralston and Howard, 1995).

Species identification has been

the most challenging aspect in the

study of the early life history stages
of Sebastes. For instance, of the

59 species distributed in the Cali-

fornia Cooperative Oceanic Fisher-

ies Investigations ( CalCOFI ) region,

complete developmental series are

available for only thirteen and par-
tial series are available for an addi-

tional eight (Moser, 1996). Several

factors have influenced this lack of

a complete developmental series,

including a very large number of

sympatric species, the preponder-
ance ofsmall larvae, and the limited

number of taxonomic characters

identifiable in the early stages
(Sakuma and Laidig, 1995; Moser,

1996; Moser et al., 1977). Alterna-

tive methods involving the analysis
of electrophoretic patterns or DNA

'

Doyle, M. 1992. Patterns in distribu-

tion and abundance of ichthyoplankton off

Washington, Oregon, and northern Cali-

fornia 11980-19871. U.S. Dep. Commer.
NOAANMFSAlaskaFish.Sci. Center Pro-

cess Report 92-14, 344 p.
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have been proposed to overcome this obstacle (e.g.

Seeb and Kendall, 1991; Rocha-Olivares, 1998b). In

our paper we describe new developmental stages of

two species of Sebastes identified using mitochon-

drial DNA (mtDNA) sequence data.

Materials and methods

Sample collection

Specimens were collected in the vicinity of Tanner

(32°69'N119°12'W) and Cortes (32°61'N119°33'W)

Banks in August 1995 during a rockfish sampling
cruise aboard the Scripps Institution of Oceanogra-

phy RV Robert Gordon Sproul. Four specimens were

sampled in oblique tows with a 5-m^ Isaacs-Kidd

midwater trawl. The fifth specimen was retrieved,

intact, from the digestive tract of an adult greenspot-
ted rockfish, Sebastes chlorostictus, caught with hook

and line. Fish were preserved in dBVc ethanol. Except
for one specimen that completely dried out upon
evaporation of the preserving fluid, the shrinkage
effect of ethanol preservation on the length of the

specimens has been assumed to be negligible owing
to their relatively large size (15.0-30.4 mm SL,

Radtke, 1989). The dehydrated specimen was rehy-
drated in water before description.

Molecular analyses

Total genomic DNA was extracted and purified from

liver or muscle tissue with a GlasPac/GS (U.S.

National Scientific Supply CO., San Rafael, CA)
DNA purification kit as described in Rocha-Olivares

( 1998b). Universal primers, and versions customized

for Sebastes, were used for the polymerase chain

reaction (PCR) and automated cycle sequencing (see

Rocha-Olivares, 1998a for a complete list of primers).
A region spanning 781 base pairs (bp) of the mito-

chondrial cytochrome b (c_yt-6) was amplified by PCR
as described in Rocha-Olivares et al. ( 1999a). Briefly,

50-mL reactions were performed following Kocher

et al. (1989), with 100 ng of genomic DNA and 2

units of Taq DNA polymerase (Perkin Elmer Cetus,
Foster City, CA, or Gibco BRL, Rockville, MD). Ther-

mal cycling was performed as follows: hot start at

90°C for 2 min., followed by 36 cycles of 50 s at 94°C;
2 min at 51°C; 1.5 min at 72°C, and a final exten-

sion of 3 min at 72°C to ensure complete ampli-
fication of products. PCR products were purified

with microconcentrators (Microcon(H) 100, Millipore,

Bedford, MA) or purification columns (QIAquick®
250, Qiagen, Valencia, CA) following manufactur-

ers' protocols. Automated DNA sequencing was per-

formed with ABI PRISM (Perkin Elmer Cetus)

DyeDeoxy® dRhodamine chemistry on an ABI 377

DNA sequencer in 12 \iL reactions ( 30-100 ng double

stranded PCR product, 3 pmol primer, 1.6-2.0 pL
terminator ready reaction mix); cycle sequencing

annealing was 10 seconds at 55°C; we followed the

manufacturer's protocol in respect to all other exper-
imental conditions. Sequence data were obtained by

sequencing both DNA strands of the PCR products.

Molecular identification

The mtDNA data from the unknown pelagic young
was aligned with a database oforthologous sequences
obtained from adult specimens of congeneric spe-

cies generated at the genetics and physiology labo-

ratory of the Southwest Fisheries Science Center in

La Jolla (Rocha-Olivares, 1998a)." Because the mor-

phological and pigmentation patterns of the speci-

mens revealed that they belonged to the subgenus
Sebastomus (Chen, 1971; 1975), the DNA sequence
data were compared to 89 sequences obtained from

all 15 species of this subgenus (Rocha-Olivares et al.,

1999a; 1999c). Species identification was determined

on the basis of the most similar haplotype among
the species compared. Sequence comparisons were

carried out by using pair-wise measures of sequence

divergence calculated as the total number of differ-

ent nucleotides.

Results

Molecular identification

The mtDNA sequence data confirmed morphologi-
cal observations that the five pelagic young were

members of the subgenus Sebastomus. The number
of conspecific DNA sequences used in the reference

database ranged from 1 to 13 (S. notius, S. lentigino-

sus, « = 1; S. spinorbis, n-3; S. capensis, n=4; S. ocu-

latus, S. exsul, S. helvomaculatus. n=5; S. rosaceus,

n=6; S. chlorostictus, S. ensifer n=l; S. umbrosus, S.

constellatus, S. simulator, S. eos, n=8; S. rosenblafti,

n = 13). Two juveniles (CAS and CA4) had identical

mtDNA cyt-6 sequences. On the basis of the number
of nucleotide differences, one specimen (CAl, Fig.

1) was identified as starry rockfish, S. constellatus,

and the other four as swordspine rockfish, S. ensifer

(CA2-CA5, Fig. 1). The mitochondrial haplotypes of

three specimens (CAl, CA3, and CA4) were identical

to adult reference sequences, providing unequivocal

- Rocha-Olivare.s. A., and R. D. Vetter. 1998. Unpubl. data.
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forming specimens of the two

species (e.g. a longer serrate

third preopercular spine in S.

constellatus ,
more infraorbit-

als in S. ensifer only visible

after staining) may be due to

ontogenetic stage or individ-

ual variation (Table 3). How-

ever, the relatively longer fin

rays in S. ensifer appear to be

a species difference. The rel-

ative size and position of the

parietal and nuchal spines
differs in the two transform-

ing specimens; however, this

may be due to difference in

stage of development. In the

S. ensifer series the nuchal

spine gradually replaces the

parietal spine as the ter-

minus of the parietal ridge

and this may also occur in

S. constellatus. Transforming

specimens of the two species

differ slightly in pigmenta-
tion (e.g. wider dorsal saddle

and peduncle patch in S. ensi-

fer); however, this difference

can not be confirmed without

additional specimens.

Transforming specimens and

pelagic juveniles of S. ensi-

fer and 5. helvomaculatus

The species differ markedly
in morphometry (Table 1).

S. ensifer has a deeper-body
than field-caught S. helvo-

maculatus described and

illustrated in Richardson and

Laroche (1979), as shown by
the greater relative body

depth measured at the anus

(Table 1; Figs. 2 and 3). The
two species are different in other morphometric fea-

tures. Eye diameter, jaw length, and fin ray and

spine lengths in the dorsal and anal fins are rela-

tively greater in transforming specimens and pelagic

juveniles of S. ensifer compared with S. helvomacu-

latus, whereas relative snout length is greater in S.

helvomaculatus. In pelagic juveniles, relative head

length is greater in S. helvomaculatus than in S. ensi-

fer, whereas relative interorbital length is less com-

pared with that in S. ensifer. The two species differ

in stage of development at length. The illustrated

// /

Figure 2

Pelagic young of two species of Sebastes tSehastomust from localities off southern Cali-

fornia: (A) S. constellatus, transforming larva, 1.5.0 mm SL; (Bl S. ensifer, transforming

larva, 19.8 mm SL; (C) S. ensifer. pelagic juvenile, 27.3 mm SL.

18.4-mm transforming specimen of S. helvomacu-

latus lacks a melanistic saddle on the trunk, and
the caudal peduncle bar is just beginning to form,

whereas these features are well established in the

19.8-mm specimen of S. ensifer (Figs. 2 and 3). The

pigment saddle is present in the 22.4-mm pelagic

juvenile of S. helvomaculatus but does not extend

ventrad more than about half-way to the lateral line.

Moreover, the complex pattern of bars and clear areas

present on late-stage pelagic juveniles of S. ensifer is

not present on S. helvomaculatus (Fig. 3). Also, the
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Figure 3

Pelagic young of Sebastes iSebastomus) heliomaculatus: (A) transforming larva, 13.4 mm SL; (B)

transforming larva, 18.4 mm SL; (C) pelagic juvenile, 22.4 mm SL; (D) pelagic juvenile, 41.6 mm
SL. From Richardson and Laroche (1979).

ontogenetic changes in head spines (e.g. loss of infra-

orbitals and anterior preoperculars; decrease in the

relative size of the parietalsl occur in S. helvomacu-

latus larger than S. ensifer (Figs. 2 and 3).

Pelagic juveniles of other Sebastomus species A field-

caught 21.0-mm pelagic juvenile of S. chlorostictus

illustrated in Matarese et al. (1989) and Kendall

(1991) is generally similar to specimens of S. constel-

latus and S. ensifer described in this study. In con-

trast to these species, the nape area in S. chlorostictus

appears to lack pigment. In S. chlorostictus the dark

pigment saddle extends from the first to sixth dorsal-

fin spines, becomes wider mid-laterally on the tmnk
and appears to extend to the abdominal region. The
caudal peduncle pigment is equally heavy and forms

a complete band around the peduncle in the 21.0-mm

specimen. Also, the dorsal and anal fin rays appear to

be shorter than those in S. ensifer.

Comments on the identification of pelagic young of

Sebastomus The transforming larvae and pelagic
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juveniles of S. constellatus and S. ensifer identified

by molecular methods, although conforming to the

general facies known for Sebastomus pelagic young,

show some differences in morphological features and

pigmentation that may permit their identification by

traditional means. The possibility of identifying the

pelagic young of this species-rich subgenus is further

suggested by the striking differences between pelagic

young of S. ensifer and S. helvomaculatus. Further

advancement will require: 1) the collection of fresh

specimens ofpelagic young of all species ofSebastoryjus

in the waters off California and Baja Califomia; 2) the

establishment ofontogenetic series positively identified

by molecular methods; and 3) a detailed description

and series of illustrations published for each species.

Pelagic young of this subgenus are common constit-

uents of the midwater fauna of the continental bor-

derland of the Southern Califomia Bight ( Moser and

Ahlstrom, 1978; Moser and Boehlert, 1991 ), and speci-

mens are readily available from midwater trawls.

In conclusion, this paper reports a novel approach
to the study of young rockfishes. We have used mole-

cular data in conjunction with morphological descrip-

tions to increase knowledge on the identification of

elusive early life history stages ofSebastes.
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Abstract.—The shapes and volumes of

swimbladders of yellowfin tuna, Thun-

nus albacares, were measured from

freshly caught fish from the eastern

Pacific Ocean. Direct measurements of

swimbladder volumes were obtained

from a geometric reconstruction with

morphometric measurements of intact

bladders and by volumetric displace-

ments of the same intact bladders

excised from 46 fish (57 to 157 cm in

length). The estimates of the swimblad-

der volumes obtained from geometric

reconstruction were not significantly dif-

ferent from those obtained with the cor-

responding volumetric displacements.

There is a nonlinear relationship be-

tween yellowfin swimbladder volumes

and fish lengths. The mean swimblad-

der volume was 1.339!: of body volume

vnth a minimum of 0.30% and a maxi-

mum of 2.84%. A comprehensive model,

based on the data from this study and

those from a previous investigation, is

presented for the relationship of yel-

lowfin swimbladder volumes, estimated

from geometric reconstruction and fish

lengths for 108 specimens (35 to 157 cm).

This predictive model was then used

with other formulae to estimate yel-

lowfin tuna swimbladder resonance fre-

quencies for fish lengths and fish depths.

Because these resonance frequencies are

within the range of frequencies audible

to yellowfin tuna, we speculate on the

potential distance at which dolphins

could be detected by yellowfin tuna.
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The shape and volume of the swim-

bladder of yellowfin tuna, Thun-

nus albacares, is obviously impor-
tant because it functions as a

hydrostatic organ, which lowers the

energy costs of locomotion (Magnu-
son, 1973; Alexander, 1993). The yel-

lowfin swimbladder may also func-

tion in acoustic detection, providing
increased sensitivity in hearing, thus

enhancing the ability of fishes to

detect other organisms, such as

dolphins and prey (Iverson, 1967;

Hawkins, 1993). In addition, the

swimbladder may also function in

acoustical detection oftuna by other

species. At low frequencies (< 2

kHz ), the maximum acoustic target

strength occurs at a resonance fre-

quency determined by the volume

of the swimbladder (Love, 1978). At

high frequencies (2-200 kHz), the

swimbladder has been reported to

account for ?>0'7c (Harden Jones and

Pearce, 1958) to as much as 95%

(Foote, 1980) of the acoustic target

strength for some fish.

Low-frequency acoustic detection

and tracking of yellowfin tuna

schools is being investigated by
the U.S. National Marine Fisheries

Service as an alternative method

of locating yellowfin tuna indepen-
dent of dolphins. Studies suggest
that yellowfin tuna schools could

be detected at much greater ranges

(20 to 40 km) than are currently

feasible (Rees, 1998). Development
of an acoustic detection system
could greatly increase the efficiency

of commercial fishing and might
also provide a fishery-independent
method for assessing yellowfin tuna

or other large pelagic fish.

Nero^ used two acoustic-scatter-

ing models to estimate the target

strengths of yellowfin tuna schools:

a model for very low frequencies

(50-1000 Hz) assumed to be near

swimbladder resonance (Feuillade

et al., 1996; Feuillade and Nero,

1998), and a high-frequency (2-200

kHz ) model for frequencies well above

swimbladder resonance (Love, 1977;

Love, 1981). Yellowfin swimbladders

were modeled as gas-filled spheres

( Feuillade et al.
,
1996 ). Nero's models

( 1996) included swimbladder volume

estimates ofapproximately 5*?^ offish

volume for yellowfin tima in excess

of 80 cm in length, extrapolated fi-om

Magnuson's (1973) relationship of

swimbladder volume to fish length for

yellowfin tuna 44 to 82 cm in length.

The objectives of our study were

1) to obtain direct measurements

• Nero, R. W. 1996. Model estimates of

acoustic scattering from schools oflarge yel-

lowfin tuna. Report NRL/MRy774-95-7708.
Naval Research Laboratory, Ocean Acous-

tics Branch, Acoustics Division, Stennis

Space Center, MS 39529-5004, 21 p.



Schaeffer and Oliver: Shape, volume, and resonance frequency of the swimbladder of Thunnus albacares 365

of swimbladder shapes and volumes from freshly

caught yellowfin tuna 50 to 150 cm in length, 2)

to compare the swimbladder displacement volumes
with volumes estimated from geometric reconstruc-

tion, 3) to compare the swimbladder volumes esti-

mated from geometric reconstruction for freshly

caught and frozen-and-thawed specimens, and 4)

to calculate swimbladder resonance frequencies as

functions offish length and depth.
All four objectives are directly related to designing

a low-frequency, long-range acoustic detection system
to locate large yellowfin tuna. The first objective pro-

vides direct measurements of the relation between
swimbladder volume and fish length, upon which are

based acoustic target strength estimates. The previ-

ously modeled relationship was based upon smaller

yellowfin tuna (Magnuson, 1973; Nero, 1996). The
second and third objectives were to ascertain the

practicality of obtaining swimbladder volumes by
means other than volumetric displacement of the

swimbladder from freshly caught fish, thus providing
both a simpler method and wider sampling opportu-
nities. The last objective allows incorporation of fish-

ery information (fish size and swimming depth) to

select a particular frequency, or frequency range, in

order to optimize an acoustic detection system.

5 mL. The swimbladder was then punctured and the

volumetric displacement of the tissue measured. The
estimated volume ofgas in the swimbladder was calcu-

lated as the difference between displacement volumes
of the inflated and deflated swimbladder, including
the attached extraneous tissues. The volume of the

swimbladder wall was not determined and should be

considered insignificant, being extremely thin, with

respect to volumetric displacement.
Estimates of swimbladder volumes were also com-

puted by a geometric reconstruction from the blad-

der's length and width measurements. Based on

the above four measurements of each bladder, an

algorithm was employed to estimate the volumes

between several cross sections. Cross sections of the

swimbladder were assumed to be elliptical. The ros-

tral and caudal ends of the bladders were assumed
to be hemispheres. The total estimate of the volume
of gas within the swimbladder was the sum of all

the geometrical units. Estimates ofswimbladder vol-

umes by a geometric reconstruction for 62 frozen and
thawed yellowfin tuna, ranging in length from 35 to

149 cm (Schaefer, 1999), were included in this study
for both comparative and comprehensive analyses.

Results

Materials and methods

Yellowfin tuna specimens were caught by rod and

reel. Seventeen specimens, 57 to 70 cm in length,

were collected from a skiff during October 1997, in

the vicinity of the Frailes Islands (lat. 7°20N, long.

80°08'W). An additional 29 specimens, 71 to 157 cm in

length, were collected aboard the MW Royal Polaris, a

San Diego-based long-range sportfishingboat, during

January and February 1998, primarily in the vicini-

ties of Alijos Bank (lat. 24=49N, long. 115°56'W) and

Hurricane Bank (lat. 16°52'N, long. 117°30'W).

Freshly caught specimens were assigned an iden-

tification number. Fish length was measured with a

caliper to the nearest millimeter and fish weight was
measured with an electronic balance to the nearest

pound. Cutting the abdominal cavity open from the

anus to the isthmus and removing most of the vis-

cera exposed the swimbladder. A photograph of the

intact swimbladder was then taken with a digital

camera. Morphometric measurements of length and

three widths (rostral, medial, and caudal) were taken

for each intact swimbladder, with a dial caliper, to the

nearest tenth of a millimeter. The inflated swimblad-

der and some extraneous tissue were excised from the

abdominal cavity, and the volumetric displacement
was measured in a graduated cylinder to the nearest

Swimbladder shape and volume

Photographic images of the ventral, dorsal, left, and

right profiles of an excised intact swimbladder of

yellowfin tuna provided definitive views of the over-

all shape (Fig. 1). The swimbladder is cylindrically

shaped and has medial bulging and hemispheric
ends. There are paired protuberances on the rostral-

dorsal surface. The protuberances are commonly of

unequal size (the left is larger than the right) and

they fit into sockets located on each side of the ver-

tebral column. As size increased in the yellowfin

specimens we examined (Table 1), the ratio of the

swimbladder length to the width remained fairly

constant, around a mean of 3.1 (range: 2.2-4.8). The
swimbladder shape, however, changed noticeably,

particularly at the caudal end (Fig. 2).

The swimbladder has thin elastic walls except for

the thicker walls of the protuberances. The dorsal

surface of the swimbladder is attached to a sheet

of thick connective tissue, situated along the dorsal

wall of the abdominal cavity adjacent to the verte-

bral column. In larger specimens, there is a promi-
nent cord of connective tissue originating from the

posterior area of this tissue and extending anteriorly

to the area of the sockets at the rostral end of the

swimbladder. This distinct cord of connective tissue
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Ventral Dorsal

Left Right

Figure t

Profiles of an excised intact yellowfin tuna swimbladder. The actual length of the swimbladder was 165 mm, the maximum
width 69.1 mm, and the displacement volume 245 cc. The fish was 784 mm in length and 8.6 kg in weight.

is situated directly adjacent to the dorsal wall of the

swimbladder.

The relationship of swimbladder volume obtained

from volumetric displacement, to fish length for the

freshly caught yellowfin tuna is shown in Figure 3.

The relationship is described by a power function:

0.000000005 ,.3.5715 (r2=0.87,«=46) (1)

where y\
- swimbladder volume at fish length x.

The relationship of swimbladder volume, obtained

from volumetric displacement and expressed as a

percentage of the body volume (estimated from body

weight) to weight for freshly caught yellowfin tuna is

shown in Figure 4. The mean volume was 1.33% (95%

CI=0.16%) with minimum and maximum values of

0.30% and 2.84%, respectively. The relation between

the swimbladder volume, expressed as the percent-

age of body volume to body weight is described by
the following linear function:

where
Y,.

= swimbladder volume, expressed as a

percentage of body volume, at weight .r.

The relationship of swimbladder volume (esti-

mated from geometric reconstruction) to volume

obtained from volumetric displacement for freshly

caught yellowfin tuna is shown in Figure 5. The rela-

tionship was described and analyzed by the follow-

ing linear function, with the intercept set to zero:

Y= 1.0735.V. 7-=:0.96, n=46 (3)

1.0822 -I- 0.014ar, (r-'=0.17,n=46) (2)

where Y^ - swimbladder volume estimated from

geometric reconstruction for the corre-

sponding volumetric displacement .v.

The regression coefficient is significantly different

from 1 (^0 0.5(21.^4=2-41; P<0.05). However, it is appar-
ent from Figure 5 that the two techniques produce
similar estimates, providing credence to the estima-

tion of volume from geometric reconstruction.

Analysis of covariance applied to the log-trans-

formed swimbladder volumes by geometric recon-
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A

B

^

D

Figure 2

Ventral profiles of excised intact yellowfin tuna swimbladders scaled to relative size. Values

given for each image are measured lengths and displacement volumes of bladders, fish

length, and fish weight. (A) 115 mm and 43 cc, .590 mm, 4.1 kg. (Bi 1.35 mm and 81 cc, 751

mm, 8.2 kg. (C) 184 mm and 280 cc, 940 mm, 16.8 kg. (Di 205 mm and 495 cc, 1129 mm,
27.2 kg. (E) 270 mm and 915 cc, 1346 mm, 44.5 kg.

mate F-ratio statistic (Zar, 1974) indicated that the

sample power functions fitted to the data of percent-

age of swimbladder vokime (obtained from geomet-
ric reconstruction) to fish length (57 to 157 cm, n=46 )

from our study and (35 to 149 cm, n=62) from Schae-

fer's study (1999) are estimating the same popula-
tion regression function (F=2.65„ P>0.10). It thus

appears appropriate to pool the two sets of data for

yellowfin tuna swimbladder volumes obtained from

geometric reconstruction, in order to provide the

most comprehensive model possible.

The relation of swimbladder volume (estimated by

geometric reconstruction I and length of the yellowfin

tuna from our study, combined with that from Schae-
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fer's (1999) is shown in Figure 6. The rela-

tionship is well described by a power function

fitted to the nontransformed data by means of

a weighted regression procedure:

y,.
= 0.00000002 .r^ "601, (7-^'=0.83, « = 108 (4)

([fish length range:
353 to 1569 mm])

where
V,.

= a swimbladder volume at fish length .v.

The weighting employed consisted of the

reciprocal of the variance about the volumes
within each 200-mm length interval.

Swimbladder resonance frequency

The monopole-dominant resonance frequency
of a swimbladder (Andreeva, 1964) is approxi-
mated by using a spherical volume of gas (Love,

1978) as follows:

Resonance frequency
STP

(5)

where T = 1.4;

r = radii of equivalent sphere in

meters;

Z) = density of fish flesh (1050 kg/m-');

and

P = sound speed parameter at depth Z
defined as

P- 1 +
10„

X 10100 Pascals. (6)

Because yellowfin tuna swimbladders are not

spherical, the predicted resonance frequency
must be adjusted to account for the approxi-
mate prolate spheroid shape of the swimblad-

der (Figs. 1 and 2). Weston ( 1967) has provided
a formula and figi.n'e (Chap. 5, p 59, Fig.

5.2) for this adjustment using the ratio of the

swimbladders maximum (a) and minimum (b)

radii (e.g. 1/2 length and 1/2 width). From the

figure, we interpolated the magnitude of the

upward adjustment at various depths, incorpo-

rating Boyle's Law to account for changes in

volume with depth. The swimbladder's maxi-

mum radius (a) was held constant at all depths
because it is firmly attached to the connective

tissue sheet adjacent to the dorsal wall of the

abdominal cavity. We calculated the expected
minimum radii (b) at various depths, using the

predictive regression function for swimbladder

1800-
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inflation and deflation of the swimbladder is

controlled through special glands that function

in the secretion or resorption of gases from, or

to, the blood (Alexander, 1993). Virtually noth-

ing is known about inflation and deflation rates

in swimbladders of tunas, but it would appear
from studies of other fishes (Alexander, 1993)

that swimbladder volume adjustments would
be extremely slow in relation to the rapid swim-

ming speeds during vertical forays by these

species (Holland et al., 1990).

Geometric reconstruction of swimbladders in

yellowfin tuna was previously derived from radio-

graphs to estimate volumes, which were vali-

dated by volumetric displacement (Chang and

Magnuson, 1968). It is apparent from the results

of that study and our study that the geometric
reconstruction method is sufficiently accurate

for deriving estimates of volumes of swimblad-

ders of yellowfin tuna, and possibly other tunas

as well. Obtaining swimbladder volumetric data

by geometric reconstruction is more practical

than by volumetric displacement because of the

additional time required and potential of punc-

turing the swambladder when excising for deter-

mination of volumetric displacement. Furthemiore,
unless there are instances where it is not feasible to

cut open the abdominal cavity of specimens, it does

not appear to be necessary to employ an x-ray unit for

obtaining these estimates.

Magnuson (1973) reported that swimbladder vol-

umes for 11 yellowfin tuna specimens, 44 to 82 cm
in length, ranged from around 0.25'^ to 4.0'7c of body
volume (estimated from Fig. 4a of Magnuson, 1973).

The swimbladder volumes in our study, derived from

volumetric displacements, expressed as a percentage
of the estimated body volumes (Fig. 4) had a mean of

about 1.3*^, with a range of about 0.3*^ to 2.849f, and

almost no relation with increasing mass. Swimbladder

volumes, fi-om the present study, for yellowfin tuna in

the length range presented in Magnuson ( 1973 ) appear
to be significantly lower (Fig. 4). The data of Magnu-
son (1973) were based upon measured volumetric dis-

placements of the fish, whereas in the present study

body volume was estimated, without adjusting for fish

density because those values were not available for

these specimens. However, we calculated the body vol-

umes from weights for specimens from the present

study, using an adjustment factor for density of 1.05

g/mL (Magnuson, 1973) and found swimbladder vol-

umes, expressed as a percentage of body weight, would

be increased by only 0.079f on average. This small

increase in volume does not account for the apparent
differences in swimbladder volumes between the pres-

ent study and those in Magnuson (1973). In addition.

•2000

1500

600

Figure 7

Relation between estimated swimbladder resonance frequency,
fish length, and fish depth for yellowfin tuna.

although Magnuson (1973) reported that specimens
of 2 kg or less have no gas in the bladder, Schaefer

(1999) reported yellowfin swimbladders are inflated

with measurable quantities of gas in specimens as

small as 0.85 kg (353 mm) (Fig. 6).

Swimbladder resonance frequency

Acoustic tracking studies have shown that yellowfin
tuna occupy the lower mixed layer during daylight
and waters closer to the surface at night (Carey and

Olson, 1982; Holland et al., 1990; Block et al., 1997).

Although they appear to make frequent short excur-

sions toward the surface, they spend very little time

at the surface. In the area of the eastern Pacific sur-

face fishery (Bayliff, 1998), the thermocline depth

ranges from about 40 to 120 meters (Fiedler, 1992).

Resonance frequency will change with depth because

volume is the primary determinant of the resonance

frequency ofa swimbladder. Thus, the acoustic target

strength of a tuna, or school of tunas, will vary as

the swimbladder volumes vary at depth for low-fre-

quency acoustic detection systems.
Nero (1996) modeled target strengths for schools

of larger yellowfin tuna for both high frequencies
(2-200 kHz), and low frequencies (below 2 kHz),

using an assumed swimbladder volume equal to 5%
offish volume for calculating resonance frequencies.
Nero's ( 1996) high-frequency model predicted target

strengths of 2.5, 1.6, and 0.9 dB re IpPa for yellowfin
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tuna schools of 80, 100, and 130-cm fish respectively.

The decreasing trend in school target strength as

fish length and bladder volume increases, as shown
in Nero (1996), results primarily from the reduced

number of fish in a modeled 15-kg school. Some
decrease in Nero's reported school target strengths
could result from the smaller swimbladder volumes

that we measured for fish of similar lengths, depend-

ing upon the swimbladder's contribution to target

strength at high frequencies (Harden Jones and

Pearce, 1958; Foote, 1980).

Nero ( 1996 ) estimated low-frequency target strengths
for schools of yellowfin tuna at various depths, fish

lengths, and packing densities but noted school target

strength was complicated because of interference and

coupled resonance effects dependent on the fish size,

numbers, aspect, and packing density. We expect Nero's

reported school target strengths, for low frequencies,

to decrease as a result of the smaller swimbladder vol-

umes we report. Because resonance frequency varies

inversely with swimbladder volume, overestimating
volume results in predicted lower resonance frequen-
cies. Direct measurement of resonance frequency and

target strength of in situ swimbladders would elimi-

nate the need to model these parameters and provide
better information to optimize an acoustic detection

system for large yellowfin tuna.

Yellowfin tuna monitor their environment through
the use of sensory organs for visual, chemoreceptive,
and acoustic information. Although vision (Guthrie

and Muntz, 1993) and chemoreception (Hara, 1993)

are presumably important to yellowfin tuna in forag-

ing, sex, and social communication, acoustic sensory

capacities probably provide greater detection poten-
tial because of the light attenuation and chemical

dilution effects in the ocean ( Hawkins, 1993 ). Sounds
can travel great distances in the sea, depending upon
the sound propagation characteristics of the water
and the sound frequency and source level. Reception
and processing of sounds by fish presents the poten-
tial for detection at a greater distance than that by
either visual or chemoreceptive senses (Hawkins,
1993). Although the swimbladder of yellowfin tuna

may enhance their acoustic detection and their abil-

ity to detect sounds, the size and shape of their swim-
bladder does not appear to provide for any directional

information. Directionality in hearing, however, may
exist in yellowfin tuna based on the anatomy and

organization of the inner ears (Hawkins, 1993).

The physiological behavior of yellowfin tuna and
the affect that it potentially has on the acoustic char-

acteristics of the swimbladder should be considered.

For instance, the swimming behavior of yellowfin

tuna, exemplified by vertical excursions, may enable

individuals to actively control the resonance frequen-

cies of their swimbladders (Fig. 7) and to potentially
enhance their ability to sense their environment, as

previously proposed by Feuillade and Nero ( 1998) for

other fish with swimbladders. By varying the reso-

nance frequency of the swimbladder, yellowfin tuna

may be able not only to amplify acoustic signals but

also filter auditory signals and thus improve acous-

tic detection in the presence of high levels of ambi-

ent noise (Hawkins, 1993).

Because estimates of yellowfin tuna swimbladder
resonance frequencies presented in our study were
within the range of frequencies audible to yellowfin
tuna (Iverson, 1967) and because swimbladders may
enhance yellowfin tuna hearing (Blaxter and Tytler,

1978; Blaxter, 1980), it is tempting to speculate
about the potential distance at which yellowfin tuna
could become aware of dolphins (Stenella spp. and

Delphinus delphis) or prey, predators, or conspecifics

through sound reception. Identification of a mech-
anism that facilitates the yellowfin tuna and por-

poise bond in the eastern Pacific (National Research

Council, 1992) may provide a means of breaking the

bond prior to setting nets that encircle dolphins,
thus enabling the capture of yellowfin tuna without

catching dolphins. If the mechanism is an attractant

(i.e. yellowfin tuna move towards the sounds of dol-

phins or other oceanic sounds, or towards the sounds

of both), then the possibility exists to attract larger

yellowfin tuna artificially with acoustical devices.

Active sounds produced by dolphins include clicks,

bangs, and whistles (Schevill, 1964; Tavolga, 1965;

Norris and Mohl, 1983; Watkins and Wartzok, 1985;

Marten et al., 1988) at peak frequencies as high as

160 kHz and peak source levels up to 228 dB re

IpPa (Au, 1993). Passive sounds resulting from tail-

slaps, breaches, and other behaviors have also been

described as loud (Hult, 1982; Smolker and Rich-

ards, 1988). The energy at frequencies between 50

and 1100 Hz is of particular interest because yellow-
fin tuna have been shown to respond to sounds in

this range—the most sensitive responses occurring
between 300 and 500 Hz (Iverson, 1967).

Sound intensity decreases with range as a sound

propagates through the water, primarily because of

transmission loss associated with spherical spread-

ing of the wavefront and absorption (Richardson et

al., 1995). At 500 Hz, absorption loss is approxi-

mately 0.013 dB/km (Urick, 1983) and total trans-

mission loss can be approximated from spreading
loss alone over relatively short distances. We used

the best hearing sensitivity at 500 Hz reported by
Iversen (1967) for small yellowfin tuna (83 dB re

IpPa) as the minimum received source level (SL) a

tuna can hear. In the absence of published data on

SL at 500 Hz associated with low-frequency sounds
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produced by Stenella and Delphinus, we use the

maximum SL measured for jaw pops of Tursiopa
truncatus, 163 dB re IpPa (Finneran et al., 2000).

Maximum detection range under spherical spread-

ing conditions is calculated as:

Range = 10 iSL,„„^,-SL received
)/20. (8)

In the absence ofother sounds (e.g. ambient noise),

we estimated that yellowfin tuna in the eastern

Pacific Ocean may be able to detect a 500-Hz sound

of 163 dB re IpPa out to a distance of approximately
10 km.

Ambient noise in offshore waters results primarily
from wind and waves (Richardson et al., 1995) and
can mask reception of other sounds. In the region of

the eastern Pacific Ocean, where a yellowfin tuna fish-

ery exists, the sea surface is characterized by frequent

periods of light winds with wind speed less than 5 m/s

(sea state 2) more than 609c of the time (Webb, 1998).

At 500 Hz and with sea state 2, broadband ambient

noise is approximately 85 dB re IpPa (Richardson et

al., 1995), and would probably mask the ability oftuna

to detect our hypothetical 83-dB dolphin sound at the

maximum distance we calculated. We are unaware of

any data on critical ratios or critical band widths asso-

ciated with tuna hearing, from which we could esti-

mate the effective received level required for a tuna

to detect our sound in the presence of this ambient

noise. However, the source level received by a yellow-

fin tuna would have to be higher than ambient noise

level, thus reducing detection distance.

The swimbladder of yellowfin tuna may function

as a key mechanism in the formation of the bond
between yellowfin tuna and dolphins in the eastern

Pacific Ocean. Whether larger yellowfin tuna actively

search for dolphins to increase their probability of

remaining within food-rich habitat (Fiedler et al.,

1998) or whether the dolphin's sonar echolocation

ability detects yellowfin tuna (Au, 1993), the swim-

bladder may play an important role in both sound

reception and detectability as an acoustical target.

Further research should be conducted on yellowfin

tuna bioacoustics, including hearing sensitivity in

larger yellowfin tuna, determination of the role of

the swimbladder in hearing sensitivity, and mea-

surements of source level sounds produced by dol-

phins and other marine organisms at frequencies
below 1 kHz, referenced to a source.
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Abstract.—Genetic variation at the

liver MDH* locus was used to describe

the species composition and the geo-

graphic distribution of the larvae of

the two redfish species, iSebastes men-

tella and S. fasciatus) in the Gulf of St.

Lawrence in 1991 and 1992. In both

years, redfish larvae were more abun-

dant at the junction of the Laurentian

and the Esquiman Channels than in

other areas surveyed. Electrophoretic

analysis of 697 larvae in 1991 and 1041

in 1992 showed that larvae of both spe-

cies were present in the Gulf during the

two years of the study although in very

different proportion. Larvae belong-

ing to the genotype MDH*A1A1 iS.

mentella) represented at least Gl'^r of

the redfish larvae collected in the Gulf

in 1991 and 77'r in 1992. Strong spa-

tial heterogeneity in the frequency of

the two MDH* alleles was observed; a

higher proportion of S. mentella occur-

red in the central and deeper part of the

channels and a higher proportion of S.

fasciatus in shallower zones. Larvae of

the genotype MDH*A1A1 (S. mentella)

were significantly larger than those of

the genotype MDH*A2A2 (S. fascia-

tus) for both years of the study, sug-

gesting that the extrusion times differ

between the two redfish species. The

sizes and geographic distributions of

the heterozygous larvae (MDH*A1A2)
did not differ from those of S. mentella

[MDWAIAD.
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The Gulf of St. Lawrence redfish

consist of a complex of three puta-

tive species, currently identified as

deepwater redfish, Sebastes men-

tella, and Acadian redfish, S. fascia-

tus, that dominate the commercial

fishery (Atkinson, 1984; 1987;Rubec
et al., 1991) and golden redfish, S.

norvegicus, formerly named S. mari-

nus (Fernholm and Wheeler, 1983)

which occurs only sporadically and

at very low abundance, namely at

<l'7f of the catch (Ni and McKone,

1983;Rubecetal., 1991).

Although S. fasciatus differs mor-

phologically from S. me/i tella, the

overlap in meristic and morpho-
metric characters is such that the

two redfish species are difficult to

separate and, frequently, individuals

cannot be unequivocally identified

(Ni, 1981; 1982; Kenchmgton. 1986;

Rubec et al., 1991). Discrimination

among redfish larvae is even more

complex because the morphological
characters used for adults and juve-

niles cannot be used for identifying

species during the larval stages

(Penney, 1987). The taxonomic con-

fusion, as well as the absence of

reliable morphological characters to

identify the larvae, has limited our

understanding of the ecology and

population dynamics ofredfish in the

North Atlantic.

Electrophoretic analysis is an ap-

propriate tool for identifing Sebas-

tes species at all stages of their

life cycle, including larvae (Payne
and Ni, 1982; McGlade et al., 1983;

Nedreaas and Naevdal, 1991; Rubec

et al., 1991; Seeb and Kendall, 1991;
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Sevigny and de Lafontaine, 1992; Gagne, 1995; Seeb,

1998). In the Northwest Atlantic, differences in the

electrophoretic mobiUty patterns of the dimeric pro-

tein malate dehydrogenase (MDH; EC 1.1.1.37) from

Hver tissue appear to distinguish S. fasciatus from

S. mentella (Payne and Ni, 1982; McGlade et al.,

1983; Rubec et al., 1991). The presence of two alleles

(MDWAl and MDH*A2} segregating at this locus

results in three genotypes that can easily be iden-

tified by electrophoresis. A low-mobility banding

pattern, corresponding to the genotype MDH'-'A2A2

predominates in S. fasciatus whereas a high-mobility

pattern, corresponding to the genotype MDH'AIAI,
is more characteristic of S. mentella. However, there

are two restrictions to using this approach. First and

foremost, the heterozygous individuals sharing alleles

of both S. fasciatus and S. mentella cannot be assigned

unambiguously to one species. Second, electropho-

retic mobility of MDH does not differ between S.

mentella and S. norvegicus (McGlade et al., 1983).

Despite these limitations and until a more reliable

taxonomic tool becomes available, electrophoretic

mobility patterns of liver MDH remain the best

approach for identification of redfish species in the

Gulf of St. Lawrence, especially at larval stages.

However, one should remember that the taxonomic

status of redfish is still under debate and although,

for convenience, we use and refer to the species

names S. fasciatus and S. mentella throughout the

text, these may be putative species.

Redfish of the North Atlantic are ovoviviparous;

their eggs are fertilized by sperm stored in the

oviducts. Although the reproductive biology of the

redfish of the Gulf of St. Lawrence is not well under-

stood, mating (transfer of spermatozoa from male to

female) probably takes place during late fall or early

winter. Fertilization and embryogenesis take place

in winter, and larvae hatch internally and ai-e extru-

ded during late spring and early summer (St-Pierre

and de Lafontaine, 1995, and references therein).

In consequence, the location of larval extrusion may
differ significantly from the location where copula-

tion has taken place. In order to avoid confusion, the

term "larval extrusion," rather than "spawning," is

used to distinguish between the hatching-extrusion

phase and the mating phase of the redfish reproduc-

tive cycle. The importance of gene flow within and

between species is established during the mating and

fertilization phase of the reproductive cycle, where-

as the location of larval hatching and extrusion will

determine the geographic distribution of the species

at the larval stage.

It is commonly assumed that the life cycle of the

two species of redfish is completed inside the Gulf

and that the redfish lai-val population represents a

mixture of S. fasciatus and iS. me77^e//a. Although the

presence of newly hatched redfish larvae in plank-

ton samples from the Gulf did confirm that redfish

extrude larvae in this area (de Lafontaine, 1990, and

references therein; de Lafontaine et al., 1991), the

species composition of these larvae has never been

elucidated and their distribution in the Gulf has

never been described. The objectives of the present

study were 1) to describe the species composition of

larval redfish in order to verify that the two species

use the Gulf of St. Lawrence as an extrusion site, 2)

to determine the spatial co-occurrence of S. fasciatus

and S. mentella within the Gulf, and 3) to describe

the larval size distribution of the two species as an

indication of the variability in extrusion times.

Materials and methods

Sample collection

Sampling was conducted at 32 stations along three

transects on the western and eastern side of Anti-

costi Island in the Gulf of St. Lawrence between 22

June and 4 July 1991 and at 74 stations, located

mainly to the east of Anticosti Island, between 10

June and 20 June 1992 (Figs. 1 and 2). Numerous

sampling stations were selected in order to obtain

the largest spatial coverage for larval redfish distri-

bution in the Gulf of St. Lawrence. Plankton sam-

ples were collected with a modified opening-closing

l-m- rigid "Tucker" trawl equipped with two, 333-m

mesh nets and two G.O. model 2030 flowmeters.

The gear was hauled in double-oblique tows from

the ship's side at a cruising speed of 2.5-3.0 knots.

Sampling was restricted to the 0-50 m upper layer

where redfish larvae are concentrated (Kenchington,

1991; Runge and de Lafontaine, 1996). Maximum

sampling depth was determined by a Vemco acous-

tic transducer attached to the gear frame and by cal-

culation from the amount of wire length deployed
and the wire angle. Tow duration varied between 6

and 10 min. Once back on board, nets were rapidly

rinsed and samples were concentrated in codends

and transferred to the laboratory on the vessel for

larval sorting.

Upon collection, a visual examination of the sam-

ples was made. When the estimated number of larvae

in one sample was greater than fifty, a subsample
was taken for further sorting. All redfish larvae from

the subsample were sorted individually and placed

gently, while alive, in a drop of water on a plexi-

glass plate (95 mm diameter and 0.61 mm thickness)

next to an inscribed number that served to identify

individuals for the videotape recordings (see below)
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Figure 1

Geographic distribution and abundance of redfish larvae at stations sampled in June-

July 1991 in the Gulf of St. Lawrence.

and for genotype determination. This procedure was

adopted to minimize possible bias towards selection

of larger larvae during sorting. A maximum of 10

larvae were placed on each plate. The total number
of larvae so treated varied between stations owing
to variable larval abundance at each station. The

remaining sample with unsorted larvae and plankton
was preserved in a \0'7( formalin seawater solution

(4'7f foiTnaldehyde) for subsequent laboratory sorting.

Re-examination of the samples and subsamples in

the laboratory showed that the proportion of larvae

remaining in the samples was always less than 51
and that in most cases, larvae had been effectively

sorted during the initial onboard sorting process.

The larvae placed on plates were individually video-

recorded with a Hitachi black and white camera
mounted on a stereomicroscope at 6x and 9x magni-
fication and connected to a Sony Beta videotape

recording machine. Periodic calibration ofthe magni-
fication was made by filming a stage micrometer.

The overall procedure (from sorting to filming) was

completed in less than 5 min. and care was taken to

ensure that larvae were alive during the video recor-

ding. The fish were sorted and video-taped on board

while still alive so that morphometric measurements

represented real values; these fish were later used

for genetic analyses. This procedure eliminated the

necessity of having one subsample for morphometric
analyses and another one for biochemical analyses
and did not introduce any measurement bias due
to postmortem and preservation shrinkage (Magniis-
son^). Afterwards, each plate with larvae was immer-
sed for a few seconds in liquid nitrogen, then placed
in a petri dish and stored on board at -40 'C. Samples
were transferred to a -80°C freezer in the laboratory
until electrophoresis analyses were carried out.

Laboratory analyses

Standard lengths of individual larvae was measu-
red from the video recordings that were digitized

with a Bioquant M8 image analyzing system. Repea-
ted measurements of individual larvae indicated a

measurement error of less than 3% (de Lafontaine,

unpubl. data). Plankton samples were examined com-

pletely and the redfish larvae were sorted and enu-

Magniisson, J, V. 1982. Shrinkage ofdying redfi.sh larvae.

Counc. Explor. Sea (ICES) Council Meeting 1982/G:23.

Int.
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Geographic distribution and abundance of redfish larvae at stations sampled in June
1992 in the Gulf of St. Lawrence.

merated. The number of larvae frozen on board and
those later sorted from the plankton samples were

summed to provide estimates of the total abundance
of redfish larvae (individuals/m^) at each station.

Electrophoretic analyses

All electrophoretic analyses were performed within

two to three months after specimen collection. The

plexiglass plates supporting the larvae were always

kept on ice during laboratory examination and analy-
sis. The tissue in the liver area of individual lai-va was
dissected under a stereomicroscope, placed directly

into an individual sample well, and homogenized in

an extraction solution containing 10 ]xh of a 0.0 IM
Tris-HCl (pH 8.0) composed of 307^ sucrose, 0.005M

dithiothreitoKDTT), 0.5% polyvinylpyrrolidone (PVP)

and 0.00IM phenylmethylsulfonyi fluoride (PMSF).

The tissue was homogenized with a fine glass rod and
an aliquot was applied on the cellulose acetate gels.

Cellulose acetate gel electrophoresis and gel staining
were carried out as described by Hebert and Beaton

( 1989). A specimen of genotype MDWA1A2 was used

as a standard on every gel to assess both the quality
of the electrophoretic separation and to ensure allele

identification. In 1991, a total of735 larvae was frozen

and analyzed for genotypic variation. Interpretable
results were obtained for 697 specimens. In 1992,

1041 larvae were analyzed and scored.

Two alleles segregated at the MDH* locus, resul-

ting in the presence of three phenotypes ( Rubec et al.

1991 and references therein). Homozygotes for the

slow allele {MDH-A2) were assigned to S. fasciatus,

and the homozygotes for the fast allele iMDH^Al)
were classified as S. mentella. Heterozygotes at the

MDH* locus were left unclassified (see "Results" and

"Discussion" sections).

Statistical analyses

The adequacy of genotypic proportions to Hardy-

Weinberg expectations was tested for each sampling
station where genotypic variation was observed by

using the G-test of goodness-of-fit (Tables 1 and 2).

Standard length data were either not homoscedas-

tic or not normally distributed. Therefore, compa-
risons of larval standard length between 1991 and

1992, between the different sampled areas of the

Gulf, were carried out with a Mann Whitney U-test.

Heterogeneity in the distribution ofstandard lengths
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Figure 3

Geographic distribution of the larval genotypes MDH*A1A1 characteristic of S. men-

tella (white), MDH*A2A2 caracteristic of S. fasciatus (black) and MDH*A1A2 (gray) in

June-Julv 1991.

Results

Larval distribution, abundance, and size

In 1991, redfish larvae were caught at all but three

sampling stations that were shallower than 200 m
(Fig. 1). Lai-val abundance was highest (max. =62. 6

individuals/m'-) over the central portion of the Lau-

rentian Channel, on the southeastern side of Anti-

costi Island, and decreased northward along the

Esquimau Channel. Only one larva was captured at

the northeasternmost sampling station (12) (Fig. 1;

Table 1). On the western side of Anticosti Island,

larval abundance was highest (max.=13.8/m-) at the

central stations of the transect. Few larvae were

caught at coastal stations within the Gaspe current

(stations 26-28) or at the northernmost sampling
station (<200 m deep) (Fig. 1; Table 1).

In 1992, larvae were collected at 34 of the 74 sam-

pling stations (Fig. 2), and centers of abundance
(max =125.4 larvae/m-) were again located in the

Laurentian Channel. Abundance gradually declined

northwards along the Esquimau Channel. Larval

redfish were virtually absent at the mouth of the

Belle Isle Strait, along the Quebec north shore, at

the shallow (<200 m) sampling stations on the north

side of Anticosti Island or at the tip of the Gaspe
peninsula (Fig. 2; Table 2).

The size of larvae ranged from 5.0 mm to 12.3

mm in 1991 and from 5.6 mm to 10.9 mm in 1992

(Tables 1 and 2). Larvae collected in 1991 were signi-

ficantly larger than those collected in 1992 (Mann-

Whitney U-test, P<0.0001; Table 1). Larvae from the

eastern sector in 1991 were larger than those col-

lected in the western sector (Mann-Whitney U-test,

P<0.0001), and larvae collected in the eastern sector

in 1991 were significantly larger than those collected

in approximately the same region in 1992 (Mann-

Whitney [/-test, P<0.0001).

Spatial and temporal genotypic variations

The three genotypes were found in larval redfish and
their relative proportion varied between sites and

years (Figs. 3 and 4; Tables 1 and 2). In 1991, two

groups of stations could be identified on the western

side of Anticosti Island (stations 26-34) based on

the frequencies of the genotypes observed. The first
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Figure 4

Geographic distribution of the larval genotypes MDH*A1A1 characteristic of S. men-

tella (white), MDH*A2A2 caracteristic of S. fasciatus (black) and MDH*A1A2 (gray) in

1992. Sampling station numbering does not correspond with that for 1991.

group comprised stations 26-29 and 33-34 where
the MDH'*A2A2 genotype is generally the most fre-

quent. The frequency of allele MDH'^A2 at stations

26-29 within the Gaspe current system along the

north shore of the Gaspe peninsula was very high,

ranging from 0.860 to 1.0. At the northernmost sta-

tion (33), the allele MDH*A2 predominated and the

frequency of both alleles was equal (0.500) at station

34. There was no significant deviation from Hardy-

Weinberg expectations at the stations of this group.
The second group comprised the central stations (30

31, 32). At theses stations, the three genotypes were

represented but there was an abrupt inversion of the

most frequent allele. At these stations, the frequency
of allele MDWAl ranged from 0.500 to 0.782. The

frequency of this allele never equaled 1.0. Significant

departure from Hardy-Weinberg expectations was also

observed at these three central stations (Table 1).

On the eastern side of Anticosti Island, the geno-

type MDH*A1A1 was most frequent in a group of

stations located at the south-east end of the island

near the junction of the Laurentian and Esquiman
channels. The three genotypes were observed at each

site except for station 22, where only MDH*A1A1
was observed, and at station 21, where the hetero-

zygous genotype was absent (Fig. 3; Table 1). Devia-

tion from Hardy-Weinberg expectation was observed

at stations 19 and 21 only (Table 1). The northern

stations (8, 9, 10, 13, 14, 15) at the north-eastern end
ofAnticosti Island formed a distinct group where the

genotype MDH''A2A2 dominated. The frequency of

allele MDH*A2 varied from 0.417 to 1.0 (Table 1).

The three genotypes were observed at stations 9, 13,

14, and 15 where significant deviation from Hardy-

Weinberg was observed at all but sampling station

15 (Table 1).

In 1992, the genotype MDH*A1A1 was also the

most frequent genotype observed throughout the

study area, except for stations 22, 29, and 33. where
the genotype MDH*A2A2 was dominant ( Fig. 4 ). The
allele MDH'^Al was thus the most frequent except at

these three sampling stations (Table 2). Stations 29

and 33 were the northernmost stations where larvae

were found during our study. The frequency of the

genotype MDH'''A2A2 increased towards the north

within the sampling area although it was not the

most frequent genotype. This trend was also obser-

ved in 1991 (Fig. 3). In general, the three genotypes
were represented at all stations except at stations 3,

15, 16, 27, and 33, where only one or two genotypes
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were observed. As noted in 1991, heterozygous indi-

viduals co-occurred with those of the MDH'AIAI
genotype. The frequency of allele MDW'Al varied

from 0.794 to 0.953 (Table 2). Allelic frequency of

1.0 was observed at stations 27 (MDH*A1) and 33

(MDH*Al2) only. Deviations from Hardy-Weinberg
expectations caused by a deficit in the number of

heterozygous individuals were obser\'ed at 14 sam-

pling stations (Table 2). When data for the entire

study area were pooled, a significant departure from

the Hardy-Weinberg equilibrium, also due to a defi-

cit in heterozygotes, was noted for both years and for

the eastern and western sectors of the Gulf in 1991

(Tables 1 and 2). Such deviations from Hardy-Wein-

berg equilibrium at any given station, within the dif-

ferent sectors of the Gulf or over the entire sampling
area, indicate that redfish larval populations do not

form a panmictic group in the Gulf of St. Lawrence
but rather consist of a mixture of at least the two

most frequent species, S. mentella and S. fasciatus.

Astrong spatial heterogeneity in the distribution of

genotypes was observed. The genotype MDH*A2A2
dominated or was more frequent at stations located

in the northern part of the Gulfwhereas MDH*A1A1
dominated in the southern part of the Gulf The fre-

quency distribution of the genotypes over the entire

area in 1991 differed significantly between the eas-

tern and the western Gulf of St. Lawrence (x'^=53.0;

P<0.0001), indicating important spatial variation on

a large scale.

ler size of the MDH*A1A1 and MDH*A1A2 larvae

in 1992 compared with those in 1991. The size dis-

tribution of the homozygous MDH*A2A2 larvae was
similar in both years.

In 1991, the genotype MDH*A2A2 was more fre-

quently represented in recently extruded larvae (<8.5

mm) and the genotype MDH*A1A1 was most fre-

quent for larvae >8.5 mm. In 1992, the genotype
MDH*A1A1 was the most frequent genotype in all

size classes except for larvae <6.5 mm which were
dominated by the genotype MDH'^A2A2. In both

years, the genotypic composition varied between the

size classes of larval redfish, indicating that a larval

cohort may be dominated by individuals belonging to

a single species (Fig. 6). These differences are most

likely associated with a difference in the extrusion

time between S. fasciatus and S. mentella.

Relative proportion of each genotype
In the overall larval population

Larvae of the MDH*A1A1 genotype accounted for

61.8% and 77.6'7f of all collected larvae in 1991 and
1992 respectively. The contribution ofthe MDH*A2A2
genotype was 14.4% in 1991 but dropped to 5.6% in

1992. The heterozygote genotype accounted for 23.8%

in 1991 and 16.8% in 1992. The combined contribu-

tions of the genotypes MDH*A1A1 and MDWA1A2
thus represented 85.6% and 94.47c of the larval popu-
lation in 1991 and 1992, respectively.

Genotype and larval-size distribution

In 1991, the size of the larvae varied significantly be-

tween the three genotypes ( Kruskal-Wallis, P<0.000 1 );

the MDH'^A2A2 larvae were smaller than those of

the other two genotypes (Fig. 5). The size distribution

of the larvae was not significantly different between

the genotypes MDH'AIAI and MDH*A1A2. The size

distribution of larvae of each genotype did not differ

between the eastern and the western sectors of the

Gulf The obvious bimodal distribution of larval size

(all genotypes confounded) observed on the west side

of Anticosti Island can thus be explained by the diffe-

rence in size of larvae of the different genotypes.
Similar results were obtained in 1992, where

the size of the homozygous larvae MZ)//*A2A2 was

significantly smaller than those of the genotypes
MDH*A1A1 and MDH*A1A2. There was again no

significant difference in the standard length between

larvae of the MDH'^AlAl and MDH*A1A2 genotypes

(Fig. 6).

A significant difference in the size oflarvae between

1991 and 1992 (Kruskal-Wallis, P<0.0001; Fig. 6)

was however noted and can be attributed to the smal-

Discussion

Our results clearly show that the larval redfish popu-
lation in the Gulf of St. Lawrence is not genetically

homogeneous but rather is multispecific and com-

posed of at least two genetically distinct species cur-

rently identified as S. mentella and S. fasciatus. As

previously indicated in the introduction, S. norvegi-
cus may also occur in the Gulf but at very low abun-

dance and cannot be distinguished from S. mentella

at the MDH* locus. The co-existence and the larval

extrusion of the two species of redfish, identified by
the number of anal-fin rays, have been inferred for

Gulf species in previous studies based on the pre-

sence of gravid adults (Ni and Sandeman, 1984) and
on the presence of sexually mature females in spawn-
ing and postspawning condition for both species (St-

Pierre and de Lafontaine, 1995). We report here the

first evidence that the two species are clearly identi-

fied in the larval population.
The taxonomic status of the heterozygous indivi-

duals is however problematic. Rubec et al. ( 199 1 J sug-

gested that the presence of heterozygotes was best
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Distribution of standard lengths of all redfish larvae analyzed for MDH variation in

1991 and 1992 by year and genotypes.

than with S. fasciatus. The geographic distribution

of the heterozygote larvae also matched closely that

of the genotype MDH^AIAI.
Overall, clear geographic patterns in the abun-

dance and the geographic distribution of redfish

larval genotypes were observed in the Gulf of St.

Lawrence. In both sampling years redfish larvae

were mainly concentrated in offshore areas associa-

ted with the deep (>200 m) waters of the Lauren-

tian and Esquiman Channels, as previously reported

(Kenchington, 1991;deLafontaineetal., 1991;Runge
and de Lafontaine, 1996). The high abundance of

redfish larvae on the southeastern side of Anticosti

Island is consistent with the observed occurrence of

gravid redfish during May and June in the same
area(St-Pierre and de Lafontaine, 1995). High abun-

dance of larval redfish east of Anticosti Island has

been frequently observed from mid-May to mid-June
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and would correspond to the seasonal peak in larval

extrusion as indicated by the maturity cycle of adults

(Ni and Templeman, 1985; St-Pierre and de Lafon-

taine, 1995). On the western side ofAnticosti Island,

the highest larval abundance is associated with a

cyclonic residual circulation (El-Sabh, 1976) as found

in previous studies (de Lafontaine, 1990; de Lafon-

taine et al., 1991). Our data suggest however, that in

1991 and 1992 the contribution of the western sector

to the entire redfish larval production of the Gulf

of St. Lawrence was small and less important than

that of the eastern sector. The western sector contri-

buted approximately up to 10.2'7( of the S. mentella

{MDH*A1A1 +MDH''A1A2) and up to 34.47^ of the

S. fasciatus larvae in the 1991 samples. This obser-

vation is in agreement with the estimated lower

biomass of adult redfish in the western Gulf of St.

Lawrence in relation to the eastern sector (Atkin-

son, 1984; Morin and Bernier^). The proportionally

higher contribution of S. fasciatus in the western

sector would be indicative of slightly higher abun-

dance of S. fasciatus periodically observed in that

part of the Gulf ( Morin^ ).

The different geographic distributions ofthe various

larval genotypes strongly suggest differences in the

preferred extrusion sites of S. fasciatus and S. men-

tella (Figs. 3 and 4). Sebastes mentella seems to

prefer zones located in the central and deeper parts

of the channels whereas S. fasciatus preferably uses

shallower zones near the shelf break and along the

sides of the channels. This observation is consistent

with the reported summer distribution patterns of

adult redfish in the Gulf of St. Lawrence (Rubec et al.

1991; St-Pierre and de Lafontaine, 1995). The appa-

rent low proportion of S. fasciatus in the southern

part of the Gulf may be due to the relative lack

of shallower stations. Attempts to infer more preci-

sely the locations of extrusion sites from the obser-

ved larval distributions would, however, require that

the size frequency of sampled larvae be considered.

In this case, size at extrusion would therefore be

the best basis from which to infer the vicinity of

the extrusion sites. The size at extrusion for redfish

larvae in the Gulf of St. Lawrence is unknown.

Penney and Evans ( 1985 ) indicated that newly extru-

ded redfish (presumably S. mentella—see Penney,

1987' larvae from Flemish Cap (east of Newfoun-

2 Morin, B., and B. Bernier. 1997. The status of redfish in Unit

1 (Gulf of St. Lawrence). Can. Stock Assess. See. Res. Doc.

97/112, 23 p. Sciences Branch, Department of Fisheries and

Oceans, Maurice Lamontagne Institute, 850 Route de la Mer,

Mont-Joli, Quebec, Canada CSH 3Z4.

' Morin, B. 1998. Unpubl. results. Sciences Branch, Depart-
ment of Fisheries and Oceans, Maurice Lamontagne Institute.

850 Route de la Mer, .Mont-Joli, Quebec. Canada G5H 3Z4.

dland Grand banks) ranged between 6.2 and 8.9 mm.
From the age-length relationships, these authors

estimated that the mean size of newly extruded

lai-vae was 7.68 and 8.23 mm in two consecutive

years. Magnusson and Magnusson"* also reported con-

siderable variation in the size at extrusion (5.5-7.2

mm) of redfish larvae from the Northeast Atlantic

waters. Penney (1985) indicated that the mean size

of pre-extruded larvae in gravid females of S. fascia-

tus and S. mentella collected in southern Newfoun-

dland waters was 7.34 and 7.89 mm, respectively.

The size range of larvae in our study was 5.0 to 12.3

mm in 1991 and 5.6 to 10.9 mm in 1992. The propor-

tion of larvae <8.5 mm was 467^ and 54^7^ in 1991 and

1992, respectively, suggesting that a large number

of sampled larvae were recently extruded. Assuming
an average size at extrusion of 7.5 mm and given

the estimated growth rates (0.1 to 0.15 mm/day)

reported in the literature (Penney and Evans, 1985;

Herra, 1989), the maximum length of larvae in our

samples would correspond to larvae of approxima-

tely 22 to 45 days old. The majority of larvae being

<10 mm long, the sampled population was certainly

less than 1 month old. Although the period of time

between larval extrusion and time of collection may
allow for some horizontal drift of larvae by the sur-

face currents, the relatively small size and the presu-

mably young age of the larvae would tend to indicate

that these larvae did not disperse much (in relation

to the large area sampled in our study) and would

have been collected close to their extrusion sites.

Consequently, the differences in the relative distri-

bution of the genotypes of larvae indicate that the

extrusion sites of the two species do not overlap to a

large extent within the Gulf of St. Lawrence.

The mean and the range of the size of larvae varied

between genotypes where larvae of the MDH'^A2A2
were significantly smaller (by 1.5 to 2.0 mm) than

those of the two other genotypes (Fig. 6). This fin-

ding is consistent with other observations, sugges-

ting that the length of S. fasciatus at extrusion is

smaller than that of S. mentella, although conside-

rable variability exists (Penney, 1985; 1987; Penney
and Evans, 1985 ). The similar results obtained in the

two sampling years of our study would tend to reveal

a species-specific characteristic. In addition, the dif-

ference between the mean (and modal) size of each

homozygote genotype was larger than that for the

reported size at extrusion between the two species

(0.5-0.6 mm; see Penney, 1985; Penney and Evans,

Magniisson, J. V., and J. Magnusson. 1977. On the dis-

tinction between larvae of S. marinus and S. mentella: prelimi-

nary report. Int. Counc. Explor. Sea (ICES) Council Meeting
197'7/F:48.
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1985). This finding suggests that the larvae of S.

fasciatus were extruded shghtly later than those of

S. mentella in the Gulf of St. Lawrence. Once again

assuming that larval gi'owth rates can vary between
0.10 mm and 0.15 mm/day, one can conlude that the

peak in larval extrusion as determined by the modal
size groups of each homozygote genotype (7.5 mm for

MD//*A2A2 and 10.2 mm for MDH'AIAI in 1991)

would be approximately 15-25 days apart. From

age estimates of larvae from otolith microstructure,

Penney (1987) concluded that extrusion time of S.

mentella was earlier than that of S. fasciatus in Fle-

mish Cap area. Previous larval collections made over

three consecutive summers at a fixed site along the

Gaspe coast in the Gulf of St. Lawrence also showed
that larvae extruded earlier tend to be larger than

those extruded later in the season (Jean, 1955). Such
a sampling strategy combined with genetic identifi-

cation of the larvae (as presented our paper) would

permit a more precise description of the seasonal

variability in the extrusion of the two redfish species
in the Gulf of St. Lawrence. The significantly smal-

ler larvae collected in 1992, compared with 1991, is

probably due to the earlier sampling time in 1992.

Sebastes mentella dominated the redfish larval

population in the Gulf of St. Lawrence, contributing
61.8% and 77.6% of all larvae collected in 1991 and

1992, respectively. If we assume that the hetero-

zygous individuals belong to S. mentella. the propor-
tion of S. mentella increases to 85.6% and 94.4% for

these years, respectively. Furthermore, if the hete-

rozygous individuals belong to S. mentella, it might
be expected that a small proportion of homozygous
MDH'*A2A2 individuals were actually S. mentella,

although misclassified as S. fasciatus. In which case,

we would have slightly underestimated the abun-

dance of S. mentella. The presence of these indivi-

duals in the MDH'A2A2 group might correspond to

the largest individuals of this gi'oup (Figs. 5 and 6).

In any case, the values we obtained for larval stages

are very close to those (90.3% ) for adult S. mentella

from samples in the Gulf of St. Lawrence in 1989

and 1990 (St-Pierre and de Lafontaine, 1995).

These results contrast with those of Sevigny and

de Lafontaine (1992) who showed that S. fasciatus

dominated the population ofjuveniles sampled in the

northeastern sector of the Gulf in summer 1990 and

1991. Those juveniles mostly belonged to the 1988

cohort whose origin is not known, and Sevigny and

de Lafontaine ( 1992 ) did not rule out the possibility

that these fish may have originated from outside the

Gulf. This rather distinct variation in the genotypic

frequency among the various life stages of redfish

in the Gulf of St. Lawrence remains unexplained in

the light of present knowledge of the ecology of red-

fish over the entire distribution area. Change in the

relative proportion and the geographic distribution

of these two species (both at the larval and juvenile

stage) may result from variable annual recruitment

or from different larval drift and retention patterns

among species. The mechanisms responsible for these

recruitment patterns are not known but are consis-

tent with the view that the Gulf of St. Lawrence
does not form a homogeneous environmental unit

but rather may consist of distinctly different pelagic

ecosystems in the eastern and western sectors (de

Lafontaine et al., 1991).
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Abstract.—Sidescan sonar was used

to locate 189 putative lost crab pots in

a 4.5 km- area of Chiniak Bay. near

Kodiak, Alaska. Subsequent observa-

tions of 15 such objects by submersible

and ROV verified that they were indeed

crab pots. In 1995 and 1996, 147 pots

were recovered from the surveyed and

adjacent nonsurveyed areas by grap-

pling, and their condition and contents

were examined. Tanner crabs, Chio-

noecetes bairdi, were the most abun-

dant organism, with 227 found in 24

pots ( 16'^f frequency ofoccurrence ); sun-

flower sea stars iPycnopodia helian-

thoides) were the most frequent (A2'7r I

occupant and second most abundant

(189 in 62 pots). Octopuses iOctopux

dofleini) were significantly associated

with pots containing Tanner crabs.

Occurrence of crabs in pots was primar-

ily a function of background crab den-

sity and differed between the surveyed
and nonsurveyed areas. Recently lost

pots (< lyr old) had significantly more

male crabs, significantly larger male

crabs, and contained seven times more

total crabs than older pots (those lost

two or more years prior to recovery).

The proportion of pots with damaged

webbing increased with pot age, but

holes in pot webbing did not signifi-

cantly affect catch per pot.
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Lost and derelict fishing gear is a

problem because of concerns about

aesthetics at sea, entanglement of

marine fauna, and ghost fishing by
the gear (Sheldon and Dow, 1975;

Smolowitz, 1978a; Breen, 1990).

Marine mammals, birds and rep-

tiles (Laist, 1996), nontargeted fish

and shellfish (Carr et. al., 1990),

and even boats ( Kirkley and McCon-

nell, 1997) have become entangled
in fishing gear. In this paper ghost

fishing is "the ability of fishing gear
to continue fishing after all control

of that gear is lost by the fish-

erman," as defined by Smolowitz

(1978a).

Attempts to quantify the extent

and impacts ofghost fishing have met

with variable success (Sheldon and

Dow, 1975; Smolowitz. 1978b; High
andWorlund, 1979;Muiret al., 1984;

Breen, 1987; Parish and Kazama,
1992; Guillory, 1993). Parish and

Kazama ( 1992) concluded that ghost

fishing of Hawaiian spiny lobsters

iPanulirus tuai-ginatus) was unim-

portant because the lobsters could

escape from pots easily. Conversely,
Sheldon and Dow (1975) estimated

that approximately one third of all

American lobsters (Homarus amer-

icaniis) entering lost pots would

perish. Other studies have identi-

fied ghost fishing as a concern or

possible problem and have identi-

fied potential solutions to reduce

resource loss (High, 1976; Pecci et

al., 1978; Smolowitz, 1978b; High
and Worlund, 1979; Carr and Harris,

1997). The impact of ghost fishing

by lost crab pots in Alaska waters

has been studied by High and Wor-

lund ( 1979), Kimker ( 1994), Stevens

( 1996), Kruse and Kimker,' and Ste-

'

Ki-use, G. H. and A. Kjmker. 1993. De-

gradable escape mechanisms for pot gear:
a summary report to the Alaska Board
of Fisheries. Regional information report
5J93-01. Alaska Department of Fish and
Game (ADFG). 211 Mission Rd., Kodiak,
AK 99615, 23 p.
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vens et al.- High and Worlund (1979) placed red king
crab in unbailed square pots; after 16 days, 20% of

legal-size crabs remained in the pots. Those crabs that

escaped after prolonged enclosure were recaptured at

lower rates than those that escaped quickly. Crabs

that were placed in closed vinbaited square pots exhib-

ited mortahties from 4% to 12% after 16 days.

In our report we examined ghost fishing by lost

crab pots in specific areas off the northeast shore of

Kodiak Island, Alaska. In Chiniak Bay, the locations

of 189 putative lost pots were discovered in April

1994 with sidescan sonar. With this sonar survey as

a guide, we estimated the extent of ghost fishing by

recovering lost pots and examining their contents.

Three studies were conducted: 1) a pilot study within

Chiniak Bay in 1995 to develop methods for pot

recovery; 2) a targeted study in 1996 to recover spe-

cifically identified pots from known locations within

Chiniak Bay; and 3 1 a nontargeted study in 1996

within Chiniak, Kalsin, Womans, and Ugak Bays, to

recover pots from areas known to have been heavily

fished during past crab fisheries, without attempt-

ing to target specific pots. These efforts were carried

out jointly by the Alaska Department of Fish and

Game (ADF&G) and the National Marine Fisheries

Service (NMFS), with assistance from the U.S. Army
Corps of Engineers (USACE) and the Kodiak Island

Borough IKIB).

Materials and methods

Sidescan sonar survey and in-situ observations

The sonar survey was conducted by scientists at

SAIC, Inc., using a dual frequency (100/500 KHz)
sidescan sonar system (Klein model 595), with both

a paper chart and digital data signal processor. Posi-

tions were recorded with a differential GPS receiver.

The sonar was operated from the Alaska Department
of Fish and Game (ADF&G) RV Resolution during
6-8 April 1994, in a portion of Chiniak Bay at depths
of 100-150 m. Transects 3 km in length were run at

a spacing of 75 m, such that the scanning of each

line overlapped those on each side by 50%, provid-

ing a total coverage of 150%. A total area of approxi-

mately 4.5 km- was surveyed. From 22 April to 2

May 1995, the two-person submersible Delta was
used to survey the area for a study of crab behavior

(Stevens et al., in press); pots that were encountered

2 Stevens, B.C.. J. A. Haaga, and W.E.Donaldson. 1993. Under-
water observations on behavior of king crabs escaping from crab

pots. Alaska Fisheries Science Center processed report 9.3-06.

Alaska Fisheries Science Center, NMFS, 7600 Sand Point Way
NE, Seattle, WA 98115, 14 p.

accidentally during that study were examined. On
27 April 1995, a remotely operated vehicle (model

S2 ROV Phantom, Deep Ocean Engineering, Inc.)

equipped with a sector-scanning sonar was also used

to locate and examine crab pots.

1995 pilot study

Pots identified from the sidescan sonar survey were

plotted on a map (Fig. 1), then numbered. A random

sample of 23 single pots was chosen for trial recov-

ery in April 1995. A short (7.6-m) grappling chain,

designed to hook the pot or its floating line, or both,

was towed from the main boom of the RV Resolu-

tion. The grappling chain was lowered into the water

when the ship was approximately 250 m from the

estimated position of the targeted pot, then towed

past the position at less than 5.6 km/h (3 kni. If

the recovery operation was not successful, the vessel

would continue to tow the grappling chain in a circle

around the same position until the pot was hooked

or until we gave up. When a pot was hooked, it was

brought onboard with the ship's crane. Information

about the pot and its contents was recorded, includ-

ing pot type, condition, damage to the frame or web-

bing, and presence of bait jars and biodegradable
mesh. In most cases the grapple snagged the steel

frame of the pot and it was not possible to determine

if snagging action caused additional damage to the

webbing.
In our paper, we use the terms "trap" and "pot"

interchangeably. The three types of crab traps most

commonly used in the Gulf of Alaska are square,

pyramidal, and conical ( see High and Worlund, 1979,

for detailed descriptions). Square pots are the most

commonly used type in the Bering Sea and are made
with steel frames, usually >2 x 2 m, with two funnel-

shaped entrance tunnels on opposite sides. Pyrami-
dal and conical pots are slightly smaller and have a

single square or round entrance at the top, which is

usually fitted with a plastic collar. All three of these

types of pots are covered with nylon twine webbing.
Cod pots are square pots that have been modified for

cod fishing by the addition of restriction devices to

prevent entry of crabs and escapement of cod. Sub-

sistence pots, used to capture crabs for personal con-

sumption, may be any of the above styles of pots or

variations thereof Pot conditions were rated on a

subjective five-point scale from "very poor" to "excel-

lent." Criteria used to evaluate condition included

the condition of webbing (presence of holes or major

gaps), numbers of broken frames and corner joints,

and estimated age of the pot. Pots coded as "good"

or "excellent" were assumed to have been lost less

than one year and were probably placed for subsis-
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Figure 1

Chart of Chiniak Bay. Kodiak Island, Alaska, showing position of pots discovered by sidescan

sonar survey. Inset shows location of Chiniak Bay on Kodiak Island.

tence use, whereas pots coded as "fair," "poor," or

"very poor" were assumed to have been lost more
than one year. Commercial fishing for Tanner crabs

around the northeast quadrant of Kodiak Island has

been closed since January 1994, and for king crab

since 1983'^; therefore no commercial crab pots have

been used in the region since that time, although
subsistence pots are still allowed. Therefore, recov-

ered pots would have to have been lost at least 2

years previously (prior to April 1993), unless used

for subsistence purposes. Since 1977, the state of

Alaska has required that all crab pots contain an

18-inch (45.7-cm) segment of biodegi-adable twine

that degrades within 90 days (Alaska Statutes, 1996 ).

For this reason, all pots were examined for the pres-

ence and condition of degradable twine. However, it

was not our goal to study the effectiveness of biode-

gradable twine because suitable control pots were

not available. Furthermore, absence of biodegrad-
able twine was inconclusive when holes were pres-

ent in the webbing, because it could have indicated

either that the twine had already degraded or that

no twine had been present and holes resulted from

some other cause.

3 ADF&G (Alaska Dept. Fish and Game). 1996. Annual man-

agement report for the shellfish fisheries of the Westward

Region, 1996. Regional information report 4K97-41.

211 Mission Rd. Kodiak, AK 99615.

ADF&G,

For all crabs found in pots, carapace width (CW)
was measured to the nearest mm with vernier cali-

pers across the widest part of the carapace, exclud-

ing spines. Abundance of all other species inside the

pot and size of commercially important species was
also recorded. These procedures were repeated for

each pot. All retrieved pots had their webbing cut

and were disposed of at a location designated by the

USAGE and the KIB.

Targeted study

From 17 June to 18 July 1996, the procedures devel-

oped during 1995 were again used, with some mod-
ifications. The study was conducted by biologists

aboard the contracted fishing vessel Big Valley. Pots

were randomly selected for retrieval from the list of

putative pot positions. Gear used for this study was
a grappling beam made of 6.4 m long, 5.1 cm diame-

ter steel pipe, and was pulled by a braided steel wire

cable with a synthetic bridle. A 183-m tag line and

buoy were attached to the beam to retrieve the device

if the tow line was broken. Attached to the beam
were six gi-apples, each consisting of a 1.2-m long
"V" bar with two 30-cm arms welded so as to project

forward and down. After the first week, a second set

of arms was welded to the gi-apples facing upward,
and on 8 July 1996, 7.6-cm barbs were welded to

the ends of each arm to prevent snagged lines or pot
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frames from slipping off during recovery. The grap-

ple beam was lowered into the water with enough
cable to maintain a 2:1 scope (ratio of wire out to

depth), and towed through the suspected pot posi-

tion. If no pot was hooked, additional transects were

run parallel to the first, or the vessel was set into

a sharp turn and the beam was towed in a circle.

Hooked pots were retrieved with the ship's crane,

while the vessel ran at a slow speed. Recovered pots

were designated by the number of the most likely

sonar position where they were found, and informa-

tion was recorded as during the pilot study. The south-

east section of the sonar-surveyed area could not be

sampled owing to underwater cables and rocks.

Nontargeted study

The nontargeted study was conducted by the skip-

per and crew of the FV Big Valley without biologists

aboard during 19-31 August 1996 and 5-21 October

1996. Previous attempts to snag randomly selected

(i.e. targeted) pots were not particularly efficient

because only 43 pots were recovered during 32 days
of fishing. Therefore, instead of targeting specific

pots for recovery, the skipper was instructed to fish

haphazardly at his own discretion in areas where

commercial crab fishing had previously been con-

ducted, but without knowing specific pot locations.

This method was more efficient and productive. The

grapple beam was damaged, however; therefore it

was replaced with a 30-m long weighted chain, to

which were attached six short grapples, each with

four barbed tines. The long grapple chain was towed

at 2.8 km/h in a constant 10 turn until a pot was

hooked. Recovered pots were given sequential num-

bers, and data were recorded as before.

Data analysis

Because Tanner crabs were the target species for

most pots, associations between the presence of

Tanner crabs and other species were tested by con-

tingency table (chi-square) analysis. To reduce empty
cells. Tanner crabs were combined into logarithmic

categories (0, 1-9, 10-99, >99) before analysis. Asso-

ciation between pot condition and sex of the crabs

was also tested by means of chi-square. For this pur-

pose, pots were regrouped into two categories des-

ignated "best" (including pots coded as "excellent"

or "good") and "worst" (including "fair," "poor," or

"very poor" pots). Mean sizes of crabs in various con-

dition categories are given as mean ±SE and were

compared by means of the Mann-Whitney f7-test

(MWUl because variances were typically unequal
(Zar, 1984). Catch of crabs or other organisms is

expressed as catch per pot (CPP, i.e. crab per pot).

CPP was not standardized by time because we could

not adequately determine how long each pot had
been in the water. The effect of holes in pot webbing
on crab CPP was tested with the MWU-test; addition-

ally, binomial confidence intervals were calculated

for the proportion of pots with crabs and compared
for overlap between pots with holes and those with-

out. The null hypothesis was that torn pot webbing
had no effect on CPP.

Results

Sonar survey and in-situ observations

Submersible observations in 1995 and previous years

showed that seafloor substrates in the surveyed area

were primarily sandy silt with occasional areas of

compacted mud, and bottom contour was relatively

flat below 100 m depth (senior author, personal obs.).

The soft mud bottom absorbed most of the trans-

mitted sonar energy and reflected very little. As a

result, crab pots and other anthropogenic objects

were easily distinguishable with the sidescan sonar.

At least 189 objects were believed to be crab pots;

177 were single and 12 were connected together in

groups of 2 to 5. In some cases attached lines could

also be distinguished by sonar. Density of crab pots

in the 4.5-km2 area examined was 42 pots/km^. At

least 15 of these objects were later observed with the

submersible Delta and the ROV, and all were veri-

fied to be crab pots, including a group of five pots

connected together by tangled lines. Also noticeable

were several large linear features up to 2 km long;

one was later observed from the Delta to be a drag
scar or ditch, approximately 0.5 m deep and 3-5 m
wide.

Condition of pots recovered

A total of 147 pots of varying age, size, and type

were retrieved during the three studies (Table 1; Fig.

2). Detailed information on location, condition, and

contents of each pot is contained in a separate data

report.'* Seventy-two pots were recovered from inside

the sonar-surveyed portion of Chiniak Bay (these are

subsequently referred to as "inside" pots), including

•
Vining, I., S. Byensdorfer, W. E. Donald.son. B. G. Stevens, and

G. Edward.s. 1997. Lost crab and cod pot recovery and ghost

fishing in Chiniak Bay and other areas in the waters around

Kodiak Island. Alaska. Regional information report 4K97-42.

Alaska Dept. of Fi.sh andGame, 211 Mission Rd., Kodiak, Alaska

9961.5. 93 p.
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No. of Tanner crab caught

(live and as empty carapace)
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Figure 2

Location of pots retrieved from Chiniak Bay and adjacent areas during all studies, and index of Tanner crab catch

per pot (crab per pot I. Smallest circles represent one crab, and crosses represent pots with no crabs. Location of

the three pots retrieved from L^gak Bay is not shown.

7 pots recovered during the pilot study and 43 pots
recovered during the targeted study. Three of these

were not previously detected by sonar and were pre-
sumed to be subsistence pots less than a year old, lost

after the sonar survey was conducted, because com-

mercial fishing had been closed in this area for over

two years. An additional 22 inside pots were recov-

ered during the nontargeted study. The remaining 75

pots were recovered from outside the surveyed area

( "outside" pots ) during the nontargeted study. Square
pots were the most common (SO'/f , including two cod

pots), followed by pyramidal (24% ) and conical ( 16%).

Nine round pots (6%) were recovered, all of which
were less than 1.07 m in diameter and were cov-

ered with a wire mesh that does not degrade easily;

these were probably intended to catch Dungeness
crabs (Cancer magister). Additional pots included

two small subsistence type pots, one rectangular

shrimp pot, and one made from a 55-gal oil drum.

Intact biodegradable twine was found in only eight
commercial pots (3 square, 2 pyramid, 3 conical). Of
those eight, four were classified as being in good con-

dition, two as fair, one as poor, and for one pot, data

on its condition were not available (Table 2). Three
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females from best pots (81.3 ±7.5 mm, n=ll) or worst

pots (86.9 ±2.7 mm, n=24) (MWU, Z=1.48, P>0.1).

Numbers of male crabs were significantly associated

with best pots, whereas female crabs were associ-

ated with worst pots ;t'"=53.7, P<0.001); however,

this result was highly dependent on two pots with

the highest number of males (117) and females (8)

respectively. Exclusion of those two pots reduced the

j^2 value to insignificance (3.4, P>0.05). Males com-

posed 93% of crabs in best pots and 44% in worst

pots. This result may be due primarily to the fact

that pots in good condition retained large males that

could have escaped more easily from damaged pots.

Even though we could not determine whether holes

in webbing were caused by the degradation of bio-

degradable twine, recovery, or some other process,

we examined their influence on crab CPP. The four

highest CPPs for Tanner crabs (10, 17, 22, and 125)

occurred in pots without holes, but there was no sig-

nificant difference in CPP between pots with intact

or torn webbing (MWU= 1. 17, P>0.26 ). Therefore, we

could not reject the hypothesis that pot holes have no

effect on CPP. The 95% confidence intervals around

the proportion of intact pots containing crabs ( 10 of

41; P=0.244, 95% CI range: 0.124-0.403) overlapped

those for holed pots with crabs (14 of 106; P=0.132,

95% CI range: 0.074-0.211) and included the mean
of the latter. Thus the binomial test also failed to

reject the null hypothesis. Lack of significance in

these tests may be partly due to the high number of

pots without crabs in both groups.
In addition to Tanner crabs, four male red king

crabs (Paralithodes camtschaticus) were found in

two outside pots. One pot contained 3 legal-size red

king crabs with a mean CW of 16 1 mm and a recently

dead Pacific cod which probably acted as bait; the

other pot contained a single red king crab of 54 mm
CW.

Discussion

Sidescan sonar has been used to assess the cover-

age of fishing grounds by bottom trawlers (Krost et

al., 1989) but, to our knowledge, has not previously

been used to determine the prevalence of ghost fish-

ing by pots or other lost gear. Sonar is a very effective

tool in this regard; lost crab pots could easily be iden-

tified by their shape and attached lines were often

visible on the sonar plots. Occasionally other uniden-

tified objects were observed; some of these could have

been extremely degraded pots and one looked like

the chassis of a truck or shipping van. Since this

study was conducted, we have also tested a laser

line-scanning system; its resolution (±1 cm) is much

better than that afforded by sonar and allowed us to

identify crabs and other organisms on the bottom as

well as inside crab traps (Tracey et al., 1998).

The mean CPP ( 1.54 crab/pot) for all Tanner crabs

does not seem particularly excessive. However, much
of these data were obtained from an area where

heavy fishing pressure had not occurred for 2.5 years.

CPP in the best (i.e. most recently lost) pots was

almost seven times that in the worst (i.e. oldest)

pots; even though this difference was not statisti-

cally significant, it represents an important trend.

Thus, examining lost pots soon after an active fish-

ery has closed would probably yield high estimates

of trapped crabs, and more males of larger sizes.

In addition to catch rates, it is necessary to know
the number of actively fishing ghost pots. One "ball-

park" estimate of pot loss rates in the eastern Bering
Sea is 20,000 pots per year (Alaska Board of Fisher-

ies, cited in Paul et al., 1994), but this estimate was

made at a time when up to 100,000 pots were being

used in Bering Sea crab fisheries annually. In 1997,

the Alaska Board of Fisheries imposed pot limits

in the Bering Sea and required all pots to be regis-

tered for each crab fishery, partly to reduce loss of

pots when weather or ice prevented their recovery.

Since then, fewer pots have been used in the Bering

Sea, and pot loss rates are presumably lower. In

1999, 50,720 pots were registered for the Bering Sea

snow crab (C opilio) fishery; preliminary informa-

tion indicates that about 1% of these may be lost

and replaced during the fishery, as boats return to

port for unloading.'^ However, not all lost pots are

replaced during intensive fisheries, and during short

(<1 week) king or Tanner crab fishery openings,

boats do not return to port (a 2-d round trip) or

replace pots until after the fishery closes; such losses

are not reported. Pot losses as low as 10% per year

would contribute 5000 lost pots each year. Subsis-

tence pots, on the other hand, are not accounted for,

are not required to be registered, and have practi-

cally no restricted locations.

Stevens ( 1996) concluded that the number of active

ghost pots would reach a maximum over time, due

to the arithmetic increase in lost pots and exponen-

tial decay processes. If 7000 pots with a half-Ufe of 4

years were lost annually, the number of active ghost

pots would stabilize at 44,000 after 40 yr, although

most would begin to accumulate by year 25 (Stevens,

1996). This is a reasonable time frame for accumula-

tion, because pot fishing for crabs in the Bering Sea

has been conducted since at least 1966. However,

Morrison. R. 1999. ADF&G, P.O. Box 308, Dutch Harbor, AK
99692. Personal commun.
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extrapolation of ghost pot densities in Chiniak Bay
to a 40,000 km- area of the Bering Sea (where fish-

ing for king. Tanner, and snow crab is particularly
intensive) would yield 1.68 million pots in various

stages of degradation. The actual number is prob-

ably somewhere between these extremes.

If a reliable estimate of pot loss existed, it would

be tempting to speculate on the numbers of crabs

killed owing to ghost fishing. However, our estimate

of 3.95 Tanner crabs per "best" pot represents only
a "snapshot" of the ghost fishing process and does

not account for cumulative mortality over time. The
difference in CPP between best (3.95) and worst

pots (0.58) illustrates that numbers of trapped crabs

decline over time, due to escapement, predation,

mortality, and reduced capture or retention rates.

Starvation may account for a large part of the mor-

tality. Kimker (1994) found 39% mortality among
legal-size (>139 mm CW) male Tanner crabs that

were kept in closed crab pots for 119 days; some of

this mortality was undoubtedly due to cannibalism

of weaker crabs (Kimker, 1994). Mortality was low

for the first 30 days, then increased linearly through
the remainder of the experiment. Starvation may be

delayed even longer; Paul et al. (1994) held Tanner
crabs in laboratory tanks for fixed periods without

food, then gave them unlimited access to food. Only
10% mortality occurred among crabs during 90 d

while they were held without food, but 100% mortal-

ity occurred during the following 140 days during
which time they had access to food. Overall mortality

ranged from 40% for those starved 60 days to 100%
for those starved 90 days (Paul et al., 1994), which is

consistent with the findings of Kimker (1994). Pre-

dation by octopus (High, 1976) and sunflower sea-

stars (Breen, 1987) has also been implicated as a

cause of mortality of crabs in pots. Octopus were

important predators in our study and may cause a

significant portion of initial mortality. In a year-long

study of blue crab (Callinectes sapidus) ghost fish-

ing, Guillory (1993) concluded that, of crabs that

were recruited after loss of bait, 51% escaped and

45% died. Although mean CPP was only 1.0 (similar

to our study ) during weekly pot retrievals, the aver-

age total CPP for the entire year was 48 crabs, of

which 26 (55%) died (Guillory, 1993).

Escapement probably accounts generally for the

decline in numbers of crabs found in lost pots.

Escapement of legal-size (>165 mm CW) king crabs

from pots tended toward an asymptotic value of 80%,
whereas escapement of smaller crabs was 92% after

periods of 14 to 16 d (High and Worlund, 1979).

Escapement rate probably depends upon behavioral

differences between species. Video observations of

crabs in square pots showed that both Tanner and

king crabs tended to aggregate in the corners of pots,

but during random movements some crabs acciden-

tally found the entrance tunnel and escaped through
it.'^ Tanner crabs are too small to reach the tunnel

unless there are large numbers in the pot, allowing
them to climb on top of one another to reach the

tunnel opening. In addition, degradable twine in

Tanner crab pots should create gaps in the webbing
within weeks or months after loss, although 34% of

our pots had intact webbing even after 1-2 years in

the water. That such a large proportion contained

no degradable twine suggests that, at a minimum,
one third of the commercial crab pots used in the

Kodiak region prior to 1994 were illegally con-

structed. Apparently, fishermen were taking advan-

tage of the very sparse law enforcement presence in

Alaskan ports.

Crabs continue to enter lost pots, even without

bait. High and Worlund (1979) showed that king
crabs continue to enter unbaited pots for up to 16

days. Breen (1987) showed that unbaited traps

caught Dungeness crab (Cancer magister) at the

same rate one year after becoming lost as they did

when first set. He estimated that lost traps caught
17 Dungeness crabs per year, of which almost half

(9.3) died, and the remainder escaped. Tanner and

king crab traps are quite different from Dungeness
crab pots, which are made with stainless steel web-

bing that degrades very slowly. Nevertheless, Breen's

( 1987 ) study clearly demonstrates that entry, escape-

ment, and mortality rates of crabs in lost pots is a

dynamic process.

Seasonality is also an important factor in ghost

fishing. Breen (1987) found varying crab numbers
in pots at different times of the year and concluded

that a study must be conducted all year round to

obtain the best estimate of crab ingress rates. Guil-

lory ( 1993 ) found that recruitment of blue crabs to

ghost pots, mortality, and escapement all varied sea-

sonally. High turnover rates can lead to high capture
and mortality rates; 2/3 of blue crabs entering traps
died or escaped within 2 weeks ( Guillory, 1993 ). Thus
it is not possible to estimate mortality from a single

observation of recovered traps because the number
of crabs in the trap represents a balance of continu-

ous ingress, egress, and mortality rates.

During the 1996 ADF&G annual Gulf of Alaska

crab trawl survey,
"^ the density of Tanner crabs was

approximately 1685 crab/km- in Chiniak Bay, 97 in

Kalsin Bay, and 76 in Middle Bay, for an average

Urban. D. 1997. Bottom trawl survey of crab and ground-
fish: Kodiak Island, Chignik, and South Peninsula areas,

1996. Regional Information Rep. 4K97-58. Alaska Dept. of Fish

and Game, 211 Mission Rd. Kodiak. AK 99615.
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density of 943 crab/km^ in the sonar-surveyed and

nonsurveyed study areas combined. Relative CPP of

pots recovered during our study reflected the traw-

lable densities in each bay; CPP was 2.70 for pots

in Chiniak Bay, 0.04 in Kalsin Bay, and in Middle

Bay. For both the 1996 trawl survey and our pot

retrieval studies, the Chiniak area had the highest

density of Tanner crabs, with Kalsin Bay second,

and Middle Bay last. Chiniak Bay is also a site

where female Tanner crabs aggregate continuously

and form high density spawning aggregations in the

spring (Stevens et al., 1994).

Knowledge of the abundance of lost pots and num-

bers of crabs in these pots is required to estimate

the impact of ghost fishing, but are not enough in

themselves. A more complete assessment of ghost

fishing by crab pots will require estimates for rates

of ingress, egress, as well as mortality rates of crabs

and studies on the degradation rates of biodegrad-

able twine and other structural components of crab

traps. Improved enforcement of existing regulations

could help reduce ghost fishing. Current estimates of

total pot losses are just guesses but could be substan-

tially improved by surveying fishermen or requiring

them to report pot losses.
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Abstract.—Nursery areas of Pacific

herring, Clupea pallasi, and walleye

pollock, Theragra chalcogramma, were

identified by using acoustic surveys in

October 1995, and in March and July

1996 in Prince William Sound, Alaska.

Pacific herring and walleye pollock were

aggregated in the east-northeast and

west-southwest areas. Juvenile Pacific

herring spent the first two years of their

lives isolated within bays. Water tem-

peratures within bays were cooler in

the summer and warmer in the winter

compared with temperatures measured

along coastal passages and the open
coast. Although these temperature
differences were small and based on

point observations their accumulative

effect over the season may be consider-

able. The school structure of juvenile

Pacific herring varied seasonally. Newly
recruited age-0 Pacific herring were

tightly aggregated, forming a few, dense

schools within a single-size cohort, in

shallow water at the heads of bays
in July. Age-0 Pacific herring were

still aggregated within bays in shallow-

water in October, but the school struc-

ture was less cohesive and size cohorts

began to mix. School structure and dis-

tribution completely changed in March
as age-0 Pacific herring moved away
from the shores into deeper water and

spread out forming sparse shoals of

mixed-size cohorts. Juvenile Pacific her-

ring joined the adult schools after their

second winter, leaving as new recruits

entered the bays. Juvenile walleye pol-

lock also aggregated within bays and

were spatially segregated from adults.

However, there appeared to be little

overlap between Pacific herring and

walleye pollock juveniles because they

occupied different portions of the water

column within these bays.
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In Prince William Sound, Alaska,

Pacific herring ( Clupea pallasi ) and

walleye pollock {Theragra chalco-

gramma) support major commer-

cial fisheries and are primary forage

for marine birds, mammals and

other fishes (Clausen, 1983; Hatch

and Sanger. 1992; Livingston, 1993;

Brown et al., 1996). Recently the

abundance of both these species

in Prince William Sound has fluc-

tuated, particularly that of Pacific

herring, which suffered a popu-
lation crash in 1993 resulting in

the closure of the commercial fish-

eries (bait, sac-roe, and roe on kelp)

(Meyers et al., 1994; Paine et al.,

1996). Little is known of the spa-

tial distributions and the physical
and biological variables influenc-

ing Pacific herring and walleye pol-

lock life histories in this biologically

rich, high latitude ecosystem ( Paine

etal., 1996).

We identified Pacific herring and

walleye pollock nursery areas by

examining their small-scale (km)

spatial distributions in Prince Wil-

liam Sound, Alaska. We hypothe-
sized that juvenile Pacific herring
and juvenile walleye pollock were

contagiously distributed and that
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their distributions varied season-

ally in relation to the stage of

life of fish, school structure, and

coastal structure. We then exam-
ined the degree ofoverlap between

juvenile Pacific herring and

juvenile walleye pollock distribu-

tions. Further we determined if

cohorts (age and size) of Pacific

heiTing were spatially segregated.
Adult Pacific herring and walleye

pollock distributions were also

observed; however, these fishes

appeared to emigi'ate from Prince

William Sound at certain times of

the year.

Materials and methods

148"W 147W

evN-

60N
Prince William Sound is a large body
of water separated from the Gulf of

Alaska by a series of mountainous

islands and deep passages ( Fig. 1 ).

The rocky coastline is highly iiTegu-

lar and has numerous islands, pas-

sages, bays, and deep Qords. The
Soimd had a semidiurnal tide with

a maximum range of 4.4 m during
the period of our study.

Prince William Sound coastal

wateis were acoustically surveyed in October 1995,

and in March and July 1996 (Fig. 1). Five vessels

were used during each 10-day survey ( 12 hours per

day): three commercial seiners (
= 16.8 m) deployed

the acoustic and oceanographic equipment and fished

the seines; a trawler (Alaska Department of Fish and

Game RV Pandalus, =20 m) was used for midwater

sampling; and a tour vessel (=25 m) was used for pi'o-

cessing samples. Surveys were conducted during the

night (2000 to 0800 h) in October 1995 and March

1996, and durnig the day ( 0800 to 2000 h ) m July 1996.

Northern latitude conditions dictated this sampling

design because there was little daylight in March and

little darkness in July. Further, the summer cruises

had to be coordinated with aerial surveys for forage
fish that could only be flown during daylight (E. Brown,

unpubl. data). We observed and collected both Pacific

herring and walleye pollock in surface waters and near

the sea floor, a range of area that coincides with the

known diel distributions for these two species.

The acoustic vessel followed a zigzag transect pat-

tern along the shore (MacLennan and Simmonds,

1992; Gunderson, 1993) to a distance of =1 km at a

speed of 14 to 17 km/h. We attempted to survey the

10 km

Figure 1

Location of the October 1995, March 1996. and .July 1996 acoustic survey tran-

sects in Prince William Sound, Alaska. The dark areas represent the locations

within which we conducted our zigzag transect survey.

same bays, passages, and open coast during all three

sui'veys. The vessel's sonar (50 kHz. 46) was used

to locate fish schools along these transects. When
a fish school was encountered, the acoustic vessel

slowed to 9 to 11 km/li and completed a series of

parallel transects perpendicular to shore by using a

120-kHz BioSonics 101 echosounder with a preampli-
fied dual-beam transducer (6x15"). The transducer

was mounted on a BioSonics 1.2-m BioFin and towed

at =1 m depth. The acoustic signals were processed
in real-time with BioSonics ESP 221 Echo square

integration software and ESP 281 Dual beam soft-

ware, and the raw signal was stored on digital audio

tape (Thome. 1983a; 1983b; MacLennan and Sim-

monds, 1992). The acoustic system was calibrated

before each cruise with a standard target and the

source level (SL) was 225.07 dB pPa. Acoustic noise

was well below our lowest density of interest.

Fish schools observed with the acoustic equip-
ment were sampled to determine species composi-
tion and size structure. Fish were captured with a

modified l^ottom trawl in deep water (1.52 x 2.13 m
Nor'Eastern Astoria V trawl doors, 21.3-m head rope,

29.0-m, foot rope, 3 x 20.0-m mouth, 10.2-cm mesh
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wings, 8.9-cm middle, and a 32.0-mm codend liner),

with one of two anchovy seines in surface water

(250.0 X 34.0 m or 20.0 m, 25.0-mm stretch mesh),

or with a small salmon fry seine in shallow water

(50.0 X 8.0 m, 3.0-mm stretch mesh deployed from

a 6-m skiff equipped with a 70-horsepower engine).

Fish collections were directed by the acoustic survey
and we attempted to sample every observed school.

The catchability of the fish species sampled may vary
with time of day, season, and between nets. However,
we assumed that these collections reflected the actual

species and age cohort ratios present within the acous-

tically observed fish school. A total of 220, 122, and 60

fish collections were made in 15, 29, and 28 locations

in October 1995, March 1996, and July 1996, respec-

tively. Each net collection was characterized by spe-

cies, and 1000 individuals ofthe dominant fish species,

usually Pacific hemng, were randomly sampled. Fork

lengths (mm) for 550 fish were measured immediately
after capture, and 450 fish were frozen and later their

fork length and wet weight (g) were measured in the

laboratory. After subsampling the remaining fish were

released unharmed from the seine.

A length-dependent scaling constant was used to

convert estimated target strength (TS -10 log^^w)
from units of reflected acoustic energy (dB) to units

of biomass density (kg/m*):

TS - 10 logioU'
= -6.0 logiijL

- 24.2 dB m-/kg,

where L = the mean fork length (cm) of the fish col-

lected in the area (Thome, 1977; 1983a

1983b; Thorne and Thomas, 1990).

This equation differs from the more standard regres-

sion equation (Foote, 1987) because it derives the

target strength as a proportion of weight. Thome's

equation was developed for echo integration primar-

ily with Pacific herring surveys from Alaska and

Puget Sound (Thorne, 1983a).

For walleye pollock, that have a physoclistic swim

bladder, the standard equation:

TS = 20 log|„r
- 66.0 dB

was used (Foote and Traynor, 1988).

The acoustic estimates of Pacific herring and wall-

eye pollock school densities were derived from these

target strength equations. Many physical and biolog-

ical variables (including morphologic features [such

as physostomic, physoclistic, fat content], the orienta-

tion of the fish, water temperature, and depth) affect

target strength (Thorne, 1983b; Foote, 1987; Rose and

Leggett, 1988; Thome and Thomas, 1990; MacLennan

and Simmonds, 1992; Misund et al., 1995; Huse and

Ona, 1996; McClatchie et al, 1996; Ona and Mitson,

1996; Misund, 1997; Misund et al, 1998).

Echo integration measurements were converted

into data cells with lengths of 120 m, 40 m, or 20 m
and width and depth of 1 m for the October 1995,
March 1996, and July 1996 surveys, respectively.

Cell length was determined by using the simultane-

ously recorded latitude and longitude from the GPS
navigational system.

Species proportion and size modes per species were
determined from the fish collections. The species pro-

portions, based on the number of individuals per fish

species in the random subsample, were multiplied

by the echo integration densities (kg/m'^) and then

converted by using length-weight regressions into

the number of Pacific herring per size mode, or the

number of walleye pollock. Walleye pollock were not

divided into size modes because the standard devia-

tions of the mean fork lengths of individual collec-

tions indicated that aggregations were unimodal.

A group of data cells was considered to be a fish

school if the sum of the absolute differences between

latitudes and longitudes ofadjacent cells was >0.009°.

We concluded that cells containing the equivalent of

<0.5 fish/m-^ were probably zooplankton on the basis

of frequency distributions of the data, and these cells

were removed from the data set (MacLennan and

Simmonds, 1992; Gunderson, 1993). If fish located

near the bottom were difficult to distinguish acousti-

cally, data cells for the bottom 5 m were removed.

Cohorts of Pacific herring and walleye pollock

large-scale spatial distributions were examined by

using circular statistics (Batschelet, 1981). The angle
(0"=true north) for each data cell was determined

from an origin in the center of Prince William Sound
( 60.6000 =

N, 146.9000°W). These angles represent
distributions along the survey transect line and are

influenced by inequalities in shoreline distance and

sampling bias. Angle frequency distributions were

compared with random distributions and with the

distributions of other herring size modes along the

same transect by using a chi-squared test at the

5'7( level of significance (Batschelet, 1981). Expected
values were grouped according to Cochran's rule,

which states that <20'/f of the expected frequencies

should have a value <5 (Sokal and Rohlf, 1981).

Nursei"y areas were determined by examining the

relation between juvenile fish spatial distributions

and coastline stnacture. Bays were defined statisti-

cally from passages or open coast by calculating the

sum of the three nearest shore distances (X3NSD). To

determine this value, first the distance between the

center of each fish school and the nearest shore was
measured. The second distance was determined by
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moving 90° on either side of the first Hne, measur-

ing the distance to shore and selecting the shorter

of the two hnes. The third distance was determined

by moving 90° on either side of the first and second

hnes, measuring the distance to shore, and selecting

the shorter of the two lines. These three distances

were summed. This measurement was calculated at

specific points inside 26 bays and outside 17 bays
to verify that it accurately distinguished between

bays, passages, and open coast. The Z3NSD for each

fish school was compared with the same measure-

ments from randomly selected points along the same

survey transect by using a chi-squared test grouped

according to Cochran's rule (Sokal and Rohlf, 1981).

This technique removed sampling and shore struc-

ture discrepancies.

Differences in water conditions within bays com-

pared with conditions in passages or along open
coastline were examined. Vertical water profiles of

temperature and salinity at 1-m intervals, mea-
sured with a SeaBird CTD instrument (SEACAT
SBE19), were collected inside and outside bays.
Differences between means were examined with a

Mann-Whitney rank sum test (U).

Results

Ninety-seven species of fish and macroinverte-

brates were collected during the October 1995, and

the March and July 1996 surveys. Pacific herring
(65.0% of subsample collections! dominated the ich-

thyofauna followed by walleye pollock (19.2%).

Pacific herring and walleye pollock size frequencies
differed. The Pacific herring population consisted of

three size modes representing age-0, 1-2 year old, and

adult fishes ( Stokesbury et al. 1999 ) ( Fig. 2 ). The wall-

eye pollock population size distribution was bimodal,

representing age-0 and adult fishes in October 1995

and March 1996, whereas only age-0 fish were col-

lected during July 1996 (Fig. 3). Age-0 and adult pol-

lock were always collected separately.

The proportion of Pacific herring schools consist-

ing of a single size cohort varied among seasons. In

October 1995, 49.0% of the Pacific herring schools

sampled consisted of a single size class, mostly age 0.

In March 1996, 38.9% of the Pacific herring schools

sampled consisted of a single size, primarily 1-2

year olds. In July 1996, 83.3% of the Pacific herring
schools sampled consisted of a single size, primarily
1-2 year olds.

Juvenile Pacific herring and walleye pollock were

contagiously distributed in the east-northeast and
the west-southwest of Prince William Sound (Fig. 4).

Adult Pacific herring aggregated in the southwest

October 95; n = 7626

15
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5

15
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r^lll[lH^Tfp|T>TTTqmTmp^

March 96; n = 33655

. ,ji|llv4MVn
July 96; n = 22700
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4- ^y^^T"* I 1 1 1—I r
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Figure 2

Percent size-frequency distributions ofPacific herring, Clupea

pallasi. (fork length mm I collected during three acoustic sur-

veys of Prince William Sound, Alaska, in 1995 and 1996

(n=count).

(210°-240°) in October 1995, in the south (180°) and
east (90°) in March 1996, and west (240°-270°) in

July 1996 (Fig. 4).

Pacific herring schools had the lowest densities in

March 1996 and the highest densities in July 1996

(Table 1). Walleye pollock schools had low densities

in October 1995 and March 1996 compared with very

high densities in July 1996 (Table 1).

Pacific herring were deeper in the water column

in March 1996 (27.0-28.9 ml than in October 1995

(15.0-20.2 m) and July 1996 (14.1-16.7 m) (Fig, 5).

Walleye pollock were distributed near the bottom

during all three surveys (Fig. 5).

The 26 locations within bays had a mean S3NSD
value of 3.8 km (SD=2.45), significantly smaller than

9.8 km (SD=6.69) for the 17 locations within pas-

sages and along the open coast (^=-3.61, df=41,

P<0.001). The water conditions within these bays

generally differed from conditions in passages and

open coast (Table 2). The surface water temperatures
(0-30 m) were cooler inside than outside the bays by
0.32°C and 0.20°C in October 1995 and July 1996,

respectively. The surface water inside the bays was

also less saline in October 95 but was similar inside
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Table 1

Means and standard deviations (SD) of densities (fish/m-^l for the three Pacific herring, Clupca pa

pollock, Theragra chalcogramma, aggregations observed during three acoustic surveys of Prince

and 1996 («=number of schools observed).
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When larval Pacific herring meta-

morphose into juveniles, they develop
the ability to form and maintain schools

(Blaxter, 1985; Gallego and Heath,
1994). Schooling behavior is the juve-
nile herring's primary defense against

predation (Blaxter and Hunter, 1982).

School structure results from the dy-
namic interaction of several variables

causing opposing behaviors, primarily
the availability of food, the physical
size and condition of the fish, and the

threat of predation (for a review see

Pitcher, 1986). Newly recruited age-0
Pacific herring were tightly aggregated
in shallow water at the heads of bays
in July. These herring formed a few

dense schools of a single-size cohort

near the surface. This distribution pos-

sibly resulted from a high threat of pre-
dation ( Stokesbury et al. M, coupled with

an abundance of food as indicated by
the fullness of herring stomachs (Foy
and Norcross, 1999) and from zooplank-
ton samples (Foy-).

Age-0 Pacific herring were aggregated
within bays near the surface, in Octo-

ber. However, the number of schools

increased, schools became less cohesive,

and size cohorts began to mix in con-

trast to the highly aggregated unimodal
schools observed in July. The distribution

observed in October may have resulted

from a decrease in food abundance, a

decrease in the threat of predation, or

both (Foy and Norcross, 1999, Stokesbury et al.^).

Age-0 Pacific herring school structure and distri-

bution completely changed in March. These herring
had just survived the winter when prey abundance is

minimal and the risk of starvation is great (Paul and
Paul, 1998; Paul et al., 1998; Foy and Paul, 1999),

Herring moved away from the shores into deeper
water and spread out forming sparse (<1 fish/m-^)

shoals of mixed-size cohorts. Distance between fish

within schools increases with hunger, reducing cohe-

sion, and causing lower mean densities (Pitcher and

Partridge, 1979; Robinson, 1995). This independent
segregating behavior reduces competition for food

and increases the chance of encountering food by

October 1995

80
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Figure 4

Angle percent-frequency distributions of Pacific herring, Clupea pallasi.
and walleye pollock, Theragra chalcogramma. observed during three acous-

tic surveys of Prince William Sound, Alaska, in 1995 and 1996.

'

Stokesbury, K.D.E., J. Kirsch, and B.L. Norcross. 1999. Mor-
tality estimates of juvenile Pacific herring (Clupea pallasi) in

Prince William Sound, Alaska. Unpubl. manuscript.
-
Foy, W. 1996-1998. Unpubl. data. Institute of Marine Sci-

ence, Industrial Technology Center, University of Alaska, Fair-

banks, 118 Trident Way, Kodiak, AK 99614-7401.
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Figure 6

Percent frequency distributions of the sum of the three near shore distances (I3NSD)
for Pacific herring, Clupea pallasi. age cohorts and walleye pollock, Theragra chalco-

gramma. aggregations and values generated from a random distribution, during three

acoustic surveys in Prince William Sound, Alaska. Fish schools with sum of the three

near shore distances <7 were usually within bays.

al., 1985; Sinclair, 1988). Future work should focus

on determining the physical and biological variables

influencing juvenile Pacific herring and walleye pol-

lock within these bays to estimate population fluc-

tuations that are critical for ecosystem models and

effective fisheries management.
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Abstract.—A winter dredge survey of

blue crab iCallinectes sapidus Rath-

bun) is conducted annually in Chesa-

peake Bay as a key element of a long-

term, bay-wide population dynamics

study. Removal experiments are perfor-

med routinely as part of this stratified

random survey of the blue crab popu-

lation. We present a method for esti-

mating the catching efficiency of the

standard Virginia crab dredge used in

the winter survey. Data from 88 expe-

riments conducted between November

1992 and March 1995 were analyzed;

up to 10 removals were completed in

each experiment. Two models were used

to estimate catching efficiency for each

experiment: 1) the Leslie model, and 2)

a log-linear model in which it is assu-

med that a fixed proportion of crabs is

removed in each sweep of the experi-

mental area, allowing for an error term

E. We estimated the catchability coef-

ficient ( g ) as a weighted mean of the

point estimates from each experiment;
its standard error was estimated with

the jackknife method. The average cat-

chability coefficients across years were

0.16 (SE=0.01) for model 1, and 0.15

(SE=0.02) for model 2. There were no

significant differences in yearly estima-

tes of dredge efficiency for the period

investigated in our study. We show how

the estimated catching efficiency can be

used to calibrate catch per unit of effort

in a dredge survey. The precision of

estimates of absolute abundance could

be improved significantly by increasing

the precision of the estimates of catcha-

bility. Similar improvements of estima-

tes of absolute abundance are expected

for analogous dredging surveys of slow-

moving or sedentary benthic species

buried in the sediment, such as scallops

and clams.
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Stratified random dredge surveys
have been conducted in Chesapeake

Bay yearly since 1989 during the

coldest winter months to estimate

abundance and other key statistics

for the blue crab (Callinectes sapi-

dus Rathbun), The survey design

implemented during the winter of

1992-1993 became the standard.

Three geographic strata were sam-

pled every year thereafter: upper

bay and rivers (619f of the total

area), middle bay (2T7c of the total

area), and lower bay (12% of the

total area ), The number ofrandomly
selected stations in each stratum

was proportional to the area of the

stratum. The strata were designed
to encompass major areas of habi-

tat and to account for differences

in spatial distribution of crabs by
size and sex. Details of the design
of the Chesapeake Bay blue crab

winter survey, its characteristics,

and history can be found in Vol-

stad et al,' and Rothschild and

Sharov,^ Survey results indicated

that the distribution of blue crabs is

highly patchy, and the coefficient of

variation (CV) of average crab den-

sity is usually large. Nevertheless,

catch per unit of effort (CPUE ) from

the annual dredge surveys gene-

rally provides accurate estimates of

relative abundance because of effici-

ent stratification and large sample
sizes.

1

Volstad, J. H., B. J. Rothschild, and T.

Maurer. 1994. Abundance estimation

and population dynamics ofthe blue crab in

the Chesapeake Bay. Ref No. UMCEES
ICBLj 94-014. Final report to the Mary-
land Department ofNatural Resources, the

Che.sapeake Bay StockAssessment Commit-

tee, and the National Oceanic andAtmosphe-
ric Administration iNOAAi. Chesapeake
Biological Laboratory, P,0. Box 38, Solo-

mons, MD 21236,

- Rothschild, B. J„ and A. F. Sharov. 1997.

Abundance estimation and population

dynamics of the blue crab in the Ches-

apeake Bay. Final report to the Mary-
land Department ofNatural Resources and

Chesapeake Bay Stock Assessment Com-
mittee. Center for Marine Science and

Technology, University of Massachu.setts,

North Dartmouth, MA 02747-2.300.



Volstad et al Estimating dredge catching efficiency for Callinectes sapidus 411

Accurate estimates of absolute abundance and

population characteristics over time provide a means
of ensuring a sustainable harvest of the Chesapeake
Bay blue crab stock. CPUE must be adjusted for the

dredge catching efficiency to estimate absolute abun-

dance from the survey data. Catching efficiency (i.e.

the fraction of crabs present in the path of the dredge
that is captured) can be estimated from removal expe-
riments (e.g. Seber, 1973; Ricker, 1975; Hilborn and

Walters, 1992). In such experiments, a closed popu-
lation is sampled repeatedly over a relatively short

time. An estimate of the catching efficiency is typi-

cally based on the slope of a linear regression ofCPUE
on cumulative catch (Leslie and Davis 1939), or on

log-transformed CPUE and cumulative effort ( Delury,
1947). It is assumed that no emigration, immigration,
or natural mortality occurs during the experiment
and that all animals caught are not returned to the

population (Otis et al., 1978; Schnute, 1983).

During the summer months, blue crabs are active

swimmers; therefore, an otter trawl is more effec-

tive for sampling. Estimates of absolute abundance,

however, are difficult to obtain during the summer.

First, trawling at random locations may be difficult

because of the presence of crab pots and trotlines

throughout Chesapeake Bay. Second, the catching

efficiency of trawls is difficult to estimate because it

is affected by the swimming behavior of blue crabs.

The key assumption for estimating catching effici-

ency of a closed population is likely to be violated in

depletion experiments conducted with an otter trawl

in small geographic areas because of migration.
Blue crabs in Chesapeake Bay are largely inactive

and bury themselves in the bottom sediment from

November through March (Van Engel, 1958); thus,

they are less likely to escape the dredge by swim-

ming. Orth and van Montfrans ( 1987) reported negli-

gible catches in bottom trawls during winter, further

supporting the premise that crabs are buried in the

substrate. Blue crabs captured in removal experi-

ments showed little signs of mobility when brought
aboard the vessel. We, therefore, believe that the

assumption of a closed population is fairly well met

during the short time span of each experiment in

winter. Also, fishing activity is at a minimum during

winter; only crabs in the Virginia mainstem of the

bay are harvested.

We report on the catching efficiency of the samp-
ling dredge estimated from multiple removal experi-
ments in the blue crab survey. We demonstrate that

catchability estimates from a single or a few removal

experiments will not be reliable for the entire bay.
We show how the estimated catchability can be used

to calibrate the relative estimate of abundance from

the survey.

Material and methods

Removal experiments

Maryland Department ofNatural Resources (MDNR),
Chesapeake Biological Laboratory (CBL), and Virgi-

nia Institute of Marine Science (VIMS) conducted 88

removal experiments between November 1992 and
March 1995 using the standard 1.83-m wide Virginia

sampling dredge. The dredge was lined with either

12.7-mm hexagonal chicken wire or nylon mesh and
is assumed to have "knife edged" selectivity for crabs

with acarapace width (CW) of at least 15mm(Sulkin
and Miller, 1975).

Depletion experiments generally were conducted

at locations that represent the variations in depth
and sediment type typical of Chesapeake Bay (Fig.

1), taking into account up-to-date survey data. It is

impractical to select sites for depletion experiments

randomly because blue crabs have a patchy distri-

bution, and the annual baywide dredge sui"vey gene-

rally has a large number of zero catches. Because of

cost considerations, removal experiments were con-

ducted each year at a random subset of survey sta-

tions with positive catches.

Removal experiments were conducted within an

area of approximately 100 m by 5.5 m in Maryland
waters and 100 m by 9 m in Virginia waters. In both

cases experimental areas were marked with buoys.
Each removal from the experimental area (coverage)
consisted of three (CBL and MDNR) or five (VIMS)

parallel, nonoverlapping dredge tows conducted back

and forth (Fig. 2) at a standard towing speed of 3

knots. A maximum of 10 removals was completed for

each depletion experiment. The unit of effort was one

coverage (i.e. the combined 3 or 5 hauls required to

sweep the experimental area), and catch was recorded

as the total number of crabs caught per coverage.

Estimating catchability

Hirst (1994) formulated the following standard

assumptions for the removal method: 1 ) there is no

immigration to or emigration from the enclosed area

during the removal experiments; 2) each animal has

an equal probability of being caught; 3) each re-

moval is equally efficient (i.e. the probability of cap-

ture for each animal is constant from one removal to

the next). The first of these assumptions is reasona-

ble because crabs are largely inactive during winter,

and each depletion experiment is conducted over a

short time (2 to 4 hours). The latter two assumptions

may be less likely to be true because crabs generally
are clustered in distribution. In marine surveys the

sampling unit is typically a fixed volume, or a unit
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Figure 1

Map of Chesapeake Bay with positions of the dredge efficiency experiments conducted

between November 1992 and March 1995.

of area swept by a standard tow (see Pennington
and Volstad, 1994). As a result, sampling individu-

als randomly from the target population generally
is not feasible. The possible dependence of animal

capture probability on environmental conditions, or

on the characteristics of individual animals, such as

body size, is another important practical problem.
In our study we assumed that each crab has an

equal probability ofbeing caught by the dredge within

each experimental area. The catching efficiency of

the dredge, however, may vary significantly between

experimental sites because of different bottom topo-

graphy and sediment types. The possible effect of

body size on catching efficiency was evaluated by

comparing mean carapace width and size-frequency

distributions between removals. Assume, for exam-

ple, that large crabs have a higher probability of

capture than small crabs. In this case the mean cara-
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Lane 1

Figure 2

Schematic diagram of a standard removal experiment conducted m Maryland waters. Each removal from the area (coverage) con-

sisted of three parallel tows conducted back and forth at a speed of 3 knots. A maximum of ten removals was completed for each

experiment.

pace width of crabs in the first removals would, on

average, be larger than in the final removals.

We used two models to estimate the dredge effi-

ciency for each experiment. Model 1 is a standard

Leslie model (Leslie and Davis, 1939)

y,=q[P,-K,_,]^qP,-qK,_,, (1)

where
_v,

= the catch from the ith removal; and

K'j J

= cumulative catch taken before each

removal;

P,j
= the initial population in the area before

the depletion experiment.

The catchability coefficient q = the slope of the linear

regression estimated from Equation 1. The basic

assumption of this model is that the number of crabs

in each removal and the unit of effort is measured
without error. An implication of using model 1 is

that if the zth removal in a particular depletion expe-
riment is zero, then the cumulative catch provides
an absolute measure of the initial population P^.
Some crabs, however, may remain in the experimen-
tal area, even though no crabs are caught in an indi-

vidual removal. This results in an underestimate of

Pq and an overestimate of g for this site.

A different technique may be used to estimate

dredge efficiency. For each coverage (/) of the expe-

rimental area, we can assume that a fixed propor-
tion (q) of the true population in the area is removed;

therefore, the catch (Vj) in the first coverage is q

multiplied by P„, the initial population. For the ith

coverage, we have

and

ln(-

y =gll-g)'-iPoe

\n(q)+ ln( Pq l +
[ln(

1 - g )](
/
- 1) + ln(f ) .

( 2 )

In this model, it is assumed (perhaps more realis-

tically) that the fraction of the population removed

for each unit of effort is estimated with an error

f. A simple regression of Iny, against (/-I) provides
an estimate of the slope, ln(l-ql. An estimate of

the expected value of the catchability coefficient iq)

is obtained after a retransformation, following the

method of Finney (1941; see also Johnson et al.,

1994, p. 221). The variance of the slope estimate in

model 2 is taken into account in the estimation of

( 1—q). and hence q. An approximation for estimating

q for a single experiment is

q = l-expi(i + sl/2

where /?
= an estimate of the slope in Equation 2,

with variance SZ (Gilbert 1987).
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Characteristically, blue crabs have a patchy dis-

tribution, and the estimated CPUE from the dredge

survey is driven by relatively few large catches. To

estimate a mean catchability coefficient that is appli-

cable to the entire survey area, estimates of catcha-

bility from each removal experiment were weighted

by the abundance in the experimental area. An esti-

mator for the overall catchability coefficient to use

for calibrating CPUE in the dredge survey is

' C

where
c,

= the total number of crabs caught in the

(th experiment;

g,
= the corresponding estimated gear effici-

ency; and

C = total number of crabs caught in the n

experiments.

Because n is small within each year, the jackknife

estimate of average gear efficiency and its standard

error were used (Cochran, 1977; Efron and Gong,
1983). The jackknife estimator of standard error is

:{[(/; -l)/«]^(0„,-0,,)-}'

where

^(n=X
c,q,

is the weighted mean catchability deleting the nth

experiment and

e,,

"-I^
is the jackknife estimate of q for the /; experiments.

For model 2 we also estimated the weighted mean
and variance of the slopes from all n experiments. An
estimate of q was obtained after retransformation

with the method of Finney ( 1941 ); the standard error

was estimated by jackknifing (Tukey, 1958; Manly,
1997).

In the annual winter dredge survey, a one-minute

tow is standard. For soft sediments, the dredge may
be saturated before the tow is completed. A rando-

mized block experiment was conducted during the

winter of 1992-1993 to investigate such gear-satu-

ration effects on CPUE. Double tows were made at

77 randomly selected stations in the Maryland part

of the bay. One tow of one-minute duration and one

tow of 30-seconds duration were taken in random
order at each station.

During the winter of 1994-1995, the chicken wire

liner of the dredge was replaced with nylon mesh
because the latter proved to be easier to operate and

repair. To investigate any effect of the new liner on

the catchability coefficient estimate, we conducted 9

removal experiments using a dredge with a chicken

wire liner and 10 experiments using a dredge with a

nylon liner.

Using the estimated catchability to calibrate CPUE

If r is the true blue crab density (number of crabs

per m^) in Chesapeake Bay at the time of the winter

survey, and if we have an approximately unbiased

estimate of the overall catching efficiency q that is

uncorrelated with CPUE, an estimator for blue crab

density is then

r = CPUE/q,

where CPUE = the estimated mean number of crabs

caught per m- swept.

Abaywide estimate of the population total ris

Ar,

where A = the area of blue crab habitat in Ches-

apeake Bay, which we estimated using

geographic information system (GIS) to

be approximately 11,000 km'-.

Using Taylor series approximations, we estimated

the variance of r (Thompson, 1992, p 168) as

var(r) :

. _ (l-g)_ V" - -

var {y) +—-.

— y -i-^ var( q )

where y = the estimated CPUE.

The relative precision of fis /? = Vvar(r)/ f. The vari-

ance of estimated catching efficiency thus adds to

the variance of absolute abundance estimates.

If sampling fractions differ between strata, the

absolute abundance can be estimated separately for

each stratum. Here, q, CPUE, and hence f can be

estimated by stratum, by using the same approach as

above. The size of each stratum must also be known.

If the sampling in each stratum is independent, the

variance in the combined estimate of absolute abun-

dance is additive. This approach would also be appro-
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priate if the density of depletion experiments was

higher for some strata than for others.

Results

Catching efTiciency

Estimates ofcatching efficiency for the standard Virgi-

nia crab dredge from individual depletion experiments
conducted during the winters between November
1992 and March 1995 are presented in Tables 1

through 3. There was large variation in catchability

estimates among individual experiments (from -0.13

to 0.45); however, the difference among average an-

nual catchability coefficients for the entire survey
area was small; q varied from 0.13 to 0.18 for model
1 and model 2 (Fig. 3). For both depletion models,
an analysis of variance revealed that yearly differen-

ces in q are not significant (ANOVA, P>0.3; we used

a significance level of 5% for all tests in our study).

Experiments from all years, therefore, were pooled
to estimate an overall catchability coefficient for the

dredge survey. The weighted mean catchability coef-

ficients were 0.16 (SE=0.01) for model 1 (Eq. 1), and
0.15 (SE=0.02) for model 2 (Eq. 2). The means and
standard errors were estimated by using the jackk-
nife method; catchability coefficients from individual

experiments were assumed to be independent. The
two methods for estimating a mean catchability coef-

ficient for model 2 produced identical estimates. The
difference in estimates from the two models was not

significant.

Mean carapace width of crabs in each removal for

all years combined, which is plotted in Figure 4,

did not show any significant trend (nonparametric
Mann-Kendall test (Gilbert, 1987), n = 10, P=0.19).

Further, the size-frequency distributions of crabs

for individual removals were similar (Fig. 5). These
results support our assumption that probability of

capture is independent of carapace width.

Our test for gear saturation effects resulted in an

average catch per minute of 3.7 (SE=0.8) for the half-

minute tows, and of 2.3 (SE=0.7) for the 1-minute

tows. The higher CPUE for half-minute tows, although
not significant, suggests saturation effects and might
be explained by the period of time that the dredge con-

tinues to be towed along the bottom after it has begun
to be hauled back. Such a delay would affect shorter

tows more than longer tows.

For the experiments on the effect of the dredge
liner, estimates of mean q for the dredge lined with

chicken wire were 0.17 (SE=0.02) based on model

1, and 0.15 (SE=0.03) for model 2. For the nylon
liner the estimates were 0.22 (SE=0.03) based on
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for blue crab with CW >15 mm was T^=

5.86xl0'^(/t=:0.09). and 2.58xl0«(^=0.10) for

crabs with CW>60 mm. Using q-0.15 with

standard error 0.02 (from model 2), we esti-

mated absolute abundance for crabs with

CW >15 mm to be
f2
= 6.26xl0« (>t=0.15),

and 2.75x108 (/fe=0.16) for crabs with CW
>60 mm. To check plausibility of these esti-

mates, we compared the absolute abun-

dance estimates ofthe 1+ age group (CW 60

mm) with estimated total landings for 1995.

Blue crabs of age 1+ reach harvestable size

(127 mm) the following fishing season. The

reported total landings in the commercial

fishery were 17,820 metric tons (t). Using an

average weight per crab of 150 g (Knotts^),

we estimated the total number of crabs

caught to be 1.19x10*^ and the exploita-

tion coefficient (as a ratio of catch in num-
bers and number of age 1+ crabs) to be

about 45%.

Exploitation rates can be calculated for

males and females separately in similar

fashion by using mean CPUE and landings

by sex. These rates may be very valuable

infoiTnation because there is an evident

disproportion in crab landings by sex; on

average more males are landed per year (at

least by weight ) than females ( Rugolo et al. ,

1998a). For example, 9320 t of males and
7230 t of females were landed in Maryland
in 1995. If the average weights of males

and females in the catch were similar, the

exploitation rate for males would be higher
than that for females. However, uncorrec-

ted for catchability, the density of age 1+

males (2.31 per 1000 m^) observed in 1995

was higher than that of age 1+ females

(1.44 per 1000 ni'^), suggesting that fema-

les are being exploited at a higher rate. To

obtain precise estimates of sex-specific exploitation

rates, data on mean weight of crabs by sex in the har-

vest are required but are not available.

Discussion

Our method for estimating overall dredge catching

efficiency provides consistent estimates over time ( Fig.

3). The Leslie model produces the most precise esti-

mate for catching efficiency, but the estimate could

be slightly biased upwards if measurement error in
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the identical estimates of q from the two alternative

methods indicate that such bias is small.

Obtaining reasonable estimates of catching effici-

ency from catch-effort techniques requires depleting a

substantial proportion (usually more than 30%) of the

population (see Gould and Pollock, 1997). Also, esti-

mates of the regression slopes, and hence q, are likely

to be more accurate for both models if the independent
variables (i.e. cumulative catch, /C^,

or coverage, /) have

a wider range. For the depletion experiments with

ten removals conducted in Maryland waters, estima-

tes of g based on the first five removals were generally

higher than estimates of q based on all ten removals.

Thus, fewer removals per experiment can bias the

estimates of gear efficiency just as vessel effects can.

In experiments conducted from two similar vessels in

Maryland waters, we did not detect significant diffe-

rences in catchability between vessels. Environmental

factors probably were the principal cause ofvariability

in catchability estimates from different experiments
because sediment type, bottom topography, intensity

and direction of the current, towing speed, and crab

distribution influence dredge performance.
When our overall estimates of catching efficiency

are used to adjust CPUE from the baywide winter

survey, plausible estimates of absolute abundance
of blue crab in the Chesapeake Bay are obtained,

resulting in an estimated exploitation rate of about

45% in 1995. The catchability coefficient estimate

(g=0.26j presented in Zhang et al. (1993), in con-

trast, would result in an estimated exploitation rate

of 75%. Their method eliminated removal experi-

ments with low coefficients of determination (r~) for

the regressions, or with negative catchability esti-

mates, which could result in a positive bias in the

estimated overall catchability.

We have not accounted for landings from the rec-

reational fishery or for natural mortality in our exam-

ple; therefore the above exploitation rates were pro-

bably underestimates. Recreational harvest data are

very scarce, but limited surveys conducted by the

Maryland Department of Natural Resources in 1983,

1988, and 1990 have indicated that recreational har-

vest represented approximately 79%, 50% , and 26% of

the reported commercial harvest ( Rugolo et al. 1998b ).

The 1990 survey is considered the most reliable of the

three. Assuming that the recreational harvest in 1995

represented 26% of the commercial harvest, then the

corrected estimate of total blue crab exploitation rate

is 56.7%. A bias in the opposite direction would result

if the exploitable part of the stock were underestima-

ted because of recruitment during the fishing season.

The results of this study demonstrate that impro-
ved estimates ofcatching efficiency can substantially
increase the accuracy of estimates of absolute abun-

dance. In our example based on survey data from

the winter 1994-1995, the variance in the absolute

abundance estimate for the l-i- age group is driven

by the variance in q . Size of sampling locations in

the Chesapeake Bay winter dredge survey for blue

crabs have ranged between 877 and 1412 stations

per year, and relative precision (k) of the estimated

CPUE (i.e. its standard error divided by the mean)
has been around 10% for most years. Because of

the asymptotic properties of ^, it would be prohibi-

tively expensive to significantly increase the preci-

sion of absolute abundance estimates by increasing
the sample size in the survey. We believe a more
cost-effective way to increase the precision ofestima-

tes of absolute abundance would be to improve the

estimate of catchability by increasing the number
of depletion experiments. Our results show that an
estimate of catching efficiency based on a single

experiment or on a few removal experiments would
not represent the entire bay accurately because cat-

chability is highly variable among sites owing to dif-

ferences in bottom conditions and other factors. We
included all the depletion estimates of catchability
in our study, including those less than zero. We assu-

med that point estimates of catchability are estima-

ted with a random error that is normally distributed

around a mean: estimates in the tails of the distribu-

tion could be substantially higher or lower than the

true mean catchability. An accurate estimate of cat-

ching efficiency, applicable to the entire Chesapeake
Bay, requires conducting a large number of depletion

experiments at representative locations. Although no

statistical differences were found among the annual

catchability coefficient estimates for the years analy-
zed in our study, we caution that interannual varia-

tion in q is likely. For example, an increase in water

temperature during mild winters may affect crab

behavior (they would cease hibernation) and hence

probability of capture. We recommend, therefore, that

depletion experiments be conducted yearly as part of

an annual winter survey of blue crab population.

The conclusions of our study can be generalized
and extended to similar resource assessment sur-

veys of other slowly moving or sedentary bottom

dwelling species with patchy distribution, such as

scallops or clams. In surveys of target species, such

as these, attention must be paid to variability in

capture efficiency of the gear with respect to sedi-

ment type, depth, towing speed, and other factors

(such as animal interactions) that affect the gear.

Sediment or bottom type are often selected as stra-

tification criteria in bottom surveys of benthic orga-
nisms. Properly designed removal experiments can

provide reliable estimates of catchability coefficients

for each sampling stratum, allowing adjustment of
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strata CPUE used in the estimator of absolute abun-

dance. Sediment distribution, however, is often very

patchy, and the exact area on the bottom of any type
of sediment is typically not known. Accurate map-
ping of bottom sediment is expensive and thus it

makes sediment-based stratification impractical. An
alternative approach for taking sediment into acco-

unt is to conduct a series of depletion experiments
at locations that are representative of the entire

survey area. If a sufficient number of experiments
are conducted, the effects of sediment on catching

efficiency will be accounted for. Although we agree
that efficient stratification is an important aspect
of designing cost-effective marine resource surveys,

we stress that careful estimation of sampling gear

efficiency through a series of depletion experiments
could significantly improve the accuracy of absolute

abundance estimates. Both elements are essential in

designing effective sample survey programs for esti-

mating vital characteristics of a population.
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Hypotheses of fishery recruitment

processes often have as their foun-

dation studies of incremental oto-

Hth growth (e.g. Methot, 1983; Rice

etal., 1987). Conclusions from these

studies, however, are only as robust

as their baseline otolith validation

work. This is especially true for in-

vestigations on Atlantic menhaden
{Brevoortia tyrannus), an estua-

rine-dependent, marine-migi-atory

clupeid ranging from southeastern

Florida to Nova Scotia (Reintjes,

1969; Ahrenholz, 1991). The spawn-

ing season for Atlantic menhaden
is protracted, occurring wherever

fish of spawning age are found

(Judy and Lewis, 1983). Spawning
is probably greatest from October

to March (Higham and Nicholson,

1964). The spawning activity that

occurs in south coastal U.S. waters

normally occurs within this time

period, usually peaking during mid-

to late winter (Wilkens and Lewis,

1971; Nicholson, 1972). Owing to

the extended spawn and seasonal

movement ofspawning adults, prog-

eny from different temporal spawn-

ing periods experience different

environmental conditions during
similar early life history stages.

Daily age validation studies have

been conducted on late lai-vae and

juvenile Atlantic menhaden (Ahr-

enholz et al., 1995), but none of

the specimens were reared in a

water temperature regime that

typified conditions experienced by

fall-spawned lai-vae. Fall-spawned
larvae enter inshore nurseries when
estuarine waters are cooling, yet
still warm enough for moderate

somatic growth and development.
These young fish then endure the

coldest winter temperatures in a

partially transformed condition, i.e.

in a postlarval-prejuvenile stage.

In contrast, larvae of winter and

early spring spawnings ingi'ess into

relatively cold, but progressively

warming waters, from late winter to

midspring; although they probably
do not enter during extreme winter

cold spells (Reintjes and Pacheco,

1966). Differences in growth pat-

terns in the otolith microstructure of

larvae and juveniles from these dif-

ferent spawning periods are detect-

able (Fitzhugh et al., 1997).

Validation of the otolith daily

aging technique should take into

account the environmental condi-

tions experienced by field-sampled

specimens (Jones, 1986), especially

when some field conditions affect the

daily periodicity of otolith growth
increments. The sagittal growth in-

crements for the fall-spawned Atlan-

tic menhaden are disproportionately

narrower (±1 pm) during the cold-

est overwintering months. Moreover,
increments <1 jim potentially indi-

cate less than daily increment for-

mation (Campana etal., 1987). Less

than daily increment deposition
associated with cold water and slow

growth rates has been observed for

juvenile summer flounder (Paralich-

thys dentatus), another estuaiine-

dependent, marine-migi-atory species

(Szedlmayer and Able, 1992).

Previous otolith microstructure

validation studies for larval Atlan-

tic menhaden have used larvae

collected in the field during April

or laboratory-reared specimens

spawned in February (Ahrenholz

et al., 1995). Test conditions were

set at higher salinities than are

normally associated with larval to

juvenile transformation. Hence, we

designed a study to specifically

address the periodicity of otolith

increment formation in over-win-

tering, fall-spawned Atlantic men-
haden postlarvae and prejuveniles

under the thermal and salinity con-

ditions they experience in North

Carolinian estuaries.

Manuscript accepted 26 November 1999.

Fish. Bull. 98:421-426 (20001.
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Materials and methods

Atlantic menhaden larvae were collected while

ingressing into the Newport River estuary during
the week of 7 December 1994. In the laboratory,

these larvae were immersed on 8 December, in 100

mg/L solution of alizarin-complexone (ALC) solution

for 16 h (overnight) at 18°C. Nearly equal numbers

of marked larvae were reared in two concrete ponds
(6600 L). Pond one, the high-salinity pond, received

flow-through seawater at ambient water tempera-
tures. Pond two, the low-salinity pond, received flow-

through seawater and freshwater from a well. Pond

two was generally a few degrees warmer and about

one-half the salinity of pond one. Menhaden larvae

were fed powdered salmon starter, supplemented
with brine shrimp larvae, for the first few weeks, fol-

lowed by salmon starter only.

Two to six specimens were sacrificed periodically,

and measured for fork length (FL) to the nearest

mm. Sagittal otoliths were removed, mounted in

droplets of epoxy resin, and sectioned obliquely with

a slow-speed saw with dual diamond wafering blades

(Ahrenholz et al., 1995). Polished otolith sections

(10-15 \im thick) were viewed through a compound
microscope (lOOOx) and on an image analysis video

monitor (3800x). When the otolith sample was exam-

ined under blue light epifluoresence, theALC-marked
increment was seen as red-orange. The number of

increments from the ALC mark to the otolith margin
was estimated as the arithmetic mean of a series

of independent counts tallied blindly with a hand-

held counter. A section was counted twice when the

two counts differed by to 2 increments. A section

was counted three to five times when the difference

between the initial two counts was greater than two

increments. Otoliths from one specimen from the

high-salinity pond were deemed unreadable.

An image analysis system was used to measure

increment widths in groups of 10, starting from the

innermost increment, for a select number of oto-

liths from each test group. However, the increments

measured just prior to the alizarin mark may have

numbered from 5 to 10. This procedure was under-

taken to separate pre- and postmark increments

from width estimates. Measurements were taken

from oblique-transverse sections (Ahrenholz et al.,

1995) as opposed to similar measurements taken

on transverse sections, as done by Fitzhugh et al.

(1997). Owing to nearly concentric otolith growth for

the life history stage sampled, the measurements
taken in our study should be similar to, or slightly

greater than, transverse-oriented measurements.

Estimates of the dates when eggs were spawned
for the test groups were obtained by sacrificing eight

larvae on the day of ALC-marking. Their otoliths

were removed, mounted on microscope slides, and
read whole. Three independent counts were made
from the first increment following the first feeding
mark to the margin. Five days were added to the

mean counts to account for time from spawning to

first increment formation (Warlen, 1992).

Statistical analyses of the results generally fol-

lowed those of Ahrenholz et al. (1995). The null

hypothesis tested was that the growth increments

in the otoliths were formed daily during the rearing

period. The hypothesis was not rejected if the slope

of a regression of increment count on number of days
since marking was not significantly different from

one and the intercept was not significantly different

from zero. The statistical power to test for differ-

ences in the slope was also calculated (Rice, 1987).

Student's-/ test was used to test for statistical signifi-

cance of the regi'ession parameters. Analysis of cova-

riance (ANCOVA) and regression computations were

performed with SAS statistical programs (SAS Insti-

tute, 1985). Ninety-five percent confidence intervals

(CI) for individual age estimations (see discussion in

Rice
1
1987

1
) were calculated for an inverse prediction

condition (Sokal and Rohlf, 1981; note also discussions

of inverse regression in Draper and Smith
1 1980] ).

Results

Fish were sampled from pond two (the low-salinity

regime) on postmarking days 35, 56, 74 (and 75),

98. 119, and 140 (total /;=22). Fish from pond one

(the high-salinity regime) were sampled similarly

through day 75 (total « = 13). Prior to day 75 (for

about two weeks), many of the menhaden in pond
one died. The remaining fish from the high-salinity

regime were sampled on day 75.

Spawned-date estimates determined from larvae

sacrificed before being reared ranged from 17 Octo-

ber to 20 October 1994, thus, verifying that the

experimental tests were performed on larvae derived

from fall-spawning activity.

Temperature and salinity regimes during the rear-

ing period ( Fig. 1 ) were adequate to attain the study's

objectives. The cooling and warming pattern, as well

as the actual water temperatures were well within

the range observed for winters in North Carolina

estuaries over a 15-year period (Hettler and Chester,

1982). Salinity levels in both rearing regimes were

within ranges observed for larval or juvenile menha-

den in the field (Wilkenson and Lewis, 1971; Turner

and Johnson, 1973), although the larval forms are

more highly associated with lower salinities. Water

temperatures were relatively warm in the early por-
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Figure 1

Environmental conditions experienced by two groups of ALC-
marked larval-juvenile Atlantic menhaden (Brevoortia tyrannus)

during the otolith validation study. The upper panel depicts tem-

perature histories and the lower panel, the salinity histories. The

high-salinity (low-temperature) rearing experiment ended after

75 days owing to high mortality rates.

tion of the study; larval menhaden advanced well

into their transformation into juveniles. Through day
60 of rearing, water temperatures steadily declined

to low winter minima. During the lower tempera-
ture period, the growth rates of fishes were reduced

(Fig. 2). The mean width of the otolith growth incre-

ments for fish from the high-salinity group gradu-

ally dropped below 1 mm following the severe drop
in temperature. During the same period, the incre-

ments for the low-salinity group reflected the higher

growth rates for this group and were wider, with all

mean widths above 1 pm (Fig. 3).

Similarity between regression parameters of incre-

ment counts versus days since marking between the

high- and low-salinity regimes was tested over the

shared range of duration (75 days). Tests for homo-

geneity of slopes showed no differences (P=0.679).

A subsequent ANCOVA analysis revealed no differ-

ences between intercepts (P=0.712). Thus, the incre-

ment counts for the two rearing regimes were pooled
and validation hypotheses were tested with a regres-

sion analysis. Results of this analysis revealed that

the intercept was not significantly different from zero,

and the slope was not significantly different from one

(Fig. 4, Table 1). The confidence interval (95%) for

estimates of daily age obtained from otoliths of fish

which encountered conditions similar to those tested

here, would be ±9 to 10 days over a range of 140 days

(approximately 50 to 190 days of age).

Discussion

Growth increments on sagittal otoliths of fall-

spawned Atlantic menhaden formed daily, even when

experimental water temperatures declined to 3°C
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Estimates of mean width for otolith growth increments from larval-juvenile Atlantic

menhaden {Brevoortia tyrannus) from each test-rearing group. The error bars represent

±1 SE, with f!=3 for each data point (the error bars may be hidden by the symbol for

some entnes). The arrow denotes when the alizarin marking occurred. At-sea values are

thus to the left of the arrow. (Note: after ALC marking, the low-salinity group was reared

at a higher temperature than the high-salinity group.)

into estuarine systems from North Carolina to

northern Florida. Additional studies may be

necessary for more northern systems, such as

Chesapeake and Delaware bays, especially for

fall-spawned postlarval menhaden that may
overwinter in even colder waters and for more

extended periods of time.
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The fish fauna in waters off North

CaroHna is diverse, receiving contri-

butions from the Virginian, CaroHn-

ian, and Caribbean faunal provinces

(Gray et al, 1968; Schwartz, 19891.

South of Cape Hatteras exist hve-

bottom habitats, small areas of rock

outcroppings containing rich sessile

invertebrate communities and many
species of commercially and recre-

ationally important subtropical and

tropical fishes (Huntsman, 1976;

Miller and Richards, 1979). Little is

known about the patterns and source

of recruitment of many of these and
other fishes. Fahay (1975) sampled
a transect ofFNew River Inlet, North

Carolina, and Cape Fear, North Car-

Una, at quarterly intervals with a

surface-towed meter net. Eldridge
et al. (1978) examined the perfor-

mance of a 2 m X 1 m neuston net

in waters offSouth Carolina. Powles

and Stender ( 1976) surveyed ichthy-

oplankton from Cape Fear, North

Carlina, to Cape Canaveral, Flor-

ida, vdth a standard ichthyoplank-
ton bongo sampler. Ichthyoplankton
research targeting live-bottom habi-

tats in Onslow Bay, North Carlina,

was recently conducted by Powell

and Robbins (1998), who provided
information on spatial and tempo-
ral spawning. The use of standard

ichthyoplankton samplers, however,

may introduce bias against the cap-

ture of late-lai-vae and early-juve-

niles owing to net avoidance (Shima

and Bailey, 1994); therefore little

information would be gained about

recruitment sources and patterns.

The use of complementary gear
that could collect a series of pelagic

larval stages would be useful in

understanding the source ofrecruits

to live-bottom and other habitats off

North Carolina. The spatial distri-

butions of larval stages could indi-

cate if recruitment is from local

populations, or other sources, (Leis,

1994; Booth and Brosnan, 1995).

However, the spatial distribution of

larval stages needs to be coupled
with oceanographic observations to

interpret the source of recruits.

The major goal of our study was
1) to examine the effectiveness of

three gear types in collecting a com-

plete series of the pelagic larval

phase of reef fishes and associated

taxa, and 2) to examine the influ-

ence of short-term hydrographic
conditions on fish distributions.

Materials and methods

Sampling was generally conducted

in darkness aboard the RV Cape
Hatteras, 14-16 September 1994,

along an onshore-offshore transect

in Onslow Bay (Table 1, Fig. 1).

With some modifications, we fol-

lowed Struhsaker (1969) in classi-

fying habitat types: coastal (<18 m);

middle-shelf (18-55 m); outer-shelf

(55-185 ml; and oceanic (>185 m).

Station 1 (76°15.0'W, 33°54.0N) was
located in oceanic waters (water

depth=341 m); station 2 (76°21.3'W,

33°58.5'N) was located in outer-shelf

waters where smooth to highly
broken bottom exists (water depth=
75-110 m); station 3 (76°27.8'W,

34°04.0'N) was located in middle-

shelf waters (water depth=40 m);

and stations 4 ( 76^"34.2'W, 34°08.7'N)

and 5 (76°35.5'W, 34°14.3'N) were
located on the middle shelf adja-

cent to live-bottom habitat (water

depth=33-35 m and 28-31 m, re-

Contribution 186 of the Center for Marine
Science Research, University ofNorth Car-

oHna, Wilmington, NO 2840.3-3297,

Manu.script accepted 8 November 1999.

Fish. BuU. 98:427-438 (2000).



428 Fishery Bulletin 98C2)

j5 Raleigh

Bay

s*"^

I

/

^-'0'
Onslow Bay *-

@

®

®
-34° 00' / /

©.
1 o

C>^

.v\^

77°00' 76°30'
I

Figure 1

Location of sampling stations.

spectively). Stations 1 and 2 were influenced by the

Gulf Stream.

Three samplers were used: a 60-cm diameter bongo

sampler with 0.333-mm mesh nets, a 5-m- Methot

frame trawl with 2x3 mm oval mesh (Methot, 1986),

and a 1x2 m neuston net with 0.947-mm mesh. The

bongo sampler was towed obliquely at 1.5 knots for

a minimum of 5 min to insure 150 m^ of water

was sampled. The Methot frame trawl was towed

obliquely at 4 knots for a minimum of 20 min to

insure that >10,000 m-* of water had been sampled,

except for one tow of 10 min on 14 September 1994

at station 2 at 2111 hours. Both the bongo sampler
and frame trawl were retrieved in a modified step

oblique tow after deployment to a depth approxi-

mately 10 m from the bottom, except at station 1

where nets were deployed to a maximum depth of

170 m. The neuston net was towed for 10 min at 1.5

knots with approximately one-half of the net under

water. Volume estimates for bongo nets and Methot

frame trawl were based on General Oceanics flow-

meter readings. No volume readings were taken for

neuston tows. A summary of sample data is pre-

sented in Table 1. Samples were preserved in 95^f

ethyl alcohol. Body length measurements are noto-

chord lengths (preflexion and flexion stages) or stan-

dard lengths (postflexion and juvenile stages).

At each station a conductivity-temperature-depth

(CTD) probe (Sea-Bird model 911plus) was cast to

within 1-3 m of the bottom. Temperature and salin-
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Table 2 (continued)
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Table 3 (continued)
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Figure 3

Length-frequency distribution of anguilliform leptocephali by

gear.

conger caudilimbatus); Muraenidae (Gymnothorax
moringa, G. ocellatus complex); and Ophichthidae

(Callechelys muraena, Gordiichthys ergodes, Lethar-

chus aliculafus, Ophichthus gomesii, O. melano-

porus, O. puncticeps).
A size series of two demersal species (Bothus sp(p).

and Antigonia sp(p). ) was collected with the bongo net

and frame trawl (Table 3). Because size of Bothus at

metamorphosis is approximately 16-21 mm (Fahay,
1983 ), our collections represent a complete size series.

Species most likely include B. ocellatus and B. robins!

(Robins and Ray, 1986 ), both ofwhich inhabit middle-

shelf waters as adults (Schwartz, 1989). The series

of antigonids did not include the large pelagic stage
(ca. 13-14 mm).^ All the specimens that had devel-

oped meristic characters ( ca. 5.0 mm ) were Antigonia
capros. On this basis, the smaller specimens might
be A. capros, but A. capros and A. combatia exist

sympatrically in the western North Atlantic (Berry,
1959).

^
Richards, W. J. 1991. National Marine Fi.sheries Service,
Southeast Fisheries Science Center, 75 Virginia drive, Miami.
FL 33149. Unpubl. data.

Hydrography and ichthyoplankton distribution

A major hydrographic feature observed in SST imag-

ery was a large frontal eddy that was propagating
northeastward and associated with a Gulf Stream
meander crest (Fig. 4). A warm filament of Gulf

Stream derived water lay over the shelf and resulted

from the cyclonic circulation of the frontal eddy. This

filament was bounded inshore by cooler shelf water

and separated from the Gulf Stream by cooler water

of the frontal eddy.

Temperature and salinity were in concordance

with the SST imagery ( Fig. 5 ). On 15 September 1994

(day 1), domed-shaped isotherms and lower salin-

ities were observed at station 2 indicating recent

upwelling from the passage of the frontal eddy (Fig.

4). The warmer and more saline water on the shelf

on day-1 <Fig. 5) was consistent with the presence of

stranded Gulf Stream water resulting from the fron-

tal eddy filament observed on the SST imagery (Fig.

4). Associated with this stranded Gulf Stream water

on the middle-shelf was a diverse group of larvae

that are not known to occur as adults or spawn in

middle-shelf waters (Table 4). The frequency occur-
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Figure 4

Sea-surface-temperature .satellite imager>' dunng (A) 12 and,

(Bi 15 and, (C) 16 September 1994 off North Carolina. Station

locations are referenced. See Figure 1 for station numbers.

rence of these larvae appeared to be similar on both

days as was the presence of Gulf Stream water.

On 16 September 1994 (day 2), hydrographic con-

ditions had changed markedly offshore (Fig. 5). At

the surface of station 2, warm, low-salinity water

was present, indicating water of coastal origin. But

the temperature was higher than observed over the

Carolina shelf in the SST imagery (Fig. 4), indicat-

ing a more southern coastal origin for this water.

Accompanying these changes in outer-shelf waters,

the length-frequency distributions of the two most

abundant taxa, Bothiis sp(p). and S. papillosum, dif-

fered significantly between day 1 and day 2 (Knaskal-

Wallace Test; P<0.01 for both taxa). Very small larvae

of both middle-shelf taxa were abundant in outer-

shelf waters on day 2 but absent on day 1 (Fig. 6).

Discussion

Gear comparison

A series of pelagic larvae and juveniles was collected

with complementary gear for Aca «//!«//•« s sp(p).,An^;-

gonia sp(p)., Bothits sp(p)., Scaridae type A, and

Selar crumenophthalmus. The Methot frame trawl

was not successful in collecting large larvae or early

juveniles of economically important reef fish species

(snappers and groupers), probably due to the low

abundance of adult populations. In other studies, the

frame trawl has successfully collected large larvae

and juveniles of those species whose adults are

extremely abundant (i.e. Theragra chalcogramma
[Shima and Bailey 1994; Brodeur et al., 1995]) and

Engraulis mordax, [Methot, 1986]). Economically

important reef fish species are relatively rare and

larger size pelagic larvae and juveniles are rarer

than young larvae. Longer frame-trawl tow times

(one hour) will be required, but this would limit

the extent of the area to be sampled and decrease

the quality of the specimens. The bongo sampler is

generally limited in its ability to collect late-stage

larvae or early pelagic juveniles owing to net avoid-

ance (Shima and Bailey, 1994); however, it is a more

effective sampler than either the neuston net or

frame trawl in collecting early stage larvae, and it is

needed to obtain information on spatial and tempo-
ral spawning.
The frame trawl is effective in capturing lepto-

cephali, and because the leptocephalus is a true oce-

anic form regardless of habitat as an adult (Smith,

1989), it is a valuable indicator species in studies

dealing with cross-shelf transport. Similarly, the

frame trawl is effective in capturing Trichopsetta

vcutralis, a resident of the Gulf of Mexico (Robins
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Table 4

The occurrence of larvae (denoted by a "+" sign) from taxa that occur or spawn as adults in oceanic (> 185 m) and outer-shelf waters

(55-185 m) or that occur south of the study area (denoted by an asterisk) collected in middle-shelf waters (stations 3 and 4) during
two sampling periods of 24-h duration (denoted by day 1 and day 2).

Family
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Figure 6

Length-frequency distributions of two commonly collected middle-shelf species

at outer-shelf station 2 at a 24-h interval. See Figure 5 for dates and times of

day 1 and day 2.
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Abstract.—A method for using whole

otohth morphometries to identify silver

hake ^Mer!uccills bilinearis) stocks in

U.S. waters of the northwest Atlantic is

described. Whole sagittal otolith mor-

phometric variables of length, width,

area, perimeter, circularity, and rect-

angularity were extracted by image

processing and, in combination with

age-specific discriminant analyses, were

used to differentiate two stocks of silver

hake: a northern stock from the Gulf

of Maine to northern Georges Bank

and a southern stock from southern

Georges Bank to the Middle Atlantic.

Further support for these groupings is

supported by growth rate analyses: fish

of the northern stock grew slower than

those of the southern stock, resulting

in typically larger otoliths for fish from

the northern stock. This study demon-

strates that whole otolith morphomet-
ries, specific to fish age, are useful in

identifying silver hake stocks and can

be a useful tool in identifying other fish

stocks.

Distinction between silver hake

(Merluccius bilinearis) stocks in

U.S. waters of the northwest Atlantic

based on whole otolith morphometries

Karen L. Bolles
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Accurate distinction between fish stocks

is necessary for effective fisheries man-

agement to prevent overfishing of in-

dividual stocks, to preserve the repro-

ductive and genetic diversity of stock

complexes, and to determine optimal

strategies for rebuilding stocks (Gush-

ing, 1968; Booke, 1981; Grimes et al.,

1987; Begg et al., 1999; Stephenson,

1999). Integral to attaining such man-

agement strategies and objectives, is

the necessary requirement of reevalu-

ating stock definitions when needed,

particularly when the status of the

resource changes, or when new tech-

nologies become available that may
provide more effective stock discrimi-

nation tools than those already in use

(Begg and Waldman, 1999). Because

of the uncertainties surrounding the

stock definitions for silver hake (Mer-

luccius bilinearis) in U.S. waters of the

northwest Atlantic, such a need for

reevaluation of stock definitions arose.

Furthermore, there was no efficient

method for adequately discriminating

between silver hake stocks that could

also provide a fast and accurate way
to determine levels of stock mixing for

current fishery assessment and man-

agement. In our study, we focused on

these issues by incorporating the tech-

nology and efficiency of image anal-

ysis systems, in combination with mul-

tivariate statistical analyses, to distin-

guish between silver hake stocks on the

basis of phenotypic differences in whole

otoliths.

Silver hake, (or whiting), is a princi-

pal groundfish species found along the

continental shelf and slope from New-

foundland to South Carolina, inhabit-

ing depths from shallow inshore waters

to those greater than 400 m (Bigelow

and Schroeder, 1953; Almeida, 1987;

Helser et al., 1995). Silver hake are

ecologically important both as a pred-

ator and prey in the northwest Atlan-

tic ecosystem (Edwards and Bowman,

1979; Bowman and Michaels. 1984),

and form an important part of the com-

mercial fisheries throughout this region

(Anonymous, 1998). With annual land-

ings averaging 16,600 metric tons, silver

hake are currently considered overex-

ploited (Anonymous, 1998).

Two stocks of silver hake are cur-

rently defined in U.S. waters on the

basis of analysis of research survey

and commercial catch data, as well as

multivariate analysis of external mor-

phometric data: a northern stock (from

the Gulf of Maine to northern Georges
Bank) and a southern stock (from south-

ern Georges Bank to the Middle Atlan-

tic) (Almeida, 1987). Distributions of

the two stocks vary seasonally and spa-

tially, probably in response to temper-
ature and depth (Helser et al.. 1995).

Silver hake that compose the northern

stock overwinter in the deeper regions

of the Gulf of Maine and during their

peak spawning months of July and

August, are found on northern Georges
Bank and in coastal waters east of

Cape Cod, north to Grand Manan (Big-
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elow and Schroeder, 1953; Almeida, 1987). In con-

trast, the southern stock is found predominantly in

waters from Cape Cod to Montauk Point, New York,

and during peak spawning, which occurs in June

and July, it is found on southern Georges Bank, in

the New York Bight, and as far south as Cape Hat-

teras (Almeida, 1987; Helser et al., 1995).

Although silver hake in U.S. waters are cur-

rently assessed according to this two-stock scheme,

uncertainty exists in the stock definitions. A vari-

ety of other stock identification techniques have

also been used to identify these two stocks of silver

hake, including examining external morphometries
(Conover et al., 1961), growth rate comparisons

(Nichy, 1969), immunological analyses (Konstanti-

nov and Noskov, 1969), research survey distribu-

tion studies (Anderson, 1974), and genetic analyses
(Schenk. 1981 ). However, the stock boundaries sug-

gested in each of these studies have all tended to

vary from one another. More recently, Helser ( 1996)

found that silver hake growth rates differed both

between and within the two stocks—a finding that

is inconsistent with the stock boundaries currently
defined (Almeida, 1987) and that confounds the

delineation of the stocks and the degree to which

the two stocks mix. Given this finding, we believed

further investigation into the stock structure of

silver hake was needed to clarify the current man-

agement units defined for U.S. waters. In addi-

tion, we aimed to introduce a more efficient and
accurate method for distinguishing between silver

hake stocks than the previous methods that have

been used, one which would have the potential to

enable rapid and accurate in-season assessment of

the degree of stock mixing for silver hake.

Otolith morphometric data have recently been

used to identify stocks of marine fish, including
Atlantic mackerel. Scomber scombrus (Dawson, 1991; Hop-
kinsM, Atlantic herring, Clupea harengus (Messieh et al.,

1989), and Atlantic salmon, Salmo salar (Friedland and

Reddin, 1994). In contrast, otolith morphometric data have
not been used to differentiate between stocks of silver

hake, but because silver hake have been found to differ

phenotypically (Almeida, 1987), and possibly genetically

(Schenck, 1981 ), it was assumed that otolith morphometric
characteristics may also vary. Dery 1 1988) observed that

silver hake otoliths from the northern stock were narrower

and thicker in cross-section than those of the southern

stock, although no statistical analyses were used to test

her observations. Accordingly, it was thought that otolith

morphometries could differ between the two silver hake
stocks and could prove to be useful characters by which
to differentiate stocks in the future. The collection of such

data by means of image processing techniques has proven
to be useful in stock identification, providing accurate and
efficient measures that traditional morphometric methods
have not been able to provide (Jearld, 1995; Cadrin and

1

Hopkins, P.J. 1986.

lith morphometries.

Mackerel stock discrimination using oto-

K'ES Council Meeting 1986, 17 p.

Figure 1

NEFSC spring survey stations where silver hake samples were collected

for otolith morphometric-based stock discrimination analysis in 1992

(squares), 1994 (closed circles), and 1996 (open circles). GOM-NGB: Gulf

of Maine to northern Georges Bank; SGB-MID: southern Georges Bank to

the Middle Atlantic.

Friedland, 1999). Given these benefits and Dery"s (1988)

observations, our study aimed to identify whole otolith

morphometric characteristics unique to silver hake stocks

in U.S. waters of the northwest Atlantic by using image

processing techniques. We address the advantages and
limitations encountered when using this method to distin-

guish fish stocks, and reevaluate the current silver hake
stock scheme given the recent within-stock growth differ-

ences observed by Helser ( 1996).

Materials and methods

Sample collection

Silver hake were collected in 1992, 1994, and 1996 during
the spring Northeast Fisheries Science Center (NEFSC)
stratified random bottom-trawl surveys when the fish were

assumed to be on their spawning grounds. Silver hake

samples were obtained from the Gulf of Maine to northern

Georges Bank (GOM-NGB), and from southern Georges
Bank to the Middle Atlantic regions (SGB-MID) (Fig. 1,

Table 1 ). Silver hake were measured (fork length IFLj, cm).
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sex was determined by macroscopic examination of the

gonads, and sagittal otolith pairs were removed from each

fish. One otolith from each pair was sectioned and assigned
an age following methods in Dery ( 1988). The other otolith

of the pair, either left or right, was then used for morpho-
metric analysis. Samples were restricted to fish of ages 1

to 3 years, because older fish were infrequently collected

in the surveys. This restriction also enabled both size- and

age-related variation, which could have confounded dis-

crimination analyses, to be minimized.

Otolith orientation was standardized by positioning the

otolith with its proximal side down and the rostrum was
used as a common starting point from which the perimeter
was traced in a counterclockwise direction. Broken or vis-

ibly damaged otoliths were not measured. Whole otolith

length, width, area and perimeter, and two shape indices—
circularity and rectangularity, were collected for each oto-

lith by using the OPTIMAS''"'^' (version 6.2) image analysis

system (OPTIMAS, 1996). Rectangularity is a measure of

the otolith area divided by the area of its minimum enclos-

ing rectangle, and circularity is the perimeter of the otolith

squared divided by its area (OPTIMAS, 1996). All otolith

measurements were performed at a magnification of 7x.

Data analysis

Bottom ocean temperatures measured throughout the

NEFSC spring and autumn bottom-trawl sui-veys from

1989 to 1996 were compared between the northern and
southern regions to determine whether different thermal

regimes exist between the two regions that could effect

growth rates and subsequent otolith morphometric char-

acteristics of silver hake inhabiting each of these regions.

A two-way, fixed-factor, unbalanced analysis of variance

(ANOVA) was used to compare bottom temperatures
between the regions and time of the survey. Following
a significant interaction between these factors, unpaired
f-tests were used to compare bottom temperatures between

regions for each survey, and one-way ANOVAs were used

to compare bottom temperatures between surveys for each

region. Significance levels were corrected for multiple test-

ing by using the Bonferroni adjustment factor Tukey's

honestly significant difference (HSD) tests were used for

a posteriori comparisons.
Growth rates of silver hake sampled throughout the

NEFSC spring bottom-trawl surveys were calculated by

using linear regressions for samples of each sex, year, and

region of capture to determine ifgrowth differences existed

that might be indicative of stock separation. Analysis of

covariance (ANCOVA) was used to compare differences in

growth rates of silver hake between the sexes (same year
and region), sampling years (same sex and region), and

regions (same year and sex).

All otolith morphometric variables were first examined
for normality and homogeneity of variances, and were log^-

transformed prior to statistical analysis if these criteria

were not satisfied. ANCOVA was then used to determine

the effect of fish length on the magnitude of each otolith

morphometric variable. "Region" was treated as the main
factor and "length" was the covariate. Morphometric vari-
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nificant variable represented the contribu-

tion of the respective morphometric variable

to the discrimination of silver hake samples
between regions. Jack-knifed cross-valida-

tion procedures were used to give unbiased

estimates of classification success (SYSTAT,
1997).

Results

Bottom ocean temperatures differed signif-

icantly between region and time of survey
(ANOVA interaction, F=11.7, df=15, 2931,

P<0.0001). Generally, temperatures were sig-

nificantly lower in the northern region than

in the southern region for all surveys (?-tests,

P<0.0001), except during the spring of 1994

and 1996 (although consistent differences

were still maintained between regions during
these times, albeit not significant) (Fig. 2).

Within each region, bottom temperatures have

a consistent seasonal pattern, tending to be

significantly lower in spring than autumn
for both regions (ANOVA, P<0.0001; HSD,
P<0.05 ), with no apparent differences between

years within seasons and regions (Fig. 2).

Silver hake had significantly different growth rates

between sexes, year classes, and the regions from where

they were sampled (Fig. 3). Female silver hake grew at

a faster rate than males in both the northern and south-

ern regions; and age-length differences between the sexes

increased as the fish got older (ANCOVA, P<0.05). Growth
rates of each sex, within each region, also differed between

sampling years, indicative of the presence of a year class

effect (ANCOVA, P<0.005). Likewise, significant differ-

ences in growth rates were found between silver hake from

the northern and southern regions in each year for both

males and females (ANCOVA, P<0.005).

The six otolith morphometric variables (length, width,

area, perimeter, circularity, and rectangularity) that were

measured for silver hake were log^.-transformed, except
for otolith width, to correct for non-normality and het-

erogeneity of variances. ANCOVAs detected significant

(P<0.0001) "region-fish length" interactions for four (oto-

lith area, length, width, and perimeter) of the six vari-

ables measured when all samples were examined together,

irrespective of age group, year class, or sex. However, the

use of individual ANCOVAs for fish of each age group
reduced the number of interactions to only one variable

for both 1-year-old (rectangularity) and 2-year-old silver

hake (width), and two variables (area, length) for samples
from 3-year-olds (Table 2). All the remaining variables for

the different aged samples were significantly correlated

with fish length (P<0.01), and therefore were corrected for

variable fish length with their respective common within-

group slope (Table 2). Consequently, length-corrected data

determined from the individual ANCOVAs for each age

group were used for the remaining analyses and indicated

the strong effect different ages can have on these types of

measurements. Typically, for any given fish length, silver

20 -
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Figure 3

Linear growth relationships of silver hake samples (age groups 1 to 3) from the NEFSC 1992

(northern, F: S=6.41, 7=8.15; M: S=4.97, 7=9.98; southern, F; S'=6.83, 7=8.33, M: S=5.73, 7=9.58),

1994 (northern, F: S=6.75, 7=7.20; M: S=6.07, 7=8.33; southern, F: S=7.10, 7=6.99, M: S=4.84,

7=12.25), and 1996 (northern, F: S=6.91, 7=5.57; M: S=5.76, 7=8.30; southern, F: S=8.03, 7=3.72,

M: S=7.15, 7=4.65) spring surveys. (F=females; M=males; S=slope; 7=intercept; ?7=sample size;

r-=coefficient of determination ).

lith morphometric variables not included in the compari-
sons of 3-year-olds (those variables based on the ANCOVA
results—area and length) were the most significant of the

variables examined individually for the other age groups,

emphasizing the potential importance of these two vari-

ables for stock discrimination.

Discriminant analyses provided further support for the

separation between northern and southern stocks among
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aries or determine the mixing components
between the silver hake stocks, further

investigation into the appHcation of this

technique may show that otolith morpho-
metries, when coupled with image process-

ing and discriminant analysis, is capable
of achieving these objectives.

Subsequently, to understand better the

fishery dynamics of silver hake stocks

and to manage them accordingly, we must

question what caused these differences—
whether they are differences in fish growth,
or internal or external morphometric char-

acters, both between and within stocks.

Otolith morphometric differences between

silver hake stocks are probably the result

of both environmental and genetic influ-

ences. For example, the hydrodynamics of

northwest Atlantic waters are considered

to be heterogeneous; environmental condi-

tions differ between the Gulf of Maine and

the Middle Atlantic (Brooks, 1996). Cer-

tainly, we observed significant and consis-

tent differences in the bottom temperatures
between the two stock regions inhabited by
silver hake, where those fish in the north-

ern region experience lower temperatures
than those in the southern region. Because

fish growth and external body morphomet-
ries are known to be influenced by such

environmental factors (Ihssen et al., 1981;

Pawson and Jennings, 1996), one would

also expect that internal morphometries,
such as otolith length and width, would

also differ in response to these variables

because fish growth and otolith growth
tend to be related. In accord with these

assumptions, otolith shape has been found

to vary in response to environmental condi-

tions and is also highly correlated with fish

growth (Campana and Casselman, 1993).

Similarly, the results of our study showed

significant correlations between fish and
otolith growth for all the otolith morpho-
metric characteristics measured. There-

fore, it is likely that the differences found

between silver hake stocks in growth rates

( Helser, 1996; our study ), external morphometries ( Conover

et al., 1961: Almeida, 1987), and internal morphometries
(our study) are to some extent reflective of localized envi-

ronmental conditions.

Assuming that environmental variables can effect otolith

growth, we analyzed bottom ocean temperature between

the two stock regions across the life history range of our

samples to investigate whether the differences in otolith

morphometries found in this study were due to a weather

phenomenon during any given sampling year (Fig. 2). Tem-

perature was found to differ consistently on a seasonal

basis during all years, as would be assumed, and there

was no marked change in temperature between any given

1 3E
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Figure 5

Discrimination of silver hake sam-

ples from the northern (solid bars)

and southern regions (open bai-s)

based on frequency ofcanonical vari-

ate scores (CV Ii for 1-, 2-, and

3-year-old fish.

that a certain degree of reproductive isolation has been con-

firmed in spawning and postspawning silver hake ( Almeida,

1987). Such isolation could restrict gene flow to a level

that effectively isolates population units (lies and Sin-

clair, 1982). However, some degree of intermixture prob-

ably occurs owing to the wide migratory patterns of silver

hake (Almeida, 1987). Therefore, further investigations

are required to interpret the degree to which morphologi-
cal differences between silver hake stocks are caused by
environmental or genetic influences, but as long as these

differences persist between stocks, the use of otolith mor-

phometries remains a viable tool for stock discrimination.

Otolith morphometries in combination with an image

analysis system has been found to be a relatively inexpen-

sive, objective, and efficient tool by which to distinguish fish

stocks ( Messieh et al., 1989; Jearld, 1995 ). Rapid and precise

measurements can be obtained in less time with this tech-

nique, compared with alternative manual-based procedures,

because all the measurements are automatically deter-

mined from an outline of the otolith perimeter traced with

an edge-detection algorithm (OPTIMAS, 1996). In addition

otolith morphometric data can easily be obtained because
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otoliths are routinely collected by most fisheries agencies

to determine the age of their respective principal fish spe-

cies for assessment and management purposes. However,

one drawback in using otolith morphometries for stock dis-

crimination is that otoliths frequently are broken or lost

during routine collection and processing, effectively limit-

ing the number of samples available for analysis.

In these types of studies, it is also essential to consider

any confounding variation that may be present owing to

differences between samples in age group, year class, or

sex, so as to not mistake stock differences for sample dif-

ferences. Failure to account for such extraneous influences

may result in falsely attributing morphological differences

between separate stocks to a "stock effect," whereas the dif-

ferences may in fact simply be reflecting variation between

samples in age structure, sex ratio, or sampling year (Cas-

tonguay et al.. 1991). Significant variation in otolith mor-

phometries of silver hake observed in our study between

different age gi'oups, year classes, and to a lesser extent sex,

emphasized the need to examine these factors before eval-

uating the stock status of the species with this technique.

Likewise, significant differences in these effects have been

detected in other morphometric-based stock identification

studies for marine fish species, such as Atlantic salmon

(L'Abee-Lund, 1988), Atlantic mackerel (Castonguay et al,

1991 1, and Atlantic cod. Gadus morhua ( Campana and Cas-

selman, 1993 ). Thus, although it is clearly necessary to cor-

rect for these confounding variables, which can influence

any stock identification procedure, they do not limit the use

of otolith morphometries for stock discrimination provided

they are examined and accounted for before making any
conclusions about the stock structure of a species. Indeed,

calculating linear discriminant functions of otolith mor-

phometric characteristics for 1-year-old silver hake on a

yearly basis, differentiated by sex, should provide a level

of discrimination not yet seen for silver hake stocks in

U.S. waters of the northwest Atlantic and may assist in

estimating levels of stock mixing (an objective yet to be

realized for silver hake or for most of our commercially

exploited fish stocks).

There was clearly a need for a more advanced and efficient

method in distinguishing between silver hake stocks or in

determining mixing levels between stocks. Assessment and

management of silver hake stocks are currently based on

stock structure results from the late 1970s and early 1980s,

on discriminant analysis of external morphometric charac-

ters, coupled with a qualitative analysis of research survey

and commercial catch data (Almeida, 1987). Since that time,

the status of silver hake has certainly changed—spawning
stock biomass and recruitment levels have declined (Helser

and Brodziak, 1998)—and stock discrimination technologies

through image processing have certainly improved ( Cadrin

and Friedland, 1999). We suggest that the use of whole oto-

lith morphometries in the analysis of silver hake stocks will

give fishery scientists and managers greater logistical ben-

efits (in terms of time and expense), not to mention greater

discrimination success, than the stock discrimination meth-

ods used previously.

Our study indicated that successful identification of

silver hake stocks can be achieved by using whole otolith

morphometries in combination with image processing and

discriminant function analysis. We are confident that this

is a relatively inexpensive, objective method which can

facilitate routine discrimination of silver hake stocks,

as well as other marine fish species, by efficiently obtain-

ing accurate measurements to produce valid, repeatable

results. This method may prove to be particularly useful

for rapid (in-season) assessments for determining levels

of stock mixing that are often a requirement of contempo-

rary management plans. Discrimination between stocks is

important for fisheries stock-rebuilding strategies, such as

those for silver hake, because genetic and stock biodiver-

sity of the species needs to be maintained to ensure all

divisions of a stock contribute to the replenishment of the

resource.
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Abstract.—The influences on catches

;ind bvcatches due to D an increase in

size of mesh and 21 a reduction in twine

diameter in the body of prawn trawls

were investigated in Gulf St. Vincent.

Australia. Compared with a conven-

tional trawl body (mesh size 45 mm)
attached to a composite square-mesh
codend. two new trawl bodies, made
with 53-mm mesh but with different

twine diameters ( 1 and 1.7 mm. respec-

tively) and each attached to identical

composite square-mesh codends. were

equally effective in significantly reduc-

ing the numbers of a range of small

fish (by between 23.79?- and 67%) and

in not significantly reducing the weight
of targeted prawns. Because there were

no significant differences in the selec-

tivity parameters of both new trawl

bodies, these results indicated that the

main cause of bycatch reduction was

the increase in size of mesh in the body
of the trawl. The escape of large num-
bers ofunwanted small fish and prawns
is discussed in terms of their probable
behavior in the body of the trawl and
the extent to which this behavior was
influenced by the operational charac-

teristics of the gear
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In many ofthe world's prawn-trawl fish-

eries, large numbers of organisms are

captured incidentally with the targeted
catch (collectively termed "bycatch"
sensu Saila, 1983). This bycatch com-

prises a diverse assemblage ofsmall fish,

cephalopods, and crustaceans, includ-

ing prawns that are smaller than opti-

mum size (for reviews see Saila, 1983:

Andrew and Pepperell. 1992; Alverson

et al., 1994). Concerns over the negative
effects that the mortality of these fish

and small organisms may cause on the

yield of stocks has led to the applica-

tion of various management strategies

designed to minimize bycatch (Andrew
and Pepperell, 1992 1. The most common

approach has been to change the con-

ventional trawls to improve overall

selectivity of the gear. Depending on

the sizes and species to be targeted and

excluded, these changes have involved

the sizes and types of mesh used, and
the application of physical modifica-

tions, collectively termed bycatch reduc-

ing devices (BRDs) (see Broadhurst.

2000. for review).

Inherent variations among the char-

acteristics ofdifferent prawn-trawl fish-

eries have resulted in a range of modi-

fications to conventional trawls. Regard-
less of design, however, the majority of

functional modifications have been ap-

plied within or immediately anterior to

the codend (e.g. Isaksen et al., 1992;

Thorsteinsson, 1992; Broadhurst and

Kennelly, 1997; Rogers et al., 1997)

mainly because observations suggest
that most of the selection process for

many species occurs in this area (Arm-

strong et al., 1990; MacLennan, 1992;

Wileman et al., 1996). Moreover, be-

cause codends often are similar among
the different trawl designs within a par-
ticular fishery (e.g. Broadhurst and

Kennelly, 1997), any modifications to

improve selectivity are more easily imple-

mented, adopted, and regulated through-
out the fishery.

Although alterations to codends have

been successful in reducing various sub-

sets of bycatch, there is evidence sug-

gesting that individuals ofsome species,

particularly those of prawns, escape
from the bodies ofprawn trawls ( High et

al.. 1969; Sumpton et al, 1989; Vendev-

ille, 1990). For example. High et al.

(1969) attached various covers to the

upper, lateral, and posterior bodies of

trawls to isolate areas that could be

modified to passively separate fish from

prawns iPandalus sp. ). Although there

was little evidence of fish escaping,

large numbers of small prawns were

retained in the covers, particularly in

the posterior sections. Similarly, in one
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of the few studies on the effects of changes in the types of

twine used in the body of trawls on catches, Sumpton et

al. ( 1989) showed that compared with muUifilament twine

(1.1 mm diameter), significantly more smaller-size prawns
(Penaeus spp. ) and squid (Loligo spp. ) escaped through the

bodies of trawls made from monofilament twine (0.9 mm
diameter).

Despite these results and although nearly all prawn-
trawl fisheries are regulated by means of legally defined

minimum mesh sizes (typically ranging from 40 to 50

mm stretched mesh, Vendeville, 1990), there is a paucity
of information on the effects of different sizes of mesh
used in the bodies of trawls on selectivity. This is particu-

larly the case in Australian prawn-trawl fisheries, where

despite extensive research to develop BRDs (see Broad-

hurst, 2000), no published studies have quantified the

effects of different sizes of mesh. In a recent experiment in

Gulf St. Vincent, South Australia (Broadhurst et al., 1999),

we provided evidence to suggest, however, that the mini-

mum size mesh (45 mm) throughout the trawls was too

small. As a first step in addressing this issue, we investi-

gated modifications to the codends and demonstrated that

new designs comprising composite panels of different-size

square-shape mesh (52 and 80 mm mesh hung on the bar)

were effective in significantly reducing bycatches of under-

size western king prawns i Penaeus latisulcatus ) and small

fish without reducing the weight of the commercial catch.

These results, combined with the simplicity of the new

codend, led to the immediate and unanimous adoption
of a design, based on those tested, by Gulf St. Vincent

prawn trawlers. Encouraged by the performance of simple

changes in mesh type and size to improve selectivity, com-

mercial fishermen sought assistance to examine other

refinements to their trawls. Given evidence to suggest that

the mesh size used in Gulf St. Vincent was inappropriate
and that selection for some species may occur in the body
of prawn trawls, our aims in the present study were to

quantify the influences on selection in this area due to 1 )

increasing the mesh size (from approx. 45 mm to 53 mm)
and 2) reducing the diameter of twine used.

i

34P(X)'S -

Adelaide

Figure 1

Location of study at Gulf St. Vincent, South Australia.

Materials and methods

Our work was done in Gulf St. Vincent, South Australia

(Fig. 1), in October, 1998, with a chartered commercial prawn
trawler rigged to tow three trawls in a standard triple gear

configuration (see Andrew et al., 1991, for details). Three

different trawl bodies were examined. The first (termed the

"control") represented conventional trawl bodies ( see Broad-

hurst et al., 1999, for specifications) and was constructed

of 1.7-mm-diameter, 24-strand, polyethylene twisted twine

with a mean mesh size (stretched distance between the

knots) of 44.42 mm (see "Results" section). The second and
third trawl bodies (termed "spectra- 1-mm" and "momoi-

1.7-mm") were identical in design, in headrope and footrope

length, in rigging and tapers to the control trawl body but

were made from 1-mm-diameter, polyethylene cabled twine

(brand name "spectra") and 1.7-mm-diameter, .30-ply, poly-

ethylene twisted twine ( brand name "momoi" i. respectively.

with mean mesh sizes of 52.43 and 52.96 mm, respectively

(see "Results" section).

All three trawl bodies were attached to identical com-

posite square-mesh codends (Broadhurst et al., 1999)

consisting of two sections, each measuring 80 bars in cir-

cumference, 70 bars in length, and constructed of 52-mm
mesh (3-mm-diameter, braided polyethylene twine) cut on

the bar (Fig. 2, A-C). Each square-mesh section consisted

of an upper and lower panel sewn together so that the

direction of the knots on the upper panel were opposite

those on the lower panel (Fig. 2A). A panel of 104-mm net-

ting, measuring 6 bars x 10 bars, was inserted into the

tops of the posterior sections of each square-mesh codend,

starting at the leading edge and ending about 1.3 m ante-

rior to the last row of meshes ( Fig. 2, A and B ). Lengths of

12-mm-diameter, polyethylene 3-strand rope ( termed "last-

ridge ropes") were firmly laced at a hanging ratio of 0.9 to

each of the two lateral seams of the codends (to provide

length-wise strength ) ( Fig. 2B ).
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104-mm-mesh panel
A ^

Lastridge ropes

Figure 2

Diagi'ammatic representation of (Al panels and sections of the composite square-mesh codend

tB=bars), (B) completed composite square-mesh codend, and (C) prawn-trawl body and codend used

in the study- B = bars.

Experimental procedure

Before starting the experiment, all trawls were towed for

a short period to allow knots and bindings to stretch. To

obtain accurate information on mesh sizes, a set of dial

calipers was used to measure 30 randomly located meshes
(stretched length in mm, between the inside knots I at four

separate locations (starboard wing, footrope, headrope,
and posterior body) in each trawl body.
The spectra- 1-mm and momoi-1.7-mm trawls were com-

pared separately against the control trawl. In each paired

comparison, the trawls were shackled to the outside sweeps
of the sleds and otterboards of the triple rigged gear and

towed simultaneously. A conventional trawl body was used

as the center net in all comparisons, but because it was
not rigged in exactly the same manner as the outside nets,

its catch was excluded from analysis. The triple gear was

towed in normal commercial tows of 25-min duration at

3 knots (1.5 m/s) over a combination of sandy and light

coral bottoms. Each of the outside trawls were randomly

assigned after each tow ( to eliminate any potential biases i,

so that three paired comparisons ofeach new trawl against
the control trawl were made on each night (i.e. a total of

six tows per night ). Over five nights, we completed a total

of 15 replicate comparisons of each configuration.

After each tow, the catches from the two outside trawls

were emptied onto a partitioned tray. Data collected from

each tow were the following: the total weight of western

king prawns and a subsample ( 100 prawns from each trawl )

of their carapace lengths (to the nearest 1 mm); the total

number of prawns (estimated from the weight of the sub-

sample ); the total weight of discarded bycatch and discarded

noncommercial bycatch; the weights and numbers of com-

mercially or recreationally (or both) important bycatch spe-

cies; and the sizes (to the nearest 0.5 cm ) of commercially or

recreationally (or both) important fish. A random sample of

prawns (approximately 12 kg) from each trawl in each tow

was separated and sent to A. Raptis & Sons PTY LTD ( sea-

food processing plant ) in Adelaide for grading into "commer-

cial categories" ( based on a system of numbers per pound )

with a locally built "dynamic grading machine."

Several commercially important species were caught in

sufficient quantities to enable meaningful comparisons.
These were western king prawns ^Penaeug lafisulcatus),

blue swimmer crabs iPortunus pelagicusK sand trevally

(Pseudocaranx icrighti), red mullet iUpeneichthyf: poro-

sus), leatherjacket iThamnaconus degeni), southern sand

flathead iPlatycephalus bassensis). small-toothed flounder

{Pseudorhombusjenynsii ), and southern calamari iSeploteii-

this australis}. With the exception of western king prawns
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and southern calamari (which fishermen are legally per-

mitted to retain), all remaining species comprised those

that are considered commercially important bycatch (e.g. to

other fisheries) and that are normally discarded.

Analysis of mesh sizes

The mesh-size measurements collected from the trawl

bodies were analyzed for heteroscedasticity with Cochran's

test and a two-factor, balanced analysis ofvariance (ANOVA)

with trawl body and location of meshes considered fixed

and random factors, respectively. Significant differences

detected in these analyses were investigated by Tukey's

multiple comparisons of means test.

Analysis of catch data

Catch data for all replicates that had sufficient numbers of

each variable (i.e. 1 individual in at least 10 replicates) were

analyzed with paired ?-tests (P<0.05). Except for the weights

and numbers ofblue swimmer crabs and small-toothed floun-

der (species that could not pass through the meshes in any
of the trawls ), all variables were analyzed with one-tailed

tests to test the hypothesis that the larger-mesh trawl bodies

retained fewer individuals than the control. Catches of blue

swimmer crabs and small-toothed flounder were compared
with two-tailed tests. To examine the relative effectiveness

of the spectra- 1-mm and momoi-1.7-mm trawl bodies, differ-

ences in catches (between each trawl and their respective

controls) for those variables that had data in all tows were

analyzed by using Cochran's test for homogeneity ofvariances

and a balanced, two-factor ANOVA. In these analyses, trawl-

t^pe and nights were considered fixed and I'andom factors,

respectively. Where there were sufficient data in>25 in each

trawl, pooled across all tows), size frequencies of commer-

cially or recreationally important fish (or both) were plotted

and compared with two-sample Kolmogorov-Smimov tests

(P=0.05i.

Analysis of prawn sizes

Size-frequencies of prawns retained in each of the three

trawls were combined across all tows. Using an estimated

split model (Millar and Walsh, 1992), we fitted logistic

curves to these data by maximum likelihood method (Pope
et al., 1975 ). Logistic cui-ve parameters, associated standard

errors and 95'r confidence limits were calculated for each

large-mesh trawl body. Model deviance values were deter-

mined for a goodness-of-fit hypothesis (i.e. to test
//,,:

that

the curves were logistic). Size categories of commercially

graded prawns from each trawl were plotted and analyzed
with two-sample Kolniogorov-Smirnov tests (P=0.05i.

Results

Analysis of mesh sizes

There were significant differences detected in size of mesh

between the three trawl bodies (Table 1). Tukey's com-

Table 1

Summaries ofF ratios from two-factor analysis of variance

to determine differences in size of mesh in the trawls and

at various locations and results of Tukey's comparison of

means test for the significant difference detected in size of

mesh between trawls (spectra-l-mm=momoi-1.7-mm>con-
trol). Data were treated in the raw form. '* = P<0.01.

Treatment df Mesh size (mm)

Trawls (T)

Location of mesh in trawl (Li

T ' L

Residual

2 2494.7**

3 0.85

6 1-4

346

parison of means test showed no significant differences

between the spectra- 1-mm and momoi-1.7-mm trawl bodies

(mean mesh sizes ±SE of 52.43 ±0.08 mm and 52.96 ±0.09

mm. respectively). The mean size of mesh in the control

trawl was significantly less at 44.42 ±0.13 mm. Mesh size

was not significantly different among the various locations

(e.g. wing, footrope, head rope, and posterior body) exam-

ined in any of the trawl bodies.

Analysis of catch data

Compared with the control, the spectra-1-mm and momoi-

1.7-mm trawl bodies significantly reduced the numbers

of western king prawns caught (means reduced by 13.7'7f

and 15.6^'?-, respectively), without significantly reducing the

weights of prawns (although mean catch from the spectra-

1-mm was 6.3% lower than that from the control) (Table

2; Fig. 3, A and Bi. The spectra-1-mm and momoi-1.7-mm

trawl bodies also significantly reduced the weights of total

discarded bycatch (by 29.3'7f and 20.3% i; numbers of leath-

erjacket (by 32.5% and 23.7% ) and their weights (by 24.2%

and 19.6% ); numbers of sand trevally( by 56.2% and 40.4%)

and their weights (by 52.8% and 40.4% ); and the numbers

of southern sand flathead (by 59.8% and 40.2%) and red

mullet (by 67.2% and 59.3%) (Fig. 3, C, E, F, G, and I;

Table 2). The spectra-1-mm trawl body also significantly

reduced the weights of southern sand flathead (by 31.8%),

red mullet (by 57% ), and the numbers of southern calamari

(by 33.6% I (Fig. 3, H, J, and L; Table 2). ANOVA of the dif-

ferences in catches between the new trawl bodies and their

controls showed no significant interactions nor main effects

for any of the variables examined (Table 3i.

Tu'o-sample Kolmogorov-Smirnov tests for comparing
the size-frequency distributions offish measured from the

control and new trawl bodies detected significant differ-

ences in the relative size compositions of southern sand

flathead retained by both new trawl bodies and in the rel-

ative size compositions of sand trevally retained by the

momoi-1.7-mm trawl body (the new trawl bodies retained

proportionally fewer small-size fish) (Fig. 4, A and B).

There were no other significant differences detected.
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graded from the control and new trawl bodies ( Fig. 6 ).

Both trawls with the larger meshed bodies retained

proportionally fewer smaller prawns.

Discussion

The results from this study showed that both new
trawl bodies were effective in excluding under-size

prawns and large numbers of small fish (by up to

almost 60'r ) and in not reducing the weight of tar-

geted prawns. These results provide evidence to sug-

gest that simple changes to the body ofprawn trawls

can have a contributing effect on overall trawl selec-

tivity. The escape of large numbers of small fish and

prawns from this area may be due to their behavior

in the trawl and the extent to which they were influ-

enced by the operational characteristics of the gear.

It is well established that fish exhibit specific

responses to stimuli from trawls and attempt to avoid

contact with the trawl body by maintaining position

at the opening (Wardle, 1983; Watson, 1989). After

some period, depending on species- and size-specific

swimming abilities (Wardle, 1975), fish invariably
tire and turn towards the codend, allowing the trawl

to pass around them (Watson, 1989) or alternatively,

maintain swimming in the direction of the tow, but

gradually fall back along the taper of the body panel
towards the codend opening (Wardle, 1983). As the

taper of the trawl body narrows and the density
of fish increases, some fish may rise in the trawl

and attempt escape through the meshes or pass
into the codend and resume swimming immediately
anterior to the catch ( Wardle, 1983 ). In contrast, ben-

thic invertebrates like prawns tend to display lim-

ited responses during capture. SCUBA observations

by Watson ( 1976 1 showed that after contact with

the leading edge of the trawl, penaeid prawns con-

tracted their abdomens ventrally, propelling them-

selves backwards. This initial response was repeated
three to five times but because prawns are not capa-
ble of maintaining such activity, the speed of the

trawl through the water quickly forced them against
the meshes of the trawl body and they eventually
tumbled down the net into the codend.

In view of these behavioral patterns, gear-related

factors, such as the fast towing speed ( 1.5 mJs) and

taper of the trawl body in our study, may have

increased the probability of small fish and prawns
being selected in this area. For example, the sizes of

most of the fish encountered, and particularly sand

trevally, leatherjackets, and small southern sand

flathead (5-15 cm, [Fig. 4]), means that they would
have been unable to maintain position in the moving
trawls. Studies quantifying the swimming speeds of tele-

ost fish suggest that although individuals 5 and 15 cm long

may be expected to have burst speeds of 0.5 m/s and 1.5 m/s

over very short periods, their normal maximum swim-

ming performance (or maximum cruising speed, Wardle,

1983) would be much less (Bainbridge, 1958; Wardle, 1975,
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45

Carapace lengtfi (mm)

Figure 5

Plots of the selection curves of western king prawns ^Penaeus latisulca-

tus) for the spectra-1-mm and momoi-1.7-mm trawl bodies.

trawl comprising a body of 45-mm mesh attached to a similar

composite square-mesh codend. During this previous study,

the codend that showed the most appropriate size-selectivity

for prawns tapered ft-om a circumference of 70 bars at the

start of the anterior section to 58 bars at the end of the pos-

terior section. After extensive commercial testing, however,

it was reported that the slight taper in this codend occasion-

ally "wedged" the catch in the posterior section, making it dif-

ficult to remove the catch when the codend was retrieved and

the draw-strings were opened, lb address this problem, fish-

ermen widened the circumference to 80 bars throughout the

codend. Although such an alteration solved the problems asso-

ciated with buildup of catch in the codend ( by allowing it to

distribute more horizontally I, it probably lowered the selectiv-

ity for prawns ( Broadhurst and Kennelly, 1996 ). Any contribut-

ing effects on trawl selectivity due to the larger mesh in the

spectra-1-mm and momoi-1.7-mm trawl bodies may have been

slightly negated by a reduction in overall selectivity ofthe com-

posite square-mesh codends. This result illustrates the need for

ongoing assessments of influences on selectivity of trawls due

to subtle modifications to facilitate operational procedures.

Like the results from other related studies, the signifi-

cant reduction in numbers of prawns caught, but not in

their weights, has shown that increases in mesh sizes or in

openings ( or in both ) can facilitate an increase in catches of

target-size individuals (Walsh et al., 1992; Broadhurst and

Kennelly, 1997; Broadhurst et al., 1999 1. Possible hypothe-
ses to explain this effect include 1) a faster release of water

from the larger-mesh trawls resulted in prawns quickly

passing into the trawl after initial contact, with less chance

of escaping over the head rope and out through the mouth
of the trawl or alternatively, 2) less drag in the larger-

mesh trawls, due to less twine area and amount ofbycatch,

allowed the mouth of the trawl to spread wider, thereby

covering more of the sea bed and capturing more prawns.
Of these two hypotheses, the potential for an increase in

spread is less likely because there were no significant dif-

ferences in the catches of blue swimmer crabs or small-

toothed flounder (species that could not pass through
either the trawl bodies or composite square-mesh codends)

between any of the trawls examined.

Because there were no significant differences detected in

the weights of prawns captured between the various trawls,

a further increase in the size ofmesh in the body ofthe trawl

(e.g. 60 mm) warrants investigation. Given the results pre-

sented in our study, this increase in mesh size could facili-

tate a greater release of small fish and further improve size

selectivity for the targeted prawns. Alternatively, it may be

feasible to examine the utility of trawl bodies comprising

composite panels of larger mesh, particularly in the poste-

rior section, because it is apparent that as fish are herded

together in this area their densities increase, resulting in

random attempts at escape through the sides of the trawl

(Wardle, 1983). In addition, any fatigued fish still swimming
in the posterior section of the trawl during haulback may
have an opportunity to escape through these larger meshes.

Although not mandated, the results from our study have

led to the use of large-mesh trawl bodies by many of

the fishermen operating in Gulf St. Vincent. Combined
with the contributing effects on bycatch reduction due

to the composite square-mesh codend, this modification

should result in a comparatively more selective prawn-
trawl fishery. For example, in a review of literature quan-

tifying bycatches from prawn-trawl fisheries throughout
the world, Andrew and Pepperell ( 1992 ) reported that typ-

ical bycatch-to-prawn ratios in similar temperate fisher-

ies were in the order of 5:1. From the mean catch per tow

from the control and the new trawl bodies in our study,
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^1 Spectra 1 -mm, n = 4028

I I

Contiol. n = 511

2 30-

^H Momoi 1 7-mm, n = 4153

I I

Conlrol, n= 4914

u/6 6/8 u/10 9/12 13/15 16/20 21/30

Commercial prawn grades (number per pound)

Figure 6

Commercial size categories ofwestern king prawns (Penaeiis

latisulcatus) caught with the (A) spectra-1-mm and con-

trol trawls and (Bi momoi-1.7-mm and control trawls

(u=underi.

discarded bycatch-to-prawn ratios were 1:1 for the spec-

tra-l-mm and 1:1.3 for the niomoi-1.7-mm trawl bodies.

Ongoing monitoring is still required, however, to assess

any potential effects on selectivity associated with opera-

tional refinements to the current trawl configi.u'ations.
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Abstract.—A model was proposed for

validation studies of the periodicity

and timing ofgrowth checks on fish oto-

lith sections, based on measurements
of otolith radii around tetracycline

(OTC) marks. Continuous variables

were obtained by expressing measure-

ments of the marginal increment and

distance between the OTC mark and

the subsequent opaque zone as "frac-

tions" of the width of a completed incre-

ment cycle within an otolith. The sum of

these fractions and the counts of whole

cycles completed outside the OTC mark,
divided by the known time at liberty,

produced estimates of the periodicity of

opaque zone completion. Given this rate

of completion and known dates of OTC
marking and sacrifice, the marginal
increment was used to estimate a date

on which the outermost opaque zone

was completed. The model was applied

to 82 marked fish of 1 1 Lutjan us species

recovered after 6-22 months at liberty,

and an hypothesis of annual periodic-

ity, about a mean of 0.96 ±0.32 cycles/yr,

was retained for the pooled species

along the best, ventral reading axis.

Model estimates for L. erythropterus.

L. johnii, L. malabaricus, and L. sebae

were in the range of 0.78 ±0.22 cycles/yr

to 1.03 ±0.29 cycles/yr along this axis.

Median ages of these fish were 3+ for L.

erythropterus and L. sebac and 5+ for L.

johnii. A two-fold difference in somatic

and otolith growth detected between

field-tagged and captive fish did not

affect periodicity. Extension ofthe model

suggested false annuli were induced by

changes in salinity or adverse weather

On average, annuli were completed
within 1-3 months after the minima
in water temperature, in the austral

spring-early summer, around early

September for L. erythropterus and L.

johnii, late September for L. nta/ii-

baricus and late October for L. sebae.

Results from the model were only

preliminary for the small samples of

L. argentimaculatus, L. bohar, L. car-

ponotatus, L. monostigma. L. rivulatus,

and L. vitta. although the common
validation approach indicated annual

periodicity of opaque zone completion
for these species.
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There have been recent developments in

the use of thin sections of otoliths for

counting annual increments in otolith

macrostructure as accurate and precise

indicators of age for a variety of tropical

reefspecies (see Fowler, 1995 for review).

Lifespans of 15-30 years were estimated

for tropical snappers in Mexico ( Rocha-

Olivares, 1998) and the central Great

Barrier Reef (GBR) region (Sheaves,

1995: Newman et al, 1996). In contrast,

Milton et al. ( 1995 ) applied a radiometric

aging technique and estimated longe-

vities of <10 years for the "red snap-

pers" Lutjanus erythropterus, L. mala-

baricus and L. sebae in the Gulf of

Carpentaria (Jat. <14°S). These results

were one third to one half of the

maximum ages estimated by Newman
et al. (in press) from sectioned otoliths

for the same species in the central GBR
(lat. 18-20°S).

These differences have produced un-

certainty about the nature of potential

development of northern Australian

fisheries and raised important questions

regarding intraspecific, latitudinal var-

iation in otolith interpretation and

demographic parameters. There is a

clear need to validate age estimates from

both regions.

Francis (1995) proposed that vali-

dation is the process of estimating the

accuracy of an aging method and that

a first stage in the validation involves

confirming the temporal meaning ofthe

zones. A three-step conceptual approach
to direct age validation studies with

tetracycline (OTC) marking and recap-

ture has also been used (Fowler, 1990,

1995; Fowler and Short, 1998), but

no corresponding protocols have been

published for the statistical analysis

Contribution 930 of the Australian Insti-

tute ofMarine Science, Townsville, Queens-
land, Australia.
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and reporting of the periodicity and

timing of annulus formation outside

OTC marks.

The most common analysis of per-

iodicity has been that of informally

comparing the observed number and

position of annuli distal to the OTC
mark with an expected number of

annuli chosen from the whole number
of years or seasons elapsed between

marking and recapture. The most

extensive studies, comprising large

numbers of long-term recoveries of

marked fish, reported the results as

either percentage agreement (Mac-

Lellan and Fargo, 1995) or as a ^test

(McFarlane and Beamish, 1995). Both

approaches could not include fish

recovered at liberty for less than one

year and did not allow exploration

of the sources of error evident in

the comparisons. Low recovery rates

of fish at liberty for more than 2-3

years are a feature of such tagging

programs ( Campana and Jones, 1998 )

and sample sizes are usually small.

A median of only 21 fish was reported by Francis et al.

(1992) from 14 earlier OTC mark-recapture studies. Such

characteristics prevent the use of linear regressions, such

as those used in validating daily microincrements (e.g.

Foreman, 1996). The timing of opaque zone formation is

most commonly inferred by informally noting the relative

position of opaque zones, OTC marks, and the otolith

margins on diagrams and photomicrogi'aphs (Choat and

Axe, 1996; Ferreira and Russ. 1992, 1994; Fowler and

Doherty, 1992; Murphy et al., 1998).

We propose that validation can be formalized into models

to develop separate estimators of both the periodicity and

timing of formation of opaque zones based on ratios of

increment measurements around OTC marks. Our primary

goals were to determine directly if the distinct opaque
zones in sectioned otoliths of 11 species of Lutjanus from

the central GBR were formed once per year and to estimate

the dates of completion of these zones. Long-term recovery
of useful sample sizes of GBR lutjanids marked with OTC
is difficult because of ontogenetic changes in habitat of

many species, the low levels of fishing effort, and tag

shedding. Therefore we held captive fish to complement
recoveries from a field-tagging program.
Our objectives were to develop a model for otolith

growth past OTC marks that would allow tests of the null

hypothesis of annual periodicity of opaque zone formation

and that would provide mean estimates and measures
of variation of the date of completion of these zones for

comparison with environmental variables. These objectives

required that we compare interpretations of otoliths and
otolith growth between captive and wild fish, that we

compare different reading axes and readers, and that

we compare model estimates with the earlier validation

approaches.
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Figure 2

Photomicrographs of transverse sections of the sagittae of (AlL. erythropterun si 799 (21+yr) by trans-

mitted white Ught showing the ventral LI and sulcal L3 axes used for counting opaque zones; (B) the

outer LI axis of L nvuhtus (s 1996 1 showing the position of an OTC mark iTi by reflected ultraviolet

light; (C) the same outer LI axis ofL rivulatiis (sl996) showing narrow opaque zones by transmitted

white light.

zones along these axes we recognized sharply defined

"structural check rings" (sensu Gauldie, 1988) that could

be followed from the ventral leading edge of the otolith

around to the sulcus. These check rings were evident on the

outermost edges of the opaque zones and were counted and
measured after adjustment for aspect ratios. The position

of the OTC mark was measured from the primordium to

the outside edge of the mark and from there to the edge of

the otolith along the LI and L3 axes. The distance between

twin OTC marks was measured from the distal edge of the

first mark to the proximal edge of the second.

Data analyses

Analyses of the results for periodicity and timing of

increment formation each comprised both an informal

approach analogous to those used in earlier validation

studies and a model of otolith growth. The informal

validation of periodicity assumed a calendar date of 1

October for completion of opaque zones, based on previous

Australian studies (Fowler, 1995), to report frequency
distributions of the observed number of zones minus the

expected number of zones formed outside OTC marks.

The informal, "method of best fit" approach to estimate

timing of completion of opaque zones was to assume that

formation was completed annually on a particular day
of the year. For each otolith section, and for every single

day of the year, the number of opaque zones expected to

be completed during time at liberty was calculated from

the dates elapsed between marking and sacrifice. Only
those dates for which the expected number ofopaque zones

formed past the OTC mark equalled the number actually
observed were retained for analysis. The mean dates (MDi
from frequency distributions of these possible calendar

dates were selected as best informal estimates of time of

completion of opaque zones.

We defined an "increment cycle" as the complete formation

of adjacent translucent and opaque zones visible on an

otolith section (Fig. 3). Two models were developed in a

"direct method" to estimate the periodicity and timing



478 Fishery Bulletin 98(3)



Cappo et al : A new approach to validation of periodicity and timing of opaque zone formation 479

using SAS date functions as an integer

between 1 and 365. The closing dates of

anomalous extra cycles for comparison
with environmental stressors were esti-

mated by using

CD,^,
= TETJN +

365((-l +IF}/V, (7)

where TET,IN

t + i

the date of the first

OTC injection coded in

SAS internal format in

units of days: and

the
/((^ opaque zone

completed after the

OTC mark.

The mean of the CCD estimates could be

used as an estimate of the calendar date

(MCCD) on which the opaque zones were

most likely to have been completed. Days
or months ofthe year are circular scales of

measurement and best expressed in Polar

coordinates as angles and radius unity.

Means, angular deviations (analogous
to the linear standard deviation), and
confidence intervals were therefore cal-

culated for circular von Mises distri-

butions ofCCD for each species by using
the methods of Zar ( 1996). The Hotelling

paired sample test was used to determine

the significance of differences in angular
CCD data between reading axes.

L. sebae

S1980

S1983

S1982

. malabaricus
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L. argentimaculatus, L. gibbus, and L. bohar

(Fig. 7). There were no opaque zones visible past
the OTC mark on both axes of one L. gibbus,

and L. monostigma had no OTC mark visible on

the ventral axis. An opaque zone was coincident

with the OTC mark on the ventral axis, but not

the sulcal axis, of L. bohar.

The ease of interpretation of opaque zones in

the otolith preparations was tested by comparing
the pairs of counts made by the two otolith

readers. Nonparametric, Wilcoxon signed rank

tests showed significant differences between

readers in estimates offish age along both reading
axes (ventral axis /;=82 S=285.0 P >

|

S
|
=0.0001;

sulcal axis n=S2 8=285.5 P >|S| =0.0001 ) but

not in interpretation of the number of opaque
zones past the OTC mark (ventral axis ;!=61

S=21.0 P >
I

S
I
=0.5034; sulcal axis «=62 S=15.0

P >
I

S
I

=0.6476). An age bias plot (Campana et

al., 1995) showed that the mean and standard

deviation of the CAF estimates were 2.9 ±0.5

for 2+ fish, 3.5 ±0.6 for 3+ fish and 4.2 ±0.4 for

4+ fish aged by the senior author We inferred

that there was similar interpretation amongst
readers of the area of interest outside the OTC
mark and that the definition of the first opaque
zone was a source of bias for youngest fish.

Sections from Liitjaniis otoliths have been

read along the sulcal L3 axis in a protocol

developed by Newman et al. (1996), but opaque
zones may be closest together in this area and

measurements of growth past OTC marks might
best be made elsewhere. To justify our choice

of measurement axes for subsequent analyses
we compared the mean growth and variance

from the two axes in Table 2. Growth rates

along the ventral axis were consistently twice as

high as those along the sulcal axis; therefore we

judged that errors in measurement of zone radii

would be least, and interpretation best, along
the ventral axis. The coefficients of variation

were similar for both axes, with the exception of

those for L. setae.

Lutjanus sebae showed the highest mean

growth rates and variability along both reading
axes (Table 2 ) which led us to investigate artifacts

of captivity. The growth rates of otoliths of L.

johnii and L. sebae in the field were much lower

than those of captives (Figs. 4 and 6). Captive
L. johnii had mean otolith growth rates of 0.78

mm/yr along the ventral axis—twice as high as

those tagged in the field ( 0.36 mm/yr). These differences were

highlysignificant(n=20ndf=lddf=18F=22.49P>P=0.0002),
but no significant difference in otolith weight was detected

when fish length was used as a covariate (/i=20, ndf=l

ddf=18 F=0.19 P>F=0.6704). This latter finding indicated

that faster otolith growth rates were correlated with the

faster somatic growth of captive fish.

Further evidence of this correlation and the effects of

captivity on somatic growth were an increase in mean

/ RrYthmpif^rnf^ ,

1 mm
,

Date fish i<illecl

24-Aug-93 ,24-Nov-93



Cappo et al : A new approach to validation of periodicity and timing of opaque zone formation 481



482 Fishery Bulletin 98(3)

L. argentimacula
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that the 1993 zones were completed later in the calendar

year than those formed in 1994. The hypothesis that the

frequency of zone completion, as the slope of the regression,

was equal to one cycle/yr was therefore retained for the

ventral axis for all species pooled.

Timing of zone formation

FourL. eiythropterus had otoliths with two OTC marks that

bracketed a fully formed opaque zone (Fig. 5), indicating

that these annuli were formed in the austral spring in

September-November 1993. A Hotelling paired sample test

for equality of means in circular distributions showed that

there were significant differences in estimates of calendar

closing dates iMCCD) from the direct method between

reading axes (n=60 ndf=2 ddf=58 F=3.41 P>F=0.04).

There was also variability amongst species, with the most

numerous species completing an annulus along the ventral

axis in mid-August by L. johnii, in early September by L.

eryfhropterus, and in early November by L. sebae.
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from 36.0 ppt on 3 February to 34.8 ppt on 1 April and

rose again to 36.2 ppt on 1 May. The closing dates for these

false annuli were distributed in March (n=l), April (/!=2),

and May («=3).

Discussion

The use of increment widths on otolith sections to examine

timing of opaque zone formation underpins marginal
increment analysis (Fowler and Short, 1998) and informal

inferences made from the relative position of OTC marks

(Cheat and Axe, 1996; Ferreira and Russ, 1992, 1994;

Francis et al., 1992). The direct method developed in our

study has essentially formalized and extended this use to

allow for robust parametric tests and has three advantages
over previous approaches to direct validation. First, the

use effractions of otolith growth allows linear regression of

the number of whole or partially completed (or whole and

partially completed) increment cycles on time at liberty,

and both measures are expressed correctly as continuous

variables. This method allows periodicity to be estimated

directly from all recaptures with at least one opaque zone

outside the OTC mark, including those fish at liberty for

less than one year. Second, there is no need for subjective

choice of a fixed date of completion ofopaque zones to allow

for comparisons between expected and observed counts

of opaque zones. Third, the calendar date of completion
of outer opaque zones can be estimated independently of

the dates of marking or sacrifice for all recaptures with

at least one opaque zone outside the OTC mark. Previous

inferences about timing have been limited to the opaque
zones that are immediately adjacent to OTC marks. Such

contrasts are not always readily available, especially when

tagging and recaptures cannot be spread throughout the

J'A^S^'n'D J F'l^'A'M'j J^A S ON DiJ'F'M'A

1993 1994 1995

Figure 11

Monthly sea surface temperature ( 'C ) in the cages during captivity

ofmarked fish, plotted with the monthly frequency ofclosing dates

(CD) in 1994 estimated with the "direct method" with Equation
6 for nine species from Figure 9. The estimates have been pooled

and averaged for the ventral and sulcal axes for each of 61 fish.

year because of seasonal differences in fishing effort or

vulnerability offish to capture.

Periodicity and timing of opaque zones

We tested, and retained, the hypothesis that there was

an annual periodicity of formation of opaque zones for

the pooled study species, around a mean of 0.96 ±0.32

increment cycles/yr. Anomalous sections and "false" annuli

were identified objectively and could be related to periods of

environmental stress in six cases. The model also identified

interannual difference in timing of zone completion by a

group of L. erythropterus , which clearly inflated overall

estimates of periodicity. Despite this difference, estimates

of periodicity in the range of 0.78-1.21 cycles/yr for both

reading axes, accompanied by confidence intervals, were

robust for L. erythropterus, L.johnii, L. malabaricus, and

L. sebae. This result supported the use of thin sections

of otoliths for accurate age estimates of lutjanids in the

central GBR and supported estimates oflongevity proposed
for some of our study species (eg Sheaves, 1995; Newman
et al., in press; Loubens-). The results for the other species

showed similar trends, and no interspecific differences in

periodicity were detected, but the numbers of marked fish

were low for L. argentimaculatus,L. bohar,L. carponotalus,

L.gibbus,L. monostigma,L. rivulatus, andL. vitta. Twofold

differences in otolith growth rate between captive and

tagged L.johnii and L. sebae did not affect the periodicity

of annulus formation, further demonstrating the capacity

of these otoliths to accurately reflect age under varying
conditions of somatic growth.

Substantial variability in the timing of opaque zone

formation has been noted by Beckman and Wilson ( 1995),

at the individual, population, and species levels. Our best

estimates of closing dates indicated that, on average,

opaque zones recognized as annuli in lutjanid otoliths

were completed within months of the austral spring

and early summer, around early September for L.

erythropterus and L. johnii, late September for L.

malabaricus, and late October for L. sebae. These

differences were significant and indicated a timing
of formation that is somewhat earlier for L.

erythropterus andL. johnii than the spring-summer

peak of opaque zone formation in tropical fishes

identified by Fowler ( 1995 ) and Beckman and Wilson

(19951. Other studies have concluded that lutjanids

and serranids on the GBR form opaque zones in

winter-spring (Ferreira and Russ, 1992, 1994; New-
man etal., 1996).

Lack of definition of the term "formation" makes
it difficult to compare our results with those of

previous studies. Our use of single OTC marks
and measurements of only the outside edges of

opaque zones allowed inferences about the timing of

completion, not commencement, of annuli. We could

Loubens, G. 1980. Biologie de quelques de poissons du

lagon Neo-Caledonian. III. Croissance. Cahiers de flndo-

pacifique2l2): 101-1.53. Foundation Singer-Polignac, 43,

avenue Georges-Mandel, 75016 Paris. ISSN 0180-9954.
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estimate a formation time of less than 3 months for opaque
zones on otoliths from L. erythropterus marked twice in

1993. Those individuals clearly showed springtime formation

of the opaque zones in that year, but we also concluded

that completion occurred earlier in the following year,

about 1-2 months after the minimum water temperature in

August, indicating that commencement and formation could

have occurred during winter 1994. This difference was not

explained by interannual variation in the occurrence of

minimum water temperatures and may have been due to

changes in metabolism and physiology induced by capture,

transport, handling, and captivity. These are plausible

artifacts, given that opaque zone formation is under control

of a poorly understood combination of environmental

and endogenous factors that influence endolymph fluid

chemistry (Beckman and Wilson, 1995; Romanek and

Gauldie. 1996). The location of the cages may have

contributed to mortality or lack of growth of the otoliths of

L. bohar,L. fulviflarnma, L.gibbus.L. kasmira, andL. vitta

transported inshore from their reef habitats, whereas the

other inshore species were expected to be more tolerant of

the cage environment.

The models produced similar, but more informative,

conclusions to the application of the informal approaches.

Analyses following MacLellan and Fargo ( 1995) indicated

an annual periodicity of opaque zone formation for 10

study species with few exceptions. The "method of best

fit" estimated mean calendar completion dates that were

inside the confidence intervals of the direct method, with

the exception of L. erythropterus, for which the method
was sensitive to the interannual variability in timing of

annulus completion.

Sources of bias

Assumptions concerning otolith growth rate in the direct

method were the best available approximations, given both

our observations and the current understanding of otolith

growth, and we were confident that their main effects were

accounted for by excluding outliers and by measures of

variation reported about the mean results.

Earliest models of otolith growth presumed that no net

accretion occurred when fish stopped growing, and these "no-

growth" horizons provided the foundation for the recognition
of annual winter marks in otoliths (Romanek and Gauldie,

1996). However, otolith growth is not directly coupled to

somatic growth (e.g. Mosegaard et al., 1988) and has been

observed to show complexities correlated by various authors

with factors such as food intake, life-history stage, tem-

perature, and metabolic rate (Romanek and Gauldie, 1996;

Schimpa and Goodyear, 1997 ). Most recently, Romanek and
Gauldie ( 1996) proposed that otolith growth along the main

growth axis is continuous, with the rate of deposition (that

is, the microincrement width) being modulated by tempera-
ture and pH of the endolymph. This model was based on the

known physiology of the endolymph and the physical chem-

istry ofaragonite, and was tested by Payan et al. ( 1997 ) and

Gauldie and Romanek ( 1998).

We therefore assumed a constant rate of otolith growth.
while recognizing that a number of factors might be

expected to vary regularly during continuous growth of

the otolith, including the widths of daily micro-increments,

trace element concentrations, matrix proteins, and arago-
nite crystal structure (Gauldie and Nelson, 1990; Gauldie

et al., 1990). It remains unknown which combination of

such variable characteristics integrate into the optical

macrostructure of otolith sections viewed as opaque and
translucent zones (Fowler, 1995).

If alternating periods of slow and fast otolith growth
occurred regularly throughout each increment cycle, in

violation of our working approximation, errors would

tend to cancel one another during calculation of peri-

odicity. In Equations 1-3, the initial fraction of otolith

growth (7F) was estimated by using a numerator from

the last part of a cycle, but the final fraction (FF) was
estimated from the first part of a cycle by using the mar-

ginal increment as a numerator. If IF was underesti-

mated because the otolith grew slowly at the end of a

cycle, it would be countered by an overestimation of FF
caused by faster otolith growth at the start of a cycle. Our
method was most vulnerable to interannual differences

in otolith growth rate, which were evident for some fish

as anomalous otolith growth, possibly as a physiological

response to captivity or tagging.
The widths of outer increment cycles were assumed to

be the same in our second working approximation because

an exponential decrease in growth along otolith reading
axes and equidistant outer zones are a feature of several

families from the central GBR, including lutjanids (Fowler

and Doherty, 1992; Choat and Axe, 1996; Newman et al.,

1996). The exponential curves presented in our study sup-

ported the approximation for the 50 marked fish that had

completed their fourth increment cycle but did not support
so well for the younger fish sacrificed during their fourth

(^=28) and third cycles in=4}. Finally, the model assump-
tion that the increment cycles had the same time period
of formation in an individual otolith was supported for our

estimation of closing dates by the determination of the

annual periodicity of opaque zone formation.

There was bias in interpretation of the position of the

first annulus, causing significantly higher estimates oftotal

age by the unfamiliar reader, but not of the number of

annuli past the OTC marks. The structural check rings at

the outer edges of opaque zones were the best feature of

the large lutjanid otoliths, and the potential for errors in

interpreting the annuli on outer margins (Francis et al.,

1992) was reduced by sacrificing most fish in late summer
and autumn. The longer ventral axis was the most useful

because of the variability in growth, measurement errors,

and significant differences in estimates of closing dates

from measurements along the shorter sulcal axis. However,

growth in older otoliths with complex prismatic structure

becomes restricted by the otic cleft (Gauldie and Nelson,

1990), and the sulcal axis may provide the only straight

axis for measurement in future applications of the models.

Related studies

In contrast to our results for the "red snappers" L. erythro-

pterus. L. malaharicus. and L. sebae, Milton et al. (1995)
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concluded from disequilibria in ^"^Pb to --'^Ra ratios of

pooled otoliths that shorter lifespans obtained from whole

otolith readings isensu McPherson and Squire, 19921 were

more accurate than the higher estimates from section

counts. This independent method of age determination had

previously helped differentiate between very different age

interpretations otdeep-water Hoplostrthiis and Scbastes that

were thought to attain high longevities. However, Campana
and Jones ( 1998 ) noted that radiochemical dating was too

imprecise for detailed or individual age determinations, and

West and Gauldie (1994) also concluded that the method

held promise but was inadequate to validate fish ages.

Regional differences in the ease of interpretation of oto-

lith macrostructure have been reported in tropical species

separated by only four degrees of latitude (Fowler, 1995)

and may partly explain the differences between our results.

The lack of interpretable macrostructure in an otolith

section from L. erythropteriis from the Gulf of Carpentaria
is evident when Figure 5b in Milton et al. (1995) is com-

pared with the well-defined incremental structure for the

same species in our Figure 2A. Alternatively, there may
be real latitudinal differences in the demography of these

species. Comparisons of the relationships between otolith

weight and age estimates from the Gulf of Carpentaria
and the central GBR, and further validation with the

"radiocarbon bomb chronometer" iKalish, 1995; Campana
and Jones, 1998), OTC marking, or other independent

techniques, may account more precisely for the differences

between the validation studies.

Models with ratios of increment measurements around

OTC marks in order to estimate time intei-vals could provide

a statistical protocol to accompany the emerging definitions

of various levels of validation. Francis ( 1995) proposed that

the highest degree of validation requires demonstration

that inner and outer zones are formed annually and that

quantitative estimates of accuracy are provided for the

process of converting a count of zones to an age estimate.

This method requires knowledge of hatching dates and the

age at completion of the first annulus, as well as decisions

about the nominal calendar dates when opaque zones can be

distinguished on otolith margins. The approach presented
in our study could allow precise estimates of the timing of

some of these latter events if improved theoretical models

of growth of opaque zones are developed. We conclude that,

for at least the three "reds" species and L. johnii, we have

attained Francis's ( 1995) second level ofvalidation—namely,
that the opaque zones were formed annually and completed
from spring through early summer, but there remains a

need to produce quantitative estimates of the accuracy of

this aging method.
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Abstract.-Swordfish (Xiphias gla-

diusi caught by the Hawaii-based

pelagic longhne fishery during March
1994-June 1997 were examined at sea

by observers of the National Marine

Fisheries Service, Southwest Region.
Observers provided unbiased size and

sex composition data for 4.8'J of the

swordfish catch and 4.9'* of the effort in

number of hooks of the fishery during
the 40-mo. period. Observers measured

body lengths for more than 8600

swordfish brought aboard participat-

ing vessels; sex, based on macroscopic

appearance of gonads, was identified

aboard ship for 7T7c of measured fish.

Sex identifications were later verified

(0.5% error rate) and gonadal develop-

mental stage described for 1336 fish

whose sex was identified in the field.

Logistic regression was used to estimate

sex-specific, median body size at sexual

maturity (L-„ ) by using microscopic mor-

phological evidence for gonadal develop-
ment. Z-jo was 102 cm ±2.5 (95'J CI) cm

eye-to-fork length (EFL) and 144 ±2.8

cm EFL for males in=506) and females

(f!=822), respectively. Sex ratios were

an increasing power function between

100 and 220 cm, and nearly all fish

>220 cm EFL were females. Sex compo-
sition and body size varied temporally
and spatially, especially the latter Rel-

atively more males were caught south

of 27'N; fem.ales dominated catches

north of 27°N. Small-bodied fish of both

sexes prevailed year-round below 22 N.

A greater percentage of large-bodied

(>156-cm [males). >172-cm [females]

EFL) fish were caught north of 35 'N

during the late summer-early winter

The latter observations are consistent

with several nonmutually exclusive

hypotheses of migration energetics and

body muscle heat conservation, both of

which are discussed.
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Rapid expansion of the Hawaii-based

pelagic longline fishery for swordfish

iXiphias gladius) during the late 1980s

and early 1990s has generated a need
for an explicit management plan and
assessment of swordfish stocks in the

Pacific. Assessments for swordfish might
be improved by using size- or age-struc-

tured, rather than surplus production,
models for several reasons. Size- and

age-structured models are less depen-
dent on effort statistics (Gulland and

Rosenberg, 1992) and in the Pacific as

in the Atlantic, adequate effort statis-

tics are largely unavailable for pelagic

longline catches. Effort data are further

complicated by geographically sepa-
rated fisheries that differentially target
swordfish or other pelagic fishes and

by multiple jurisdictions with varying
data collection standards. In the Atlan-

tic these difficulties might be overcome

by using nonequilibrium production
models and virtual population analyses
(ICCAT, 1997).

Estimates of body size and age at

sexual maturity are of fundamental

importance for the determination of

fishery management thresholds based

on size- and age-structured stock assess-

ments. In particular, determination of

the spawning potential ratio (SPR:

Goodyear, 1993) depends on size at

maturity. Sex-specific size composition
data are also needed to stratify catch

and effort statistics, thereby reducing
the variances of CPUE estimates.

Information on reproductive biology is

inadequate for swordfish in the Pacific.

Nakamura et al. (1951) were the first

to infer spawning seasonality in the

western Pacific based on net collections

of swordfish larvae. Yabe et al. (19591

further described swordfish eggs and
larvae and used plots of gonad weight
versus body length for fish on spawn-

ing grounds to approximate body size

at sexual maturity for female sword-

fish in the western Pacific. Kume and

Joseph (1969) estimated body size at

sexual maturity for female swordfish in

the eastern Pacific, and Sosa-Nishizaki

(1990) estimated body size at sexual

maturity for female swordfish through-
out the North Pacific. Uchiyama and
Shomura (1974) estimated total fecun-

dities for eight fish and provided anec-

dotal evidence of swordfish spawning
near the Hawaiian Archipelago. Adult-

size swordfish caught in the eastern

North Pacific were described by Weber
and Goldberg (1986) as reproductively
inactive during late August-November.
Hinton and Deriso's ( 1998) more recent

evaluation of swordfish gonadal index

data from the Japanese longline fish-

ery, however, has documented the sea-

sonal presence of reproductively active

swordfish near Baja California during

May-August. Although largely non-

existent for the Pacific, reproductive
and related growth parameters have

recently been estimated for swordfish

in the Northwest Atlantic (Arocha et

al., 1994; Arocha and Lee, 1995, 1996;

Ehrhardt et al., 1996; Arocha, 1997).

Catch and effort data for swordfish

in Pacific fisheries have been summa-
rized by Miyabe and Bayliff ( 1987) and
Nakano and Bayliff ( 1992 ) and reviewed
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by Sosa-Nishizaki ( 1990) and Sosa-Nishizaki and Shimizu

( 1991 ). DiNardo and Kwok ( 1998 ) have provided a prelimi-

nary description of catch statistics and the body size and

sex composition of swordfish caught by the Hawaii-based

longline fishery in the central North Pacific.

Our study had several complementary objectives, and

the ultimate goal of providing accurate and precise infor-

mation for stock assessments of Pacific swordfish. In our

study, we estimated size at sexual maturity for swordfish

captured by the Hawaii-based pelagic longline fishery in

the central North Pacific. Because the growth rates ofadult

male and female swordfish differ in the Pacific (Uchiyama
et al., 1998), as elsewhere (Ehrhardt et al, 1996), size

at maturity was characterized separately for males and

females. We classified maturity on the basis of histologi-

cal analyses of gonads subsampled from a larger sample
of field-sexed fish and used this maturity classification as

the basis for our estimates of size at maturity. The latter

are compared with a complementary characterization of

reproductive activity using gonad indices (Hinton et al.,

1997). Data on body size (length), date, and location of cap-

ture of swordfish in the parent sample of field-sexed fish

were used to provide preliminary descriptions of temporal
and spatial patterns of size- and sex-specific catch. These

patterns of sex and size composition identified factors that

could be used for stratifying catch and effort data for the

Hawaii-based longline fishery, thereby reducing the vari-

ance of population parameter estimates based on logbook
records used in future stock assessments. Finally, we inter-

preted spatial and temporal variations in catch in terms of

possibly different migratory behaviors by swordfish of dif-

ferent body sizes and sexes.

Methods and materials

Shipboard collections and measurements

About 90'^ of the swordfish analyzed were caught by com-

mercial vessels fishing pelagic longlines in the central

North Pacific from March 1994 to June 1997. Most (65^7^:

Ito and Machado, 1996,' 1997,2 19993) swordfish were

caught on trips on which swordfish were targeted. Another

349i were caught on "mixed sets" (both tuna and swordfish

Ito, R. Y, and W. A. Machado. 1996.

Hawaii-based longline fishery for 1995.

Cent. Admin. Rep. H-96-12, Honolulu
Fish. Sci. Cent., Natl. Mar. Fish. Serv.

96822-2396, 45 p.

Ito, R. Y., and W. A. Machado. 1997.

Hawaii-based longline fishery for 1996.

Cent., Admin. Rep. H-97-12.' Honolulu
Fish. Sci. Cent., Natl. Mar Fish. Serv.

96822-2396, 48 p.

Ito, R. Y, and W. A. Machado. 1999.

Hawaii-based longline fishery for 1998
Cent. Admin. Rep. H-99-()6," Honolulu
Fish. Sci. Cent., Natl. Mar Fish. Sei-v.

96822-2396, 62 p.

Annual report of the

Southwest Fish. Sci.

Laboratory, Southwest

, NOAA, Honolulu. HI

Annual report of the

Southwest Fish. Sci.

Laboratory, Southwest

, NOAA, Honolulu. HI

Annual report of the

Southwest Fish. Sci.

laboratory. Southwest

, NOAA, Honolulu, HI

targeted), and the remaining 1% on "tuna sets" (Boggs and

Ito, 1993; He et al., 1997). The remaining 10'^?^ of sword-

fish examined were caught on swordfish research cruises

of the NOAA ship Townsend Cromwell during 1992-97 in

the region of the commercial fishery.

Commercial fishermen dressed all swordfish as the fish

were brought aboard ship; observers noted that about IC/r

were alive and 90'?f^ moribund or dead upon retrieval. Via-

bility offish when sampled is important for interpreting the

quality of histological specimens. Observers (NMFS SWR)
were assigned to participating longline vessels according
to a stratified random design based on vessel size (effort).

Observers recorded eye-to-fork length (EFL, cm) for most

swordfish caught. For most swordfish that were measured,
sex was identified on the basis of macroscopic appearance
of the gonads, and, for a random subsample of sexed fish,

a gonad tissue sample (2 cm', including gonad wall) was
collected from the middle of either gonad lobe and imme-

diately fixed in 10% buffered formalin. Swordfish gonad

samples were collected during most months of four consec-

utive years (172 trips sampled during March 1994-June

1997), complemented by specimens collected by research

cruises in April-May of 1992 and 1993, September 1996,

and March-April 1997. Specimens examined histologically

thus spanned several annual cycles; overall SlVr of the

fish examined were collected during March-July spawning

periods (Fig. 1). Fish were sampled throughout the spa-

tial range of the longline fishery during March 1994-June

1997, mostly between lat. 17-41°N and long. 141-180°W

(Fig. 2).

During spring 1997, SWR observers collected whole ova-

ries of approximately 100 swordfish as they were being
dressed aboard ship. For each pair of ovaries, a fresh tissue

specimen was collected and fixed for later histological eval-

uation of developmental stage (as described below), and

the remainder of the ovaries were frozen for weighing
ashore. The latter samples were used in analyses of gonad
indices.

Laboratory processing

Field-classified sex was verified and reproductive condition

evaluated based on gonadal developmental stage deter-

mined by microscopic examination of histological prepara-

tions and oocyte size frequencies. Fixed gonad specimens
were stored for at least 60 days before oocytes were mea-

sured or a subsample was prepared for histological analy-

ses. A single series of sequential, histological sections (6

pm thick) (2-8: mode=3[ovaries], mode=4|testes|) was cut

and stained with Harris's hematoxylin, followed by eosin

counterstain (Hunter and Macewicz, 1985). Slide sections

were examined with a compound microscope at 60-300x

and developmental stage categorized following the stage

criteria of Murphy and Taylor (1990). For females, the

following characteristics were noted for the largest size

mode of oocytes present: presence and relative quantity

of eosinophilic yolk, partly to moderately yolked oocytes,

and fully yolked oocytes. If oocytes were fully yolked,

we further noted the presence of hydrating or hydrated

oocytes (HYDs), postovulatory follicles (POFs), and fully
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Figure 1

Numbers of (A) female and (Bi male swordfish iXiphias gladius) that were

immature, mature, active, or imminent spawners (females onlyt. which were

caught on occasional research cruises and by the Hawaii-based pelagic long-

line fishery each month during March 1994^une 1997. Maturity and repro-

ductive activity were assessed based on gonad developmental stages scored

histologically.

yolked oocytes undergoing a-, or p- and later atresia (Table

1). Female individuals were designated as "immature"

if their most advanced oocytes were unyolked or only

partly to moderately yolked without substantial atresia,

or as "mature" if their most advanced oocytes were fully

yolked with or without atresia ("active-mature") or if their

most advanced oocytes were less than fully yolked but

with alpha or beta atretic stages present. Developmental

stages were further described according to the diameters

of the largest size class mode of oocytes present. Among
mature females, fish were deemed "ripening mature" iffully

yolked but lacking HYDs or POFs. "ripe mature" (immi-

nent spawners) if POFs or HYDs were present, or "resting

mature" if a majority of yolked oocytes were atretic.

Oocyte diameters were measured by using formalin-

fixed whole oocytes or oocyte cross sections on histolog-

ical slides. For formalin-fixed specimens, diameters of

25 of the largest oocytes were measured with a dissect-

ing microscope (random axis, 25-50x). The median of

25 random diameters provides a cost-efficient estimator

of average maximum oocyte size for multiple-spawning
fishes ( Lau and DeMartini. 1994 ); swordfish are multiple-

spavvners (Uchiyama and Shomura. 1974; Arocha. 1997).

Histological slides were prepared for a random subset

of these specimens; diameters of oocyte cross sections

on slides were measured at 60-.300x and for each fish

ovary examined, maximum and minimum diameters were

averaged for 5-10 of the largest oocyte sections present
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About 739c of 463 mature females were reproductively
active (stages 4—6; including 28'? stages 5-6 imminent

spawners) and 27% were spent or resting (stage 7, Table

1). Of a total 130 spawning females, 33 had ovaries con-

taining oocytes that were hydrating or hydrated, indicat-

ing imminent spawning. The ovaries of 122 fish contained

POFs, suggesting ovulation within several days prior to

capture. The exact age of POFs was inestimable because

the likely temperature-dependent (Fitzhugh and Hettler,

1995) degradation rate of swordfish POFs is unknown and

because gonad samples were collected from fish that had

been hooked for differing lengths of time at varying water

temperatures. Twenty-five of the 130 fish had ovaries con-

taining both unovulated, hydrated oocytes and POFs from

a previous spawning (Fig. 3, A and B). Of a total 395

mature (stage >4) males, 65% were reproductively active

(stage 4) and 35% were spent or resting (stage 5, Table 1).

Oocyte size and developmental stage

Ovarian developmental stage was closely related to dia-

meter of the largest size class mode of oocytes present
in ovaries. The diameters of formalin-fixed whole oocytes

(OD, in pm) and oocyte cross sections (XS, in eyepiece units

[epul, where 1 epu=0.1544 pm) on histological slides were
best related by the linear regression

0D= 11.9-I-6.320XS (r2=0.948, n = 182, P<0.001).

With logistic regression, ovarian development as an indi-

cator of reproductive activity (where active=stages 4—6;

inactive=stages 1-3, 7) was predicted with 97.5% accuracy
for 828 fish collected during both spawning and nonspawn-
ing periods. The predictive relationship was

ln(p/i 1-pl) = -6.318 + 0.0180OI>,

where OD = whole oocyte diameter (in pm); and

p = the probability cf active stages 4-6.

The threshold (p=0.5) for stages 4-6 is predicted at a whole

oocyte diameter of35 1 pm. Oocyte size distributions are related

graphically to ovarian stages in Figure 4. Median oocyte dia-

meters for the respective stages are listed in Table 1.

Body lengths at sexual maturity

Estimates ofL^q with all females were indistinguishable (<1

cm different: G-test; P=0.3) from those where females were
used that had been caught during the 5-mo. (March-July)

spawning periods when reproductively active females ( stages
4-6) were present. Lr^^ estimates for males were improved
if immature (most likely less-than-year-old) fish, many of

which were available only during nonspawning periods,

were included. We therefore felt it preferable to describe

Z/r,|,'s using all gonad sample fish collected year-round.

Z,,o'swere 102.0± 2.5 (95% CDcm EFLfor males(r-'=0.98;

n=506) and 143.6 ± 2.8 cm EFL for females (r-^=0.97; «=816;

Fig. 5). Fits to the logistic model were, as follows:

Males: % Mature = 100/(1 -i- ea4.40ii-o.i4i2£FLi)

Females: % Mature = 100/( 1 -i- e'i4 8569-o.i034£FL.)

Females attained >95% sexual maturity at 173 cm EFL.
The corresponding value for males was 123 cm EFL.
The smallest reproductively active female whose ovaries

contained hydrated oocytes or postovultory follicles was
134 cm EFL. Sample sizes ranged from 2 to 45 fish of each

sex per 5-cm EFL class; only 6 out of 36 and 12 out of 31

classes contained <10 fish for females and males, respec-

tively. Median sample sizes were 22 (for females) and 17

(for males) for each 5-cm class (Fig. 5).

Indices of spawning readiness

Reproductive readiness (verified by histological staging of

ovaries ) offemale swordfish in the Hawaii-based fishery could

be predicted by logistic regressions with body size (length,

weight) and ovary weight (or with length- or weight-based

gonad indices). Although the spawning activity of female

swordfish was predictable from body size and ovary weight

alone, the accuracy of prediction was improved if a measure
of ovary maturation (such as size of the largest oocytes pres-

ent) was included. Overall, about 96% of 95 females (range
8-295 kg, 76-247 cm EFL; Table 2A) were correctly classified

(with reference to histological stages 4—6) as either reproduc-

tively active ( 1 ) or not ( ) by the logistic regression

ln(p/(l-p)) = \r\{RW) + In(GW) -t- \n{EV),

where RW = round weight in kg;

GW = gonad weight in g; and

EV = oocyte volume in mm-^ = 4/3;rr'^; and
r = diameter/2 (Table 2A).

The fit of this model was similar to those where oocyte

volume plus any of several length- or weight-based gonad
indices were used. Among the latter, the index, G7(2') =

\\n{GW)f\n(RW)]. was best (90% accurate), and overall

classification accuracy increased to 97% if oocyte volume
was added to the model (Table 2B). The index, G/(2) =

[\n(GW)f\r\(EFL)] of Hinton et al. (1997), plus oocyte

volume, showed comparable accuracy (94%; Table 2C), and

retained 87% accuracy even if oocyte volume was excluded

(Table 2D). The latter length-based gonad index itself

(Table 2D) should have the widest applicability, despite

some loss in predictive power because an oocyte volume
term is lacking, because data on swordfish body lengths
and gonad weights are often available but body weight and

egg size data are not. We also provide (Table 3) several key

regressions of swordfish length-on-length and weight-on-

length, summarized from Uchiyama et al. ( 1999), to enable

conversions between the different index-based predictors
of reproductive readiness.

Temporal and spatial spawning patterns

Swordfish caught by the Hawaii-based longline fishery

during March 1994-June 1997 included both reproduc-

tively inactive and active adult fish, in addition to imma-
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Figure 3

Histological sections of the ovaries of imminently spawning swordfish {Xiphias gladiiis) illustrat-

mg (Al hydrated oocytes (hyd; stage 5i and (B) postovulatory follicles (pof; stage 6l. Several other

developmental stages of oocytes are also present, including primitive oogonia i pog; stage 1 1; previtel-

logenic oocytes (poc; stage 2); early vitellogenic levo: stage 3) and vitellogenic (vo; stage 4) oocytes;

and atretic oocytes (atret; stage 7; an a-atretic, vitellogenic oocyte indicated by arrow in 3Al,

ture, mostly female fish. Reproductively active females

(stages 4-6) were caught primarily during spring (F'ig. 6i.

Ninety-eight percent of all imminently spawning females

were caught during March-July periods, and 739c were

caught during May^une (Fig. 6). POFs and hydrated
oocytes often co-occurred in ovaries (in 25 out of 33 cases;
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Table 2

Summary' results of logistic regressions predicting reproductive activity (histological stages 4-6) versus inactivity (stages 1-3, 7;

see Table 1) based on (A) round weight (RW), gonad weight (GW), plus egg volume (EV); (B) a weight-based gonad index 1GI(2')]

plus EV; (C) a length- based gonad index [01(2)] plus EV; or (D) GI(2) alone; for female swordfish, Xiphias gladii/s. sampled from

the Hawaii-based pelagic longline fishery during May-June of 1997.
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Size-specific sex ratios of swordfish iXiphiaa gladiiisK used to eval-

uate sex and size composition of catch of the Hawaii-based pelagic

longline fishery during March 1994-June 1997. For readability,

lengths (EFL) have been pooled by 10-cm classes.

temporal variations in swordfish sex ratios elsewhere in

the western Atlantic. The sex ratios of adult-size sword-

fish (>125 cm LJFL, but smaller than very large adults

[>195 cm], the size at which the numbers of males dimin-

ish greatly in Atlantic swordfish stocks) are strongly male-

biased only in the subtropical region (19-35°N) in which

most spawning occurs (Arocha et al., 1994; Arocha and

Lee, 1995). Spatial patterns similar to the latter also have

been observed in spawning regions of the tropical western

Atlantic iMejuto et al., 1998) and western Indian Ocean

(Mejuto et al, 1995).

Spatial differences in the sex and size composition of

swordfish also may be related to sex-specific foraging

migrations. Differences in the sex and size composition of

swordfish catches have been noted by others in western

Atlantic fisheries. Males predominate in catches made at

tropical latitudes but females dominate in waters <18°C

(Beckett, 1974). Most swordfish caught in the western

North Atlantic off New England and the Canadian mari-

time provinces are large female fish jTibbo et al., 1961).

Distributional ecology and energetics of migration

Limited tag-recapture data"* suggest that some swordfish

move great distances within the North Pacific. Swordfish

also display marked diel vertical migrations that appear
to vary among fish of different sizes and that inhabit conti-

nental shelf versus open ocean areas (Carey and Robison,

1981; Carey, 1990). As they migrate between warm mixed

layer and cold subthermocline waters, swordfish encoun-

ter changes in water temperature as great as 19° in 2.5 h

(8-27°C: Carey and Robison, 1981). A vascular rete system
enables swordfish to dampen the rate of temperature loss

in swimming muscles on deep dives, and it is likely that

body mass importantly influences this ability (Carey, 1990)

and the metabolic costs of inhabiting cold water masses

^Boggs,C.H. 1998. Unpubl.data. Honolulu Laboratory, South-

west fish. Sci. Cent., Natl. Mar. Fish. Serv., NOAA, Honolulu. HI
96822-2396.
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Figure 9

Median body lengths lEFL, cm) plotted by 1-degree north latitude increments for female and male

swordfish (Xiphias gladius), caught by the Hawaii-based pelagic longline fishery during March
1994-June 1997. Also indicated are the respective 5th, 25th, 75th, and 95th percentiles, and sample
sizes (number offish; arrayed along right-hand abscissa).

(first hypothesized as a "size-temperature mediated physi-

ological mechanism" by Hoey, 1991 ).

Horizontal movements also incur different energetic costs,

as well as other types of costs, for fishes of different body
sizes (RofF, 1988), It is plausible that feeding and spawning

migrations involve different costs for individual swordfish

ranging over the broad spectrum of body sizes (90-210 cm
EFL, 13-180 kg; Fig. 8) commonly caught by the Hawaii-

based fishery. Because most small swordfish are males and

most large swordfish are females, it is further likely that the

costs of migration differ between the sexes as well as among
fish of varying body sizes that might migrate different dis-

tances. The significant relationships observed between lati-

tude and sex ratio and between latitude and body size for

swordfish of both sexes in the central North Pacific are con-

sistent with the latter hypothesis.

Recurrent patterns of variation in the sex composition
of swordfish catches throughout the world's longline fish-

eries remain poorly understood. Observed patterns may
reflect natural differences in distributions of the sexes,

may represent consistent artifacts of different catchabil-

ities of the sexes during spawning periods, or both. A
challenging topic for future research will be the evalua-

tion of whether the differences reflect sexually distinct

costs versus benefits for vertical or horizontal migration
that result from the disparate body masses of males and

females.

Implications for stock assessment

It is clear that stratifying swordfish catch statistics by sex

could appreciably reduce the variances of catch and effort

estimates, and future research should include simulation

studies that explore the quantitative effects of sex strati-

fication on stock assessments (Restrepo, 1991). Further,

if our observations for swordfish caught by the Hawaii-

based longline fishery have identified patterns that are

relevant to swordfish caught elsewhere, age-structured
stock assessments for swordfish in the Pacific should eval-

uate explicitly the potentially great importance of tempo-
ral and spatial dynamics in the sex and size composition
of catches. It will likely be necessary to stratify catches by
latitude of capture (and perhaps spawning and nonspawn-
ing period), in addition to standardizing CPUE statistics

for environmental variables and targeting (e.g. see He et

al., 1997; Hinton and Deriso, 1998; Bigelow et al., 1999), in

order to reduce the variances of abundance indices used in

stock assessments.
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Table 6

Results of fixed-factor ANOVAs relating (A) sex ratio (females/total) versus period (spawning = Mar^Jul, nonspawning = Aug-Feb).
latitude class (North: >27°N, South: <27°N) and longitude class (East: <160'W. West: >160-Wl; (B) the relative number of fish

smaller than the 25th length percentile (RNQl, see text! versus period and latitude class (Far S: <22=N, Other: >22"N); and (C)

the relative number offish larger than the 75th percentile (RNQ3, see textl vs sex and latitude class (Far N: >35-N. Other: <35"N)

on sets with swordfish present, for swordfish, Xiphias gladius. caught by the Hawaii-based pelagic longline fishery during March
1994-June 1997. NS terms (e.g. longitude! are unspecified. SS = sum of squares; MS = mean square; LSMEAN = least square mean;
SE LSMEAN = Standard error of least square mean.

A Source df SS MS f-value Pr>F

Latitude

Period ^ Latitude

Case Period x Latitude

Nonspawning

Nonspawning
Spawning

Spawning

6.634
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Abstract.—The larval development of

red snapper, Liitjaiuis campechanus.
is described from reared larvae and

from specimens collected in the Gulf

of Mexico (GOM). Snapper larvae are

pelagic and are characterized by the

following features: a deep and com-

pressed, lightly pigmented body; mod-

erately short gut; 24 myomeres; and

elongated dorsal and pelvic fins that

form early in development. Specimens
of L. campechanus (1.9 to 26.1 mm)
also showed the presence of weak ser-

rations on pelvic-fin spines, ab.sence of

serrations on preopercular or dorsal

spines, early forming pigment in dorsal

and pelvic fins, and notochord flexion

between 3.6 and 5.5 mm. Preflexion

larvae of the snapper subfamily Lut-

janinae in GOM collections cannot be

reliably identified to species despite

recent larval descriptions. Species-spe-

cific differences in number, spacing, and

size of melanophores in the postanal
ventral series are evident in the young-
est larvae of species from the GOM
whose development has been described

iOcyurus chrysurus, L. analis, L. syn-

agris. L. griseus. L. campechanus. and

Rhomboplites aurorubens) but further

evaluation of the utility of these charac-

ters is needed. Characteristics that dis-

tinguish mid- to late-flexion larvae of

these species are compiled in our study
and discussed. Among known GOM lut-

janine larvae, body depth, pelvic-ray

length and serrations on the angle spine
of the preopercle can be used in com-

bination with pigmentation to identify

larvae to species. Presence ofmelanistic

pigment (and size at first appearance)
or absence of melanistic pigment in the

following locations are useful charac-

ters for larval snapper identification:

anterior surface of the visceral mass,

ventral to notochord flexure; internal

area over the notochord; dorsal midline

of caudal peduncle; soft dorsal fin; anal-

fin base or membrane; and pelvic fin.

Larval development of red snapper^

Lutjanus campechanus, and comparisons
with co-occurring snapper species

Denice M. Drass

National Marine Fisheries Sen/ice, NOAA
3209 Frederick St

Pascagoula, Mississippi 39567

E-mail address ddrassia'triton pas.nmfs.gov

Kevin L. Bootes

Marine Science Institute

University of Texas at Austin

750 Channel View Drive

Port Aransas, Texas 78373

Joanne Lyczkowski-Shultz

National Marine Fishenes Sen/ice, NOAA
3209 Frederick St

Pascagoula, Mississippi 39567

Bruce H. Comyns
Gulf Coast Research Laboratory

E. Beach Blvd

Ocean Springs, Mississippi 39564

G. Joan Holt

Marine Science Institute

University of Texas at Austin

750 Channel View Dnve

Port Aransas, Texas 78373

Cecilia M. Riley

Gulf Coast Bird Observatory

103 West Highway 332

Lake Jackson, Texas 77566

Ronald P. Phelps

Department of Fisheries and Allied

Aquaculture

Auburn University

Auburn, Alabama 36849

Manuscript accepted 7 February 2000.

Fish. Bull. 98:507-.527 (2000).

In the Gulf of Mexico (GOM), the red

snapper. Lutjanus campechanus, sup-

ports lucrative commercial and recre-

ational fisheries that have been under

increasingly restrictive regulation since

the 1980s (Workman and Foster, 1994;

Schirripa and LegaultM. Responsible

management decisions should be based

on an understanding of all life history

stages, but until recently the larval

development of only three of the 18

species of snappers found in the GOM
were known. Collins et al. (1980) de-

scribed L. campechanus from wild lar-

vae with substantial fin development
that allowed identification by meristic

counts and Rabalais et al. (1980) de-

scribed reared red snapper eggs and
larvae that developed only until 4 days
after hatching. Substantial fin devel-

opment also allowed identification by
meristic counts for larvae of the vermil-

ion snapper. Rhomboplites aurorubens

(Laroche, 1977), and a third lutjanid,

the gray snapper (L. griseus), was de-

scribed by Richards and Saksena ( 1980 )

from reared specimens. More recently,

descriptions by Clarke et al., 1997 ( Ocy-
urus chrysurus, L. analis and L. syn-

agris), Riley et al.. 1995 (O. chrysurus),
Leis and Lee, 1994 iEtelis spp., Pristi-

po)7}oicles aquilonaris and P. freemani?)
and the summary compilation by Rich-

ards et al. (1994) added three genera
and four species to the list of known

snapper larvae. Our paper describes for

the first time the complete sequence
of larval development of red snapper
from reared specimens and compares
the structure and shape of reared and
wild larvae. Additionally, we present a

summary of developmental character-

istics to separate snapper larvae in field

collections from the Gulf of Mexico.

Schirripa. M. J., and C. M. Legault. 1997.

Status of the red snapper in U.S. waters of

the Gulf of Mexico: updated through 1996.

Unpublished contribution report MlA-97/

98-05, 37 p. Miami Laboratory, Southeast
Fish. Sci. Cent., Natl. Mar. Fish. Serv.,

NOAA.
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Materials and methods

A total of 96 reared larvae, ranging in body length (BL) from

1.9 to 26.1 mm, and a total of 118 wild larvae, ranging from

2.6 to 20.0 mm BL, were used to describe larval development
of red snapper. Reared larvae came from the Marine Sci-

ence Laboratory, University of Texas at Austin, Port Aran-

sas, Texas ( TX). and the Claude Peteet Mariculture Center in

Gulf Shores, Alabama ( AL). Spawning and rearing methods

used are described by Riley et al. ( 1995) at the Texas facility

and by Bootes ( 1998) at the Alabama facility. Notable differ-

ences in the rearing methods at the two facilities that could

have contributed to different developmental rates include

higher salinities in the TX study (33-38 ppt vs. 31-33 ppt),

higher temperatures in the AL study (27-32°C vs. 27-28°C )

and natural light conditions in the AL study. Several larvae

were preserved each day during the Texas rearing study
whereas only one larva was preserved each day during the

Alabama rearing experiments. Specimens from AL were

fixed in 2'7f formalin and specimens from TX were fixed in

80*^ ethanol (EtOH) and together formed the developmen-
tal series described in our study. Age in days after hatching
(DAH) is included in parentheses after BL for reared larvae.

In addition, observations on the development of pigment
characters were augmented with 96 larvae reared at the

Gulf Coast Research Laboratory iGCRL) in Ocean Springs,

MS, under conditions similar to the AL study.

Wild red snapper larvae were obtained from plankton

samples collected in the GOM by the Southeast Area Mon-

itoring and Assessment Program (SEAMAP) and GCRL.

Samples were collected with bongo and neuston nets at

stations 56 km apart by using standard SEAMAP collec-

tion procedures (Richards, 1984; Richards et al., 1993).

Samples were fixed in lO'/r formalin and transferred to

70% EtOH after 48 h.

All specimens described in our study are considered

larvae because they exhibit specializations for pelagic life

(head spination. long fin elements) and are pigmented dif-

ferently than juveniles and adults are pigmented (Leis.

1987; Leis and Trnski, 1989; Leis et al., 1997). Myomere
and fin-ray counts were made on the left side of the body.

Illustrations were made with a camera lucida. Preserved

eggs and larvae were measured to the nearest 0.1 mm with

an ocular micrometer fitted to a dissecting microscope.

Body length (BL) as defined in Leis and Rennis (1983) is

equivalent to notochord length or standard length depend-

ing on the stage of development of the larvae. Notochord

length is the straight line distance from the tip ofthe snout

to the posterior tip of the notochord and is used as the

standard measurement before and during flexion. Stan-

dard length is the distance from the tip of the snout along
the midline to a vertical line through the posterior edge
of the hypural plate. Other common measurements and
abbreviations follow Leis and Rennis (1983). Additional

abbreviations used here are as follows:

avm = anterior surface of the visceral mass;
BD = body depth;
IPo = inner border of the preopercle (=anterior border of

some authors);

OPo = outer border of the preopercle ( =posterior border

of some authors);

pav = postanal-ventral.

Results

Description of reared larvae

General development (Table 1, Figs. 1-5) Red snapper

eggs (AL) were 0.72-0.76 mm in diameter (n=4) atone hour

after fertilization and contained a single oil globule (diam-

eter 0.11-0.13 mm). Larvae hatched in approximately 24

h and had a large, elongate yolk sac extending anteriorly

beyond the head with a single oil globule. The oil globule

was the last portion of the yolk to be absorbed at 4 days
after hatching ( DAH ). Body lengths of the youngest larvae

measured were 1.9 mm at hatching [n = l}, 2.5 mm at 12 h

(n=l). and 2.8 mm at 28 h (/! = 1). The eyes were pigmented
and the mouth was functional by the end of 2 DAH when
larvae began to swim actively and feed. Larvae were ini-

tially elongate (lO'/f BD at 2.9 mm) but became deeper
bodied {439t BD at 4.9 mm) and laterally compressed with

development. The smallest larvae (2.5-3.1 mm) showed no

fin development or spination. Head length increased from

dVr BL in preflexion larvae (2.4 mm) to 42'7f BL in postflex-

ion larvae (7.5 mm). Teeth appeared along the premaxilla
and dentary by 3.5 mm. The gut was initially straight but

began to coil at 2.4 mm (6 DAH) and was fully coiled by 3.6

mm (9 DAH). Preanal length increased from 38'7f BL (2.4

mm) in preflexion larvae to 697? BL in postflexion larvae

(16.5 mm). Gas bladder inflation occurred at 4 DAH, and

in our study the gas bladder was visible in the 2.4-mm (6

DAH) larva. Notochord flexion began at 3.8 mm (12 DAH)
and was complete by 5.5 mm ( 15 DAH). Scales were pres-

ent on the largest specimen (26.3 mm, 34 DAH).

Spination (Figs. 1 -5) All spines described here were easily

visible without clearing and staining. Head spination

began by 3.0 mm with the development of preopercular

spines, with one spine on the inner border of the preoper-

cle (IPo) and two spines (including the angle spine) on

the outer border of the preopercle (OPo). At 3.6 mm, there

were two spines on the IPo and four spines on the OPo,

one above the angle spine and two below. Spines increased

to three on the IPo and five on the OPo by 3.8 mm. At 5.6

mm, there were four spines on the IPo and six spines on

the OPo, four below and one above the angle. Spines on the

IPo increased to six by 12.2 mm, and on the OPo increased

to eight with six below and one above the angle. Spines on

the preopercle in the two largest specimens were smaller

(reduced in size) and more numerous than in smaller spec-

imens. One interopercular spine was observed between

the angle spine and the upper OPo spine by 3.5 mm and

was present throughout the rest of the series. An opercu-

lar spine was present by 4.4 mm and a postcleithral spine
was present just above the pectoral-fin base by 9.6 mm.
One supracleithral spine formed by 3.6 mm on the 9-DAH

specimen and two supracleithral spines were present on

the 3.6-mm (10-DAH) specimen. There were three supra-
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Table 1 (continued)
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Figure 1

Preflexion larvae of reared Lutjanus campechanus: I A) 2.5 mm, 1 DAH, from TX; (B) 2.6 mm,
3DAH, fromTX;(Cl2.8mm, 5DAH, from TX; (D). 2.4 mm, 6 DAH, from AL; (El 3.1 mm,
12 DAH, from TX.

cleithral spines on the 3.5-mm ( 11-DAH) specimen and by
4.9 mm (14 DAH), four supracleithral spines were pres-

ent. A posttemporal spine had developed by 3.8 mm ( 12

DAH), and by 5.5 mm ( 15 DAH) there were two posttem-

poral spines. A supraocular ridge formed by 3.8 mm and

one spine developed on the ridge by 4.4 mm (13 DAH).

Two, three, and four additional spines were present on the

supraocular ridge by 4.9 mm ( 14 DAH), 5.6 mm ( 16 DAH),
and 9.6 mm ( 17 DAH), respectively.

Fin development (Table 2, Figs. 1-5) Sequence of fin-ray

formation can be characterized either by initial or com-

pleted development of fin elements. The order of develop-

ment, based on initial development as reported by Potthoff

et al. (1988), for red snapper is first dorsal, then pelvic,

caudal, second dorsal, anal, pectoral. Order by completed

development as reported by Johnson ( 1984 ) for lutjanids in

general is first dorsal, then pelvic, second dorsal, anal, pec-

toral. Elements of the dorsal and pelvic fins began forming
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Figure 2

Prefiexion reared Lutjanus campechanua larvae. lAi 3.6 mm. 9 DAH. from AL; (B) .3.6 mm,
10 DAH. from AL: (C) 3..5 mm, 11 DAH, from AL.

at >3,6 mm between 9 and 11 DAH. The second spine ofthe

dorsal fin was first to develop followed by the third, then

the first and fourth spines. Development of the remaining
dorsal-fin elements proceeded posteriorly; the tenth dorsal

spine initially formed as a raylike element. Fine serrations

were present on the leading edge of the pelvic spine at 3,8

mm ( 12 DAH ). Anal-fin development began by 3.6 mm ( 11

DAH ) and by 3.8 mm ( 12 DAH I the first anal spine began
to form. Development of the remaining anal-fin elements

proceeded posteriorly; the third anal spine initially form-

ing as a raylike element. All fin spines were V-shaped in

cross section. Caudal rays were first noticeable at 4.4 mm
(13 DAH) and pectoral-fin rays began forming at 5.5 mm
( 15 DAH). By 9.6 mm ( 17 DAH), all elements in the dorsal.

pelvic, and anal fins were formed. Formation of pectoral

rays and both principal and procurrent rays of the caudal

fin was completed by 12.2 mm.

Pigmentation (Figs. 1-5) Head Small melanophores
were scattered over the head of day-old yolksac larvae at

2.5 mm. These melanophores were not present in 3 DAH
larvae but small melanophores were present in the otic

capsule of 2.6- and 2.8-mm larvae (3 and 5 DAH). A mela-

nophore appeared over the midbrain at 3.6 mm and with

development, both internal and external head pigment
increased until at 9.6 mm, most of the surface of the head

above the midbrain was covered with small melanophores.

Pigment on the surface of the head over the forebrain was
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Figure 3

Early flexion and flexion reared Lutjanus campechanus larvae: (A) 3.8 mm, 12 DAH,
from AL: iB) 4.4 mm, 1-3 DAH, from AL; (Cl. 4.9 mm, 14 DAH, from AL.

present by 9.6 mm, and by 12.2 mm the forebrain region
was covered with many small melanophores. An internal

nape melanophore was present at 3.1 mm and persisted
until overlying tissue obscured it. Pigment did not appear
on the operculum until 5.5 mm, and by 9.6 mm additional

small melanophores were present dorsal to the operculum
pigment and posterior to the orbit. Pigment first appeared
on the tip of the premaxilla at 9.6 mm and increased over

the snout and on the lower jaw by 12.2 mm. The head

region and jaws of the 26.3-mm specimen were densely
covered with pigment. A melanophore lying just anterior

to the cleithral symphysis first appeared by 2.4 mm (6

DAH) and remained visible throughout the developmen-
tal series until becoming obscured by tissue in fish larger

than 12.0 mm.

Body Numerous melanophores were scattered over the

yolk sac and dorsal surface of the gut in the smallest

larvae. The number of melanophores over the gut and
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Figure 4

Flexion and postflexion reared Lutjanun canipcchauiis larvae: (Al 5.5 mm, 15 DAH, from

AL; iBi 5.6 mm, 16 DAH, from AL; (C). 9.6 mm, 17 DAH, from AL.

gas bladder increased until 3,6 mm when this pigment

appeared as a solid melanistic patch. Pigment on the ven-

tral surface of the trunk (between the cleithrum and the

anus) consisted of one or two nielanophores that were

present until the pelvic fin bud emerged. As the pelvic
fin developed, this pigment migrated internally to a posi-

tion anterodorsal to the insertion of the pelvic fin and

remained discernible through the body wall of specimens

up to 4.9 mm. One melanophore was also present on the

ventral surface of the hindgut just anterior to the anus

over the size range of 2,4 mm to 4,4 mm, A melanophore
was present in the peritoneum on the anterior surface of

the visceral mass (avml at the level of the pectoral-fin base

and was visible through the operculum in the 3.6-, 3,8-,

4,4-, and 5,6-mm specimens. This melanophore was more

easily observed when the operculum was lifted. Additional

data from larvae (/!=96i raised at GCRL showed that the

avni melanophore was first present in larvae as small as
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Figure 5

Postflexion reared Lutjanus campechanus larvae: (A) 12.2 mm, 26 DAH, from AL; (Bl 26.3 mm, 34 DAH, from AL.

Scales omitted from illustration.

3.4 mm (preflexion) and was found in all specimens >3.6

mm. When present, this spot lies above the internal mela-

nophore that is located anterodorsal to the insertion of the

developing pelvic fin.

Melanophores that form a postanal ventral (pav) series

on the tail were most numerous (18-20) in the smallest

larvae and decreased in number with development. The

pav series is further characterized by the presence of a

gap posteriorly and by the presence of one to four mela-

nophores (typically three) located after the gap in the

hypural area. As flexion began (3.8 mm), three melano-

phores were present on the caudal peduncle, but these

melanophores coalesced to form a single ventral spot on

the caudal peduncle in postflexion larvae up to 9.6 mm.
In larger larvae, additional melanophores lined the entire

ventral edge of the caudal peduncle. At the beginning of

flexion, one to three melanophores were present over the

ventral edge of the hypural plate anlagen. As flexion pro-

gressed, this pigment bent up with the hypural elements

and came to lie at the base of the ventral caudal rays. A
melanophore at the flexure of the notochord on the caudal

peduncle first appeared in the 4.9-mm larva. It remained

prominent until extensive surface pigment on the body
obscured it in the largest specimen. Dorsal pigment on

the caudal peduncle appeared in the 3.8-mm early flexion

larva in the form of a single internal melanophore. This
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Figure 6

Preflexion and flexion wild Lutjanus campechanus: (Al 2.6 mm.. GCRL 1708; (B) 3.5 mm, SEAMAP
14766; (C) 5.2 mm, GCRL 1753B.

relatively few species of lutjanids (larvae or adults) occur

in abundance [SEAMAP Atlas 1985-1995 (Thompson et

al., 1988: Sanders etal, 1990a, 1990b, 1991a, 1991b, 1992;

Donaldson et al. 1993, 1994, 1996, 1997a, 1997b); longlme
data, (Jones^); video data, (Gledhill^)].

^ Jones, L. M. 1998. Personal commun. Mississippi Laborato-

ries, Southeast Fisheries Science Center, National Marine Fish-

eries Service, PO Drawer 1207, Pascagoula, MS 39568-1207.
*

Gledhill, C. T. 1998. Personal commun. Mississippi Labora-

tories, Southeast Fisheries Science Center, National Marine Fish-

eries Service, PO Drawer 1207, Pascagoula, MS 39568-1207.

There were no notable or consistent differences between

laboratory-reared and field-caught red snapper larvae in

pigmentation, development or morphometry at similar

stages ofdevelopment. Presence ofavm pigment, number of

pav spots, and arrangement of median fin pigment among
wild larvae matched the appearance of these features in

reared larvae at about the same stage of development

(Figs. 2-6). Differences in size at stage ofdevelopment that

were evident were probably caused by net-related shrink-

age or abrasion, or by both ( Theilacker, 1980 ). We observed

no consistent differences in pigment that could have been

caused by rearing conditions. Median fin element develop-
ment in wild red snapper larvae appeared at smaller sizes
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lutjanine larvae, only L. analis simultaneously acquires

pigment ventral to notochord flexure. Only the larvae of O.

chrysurus and L. synagris develop internal melanophores
over the notochord. Both species first acquire this pigment

by ~6 mm but it becomes more extensive with develop-
ment in O. chrysurus than in L. synagris. Pigment on the

dorsal midline of the caudal peduncle develops in all lut-

janine larvae except L. griseus. There is some interspe-

cific variation in the size when this pigment first develops
(Table 5). Rhomboplites aurorubens larvae as small as 4.5

mm have dorsal pigment on the caudal peduncle (Richards

et al., 1994) and this pigment does not develop in L. analis

larvae until ~8 mm. A single melanophore first appeared
on the dorsal midline of the caudal peduncle in the 3.8-mm
L. campechanus of our series. It was not present in the

next two specimens but was present in the 5.5-mm speci-

men and all subsequent larvae.

Interspecific differences among known lutjanine larvae

are apparent in the amount, location, and size at first

appearance of dorsal-fin pigment. Pigment in the spi-

nous dorsal fin first appears in the membrane behind the

second spine in i. campechanus. O. chrysurus, L. synagris.

and L. analis. Additional melanophores develop posteri-

orly behind successive spines in L. synagris throughout
flexion, whereas in the other three species, pigment devel-

ops posteriorly behind successive spines only in late flex-

ion or after flexion. It appears from the illustrations of

Clarke et al. (1997) that although pigment between the

first and second spines is present in L. synagris from

4.7 to 6.2 mm, it is consistently present only in O. chry-

surus larvae from preflexion onward. Spinous dorsal-fin

pigment in L. grLseus differs notably from the other spe-

cies of lutjanines; melanophores first form low in the

fin at the base of the second or third spines, or at the

base of both, and as development proceeds, melanophores
are added distally (farther out onto the fin) and posteri-

orly. Pigment was present between the second and third

dorsal-fin spines in the few R. aurorubens larvae that

had intact dorsal-fin membranes. Dorsal-fin pigment was
not indicated in illustrations by Laroche ( 1977), probably
because these specimens did not have intact fin mem-
branes. Among known GOM lutjanine larvae, only L. syn-

agris larvae develop pigment in the second (soft) dorsal

fin before ray formation is complete, at ~6 mm. In larvae

of the remaining species, pigment in the second dorsal-fin

first appears at larger sizes when fin ray development is

well advanced (Table 5).

Anal- and pelvic-fin pigmentation is also useful in sepa-

rating the larvae ofGOM lutjanines. Pigment on the anal-

fin base develops in all six species whose larvae have been

described and of these, L. campechanus larvae develop this

pigment at the smallest size, <4 mm (Table 5). There are

greater differences among larvae in size at first appear-
ance of pigment in the anal-fin membrane than in the

anal base. Lutjanus campechanus and L. analis larvae can

be distinguished from the other described larvae by later

development of anal-fin pigment at sizes >12 mm (Table

5). Pigment on the pelvic fin bud has been indicated in all

illustrated lutjanine larvae except L. griseus. It is likely

that this exception is due, not to true absence of this fea-

ture in L. griseus, but to the limited number of larvae in

the described series (Richards and Saksena, 1980). The
4.2-mm L. griseus larva illustrated by these authors had

pigment at the distal tips ofthe pelvic fin, but this pigment
was not present in larger larvae of the series or in the

7.1-mm specimen illustrated in Richards et al. ( 1994). Pel-

vic-fin pigment distinguishes O. chrysurus and L. griseus
from other lutjanine larvae once the spine and first ray
are formed. From illustrations in Clarke et al. (1997), it

appears that starting in the preflexion stage, O. chrysurus
larvae have pigment throughout the pelvic-fin membrane
and not just around the first fin ray as in L. campecha-
nus, L. synagris, and L. analis. The unique condition of

pelvic-fin pigmentation that characterizes L. griseus is the

"candycane stripe" pattern of melanophores that overlay
the pelvic spine. Pigment on the pelvic spine is present in

L. griseus larvae as small as 4.2 mm and the striped pat-

tern is evident by at least 6.2 mm (Richards and Saksena,
1980).

In Table 9 of their recent publication, Clarke et al. ( 1997)

provided a summary of distinguishing characters for the

known larvae and juveniles of western Central Atlantic

lutjanine snappers. We have noted some discrepancies in

that summary that may cause confusion for those attempt-

ing to identify lutjanine snapper larvae from our area. In

Table 9, the "usual" number of pav melanophores listed for

L. campechanus was given as 16-18. The modal number of

pav spots among preflexion L. campecha?jus larvae (2.2-3.8

mm BL; /7=7G) from the GCRL rearings was 15, and 50

specimens had 14 to 19 pav spots. Also in Table 9, for the

character "serrations on dorsal and pelvic fin spines," the

entry for L. campechanus states, "on anterior spine margin

only." Larvae of L. campechanus develop serrations on the

anterior margin of the pelvic spine only, not on the dorsal

spines (Collins et al., 1980; Potthoff et al, 1988). Clarke

et al. ( 1997) also note that L. griseus larvae develop inter-

nal melanophores ventral to the point of notochord flexure

(their character "O"). This feature is not visible in any of

the published illustrations of L. griseus larvae or in speci-

mens we have examined. Finally, information in Table 9

that pertains to character "P"— "internal melanophores on

antero-ventral surface of gut (peritoneum! dorsal to pelvic

bone" noted as being absent in four species
—was clearly

present in the R. aurorubens and L. campechanus larvae

that we examined and is visible in illustrations of L. analis

and O. chrysurus in Clarke et al. ( 1997).

The descriptions of larval lutjanine snapper develop-
ment now available will allow scientists to identify mid-

to late-flexion and postflexion larvae of the most common

lutjanids in the Gulf of Mexico. In an examination of over

1500 snapper larvae from Gulfwide collections in 1992

and 1993, we found that the larvae ofR aurorubens, L.

campechanus, and P. aquilonaris made up 237^, 13*7^, and
13% of all snapper larvae captured, respectively. Other

identified taxa consisted of Lutjanus spp. (37f ), L. griseus

(<l'7f), and L. synagris (<l'7r). However, 47*^ of snapper
larvae in these collections, typically <3.5-4.0 mm in length,
could not be identified beyond the family level because

diagnostic characters are present only after flexion has

begun.
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Closer scrutiny of characters, such as the number of

pav spots, the enlarged pav spot, and the gap in the pav

series, may allow identification of preflexion and early

flexion snapper larvae, if not to a single species, at least

to a reduced number of possibilities. Of course, larvae of

the remaining snapper species need to be described before

all small "undifferentiated snapper larvae" can be reli-

ably and consistently identified to the species level. Inves-

tigation of additional characters among preflexion larvae

such as the presence and location of other chromatophores,

may yield further useful species-specific traits (Riley et al.,

1995). Initial observations of L. campechanus show yellow

chromatophores in similar locations ( head and gut area ) as

those reported for O. chrysuriis (Riley et al., 1995). Among
larger L. campechanus specimens, additional chromato-

phores were present in locations not noted for O. chrys-

urus larvae. More specific comparisons will have to await

a larger sample size to determine variability in numbers

of chromatophores and size at development. Additionally,

biochemical techniques are currently being investigated

for the purpose of species-specific identification of snapper
larvae (Chow et al, 1993; Sarver et al., 1996; Schultz et

al., 1996). Initial results seem to indicate that no single

technique will distinguish between all species in the sub-

family Lutjaninae. Use of these biochemical assay meth-

ods for routine identification of snapper larvae may not be

feasible for specimens taken during broadscale surveys.

Yet a positive species identification of subsamples of field-

caught snapper larvae with biochemical methods may lead

to recognition of morphological features that have been

previously overlooked and determination of the error rate

of morphologically based identifications.
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Abstract.—Coranx hippos spawn at

subtropical and tropical latitudes, but

some of their propagules are dispersed

hundreds of kilometers north of Cape
Hatteras into temperate waters of the

western North Atlantic. The effect that

this northward dispersal pattern has

upon the population depends on whether

these juveniles return south during
autumn to overwinter or whether they

become expatriated from the spawning

population and die from hypothermal
winter conditions at temperate lati-

tudes. We evaluated whether repatri-

ation was possible by comparing C.

hippos sea.sonal abundance and size-

structure from New York to Florida.

Young-of-the-year C. hippos occurred

annually during summer and autumn
but were uncommon in relation to other

species in subtropical and temperate
estuaries. Sizes ofC hippos at temper-
ate latitudes were as large as conspecif-

ics at subtropical latitudes and juveniles
of other species that are known to

migrate during autumn from temper-
ate nursery grounds to subtropical lat-

itudes. As C. hippos disappeared from

estuaries of the middle Atlantic states

in autumn, similar-size fish appeared
on the inner continental shelf We pos-

tulate that at least some of the C.

hippos observed migi'ating from tem-

perate estuaries during the autumn

eventually overwinter at subtropical

latitudes, where they can return to the

spawning population. This is unusual,

because individuals of many other spe-

cies whose larvae are transported north

of Cape Hatteras do not appear to suc-

cessfully migrate back to subtropical

overwintering habitats. This life-history

pattern, in which fish begin their first

year in the Carolinian biogeographic

province, are dispersed to the Virgin-

ian province, and return to the Carolin-

ian province before their first winter,

has been demonstrated for only one

other western North Atlantic finfish

species; bluefish iPomatomiis saltatrix).

A few other species are likely to occupy
and reproduce within such large-scale

oceanographic systems because they
have a combination ofspawning, larval,

and juvenile traits that is similar to

that of P. saltatrix and C hippos.
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In the western North Atlantic, many
species spawn at tropical and subtropi-

cal latitudes, and their lai^vae are dis-

persed to temperate and even boreal

regions (e.g. Gill, 1904; Markle et al.,

1979; Curran, 1989). This transport of

larvae occurs in association with the

Gulf Stream (Wroblewski and Cheney,
1984; Hare and Cowen, 1991, 1996) and

disperses propagules from the Carolin-

ian to the Virginian biogeographic prov-

ince (Briggs, 1974, 1996). This process,

which involves the entrainment of eggs
and larvae into oceanographic currents

and the dispersal of propagules to vari-

ous water masses, is understood for only

a few species and may vary consider-

ably between species. Perhaps the most

famous example is that of catadromous

freshwater eels iAnguilla anguilla and

A. rostrafa), which spawn in the Sar-

gasso Sea and whose larvae are trans-

ported to coastal nurseries in North

America and Europe (McCIeave et al.,

1987). Larval A. rostrata drift for up
to one year (Kleckner and McCIeave,
1985) through gyres in the southwest-

ern Sargasso Sea, the Antilles Current,

and the Florida Current and its Gulf

Stream extension before moving into

coastal waters (McCIeave, 1993). In the

case of a wrasse, Xyrichtys novacula,

northward transport across hundreds

of kilometers occurs in as little as eight

days, and cross-shelf transport in the

northern portion ofthe Carolinian prov-

ince is aided by interactions between

western-edge, warm-core eddies and the

Gulf Stream itself (Hare and Cowen,
1991). Similar northward transport in

association with the GulfStream occurs

for "spring-spawned" bluefish, Poma-
tomus saltatrix. except that for this

species dispersal time is longer—about

2 months (McBride and Conover,

1991)—and its juveniles may actively

swim out of the Gulf Stream system
( Hare and Cowen, 1996 ). Although some

species are transported annually in this

manner (e.g. Pornatomus), others are

transported less regularly iXyrichtys.

Bothus, Syacium), and still other spe-

cies do not move between slope and shelf

water masses (Cowen et al., 1993).

Those individuals dispersed across

biogeographic boundaries become expa-

triated, in terms of passing on their

genes if they do not return to spawning

grounds to reproduce. Anguilla species

remain in coastal habitats for several

years before migrating back to the Sar-

gasso Sea (Tesch, 1977). but many spe-

cies that spawn at subtropical latitudes

are physiologically incapable of over-

wintering at temperate latitudes. To our

knowledge, only P. saltatrix spawns at

Contribution 2000-06 of the Institute of

Marine and Coastal Sciences. Rutgers Uni-

vcrisitv, Tuckei'ton, New Jer.sev 08087.
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subtropical latitudes and its propagTiles, once dispersed to

temperate latitudes, are known to migrate south within

the same year. This species is successful largely because

it spawns early in the year in the subtropics and juve-

niles enter temperate estuaries at a time when their prin-

cipal prey is becoming available (Juanes et al., 1994).

Direct evidence of a successful autumn migration by

young-of-the-year P. saltatrix is available from recaptures
of tagged individuals and size-frequency analyses (Lund

and Maltezos, 1970; McBride et al, 1993). This "spring-

spawned" cohort of P. saltatrix was more abundant than

other intraspecific cohorts in the western North Atlantic

during the 1980s and early 1990s (Chiarella and Conover,

1990; McBride et al., 1993), and this species repeats
this life-history pattern in several oceanographic systems
worldwide (Juanes et al., 1996).

The effects of this transport process, from the Carolinian

province to the Virginian province, is known for few other

species and these examples suggest a different fate for

these species than for P. saltatrix. Moss (1973) concluded

that the "sluggish" swimming ability and the critical ther-

mal minimum of 8.7°C for planehead filefish, Monocan-

thus hispidus. prevented individuals of this species from

surviving once they had been dispersed to temperate lati-

tudes. Hare and Cowen (1991) observed a wrasse, Xync/;-

tys novacula, settling on the continental shelf at temperate
latitudes, but successive cruises could not find survivors

from the initially observed cohort. And McBride and Able

(1998) reported on the annual appearance of butterfly-

fishes iChaetodon spp.) at temperate latitudes, but field

collections and laboratory experiments led them to con-

clude that none of these individuals survived through their

first winter Sinclair (1988) would categorize these unfor-

tunate individuals as "vagrants" from, as opposed to "mem-
bers" of a population.

Although the ecological information about these tropi-

cal forms as they occur in temperate waters is limited, the

common paradigm is that "[the] Gulf Stream has a pro-

found effect upon the distribution of shore animals in the

western Atlantic . . . many tropical forms are left stranded

along the inhospitable shores of northeastern North Amer-
ica." (Briggs, 1996; p. 238). We believe that Briggs's conclu-

sion can be applied to most of these species; nonetheless,

juveniles of several "southern" species grow and survive

well at temperate latitudes during the summer and, based

on their size by autumn and their general mobility, may
migrate successfully back to subtropical latitudes before

winter (see also Hare and Cowen, 1993). We propose that

at least one other species is capable of following a disper-

sal-migration pattern that links the temperate and sub-

tropical latitudes during its first year The crevalle jack,

Caranx hippos (Linnaeus), is a migratory, coastal species

that is distributed worldwide at subtropical and tropical

latitudes (Briggs, 1960; Kwei, 1978; Grosslein and Azarov-

itz. 1982). In the western North Atlantic, it occurs pri-

marily in the southeastern United States and the Gulf of

Mexico (U.S. Department of Commerce, 1986), and spawn-

ing is known to occur only in the subtropical Straits of Flor-

ida (Berry, 1959; Fahay, 1975) and in the tropical Caribbean

Sea (Montolio, 1978). Young-of-the-year (YOY) C. hippos

occur in subtropical estuaries of the south Atlantic states,

and they use these habitats as nurseries before presum-

ably migrating offshore in autumn (Berry, 1959). However,
YOY C. hippos are also reported from many temperate
estuaries north of Cape Hatteras (McBride'). Despite the

broad geographic distribution of YOY C. hippos, little is

known about their early life history at any latitude. From
archived museum collections, recent field collections, and

the literature, we assembled data about C. hippos in both

southern and northern estuaries and postulate on the sig-

nificance of dispersal of YOY C. hippos across two biogeo-

graphic provinces.

Materials and methods

Archival collections were examined at the New York State

Museum, the American Museum of Natural History, and

the Academy of Natural Sciences of Philadelphia, and col-

lection dates, locations, and sizes of C. hippos from coastal

habitats ofNew York and New Jersey were recorded (mate-

rial examined is listed in McBrideM. Similar data for C.

hippos in subtropical estuaries (from Cape Hatteras, North

Carolina, to Cape Sable, Florida) were taken from Berry
(1959). Densities and size data from samples collected in

Great South Bay (New York) and southern New Jersey

embayments during 1987 and 1988 were also examined
(see McBride and Conover [1991] for seine-survey design;

weir-sample data from Rountree et al.^). Fish densities in

these other estuaries and from the published literature

were calculated as

CPUE = iCatch per unit of effort

[number offish per seine haul] )

for the period May-October unless stated otherwise. Field

sampling (described below) of temperate coastal habitats

was also completed, and abundance, habitats, seasonality,

and sizes of C. hippos were examined. Unless noted oth-

erwise, fish size is reported to the nearest cm fork length
(FL). A Gompertz model was used to model growth:

FL = L, exp(-exp{-G|DOy
-
XJ}),

where FL = fork length in mm;
L^ = asymptotic length;

G = instantaneous rate of growth at age Xg;
DOY = day of the year, and

Xq = inflection point of the curve.

McBride, R. S. 1995. Perennial occurrence and fast growth
rates by crevalle jacks (Carangidae: Caranx hippos) in the

Hudson River estuary. In Final reports of the Tibor T. Polgar

Fellowship Program, 1994 (E. A. Blair and J. R. Waldman, eds.),

p. VI1-VI29. Hudson River Foundation, New York, NY.

Rountree, R. A., K.J. Smith, and K.W.Abie. 1992. Length fre-

quency data for fishes and turtles from polyhaline subtidal and
intertidal marsh creeks in southern New Jersey. Institute of

Marine and Coastal Science (IMCSl report 92-34, Rutgers, the

State Univ. of New Jersey, New Brunswick, NJ, 08903, 165 p.
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Figure 1

Sampling strata (1-6) in the Hudson River region

where Caranx hippos was common. Haverstraw Bay
is within strata 2-4. Strata 7-12 (river kilometers

100-246) are not shown. Jamaica Bay is located just

east of the mouth of the Hudson River.

Growth modeling and other statistical analyses were per-

formed by using SAS (SAS, 1990).

Field sampling—Hudson River

Recent data (1986-1993) were analyzed from an ongoing
( since 1974 ) survey ofthe entire Hudson River ( Fig. 1 ). Fish

were collected during daylight over a 1-wk period every
other week between mid-June and mid-November During
each sampling week, a 30.5-m \ 2.4-m (max. mesh=10 mm)
beach seine was set in an arc from a boat at approximately
100 stations. Station locations were selected in a strati-

fied random design by using 12 strata between Manhattan
and Albany, New York (from river kilometer |rkm| 19 to

246). The length of each stratum varied from 8 to 44 km,
and typically 5-20 hauls were completed in each stratum

during each biweekly period. Mean abundance, by month
or stratum, was calculated from transformed values of the

number of fish in each seine haul (log^ In-nl]) and was

expressed as a geometric mean (antilogged mean values of

-1). Annual abundances were also calculated as geometric
means but only for data from August to September (when
C. hippos were consistently collected).

Field sampling—Haverstraw and Jamaica bays

Further analyses of the ecology of Caranx hippos in the

Hudson River were based on data from an independent

survey for the same 8-yr period ( 1986-1993) as the survey
of the entire river. This additional survey focused on two

subregions of the estuary: Haverstraw Bay and Jamaica

Bay. Haverstraw Bay corresponds to strata numbers 2-4 of

the Hudson River survey (Fig. 1); Jamaica Bay is a satellite

embaynient close to the mouth of the Hudson River

Seining in Haverstraw Bay occurred biweekly from July
to November (see also McKown and Young, 1992). Typi-

cally, 25 stations were sampled during daylight over a 2-d

period; at each station, a single haul was made with a

61-m X 3-m beach seine (max. mesh=6.4 mm) set in an

arc from a boat. This seine was used similarly in Jamaica

Bay from May to November, but sampling frequency was

generally monthly and only 4—5 stations were sampled
each time. Temperature and salinity were measured with

a hand-held thermometer and refractometer from surface-

water samples after the net was hauled. Abundance of C.

hippos was calculated as above (i.e. by geometric means).

Field sampling-the continental shelf

To determine seasonal abundance of C. hippos above the

U.S. east coast continental shelf, we examined data col-

lected during 1972-1996 in the National Marine Fisheries

Service's bottom-trawling program. This program followed

a stratified random statistical design to survey fish stocks

of the continental shelf (9-366 m) from Cape Fear, North

Carolina, to Nova Scotia, Canada. Standard methods were

to tow a 24.4- or 30.5-m otter trawl ( 13-mm codend liner) for

30 min at randomly assigned stations within fixed strata

(strata were delimited largely by depth and latitude). All

samples combined covered all seasons, but sampling inten-

sity was greatest during spring (March-May) and autumn

(September-November), when about 350 stations were

sampled during each 6-8 wk period. Fish were measured to

the nearest cm. General survey design and its specific appli-

cations for other species can be found in many other studies

(e.g. Grosslein and Azarovitz, 1982; Despres-Patanjo et al..

1988; McBride et al., 1998).

Results

Latitudinal comparisons

Young-of-the-year C. hippos occurred in subtropical estu-

aries between North Carolina and Florida from June to

November and in temperate estuaries of New York and

New Jersey during July-November (Fig. 2). On average,

we observed only about one fish collected in three or more

seine hauls, and these arithmetic mean densities were the

same for temperate and subtropical estuaries (Fig. 3).

At subtropical latitudes, individuals <4.0 cm FL were

present in all months, June-November (Fig. 2). Small indi-

viduals were also present for three months, July-Septem-

ber, at temperate latitudes. In both biogeographic regions.
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some individuals had reached approximately 20 cm FL by
October and November, suggesting that absolute growth
could exceed 1 mm/d. The prolonged appearance of small

fish in southern estuaries, in particular, and the lack of

age-specific data precluded more detailed comparisons of

growth rates.

Estuarine residency

In the Hudson River system, C. hippos occurred annually
but its density varied by an order of magnitude among
years (Table 1). This species occurred as far upstream as

rkm 102 (i.e. lower part of stratum 7) but was most abun-

dant in the upper portion of Haverstraw Bay (Fig. 4A). Sea-

sonally, C. hippos resided in the Hudson River system from

July to November and was most common from late July
to early October (Figs. 4B, 5A). The median temperature
for collections of C. hippos was 26°C in Haverstraw Bay
and 24°C in Jamaica Bay (Fig. 6). Near Haverstraw Bay,

where salinities were much lower than those of Jamaica

Bay, C. hippos was capable of invading nearly freshwater

regions of the Hudson River (Fig. 6). Abundance measured
with a 61-m net, set in a comparable manner in both bays,

showed that the abundance of C. hippos was much higher
in Jamaica Bay than in Haverstraw Bay. Abundance in

Great South Bay, New York, was also consistently higher
than in Haverstraw Bay (Fig. 5A), even though a smaller,

30-m net was used.

Fork length offish collected during 1986-1993 in the Hud-
son River estuary ranged from 2.9 to 17.6 cm. Growth rate

was modeled by using data for New York and New Jersey
estuaries (Fig. 5B; ;)=439), and the resulting equation,

FL= 136.6exp(-exp{-0.0315[DOy-211]}), (r2=0.75),

predicted a peak instantaneous growth rate for July 30,

after which growth slowed and fish reached a mean asymp-
totic length of 13.7 cm. The distribution of residuals for

this growth model suggested that the asymptotic length
was biased (i.e. lowered) by the presence of small, presum-

ably young, juveniles in August-September; therefore we
consider these growth estimates to be preliminary.

Continental shelf distributions

A total of 657 C. hippos were collected at 134 stations

between 33°47'N and 41°00'N and at depths from 6 to 38 m
(Fig. 7A). Although present in all but four years during

1972-1996, C. hippos were collected only in the months
of July ( 1 of 134 stations=0.8'7r ), September (84.3'7, ), Octo-

ber ( 14.2'7( ), and November (0.8''* ) during this period. Fish

ranged in size from 3 to 29 cm FL, and modal size ( 17 cm I

was the same for fish collected both north and south of

36°00'N(Fig. 7B).

Discussion

Densities ofC hippos in Haverstraw Bay, where our study
was focused, were generally low compared with other New

Fork length (mm)

Figure 2

Monthly length frequencies of young-of-the-year Caranx

hippos in estuaries from North Carolina to Florida (open
bars) and New York or New Jersey (filled bars). Data for

.southern states are taken from Berry 1 1959; Table 23.

Addenda, p: 534-5351, and data for northern states are

from material archived at the New York State Museum,

Academy of Natural Sciences in Philadelphia, and Amer-
ican Museum of Natural History (listed in McBrideM.

n = number offish measured.

York estuaries. We did observe considerable variation in

densities of C. hippos between months, years, and estuar-

ies, which we believe is at least partially the result of this

species' relatively low density and shoaling (e.g. aggre-

gating) behavior (Kwei, 1978). Larval dispersal processes
or habitat may also affect juvenile C. hippos densities

between temperate estuaries. This variability appears to

have led to contradictory reports of C. hippos abundance
at temperate latitudes: some investigators concluded that

this species is "rare" or "scarce" (e.g. Bean, 1900; Greeley,

1937), whereas others have considered it to be "common"
or "abundant" ( DeKay, 1842; Smith, 1985).

. Our review of seining data across a latitudinal range
from 27°N to 41°N demonstrated that densities ofC hippos

propagules transported to subtropical estuaries were not
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Densities (arithmetic mean number of fish caught per seine

haul 1 of young-of-the-year Caranx hippos by sampHng latitude

(Rhode Island to Florida). Data were limited to seines from

10- to 90-m long, set during May-October and calculated per

year if a study was conducted for multiple years. Data were

taken from the following surveys (open circles), listed here

by decreasing latitude (with seine length): Hoff and Ibara,

1977 (12 m); Briggs and O'Connor, 1971 (91 m); Briggs, 1975

(91 m); Ecological Analysts, Inc. 1981. Ecological studies at

Oyster Creek Nuclear Generating Station. Feb. 1981 EA Report
JCP91I3 Progress Report. September 1979-August 1980, pre-

pared for Jersey Central Power and Light Company, Appendix
D, E, unpaginated (46 ml; Marcellus, 1972 (11 m); Thomas, D.

L., and C. B. Milstein 1973. Ecological studies in the bays and
other waterways near Little Egg Inlet and in the ocean in the

vicinity of the proposed site for the Atlantic generating sta-

tion, NJ. Progress Report for January-December, 1972, vol. I:

Fishes and volume II: Appendices, Ichthyological Associates,

Inc. Absecon, NJ, 1065 p. ( 76 m): Thomas, D. L., C. B. Milstein,

T R. Tatham, R. C. Bieder, D. J. Danila, H. K. Hoff, D. P. Swie-

cicki, R. F Smith, G. J. Miller, J. J. Gift, and M. C. Wyllie. 1975.

Ecological studies in the bays and other waterways near Little

Egg Inlet and in the ocean in the vicinity of the proposed site

for the Atlantic generating station, NJ. Progress Report for

January-December, 1974. Volume I: Fishes, 490 p. Ichthyologi-

cal Associates, Inc. Absecon, NJ. (76 m); de Sylva, D. P., F. A.

Kalber, and C. N. Shuster 1962. Fishes and ecological condi-

tions in the shore zone of the Delaware River Estuary, with

notes on other species collected in deeper water. University
of Delaware Marine Laboratory. Information Series Publica-

tion 5. Technical Report to Delaware Board of Game and Fish

Commissioners under Dingell-Johnson Federal Aid in Fish

and Wildlife Restoration. Delaware Project F-13-R-1-2-3, 150

p. Contact senior Richard McBride (senior author) for data

of this report (18 m): Richards and Castagna, 1970 (12 m);

Tagatz and Dudley 1961 (21 m): Ogburn et al., 1988 (15 ml;

Anderson et al., 1977 (20 m); Miller, G. L., and S. C. Jorgen-
son. 1969. Seasonal abundance and length frequency distribu-

tion of some marine fishes in coastal Georgia, 103 p. U. S. Fish

Wildl. Ser Data Rep. 35. Washington, D.C. (on two microfische)

(21 m); Gilmore, 1988 (62 m); Schooley, 1977 (12 m); Peters,

1984 (9 m): Futch and Dwinell, 1977 (15 m); and Gunter and

Hall, 1963 (15 m). Data from the present study, restricted

to the years 1987 and 1988, are shown separately (filled cir-

cles) and include two southern New Jersey locales and Haver-

straw. Jamaica, and Great South bays. New York (30 and 61 m
seine nets). There was no significant relationship among the

data (Spearman correlation coefficent, r^=0.24, »=40; P=0.14).

higher, as would be expected for a "subtropical" species,

than densities of those propagules transported to temperate
estuaries. Not all CPLTE values we examine in our study
were directly comparable because of potential differences

in deployment procedures, sampling habitats, and range of

seine sizes.We hope that others will report more data for such

comparative purposes in the future. We are also unaware
of comparative data for tropical regions to determine if this

species is more abundant in a more central portion of its

latitudinal range. Young-of-the-year C. hippos abundance is

generally low compared with other estuarine finfishes from

Massachusetts to Florida (e.g. Ay\'azian et al.. 1992;Tremain

and Adams, 1995; Able et al., 1996). and we conclude that

this species is uncommon throughout this range.

Having found juvenile C. hippos in reasonable densities

in temperate estuaries, we also observed them to occupy
habitats similar to those ofjuvenile C. hippos in subtropical

estuaries. In both temperate and subtropical regions, juve-

niles of this species appear to use estuaries as nurseries (see

also Berry, 1959; Kwei, 1978). We observed individuals as

far upstream as the freshwater interface (about 1 ppt). at

about rkm 90-100 in the Hudson River during July-October

(Cooper et al., 1988; Geoghegan et al., 1992). Several others

have reported YOY C. hippos in oligohaline habitats (Chris-

tensen, 1965; Tagatz, 1968; Smith, 1985; Beebe and Savidge,
1988) but none in fresh water The presence of C. hippos

within the Hudson River was associated with warm temper-

atures; this species occurred in similarly warm temperatures
in subtropical estuaries ( 18-33°C: Tagatz and Dudley, 1961;

Christensen, 1965; Tagatz, 1968). The concentration offish

in and near Haverstraw Bay is probably due to this region's

broad width and shallow bathymetry, which slows water-

flow rates and responds rapidly to solar radiation (Cooper
et al., 1988). In addition, three power plants that release

heated effluent are located near Haverstraw Bay (Cooper
et al., 1988). Temperature eventually becomes a very impor-
tant parameter affecting YOY C. hippos distribution, and

cold temperatures have been implicated in several cases of

ovei-wintering mortality for C. hippos. We know of no exper-

imental study to document the lower lethal temperature
for this species, but Bean ( 1903) noted that C. hippos could

overwinter in aquarium conditions above 10°C, and Hoff

(1971) observed dead C. hippos in waters colder than 9°C,

whereas conspecifics in a downstream portion of the same
Massachusetts river survived in waters above 9°C. Water

temperatures fall below 10°C for at least the 4-mo. period
of December-April near Haverstraw Bay and above the con-

tinental shelf of the middle Atlantic states (Cooper et al.,

1988; Mountain and Holzwarth, 1989); therefore there is no

suitable overwintering habitat for C. hippos north of Cape
Hatteras. Yet although the predictability of the seasonal

cycle may be an important determinant of a species' latitu-
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By the time YOY C. hippos reach shelf habitats during

autumn, we postulate that they are of adequate size to con-

tinue south to subtropical latitudes. For example, YOY C.
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Variations in abundance of Caranx hippos from late June to

early November: (A) Geometric mean abundance by sampling

strata and year; (B I geometric mean abundance by month and

year All samples were collected with a 30.5-m seine and sym-

bols denoting sampling year ( 1986-199.3) in both A and B are

the same. See Figure 1 for reference strata.
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(A) Geometric mean abundance of Caranx hippos plotted for each

sampling day during 1988 (seine-net collections only) for four estu-

arine systems in the New York and New Jersey region. (B) Mean

length of C. hippos plotted for each sampling day during 1988 (same

symbols used to denote each embayment as in A). Sampling gears

differ between bays: Great South Bay—30.5-m seine, Haverstraw

Bay—61-m seine, Jamaica Bay—61-m seine, and two southern New

Jersey areas— 30..5-m seine plus lengths from weir samples.

hippos are as large as "summer-spawned" YOY P. saltu-

trix; McBride et al. (1993) concluded the latter migrate

from temperate nursery grounds to subtropical overwin-

tering habitats at sizes of 10-15 cm FL. Moreover, sev-

eral fish species have been tagged in temperate waters

and recaptured in subtropical waters at sizes similar to

those of C. hippos in autumn, including Atlantic croaker,

Micropogonias undulatus (Pearson, 1932; Haven, 1959);

spot, Leiostomus xanthiirus (Pearson, 1932); weakfish,

Cynoscion regalis (Nesbit, 1954); Atlantic thread her-

ring, Opisthonema oglinum (Pristas and Cheek, 1973);

bluefish, P. saltatrix (Lund and Maltezos, 1970); and

Atlantic menhaden, Brevoortia tyrannus (Kroger and

Guthrie, 1973). We reject the hypothesis that YOY C.

hippos migrate offshore to the shelf edge, because they

are distributed close to shore (<38 m) during autumn

and they are not collected in winter or spring sampling

out to 366 m depths by the National Marine Fisheries

Service's trawling program. We similarly reject the

hypothesis that the YOY C. hippos observed in coastal

habitats during autumn have moved inshore from "off-

shore" nursery grounds. This cohort was not evident in

summer trawl samples and such a hypothesis would

require an alternative life history tactic for using shelf

habitats as nurseries—a tactic that up until now has

not been reported for this species.

Direct evidence (e.g. mark-recapture) of successful

migrations by marine fishes is rare, and the migration

patterns of many species are inferred from seasonal

changes in distribution (Leggett, 1977), as we have done

in our study. In addition, we have examined growth rates

and sizes to link the seasonal changes in geographic

distribution to the YOY cohort. The above evidence indi-

rectly links some YOY C. hippos that have dispersed to

temperate estuaries back to suitable overwinter-

ing habitats and suggests that these individuals

retain "membership" in the spawning population

isensu Sinclair, 1988 ). We do not, however, assume

that all individuals leave temperate estuaries

before hypothermal conditions can develop, nor

that all individuals sun'ive an autumn migration

to subtropical latitudes. The relative importance of

temperate estuaries over subtropical estuaries for

YOY C. hippos depends on the relative contribu-

tion to future spawning by individuals dispersed

to each biogeographic region, but this contribu-

tion can not be calculated without further study.

Cape Hatteras represents a major faunal (and

floral) break along the U.S. east coast (Pielou,

1979; Briggs, 1996), but the larvae of many spe-

cies that spawn in coastal habitats, particularly

of those that broadcast their eggs into the water

column and have moderate-to-long planktonic

lai-val durations, are capable of being transported

around this geographic barrier ( e.g. Curran, 1989 ).

Among these species, we postulate that there is

a subset of species that have juvenile traits that

allow them to exploit nursery habitats in both

biogeographic provinces, and an additional subset

of species for which some individuals can return
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reproductive strategies, and help explain oceanographic
effects on population d3Tianiics.
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Abstract.-The endemic North Pacific

pleuronectid genus Lepidopsetta Gill

is revised to include three species: L.

hilineata (Ayres), L. polyxystra n. sp.,

and L. mochigarei Snyder Adults of L.

biliiieata can be distinguished by a low

gill-raker count and high supraorbital

pore count; larvae may be distinguished

by four dorsal midline nielanophores,

heavy finfold pigment, a short snout-

to-anus length, and a deep body. The

species ranges from Baja California

to the eastern Aleutian Islands and

the extreme southeastern Bering Sea.

Adults of L. mochigarei are distin-

guished from all other members of

Lepidopsetta by higher scale and pre-

opercular pore counts and lower gill-

raker and supraorbital pore counts.

Larvae are similar to larvae of L. hilin-

eata but can be distinguished by their

postanal pigpnient pattern and melano-

phores on pectoral-fin rays. Lepidopsetta

mochigarei ranges from the southern

Sea of Okhotsk to Korea. Adults of L.

polyxystra n. sp. are diagnosed by a high

gill-raker count and low supraorbital

pore count; larvae are diagnosed by two

dorsal midline nielanophores, light fin-

fold pigment, long snout-to-anus length,

and a slender body. The species is found

from Puget Sound through the Bering
Sea and Aleutian Islands to the Kuril

Islands, overlapping with L. hilineata

from the extreme southeastern Bering
Sea to Puget Sound and with L. mochi-

garei in the southern Sea of Okhotsk.

Synonymies, diagnoses, descriptions,

and geographic distributions are pro-

vided for adults and larvae of all species;

keys are provided for adults. Descrip-

tions of early juveniles of eastern North

Pacific species are also presented. Under

the name of L. hilineata . L. polyxystra n.

sp. has been the subject of many studies

of eastern North Pacific Lepidopsetta .

All previous studies of specimens from

the southeastern Bering Sea into Puget
Sound should be considered applicable

at the generic level only, unless voucher

specimens are verifiable.

Revision of the genus Lepidopsetta Gill, 1862
(Teleostei: Pleuronectidae) based on
larval and adult morphology, with a

description of a new species from the

North Pacific Ocean and Bering Sea
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The flatfishes (Pleuronectiformes) ofthe

eastern North Pacific Ocean constitute

a major component of the commercial

fisheries of the region. In the Bering

Sea, which encompasses the largest

fisheries resource of the United States,

the rock soles of the genus Lepidop-
setta are the second most abundant

flatfishes and the third most abundant

commercial groundfish species, second

only to yellowfin sole (Limanda aspera)

and walleye pollock (Theragra chalco-

gramma) (NMFS. 1999).

At the species level, eastern North

Pacific pleuronectids have been con-

sidered well known. Nearly all species

were recognized and described during
the latter half of the 1800s. primarily

through the activities of California

ichthyologists. Among the names that

remain valid, the last species to be

described was Limanda sahkalinensis

Hubbs, 1915, although in the western

Pacific Microstomus shiintovi Borets,

1983, was most recently described from

the northwestern Hawaiian ridge. How-

ever, these earlier works were based

on adult morphology, and only recently

has a knowledge of the ontogeny of

these species been acquired. Among the

descriptions of early life history stages

of eastern North Pacific pleuronectids,

one morphological form could not be

traced to a recognized species. Exami-

nation of this form led to the following

revision of the genus Lepidopsetta.

Four nominal species have been de-

scribed and allocated to the genus Lep-

idopsetta: Platessa hilineata Ayres, 1855a,

was described from San Francisco mate-

rial, and apparently without the knowl-

edge ofAyres' slightly earlier description,

a specimen collected near Puget Sound

was described as Platichthys umbrosus

Girard, 1856. Gill (1862) erected Lepi-

dopsetta to contain Platichthys umbrosus

and later (1864) indicated that Platessa

hilineata Ayres, 1855a. was allied and

perhaps congeneric. Lockington (1879b)

published a redescription ofL. umbrosa,

describing the misidentified new species

Isopsetta isolepis (Lockington, 1880a),

which he ultimately removed from Lep-

idopsetta to his new genus Isopsetta

(Lockington, 1883). In his description of

Lepidopsetta isolepis,he treated Platich-

thys umbrosus Girard as a synonym of

L. hilineata. Nearly 20 years after Gill's

erection of Lepidopsetta, Cope (1873)

described Pleuronectes perarcuatus from

Alaska, later considered a synonym
of L. hilineata by Jordan and Gilbert

(1881). Jordan and Evermann (1898)

considered each ofthese nominal species

members of Lepidopsetta and further

as synonyms of L. hilineata, although

they recognized the northern popula-
tions ("Puget Sound and northward") as

L. hilineata ujnbr-osa. Finally, Japanese

Lepidopsetta were described by Snyder
(1911) as L. mochigarei and Jordan and

Hubbs (1925) considered all Japanese

Lepidopsetta to be representatives ofthis

species.

More recently, the genus has been en-

visioned as containing either two spe-
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cies, L. bilineata of the eastern North Pacific Ocean and

Bering Sea and L. mochigarei of the western North Pacific

around Japan (Hubbs, 1915; Sakamoto, 1984b), or a single

species, L. bilineata, with two subspecies L. b. bilineata

and L. b. mochigarei in the Bering Sea and western Pacific

(Taranets, 1937; Schmidt, 1950). A third subspecies in

the southeastern North Pacific was recognized by Moiseev

( 1953 ) and Wihmovsky et al. ( 1967 ). Although both authors

split eastern Pacific populations into two subspecies, Moi-

seev (1953) considered the northern subspecies to be L. b.

bilineata and the southern subspecies to be L. b. umbrosa.
whereas Wilimovsky et al. (1967) applied the names L. b.

perarcuata and L. b. bilineata to northern and southern

populations, respectively.

Our study arose from an examination of collections from

ichthyoplankton surveys conducted from the Bering Sea

to northern California by the Recruitment Processes Task

(referred to simply as "Task" in the following account) of

the Alaska Fisheries Science Center (AFSC). In 1985, ich-

thyoplankton taxonomists began to routinely separate an

unidentified pleuronectid from numerous collections. Larvae

from the developmental series of this unidentified pleuro-

nectid most closely resembled larvae previously described

as Psettichthys melanostictus (Hickman, 1959; Pertseva-

Ostroumova, 1961) and, for the following few years, larval

pigment patterns and morphological characters were used

to separate what were then considered Psettichthys into two

readily distinguishable morphotypes. Thus in 1986, an early

draft of the Task's laboratory guide (Matarese et al., 1989)

included illustrations of an unidentified series referred to

as a variant of Psettichthys ("Psettichthys 2").

During winter and spring 1987, larvae of both morpho-

types of "Psettichthys" were collected from Puget Sound
and reared through transformation and settlement stages,

and upon examination of the reared juveniles, Kendall

and Matarese' determined that larvae previously referred

to as "Psettichthys 2" were, in fact, another form of Lepi-

dopsetta. From the early results of this work, Matarese et

al. (1989) decided to include a partial description of the

unknown pleuronectid (referred to as "Lepidopsetta 2") and

compared various stages with larvae of Psettichthys and

other Lepidopsetta. Mulligan et al. (1995) finally verified

the identity of Lepidopsetta 2 by rearing larvae spawned
from Lepidopsetta adults collected in Puget Sound and
conducted a morphological study of adults. Although they

reported significant heterogeneity in shape, structure, and

allozymes, they recommended the retention of Wilimovsky
et al.'s ( 1967) subspecies designations.

Although previous authors (Townsend, 1936, 1937: Wili-

movsky et al., 1967; Mulligan et al., 1995) concluded that

observed variation represented a cline smoothly grading
from California through the Bering Sea to Japan and sup-

ported subspecific designations, new data became available

in 1992 with the development of a fishery for Lepidopsetta
in the northern Gulf of Alaska. Domestic fisheries observ-

ers (see "Acknowledgments" section) experienced in sam-

pling in the Bering Sea flatfish fisheries began to report
the presence of two syntopic adult forms of Lepidopsetta
in the northern Gulf of Alaska, one distinctly different

from the form in the eastern Bering Sea. These obser-

vations spurred a further examination into the morpho-

logical differences of all life stages of Lepidopsetta . Our
revision therefore incorporates evidence from adult, juve-

nile, and larval morphology and distribution to support
the recognition of three species, one described as new, in

the North Pacific. We describe morphological variation in

adults, juveniles, and larvae; differentially diagnose adults,

juveniles, and lai-vae; and describe geographic and bathy-
metric distributions of the three species.

Materials and methods

Unless indicated otherwise, standard length (SL) is used

throughout. Institutional abbreviations follow Leviton et

al. (1985) and Leviton and Gibbs (1988), as modified by
Poss and Collette (1995), except for the Kamchatka Insti-

tute of Ecology, abbreviated as KIE.^

Adult morphology

Meristic data, except gill-raker counts, and morphometric
data were taken from the ocular-side of adult material, fol-

lowing Hubbs and Lagler ( 1958) with the following excep-
tions. Standard, head, and snout length were measured
from the anterior margin of the maxilla, with the mouth
closed. Body depth was the greatest depth measured at the

origin of the anal fin. Head length included only the oper-

cle and not the opercular membrane. Snout length was
measured to the anterior edge of the dorsal orbit. Cheek

length was the greatest distance from the posterior rim

of the ventral orbit to the edge of the preopercle, often

the posterior angle of the preopercle. Interorbital width

equals the least bony width. Pectoral-fin length was the

length of the longest ray, often the third ray, and was mea-

sured for both ocular-side and blind-side fins. Lateral-line

arch length was the distance between anterior and poste-

rior flexion points, and this straight line was used as the

base for the depth measurement. Greatest caudal peduncle

depth was measured at the base of the caudal fin.

All rayed elements were included in counts of fin rays.

The last two rays of the dorsal and anal fins were counted

separately. Scales above the lateral line were counted on a

diagonal at the greatest depth between the dorsal-fin base

and lateral line. Scales below the lateral line were counted

from the anal-fin origin on a diagonal to the lateral line.

Total scales above and below the lateral line is the sum
of the two counts. Cheek scales were counted at greatest

cheek length. Ocular-side suborbital pores were counted

' Kendall, A. W., Jr. and A. C. Matarese. 1987. Unpubl. data.

Resource Assessment and Conser\'ati()n Engineering Division,

Alaska Fisheries Science Center, Natl. Mar Fish. Serv-., NOAA,
7600 Sand Point Wav NE, Seattle, WA 98115.

- Sheiko, B. 1997. Personal commun. Kamchatka Institute of

Ecology, Partizanskaya 6, Petrcpavlovsk-Kamchatsky 683000.
Russia. Present address: Department of Ichthyology, Zoologi-
cal Institute, Russian Academy of Sciences, Universitetskaynab.
1, St. Petersburg 1990.34. Russia.
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from the first pore branching from the temporal canal to

the anteriormost pore; all pores were counted, including
those dorsal and ventral to the canal. Blind-side suborbital

pores were counted from the first pore branching from the

postorbital canal to the anteriormost pores. Pore counts of

the dorsal anterior and posterior branches of the accessory
dorsal branch of the lateral line ( ADB) began with the first

pore of each branch and did not include the single pore

typically found at the intersection of the two branches.

Supraorbital pores include the first pore dorsal to the post-

orbital canal and include those pores at the posterior rim

of the dorsal orbit (Fig. 1). Preopercular pores begin with

the first pore posterior to the mandibular articulation and
end at the last pore before the temporal canal. Caudal-fin

terminology follows Sakamoto (1984a).

Larval collections

Most data were garnered from samples collected by the

AFSC with standard bongo gear during ichthyoplankton

surveys of the Bering Sea and Gulf of Alaska (1971-1994,

Table 1, Appendix Table 1). In most cases, the identities

of specimens collected prior to 1985 (when the uniden-

tified pleuronectid developmental series was first sepa-
rated) have been verified. All larval specimens used for

illustrations and morphological descriptions have been

cataloged at the University ofWashington Fish Collection

(UWFC); other material will be archived at the LfWFC as

well (see Appendix Table 1). Additional data for Lepidop-
setta in Canadian waters were obtained from the Canadian

Department of Fisheries and Oceans, Pacific Biological

Station, Nanaimo (W. Shaw), and Vancouver Public Aquar-
ium (J. Marliave; these specimens are now deposited at

UWFC ). The Washington Department ofFisheries also pro-
vided distribution and life history data for Puget Sound. -^

In addition, dip-net sampling in Puget Sound conducted

by the AFSC from 1985 through 1995 resulted in 16 col-

lections of Lepidopsetta larvae (Busby et al, 2000). Two
larvae from the Washington, Oregon, and northern Cali-

fornia survey area were examined—the only two Lepidop-
setta larvae collected during the eight years (from 1980

to 1987) during which the AFSC conducted ichthyoplank-
ton cruises in the region. Geoff Moser, NMFS Southwest
Fisheries Science Center (SWFSC), provided data for Lep-

idopsetta collected during California Cooperative Fisher-

ies Investigations (CalCOFI) cruises conducted along the

coast of California.

Identirication of juveniles

Recently transformed juveniles present particular prob-
lems in identification because adult characters, such

as meristics and pigment patterns, are not completely

developed and some aspects of larval shape, structure,

and pigment patterns are retained. Thus, early juveniles

(approximately 20-35 mm SL) were identified by a combi-

Figure 1

Supraorbital pores of Lepidopsetta species:

(A) L. bilineata. UW 29670, 187. .5 mm; (B) L.

polyxystra n. sp., UW 044023, 239.5 mm; (C)

L. mochigarei, USNM 68245, 174.0 mm, holo-

type. View of dorsal (right lateral I side. Scale

bar equals 15 mm.

Penttila, D. 1996. Personal commun. Puget Sound Forage
Fish Unit, Washington Department of Fish and Wildlife, 1702
Anderson Road, Bay 4, Mt. Vernon, WA 98173.

nation of characters, including gill-raker counts of the first

arch, larval pigment characters retained on the blind side,

and size at transformation. Although gill rakers were not

fully formed, specimens with counts greater than seven on
the lower arch were assumed to be the new species. Juve-

niles with counts of seven or less were identified in con-

junction with other characters. Postsettlement juveniles

gi-eater than 30 mm SL were separated by using the above

characters in addition to counts of the number of supraor-
bital pores. Lepidopsetta bilineata typically has 4-6 head

pores along the supraorbital canal, whereas the new spe-
cies typically has 1-3. Differences in gill-raker structure

useful in distinguishing adults are usually not evident at

sizes less than 200 mm SL.
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Systematics

Genus Lepidopsetta Gill, 1862

Leptdopsetta Gill, 1862:330 (type species Platich-

thys umbrosus Girard, 1856 [originally cited

as Psettichthys umbr-osiis but subsequently cor-

rected by Gill (1864)], by monotypy).

Diagnosis

Pleuronectid genus Lepidopsetta is distinguished

by the following combination ofcharacters in adults:

lateral line with a high arch, 6-8 scale rows between

highest point of arch and base of arch over the pec-

toral fin; supratemporal branch of lateral line with

a moderately elongate posterior extension of up to

35 pored scales; mouth small, maxilla extending to

anterior quarter of ventral orbit; expanded anteri-

ormost anal pterygiophore ("anal spine") present,

often projecting beyond body wall in damaged spec-

imens; supraorbital pores present; scales on ocular

side often tuberculate, especially on the head and

anterior portion of body; scales on blind side always

cycloid anteriorly.

Lai-vae are distinguished from other pleuronec-
tid genera by the following combination of char-

acters: dorsal and anal finfold pigment present,

1-3 postanal bars (2-4 distinctive pigment regions

along dorsal midline), a series of ventral midline

melanophores, absence of slashlike hypaxial pig-

ment along the postanal body, few to many pigment

spots around the notochord tip, and 37-44 total

myomeres (Table 12).

Description of adults

Body ovate, gi-eatest depth 31.7-61.0'7f SL, scales

above lateral line 25-45, scales below lateral line

27-67; head acute to rounded, length 21.8-32.97f SL;

dorsal margin of head concave to nearly linear, snout

length 3.1-6.2'7f SL ( 12.1-22.47^ HD: mouth small,

premaxilla with fleshy lips and prominent, broad-

based posterior lobe, maxilla extending to anterior

rim of ventral orbit, ocular-side maxilla shorter

than blind-side maxilla, ocular-side maxilla length
20.4-32.5' J HL. bhnd-side maxilla length 22.2-41.29f

HL; ocular-side mandible length 34.4-50.07f HL.
about equal in length to blind-side mandible; teeth

conical and slightly lobate or truncate, largest are

anterior becoming gradually smaller posteriorly,

fewer on ocular-side premaxilla and dentarv. 4—10 on

ocular-side premaxilla, 20-27 on blind-side premax-
illa, 8-15 on ocular-side dentarv, 20-29 on blind-side

dentary; gill rakers of first arch moderately slender

to broad and robust, 6-14 total, 1-6 on upper and
4—9 on lower arch; gill rakers of second arch broad

and robust, 6-14 total, 0^ on upper and 5-13 on

lower arch; dorsal orbit round (nearly equal to eye

length ) to elliptical ( posterior rim elongate and much

greater than eye length), orbit lenth 22.2-34.77f HL,
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Plots of principal component scores for morphometric and meristic

characters for Lepidopsetta species: L. bilineata (circle I, L. moch-

lgarei (square), L. polyxystra n. sp. (triangle). (A) Morphometric
characters only; (B) meristic characters only; (C) morphometric
characters (PC2) versus meristic characters (PCI I.
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Preflexion stage

2.15r

Species
* L polyxystra n sp.

L bilineata

Flexion stage

Postflexion stage

10.5 12.2 139 15.6 17.3 19.0

Stanijarcj length

Figure 4

Comparison of snout-to-anus length versus

standard length in developmental stages of

Lepidopsetta bilineata (open circle) and L.

polyxystra n. sp. (triangle). The lines represent

a linear regression with both species having
similar slopes: (A) preflexion, (B) flexion, (C)

postflexion.
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Figure 6

Distribution of adults o( Lepidopsetta hilineata based on material examined. Each symbol may represent

more than one capture.

Figure 7

Distribution of adults of Lepidopsetta inochigarei based on material examined. Each symbol may represent

more than one capture.

southern Puget Sound (Penttila, 1995). These eggs were

described as demersal and adhesive ("clinging to upper
beach surface material," p. 238). Eggs were collected at the

same times and location as those of surf smelt (Hypome-
sus pretiosus) and Pacific sand lance iAmmodytea hexa-

pterus ).

Etymology

The name Lepidopsetta is derived from the Greek lepulo

meaning "scaled," a probable reference to the strongly cte-

noid scales found on the ocular side of most individuals,

and psetta. meaning "flatfish".

Comments

Sakamoto (1984a) synonymized Lepidopsetta (as well as

five other pleuronectid genera: Lunaiida. Parophrys, hop-
setta, Pseudopleuronectes, and Liopsetta) with Pleuronectes,

based on a phenetic analysis of detailed morphological
data. Several recent authors have criticized Sakamoto's

(1984a) phylogenetic techniques (Chapleau 1199.3]; Rass
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Figure 8

Distribution of adults of Lepidopsetta polyxystra n. sp. based on material examined. Each symbol may repre-

sent mo."e than one capture.

Figure 9

Records of Lepidopsetta from the National Marine Fisheries Service, Alaska Fisheries

Science Center. Resource Assessment and Conservation Engineering survey database

1948-1997.

[19961: Berendzen, 11998); Cooper and Chapleau 11998])

and have refuted the monophyly of Pleiironectes sensu

Sakamoto (Rass [19961; Cooper and Chapleau [1998]).

Cooper and Chapleau (1998) recently conducted a cladis-

tic analysis and resurrected these genera from synonymy
with Pleiironectes. We follow the consensus among most

current scientists (Nelson. 1994; Cooper and Chapleau,

1996, 1998; Rass, 1996) and recognize each of these genera
as distinct.''

We do not recognize two other generic nomenclatural changes
recommended by Cooper and Chapleau ( 1998) and have chosen

to retain Embassichthys and Athercsthes as separate genera,
distinct from Microstomus and Remlnirdtius, respectively.
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Figure 10

Records oi Lepidopsetta bilineata from the National Marine Fisheries Service, Alaska

Fisheries Science Center, Resource Assessment and Conservation Engineering survey

database, 1995-1998.

Figure 11

Records of Lepidopsetta polyxystra n. sp. from the National Marine Fisheries Sei"vice,

Alaska Fisheries Science Center. Resource Assessment and Conservation Engineering

survey database, 199.5-1998.

Supraorbital pores have not been reported in other flat-

fishes. The supraorbital canal is an extension of a nerve

branch arising from between the frontals at the posterior
rim of the dorsal orbit. In Lepidopsetta the pores of the

canal are supported by a series of I76 bones (Fig. 14), sim-

ilar in size and shape to the suborbitals. Typically each

bone shares in the support of one or two pores.

Among other North Pacific pleuronectids examined. Par-

ophiys vetulus'^ has 6-11 pores and Isopt^etta inolepis 2-12

pores, whereas Linuiiida aspera and L. piiinifasciatu^.
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Figure 12

Distribution of larvae of Lepidopsetta bilineata based on material examined. Each symbol

may represent more than one capture. Sampling effort by the National Marine Fisheries Ser-

vice, Alaska Fisheries Science Center, was limited in regions between Kodiak and Vancouver

Islands: other data are not available from alternate sources.

Figure 13

Distribution of larvae o( Lepidopsetta polyxystra n. sp. based on material examined. Each

symbol may represent more than one capture. Sampling effort by the National Marine Fish-

eries Ser\'ice, Alaska Fisheries Science Center, was limited in regions between Kodiak and
Vancouver Islands; other data are not available from alternate sources.

'

Cooper and Chapleau 1 19981 changed the specific epithet of Par-

ophrys vetulus to vetiita to agree in gender with Parophrys. How-
ever, because Girard's 1 18.54) original description did not specify

his treatment of vetulus and because it may also be treated as a

noun in apposition, we consider this change an incorrect subse-

quent spelling and retain P. vetulus.
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tcn3t3«*'^

Figure 14

Supporting elements of the pores of the supraorbital

canal of Lepidopsetta bilineata. UW 025197, 77.3 mm,
Puget Sound, WA. View of dorsal (right lateral* side.

Scale bar equals 5 mm.

Psettichthys melarjostictus, and Inopsetta ischyra (a possi-

ble hybrid of Platichthys stellatus and Parophrys vetulus)

have a single pore. In Hippoglossoides elassodon and H.

robustus, a series of pores is found at the anterior exten-

sion of the supratemporal line, as depicted by Lindberg
and Fedorov (1993) for H. elassodon (their Fig. 33). These

pores are apparently part of the anterior extension of the

trunk lateral line, but ventrally the pores extend near the

dorsal orbital rim. In one specimen of H. elassodon exam-

ined lUW 040271), the pores extended nearly the same

length along the rim of the dorsal orbit as the length for

the same pores in some L. bilineata.

Pleuronectid larvae are difficult to diagnose on the basis

of a simple set of characters. Pleuronectids are oviparous
and spawn planktonic or demersal eggs (about 0.66-4.5

mm), with homogenous yolk that is either pigmented or

not, and usually contains no oil. Among eastern North

Pacific pleuronectids, Lepidopsetta is the only genus that

produces demersal eggs, which are off-round and have a

sticky chorion that causes them to adhere to each other

or to a substrate (Pertseva-Ostroumova, 1961; Penttila,

1995). Pleuronectid larvae hatch between 1.7 and 16.0

mm; yolksac and preflexion larvae are slender, becoming

deeper-bodied during the postflexion stage. Larvae ofLepi-

dopsetta hatch at <3.0-4.5 mm; preflexion larvae are slen-

der and have moderate-size finfolds.

Larval pigmentation (including finfold) varies consider-

ably in pleuronectids. A combination of pigment pattern
( postanal bands, bars, and finfold i, meristic characters, and

size at development is needed for identification (Matarese

et al., 1989; Charter and Moser, 1996). Larvae with spe-

cial characters (e.g. Atheresthes larvae with head spines)
or high myomere counts (e.g. Embassichthys) are easily

distinguished. Other pleuronectid larvae are usually dis-

tinguished by a combination of pigmentation characters

including the number of postanal bands and bars and fin-

fold pattern (Table 12).

No single early life history character distinguishes larvae

ofLepidopsetta from other pleuronectid genera. Depending
on developmental stage, larvae of Lepidopsetta generally

are categorized by the presence of at least one postanal
bar (Table 12). Larvae of L. bilineata have a postanal pig-

ment pattern with four dorsal pigment patches (the poste-

riormost aligning with a ventral patch forming a caudal

bar), larvae of L. mochigarei have three dorsal patches
(the posteriormost aligns with a ventral pigment patch

approximating a caudal bar), whereas larvae of L.polyxys-
tra n. sp. have two dorsal pigment patches (the posterior-

most aligns with a ventral pigment patch forming a bar

located at about 2/3 of body length). Among other pleuro-

nectid genera that have a postanal band and bar pattern,

preflexion and early flexion larvae of Lepidopsetta may be

distinguished by the presence of a series of postanal ven-

tral midline melanophores and fewer pigment spots along
the notochord tip (Table 12).

In general, lai-vae of L. bilineata closely resemble those

of Psettichthys among other genera (Table 12). Both have

alternating patches of pigment on dorsal and ventral

body margins, although Psettichthys has a series of small

patches on the dorsal and ventral finfold margins whereas

L. bilineata has isolated patches along the finfolds. A series

of postanal ventral melanophores is present in L. bilineata

and absent in Psettichthys. in which postanal pigment is

usually restricted to three or four large spots. Larvae of

L. bilineata generally have much less pigment on the jaws
and isthmus than do larvae of Psettichtys.

Size at stage ofdevelopment varies among species ( Table

13). Larvae of L. bilineata begin transformation at smaller

lengths than larvae of L. poly.xystra n. sp. or L. mochiga-
rei. Larvae of L. bilineata also have a larger orbit, shorter

snout-to-anus length, and a slenderer body (see Table 2 1.

The juvenile stages of most eastern North Pacific pleu-

ronectids are poorly known. Traditional early life history

descriptions tvpically describe developmental stages on

the basis of eggs and larvae captured in plankton nets and

usually do not include transitional larvae that undergo

changes associated with a benthic existence. Plankton sur-

veys routinely use nets that do not effectively sample
bottom waters where many pleuronectid juveniles eventu-

ally settle.

Pleuronectid juveniles can be separated by several char-

acters. Perhaps the most important character is the size at

which transformation occurs, although data are scarce on

when transformation is completed. Among taxa for which

data are available, eastern North Pacific pleuronectids can

be grouped into three categories based on approximate
transformation sizes: <15 mm SL, 15-30 mm SL, and >30

mm SL. Genera with at least one species transforming at

sizes <15 mm SL include Limanda, Platichthys. Pleuro-

nectes, and Pleuronichthys (sensu Cooper and Chapleau,
1998). Genera with larvae that transform at much larger

sizes (>30 mm SL) include Atheresthes. Embassichthys.

Glyptocephalus. Hippoglossoides. Micr-o.'itonuis. and Rein-

hardtius. Larvae of Lepidopsetta generally undergo trans-

formation between 15 and 25 mm SL. Other eastern North
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Pacific pleuronectids that undergo transformation at sim-

ilar sizes include Acanthopsetta, Eopsetta, Hippoglossus,

Isopsetta. Lyopsetta, Parophrys, and Psettichthys.

Characters that separate juveniles further include mer-

istics of vertebrae, median fin elements, and gill rakers

(although gill rakers may not be fully formed): mouth

size; and the shape of the lateral line. Generally juveniles
of Lepidopsetta have lower meristics than juveniles of

Atheresethes. Eopsetta. Hippoglosssoides, and Hippoglos-
sus. Juveniles of Lepidopsetta develop the highly arched

lateral line during this stage (15-25 mm SL). A combination

of mouth size, residual larval pigment on the blind side of

early juveniles, lateral line shape, and. in larger juveniles,

number of gill rakers may help to separate other similar-

looking eastern North Pacific pleuronectids (Acanthopsetta,
Isopsetta. Lyopsetta, Parophrys, and Psettichthys).

Identification of early life history stages of Lepidopsetta
has been confused in the literature for many years. Hick-

man (1959) described egg and larval development of the

sand sole, Psettichthys nielanostictus, on the basis of mate-

rial collected from Puget Sound, Washington. He illus-

trated six larvae identified as Psettichthys from specimens
reared from eggs (his Figs. 1 and 2) and from lar\'ae col-

lected by net (his Figs. 3-6). His Figures 3 and 4 can be

identified as L. bUineata from the alignment of dorsal and
ventral midline melanophores on the postanal body.

In her extensive study of reproduction and development
in North Pacific flatfishes, Pertseva-Ostroumova (1961)

described the early life history stages of L. bilineata and
L. mochigarei. The description of L. bilineata is based on

material from collections off the Kuril Islands, off the east-

ern and western coasts of Kamchatka, and in the western

Bering Sea. Larvae from these geographic areas are L.

polyxystra n. sp.

Blackburn (1973) provided figures of two specimens of

L. bilineata (his appendix Fig. C-2, A and B) in his survey
of ichthyoplankton from Skagit Bay, Puget Sound. His dis-

cussion, however, is clearly based on the larvae of both

eastern North Pacific species.

Garrison and Miller (1982) reviewed the reproductive
characteristics of L. bilineata, but their sources either rep-

resent both species (Smith. 1936; Forrester. 1969; Forrester

and Thompson, 1969) or L. polyxystra n. sp. alone (Shub-

nikov and Lisovenko, 1964; Shvetsov, 1979). Ahlstrom et

al. ( 1984) correctly illustrated Psettichthys larvae but pre-

sented data and a figure for L. bUineata (their Fig. 351b)

based on Figure 22 (4) of Pertseva-Ostroumova ( 1961), now
identified as L. polyxystra n. sp. Okiyama (1988) also pre-

sented material for L. bilineata. based on Figure 23(1) of

Pertseva-Ostroumova (1961). which therefore represents
L. polyxystra n. sp.

Matarese et al. (1989) separated larvae oi Lepidopsetta
from Psettichthys. Their description and figures of L. bilin-

eata are based on what we now refer to as L. polyxystra n.

sp., whereas the descriptions and figures of "Lepidopsetta
2" are now referred to as L. bUineata. Charter and Moser
( 1996) presented figures of both Psettichthys melanostictus

and L. bilineata but. because Pertseva-Ostroumova (1961)

was cited as a source for L. bUineata. some descriptive
data are suspect. Data for L. bilineata. particularly in the

introductory tables, may be based in part on L. polyxystra

n. sp. (see tables "Pleuronectidae," pages 1370-1373, Char-

ter and Moser, 1996).

Key to juveniles and adults >30 mm of species
of Lepidopsetta

la Preopercular pores 8-13; lateral-line pores 95-119;
sum of scales above and below lateral line 91-103;

supraorbital pores 1-3; total gill rakers on first arches

<10. on upper part of first arch <3 L. mochigarei
southern Sea of Okhotsk to Korea

lb Preopercular pores 5-7; lateral-line pores 70-91; sum
of scales above and below lateral line 65-88; supraor-
bital pores 1-8; total gill rakers on first arch 6-14. . . 2

2a Total gill rakers on first arch tvpically >10, on upper

part of first arch >3; supraorbital pores 1-2, rarely 3-7;

blind side creamy white L. polyxystra n. sp.

Puget Sound to Sea of Okhotsk

2b Total gill rakers on first arch typically <10, on upper

part of first arch <3; supraorbital pores 3-8; blind side

with extensive bright white highlights L. bilineata

Baja California to southeastern Bering Sea

Lepidopsetta bilineata (Ayres, 1855a)
Southern rock sole

Figs. 1-6, 10, 12, 14-18; Tables 2-11, 13-14

Platessa bilineata Ayres, 1855a:2 (original description, one

specimen, apparently lost, sex and size unknown, fish

markets of San Francisco Bay California).

Platichthys iimbrosus Girard. 1856:136 (original descrip-

tion, one specimen, apparently lost, sex unknown, ca.

190 mm TL, Cape Flattery, Washington).
Pleuronectes perarcuatus Cope, 1873:32 (original descrip-

tion, one specimen; holotype, ANSP 8725, sex unde-

termined, 108 mm SL, Gulf of Alaska, "Sitka" or

"Unalaska").

Lepidopsetta bilineata umbrosa (in part) Jordan and Ever-

mann, 1898:2643 (new combination, "Puget Sound and
northward").

Lepidopsetta bilineata bilineata Taranets. 1937:144 (new

combination, keys).

Pleuronectes bilineata Sakamoto. 1984a:99 (new combina-

tion, phylogenetics).

Neotype

CAS 42650, 1(207.6 mm), Calif, Gulf of the Farallones,

Sta. F43(2)N, M. Moriguchi. August-September 1978.

Other material examined

A total of 380 adult and juvenile specimens, 22.7-426 mm,
including the neotype listed above, was examined. Sixty-

four larvae were examined.
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Adults Bering Sea: UW 041696, 3(222-245 mm). N of

Unimak I., 55.0213°N, 164.6009°W. Aleutian Islands: SIO

94-164, 1(167 mm) of 10(103-193 mm). Unimak Pass.

54''15.1'N, 165°57.6'W,4 June 1994; UW 041695,3(170-210).

Aleutian Is., NE of Umnak I., 53.44°N, 168.4944°W; Gulf

ofAlaska: ABL uncat, 1( 153 mm), Ursus Channel, San Fer-

nando I., 1 November 1956; ABL 64-696, 1(138 mm). Gore

Point, S of Kenai Peninsula, 28 July 1963; ABL 67-211.

4(197-234 mm), Auke Bay, 19.2 km NW of Juneau, 22

May 1962; ABL 71-5, 2(200.5-205.5 mm), Baranof I., Point

Conclusion, 17 May 1971; OS 6447, 3(166.1-184.6 mm),
57°10'N, 151°40.5'W, 77 m. 20 September 1978; OS 2156,

1(75.0 mm), Revillagigedo I., Ward Cove, 26 July 1949; OS
2175. 1(102.4 mm), Revillagigedo I., Ward Cove. 26 August
1949; SIO 72-219. 1(251 mm). Lituya Bay 9.3 km SW of

Harbor Pt.. 25 June 1961; SIO 72-258, 1(289 mm), Baranof

I.. Katlian Bay 57°10'N, 135°20'W; SIO 72-225, 1(288 mm),
2°E of Kodiaic I., 6 May 1962; SIO 76-300, 1(187.5 mm)
of 28(145-280 mm). Kodiak shelf 57°40'N. 150°37'W. 23

June 1976; SIO 69-478. 3( 112-170 mm) of 7(51-195 mm),

Afognak I., Kitoi Bay NE of Kodiak I.. 16-21 April 1968;

UW 040267, 1(330 mm), off Kodiak; UW 044021, 1(255

mm), 55.8088''N. 158.7503°W, 67 m, 10 June 1996; USNM
054286, 1(358 mm), Ketchikan, Sta. TT2120, RV Alba-

tross: USNM 130739, 1(252 mm), Prince William Sound.

Maeleod Harbor. 16 March 1941; UW 01666. 1(132 mm),
Alexander Archipelago, offWrangell I., 1 December 1931;

UW 008376. 1(240 mm), Ketchikan, 23 September 1949;

UW 040902, 1(182 mm). Prince William Sound, 1989; UW
008292, 1(162 mm). Southeast Alaska, 26-31 March 1950;

UW 018837, 2(222.5-230.5 mm), 11.7 km NNW ofTriangle

I.. 50°58.1'N. 129°4.9'W, 19 August 1960; LTW 40264, 1(342

mm), 54.039°N, 165.8153°W; IM 27679. 23( 20.5-57.4 mm),
Prince William Sound; LTW 044010. 1(240 mm). 59.4918°N.

151.6185°W, 41 m. 27 February 1996; UW 044028, 1(292

mm), 59.4885°N. 151.6062°W, 30 m, 27 February 1996; UW
044025. 2(210-285 mm). Kachemak Bay 12 May 1996;

UW 040268. 1(290 mm). Kodiak I.; UBC 65-525. 1(290

mm), off Baranof I.; LTW 044013. 7(287-426 mm), 56.5°N.

153.5°W, R. Bonaduhr; UW 041801, 6(270-335 mm), 54°N,

160.74°W, British Columbia: UW 083483, 33.5 mm, off

Vancouver Island, 48°39.5'N, 125''55.2'W. 19 September
1977. SIO 63-202. 1(247 mm). Strait of Georgia, Fraser R.;

USNM 31993. 1(158.5 mm). Carter Bay. June 1882; UBC
53-85, 1(172 mm), Vancouver I.; UBC 53-50, 1(57.3 mm),
Vancouver I.; UBC 53-68, 1(105 mm), Vancouver I.; UBC
53-50. 1(57.3 mm). Vancouver I. .Departure Bay 49. 2167''N,

123.95°W; UBC 53-301. 7(101.5-177 mm). Vancouver I.,

Baynes Sound; UBC 53-245, 1(144.8 mm). Vancouver I.,

Burrard Inlet; UBC 55-281, 1(32.9 mm). Vancouver I.,

Departure Bay, 49.2167°N. 123.95°W; UBC 56-8, 1(220.5

mm); UBC 55-496, 3(217-235 mm). Point Gray 3.2 km SE
of North Arm of Fraser R.; UBC 56-519, 5(205-233 mm).
Vancouver fish docks; UBC 61-393, 3(59-88 mm), Bute

Inlet; UBC 61-484, 2( 145-167 mm), Vancouver I., Burrard

Inlet, 25 October 1961; UBC 61-609. 9(38.5-123 mm), Bute

Inlet; UBC 61-232, 2(245 mm and one head only). Hecate

Strait; UBC 60-416, 1(205 mm). Queen Charlotte Is., Gillat

Arm; UBC 63-910, 1(148 mm), Howe Sound; UBC 63-732,

10(68-140 mm), off Keats I.; LTW 044026. 1(306.5 mm).

48.57723°N, 124.7803°W, 25 August 1995; UW 044027.
2(293-308 mm), 48.74507°N, 125.9744°W, 28 August 1995;

UBC 65-676, 6(44-142 mm), Graham I., Mclntyre Bay;
UBC 62-93, 6(80-142 mm), Nass Bay; UBC 61-686, 1(62^8

mm), S of Vargas I., 5 July 1934; UBC 61-621, 1(50.5

mm). Snake I., near Nanaimo, 8 May 1933; UBC 61-610.

2( 139-142 mm). Work Channel, head of Trail Bay, 16 July

1951; UBC 61-674, 1(60 mm). Dean Channel, off Nescall

Bay; UBC 62-94, 1(94 mm), Sydney Inlet; UBC 81-3, 1(201

mm), Vancouver I., Grappler Inlet; UBC 76-7, 1(135 mm),

English Bay 20 January 1962. Washington, Oregon, and
California: USNM 054392, 1(292 mm), near Port Townsend.

TT2838, RV Albatross: USNM 27299, 2(150-246 mm).

Puget Sound. 1880; LTW 041090, 2( 196.0-196.5 mm). Agate
Pass, 3 April 1950; LTW 041089, 1(229 mm). Agate Pass, 3

April 1950; UW 6070, 7(61-133 mm), San Juan Islands,

East Sound, 3 March 1937; LTW 06134, 2(53-63.5 mm). N
of Maury I., 4 December 1948; UW 014838, 2(65-68 mm).
Golden Gardens Beach. 14-15 May 1952; LTW 014380,

2(101-108 mm), near Hat L, 29 May 1936; UW 044011,

1(145 mm), San Juan Islands, East Sound, 18 February
1964; UW 017115, 1(178 mm). Port Orchard Channel, 2

February 1964; UW 015423, 1( 169 mm), Shilshole Bay; LTW

000782, 2(147-156.5 mm). Alki Point. 8 March 1930; LTW

005522, 11(46.6-159.5 mm). Edmonds. 18 August 1947;

UW 018663, 1(60.5 mm), San Juan Islands, East Sound, 11

December 1964; LTW 040665, 2(54-58 mm). Port Townsend

Bay, 5 January 1979; UW 040686, 6( 114.3-167.3 mm). West

Point, 3 October 1978; LTW 025723, 4( 52. 1-230.5 mm ), Port

Townsend Bay, 5 December 1978-5 January 1979; L^W

025721, 3( 166-208 mm). Golden Gardens, 22 July 1981;UW
006109, 1(154.5 mm). Alki Point, 3 March 1939; LTW 017840.

1(21 1 mm ), S end ofPort Susan, 6 May 1950;im 025719, 12

(103.2-164.5 mm). Murden Cove. 22 April 1980; UW
025727, 2(116.5-169.5 mm). West Point. 29 March 1979;

UW 005135, 8(22.7-70.6 mm), Alki Point, 5 April 1938; UW
025197. 1(77.3 mm; cleared-and-stained). Meadow Point;

LTW 044006, 11(135-250.5 mm), Nisqually 47.1578°N.

122.6693°W, 16 May 1996; ITW 040269. 10(209-259 mm).

Puget Sound, 47°19.48'N, 122°33.8'W, 10 May 1996; LTW

029670, 49( 125.3-283.5 mm), Colvos Passage offVashon I..

47.5°N, 122.4167°W. 18 July 1949; LTW 025726. 5(125-175

mm ), Puget Sound. West Point. 3 October 1978; UW 025720.

7(130-185 mm). Puget Sound. West Point. 3 April 1979;

UW 041319. 6( 122-202 mm), Puget Sound, West Point; UW
041330, 1( 225 mm ), Puget Sound, Portage Bay; LTW 041301,

1(245 mm), Puget Sound, Port Townsend Bay; OS 15509,

4(226.5-287.4 mm). Cobb Seamount, 46°50'N. 130°50'W.

20 August 1992; OS 13792, 1(180.3 mm), 44°54.2667'N,

124°10.0667'W; OS 13500. 1(417 mm), Cobb Seamount,

46°50'N, 130°50'W; OS 13499, 1(330 mm), 44°52.2667'N.

124°09.55'W; OS 7482. 1(223.3 mm ). off Newport; OS 14732.

1( 132.2 mm ). 44°40.7'N. 124'09'W; OS 14690. 1( 189.4 mm ),

44°37'N, 124° 11. 1'W; OS 6208, 4(137.3-222.8 mm), offNew-

port. 30 September 1978; OS 7477, 1( 173.7 mm ). 44°37.4'N.

124''08.9'W; CAS 18553, 1(198.5 mm), Calif, San Fran-

cisco Bay, 14 May 1931; CAS 31832, 1(205 mm), Calif,

Gulf of the Farallones, 37°44'N,122°40'W, October 1973;

CAS 40341, 1(347.4 mm), Calif, 22.6 km NW of Pt. Pinos,

34°47.5'N, 122''7.8167'W; CAS-SU 111615. 1(335,0 mm).
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San Francisco Market, May 1895; CAS 49152, 1(229.5 mm),
Calif., Sonoma, Bodega Bay, 18 October 1981; SIO 88-119,

1(277 mm), Calif., south of La Jolla; SIO H48-22, 1(261

mm), Calif, south of La Jolla; SIO 63-241, 1(243 mm).
Tanner Bank, Calif, 32°42.5'N. 119°6.5'W, 17 May 1963;

SIO 65-460, 1(284 mm), Calif, ridge between Tanner and

Cortez Banks, 26 September 1965; SIO 65-6-64A, 1(210

mm), Calif, Tanner Bank, 32°42'N, 119°08'W, 15 January
1965; SIO 63-732-64A, 1(183 mm), Calif., Catalina I., off

Avalon, 22 March 1962; SIO 85-145, 2(74-86 mm), Calif.,

Navarro Head, 39°05.7'N, 123°E44.95'W, 60.4-110.5 m, 17

August 1985; LACM W54-382, 7( 178.5-247 mm), 1.6 km W
of Santa Barbara I., 33°08.15'N, 119°04.1333'W, 31 October

1954; LACM W66-67, 1(198.5 mm), off San Simeon Point,

13 November 1966; LACM W54-380, 2(274-275 mm), 1.6

km E of Santa Barbara I., 30 October 1954; LACM 44390-1,

1(282 mm), off Palos Verdes, 22 February 1988; LACM
31966-8, 8(176.5-357 mm), Humboldt Co., 8 km S of Shel-

ter Cove, 7 August 1971; LACM 241, 4( 153-320 mm), Calif,

San Francisco; OS 972, 1(201.2 mm), southern Calif ; LACM
35690-3, 2(83-164.5 mm), Calif , S end ofTanner Bank; LTW

044009, 9(143-252.5 mm), 37.781°^ 122.9288''W, 26 June

1995; UW 040262, 1(250 mm), 48.74317°N, 125.7785°W,

27 September 1992; UW 041698, 1(223 mm), 35.0935°N,

120.7774°W, 15 June 1995; UW 041803, 1(358 mm),

47.0839°N, 124.748°W, 8 August 1995; UW 041802, 1(376

mm ), 46.91 147°N, 124.7292°W, 3 August 1995; UW 041903,

2(290-347 mm), 46.91308"^ 124.4756''W, 5 August 1995;

Mexico: CAS 2484, 1(226.3 mm), Baja California, off Cortez

Banks, 21 August 1932.

Larvae 64 specimens (2.7-19.0 mm) examined: Western

Gulf of Alaska: UW 083400, 2(10.8-12.3 mm), 54°10.8'N,

165°24.3'W, 0-55 m depth, Methot net, 30 July 1991;

UW 083401. 1(10.9 mm), 54°38.5'N, 160°51.2'W, 0-98 m
depth. Methot net, 30 July 1991; UW 083402, 1( 12.0 mm),

56°11.6'N, 157°21.7'W, 0-129 m depth, Methot net, 27 July

1991; UW 083403, 1( 14.0 mm), 54''36.2'N, 162°16.2'W, 0-87

m depth, Methot net, 30 July 1991; UW 083404, 1(14.1

mm), 55°43.8'N, 157°34.6'W, 0-105 m depth, Methot net,

27 July 1991; UW 083405, 2(14.4-15.6 mm), 55°43.0'N.

159°49.4'W, 0-108 m depth, Methot net, 25 July 1991; UW
083406, 1( 15.5 mm), 53°59.8'N, 165°51.0'W, 0-50 m depth,
Methot net, 31 July 1991; UW 083407, 2(15.9-16.0 mm),

55°18.0'N, 160°11.4'W, 0-115 m depth, Methot net, 24 July

1991;UW 083408, l(16.0mm),55°17.7'N,160°11.7'W, 0-115

m depth, Methot net, 24 July 1991; LTW 083445 1(13.3

mm), 56°11.6'N, 158°03.6'W, 0-141 m depth, Methot net.

25 July 1991; LTW 072255, 5 of 6(2.7-8.6 mm), 57°01.1'N,

156°19.2'W, 0-95 m depth, bongo net, 3 June 1990; LnV

072453, 2 of 4(6.2-6.5 mm), 57°17.2'N, 155°27.6'W, 0-102 m
depth, bongo net, 5 June 1990; LTW 072126, 2(6.6-7.3 mm),
56°54.0'N, 156°29.5'W, 0-84 m depth, bongo net, 3 June

1990; UW 071455, 1(6.7 mm), 57°60.0'N, 153°59.3'W, 0-103

m depth, bongo net, 28 May 1990; LTW 072087, 1(8.1 mm),
56°39.8'N, 156°20.0'W, 0-102 m depth, bongo net, 3 June

1990; LTW 072264, 1(8.7 mm), 57°09.1'N, 156°09.rW, 0-100

m depth, bongo net, 3 June 1990; Gulf of Alaska: UW
083484, 1(19.0 mm), 59°37.8'N, 151°44.2'W, 34 m depth, 17

July 1996; LW 083409, 1(16.4 mm), 58°19.5'N, 150°53.0'W,

64 m depth, bongo net, 22 July 1977; UW 083410, 1(6.3

mm), 57°61.1'N, 15ri7.4'W, 0-35 m depth. Tucker net, 26

June 1978; UW 083411, 1(9.7 mm), 56''42.3'N, 153°33.4'W,

28-70 m depth. Tucker net, 28 June 1978; UW 083412,

1(11.0 mm), 57°00.8'N, 153°28.3'W, m depth, neuston net,

14 September 1978; UW 083413, 2(5.1-6.2 mm), 57°10.7'N,

156°01.3'W, 0-100 m depth. Tucker net, 4 June 1988; LTW

083414, 1 (6.6 mm), 56°21.0'N, 157°03.8'W, 0-100 m depth.

Tucker net, 6 June 1988; UW 083415, 1(6.4 mm), 56°47.3'N,

155°26.0'W, 0-105 m depth, Tucker net, 23 May 1988;

UW 083416, 1(6.5 mm), 57°03.8'N, 156°01.8'W, 0-101 m
depth. Tucker net, 4 June 1988; UW 083417, 1(6.6 mm),
,56°47.3'N, 155°25.9'W, 0-101 m depth. Tucker net, 4 June

1988; UW 083418. 1(7.1 mm), 57n0.8'N, 156°29.9'W, 0-102

m depth. Tucker net, 4 June 1988; UW 083419, 1(8.3 mm),
56°38.9'N, 156°31.5'W, 0-101 m depth. Tucker net, 2 June

1988; UW 083420, 1( 10.2 mm), 56°46.7'N, 156°18.3'W, 0-91

m depth. Tucker net, 2 June 1988; UW 083421, 1( 10.6 mm),
57°15.0'N, 155°53.6'W, 0-101 m depth. Tucker net, 4 June

1988; LTW 083422, 3(3.3-3.4 mm), 57°55.6'N, 15r02.3'W,
0-76 m depth, bongo net, 13 May 1991; LTW 083423, 1(3.9

mm), 5°43.8'N, 154°02.1'W, 0-100 m depth, bongo net, 24

May 1991; UW 083424, 1(4.7 mm), 55°53.9'N, 155°59.8'W,

0-75 m depth, bongo net, 23 May 1991; LTW 083425, 1(4.9

mm), 57°36.9'N, 155°28.3'W, 0-101 m depth, bongo net, 24

May 1991; LTW 083426, 1(3.6 mm), 56°40.7'N, 155°10.7'W,

0-61 m depth, bongo net, 8 May 1992; UW 083427, 1(6.0

mm), 56°58.4'N, 156°06.2'W, 0-100 m depth, bongo net,

14 May 1992; LTW 083428, 2(3.5-4.3 mm). 55°27.2'N.

157°39.3'W, 0-88 m depth, bongo net, 19 May 1992; UW
083429, 1(3.8 mm), 55°17.0'N, 157°44.8'W, 0-72 m depth,

bongo net, 19 May 1992; UW 083430, 1(4.6 mm), 55°22.5'N,

156°56.8'W, 0-80 m depth, bongo net, 19 May 1992; UW
083431, 1(7.9 mm), 55°16.0'N, 156n5.0'W, 0-102 m depth,

bongo net, 18 May 1992; UW 083432, 1(7.3 mm), 55°55.3'N,

156°15.3'W, 0-216 m depth, bongo net, 21 May 1992; UW
083443, 1(3.2 mm), 57°01.1'N, 156°19.2'N, 0-95 m depth,

bongo net, 3 June 1990; Puget Sound: UW 083433, 1(9.6

mm), 47°34.15'N, 122°32.3'W, m depth, dip net. 9 May
1994; UW 083434, 1(9.7 mm), 47''34.15'N, 122°32.3'W,

m depth, dip net, 5 May 1989; UW 083435, 1(11.2 mm),
47°34.15'N, 122°32.3'W m depth, dip net, 27 March 1991;

UW 083436, 1(11.4 mm ), 47°34. 15'N, 122°32.3'W, m depth,

dip net, 16 July 1987; UW 083437, 1(13.3 mm), 48°1.0'N,

123°0.0'W, reared, 4 May 1989; LTW 083438, 1(13.4 mm),
48°1.0'N, 123°0.0'W, reared, 4 May 1989; LTW 083439, 1( 14.4

mm), 48°1.0'N, 123°0.0'W, m depth, dip net (26 April

1989), reared (20 May 1989); LTW 083440, 1(15.2 mm),
48°1.0'N, 123°0.0'W, m depth, dip net (26 April 1989),

reared (20 May 1989); LTW 083441, 1(15.6 mm), 48°1.0'N,

123°0.0'W, m depth, dip net, 1 July 1989; LTW 083442,

1( 11.4 mm), 47°34.15'N, 122°32.3'W, m depth, dip net, 16

July 1987; LTW 083444, 1(9.3 mm). 47°34.15'N, 122°32.3'W,

m depth, dip net. 1 June 1989.

Diagnosis

This species of Lepidopsetta has the following combina-

tion of characters in adults: total gill rakers on first arch

6-11; on upper arch 1-3, rarely 4, with at least one rudi-
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contract to the

mentary; total gill rakers on second

arch 6-11; supraorbital pores 3-9;

preopercular pores 5-7; lateral-line

pores 70-91; sum of scales above and

below lateral line 65-88; interorbital

narrow; blind-side coloration white,

with glossy highlights along myo-
tome margins increasing anteriorly.

Larvae are distinguished from

other species of Lepidopsetta by the

following characters: body deep,

snout-to-anus length short; hatch-

ing, flexion, and transformation at

comparatively smaller sizes; preflex-

ion pigment pattern with pigment

patches along distal edges of dorsal

and anal finfolds, four prominent

spots along dorsal midline (in a pat-

tern resembling alternating dorsal

and ventral spots, with posterior-

most dorsal spot coalescing with a

corresponding ventral patch to form

a bar), and a series of small ventral midline melanophores

extending from gut to last myomere; flexion pigment pat-

tern with distinctive anterior dorsal midline spot and pos-

teriormost dorsal spot forming a bar with corresponding
ventral patch; pectoral-fin rays unpigmented.

Description of adults (Fig. 15)

Body ovate, greatest depth 40.8-57,0 (47.0)'7, SL, scales

above lateral line 25-43 and scales below lateral line

27-53; head relatively acute, length 24.0-32.9 (28.2)'7f

SL; dorsal margin of head at dorsal-fin origin concave,

snout length 3.1-6.1 (4.5)';f SL (12.4-22.4 (16.1)':/, HL);

ocular-side maxilla length 25.3-32.5 (27.9)9r HL; blind-

side maxilla relatively long, length 25.2-41.2 (31.3)% HL;
ocular-side mandible length 38.3-46.1 (41.9)'7f HL; teeth

5-10 on ocular-side premaxilla. 20-27 on blind-side pre-

maxilla and 10-12 on ocular-side dentary, 23-29 on blind-

side dentary; gill rakers of first arch typically broad and

robust, 6-11 total, 1-4 on upper arch, 5-7 on lower; gill

rakers of second arch 6-11 total, 1 on upper and 5-10

on lower arch; dorsal orbit larger than eye length, orbit

length 23.4-32.5 (28.1)% HL, dorsal eye length 17.9-30.3

(24.2)% HL; ventral eye length 18.2-35.4 (24.8)% HL;
interorbital narrow, up to 3 scales at narrowest portion,

2.1-6.0(3.5)'/, HL; cheek with 9-16 scales, length 28.1-41.8

(34.2)% HL, depth 13.9-24.2 (19.2)'/, HL; preopercular

pores 5-7; ocular-side suborbital pores 14-29; blind-side

suborbital pores 6-13; lateral-line pores 70-91, lateral-

line arch length 49.3-58.1 (54.3)% HL, its depth 24.8-37.1

(30.2)% of its length; both anterior and posterior supra-

temporal branches relatively long, anterior pores 2-12,

posterior pores 8-30; supraorbital canal long, extending to

dorsal rim of dorsal orbit near insertions of dorsal-fin rays

3-4, pores 3-9; ocular-side pectoral-fin length 12.2-18.2

(15.2)% SL (43.6-66.2 (,53.9)% HL); blind-side pectoral-fin

length 6.7-12.2 (9.9)'/, SL (23.2-44.3 (35.0)'/, HLi, about

equal to ocular-side pelvic-fin length 7.6-12.5 (9.8)':"^ SL

,v.,v^'^^^fW^S?««tJ*;s^^

.<<^

X.

"^^

Figure IS

lUneata (Ayres), neotype, CAS 42650, 207.6 mm, Calif, Gulf of the

Moriguchi, August-September 1978. Illustration by B. Vinter, under

National Marine Fisheries Service, Alaska Fisheries Science Center.

(26.7-44.7 (34.8)% HL); dorsal fin with 67-89 rays, height
10.7-16.5 (13.3)% SL, in specimens with 72-79 rays sup-

ported by 71-78 pterygiophores, 9-11 anterior to first

neural spine; anal fin with 54—77 rays, in specimens with

54-62 rays supported by 53-60 pterygiophores; caudal

peduncle relatively slender, least depth 8.2-12.3 ( 10.2)'/, SL
(29.6-43.0 (36.2)% HL; 90.0-152.4 (112.6)% caudal pedun-
cle length); greatest depth 10.5-14.3(12.1)% SL (37.2-53.0

(42.8)'/, HL); caudal peduncle length 7.2-10.9 (9.1)%

SL (25.5-42.2 (32.4)% HL); caudal-fin length 15.3-23.6

(20.8)% SL. Vertebrae 40-41, with 11 precaudal and 29-30

caudal.

Scales around head and those scattered posteriorly on

ocular side moderately rough with columnar tubercles in

large adults; strong spines in small adults and juveniles.

Urogenital flap darkly pigmented in 21-58 mm juveniles.

In life, blind side in adults translucent to bright white,

with glossy highlights along edges of myotomes; in juve-

niles, primarily translucent, and having reduced glossy

areas especially prominent over the head. When preserved,

blind side of all individuals uniform creamy white to yel-

low-brown. Ocular side slightly more green than that of

congeneric in Puget Sound.

Remaining description as for genus. Largest specimen
examined 426 mm (UW 044012). Maximum size reported
ca. 540 mm (580 mm TL'^).

Description of juveniles (Fig. 16)

Most individuals were collected on bottom (Fig. 16A) by
19.0 mm; newly settled juveniles with dorsal eye completely

migrated; median fin rays formed; lateral line nearly formed;

expanded anteriormost anal-fin pterygiophore well devel-

' Resource Assessment and Consen.'ation Engineering (RACEi
Division. 1996. Unpubl. data from RACE database. Alaska

Fisheries Science Center, Natl. Mar Fish. Serv., NOAA, 7600
Sand Point Way NE, Seattle, WA 98115.
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oped. Preanal pigment increased

along head and gut; postanal

pigment smaller and distributed

in random patches; urogenital

papilla darkly pigmented through-
out its length. Blind side with pig-

ment similar to that of postflexion

larvae. Orbit length larger, mouth

smaller, body depth less, gill-raker

counts on lower arch less, and

distance from pelvic-fin origin to

anal-fin origin greater than in L.

polyxystra n. sp. Pelvic- and pecto-

ral-fin rays formed.

By 30.0 mm, pigmentation has

increased along body, with darker

patches and spots throughout

(Fig. 16B) obscuring pigmented

urogenital papillae. Lateral line

more fully developed; supraorbital
canal pores visible.

Description of larvae (Fig. 17)

19.0 mm SL

B

Snout-to-anus length is 32.9-

34.6'^ SL, remaining constant

during development; body depth
4.7-35.7% SL, increasing with

development, sharply after flex-

ion; head length 13.3-29.3% SL,

increasing with development,

sharply after flexion; snout length
22.6-20.7% HL, remaining con-

stant during development; orbit

length 5L9-23.8% HL, decreas-

ing with development (Table 2).

Total myomeres 37-44.

Larvae hatching at small

lengths, at sizes less than 3.0

mm, yolk absorbed by 2.7-4.5

mm. Preflexion larvae ranging in

size from 3.8 to 6.6 mm; flexion

larvae, from 6.4 to 11.1 mm; post-

flexion larvae from 10.8 to 16.0 mm. Transformation occur-

ring at lengths as small as 10.0 mm (often accompanied
by a decrease in total body length); postsettlement juve-
nile stage usually attained by 20.0 mm (Table 13).

Preanal pigment present initially along lower jaw and
ventral side of cleithral region, increasing with develop-
ment to snout, upper jaw, and isthmus. Pigment ventrally

along gut and dorsally on anus; by flexion a distinct patch
of melanophores along the posterior edge of the gut; pig-

ment increases laterally with development.
Postanal pigment present as melanophores along distal

edges of dorsal and anal finfolds; four distinct pigment
areas along the dorsal midline, anterior (first) spot begins
1-5 myomeres after anus at about myomere 12-16, second

spot begins at about myomere 23-26. third spot begins at

about myomere 33-46, and the fourth spot begins at about

myomere 41-42 (after initially forming as a dorsal midline

^WmM
33,0 mm SL

Figure 16

Juveniles of Lepidopsetta bilineata (Ayres); (A) LrW 083484, 19.0 mm, Kaehemak Bay,

Alaska, 59°37.8'N, 15r44.2'W. 34 m depth, 17 July 1996; (B) UW 083483. 33.0 mm,
ofT Vancouver Island. 48°39.5'N, 12.5°.55.2'W. 19 September 1977. Illustrations by B.

V'inter. under contract to the National Marine Fisheries Service, Alaska Fisheries Sci-

ence Center.

patch, the posteriormost spot coalesces with ventral patch
to form a caudal bar); series of melanophores from the

gut along the ventral midline beginning in a double row,

changing to a single row posterior to the ventral stripe
of the caudal bar; several additional melanophores along
the ventral midline posterior to the caudal bar, pigment
above and below the tip of the notochord. By transforma-

tion, the third dorsal midline patch and opposing ventral

patch expand to form an indistinct bar; other patches of

pigment form in myosepta and continue into the dorsal

and anal pterygiophores and fin rays.

Distribution (Figs. 6, 10, 12, 18)

Lepidopsetta bilineata ranges from the continental shelf

north and south of the Islands of Four Mountains in the

eastern Aleutian Islands and in the southern Bering Sea
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16 4 mm SL

Figure 17

harvae ofLepidopsetta hilineata (Ayres): (A) UW 083443, 3. 2 mm, Gulf ofAlaska,

AFSC, 3 June 1990
; (B) UW 083410, 6,3 mm. Gulf of Alaska, AFSC. 26 June

1978 (Matarese et al.. 1989); (C) UW 083411, 9.7 mm. Gulf of Ala.ska (Matarese

et al., 1989), AFSC, 28 June 1978; (D) UW 083412, 11.0 mm. Gulf of Alaska,

AFSC, 14 Sept 1978; (E) UW 083444, 9.3 mm, Puget Sound, AFSC, 1 June 1989;

(F) UW 083409, 16.4 mm. Gulf of Alaska, AFSC, 22 July 1977 (Matarese et al.,

1989). Illustrations by B. Vinter, under contract to the National Marine Fisher-

ies Service. Alaska Fisheries Science Center

on the Slime Bank north of Unimak
I., to Cortez Banks, Baja California,

Mexico. It is common from the north-

ern Gulf of Alaska to Puget Sound and

is locally abundant along the coasts

of Washington, Oregon, and California.

Larvae have been collected from just

south of the Aleutian Islands to Tanner

Bank, Mexico (Moser et al., 1993: Char-

ter and Moser, 1996).

Habitat

Adults were collected over sand and

gravel substrates to depths of 339 m
(RACE^). Larvae were collected over

depths <1000 m.

During our 22-year sampling period,

larvae were less common than those ofL.

poly.xystra n. sp. in spring ichthyoplank-
ton surveys conducted in the Gulf of

Alaska. Larvae appeared in larger num-
bers later in the season (June) and the

highest densities occurred from Kodiak

Island to the eastern Gulf of Alaska

(Table 14: Fig. 18). In the CalCOFI

region, larvae were collected from Feb-

ruary to July: peak abundance was in

May (Charter and Moser, 1996). Larvae

were collected more frequently and in

higher densities closer to the coastline

(within 55.6 km, Moser et al., 1993).

Life history

In L. hilineata taken off the coast of

Oregon, brittlestars of the genus Ophi-
ura dominated the diet, and polychaetes
and mollusks constituted much of the

remainder (Kravitz et al. 1976). Adults

from the Gulf of Alaska and Aleutian

Islands are often infested with the par-

asitic copepods Nectobrachia indivisa

and Naobranchta occidenialisJ Both

parasites were previously recorded in

Lepidopsetta by Kabata ( 1988). For both

parasite species, L. hilineata was sig-

nificantly less infested than L. polyxys-

tra n. sp,^ The maximum recorded age
for female Lepidopsetta is 18 yr at 49

cm FL and for a male is 17 yr at 40

cm FL (Levings, 1967: Forrester, 1969).

For early life history information, see

generic account.

'' Zimmermann, M. and R. Harrison. 1998.

Personal commun. Resource Assessment

and Conservation Engineering Division.

Alaska Fisheries Science Center, Natl. Mar.

Fish. Serv.. NOAA, 7600 Sand Point Wav
NE, Seattle, WA 98115.



Orr and Matarese: Revison of the genus Lepidopsetta Gill, 1862 567

Figure 18

Distribution and density ( average number per 10 ni-) of Lepidopsetta bilineata in the Gulf

of Alaska and Bering Sea, 1972-1994.
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kaido, Otaru

Girard ( 1856) described Platichthys

umbrosus on the basis ofa single spec-

imen deposited at the USNM, which

was collected at Cape Flattery, Wash-

ington, by Lieutenant W. P. Trow-

bridge. One lot listed in the catalog,

USNM 607, bears the collector's name
as Trowbridge and a collection date of

1856, and thus the single specimen of

this lot appears to have been the one

examined by Girard for his original

description. From the original descrip-

tion, the specimen is approximately
190 mm TL. Unfortunately, this lot

cannot be found and is presumed miss-

ing or destroyed.'^

Girard was apparently unaware of

Ayres'( 1855a. 1855b) description ofL.

bilineata (Leviton and Aldrich, 1997).

Although Gtinther (1862) considered

Platichthys umbrosus distinct (basing
his conclusion on the dried skins iden-

tified as P. umbrosus taken off Van-

couver Island, Canada, and on the

descriptions of L. bilineata provided

by Ayres), later authors have treated P. umbrosus as a

synonym ofL. bilineata (Lockington, 1880a, 1880b; Jordan

and Gilbert, 1881; Jordan and Evermann, 1898; Norman,
1934; Schmidt, 1950), and the name has not been used

at the species level since Lockington's (1879b) misiden-

tification of Isopsetta isolepis. Lepidopsetta polyxystra n.

sp. also ranges south along the east coast of Vancouver

Island, the "Inside Passage," to Puget Sound, and larvae

of the new species have been recorded from the extreme

northwest coast of Vancouver Island. Although L. bilin-

eata is present, but uncommon, off the west coast of Van-

couver Island, no adults or larvae of L. polyxystra n. sp.

have been collected off Washington (Cape Flattery and

south), despite the intensive survey efforts of the 1995

and 1998 NMFS triennial surveys, during which all cap-
tured Lepidopsetta were examined. Although the original

description is insufficient to refer it to either of these spe-

cies, the type locality lies well within the known range of

L. bilineata and outside that of L. polyxystra n. sp. and we
therefore consider Platichthys umbrosus to be a synonym
of L. bilineata.

Cope's (1873) description of Pleuronectes perarcuatus.
from a specimen taken somewhere along the eastern Pacific

Ocean coast of Alaska, perhaps near Sitka or Unalaska

Island, included a comparison with Girard's Platichthys
umbrosus but not with Ayres's Platessa bilineata . Although
the holotype is badly damaged, especially about the head,

the gill-raker count and structure, as well as presence
of at least one supraorbital pore at the dorsal margin of

the orbit,'* indicate the holotype is L. bilineata. The speci-

men has a high lateral-line pore count at the upper range
of counts for L. bilineata. The name has been considered

synonymous with, or a subspecies of, L. bilineata by later

authors (Jordan and Gilbert, 1881; Jordan and Goss, 1889;

Jordan and Evermann, 1898; Wilimovsky et al., 1967).

\4\

Figure 19

mochigarei Snyder, holotype, USNM 68245, ll 174 mm), Japan, Hok-

Market, 1906. After Snyder (1912).

Lepidopsetta mochigarei Snyder, 191 1

Ricecake sole

Asabagarei
Figs. 1-2, 7, 19-20; Tables 3-10, 13

Lepidopsetta mochigarei Snyder, 191 1:547 (original descrip-

tion, two specimens: holotype by original designation,

USNM 68245, male, 174 mm, and "cotype." SU 21430,

145 mm TL, both from the market at Otaru, Hokkaido,

Japan).

Lepidopsetta bilineata mochigarei Taranets, 1937:144 (new

combination, keys).

Pleuronectes mochigarei Sakamoto, 1984a:99 (new combi-

nation, phylogenetics).

Material examined

Adults 27 specimens, 90.7-280.3 mm, including holotype
hsted above. Japan: CAS-SU 113378, 1(257.5 mm), Bonia-

siri Shima, off N end of Rebun To., 45''25.5'N,140°53'E, 22

September 1906; CAS-SU 122548, 1(146.7 mm), Tsugaru
Strait/Sea of Japan, between Hakodate, Hokkaido and

Ebisu, Sado I., S ofCape Tsiuka, 41°35.8333'N, 140''36.75'E,

16 July 1906; HUMZ 56717, 1(154 mm), Hokkaido, off

Kushiro; HUMZ 58576. 1(189 mm), Hokkaido, off Otano-

shike; HUMZ 58566, 1(197.5 mm), Otanoshike, off Hok-

kaido, 20 m; HUMZ 58563, 1(200.5 mm), Otanoshike, off

Hokkaido. 20 m; HUMZ 58568, 1( 171.5 mm ), Otanoshike, off

Hokkaido; HUMZ 58567, 1( 184 mm), Hokkaido, off Otano-

shike; HUMZ 87820, 1(175 mm). Hokkaido, off Muroran.

135 m; HUMZ 80974, 1( 190.5 mm), Hokkaido, off Muroran;
HUMZ 81056, 1(167.5 mm), Hokkaido, Usujiri, Minamika-

yabe; HUMZ 90912, 1( 142.5 mm ), Hokkaido, off Tomakomai,
300 m; HUMZ 64730, 1< 116.6 mm), Hokkaido, Funkawan;
HUMZ 15505, 1(107.2 mm). Hokkaido, Funka Bav: HUMZ
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15456. 1(130.5 mm). Hokkaido. Funka

Bay; HUMZ 15506. 1(90.7 mm). Hok-

kaido. Funka Bay: HUMZ 94034. 1( 193.5

mm). Hokkaido, off Tomakomai, 300 m:

UBC 58-355. 2(204-240 mm). Japan:
l^SNM 150380. 1(130.6 mm). Hokkaido;

USNM 077125. 1( 166.1 mm). 104 km S of

OseSakU Albatross Sta. 5067, 35.0972°N.

138.6875°E. 536 m; Russia: USNM 77126.

1(244.2 mm). Gulf of Tartary off SW
coast of Sakhalin 1., Albatross Sta. 4999.

47.6389°N. 141.65°E; USNM 77127.

1(247.4 mm). Aniwa Bay, approaching
Korsokov. Sakhalin I., 73 m. Albatross

Sta. 5008. 46. 1306°N. 142.6222''E; USNM
77130. 1(280.3 mm). Gulf of Tartary off

SW coast of Sakhalin I.. 57 m. Albatross

Sta. 5000, 46.55°N. 142.7083°E; USNM
77128. 1(257 mm). Aniwa Bay, approach-

ing Korsokov, Sakhalin I.. 77 m. Albatross

Sta. 5007. 46.05°N. 142.5167°E; USNM
77135. 1(246.8 mm). Sakhalin I., off Kor-

sokov Lt.. 39-56 m, Albatross Sta. 5010,

46.55°N. 142.725°E.

Diagnosis

Lepidopsetta mochigarei is a species of

Lepidopsetta with the following combi-

nation of characters in adults; total gill

rakers on first arch 6-10. on upper arch

1-3; total gill rakers on second arch

7-10; supraorbital pores 1-3; preopercu-
lar pores 8-13; lateral-line pores 95-119;

sum of scales above and below lateral

line 91-108; interorbital narrow; blind-

side coloration white, and glossy high-

lights along myotome margins increasing

anteriorly.

Larvae are distinguished from other

species oiLepidopsetta by having the fol-

lowing combination of characters; body

deep, increasing rapidly with develop-
ment and snout-to-anus length moder-

ate; larvae undergoing notochord flexion

at comparatively larger sizes; preflexion

pigment pattern with three prominent

spots along margin of dorsal finfold and

two spots along ventral finfold. three

patches along postanal dorsal midline

aligned with finfold spots to form slightly offset opposing

patches, posteriormost dorsal spot coalescing with a corre-

sponding ventral spot to form a bar; pectoral-fin rays pig-

mented (Okiyama and Takahashi, 1976; Nagasawa, cited

in Okiyama. 1988).

Description of adults

Body ovate, relatively deep, greatest depth 45.5-61.1

(51.7)*^ SL. scales above lateral line 35-45 scales below

_^_^--'
•
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rakers of second arch 7-10 total. 1 on upper and 6-9

on lower arch; eyes relatively large, dorsal orbit slightly

longer than eye length, orbit length 26.1-34.7 (30.1)%

HL, eye length 21.4-30.0 (25.3)'7f HL; ventral eye length

21.6-31.1 (25.5)'7f HL; interorbital a narrow ridge, up to

2 scales at narrowest portion, 1.3-4.2 (2.7)'/f HL; cheek

with 10-15 scales, length 28.6-35.0 (31.1)'^7, HL, depth
14.8-25.5 (19.7)% HL; preopercular pores 8-13; ocular-

side suborbital pores 22-38; blind-side suborbital pores

10-20; lateral line pores 95-119. lateral-line arch rela-

tively long, 53.7-69.9 (62.7)% HL, its depth 23.8-35.7

(30.9)% its length; both anterior and posterior supratem-

poral branches relatively short, anterior pores 3-12, pos-

terior pores 6-22; supraorbital canal short, reaching only
to the posterior rim of the dorsal orbit at about the inser-

tion of dorsal-fin rays 5-6, pores 1-3: ocular-side pectoral-

fin length 12.6-17.4 (14.6)% SL (47.9-60.2 (55.6)% HL);

blind-side pectoral-fin length 7.9-11.7 (9.6)% SL (30.3-42.8

(36.5)% HL); ocular-side pelvic-fin length 7.4-11.8 (9.8)%

SL (31.8-43.5 (37.4)% HL); dorsal fin with 73-82 rays,

height 1 1.2-14.7 ( 12.9)% SL, in specimens with 75-81 rays

supported by 71-77 pterygiophores, typically 8 or rarely

9 anterior to first neural spine; anal fin with 56-65 rays,

in specimens with 56-63 rays supported by 57-61 pteryg-

iophores; caudal peduncle relatively deep, least caudal

peduncle depth 9.7-14.0 (11.0)% SL (36.2-50.3 (42.2)%

HL; 105.1-172 (124.3)% caudal peduncle length), greatest
caudal peduncle depth 12.0-14.6 (13.2)% SL (44.7-56.0

(50.5)% HL); caudal peduncle length 7.8-10.3 (8.9)%

SL (27.5-39.4 (34.1)% HL); caudal-fin length 18.8-25.1

(21.2)% SL. Vertebrae 39-42, with 11 precaudal and 28-31

caudal.

Scales on head, pectoral region, and those scattered pos-

teriorly on ocular side slightly rough and having columnar

tubercles in larger adults. Small spines present in small

adults.

In life, blind side of adults translucent to white with

glossy highlights along edges of myotonies (Amaoka et al.,

1983, Fig. 220 as L. bilineata: Amaoka et al., 1995, Fig.

524 as Pleuronectes bilineatus).When preserved, blind side

uniform creamy white to yellow-brown. Ocular side brown-

ish with faint yellow highlights around small dark spots

near bases of dorsal and anal fins and at midline (Amaoka

etal., 1995, Fig. 524).

Remaining description as for genus. Largest specimen
examined 280.3 mm (USNM 77130). Maximum size

reported 400 mm SL (Sakamoto, 1984b).

Description of juveniles

No juveniles were examined for this study. Juveniles are

not described in available literature.

Description of larvae

No larvae were examined in our study. The following

description is based on Okiyama and Takahasi ( 1976,

based on 3 specimens of 4.12-8.59 mm) and Pertseva-

Ostroumova (1961; number and size of specimens exam-
ined not stated).

Snout-to-anus length 32.8-37.0% SL, decreasing with

development according to Pertseva-Ostroumova, 1961

(34.2-32.5% SL); body depth 9.0-17.0% SL, increasing
with development; head length 15.0-20.0% SL, increasing
with development; orbit length 41.0-28.0% HL, decreases

with development. Total myomeres 41-43.

Hatching occurring at relatively large sizes, at 3.95-4.48

mm (Yusa, 1958); flexion beginning by 8.9 mm (Fig. B of

Okiyama, 1988); postflexion size between 10.6 mm and

15.3 mm (Figs. C and D of Okiyama, 1988); transformation

occurring at sizes larger than 15.3 mm (Fig. D of Okiyama.
1988).

Preanal pigment (Fig. 20, based on Okiyama, 1988) pres-

ent initially along lower jaw, extending ventrally along gut
to anus. By flexion, melanophores appearing on pectoral-

fin rays; pectoral-fin rays and base not pigmented in all

earlier developmental stages; pectoral fin pigmented more

heavily than L. polyxystra n. sp. by later stages (Pertseva-

Ostroumova, 1961).

Postanal pigment of preflexion larvae in prominent

patches of melanophores along finfold edges, three along
dorsal and two along anal finfold, becoming more dispersed
and less prominent with development; three distinct pig-

ment patches along the dorsal midline, anterior patch

begins at about myomere 20-22, posterior patch begins at

about 33-36, and caudal patch, which aligns with a ven-

tral patch to form a caudal bar, begins in the range of myo-
meres 40-44; these dorsal midline patches align vertically

with the two posteriormost dorsal and both ventral fin-

fold patches; a series of melanophores may occur along the

postanal ventral midline (additional descriptions cannot

be found in the literature); additional pigment spots above

and below the notochord tip.

Distribution

Lepidopsetta mochigarei ranges in the western Pacific

Ocean from the east coast of Korea, Yoglin Bay, in the Sea

of Japan (Kim and Youn, 1994) to Iturup Island of the

Kuril Islands in the southern Okhotsk Sea (Nikiforov et

al., 1983), and to the west coast of northern Japan. Larvae

have been collected in March along the coast of northern

Honshu in the Sea of Japan (Okiyama, 1988).

Habitat

Adults have been collected over the continental shelf spawn-

ing may occur in depths of about 120 m lOkada, 1955).

Life history

Fecundity ranges from 510.000 to 550,000 eggs (Okada.

1955). Spawned eggs are demersal and adherent, about

0.87-0.95 mm in diameter (Yusa, 1958; Pertseva-Ostrou-

mova, 1961); oocytes at maturation stage IV were 0.440-

0.655 mm in diameter (Nikiforov et al.. 1983). Spawning
occurs from December to June in waters around Hokkaido

and the southern Kuril Islands (Minami, 1995). Embry-
onic and larval development to about 5.0 mm has been

described bv Yusa (1958).
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Etymology

Tlie species name mochigarei is

derived from the Japanese, meaning
"rice-cake flounder" (Snyder, 1911 ),

probably a reference to the bright

white blind side similar to white

rice-cake common in Japan.'-

Comments

Masutomi and Hamada (1966)

described a fossil ofL. mochigarei.

It was subsequently described as

the extinct Chibapsetta dolichu-

rostyli by Sakamoto and Uyeno
(1988).

Because early life history ma-

terial was not available for exam-

ination, descriptions were based

on the available literature (Yusa,

1957, 1958; Pertseva-Ostroumova,

1961; Okiyama and Takahashi,

1976; Okiyama, 1988). Several

potentially important characters

could not be gleaned from the available sources: an ante-

rior pigment spot along the dorsal midline, important in

distinguishing L. bilineata from L. polyxystra n. sp. (Figs.

17C, 17D). is not present in preflexion larvae (Figs. 20A
and 20B). Because the sources were different, we needed

verification that these figures constitute a series. Although

present, the extent of the postanal ventral melanophores,

important in distinguishing Lepidopsetta from Psettich-

thys in particular as well as from other pleuronectids, is

not known. Additional data for morphological characters

were also needed for all developmental stages. Larvae of

L. mochigarei appear more similar to those of L. bilineata

than L. polyxystra n. sp., but they are not sympatric with

L. bilineata. Based on the present descriptions, larvae of L.

mochigarei can be distinguished from those of L. polyxys-

tra n. sp. by the distinctive vertically aligned dorsal mid-

line and finfold pigment.

Lepidopsetta polyxystra n. sp.

Northern rock sole

Figs. 1-5, 8, 11, 13, 21-24; Tables 2-11, 13-14

Lepidopsetta bilineata var. iimbi'osa Jordan and Ever-

mann, 1898:2643 (in part. Fig. 928).

Lepidopsetta bilineata bilineata Taranetz. 1937:144 (in

part, new combination, keys).

Holotype

UW 014826, 1( 169.7 mm), Alaska, Aleutian Is., Amchitka

I., Constantine Harbor, 19-42 m, 19 August 1955.

>?**.,,„_
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Figure 22

Juveniles of Lepiclopsclta polyxystrci n. sp.: (A) UW 083482, 19.0 mm, Puget Sound,

WA. 9 May 1990; (B) LW 044016, 1(37.5 mm), Kachemak Bay, 12 August 1996. Illu.s-

trations by B. Vinter, under contract to the National Marine Fisheries Service, Alaska

Fisheries Science Center

174°0.3'W. 21 June 79; CAS 45567, 1(272.1 mm), SSW
of Pribilof Is., 55°38.8667'N, 168°39.9833'W, 16 June 79;

CAS 46676, 1(87.7 mm), Pribilof Is., St. George I., 56°35'N,

169°36'W, 27 July 1977; CAS 47531, 5(181.4-199.4 mm).
Aleutian Is., 51°43.9'N,177°57.8833"W, 10 August 1980;

CAS-SU 105731, 5(132.6-182.9 mm), Aleutian Is.. Umnak
I., off Nikolski, 31 July 1896; USNM 130725, 3(287-310

mm). 40 mi above Port Moller, 8 May 1941; USNM 060905.

1(316.5 mm), Karluk. TT2204, KV Albatross: LTW 001378.
1(175.5 mm). Unalaska I.. 1930; UW 003656. 1(100.5 mm).
Alaska Peninsula. Cold Bay. 13 June 1932; UW 013667,

1(208.1 mm), Unimak I., False Pass. 1 July 1957; UW
016609. 1(191 mm), Pribilof Is., St. George I.; UW 025736,

3(28-45.7 mm). Port Moller; UW 016600. 3(83.9-130,9

mm), 58.5833°N, 168. 1°W, 4 July 1949; UW 003100.
3(86.7-164.6 mm). Captains Bay, Unalaska I.; IFW 10650,

2(81.6-112.8 mm), off Nunivak I.. 59°36'N, 167°56'W; LW
14831, 1(83 mmi, off Nunivak I.. 59.82°N, 169.13°W, 4

July 1949; UW 25760. 1( 193 mm). 57.65°N. 167.65°W; UW
25731. 1(178.9 mm), 57.6667°N, 167. 2°W, 27 April 1987;

UBC 65-39, 1(175 mm), Izembeck Bay, 31 August 1964;

UBC 62-565. 2(198-229 mm). 120 km E of St. George

I.; UBC 65-730. 2(220-245 mm). 57°45'N. 164°45'W. 16

August 1965; UBC 65-714. 1( 160 mm). 57°45'N. 168°45'W.

1 August 1965; UBC 65-729. li 150 mm). 55°45'N. 162°45'W.

14 August 1965; Gulf of Alaska: ABL 72-74. 6(26-59.3

mm). SE shore of Favorite Channel. 10 November 1972;

ABL Uncat. 1( 195 mm). Unalaska I., 18 June 1958; 86ABL
62-202. 3(83.5-88 mm), Auke Bay, ca. 17.6 km NW of

Juneau, 23 May 1962; ABL 62-199, 1(52.3 mm), 19.2 km
NW of Juneau; ABL 64-996. 2(65.6-69.5 mm), Auke Bay.

ca. 17.6 km NW of Juneau, 30 April 1964; ABL 67-32,
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1(265 mm). Baranof I., Katlian Bay, 19

April 1967: OS 17158, 20(227-315 mm),

55.3323"N, 161.3186°W, 32 m, 3 June

1996; OS 17157, 3(230-262 mm), Aleu-

tian Is., 51.88373°N 179.7202°E, 95 m,

16 July 1997: OS 3497, 1(213 mm). False

Pass, ikatan Bay, 19 June 1956: OS out

of 6447, 2(166.1-170.2 mm), 57°10'N,

151°40.5'W. 77 m, 20 September 1978:

OS 2157, 1(92 mm), Kodiak I., Shelikof

St., mouth of Sturgeon R., 9-10 Septem-
ber 1954: OS 2169, 1(64 mm), Moffet Pt.

to Black Hill, 28 May 1957: OS 2173,

1(63.5 mm), Moffet Pt. to Black Hill, 3

June 1957: OS 3979, 1(94.6 mm), Little

Port Walter, 8 August 1964: SIO 69-748,

3(51-195 mm) of 7(51-195 mm), Afog-

nak I., Kitoi Bay. 16-21 April 1968;

SIO 76-299, 1(270 mm), Kodiak shelf,

56°43'N, 153°22'W, 25 June 1976; SIO

72-227, 1(235 mm ), 40 km NW ofJuneau,

Lynn Canal, 16 February 1963; USNM
130734, 1(254.5 mm), Ivanof Bay, 3 April

1941; USNM 27602, 1(261.8 mm), Kodiak

I., 12 July 1880; USNM 27942, 1(260.2

mm). Cook Inlet, Port Chatham; USNM
116332, 2(293-295 mm). Canoe Bay, 17

September-15 October 1940; UW 003854,

1(355 mm), Alitak Bay Kodiak I., 9 June

1932; LTW 040498, 1(195 mm). Prince

William Sound, 1989; UW 025740, 1(68.4

mm), Ugak Bay, Kodiak I.; LIW 044029,

1(276 mm), 59.5743°N, 151.325°W, 11 m
depth, 26 February 1996: LTW 044001,

18(52.7-99 mm) [3(30-40 mm) of 18 used

for illustration]. Prince William Sound:

LIBC 59-485, 2( 71-1 16.2 mm). ChiefCove,

Spiridon Bay: UBC 65-572, 1(74 mm),
Boussole Bay 29 June 1965; UBC 63-174,

1(290 mm). Prince William Sound, off

Cordova; UBC 65-148, 1(205 mm), W
of Chirikof I., 3 August 1964. British

Columbia: SIO 63-206-64B, 1(97 mm),
Vancouver I., Stanley Park at Lumber-

man's Arch, 15 March 1963; UBC 56-83,

3(83,5-121.3 mm). Strait of Georgia, off

Saturna L; UBC 62-874, 1(120 mm), off

Sooke, 20 June 1962; Puget Sound: OS
3565, 1(224 mm), Puget Sound, 3 Febru-

ary 1943; UW 041078, 2(126-144 mm),

Nisqually Reach, 25 February 1949; UW
004411, 1(36 mm), Edmonds, 1 June 1938;

UW 000203, 1(45.9 mm), Lopez I., 12

August 1929;UW 041678, 1(67.2 mm), San
Juan Islands, East Sound, 11 December

1964; LTW 041675, 3( 53.7-166,5 mm ), Port

Townsend Bay, 5 December 1978-5 Janu-

ary 1979; UW 018096, 1( 182.4 mm), Bell-

ingham Bay, Chuckanut Bay, May 1964;

UW 044014, 29(121-223 mm ),47°19.48'N,

4 3 mm SL

B

10 8 mm SL

D

11 8 mm SL

E

12 7mmSL

16 3 mm SL

Figure 23

Larvae of Lepidopsetta polyxystra n. sp,: (A) UW 069346, 4.3 mm. Gulf of

Alaska, 30 March 1978 (Matarese et al., 1989); (B) UW 083455, 7,4 mm. Gulf of

Alaska, 15 May 1979 (Matarese et al,, 1989); (C) LIW 083446, 10.8 mm, Benng
Sea, 26 July 1971 (Matarese et al,, 1989); (D) UW 063735, 11.8 mm. Gulf of

Alaska, 25 May 1985; (E) UW 0834.53, 12,7 mm. Gulf of Alaska, 24 June 1978:

(F) UW 083454, 16.3 mm. Gulf ofAlaska, 24 June 1978 (Matarese et al., 1989).

Illustrations by B. Vinter, under contract to the National Marine Fisheries Ser-

vice, Alaska Fisheries Science Center.
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Figure 24

Distribution and density (average number per 10 m-'l o? Lepidopsetta polyxystra n. sp.

in the Gulf of Alaska and Bering Sea, 1972-1994,

122°33.8'W. 10 May 1996: UW 044007, 9(135-200 mm),

Nisqually, 47°9.47'N, 122°40.16'W, 16 May 1996.

Larvae 18 specimens. 3.3-18.6 mm, examined. Bering
Sea: UW 083475, 1(3.7 mm), 55°47.0'N, 165°59.0'W, 0-117

m depth, bongo net, 19 April 1991: Gulf of Alaska: UW
083456, 1(3.3 mm), 58°22.0'N, 150°06.0'W, 0-52 m depth,

bongonet,9April 1991:UW 083479, 1(11. 2 mm),57°19.0'N,

156°09.0'W, 0-100 m depth, bongo net, 4 June 1990: UW
083457, 1(4.2 mm), 56°30.0'N, 157°00.2'W, 0-43 m depth,

bongo net, 24 April 1991: UW 083476, 1(5.2 mm). 56°54.3'N,

156=15.3'W. 0-100 m depth, bongo net, 9 May 1992: UW
083461, 1(6.4 mm), 56°46.1'N, 156°47.9'W. 0-47 m depth,

bongo net, 24 May 1991: UW 083472, 1(7.2 mm), 56°46.2'N,

156°33.6'W, 0-99 m depth, bongo net (333 mesh), 13 May
1992; UW 083471, 1(8.8 mm), 56°46.2'N, 156°33.6'W. 0-99

m depth, bongo net, 13 May 1992: UW 083478, 2 of 10

(10.0-10.7 mm), 56°56.7'N, 154''43.2'W, 0-42 m depth,

bongo net, 5 June 1990: LTW 083481. 2(13.6-14.2 mm),
56°54.0'N, 156°29.5'W, 0-84 m depth, bongo net, 3 June

1990: UW 083477, 1(5.7 mm), 55°57.0'N, 158°33,1'W, 0-100
m depth, bongo net. 21 May 1991: UW 083480, 2( 12.4-12.6

mm), 55°39.1'N, 156°3.4'W, 0-100 m depth, bongo net. 31

May 1990: UW 083451, 1(17.8 mm), 55°18.1'N. 160n2.0'W,

0-115 m depth. Methot net. 24 July 1991: UW 083450,

1(15.3 mm), 54°39.2'N, 159°23.0'W. 0-54 m depth, Methot

net, 29 July 1991: UW 083452, 1(18.6 mm). 54°36.2'N.

162°16.2'W, 0-87 m depth, Methot net, 30 July 1991.

Other material examined

Adults 629 adults and juveniles. Bering Sea: ITW 044023.

6(173-292 mm), 60.6869°N, 175.4609°W, 11 July 1995;

UW 044020, 2(331-368.5 mm), 58.45°N, 174.33°W; UW
044003, 2(226-249 mm). 58.12°N, 168.43°W; UW 041699,
1( 108 mm), 58.66°N, 159.47°W: Gulf ofAlaska: UW 044015,
307(18.2-190 mm). Kachemak Bay: UW 044016, 1(37.5

mm), Kachemak Bay: LTW 044018, 54(26-90 mm), Kache-

mak Bay; SIO 76-300, 3(161-200 mm) of 28( 145-280 mm),
Kodiak shelf, 57°40'N, 150°37'W, 15 March 1963; ABL
68-505, 2( 128-140 mm) of 15( 15-140 mm) examined. Gla-

cier Bay, 8 August 1968; UW 025735, 2(35.8-61.8 mm),
"6/10/83, Sta. 14, Haul 52"; LW 04321, 1(230 mm). Fish-

ing Vessel Sulak. Cruise 436, Robin Scheid; UW 002688,
83(56-107 mm), Shumagin Is.. Baralof Bay. 27 June 1931;

UW 002032. 30(75-137 mm). Yakutat Bay, 21 June 1932.

UW 041674, 11(67.5-139 mm), Alexander Archipelago, off

Wrangell I., 1 December 1931; UW 003841. 13(72-99 mm).
Yakutat Bay, 21 June 1932: UW 004004, 7(77-100 mm),
Yakutat Bay, 21 June 1932; l^W 005047. 6(97-120 mm),
Alitak Bay, 9 June 1932: LW 041681, 1( 119.5 mm), Pnnce
William Sound, 1989; UW 002069, 8(106-157.3 mm). Cold

Bay, 6-26 May 1932; UW 022413, 5 cleared and stained

of 14(53-110 mm), Adak I.. Aleutian Is.; UW 040265,

16(159-350 mm), 54.03899''N, 165.8153°W; UW 003913.

5(113.4-167 mm). Prince William Sound, Orca Inlet, 2

April 1935; UW 044012, 6(27.5-384 mm), 56.5°N, 153.5°W.

Bonaduhr; UW 020658, 7(56.1-135.7 mm), Kodiak I., Ugak
Bay; UW 025763. 1( 139.7 mm ). offAmchitka I.;UW 040263.

3(214-255 mm), 54°N, 160.74''W. British Columbia; UBC
out of 61-609, 3(44.8-56.6 mm), Bute Inlet: UBC out of

60-416, 6(181-230 mm). Queen Charlotte Is., Gillat Arm;
UBC out of 62-93, 7(75-111 mm), Nass Bay; UBC out of

61-674. 7(64-81 mm ). Dean Channel, off Nescall Bay. Wash-

ington, Oregon, and California: UW 041673, 5(68-110.5

mm ), San Juan Is., East Sound. 3 March 1937; UW 047270,

6(60-240 mm), Puget Sound, Port Townsend Bay: CAS
19305, 1(246.5 mm), San Franci-sco (see comments).

Larvae 42 specimens (4.2-20.0 mm) examined: Bering
Sea: UW 083446, 1(10.8 mm), 57°30.0'N, 169°30.0'W, depth

unknown, bongo net, 26 July 1971; LTW 083447, 1(4.5 mm),

54°01.3'N, 166°33.9'W, 0-100 m depth, bongo net, 25 April

1993; Western Gulf of Alaska: LTW 083448, 1(15 1 mm).
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55°17.7'N, 160°11.7'W, 0-115 m depth, Methot net, 24 July

1991;UW 083449, 1(15.3 mm). 54°39.2'N, 159°23.0'W, 0-54 m
depth, Methot net, 29 July 1991;LW 071740, l(12.0mm; 11.0

mm as measured in this study), 55°38.6'N, 153°30.rW, 0-102

m depth, bongo net, 31 May 1990; UW 071752, 1(10.0 mm;
9.4 mm as measured in this study), 55°31.6'N, 156°16.3'W,

0-100 m depth, bongo net, 31 May 1990; UW 072106, 1 of

2(17.1 mm), 56°46.2'N, 156°33.6'W, 0-100 m depth, bongo
net, 3 June 1990; Gulf of Alaska; LTW 069346, 1(4.3 mm) of

9, 58°22.0'N, 150''12.8'W, 0-47 m depth, bongo net, 30 March
1978; ITW 083453, 1(12.7 mm), 56°41.9'N, 154°33.2'W, 0-16

m depth, bongo net, 24 June 1978; UW 083454, 1(16.3 mm),
57''19.5'N, 152°23.9'W, 0-48 m depth, bongo net, 24 June

1978; LTW 083455, 1(7.4 mm), 56°23.7'N, 155''45.0'W, 0-79 m
depth, bongo net, 15 May 1979; UW 063735, 1 of 12 (11.8

mm ), 56°35.1'N, 153°43.6'W, 0-70 m depth, bongo net, 25 May
1985; UW 072459, 1 of 10 (9.4 mm), 57°10.7'N, 155°12.9'W
0-100 m depth, bongo net, 5 June 1990; UW 072497, 6 of 10

(7.4-12.6 mm), 56°56.7'N, 154°43.2'W, 0-42 m depth, bongo
net, 5 June 1990; LTW 072502, 4 of9 ( 7.3-10.3 mm ), 56°49.4'N,

154°30.3'W, 0-60 m depth, bongo net, 5 June 1990; LTW

072511, 1(12.2 mm), 57°28.6'N, 154°42.4'W 0-60 m depth,

bongo net, 5 June 1990; UW 072546, 1(8.1 mm), 57°40.6'N,

155°10.5'W, 0-287 m depth, bongo net, 6 June 1990; LTW

083458, 1(6.8 mm), 57°15.6'N, 155°55.4'W. depth unknown.
Mocness net. 14 May 1991; LTW 083460, 1(6.4 mm), 56°16.4'N,

158°04.9'W, 0-64 m depth, bongo net, 22 May 1991; UW
083463, 1(4.2 mm), 57°52.3'N,155°0.1'W, 0-82 m depth, bongo
net, 7 April 1992; LTW 083464, 1(5.0 mm), 57°42.2'N,

154°47.3'W, 0-219 m depth, bongo net, 7 April 1992; LTW

083465, 1(5.5 mm), 57°16.5'N, 155°55.0'W, 0-100 m depth,

bongo net, 8 May 1992; UW 083466, 1(5.8 mm), 56°54.3'N,

156°15.3'W. 0-100 m depth, bongo net, 9 May 1992; UW
083467, 3(4.6-6.0 mm). 56°51.8'N, 156°21.4'W, 0-99 m depth,

bongo net. 9 May 1992; LTW 083468, 1(6.1 mm). 56°53.3'N.

156°23.9'W 0-102 m depth, bongo net, 9 May 1992; UW
083469, 1(8.5 mm). 56°42.2'N. 156°32.3'W. 0-100 m depth,

bongo net. 13 May 1992; LTW 083470. 1(6.7 mm). 56''44.4'N.

156°28.7'W, 0-102 m depth, bongo net, 13 May 1992; LTW

083473, 1(7.6 mm), 56°09.4'N, 157°14.3'W, 0-101 m depth,

bongo net, 22 May 1992; UW 083474, 1(7.5 mm), 56°40.6'N,

155°10.4'W, 0-59 m depth, bongo net, 15 May 1992; UW
083482, 2( 19.0-20.0 mm ). 47°34. 15'N. 122°32.30'W, m depth,

dip net, 9 May 1990.

Diagnosis

Lepldopsetta polyxystra is a species of Lepidopsetta with

the following combination of characters in adults: total

gill rakers on first arch 9-14. on upper arch 2-6; total gill

rakers on second arch 8-14; supraorbital pores 1-3, rarely

4-7; preopercular pores 5-8; lateral-line pores 76-100;

sum of scales above and below lateral line 66-96; inter-

orbital wide; blind side coloration in life creamy, without

glossy highlights along margins of myotomes.
Larvae are distinguished from other species o{ Lepldop-

setta by the following characters; body slender; snout-to-

anus length long; larvae undergo hatching, flexion, and

transformation at comparatively larger sizes; preflexion

pigment pattern with light pigmentation along finfolds.

limited mainly to the ventral finfold, and two pigment

spots along the dorsal midline (the posteriormost align-

ing with a ventral patch forming a bar), a series of small

melanophores extending from just posterior to the anus to

just beyond the postanal bar (about 2/3 body); and flexion

pigment pattern with a single bar located on the postanal

body; pectoral-fin rays unpigmented.

Description of adults

Body ovate, greatest depth 4 1 .2-58.9 ( 49.0 )'7f SL, scales above

lateral line 27-40, scales below lateral line 38-59; head rel-

atively acute, length 21.8-31.5 (27.2)% SL; dorsal margin
of head at dorsal-fin origin slightly concave, snout length

3.1-5.7 (4.4)% SL (12.1-20.1 (16.0)% HL); ocular-side max-

illa length 20.4-31.5 (26.3)% HL; blind-side maxilla length
22.2-35.7 (28.7)% HL; ocular-side mandible length 34.4-50.0

(40.7)% HL; teeth 4—5 on ocular-side premaxilla, 23-24 on

blind-side premaxilla and 8-9 on ocular-side dentary. 20-24

on blind-side dentary; gill rakers of first arch relatively slen-

der. 9-14 total. 3-6 on upper arch, 6-9 on lower arch; gill

rakers of second arch 8-14 total with 0-4 on upper and

7-13 on lower arch; dorsal orbit length often with posteriorly

elongate rim and much longer than eye length, orbit length
22.2-32.9 (28.1)% HL, dorsal eye length 18.5-32.9 (23.0)%

HL; ventral eye length 17.2-31.1 (24.2)% SL; interorbital

wide, up to 5 scales at narrowest portion, 2.5-6.6 (4.4)% HL;
cheek with 7-12 scales, length 26.7-38.5 (32.5)% HL, depth
13.6-22.7 (18.7)% HL; preopercular pores 5-8; ocular-side

suborbital pores 13-29; blind-side suborbital pores 8-14; lat-

eral line pores 76-100, lateral-line arch length 26.1-64.5

(52.3)% HL, its depth 26.3-38.2 (31.7)% its length; both

anterior and posterior supratemporal branches relatively

long, anterior pores 3-15, posterior pores 10-35; supraorbital
canal short, reaching only to the posterior rim of the dorsal

orbit at about the insertion of dorsal-fin rays 5-6, pores 1-3,

rarely 4—7; ocular-side pectoral-fin length 10.7-18.2 (14.7)%

SL (38.3-70.4 (53.9)% HL); blind-side pectoral-fin length
6.6-12.7 ( 10.2)% SL (24.2^9.6 (37.4)% HL); ocular-side pel-

vic-fin length 7.8-12.2 (9.9)% SL (27.6-45.9 (36.6)'7( HL);

dorsal fin with 64-83 rays, height 10.2-16.6 (13.5)% SL,

in specimens with 69-80 rays supported by 68-78 pterygi-

ophores, typically 9 or rarely 8 anterior to first neural spine;

anal fin with 49-64 rays, in specimens with 55-61 rays sup-

ported by 53-63 pterygiophores; caudal peduncle relatively

slender, "least depth 9.4-13.1 (10.9)% SL (32.2-48.8 (40.2)%

HL, 101.2-144.2 (123)% caudal peduncle length', greatest

depth 10.1-16.9 (12.31% SL (38.1-57.7 (45.2)% HL); caudal

peduncle length 7.0-10.1 (8.9)% SL (27.6-42.0 (32.7)% HL);
caudal-fin length 17.8-29.1 (22.7)% SL. Vertebrae 39-41,

with 10-11 precaudal and 29-30 caudal.

Scales around head and those scattered posteriorly on ocular

side very rough, with columnar tubercles in large adults;

strong spines in small adults and juveniles. Urogenital flap

unpigmented or lightly pigmented in 23-80 mm juveniles.

In life, blind side in moderate to large adults creamy
white, skin opaque (Amaoka et al., 1995, Fig. 525); in juve-

niles, blind side nearly completely translucent, with small,

white glossy areas on head. When preserved, blind side of all

individuals uniform creamv white to vellow-brown. Ocular
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side slightly less green than that of congeneric in Puget

Sound, often with faint yellow highlights around darker

spots near bases of dorsal and anal fins and at midline.

Remaining description as for genus. Largest specimen
examined 340 mm (427.5 mm TL) (UW 040265 ). Maximum
size reported 588 mm (Fadeev. 1965) to 690 mm TL.^

Description of juveniles

Individuals of about 20 mm collected in water column (one

19.0-mm individual examined, UW 083482, not completely

transformed; see comments); lateral line and pectoral-fin

rays undeveloped; body pigmentation increasing through-

out; bars and patches of postflexion larval pigmentation

pattern visible; urogenital papilla light or speckled with an

unpigmented tip. Eye length smaller, mouth larger, body

deeper, gill-raker counts on lower arch higher, distance

from pelvic-fin origin to anal-fin origin shorter, expanded
anteriormost anal-fin pterygiophore less developed (not

protruding beyond body wall in our material) than in sim-

ilar-size L. billneota.

By 35 mm, many individuals collected near bottom. Post-

settlement juveniles (Fig. 22B) as developed as similar-size

L. bilineata: increased body pigmentation giving juveniles

a darker appearance (obscuring urogenital papillae pig-

ment), rays of paired and median fins formed, lateral line

formed, supraorbital pores present, expanded anteriormost

anal-fin pterygiophore strongly developed.

Description of larvae

Snout-to-anus length 32.1-39.37^ SL, remaining constant

during development; body depth 3.8-28.59;^ SL, increas-

ing with development, sharply increasing after flexion;

head length 11.6-26.7'7f SL, increasing with development;
snout length 22.8-24. 7'7r HL, remaining constant during

development; orbit length 51.8-20.9'7f HL, decreasing with

development (Table 2). Total myomeres 38-42.

Larvae hatching at greater than 3.0 mm (3.6-4.0 mm,
Pertseva-Ostroumova. 1961); yolk absorbed by 3.3-4.2 mm.
Preflexion larvae ranging in size from 4.2 to 6.2 mm; flexion

larvae, 6.2-12.6 mm; postflexion larvae, 12.2-18.6 mm. Trans-

formation occurring at sizes as small as 15.0 mm; postsettle-

ment stage usually not complete by 20.0 mm I Table 13).

Head pigment present initially along lower jaw and

underside of chin (Fig. 23); increasing with development
to snout, upper jaw, and isthmus. Pigment ventrally along

gut and dorsally on anus; by flexion a distinct patch of

melanophores along posterior edge of gut; pigment increas-

ing laterally with development.
Postanal pigment light along the anal finfold, melano-

phores absent on dorsal finfold (Fig. 23); two pigment

patches along the dorsal midline, anterior patch beginning
about midbody at myomere 18-20, posterior patch begin-

ning about myomere 30, posterior patch aligning with a

ventral patch forming a postanal bar; series of melano-

phores along the ventral body midline beginning just pos-

terior to the anus, extending to just beyond the postanal
bar (about 2/3 body length); a few melanophores on caudal

peduncle and above and below the notochord tip.

Distribution (Figs. 8, 11, 13, 24)

Ranging from the northern coast of Hokkaido throughout
the Kuril Islands and the Okhotsk Sea of the western

North Pacific, through the Bering Sea, from the Gulf of

Anadyr^^ to off St. Lawrence Island (Allen and Smith,

1988), to Puget Sound, Washington, in the eastern North

Pacific. Large concentrations have been reported from the

west and southeast of the Kamchatka Peninsula, where it

once composed 90'7f of the fisheries catches of pleuronec-

tids (Shubnikov and Lisovenko, 1964), and from the south-

eastern Bering Sea. Minami and Nakamura (1978) also

reported a single specimen ofL. bilineata {=L. poly.xystra

n. sp. based on distribution) among many L. mochigarei
from Wakasa Bay, Japan (ca. 35.7°N, 135. 5°E); this speci-

men could not be located. ^^ Larvae have been collected

from Puget Sound, the east coast and northern tip of Van-

couver Island, Hecate Strait, and north along the coasts of

Alaska into the Bering Sea. According to Okiyama ( 1988),

larvae occur along the coast of the Kuril Islands, the coast

of Kamchatka, and into the Bering Sea.

The recorded locality of one adult (CAS 19305) from San

Francisco Bay, over 1200 km south of the nearest verified

capture in Puget Sound, is questionable. Although no evi-

dence from catalog records** indicates that the specimen
had been misplaced, the specimen was collected in 1888

and has an original catalog number from the Indiana Uni-

versity collection. Its morphology and meristics are dis-

tinctively that of more northerly populations.

Habitat

Lepidopsetta collected in the eastern Bering Sea are most

commonly associated with sand, and least with "sand

and mud," when compared with all other measured sub-

strate types in the Bering Sea, including combinations

of sand, gravel, and mud.'"' The maximum depth of col-

lection was 246 m.^'^ During the 22-year ichthyoplankton

sampling period (all previously unidentified pleuronectid

lai^vae were re-examined, thus providing the only historic

distributional records for lai-vae of L. poly.xystra n. sp.),

larvae were common in spring surveys conducted in the

Gulf of Alaska and Bering Sea, when they first appear in

March collections; largest catches have been taken in May.

''' Kessler, D. 1997. Personal commun. Under contract to

Resource Assessment and Conservation Engineering Division,

Alaska Fisheries Science Center, Natl. Mar Fish. Sen,'., NOAA,
7600 Sand Point Way NE. Seattle. WA 98115.

'* Saruwatari.T. 1997. Personal commun. Ocean Research Insti-

tute, University of Tokyo, Tokyo, Japan. Shinohara, G. 1997.

Personal commun. Fish Section, Department of Zoology,

National Science Museum (Natural History). Huankunin-cho.

Shinjuku-ku, Tokyo. Japan.
'''

McConnaughey, R. 1997. Personal commun. Resource Assess-

ment and Consei-vation Engineering Division, Alaska Fisheries

Science Center Natl. Mar Fish. Serv, NOAA. 7600 Sand Point

Way NE, Seattle, WA 9811.5.

"' Resource Assessment and Consei-vation Engineering (RACE)
Division. 1998. Unpubl.datafrom the RACE database. Alas-

ka Fisheries Science Center, Natl. Mar Fish. Serv., NOAA, 7600

Sand Point Way NE, Seattle. WA 981 15.
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Highest densities of larvae occur in the Bering Sea (Fig.

24). compared with the western Gulf of Alaska.

to the gill rakers being more numerous than those of con-

generic species.

Life history

Lcpiclopsctta collected from the eastern Bering Sea and

Sakhalin Island, presumed to be L. polyxystra n. sp., fed pri-

marily on polychaetes and other marine worms; molluscs

(Skalidn, 1959, 1963: Lang et al., 1995) or fishes, primarily

Ammodytes hexapterus in depths >50 m (Lang et al., 1995),

were a second significant component of the diet. Feeding
took place primarily from May to September, falling to low

levels during the winter (Shubnikov and Lisovenko, 1964)

when spawning occurs (Fadeev, 1965). Spawning occurs in

areas with good water circulation over hard bottoms of

sand with gravel and peaks from early March to mid-April

in waters off Kamchatka, possibly occurring as late as mid-

June in the western Pacific (Pertseva-Ostroumova. 1961).

Fecundity ranges from 151,700 to 404,200 eggs (Fadeev,

1965). Life history including spawning and development
was discussed by Pertseva-Ostroumova (1961, as L. bili/i-

eata bilineata) and larval development was described by

Okiyama ( 1988, as L. bilineata ).

The Washington Department of Fisheries reported Lepi-

dopsetta from late December through early March in sandy

gravel of upper intertidal beaches at several sites in cen-

tral and southern Puget Sound (Penttila, 1995). In January
1991, one beach site on the south shore of Dana Passage
(the center of a relatively large area of documented Lepi-

dopsetta spawning) was the source of six batches of field-

collected spawned eggs (each about 1 mm in diameter)

that were subsequently reared through hatching. We iden-

tified the reared larvae as L. polyxystra n. sp. Egg batches

ranged in size from 40 to several hundred eggs and were

incubated over about 14 days with ambient central Puget
Sound water (about 9.0°C3). Larvae hatched between 4

and 5 mm and had yellow pigmentation associated with

the melanophores. For additional early life history infor-

mation, see generic account.

The maximum recorded age for female L. polyxystra n.

sp. captured in the Bering Sea is 18 yr at 49 cm FL, and for

males is 17 yr at 40 cm FL (Alton and Sample'"). The gills

of adults from the Gulf of Alaska have been found to be

heavily infested with copepod parasites Nectobrachia irtdi-

visa, and Naobr'anchia occidentalis. previously recorded

in Lepidopsetta by Kabata (1988). For both parasites, L.

polyxystra n. sp. was significantly more heavily infested

thanL. bilineata." The parasites Acanthochondria vancoii-

verensis and Haemobaphes sp. were also recorded.

Etymology

The specific name polyxystra is derived from the Greek

poly, meaning many, and xystrus. meaning raker, referring

>"
Alton, M. A., and T. Sample. 1976. Rock sole (family Pleu-

ronectidae). In Demersal fish and shellfish resources of the

eastern Bering Sea in the baseline year 1975 (W. T. Pereyra,
J. E. Reeves, and R. G. Bakkalal. p. 461-474. Northwest
and Alaska Fish. Center Proc. Rep., Seattle. WA.

Comments

Under the name of L. bilineata, L. polyxystra n. sp. has been

the subject of many studies. Work on specimens collected

north of the extreme southeastern Bering Sea and west of

the eastern Aleutian Islands in the western North Pacific

may be presumed to be based on L. polyxystra n. sp. How-

ever, all studies conducted on specimens from the Gulf of

Alaska into Puget Sound, regions of extensive overlap in the

distributions of L. polyxystra n. sp. and L. bilineata, should

be considered applicable at the generic level only, unless

voucher specimens were collected and can be verified.

According to Pertseva-Ostroumova ( 1961), juveniles as

small as 20 mm SL have been collected on the bottom.

However, the species exhibits much plasticity in settling

size, with specimens much greater than 20 mm SL rou-

tinely collected in plankton nets.

A widely published illustration identified as L. bilineata

is based on a specimen of L. poly.xystra n. sp. taken off

Kodiak Island, Alaska ("St. Paul, Kodiak," USNM 27602),

now badly damaged. First published in Goode ( 1884), it was

subsequently reprinted in Jordan and Goss (1889), Jordan

and Evermann ( 1900 ), Jordan and Starks ( 1906 ), and Ever-

mann and Goldsborough (1907) among other publications.
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Abstract.—Finfish bycatch taken by

the U.S. Gulf of Mexico shrimp fishery

is an important issue in the manage-
ment of fisheries resources given the

perceived high mortality of the differ-

ent fish stocks taken as bycatch in the

region. Bycatch data are characterized

by a high number of low catches, a

few high catches, and depending on

the finfish species, a significant propor-

tion of observations with zero bycatch.

An evaluation of the current general

linear model for generating bycatch

estimates indicates that the bycatch

data do not conform to the assumptions
ofthis model because bycatch estimates

depend upon choices within the model

that can significantly change the results

of the model. These choices include the

constant value added to catch-per-unit-

of-effort (CPUE) values prior to the

logarithmic transformation (to avoid

undefined logarithms with zero CPUEs )

and the standard time-unit selection for

calculating CPUE values from catch in

numbers and variable tow times. Cur-

rently a value of one is added to ob-

served CPUE, and a constant time unit

of one hour has been used; however,

these choices are somewhat arbitrary.

An alternative approach to model

bycatch data is to use a delta distribu-

tion that has two components. Compo-
nent one models the proportion of zeros,

and component two models the posi-

tive catches. In our study, we applied

the delta lognormal model to estimate

finfish bycatch in the shrimp fishery.

This model avoids the problems of 1)

the addition of a constant positive value

to log-transformed CPUEs, and 2) the

selection of a standard time unit for

CPUE calculations. Bycatch estimates

determined with the current general

linear model were compared with those

determined with the delta lognormal
model for Atlantic croaker iMicropogo-

nias undulatus). red snapper iLutJa-

nus campechanus). Spanish mackerel

iScomberomorus maculatus), and all

finfish from 1972 through 1995. Analy-
sis and evaluation of the performance
of the delta lognormal model indicated

that this model fits the bycatch data-

base better than the current general

linear model.

An alternative method for estimating bycatch
from the U.S. shrimp trawl fishery

in the Gulf of Mexico, 1972-1995

Mauricio Ortiz

Christopher M. Legault

Nelson M. Ehrhardt

Division of Marine Biology and Fisheries

Rosenstiel School of Marine and Atmospheric Sciences

University of Miami

4600 Rickenbacker Causeway

Miami, Florida 33149

Present address (for M Ortiz): Miami Laboratory

Southeast Fisheries Science Center

National Manne Fisheries Service, NOAA
75 Virginia Beach Dr, Miami, Florida 33149

E-mail address (for M Ortiz) mauricio ortiz^i noaa gov

Manuscript accepted 10 January 2000.

Fish. Bull. 98:583-599 (2000).

In recent years shrimp bycatch has

become one ofthe most important issues

in fishery management in the south-

eastern United States, inclutJing the

U.S. Gulf of Mexico. In 1990, the U.S.

Congress requesteii a 3-year research

program to assess the impact ofbycatch

by the shrimp fishery on federally man-

aged fishery resources along the south

Atlantic and the U.S. Gulf of Mexico

coasts (Public Law 101-627, secllOc').

As a result, the National Marine Fisher-

ies Service (NMFS) created the Cooper-

ative Shrimp Bycatch Characterization

Project (NOAAM, a fonr-year program
which focused on 1) characterizing

onboard shrimp trawl bycatch, 2) devel-

oping and testing bycatch reduction

devices ( BRDs ), and 3 1 evaluating alter-

native bycatch management options.

Among the major objectives identified

in this project were those of updating
and expanding temporal and spatial

bycatch estimates (offshore and inshore

waters) (NOAAM.
Since 1987, the NMFS has provided

bycatch estimates for several finfish

species in the Gulf of Mexico by using a

catch-per-unit-of-effort( CPUE) method,

where bycatch CPUEs are estimated fol-

lowing a general linear approach ( Nich-

ols et al.2). Briefly a bycatch CPUE rate

is estimated for each fish species by

year ( 1972-95 ), area, season, and depth-

zone stratum. These bycatch CPUEs

are multiplied by an estimated annual

shrimping effort within the stratum,

and the total annual bycatch is the sum
of the bycatch for each stratum. To esti-

mate bycatch, the sample unit is defined

as the number offish of a given species

caught each net-hour during a tow. The

current general linear model was evalu-

uated by considering two main topics:

1) the assumptions entailed with using

the model and the theoretical basis for

generating the estimates, and 2) the

appropriateness of the available data

to the configuration and analysis of the

model. More specifically, we examined

the matrix structure used in the gen-

eral linear model, the logarithm usage
in the general linear model, and the

standardization of effort in the CPUE's

in the current general linear model.

NOAA. 1995. Cooperative research pro-

gram addressing finfish bycatch in the Gulf

ofMexico and South Atlantic shrimp fisher-

ies: a report to congress. National Marine

Fisheries Service Southeast Regional
Office, 9721 Executive Center Dr N., St.

Petersburg, FL 33702.
'

Nichols S., A. Shah, G. J. Pellegrin, and

K. Mullin. 1987. Estimates of annual

shrimp fleet bycatch for thirteen finfish

species in the offshore waters of the Gulf

of Mexico. Report to the Gulf of Mexico

Fishery Management Council. The Com-
mons at Rivergate, 3018 U.S. Highway 301

N., Tampa, FL 33619.
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Procedure for estimating bycatch with the

general linear model

In the bycatch estimation procedure with CPUE, it is

assumed that the estimated annual shrimping effort is

known and no variance is associated with this value.

Therefore, we restricted our evaluation to the general
linear model method to estimate the bycatch rates (CPUE)
within each stratum. The general linear model is defined

for each bycatch species by Nichols et al. ( 19872) as

Logjf, (CPUE + 1
),,<.,„,

= r7iean + dataset, +

year + season/. + area/ +
depth^^^ +

f, ^^^^ , (1)

vhere CPUE = the catch in numbers per trawl for

each hour of shrimp fishing;

mean = the overall mean;
dataset HI = a fixed effect term differentiating

commercial shrimp fishing from

research trawls; and
the terms year (j).

season (k),

area (I), and

depth (ml = also fixed-effect terms characteriz-

ing the spatiotemporal variability of

shrimp bycatch.

This model assumes that the error terms are random,

independent, and normally distributed, with equal vari-

ance throughout. Predicted catch per trawl net for each
hour of shrimp fishing is then estimated for each stratum
for the commercial shrimp fishery as

CPUE = 10
1»1 1S1,).«.WSI

(2)

where Y = the general linear model predicted logj^

(CPUE+\);anA
RMS = the residual mean square from the general

linear model.

The RMS term is required to estimate the arithmetic mean
from the geometric mean of the assumed lognormal distri-

bution. The constant 1.1513 is a correction factor for esti-

mations derived with log base 10 instead of the natural

log.

The predicted CPUE in each stratum is then multiplied
by the estimated shrimping effort in the corresponding
stratum. CPUEs are estimated for each trawl net. An aver-

age of two trawl nets per commercial shrimp vessel for

the 1972-95 time series is assumed owing to the lack of

information on number of nets per boat for each stratum
(cell in the matrix configuration) or other grouping cate-

egory. Total annual bycatch estimates for a given species
are then simply the sum of the commercial bycatch (;=1)

in all strata for that year (,/) as

where
/^^.,^,

= the estimated total shrimping effort (hours

of fishing) for yearj, area k, season /, and

depth zone m.

The general linear model estimates an approximate vari-

ance for the arithmetic mean CPUE for each cell as

where Y and i?MS = the predicted log^, (CPUE+1) and
the residual mean square respec-

tively;

S~ = the estimate of variance of the pre-

dicted logio (CPUE+1> for the cell;

and

rdf = the residual degrees of freedom.

No variance estimates for the estimated shrimping effort

are included in this model; thus effort is considered as if it

were known exactly (Nichols et al.^).

The database for estimating shrimp bycatch CPUEs was
derived from information collected in several projects. The
current database comprises two types of data sources: 1)

direct measurements of finfish catch by observers onboard
of commercial shrimp vessels, and 2) catch rates from
research surveys. Direct observations came from four main

programs: the Sea Turtle Incidental Catch and Mortality

Project (Henwood and Stuntz, 1987), the Excluder Trawl
Device Evaluation Project (Henwood and Stuntz, 1987),

the Shrimp Fleet Discards Project (Pellegrin, 1982), and
the Cooperative Shrimp Bycatch Characterization Project
(NOAAM. Direct observations were discontinuous in time
and space; in particular, no onboard commercial vessels

observations occurred between 1982 and 1991. Research
observations came primarily from two annual trawling

projects: the Fall Groundfish Surveys and the Summer
SEAMAP Program. With over 22,000 tows documented from
1972 through 1995, research observations were the main
source of the bycatch database. Research obsei-vations were
restricted to tow surveys with the RV Oregon II equipped
with a standard 40-ft shrimp trawl (Nichols et al.-*).

For estimating bycatch, the U.S. GulfofMexico was divided

into four geographic areas, two depth zones, and three sea-

sons. Aj-ea 1 covered the Texas coastline, area 2 covered the

Louisiana coast, area 3 covered the Alabama and Missis-

sippi coasts, and area 4 covered to the Florida West Coast
and the Lower Florida Keys. Two depth strata were defined

by using the 10-fathom depth as the divider of inshore and
offshore regions. Temporal variability of shrimp bycatch was
taken into account by including three seasons: 1) January-
April, 2) May-August, and 3) September-December
Annual estimates of bycatch for the finfish category (i.e.

all fish species, in weight units instead of numbers offish),

and for three fish species (Atlantic croaker, Spanish mack-

Byeatch^=2x'^CPUE,,„„xf^, (3)

* Nichols S.,A. Shah. G.J. Pellegrin and K.Mullin. 1990. Updated
estimates of shrimp fleet bycatch in the offshore waters of the US
Gulf of Mexico 1972^1989. Report to the Gulf of Mexico Fish-

ery Management Council. The Commons at Rivergate 3018 U.S.

Highway 301 N., Tampa, FL 33619.
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Table 1

Distribution of number of cells and observations per cell for the general linear model and the modified models. The 3-area model

refers to a reduced number of levels in the area factor of the general linear model (from 4 to 3) by combining areas 2 and 3 into a

single area (see text for description of each area). The 2-season model refers also to a reduced number of levels in the season factor

of the general linear model where season 1 is from September to April and season 2 is from May to August. The no-depth-zone

model refers to the general linear model without the depth zone factor. The combined model refers to a model of 3 areas, 2 seasons,

and no depth zone. The year and dset (data set) refers to a general linear model with only these two factors (i.e. excluding season,

area, and depth-zone factors). Percent coverage refers to the proportion of cells in the matrix that have tow observations, both by

type of data (commercial, research, and combined) as well as the number of positive bycatch tows with Spanish mackerel.

Matrix structure of general linear model

Research Commercial Total

Scenario

No. cells

of matrix

Cells with

tows

Cells with

Spanish

No. cells Cells with Cells with

of matrix tows Spanish

General linear model .576 274 175 576 181 77

3 areas 432 176 129 432 148 68

2 seasons 384 236 153 384 152 69

No depth zone 288 143 110 288 112 61

Combined 144 80 66 144 71 41

Year dset only 24 24 24 24 15 10

No. cells
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Finfish

72 74 76 78 80 82 84 86 90 92 94

Red snapper

72 74 76 78 90 92 94

Year

Atlantic croaker

6.0

72 74 76 78 80 82 84 86 88 90 92 94

Spanish mackerel

72 74 76 78 80 82 84 86 88 90 92 94

Figure 1

Estimated total bycatch with the general linear model and modified models of the general linear model for the finfish group, Atlan-

tic croaker, red snapper, and Spanish mackerel. (See Table 1 for descriptions of the modified models.)

in the matrix, we found that this value increased from 39'^

in the base scenario of the current general linear model to

81'^'f . in what was defined as the "minimum model" where

only the factors year and dataset were included.

Overall, the results showed that total bycatch estimates

did not vary substantially, although the assumed model was

radically modified ( Fig. 1 ). These results suggest that season,

area, and depth zone are factors that do not significantly

contribute to the explanation of the observed variability in

the data. Although the F-values from the ANOVA tables

were highly significant (P<0.05) for each factor in all gen-
eral linear model matrix scenarios, this significance may be

a response to the large number of degrees of freedom. Alter-

natively, it is possible that the structure of the general linear

model does not reflect all the main factors that account for

bycatch variability among years, except for dataset source.

Indeed, interactions between the main factors may also be

important. Given the limited data coverage, however, the

inclusion of other factors or interactions among factors in

the general linear model is clearly not advisable.

In summary, the simple model with year and dataset as

factors produced similar estimates of bycatch in relation

to the complex model, including season, area, and depth
zone factors. In particular, for species that are not common
as shrimp bycatch, a simple model avoids empty cells and

highly unbalanced input matrix designs.

Use of logarithms in the general linear model

One of the assumptions in the linear regi"ession model

is that the error within the matrix cells should follow a

normal distribution and have a constant equal variance.

In the bycatch dataset, the CPUE variance increases as

the mean CPUE increases, indicating a constant coefficient

of variation. This condition suggests a logarithmic trans-

formation of mean CPUE values. To avoid the problem of

undefined logarithms for zero catches, a constant value c

of 1 was added to all observed CPUE (Eq. 1) in the model.

Then the linearization procedure was carried out on the log

base 10 of the modified CPUE. This c value was then sub-

tracted in the back transformation of the predicted means

(Eq. 2). No particular explanation for the choice of 1 in the

current general linear model has been given.

Thus, we considered the effects of using different c values

in the general linear model. Three different c values where

used: 10. 0.5, and the smallest positive CPUE-value for each

species (i.e. 0.0178 for finfish, 0.0779 for Atlantic croaker,

0.0685 for red snapper, and 0.0685 for Spanish mackerel).

The results showed that annual bycatch estimates vary dra-

matically depending upon the c value used in the algorithm

(Fig. 2). Although the magnitudes varied with changes in

the c value, the trends were the same for each species. How-

even the direction of change was not the same among spe-
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Finfish

c = l

__4_ c = 0.5

....... c = 10

....... minpos CPUE

72 74 76 78 80 82 84 86 88 90 92 94

1.4E+6

1.2E+6

i= 1.0E+6
,

•5 8.0E+5 J

I
6.0E+5

1 4.0E+5 .

2 0E+5

OOE+0

Atlantic croaker

Red snapper

72 74 76 78 80 82 84 86 88 90 92 94

Spanish mackerel

Figure 2

Estimated total with the general linear model with different c-values used in the logarithmic transformation of bycatch CPUE.
Base scenario (f=l).

cies. For Spanish mackerel and red snapper, using c = 10

increased the estimates of bycatch ( 1009^ and 15%. respec-

tively). In contrast, bycatch estimates decreased for Atlan-

tic croaker and finfish (75% and 6%, respectively). Wlien

the c was the smallest positive value of the data, annual

estimates increased on average 47% for red snapper. 43%
for finfish. and 1694% for Atlantic croaker, whereas bycatch

estimates decreased on average 70% for Spanish mackerel.

These results show that the general linear model is

highly sensitive to the logarithmic c value added to the

observed CPUE values. Although it is known that loga-

rithm transformations are affected by the selection of a c

value, the large variations in magnitude of estimates for

bycatch species should at least merit a review and analy-

sis of the criteria for choosing an appropriate c value. In

a review of logarithmic transformations. Berry ( 1987) sug-

gested choosing a c that normalizes the log-transformed
data. He specified an additive function of the skewness

and the kurtosis of the data, where skewness and kurtosis

are defined as

^1*'"'
=
V^'.v-y*'

/^no') and

gjc): iv-v)' Hna')-3

respectively.

where y = the predicted means;

y = the observations; and

(T = the estimated standard deviation within the

defined strata.

When the observations are normally distributed, then the

gj function has a mean of zero, and the function g., has a

mean equal to -6/(d-t-2), where d is the number of degrees
of freedom of the error. The additive function of skewness

and kurtosis is then defined as

gJc) =
\gj^, \

+ \gJc) + 6 / {d +
2)\.

Thus, the c value that minimizes gn'c) will make the

residuals closer to a sample that follows a normal distribu-

tion. Using CPUE values for Spanish mackerel, we evalu-

ated several c values ranging from l.OE - 8 up to l.OE + 3.

We did not find a minimum solution for g^ic), but rather an

asymptotic behavior with c values less than 0.05, indicat-

ing that it is not possible to normalize the Spanish mack-

erel bycatch data by using a logarithm transformation.

Therefore, there is not an objective criterion for selecting

a particular c value, and as shown before, even relatively

small changes of the c value could cause significant varia-

tion of the annual bycatch estimates. Furthermore, inde-

pendent of the method used to select the c constant in
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2,000

1,600
°

Finfish Atlantic croaker

72 74 76 78 80 82 84 86 88 90 92 94

Red snapper

72 74 76 78 80 82 84 86 88 90 92 94

Spanish mackerel
10.0

72 74 76 78 80 82 84 86 72 74 76 78 80 82 84 90 92 94

Year

Figure 3

Estimated total bycatch with the general linear model when usmg different tow-time standard units. The current general linear

model uses a one-hour tow time (base scenario).

the logarithmic transformation of the CPUE, the c values

must be selected for each species independently. Therefore,

the same c value might not be appropriate for different

bycatch species, and if new bycatch data are added, then

the c value must be re-evaluated.

Standardizing effort in the general linear model

The general linear model predicts bycatch CPUE by cell

in units of number offish caught in one shrimp trawl net

per hour. Because actual observations of bycatch are the

number of fish caught in a shrimp net during a tow and
because tow times are variable, observations are converted

to a standard unit of one hour tow time. This standard-

ization procedure implies a direct linear relation between
number of fish caught and tow time for all observations

(i.e. if 10 fish were caught in a 30-min tow. the CPUE
would be 20 fish per hour). However, the average tow time

and the tow time distribution from commercial observa-

tions are considerably different from those from research

observations. Most of the commercial tows range from 1

to 7 hours and have a mode of approximately 4 hours; a

few tows are over 12 hours. In contrast, research tows are

predominantly of 10-minute duration (737^ ), and the rest

last 1 hour or less.

Given these differences in fishing and sampling time-

effort between commercial and research obsei-vations, we

estimated total bycatch by using different time units to

convert the observed catch to CPUE values. We selected

10-, 30-, and 240-minute time units instead of the cur-

rently used one-hour unit. These were chosen on the basis

of the most frequent tow time for research observations

(10 min), the mean tow time of research observations (30

min), and the mode tow time for commercial observations

(240 min). The predicted CPUEs were then multiplied by
the shrimping effort per cell in the modified time units.

Shrimping effort was given in 24-hour-day fishing effort.

Therefore, if the predicted CPUE units were 0.5 hour (30

min), the 24-hour shrimping effort would be multiplied by
2. The c value was 1.0 for all these calculations.

Modifying the time unit for calculating CPUE values also

had an effect on the annual estimates of shrimp bycatch

from the general linear model (Fig. 3). Similar to the results

of the evaluation of the logarithmic constant, the changes
of estimated bycatch were different for each species and

varied in the direction of the change. For example, for

finfish and Atlantic croaker, a time unit of 10 minutes

decreased estimated annual bycatch (5'/; and 68'''i on aver-

age, respectively). By contrast, red snapper and Spanish
mackerel estimated bycatch increased with the 10 minute

unit {I27r and 78"^, respectively). With the commercial

mean tow time (240 min), bycatch estimates of Atlantic

croaker increased on average 300';, and lO'/r for finfish.

For red snapper, estimates changed only in the most recent
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years ( 1990-95) by 20'7f . In contrast, the estimated bycatch

of Spanish mackerel was reduced by 449; on average.

The estimated CPUE should be independent of the time

unit used (because it is a constant factor for all observa-

tions). However, the differences seen in our study in esti-

mated bycatch were due to the presence of zero CPUE
values. By dividing by different time units, the relative

distance between the groups of zero CPUE values and the

positive CPUE values is changed; as a result, estimators of

the central tendency for these data will vary. Although the

end results of the time-unit and c value choices are similar

(biased estimates), their mathematical origin is different.

The time-unit choice is a multiplier of the positive catch

data (zero catch /any time unit=zero CPUE), whereas the

c value choice adds the c value to all CPUE data. Although
a change in time unit could be exactly matched by the

appropriate change on the c value, addition of more data,

with the same time unit, would require recalculating the

appropriate c value.

Procedure for estimating bycatch with

the delta lognormal model

Delta models have been used to analyze fisheries data, in

particular when there is a predominant group of zero obser-

vations. These models have been used to obtain estimates

of abundance for highly aggregated organisms, such as

planktonic samples (Pennington, 1983), in the analysis of

catch-per-unit-of-effort data for the development of CPUE
indices (Lo et al., 1992; Cooke and Lankester'*), as well as

in the analysis of ground trawl surveys to estimate total or

relative abundance (Pennington, 1996; Stefansson, 1996).

The main advantage of delta models is that they allow for

an explicit and finite probability of zero catch. In a delta

model, the estimated values are the product of two inde-

pendent components: the probability of nonzero observa-

tions, and the probability of effective density if there is

a positive observation. In the case of fishery surveys, the

nonzero probability can be analogous to the probability of

encountering a fish aggregation, whereas the probability

within the positive observations would correspond to the

estimated density of a given fish aggregation (Cooke and

Lankester'').

Delta models are multivariate distributions with a non-

zero probability mass at the origin (Shimizu, 1988). Ste-

fansson (1996) presented a mathematical model based on

a generalized delta lognormal model for analyzing ground-
fish survey data. This model defines the cumulative den-

sity function of abundance at a given sampling station as

F,( w)
= P[Y<co] = ( 1 - p, ) 4- p^G,( CO),

where G,
= a continuous cumulative density function

describing the distribution of positive values

in a station /; and

^ Cooke.J. G.andK. Lankester. 1995. Consideration of statistical

models for catch-effort indices for use in tunning VPA's. ICCAT
Collect. Vol. Sci. Pap. 4.5(2):125-131.

p,
= the probability of finding fish in that station.

If p, is constant and G, is a lognormal distribution within

a stratum, the function is the delta lognormal model. If

p, is set to one (i.e. excluding zero values), and G, is set

to a gamma or other exponential function with a para-

meterized mean, this model becomes a generalized linear

model (GliM, Stefansson, 1996). The advantage of this

formulation is that each component in the delta model can

be expressed in terms of a GLiM (McCullagh and Nelder,

1989). Thus, the choice of a particular density function

in each of the delta model components can be related

to other measured variables, such as tow times, location

effects, and seasonal or year effects, through assumptions
on distribution.

Bycatch data derived from observers in the Gulf of

Mexico shrimp trawl fishery typically have a high propor-

tion of zero bycatches and a skewed distribution of the

positive bycatch CPUE rates, with a large number of low

bycatches and very few large bycatches. The large catches

most likely reflect the spatial-temporal distribution char-

acteristics of fish stocks rather than are outliers of the

data. This type of distribution is far from normal, and

commonly used transformations are unable to make the

data comply with the normal assumptions with the clas-

sical regression models. Furthermore, in the case of so-

called "non-frequent bycatch species," the proportion of

zero observations is markedly increased (above 959^ ); this

significantly biases and reduces the efficiency of statisti-

cal estimators of central tendency and overestimates the

variance (Pennington, 1996).

The delta lognormal model was used in our study to gen-

erate annual bycatch estimates for all finfish combined, as

well as for three specific finfish species: Atlantic croaker,

red snapper, and Spanish mackerel in the U.S. Gulf of

Mexico shrimp trawl fishery. Briefly, bycatch CPUE rates

of a given fish species in a given cell were estimated as

the product of two components: 1) the proportion of tows

with positive catch and 2 ) the mean catch rate if at least

one fish was caught. Bycatch per cell is then the product

of the estimated CPUE and the corresponding shrimping
effort for that particular cell. Total annual bycatch is then

the sum over all strata within a year for the commercial

component, as in the general linear model (see Eq. 3).

Each component of the delta lognormal model, the pro-

portion of positive tows and the mean bycatch rate, was

estimated by following a general linear model approach
with the procedure GENMOD in the SAS statistical soft-

ware package (SAS Institute Inc., 1993). General linear

models consist of three elements: 1) the random compo-
nent which defines the error structure of the model, 2) the

sysfemafic component which defines a set of explanatory

variables .V
J, .v., .v ,and 3) the link function which defines

the relation between the random and the systematic com-

ponents (McCullagh and Nelder, 1989). We described the

delta lognormal model for estimating shrimp bycatch on

the basis of the assumptions entailed with each compo-
nent of the model. To compare models, the same explana-

tory variables used in the current general linear model

were used with the delta lognormal model.
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Proportion of positive tows

The proportion of positive tows for a particular fish species

was estimated after classifying each tow as either (no

fish caught) or 1 (at least one fish caught). For the shrimp

bycatch data, the model assumes that the data are inde-

pendent results from n successive trials of a Bernoulli-

type random variable with a probability p of catching a

given fish species. In this case, it is assumed that the fre-

quency distribution of observed zero and positive tows in

each cell follows a binomial distribution. The error term is

assumed to be constant and independent among the cells.

The binomial distribution is then defined in terms of the

proportion iy) of positive tows (r) to total tows In) per cell,

and the probability density function f(y) and associated

variance Var (y) function are given by

Mean bycatch rate

In this section only positive tows were considered. The
delta lognormal model assumed that for a given species

the number offish caught as bycatch relates to fixed vari-

ables: data source (commercial or research), year, season,

area, and depth zone. The mean bycatch CPUE given a

nonzero catch was also estimated following a generalized

linear model approach. In this case, the random compo-
nent for the estimated CPUE was assumed to follow a

lognormal error distribution within cells. The probability

density function is given by the normal function

f^yy-
yl2n:o-

i:)'
fory = r//!, fir) =

\
hi'(l-/i)""' where r = 1, 1, 2 n

Variy) =;/(! -fi)/n

where //
= the mean of v. The response variables v,

are

independent for / = 1,2 n tow trials.

The systematic component defines the set of explana-

tory variables
.Vj,.v.„...,.v

which produce a linear predictor

f] given by

For the shrimp bycatch data, the linear predictor is a

linear function of the fixed explanatory variables dataset,

year, season, area, and depth zone, such that

J]
=

Pq + P^
 dataset +

/3.,
 year + p^

 season +

p^
 area + P-

 depth zone,

where the
p^

are parameters to be estimated.

The link function that relates the linear predictor (j to the

expected value // of observations y in each cell of the model

must be a monotonic differentiable function g such that

^'Ai)= ')

In this case, the logit or logistic function expresses the

relationship between the assumed binomial error distri-

bution of /^ and the given linear function of explanatory
variables rj, as

')=log
^|

(1-^/)

The GENMOD algorithm uses maximum-likelihood esti-

mates for assumed binomial distributions, which are unbi-

ased to a first order of approximation (McCullagh and

Nelder, 1989)

where //
= £[v];and

d~ = Variy I with a logarithmic link function.

This specification is mathematically equivalent to defin-

ing the random component as lognormal with the identity

as the link function.

The systematic component is defined as

LogiCPUE} =
Pq + P^- dataset + P^

 year +

/3.J

 season +
j3^

• area + P^
 

depth.

where CPUE = the catch rate in numbers offish per net

hour for nonzero catches;

pQ
= the overall mean;

dataset = a fixed effect differentiating data sources

from commercial shrimp fishing from

those in research trawls, the terms year,

season, area, and depth are also fixed

effects; and

the P = parameters to be estimated.

The link function between the random and systematic

components is the identity function:

')=/'

Estimation of bycatch

The overall model is then referred to as the delta lognor-

mal model. This model generates the estimated propor-

tion of positives tows ( P,,ki,„ ) and the mean bycatch rate

( CPUE^^^.,,^
1 for a given species. Estimates of bycatch are

calculated as the product of the proportion of positives tows

(

p,^j,,„
) multiplied by the mean bycatch rate ( CP[/£„,,,,„ )

multiplied by the shrimping effort
t/",^,,,,) multiplied by the

two nets (assumed) per boat. Shrimping effort data are the

same as those used in the current general linear model.

Annual estimates of bycatch are simply the sum of bycatch

per cell over the season, area and depth zone strata, for

the commercial sector (;=1).

Bvcatch 1-,.<.^CPUE,„,.>if,,„.
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Evaluation of the delta lognormal model

Before comparing the annual bycatch estimates of total

finfish, Atlantic croaker, red snapper, and Spanish mack-

erel from the general linear model (Nichols"'! and the delta

lognormal model, the delta lognormal model was evalu-

ated and assessed. Because there is not yet a formal strat-

egy for model verification, acceptance of a particular model

should not be based exclusively on "goodness of fit" scores

(McCullagh and Nelder, 1989).

In general, model assessments can be classified into two

main groups. The first group checks for systematic departure

from the underlying model, testing for additional factors,

factor interactions, or covariates that could explain a signifi-

cant proportion of the residual model variation. The second

group involves evaluation of particular or isolated points

in the data. McCullagh and Nelder (1989) and O'Brien and

Keli'" have described six specific tests for evaluating general-

ized linear models: 1 ) assessment of the scale of independent

variables; 2) assessment of the link function adequacy; 3)

assessment of variance function adequacy; 4) investigation

of systematic departure from the assumed model; 5) investi-

gation of outliers; and. 6) investigation of omitted predictor

variables. Most of these analyses are based on the behavior

of the model residuals, either as graphical or informal tests,

rather than an exact statistical test. For the delta lognormal

model, only tests evaluating systematic departure from the

assumed model were performed on each of the model com-

ponents (i.e. an estimation of the proportion of positive tows

and the estimation of bycatch rates) separately.

With the delta lognormal model, an evaluation of the

proportion of positive tows was restricted to a graphical

analysis of the frequency distribution of positive tows of

observed and predicted data. This restriction was warranted

because most of the tests suggested for assessing model

adequacy are uninformative for binomial data (McCullagh

and Nelder, 1989: O'Brien and Kell'^). Figure 4 shows the

standardized frequency distributions of proportion of posi-

tive tows per cell for the combined finfish category, Atlan-

tic croaker, red snapper, and Spanish mackerel. Each plot

shows the obsei-ved and the predicted proportions estimated

by the binomial distribution of the delta lognormal model.

The predicted frequencies fitted closely those observed in

all four cases. The assumed binomial distribution is able to

predict appropriately the proportion of positive tows in a

broad range (from the combined finfish category case where

almost all tows were positive [97%] to the case of Spanish
mackerel where only d^c of the tows were positive).

The suitability of the delta lognormal general linear

model component for the positive tows was evaluated by

the following gi-aphical tests: 1) adequacy of the link func-

tion, 2) adequacy of the variance function, and 3) system-

atic departure from the assumed model.

Nichols, S. 1996. Estimates of annual shrimp fleet bycatch
in the offshore waters of the Gulf of Mexico. Personal comniun.

NMFS Pascagoula laboratory. 3209 Frederic St. Pascagoula, MS
:39567.

O'Brien, C. M.. and L. T. Kell. 1996. The use of generalized
linear models for the modelling of catch-effort series. I.

Theory. ICCAT Collect. Vol. Sci. Pap. 46(41:476-482.

By plotting the adjusted dependent variable Hog CPUE)
we were able to assess the link function against the esti-

mated linear predictor ( f] ).A linear configuration is expected

for normal, assumed Poisson or gamma error distributions.

In our case, the delta lognormal model assumed a normal

error distribution for log CPUE of positive catch. Figure

5A shows the plots of the linear predictor (Ip-logcp) against

the adjusted dependent variable (log CPUE) for red snap-

per In the case of high density of points as in Figure 5A,

locally weighted regression smoothing procedures ( i.e LOESS

smoothing) have been suggested for showing the trend ofthe

response variable (McCullagh and Nelder, 1989).

Adequacy of the variance or assumed error distribution

function was evaluated by using a plot of residuals against

fitted values. The spread of residuals is expected to be

approximately constant and independent ofthe fitted values,

confirming the adequacy ofthe assumed error distribution in

the model. Figure 5B shows the plots of residuals (R-logcpu )

against the fitted values (P-logcpu) for red snapper The

residuals are evenly distributed about the zero line and are

without any apparent trend with respect to the fitted values.

Likewise, a plot of residuals versus the normalized cumu-

lative residuals (QQ plot) can be used to assess the vari-

ance function adequacy. A linear relationship is expected for

residuals from a normal error distribution.

A plot of standardized residuals (rs-logcp) against fitted

values ( log CPLTE ) was used to identify possible trends or cur-

vatures that would suggest a departure from the assumed

model (Fig. 5C ). The null pattern of this plot is a linear config-

uration of the standardized residuals (O'Brien and Kell''). In

conclusion, assessments of each of the delta lognormal model

components did confirm the model choices and assumptions

for the finfish group and the fish species examined (similar

plots were created for finfish, Spanish mackerel, and Atlantic

croaker but are not presented here for briefiiess).

As shown before, bycatch estimates from the current

general linear model depend upon the standard time unit

chosen to convert catches in numbers to CPUE values.

Similarly, the same tow time evaluation with the delta log-

normal model was performed as with the general linear

model. CPLIE values were calculated by using 10-, 30- and

240-min tow times, and concurrently, shrimping effort unit,

given in hours, were multiplied by a scale factor to make
the time unit compatible with the modified CPUE values.

With the delta lognormal model, the annual bycatch esti-

mates were exactly the same, independent of the time unit

used to calculate the CPUE values, further demonstrating
the benefits of using a model that separates the zero catch

observations from the positive catch. In addition, delta

models do not require adding a constant value to loga-

rithmic transformed values because the estimated density

component is restricted to positive catch only, thus avoid-

ing the uncertainty in selecting a c value to log transform

CPUE values as required in the general linear model.

Results and discussion

Because the bycatch database complied with the delta log-

normal model specifications, a stepwise analysis of devi-
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ance was performed to assess the importance of the factors

selected in the delta model. Table 2 gives the percent change
in deviance as each factor is added to the binomial fitted

proportion of the zero versus positive tows component of the

delta lognormal model. The deviance explained by the model

is equivalent to the r-' concept in linear models (McCullagh
and Nelder, 1989; Stefansson, 1996). Tests of significance

were based on the x^ statistic for the binomial distribution

of the proportion of positive tows (McCullagh and Nelder
1989). Overall, the delta lognormal model, with all factors,

explained between 557^ and TS'/f of the total deviance for

the finfish group and the three fish species. However, as

expected, the percentage of deviance explained by each

factor differed for each species. For example, the dataset

factor appeared to be unimportant in estimating the propor-

tion of positive tows for red snapper and Atlantic croaker

Instead, area and season factors were more important for

red snapper, and area and depth zone for Atlantic croaker

Table 3 shows the lognormal component of the delta

model r- values, sum of squares error or residual deviance.

residual degrees of freedom, and the P values. Similarly to

the proportion of positive tows, a stepwise analysis ofthe r-'

shows that dataset, year, season, area, and depth zone are

significant factors in explaining the overall variability of

the model. An exception is the depth zone factor in estimat-

ing bycatch CPUE rates for red snapper The delta lognor-

mal estimated density model explained from \1'7( (Atlantic

croaker) to SS'/f (Spanish mackerel) of the total variation,

indicating that a significant portion of the bycatch CPUE
variability is still unexplained by the model.

The annual shrimp bycatch estimates for the four spe-

cies groups in the U.S. Gulf of Mexico differed in several

aspects between the delta lognormal model and the current

general linear model. Results varied for the finfish group
and the fish species analyzed. Differences were found both

in the absolute magnitude of bycatch estimates and in the

trend over the time series 1972-95. For the total finfish

bycatch, the delta lognormal model estimated an average
of 795 million lbs. for the period 1972-95, or 147^ lower

than the equivalent general linear model estimate of 916

Finfish
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Figure 4

.Standardized frequency distribution of the proportion of positive tows from the bycatch data 1972-9.5 and the proportions esti-

mated by the binomial-based delta lognormal model component.
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Figure 6

Estimates of total annual bycatch from the delta lognormal model and the current general linear model, for finfish (millions of

pounds), Atlantic croacker, red snapper, and Spanish mackerel (millions offish) 1972-1995.

Conclusions and recommendations

Analyses of the total finfish bycatch and the bycatch of

Atlantic croaker, red snapper, and Spanish mackerel show

that the delta lognormal model estimates differ both in

magnitude and trends from those generated by the cur-

rent general linear model. However, these differences are

not consistent among species. In terms of absolute magni-

tude, they are substantially different for Atlantic croaker

and Spanish mackerel over all years (1972-95), whereas

for red snapper differences are greater in the most recent

years of the time series (1987-95). Total finfish bycatch

estimates are more similar in magnitude and trend for

both models. Although the trends of bycatch in the time

series from 1972 to 1995 are similar for the species exam-

ined, the absolute estimated values are highly variable.

Because these estimates are included as additional catch

(usually for age and 1) in the stock assessments of

directed fisheries, the uncertainty of the bycatch estimates

will impact the results of these assessments. Further, this

uncertainty will extend to management policies adopted

from these assessment results for species like Spanish

mackerel, king mackerel, and red snapper (Ehrhardt and

Legault, 1997: Goodyear").

As presented before, the general linear model estimates

depend on choices about the constant added to the CPUE
values prior to logarithmic transformation and on the stan-

dard time unit chosen for calculating CPUE values. These

problems emerge from the noncompliance of the bycatch

data with the assumptions associated with the general

linear model. In particular, the observed CPUEs are not

lognormally distributed owing to the significant propor-

tion of zero observations within the data. In contrast, the

delta lognormal model conforms better with the structure

of the data and avoids the problems of choosing a c value

for catches in the logarithm transformation and of select-

ing a standard time unit for the CPUE calculations. As

Goodyear, C. P. 1995. Red snapper in U.S. waters of the Gulf

of Mexico. Contribution report MIA 95/96-05, 171 p. Miami

Laboratory, Southeast Fisheries Science Center, NMFS, NOAA,
75 Virginia Beach Dr., Miami, FL 33149.
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Figure 7

Normalized plots of bycatch estimates by species from the current general linear model and the delta lognormal model.

expected, both models agree better in the case of the fin-

fish bycatch estimates where the proportion of zero CPUE
values is the lowest (less than SV^ ).

Besides the problems related to zero observations, sev-

eral other considerations must be addressed to generate
annual bycatch estimates:

1 The matrix structure of area, season, year, and data

source is inadequately covered by observations. This

is true for any model that uses these same factors

but in particular for the period 1985-90, when commer-
cial observations were not available. It may be benefi-

cial to limit the analysis to years, areas, and seasons

where there are data from both commercial and research

sources. This change, however, will require the redefini-

tion of the objectives of the bycatch estimation proce-

dure because the estimated annual bycatch will not be

possible for the 1972-95 period.

2 Another important requirement is the standardization

of the CPUE units for both the commercial and research

observations. We feel that these CPUEs represent dif-

ferent units for each type of observation for each par-

ticular species and that a single linear relationship is

not adequate. This standardization will require a thor-

ough analysis of each fleet and additional information in

order to convert the effort units from nominal to effec-

tive units for each fleet prior to bycatch estimation. It

has been suggested that the more recent data obtained

by the Bycatch Characterization Project (NOAAM could

be used for this type of analysis. As an alternative, we
modified the delta lognormal model to incorporate the

observed catch (i.e. numbers of fish) as the dependent
variable, and we used the tow time (i.e. hours fishing)

as a covariate in the systematic linear component of the

delta lognormal model. With this modification, the total

deviance explained by the model increased for red snap-

per However, we would recommend standardizing the

nominal CPUE instead of simply adding more variables

to an already unbalanced matrix and avoid considering

only goodness-of-fit as an indicator.

In the analysis of bycatch by species, it is presently
assumed that estimated bycatch in number offish belongs
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to the same age class, usually the age-0 class. This may
not be true for some species. Thus, bycatch estimates

should take into account number of fish per age or size

class.
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Abstract.-The lutjanids Pristipo-

moides filamentosus and Aprion vires-

cens and the lethrinid Lethnnus malt-

sena are commercially important de-

mersal bank and deep slope reef fish

from the central Indian Ocean. To obtam

von Bertalanffy growth parameter esti-

mates for management purposes, length-

based methods are commonly applied by

the fisheries institutions of the region.

Because the relatively long-lived, slow-

growing nature of these species results

in a lack ofdistinct modal progression in

length-frequency data, such estimates

are unreliable. In an attempt to obtain

more reliable growth estimates, the fea-

sibility of age-based methods (where

age is determined from annual incre-

ments in otoliths) was investigated.

Successful validation of annual or daily

increments has been reported in two

of these species iP. filamentosus and A.

virescens). but not for the target areas

ofour study: the banks of the Seychelles

and Mauritius.

A range of methods was used in an

attempt to ensure that the otoliths ful-

filled the criteria for use in aging. Two
methods are described in this paper:

back-calculation and a combination of

marginal increment and edge analysis.

The results of validation are presented,

along with a description of the problems
encountered. Marginal increment and

edge analysis both indicated that the

increments present in the otoliths of L.

mahsena are annuli. For A. virescens.

no pattern was present in the marginal
increment analysis of older individu-

als. However, edge analysis offered evi-

dence that the increments present in

the otoliths were annuli. The combined

marginal increment and edge analysis

proved inconclusive for P. filamentosus;

therefore the increments present in the

otoliths of this species could not be vali-

dated. Conclusions are drawn regarding
the justification of assuming periodic-

ity of increments on the basis of valida-

tion achieved in other locations.

Validation of annual growth increments in the

otoliths of the lethrinid Lethrinus mahsena
and the lutjanid Aprion virescens from sites

in the tropical Indian Ocean, with notes
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Examination of hard body parts, such

as otoliths, frequently reveals the pres-

ence ofrings." Laid down incrementally
(whether daily, monthly, or annually),
these structures provide a means of

aging fish. For tropical species, however,

the use of otoliths has become relatively

common only since the early nineteen

eighties (e.g. Loubens, 1978; Morales-

Nin and Ralston, 1990; Ferreira and

Russ, 1992; Francis et al., 1992; Milton

et al., 1995; see also Manooch, 1987,

and Fowler, 1995, for reviews). The
lack of studies before this time is fre-

quently attributed to the expectation
that tropical fish grow consistently in

an aseasonal environment. Hence hard

parts in tropical fish species were not

expected to contain internal structures

that relate to fluctuations in growth

resulting from the environment.

The physiological basis for the for-

mation of distinct zones in calcified

structures of tropical species has not

been established conclusively (Ferreira

and Russ, 1994). The formation of such

zones has been associated with both

abiotic and biotic factors (Beckman and

Wilson, 1995). such as regular seasonal

variances in water temperature (e.g.

Reay, 1972;Panella, 1980), photoperiod,

feeding, reproduction, and spawning
period (e.g. Morales-Nin and Ralston,

1990)



Pilling et aL: Validation of annual growth increments in the otoliths of Lethnnus mahsena and Apnon virescens 601

"Indeterminate increments" (increments not related to

the annual time scale) are found in all hard parts. These

need to be distinguished from increments formed at reg-

ular intervals (Fowler and Doherty, 1992). Before incre-

ments can realistically be used for aging, they need to be

"validated" (Beamish and McFarlane, 1983) to ensure that

the structures, such as the otoliths used in our study, can

be used as accurate chronometers. They must therefore

fulfill a number of criteria (Fowler and Doherty, 1992): 1)

the otolith must gi-ow throughout the lifespan of the indi-

vidual fish; 2) the otolith must show an internal incremen-

tal structure; and 3) this structure must correspond to a

regular time scale.

Our study concentrated on macro-increments. Aging

through micro-(daily)increment counts (e.g. Ralston and

Miyamoto, 1983) requires considerable investment in time

and equipment and is generally constrained to younger

ages, where daily increments remain distinct. These con-

traints render such techniques unfeasible for stock assess-

ment purposes, particularly in developing countries.

The local fisheries institutions in the study locations

of the central Indian Ocean are, to date, limited to the

use of length-based methods for aging fish. The results

of these methods are felt to be uncertain when applied

to long-lived, slow-growing species such as snappers and

emperors, owing to modal overlap and a general absence

of modal progression (e.g. Langi, 1990). Our study aimed

to validate as annual the macro-increments seen in the

sagittal otoliths of two species of snapper, Aprion vires-

cens (Valenciennes 1830) and Pristipomoides filamentosus

(Valenciennes 1830), and one species of emperor, Le^/inVu/s

mahsena (Forsskal, 1775). Validation of the annual nature

of increments seen in the otoliths of these species would

allow age-based methods of stock assessment to be applied

to these commercially important demersal bank and deep-

slope reef-fish species from the central Indian Ocean.

Compliance with the three criteria for validation was

examined by using two methods: back-calculation (e.g.

Manooch, 1987; Van Leewen and RijnsdorpM and a com-

bination of marginal increment and edge analysis (e.g.

Mason and Manooch, 1985; Manooch and Drennon, 1987;

Manickchand-Heileman and Philipp, 1996). Back-calcula-

tion was used to test the validity of the first two criteria

for aging. Marginal increment analysis and edge analysis

were then used to validate mark periodicity, fulfilling the

third criterion.

Materials and methods

Otoliths of the study species were obtained from commer-

cial fish catches. In waters off both Mauritius and the Sey-

chelles, fishing is frequently limited by rough seas during

the SE trade wind period from May to October. Samples
of Lethrinus mahsena were obtained during excursions of

the Mauritian mothership-dory vessels on Nazareth Bank

of the Mascarene Ridge (15°S, 6rE). On the Mauritian

banks, this species composes about 80-90^7^ of the total

catch (Ardil, 1986; Bertrand'^). In the Seychelles, fishing

occurs from smaller vessels, which generally remain on

the Mahe Plateau (05°S, SS^E). Otoliths from both P. fila-

mentosus and A. virescens were obtained from this area.

Two methods were used to examine whether the otoliths

fulfilled the requirements for aging: 1) back-calculation

of growth from otolith increments; and 2) marginal incre-

ment and edge analysis. A general description of these

methods is provided in Blacker (1974) and Williams and

Bedford (1974).

Sagittal otoliths were selected for examination because

a number of studies have used these structures to age

snapper and emperor species successfully elsewhere (e.g.

Manooch, 1982; Mason and Manooch, 1985; Morales-Nin,

1989; McPherson and Squire, 1992; Newman et al., 1996),

including Aprion virescens and Pristipomoides filamento-

sus (Loubens, 1980; Ralston and Miyamoto, 1981, 1983).

One otolith from each fish was embedded in black

polyester resin, and a 0.5-mm transverse section taken

through the center ("nucleus") of the otolith by using a

diamond cutting blade ( Bedford, 1983 ). Sections were then

either mounted in clear resin on a microscope slide or

stained with acidified neutral red (Richter and McDer-

mot, 1990) and left unmounted. Otoliths were examined

with a Zeiss compound microscope equipped with zoom

lens and magnification up to 60x. Reflected or transmit-

ted light was used as necessary to identify and count the

increments.

In our study, terminology was based on that recom-

mended in Secor et al. (1995). The term "opaque zone"

refers to the area that appeared milky under reflected light

or dark under transmitted light in unstained samples.

Back-calculation of growth by means of otolith

increments

For back-calculation, snapper otoliths were most easily

assessed unstained, whereas L. mahsena otoliths were

most easily assessed stained. Only otoliths that showed

clear increment patterns were used for measurements; as

a result, seven A. virescens otoliths, in which it was dif-

ficult to distinguish the first or second increment, were

omitted from the samples. Measurements of the total oto-

lith radius, from the nucleus to outside edge, and the dis-

tance along the selected growth axis between suspected

annual increments were made with the tools described

in Millner and Whiting (1996). Unstained P. filamentosus

and A. virescens otoliths were assessed along a growth
axis close to the sulcus acousticus (Figs. 1 and 2). This

area provides the most consistent and easily interpretable

' Van Leeuwen, P. I., and A. D. Rijnsdorp. 1986. The analysis
of the growth of turbot by back-calculation of otoliths. ICES
Council Meeting 1986/G:50

- Bertrand. J. 1986. Pour une evaluation des resources en

capitaine/dame berri (Lethrinus mahsena) des bancs de Saya
de Malha. In Rapport du Groupe Travaile, French Institute of

Research and Exploitation of the Sea (IFREMER)/Albion Fish-
 

eries Research Centre (Mauritius). 23-25 Juillet 1985, 39 p.

[Available from Albion Fisheries Research Centre, Albion, Petite

Riviere, Mauritius.]
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Figure 1

Unstained transverse 0.5-mm section through the sagittal otoHth of P. filamentosiis from Seychelles,

viewed with transmitted light. Magnification: 16>< . Black dots along sulcus acousticus mark are suspected

annual increments

Figure 2

Unstained transverse 0..5-mm section through the sagittal otolith ofA. virescens from Seychelles, viewed

with transmitted light. Magnification: 32x. Black dots along sulcus acousticus mark are suspected annual

increments.

incremental pattern. Measurements on stained L. inah-

sena otoliths were performed out to the tip of the dorsal

lobe, at approximately 90° to the sulcus (Fig. 3). In all

species, when the increment structure became too closely

spaced to measure individual increments accurately, the

thickness of further increments was estimated by inter-

polation based on the remaining distance from the last

measured increment to the outside edge of the otolith, the

number of years expected in this zone, and the pattern
found in the previous increment widths.

Following the recommendations of Francis (1990) and

Ricker (1992), we calculated the geometric mean regres-

sion (GMR) of fork length at capture from otolith radius

at capture for each species. Back-calculated lengths-at-age

for each individual were then derived with the following

formula (Ricker, 1992):

FL { FL-b
O

xQ + h.

where F/,
= the estimated fork length at age ;';

F/,,
= the fork length at capture;

O^ = the otolith radius at capture;
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Figure 3

Transverse 0.5-mm section through the sagittal otoUth of L. mahsena from Mauritius (Nazareth bank),

stained with acidified neutral red (see text), and viewed with reflected light. Magnification: 23x. Black

dots mark are suspected annual increments.

O,
= the otolith radius at age ;; and

b = the intercept of the GMR calculated with the

Ricker procedure.

For each species, a von Bertalanffy growth curve was fitted

to the back-calculated mean length at age through least

squares estimation.

Marginal increment analysis

The thickness of the outer zone in the otohths was meas-

ured by using the image analysis system (see Millner and

Whiting, 1996). Measurements were taken from the inside

edge (start) of the last opaque band and the edge of the

otolith. In stained L. mahsena otohths (indeed in all three

study species where otoliths were stained; see "Edge anal-

ysis," below), a band was stained on the border between

the end of the "translucent zone," and the start of the next

opaque zone. Measurements from the last stained band

were therefore equivalent to those made for the snapper

species. Because zones at the edge of sections taken from

the unstained otoliths of both snapper species were not

distinct, an average of four measurements was taken in

the region of the sulcus (where zones were more easily dis-

tinguished). Zones at the edge of the stained L. mahsena

otolith sections were clearly visible and, therefore, it was

possible to obtain a single measurement along the same

growth axis as that used for back-calculation.

The pattern expected in the marginal increment resulting

from the development of an annual increment would be a

minimal marginal increment at the start ofthe growth period,

increasing with time until the measurement fell to a mini-

mum again at the formation of the next period of growth.

The size of the growth zone varies both with time of

sampling during the year and the age of the fish. Because

younger fish grow faster than older individuals, a larger

marginal increment is expected. For this reason, quantita-

tive marginal increment analyses should be standardized for

age. Our study was therefore carried out by age class. Owing
to the wide range of ages encountered, however, there were

insufficient samples to accomplish this standardization fully.

It was necessary to combine the ages into two or three groups

representing fast, moderate, and slow-growing individuals

(Table 1). These classes were based on the growth curves

derived from back-calculation, and hence on the assumption
that the increments represented annual growth.

For P. filamentosiis. because sample sizes were either

small or because samples could not be obtained in specific

months, data were grouped into bimonthly time periods.

Sufficient L. mahsena and A. virescens samples were avail-

able to allow the analysis to occur on a monthly basis. For

all three species, a mean marginal increment for each time

period and growth category was calculated.

Edge analysis

The type of zone at the growing edge of the otolith was
identified in each month of the year Annuli were traceable

as a developing single translucent and opaque zone on the

edge of the otolith during that growth year
Problems were encountered in identifying the edge type

in unstained P. filamentosiis and A. virescens from Sey-

chelles because of poor resolution of the banding in otoliths,

and what appeared to have been the seepage of resin either

under or through the edge of the otolith. Staining trials

were performed in an attempt to clarify the growth type at

the edge of the otolith in these species, and stained otoliths

were subsequently examined during edge analysis.

Thin sections of the stained otoliths were assessed for

the presence of the band of stain on the growing tip of the
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dorsal lobe. The percentage of otoliths with a stained band

at the growing tip was calculated for each month. Although
an extended data set was available for edge analysis, as a

result of the seasonal nature of the Seychelles and Mauri-

tius fisheries, sample sizes were either small or not avail-

able for certain months.

Results

Based on the assumption that the increments seen in the

otoliths were annual, the length and age range of individ-

uals from each species examined in each method is pre-

sented in Table 2. The sample size is also shown.

A greater number of samples were examined during

edge analysis. This method was less intensive than that

required for either back-calculation or marginal increment

analysis, allowing more samples to be examined during
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L. mahsena Marginal increment analy-

sis indicated an overall increase in the

marginal increment between January and

May, falling in August (Fig. 7). This pat-

tern was clearest in the younger, faster-

growing growth group. A unimodal distri-

bution was found in the plot of the propor-

tion of stained edges found in each month,

as well as a high proportion of individu-

als showing opaque growth commencing
between May and August (Fig. 8).

A. virescens With relatively few samples
at certain key times during the year, pat-

terns in the marginal increment could not

be identified clearly (Table 4). The width

of the outer zone increased until June

in younger, faster-growing individuals. In

subsequent months, a lack of samples pre-

vented the identification of an indicative

pattern (Fig. 9). No pattern was found in

the marginal increment of older individu-

als. Staining improved the clarity of the

type of growth present on the edge of the

otolith. Edge analysis of these specimens
showed a unimodal distribution of the per-

centage of stained edges by month. A high

proportion of individuals exhibited opaque
zone formation in the period between Octo-

ber and March (Fig. 10).

P. filamentosus No overall pattern of

increase in the marginal increment was
found (Fig. 11). This result was partly due

to the lack of samples in the months of

May and June. The legibility of the incre-

ments in the otoliths of this species was

poor, and staining failed to improve the

clarity of the otolith zones. Edge analysis

was confused by indeterminate increments

formed in the translucent growth period.

Their presence on the edge of the stained

otolith at the time of capture led to the

misidentification ofopaque zone formation

and thus confused the identification of an overall pattern.

As a result, validation could not be achieved with this

method.

Discussion

Back-calculation indicated that there was a direct linear

relationship between fork length and otolith radius. The
otoliths of each species showed an internal structure, with

increments widely spaced near the nucleus and narrower

and more evenly spaced toward the edge. Growth curves

derived from back-calculated length-at-age data indicated

an exponential decrease in increment width with assumed

increasing age. The otoliths of the three species therefore

fulfilled the first two criteria for their use in aging, at least

50 -,
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Some evidence for the annual nature

of the increments seen in the otohths

of L. mahsena was found in the pattern
of the marginal increment through the

year (Fig. 7). This evidence was confirmed

by the unimodal distribution resulting

from edge analysis (Fig. 8 ), indicating that

opaque band formation was initiated once

a year, from May to August.
For A. virescens, identification of the

pattern in marginal increments (Fig. 9)

was confused by the poor resolution of

the unstained sections and the relatively

small samples sizes, rendering the results

inconclusive. However, the unimodal plot

resulting from edge analysis on stained

specimens from this species indicated that

the transition between the translucent

and opaque bands occurred once a year

(Fig. 10), between October and March.

From this evidence, we considered the

increments seen in the otoliths of both L.

mahsena from Mauritius and A. virescens

from Seychelles validated as annual deposits.

Opaque zone deposition is thought to occur during peri-

ods ofincreased growth, whereas the corresponding "trans-

lucent zone" is formed during periods of low metabolic

activity (Beckman and Wilson, 1995). The period of opaque
zone initiation in L. mahsena from the Mauritian bank,

from May to August, corresponded to the season of the

southeast trade winds, a period of rough weather The

period of opaque zone deposition in A. virescens from Sey-

chelles, from October to March, coincided with the north-

west monsoon season from mid-November to mid-March.

In reviews of otolith studies in tropical latitudes, Beck-

man and Wilson (1995) and Fowler (1995) found that, for

the majority of tropical species studied, the period of opaque

growth coincided with spring and summer months, as seen

in L. mahsena from the Mauritian bank. Aprion virescens

from Seychelles appears to contradict this general pattern
its opaque zone formation begins during winter months.

The authors also performed edge analysis studies for 1090

L. mahsena individuals from Seychelles (not presented).

These studies indicated that in this area, L. mahsena also

exhibits opaque zone initiation during winter Of the twenty-
nine tropical species reviewed by Fowler (1995), only four

showed opaque zone formation in the winter period. Timing
of opaque zone formation in these two species may be driven

by local phenomena. If opaque zone formation is linked with

increased food availability, the monsoon periods experienced
in Seychelles at this time, combined with local upwelling, may
improve local productivity and feeding conditions. Although
little empirical data exist to support this theory, algal blooms

have been identified around Seychelles at this time of year
'

Although edge analysis indicated differences in the

timing of opaque zone deposition at Nazareth bank (Mau-

80-,
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Proportion of L. mahsena otoliths with stained edges on the gi'owing tip of

the dorsal lobe, by month. Numbers denote sample size.
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Figure 9

Marginal increment plot by month for A. virescens. Mar-

ginal increment measured in VID units (pixels). Data

segregated as in Table 1. Error bars denote one stand-

ard error

increments on scales in some species (Chey, 1933, in Patt-

ella, 1980). If this species is sensitive to relatively small

changes in temperature, currents, food supply or food qual-

ity, relatively short periods of fluctuation in these factors

may result in frequent "indeterminate increments." Even

if validation had been achieved. P. filamentosiis otoliths

appear unsuitable for routine aging procedures owing to

the difficulties in differentiating periodic increments from

other increments not related to a regular time scale.

These difficulties highlight the dangers in assuming the

periodicity of increments in otoliths on the basis of valida-

tion of that species or a similar species in another loca-

tion (e.g. Smith and Kostlan, 1991) and also identify the

need for thorough validation studies. For example, our

study indicated that the assumption of annual, and pos-

sibly daily periodicity for increments in the otoliths for P.

filamentosi/s in Seychelles, based on published data, would

have been incorrect.

Published work (e.g. Sparre and Venema, 1998) suggests

that consistent periodic increments do not form in oto-

liths of tropical species; this is particularly so in the case

of low-latitude species. The validation results obtained

by our study contrast sharply with this view; indeed, our

results add to the expanding number of tropical species

for which the validation of annual increments has been

successful.

The results of models used in fisheries management, e.g.

analytical yield per recruit models (Beverton and Holt,

1957), are sensitive to uncertainty in the estimates of

input parameters such as the von Bertalanffy growth para-

meters (Mees and Rousseau, 1997). Current estimates of

growth and mortality in fish in Seychelles and Mauritius
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Figure 10

Proportion of A. virescens otoliths with stained edge on the growing tip of

the dorsal lobe, by month. Numbers denote sample size.
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Months

Figure 11

Marginal increment plot by month for P. filamentosus. Marginal
increment measured in VID units (pi.xels). Data segregated as

in Table 1. Error bars denote one standard error.

are derived through length-based methods, which for long-

hved, slow growing species are considered uncertain. The

preliminary back-calculated growth parameters from our

study are the first otolith-based estimates of growth for

the study species at these particular locations. Although
these estimates are not definitive, they do suggest that

current length-based growth estimates for A. virescens

may have overestimated mean growth rate and asymptotic

length. For L. mahsena, growth rate may have been under-

estimated, and asymptotic length overestimated. However,

by constraining the value of L^ to levels in keeping with

the maximum size found in length distributions from the

region (52 cm), we obtained a similar growth rate to that

identified by Bautil and Samboo (1988). If snappers do

indeed have a longer life span than that indicated by

length-based assessments, they may be more vulnerable

to overfishing than previously thought. Future work will

involve the estimation of more definitive growth param-
eters based on length-at-age data derived from otoliths.
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Abstract.—During 1986-91, we exam-

ined 2088 common snook, Centropomus

undecimaHs. captured in Jupiter and

Lake Worth inlets and adjacent waters

on the east coast of Florida and 1784

common snook captured in Tampa Bay
on the west coast of Florida. Offish that

were sexed, females ranged in length

from 397 to 1105 mm FL, and males

ranged from 124 to 925 mm FL. East

coast fish were larger overall than west

coast fish. Age of common snook was

determined from sectioned otoliths.

Results from the return of 80 oxytetra-

cycline-marked otoliths combined with

analyses of monthly patterns in mar-

ginal increments and the percentage of

otoliths with an annulus on the edge,

demonstrated that a single annulus is

formed each year. Common snook can

hve to 21 years, but most of the fish

in our sample were from 1 to 7 years

old. The von Bertalanffy growth models

were significantly different iP<0.001)

for each coast and suggested that east

coast snook grow faster than west coast

snook. Common snook are protandric

hermaphrodites. The gonads of 27

transitional specimens contained both

degenerating spermatogenic and devel-

oping ovarian tissue, and sex reversal

was observed in captive common snook.

Common snook sex ratios and length-

frequency distributions were also con-

sistent with a diagnosis of protandric

hermaphroditism. Females smaller

than 500 mm FL were uncommon, and

only one female less than 400 mm long

was captured. The predicted lengths

and ages at which 50'* of the fish in the

population would be females were 767

mm FL and 7.4 years for the east coast

and 608 mm FL and 5.1 years for the

west coast. Some males on both coasts

were sexually mature at lengths less

than 200 mm FL and at age 0; most

age- 1 males were mature on both coasts.

All females were considered mature

because they were derived from post-

spawning males.
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Common snook, Centropomus undec-

imalis, (Perciformes: Centropomidae)
are valuable euryhaline fishes that

inhabit tropical and subtropical estua-

rine systems of the western Atlantic.

They are abundant off the east coast

of Florida from Cape Canaveral south-

ward around the peninsula to Cedar

Key offthe west coast. They also inhabit

waters off Galveston, Texas, south to

Rio de Janeiro, Brazil (Gilmore et al.,

1983; Rivas, 1986). They are commer-

cially exploited throughout most of their

range, except in Texas and Florida

where they traditionally have supported

large recreational fisheries (Matlock

and Osburn, 1987). Snook are steno-

thermic: their northern range is limited

by the winter 15"C isotherm (Shafland

and Foote. 1983), similar to the dis-

tribution of mangroves which is their

principal habitat ( Marshall, 1958; Gilm-

ore et al., 1983). Genetic studies of the

stock structure suggest that in Florida,

east coast and west coast populations

are separate stocks (Tringali and Bert,

1996).

Anglers target common snook because

of their fighting ability and culinary

value (Tucker et al., 1985; Matlock and

Osburn, 1987 ), and concerns about over-

fishing have resulted in a long history

of regulation of the fishery off Florida

(Bruger and Haddad, 1986). Size limits

were first imposed on the fishery in

1953, and the sale of common snook in

Florida has been prohibited since 1956.

In 1994, a management goal was estab-

lished to maintain a minimum spawn-

ing potential ratio (SPR) of 40^/ for
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common snook stocks (MuUer and Murphy'). In 1998, the

Florida Marine Fisheries Commission enacted the current

restrictive regulations to reduce the harvest of snook from

Florida waters to maintain a 409; SPR.

Our study examined age. growth, maturation, and sex

reversal of common snook which previously had not been

diagnosed as being protandrous hermaphrodites. Earlier

studies derived ages from either scales or whole otoliths,

and ages were poorly validated (Volpe. 1959; Thue et al.'-).

Since these reports, studies on a variety of species have

shown that scales are not reliable for aging long-lived

fishes and that scale-derived and whole-otolith-derived

age estimates are often lower than the validated estimates

derived from sectioned otoliths (Beamish and McFarlane,

1983; Casselman, 1983; Lowerre-Barbieri et al., 1994;

Crabtree et al., 1996). A validated method for aging snook

is necessary to assess previous estimates of growth rates.

mortality, and longevity. Our objectives were to describe

validated aging techniques, length and age composition,

and length and age at maturity of common snook popula-

tions from the east and west coasts of Florida. We also diag-

nosed common snook as protandrous hermaphrodites.

Methods

On the east coast of Florida, common snook were collected

with hook-and-line gear during June-August 1987-91 in

Sebastian, Jupiter, and Lake Worth Inlets. Young-of-the-year

and juvenile common snook were collected on both coasts

during April and May in 1989 and 1990 with a 3-m cast

net (19-mm stretched mesh) from protected backwaters of

coastal rivers. In December 1989, dead or moribund snook

that had succumbed to low water temperatures were col-

lected on both coasts. A detailed description ofadditional col-

lections made with various nets on both coasts may be found

in Taylor et al., 1998. Data, otoliths, and gonads collected

and used in that study were used in the present study.

In the laboratory, total length (TL). fork length (FL). and

standard length (SL) were measured to the nearest mm;
all measurements reported in our study are fork lengths.

Weights were measured to the nearest gram (g). and gonads
were weighed to the nearest 0.01 g. Gonad samples were

fixed in lO'/r buffered formalin for histological processing.

Sagittal otoliths were removed and stored dry.

Age and growth

A Buehler Isomet low-speed saw was used to cut four sec-

tions approximately 0.5 mm thick that were mounted on

' Mullen R. G.. and M. D. Murphy. 1998. A stock assessment of

common snook. Centropomus undecimaUs. Rep. to the Florida

Marine Fisheries Commission, Florida Dep. of" Environ. Protec-

tion. Florida Marine Research Institute, 100 Eighth Ave. SE, St.

Petersburg, Florida 33701, 53 p.

- Thue, E. B.. E. S. Rutherford, and D. E. Buker. 1982. Age,

growth and mortality of the common snook, Centropomus undec-

imalis (Blochi, in the Everglades National Park, Florida. U. S.

National Park Service South Florida Research Center Report
T-683, 32 p.

a microscope slide (Chilton and Beamish. 1982). Annuli

were counted on the section through the core by using

compound microscopes and transmitted light. Two inde-

pendent readers counted annuli on each otolith without

knowledge offish size or capture date. If the two readings

disagreed, both readers read the otolith again, for a total

of four readings. If three of the four readings agreed, then

this reading was accepted as the annulus count; otherwise

the otolith was excluded from further analysis.

An annual growth zone in a common snook otolith com-

prises a narrow, concentric opaque band, formed each

winter as growth slows, and a wider, translucent band,

formed each summer as growth increases. Opaque winter

bands were enumerated as assumed annuli because they

were the salient feature in each section. Ages were assigned

to each fish on the basis of a 1 June birth date because

most snook have completed annulus formation by 1 June

and because June corresponds to the approximate begin-

ning of the snook spawning season (Taylor et al., 1998).

Annulus counts were adjusted on the basis of an assumed

birth date of 1 June. All otoliths that had an annulus on

the edge from fish captured between 1 December and 1

June were assigned an age of one less than the annulus

count. Fish captured after 1 June and before 1 December

were assigned ages equal to the annulus count.

In earlier studies (Volpe, 1959; Thue et al. 1982), whole

otoliths or scales were used to estimate ages. To evaluate

the validity of using these structures to estimate snook

age, we examined whole and sectioned otoliths from 199

fish that included at least five individuals from each abun-

dant age class and the oldest individuals. Whole otoliths

were read three times by a single reader Whole otoliths

were submerged in glycerin and read over a dark back-

ground with reflected light. Scale impressions from 48

common snook of different ages and lengths were made
on acetate slides and read under compound microscopes

equipped with transmitted light. Ages from these scales

were compared with ages derived from sectioned otoliths

of the same fish.

The von Bertalanffy (1957) growth equation FL, =

HI - e'-*^"-'o'i) was fitted to observed age-length data

with nonlinear regressions. These predicted lengths at age
were compared with the average observed lengths at age
that included some seasonal growth that occurred after

the formation of the final annulus. Likelihood-ratio tests

were used to compare parameter estimates for males and

females (Kimura, 1980). If coast had a significant effect,

the equations were calculated for each coast. Length-

weight regressions were calculated by linear regression of

logjQ-transformed data. Length-length and length-weight

regressions were calculated for common snook of both

sexes with pooled data.

Age validation

We captured 754 common snook 327-961 mm and injected

them with oxytetracycline (OTC) at a dosage of 25-mg

OTC/kg offish body weight. Fish were then double-tagged
with dart and internal-anchor tags and released at the

original capture site. We relied on anglers and our own fish-
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ery-independent sampling techniques to recapture tagged
fish. Otoliths from recaptured OTC-injected common snook

were processed, read, and measured according to Chilton

and Beamish (1982) and Beamish and McFarlane (1983).

The number of annuli formed after the OTC mark was
then compared with the number of days since injection.

Measurements from the core to each assumed annulus

and to the margin of the otolith were made with a digital

image-processing system on an axis extending along the

sulcal ridge to the proximal margin of each section. We
expressed the distance from the final annulus to the edge
of the otolith (the marginal increment) as a percentage of

the distance between the last two annuli formed on the

otolith, or for fish with only a single annulus, as a percent-

age of the distance between the otolith core and the first

annulus. The monthly percentage of otoliths with an annu-

lus on their margin was plotted by capture month to show
when the annuli were formed and to reveal their repeti-

tive seasonal trend in formation. The annularity of the

assumed age mark was demonstrated for each age class by

plotting monthly mean measurements for all ages pooled
into three inclusive groups.

Reproduction

Sections of each gonad were prepared for histological anal-

ysis and scored according to the level of reproductive

activity, or class. Gonad samples were processed with a

modification of the periodic acid Schiffs (PAS) stain for

glycol-methacrylate sections, with Weigert's iron-hemato-

xylin as a nuclear stain and metanil yellow as a counter-

stain (Quintero-Hunter et al., 1991). Seasonal spawning
patterns and spawning frequency of the common snook

that we examined were reported by Taylor et al. (1998).

We considered common snook in Taylor et al.'s (1998)

and Grier and Taylor's (1998) classes 2-5 to be sexually
mature. For a more detailed description of common snook

testicular maturation see Grier and Taylor (1998). These

classes included snook that had testes with evidence of

active spermatogenesis and regressed testes with evidence

of previous gonadal development.
We diagnosed hermaphroditism in common snook by

observing histological sections of transitional-sex-stage

individuals and sex-specific age- and length-frequency dis-

tributions, according to the criteria of Sadovy and Shap-
iro (1987). We also conducted an experiment with captive

snook to document sex reversal in individual fish. We
raised common snook from eggs at the Florida Fish and

Wildlife Commission's Stock Enhancement Research Facil-

ity. On 6 July 1995, 137 age-4 snook ranging from 445

to 608 mm (mean=534 mm) were identified as males on

the basis of presence of flowing milt at the vent and were

tagged with passive-integrated transponders (PIT tags).

These fish were held for 13 months in a one-quarter acre

outdoor pond that had constant exchange of ambient sea-

water. Water temperature and salinity ranged from 17 to

37°C and from 15 to 34'^f, respectively. During December
1995 and January 1996, additional well water (17°C and
3%f ) was added to maintain 17°C water temperature and
to reduce the salinity to IB'lc. Rations consisted of squid.

sardines, and dried trout pellets. Fish were fed at the rate

of 2% body weight per day.

These fish were examined and sexed on two occasions:

after 2 months and after 13 months. Fish that could not be

positively identified as males from the presence of flowing
milt at the vent were sacrificed and examined by histologi-

cal analysis.

A logistic function was fitted to the percentage offemales

in our samples by length and age to estimate the length
and age at which SC/r of the males in the population trans-

formed into females. Regressions were performed with

coast as a categorical effect. If coast was a significant

effect, the equations were calculated for each coast. The
inflection point of the logistic curves was used as an esti-

mate of the length or age at which 507c of the population
had undergone transition from male to female.

Results

The 3872 common snook that were examined ranged in

length from 124 to 1105 mm (Fig. 1). Of the fish that we
sexed, females ranged in length from 397 to 1105 mm
(7i=1448) and males ranged from 124 to 925 mm (n=2276;

Fig. 2). East coast females were usually larger than west

coast females (Fig. 2). East coast females ranged in length
from 448 to 1 105 mm (7!=683 ), and west coast females ranged
from 397 to 1032 mm in=765; Fig. 2). East coast males

ranged in length from 124 to 908 mm (7!=1258) and west

coast males ranged from 129 to 925 mm (/! = 1018; Fig. 2). The
sex ratio (male to female) of the sample from the east coast

(EC) was 1.8:1 and from the west coast (WO was 1.3:1, sig-

nificantly skewed towards males on both coasts (EC: /^=85,

df=l, P<0.01; WC: ^-^=36, df=l, P<0.01i. The length-length

and length-weight regressions for common snook on each

coast were significantly different (P<0.05); the relationship

between SL, FL, and TL are presented in Table 1.

Age and growth

Common snook annuli are formed once each year, usually

during late winter or spring. We recaptured 80 common
snook that had been previously injected with OTC. At recap-

ture, these fish ranged in length from 360 to 960 mm and

ranged in age from 2 to 14 years. OTC-injected individuals

were at large fi-om 4 to 2505 days. All of the recaptured
common snook that were at large long enough to have formed

an annulus («=51) showed the expected pattern of annulus

formation: one per year The fish at large for the longest

period was 2 years old when it was injected and was recap-

tured 2505 days later (Fig. 3). This fish had formed seven

annuli after the OTC mark and had been at large for 6 years

and 11 months; thus the rate of annulus formation was con-

sistent with our predicted rate of one annulus per year The

oldest fish recaptured was 8 years old when injected and

was recaptured 5 years and 10 months later at age 14. This

fish had formed six annuli after the OTC mark.

Monthly patterns in marginal increments were also con-

sistent with the formation of a single annulus each year
We plotted the monthly mean percentage offish whose oto-
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Figure 1

Length (Ji.stributions. bv gear type and coast, of common snook. Centropomus undecimalis. collected from

South Florida waters during 1986-90. Med = median, numbers in parentheses are the 25th and 75th quartiles,

and P IS the Kolmogorov-Smirnov test value that compares the cumulative distribution of the two samples.
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Because scales were difficult to interpret, we were unable

to obtain consistent readings. Ages determined from scales

were always younger than ages determined from sectioned

otoliths by 1 to 3 years for snook less than 10 years. We
were unable to reach agreement for the ages of the ten

older snook whose structures were compared. Because of

the difficulties in interpreting the banding patterns on

scales, we did not attempt to analyze counts derived from

scales.

The oldest common snook in our sample was a 21-year-

old, unsexed (i.e. sex not determined), east coast fish that

was 890 mm long (Table 2). This fish was identified as

a male in the field but because no gonad sample was

taken, we could not confirm the sex of the fish by histo-

logical analysis; consequently, we considered the fish to be

of undetermined sex in all analyses. The oldest east coast

male, other than the unconfirmed 21-year-old fish, was 15

years old (865 mm); the largest east coast male was 908

mm long and 11 years old. The oldest east coast female

was 18 years old (1025 mm), and the largest east coast

female was 1105 mm long and 16 years old (Table 2). The

oldest west coast male was 12 years old (810 mm), and the

largest west coast male was 925 mm long and 4 years old.

The oldest west coast female was 15 years old (982 mm),
and the largest west coast female was 1032 mm long and

10 years old (Table 3).

Common snook grew rapidly until age 5-7 years after

which growth slowed considerably ( Fig. 6 ). The most abun-

dant age classes of males were from 2 to 7 years old and

those of females were from 3 to 8 years old (Tables 2 and

3). Only 10 east coast specimens were estimated to be

older than 16 years, and no west coast fish were older

than 16 years. The smallest and youngest female was a

397-mm west coast fish estimated to be 1 year old (Table

3). On the east coast, the smallest and youngest female

was a 448-mni fish estimated to be 2 years old (Table 2).

The sex-specific age-frequency distributions for the two

coasts were significantly different, and east coast fish were

older overall than west coast fish (Kolmogorov-Smirnov

two-sample, P<0.05). The coast-specific differences in age
were more pronounced for females than for males (Table 2,

Fig. 2).

The von Bertalanffy growth models suggest that east

coast fish grow more rapidly than do west coast common
snook (Fig. 6, Table 4). Results of likelihood-ratio tests

showed a significant difference in the overall von Berta-

lanffy growth models for east coast and west coast snook

(;t'2=284.90, df=3. P<0.001). East coast estimates of K =

0.24, (95^/^ confidence interval=0.22-0.25) and
/,,

= -0.10

(95'7fCI=-0.01-(-0.19)) were significantly different from

west coast estimates of /C=0.18 (95'^^, CI=0.14-0.21) and

tQ
= -1.35 OS'/f CI=-1.68-(-1.01)), (P<0.005, P<0.001,

respectively). The east coast estimate of L. 989 mm (95'7f

CI=966-1012) and 947 mm (957f 01=884-1010) for west

coast fish were similar (P=0.342). For fish ages 1-2. the

observed lengths at age of west coast fish were greater
than those of east coast fish, but for fish in most of the

older age classes, lengths of east coast fish were greater

(Tables 2 and 3). Lengths at age predicted from the von

Bertalanffy growth model for ages 0-2 were greater for

Centropomus undecimalis
Male - Tag #1307
Tagged and Injected: 8/27/90 - 460 mm FL
Recaptured: 8/7/97 - 492mm FL

Figure 3

A transverse section of an otolith from an age-9 common
snook, Centropomus undecimalis, that was injected with

oxytetracycline (OTC) on 27 August 1990 and released at

the entrance to Bishop's Harbor in lower Tampa Bay, Flor-

ida. The fish was recaptured 6 years and 11 months later

at the same location and had formed seven annuli between

the OTC mark and the otolith's edge.

west coast fish than for east coast fish, but those for all

older age classes were greater for east coast fish than for

west coast fish.

Maturation and sex transition

Common snook present biological characteristics that are

consistent with protandric hermaphroditism. We exam-

ined 27 wild-caught specimens that we considered were

at the transitional-sex stage on the basis of simultaneous

presence in the gonad of ovigerous lamellae and rem-

nants of the dorsal sperm ducts that contained sperm.
The mean length and age of these transitional-sex-stage

common snook were 515 mm and 3.4 years. They ranged in

length from a 240-mm, 1-year-old male specimen that had

a prodigious number of ova in the peripheral portions of

the testis, to an 824-mm, 7-year-old female with residual

sperm in remnant sperm ducts. All ovaries, transitional

and otherwise, contained remnants of the major dorsal

sperm ducts, regardless of season or reproductive condi-

tion (Fig. 7). In addition, transitional gonads contained

degenerating spermatogenic and developing ovarian tissue
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may reflect sampling bias rather than a true differ-

ence in the maximum fish sizes reached on the two

coasts.

Other comparative studies on two inshore ( Flor-

ida) Sciaenidae species also have found that east

coast fishes attain greater sizes or grow at faster

rates than do west coast fishes (Murphy and Taylor.

1990; Murphy and Taylor, 1994). Although gear

biases may have confounded growth differences in

these comparative studies, there is some basis for

physiological differences in common snook. Trin-

gali and Bert (1996) have provided evidence that

common snook in Florida comprise two geneti-

cally different populations: one population in Atlan-

tic waters and one in Gulf waters. They have

reported that mtDNA divergence, both in haplo-

type diversity and in nucleotide sequence, supports

the hypothesis that the two populations are repro-

ductively isolated, which may account for a portion

of the observed differences in biological parame-
ters.

Age and growth

Our findings suggest that scales and whole otoliths

may not be suitable for aging common snook older

than 6-9 years, the point at which our length-at-

age data began to reach an asymptote. Ages derived

from whole otoliths were reasonably accurate for

snook younger than about 10 years, but ages ofolder

snook were consistently underestimated. Further-

more, whole otoliths were more difficult to read than

sectioned otoliths and therefore readers' counts from

whole otoliths often varied, principally because the

closely spaced annuli on the edge of whole otoliths

were difficult to differentiate. Our observations of

common snook scales led us to conclude that they

were not suitable for use in age estimation. Whole-

otolith-derived estimates of longevity reported by

Volpe ( 1959 ) and scale-derived estimates by Thue et

al. ( 1982 ) of 7-8 years are considerably less than our

sectioned-otolith-derived estimate of 21 years. Both

Volpe ( 1959 ) and Thue et al. ( 1982 ) examined fewer

fish than we did: therefore their samples would be

expected to contain fewer old individuals than ours

did. Their samples were also collected many years

before ours, and additional regulations have been

imposed on the fishery since their studies; however,

the magnitude of the discrepancies in ages between

our study and theirs is so great that we suspect

they underestimated the ages of many fish. Thue et

al. (1982) reported von Bertalanffy growth param-
eters for common snook, but their growth model did

not reach an asymptote; consequently, their esti-

mate of L = 1615 mm for combined sexes is much

greater than our estimate for either coast and is far larger

than the length reported for any common snook. We suspect

that their growth curve did not reach an asymptote because

they consistently underestimated the ages of old common
snook.

DBV

N

BV

SD BV

• .«
Sdc

OL

Figure 7

A histological section from a transitional-sex-stage common snook,

Centropomus undecima/is (632 mm FL). captured in lower Tampa

Bay in July 1989. Remnants of the major sperm duct (SD) and

collecting tubules (*) are present in the dorsal matrix. Located

throughout the peripheral ovigerous lamellae (L) are female germ
cells that are either primary growth oocytes (OC) or meiotic and

interphase oogonia (arrows). The dorsal (DBV) and lateral (BV)

blood vessels are distinguished from the sperm ducts by the pres-

ence of red blood cells. OL = ovarian lumen.

Growth data for common snook in our study fitted the

von Bertalanffy model well. The poor fit at age for the

east coast is explained by the collection of young-of-the-

year fish in April and May, just prior to their first birthday

when they were longest at age. The asymptotic values of
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Abstract.—A multidiseiplinary assess-

ment of benthic rockfishes (genus Se-

bastes) and associated habitats in deep
water was conducted in Soquel Sub-

marine Canyon, Monterey Bay, Califor-

nia. Rock habitats at depths to 300 m
were identified by using bathymetric
and side-scan sonar imaging, verified by

visual observations from a manned sub-

mersible, mapped and quantified. Spe-

cies composition, abundance, size, and

habitat specificity of fishes were deter-

mined by using a video camera and par-

allel laser system along transects made

by a submersible.

We counted 6208 nonschooling fishes

representing at least 52 species from 83

10-min strip transects that covered an

estimated 33,754 m-. Rockfishes repre-

sented llVc of the total number of indi-

viduals, and included a minimum of 24

species. Six distinct habitat guilds of

fishes were manifest from habitat-based

clustering analysis: small species were

associated with mud and cobble sub-

strata of low relief, and larger species

of rockfishes were associated with high-

relief structures such as vertical rock

walls, ridges, and boulder fields. There

was remarkable concordance between

some of the guilds identified in Soquel

Canyon and the results of other habi-

tat-specific assessments of fishes along
the west coast of the United States

from central California to Alaska. These

generalities are valuable in predicting

community structure and evaluating

changes to that structure, as well as

in applying small-scale species-habitat

relationships to broader-scale fishery

resource surveys. Additionally, estab-

lishment of these groups is critical when

incorporating the concept of essential

fish habitat (EFH ), and negative impacts
to it, into the management of fisheries

in relatively deep water, as required by
the Sustainable Fisheries Act of 1996.

High numbers of large rockfishes (e.g.

Sebastes chlorostictus.S. levis.S. rvsenb-

blatti. and S. rubernmus^ were locally

associated with rock ledges, caves, and

overhangs at sites having little or no

evidence of fishing activity. Abundance
and size of several species were lower

at fished than at unfished sites. We sug-

gest that rock outcrops of high relief

interspersed with mud in deep water

of narrow submarine canyons are less

accessible to fishing activities and

thereby can provide natural refuge for

economically important fishes, as exem-

plified in Soquel Canyon.
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Rockfishes iSebastes spp. ) are quite

speciose, (dominate coastal benthic fish

assemblages on the west coast of the

United States, and are among the most

valuable fisheries in California. They
have been harvested commercially in

California as early as 1875 (Phillips,

1957). About 859c of the 57 or more
rockfish species in California have some

economic value, and landings have

increased dramatically over the last

40 years (Lea, 1992). During the past

decade (1988-97), commercial fisher-

men have landed an average of nearly

10,000 metric tons of rockfish at Cali-

fornia ports per year, with an average
exvessel value of $11.4 million per year

(Thomson, 1999). During this period,

recreational anglers on commercial pas-

senger fishing vessels caught an addi-

tional 1,8 million individual rockfish

per year (Thomson, 1999), at a value

that far exceeds that of the commercial

catch.

Many species of rockfishes are slow-

growing, long-lived, and relatively old

at maturity, making them particularly

vulnerable to overfishing. Historically,

rockfish landings have been especially

high in Monterey (Phillips, 1939), and
there are recent indications that num-
bers and sizes are decreasing for some

species (Pearson and Ralston, 1990;

Mason, 1995, 1998; Ralston, 1998). As
with many coastal fisheries, the Mon-

terey fleets have expanded their range
to deeper and more remote areas as

local stocks have become depleted in

shallow water ( Deimling and Liss, 1994;

Karpov et al., 1995; Mason, 1995).

As increased fishing effort is applied
to populations in deep coastal waters,

it becomes critical to identify and pro-

tect areas of natural refuge for larger.
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older individuals ofvaluable rockfish species. There is little

information on the distribution, abundance, and habitat

characteristics of mature rockfishes associated with deep-

water benthic marine habitats off California. This type of

habitat is below scuba depths (<30 m), and the rocky het-

erogeneous substrata inhabited by many rockfish species

prohibit accurate estimates of fish abundance with con-

ventional trawl surveys. Diversity, quality, and extent of

habitat likely are among the most significant environmen-

tal determinants of distribution, abundance, and species

richness of adult rockfishes (Larson, 1980; Richards, 1986;

Pearcy et al, 1989; Carr, 1991; Stein et al., 1992). Charac-

terizing and quantifying elements of suitable habitat, such

as substratum type, texture, and relief are therefore criti-

cal for evaluating the effectiveness of refugia, both natu-

ral and designated protected areas, to maintain regional

marine resources.

Eight submarine canyons cut into the continental shelf off

central California, placing deep-water habitats in close prox-

imity to shore. We hypothesized that isolated rock outcrops in

deep water along the steep walls ofthese canyons could serve

as natural harvest refugia and allow certain rockfish spe-

cies locally to attain large sizes and high abundances. Sub-

sequent distribution of offspring from these mature fishes

could help maintain viable populations and species diversity

in adjacent areas of greater fishing activity.

Our general goal in this study was to characterize rock-

fish assemblages and their relationship to specific benthic

habitats within submarine canyons by combining geophys-
ical and m situ submersible surveys. Because temperate
benthic habitats are often defined by geologic attributes,

geophysical techniques are critical in determining habitat

structure, depth, and lithology.

Within our general goal, this study had four specific

objectives. Our first objective was to characterize the geo-

morphology of our study site in Sequel Canyon using

bathymetric mapping and side-scan sonar imaging (i.e.

sonographs) to classify the substrata and to locate rock

outcrops on a spatial scale of 100s of meters to kilometers.

Our second objective was to map and quantify the amount
of exposed hard substrata at depths suitable to rockfishes

within our study site. Third, using a manned submersible,

we set out to verify our interpretations of the remotely
sensed images of habitat on a smaller scale (i.e. 1 meter

to 10s of meters) and determine frequency of occurrence,

distribution and type of habitat that support assemblages
of adult benthic rockfishes in Sequel Canyon. Our fourth

objective was to estimate and compare species composi-

tion, abundance, size, and diversity of fishes among habitat

types, depth zones, and locations that have been subject to

various amounts of fishing activity within the canyon.

depth of 80 m. This canyon trends southwest for 10 km, at

which point it intersects the larger Monterey Canyon at a

depth of 915 m (Fig. lA). Soquel Canyon is eroded from the

generally flat-lying beds of the Pliocene Purisima Forma-

tion, a shallow-water marine deposit comprising interlayers

of sandstone, mudstone, and shell hash (coquina). Previous

undercutting of the canyon walls has caused extensive lamd-

slides and slumping; resultant rock exposures were the tar-

gets of our survey of rockfishes and their associated habitats.

Our study area covered about 17 km-' of the headward

part of the canyon, between 80 and 360 m water depth.
This represents about two-thirds (6.7 km) of the length of

the canyon's axis; at 6.7 km along the axis, the canyon is

3.5 km wide and 650 m deep.

Geophysical surveys

Side-scan sonar is a suitable method for distinguishing
blocks of hard substrata from surrounding soft sediment

by differences in intensity of reflected sound (Able et al.,

1987; Greene et al., 1995; Yoklavich et al, 1997). Our

sonographs of seafloor morphology resemble a black and

white photographic negative. Topogi'aphic features such as

ledges, vertical walls, and boulders produce dark and light

images on the records, depending on the orientation and

hardness of the feature. A strong signal or reflector (dark)

is received from the side of a relatively hard feature facing

the transducer, whereas a weak signal or shadow (light) is

received from the side sloping away from the transducer.

We conducted a side scan sonar survey along 110 km of

track lines using a 100 kHz acoustic signal with a swath

width of 600 m (300 m per side). The sonographs along
each track line were positioned precisely with navigational

data from a differential global positioning system (GPS) to

form a mosaic of rock type and texture within the canyon.
Because of steep relief only one side of the transducer

received usable signals and 200'7f coverage was necessary
to produce a complete mosaic.

We used the mosaic to quantify the amount of hard sub-

strata at depths suitable to rockfishes. Our interpretations

of the sonographs were verified by direct observations

made by marine geologists (HGG and DS) during nine

dives in the Delta submersible. Type, relief and size and

depth range of features were described; these field descrip-

tions assisted the marine biologists in planning dives at

each site and in assessment of habitat after the cruise.

We conducted a bathymetric sui-vey of Soquel Canyon

using a 3.5-kHz precision depth recorder integrated with

Loran and GPS navigational data. The resultant high-res-

olution map (20-m intervals) was used to identify areas of

high relief and potential slumps.

Materials and methods

Study site

Soquel Canyon (ca. 36°49'N, 121°59'W) is a submarine canyon
of inactive sediment that cuts into the continental shelf in

Monterey Bay nine miles south of Santa Cruz, at a water

Fish and habitat surveys

We used the Delta submersible to assess benthic fish

assemblages and associated habitat in Soquel Canyon
in August 1992 and October 1993. The Delta is a small

( 4.75-m ) submersible, accommodates one scientific observer

and a pilot, has a maximum operating depth of 365 m,

and a cruising speed of 1.5 knots. An acoustic track-point
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(Al Study area in Soquel Canyon, the northernmost tributary to the Monterey Submarine Canyon

System. iBl A physiographic map of Soquel Canyon, produced from 3.5-kHz echo-sounding data.

Transect A-A is at the location of the seafloor profile (C), and displays the hummocky nature of slump

deposits on the west wall of the Canyon.

system and differential GPS were used on board the sup-

port vessel to record the underwater location of the sub-

mersible. All dives were made during daylight to avoid

potential bias due to diel activity patterns of some species

(Hixon'; Yoklavich. pers. obs. )

To quantify fish abundance and habitat use, strip tran-

sects of 10-min duration were conducted 1-2 m off the

' Hixon, M. 1992. Personal commun. Department of Zoology,

Oregon State University, Corvallis, OR 973.31-2914.
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bottom at 0.4-0.9 knots. Transects were purposely of short

duration to maintain constant depth within the rock habi-

tat at each station. Each transect was documented con-

tinuously with a high 8-mm video camera and associated

lights that were externally mounted on the starboard side

of the submersible. The scientific observer verbally anno-

tated each videotape, identifying, counting, and estimat-

ing size of all fishes in front of the starboard viewing port.

A hand-held dive sonar was aimed at objects (e.g. large

fish and boulders) along the transects from inside the sub-

mersible to estimate distance from the observer to the

object; this procedure helped us to estimate the width of

the transect. After each dive, divers transcribed observa-

tions on fishes and habitat from video tapes into a comput-
erized database on board the support vessel.

Two parallel lasers were mounted on either side of the

external video camera at the fixed distance of 39.5 or 20.0

cm apart, in association with different laser systems each

year. The laser spots were projected onto the seafloor habi-

tats. They were visible to the observer, recorded onto the

video tape, and were critical in accurately estimating the

size of fishes, distance traveled along a transect and area

of habitat patches. We made measurements by comparing
the size of a fish or habitat feature to the known spacing of

the two bright laser spots when the object was perpendicu-
lar to the camera and lasers (Tusting and Davis, 1993). We
estimated the length of each transect, independent of sub-

mersible speed and bottom currents and type, by counting
the number of laser-spot intervals as they moved along the

substrata in the video transect (much like using a yard-

stick, end-over-end along the transect).

Microhabitat of each fish within the transect was char-

acterized from the video tapes. Various combinations of

substratum type, including mud, pebble, cobble, boulders,

and rock ridge (see Greene et al., 1999, for definitions),

were categorized according to primary (at least 50'/( of

the area viewed) and secondary (>20'^ of the area viewed)

microhabitat (conforming to Stein et al.. 1992). Relief was

categorized as flat (0-5°), low (5-30° I, and high (>30°).

Each surface area of uniform habitat (i.e. a patch) along
the quantitative transect was measured to the nearest

0.1 m^. Species-specific abundance was standardized per
area of associated habitat patch. The habitat patch was
used as our sample unit.

Data analyses

Similarity of assemblages of nonschooling fishes among
the different combinations of substrata was evaluated

with cluster analysis on the basis of abundance of each

species standardized by area of associated bottom type
in each patch. Only species representing >V'/i of the total

abundance in each bottom type category and only bottom

types representing >l'7i of the total area surveyed were

used in this analysis. Only nonschooling (i.e. nonpolar-
ized aggregations or solitary individuals) benthic fishes

were included in our analyses because schooling fishes

commonly were more abundant in midwater above our

field of view and therefore could not be accurately enumer-
ated. Clustering was performed with the average linkage

method and with Euclidean distance as a measure of dis-

similarity (SYSTAT, 1992). Dissimilarity among clusters

>50'7f of the maximum overall distance was considered a

major division and used to define distinct habitat guilds of

fishes iserisu Root, 1967).

Further analyses were focused on nonschooling fish spe-

cies that dominated the rock habitat guild, as defined by
the cluster analysis. These are some of the species impor-
tant in commercial and recreational catches (Weinberg,

1994; Mason, 1995, 1998). We used the incidence of fish-

ing gear and associated debris, observed on the seafloor

during the quantitative fish transects, as a relative index

of fishing activity throughout our study area. Statistical

differences in abundance (number of fish per 100 m^ of

habitat patch) of those species in the rock habitat guild

were analyzed among five sites of varying fishing activity

by using analysis of variance (ANOVA) with equal sample
variances and otherwise by resampling statistics (Bruce et

al., 1995). We used Cochran's test for homogeneity of vari-

ance (Winer, 1971).

Differences in size of selected dominant species were

tested among two arbitrarily chosen 100-m depth catego-

ries (i.e. shallow [75-175 m] and deep [176-275 ml) and
the five sites were tested by using two-factorANOVA (with

homogeneity of sample variances) where appropriate.

Overall species diversity was calculated as

H'
^[pjllnpj

where s = number of species; and

p,
= proportional abundance of species /.

Richness (number of species), and evenness (J' = H' IH\^f^),
as well as species diversity, were evaluated for all habitat

types ( see Krebs, 1989) and then among sitesjust within the

rock habitat guild in shallow and deep water Sufficiency

in the number of samples necessary to reliably charac-

terize overall diversity for each habitat type was exam-

ined by plotting cumulative numbers of species against
the sample unit (both for number of patches and area of

habitat surveyed). These plots indicated that the number
of samples was sufficient to yield a reliable estimate of

diversity for comparisons among all habitats and for com-

parisons among sites in shallow and deep rock habitat (i.e.

the number of samples evaluated for diversity always sur-

passed the number comprising 95% of the species; see data

on Figs. 8 and 9).

Results

Geophysical mapping of habitats

A physiographic representation of the relatively high-res-

olution bathymetric data (Fig. IB; production assisted by
the U.S. Geological Sui-vey, Menlo Park, CA) helped us to

visualize canyon morphology, to identify areas ofhigh relief

and potential slumping, and to select submersible dive
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sites for fish and habitat surveys. The bathymetry
indicated that Sequel Canyon is steeper and more

rugged than previously interpreted from NOAA's
Seabeam data. From the 3.5-kHz bottom profiles

we identified large slumps along both walls and

in the axis of the canyon. These areas had a hum-

mocky surface with little or no sediment cover

and were bounded by sharp relief on either side

(e.g. Fig. IC); these characteristics indicated likely

rockfish habitat.

Five study sites were defined ( Fig. 2 ) on the basis

of a series of side-scan images identified along the

canyon walls. These images were interpreted as

rock outcrops representing approximately 35 ha of

the total area surveyed in Soquel Canyon. Area of

rock outcrop in the five study sites ranged from 1.4

ha of isolated rocks in about 200 m water depth
at site 5 to 19.6 ha of extensive rock in 90-350

m water depth at site 3. We considered these

estimates to accurately represent the amount of

exposed outcroppings within our study area.

From submersible observations we verified our

interpretation of these reflectors as well-bedded

rock outcrops ofvarious resistance, lithologies, and

bottom morphology (e.g.. Fig. 3, A and B). Cres-

cent-shaped slump scarps were imaged along the

upper walls of the canyon, and extensive rockfalls

comprising large (meters in diameter) angular
to sub-rounded (having rounded corners but not

spherical) blocks and smaller boulders (0.25-1.0

m diameter) were concentrated at the base and in

the axis. Well-layered, friable sedimentary rocks

were differentially eroded into overhangs (>90°),

crevices, and caves. These rocks occurred as iso-

lated outcrops (Fig. 3A), and as more extensive

rock exposures (Fig. 3C) interspersed with soft

mud along very steep walls from at least 150 to

330 m water depth.

/
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evenly distributed (see results of diversity analysis that

follows), and included mostly small species (i.e. S. semi-

cinctus, S. wilsoni, and S. elongatus) and small members
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300 m
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Figure 3

lAl Side-scan monograph of isolated rock outcrop on steep wall of

Sequel Canyon. Strong acoustic reflectors (dark areas) are from

exposed bedding faces, white areas are shadows behind faces,

and gray areas are nonreflective mud. (B) These eroded mud-
stone beds comprise habitat for benthic fishes, such as this adult

grecnspotted rockfish LSchcistet: fhloroslicliix). IC) Side-scan sono-

graph of steep, well-bedded rock walls on southeast side of canyon
from 150 to XW m.

of a large species (S. chlorostictus). Most (88-95%) of habi-

tat guild II occurred at shallow depth (75-175 ml; about

one-half of guild III occurred in water <175 m. Guilds IV

and V represented habitats of large structure, high
relief (78% occurrence), and both shallow and deep
(>175 m) water. Although they both had similar top-

ranked species, guild IV (boulder-mud) was much
less diverse and was dominated by a single species
(S. helvomaculatus). Economically valuable rockfish

species made up most (52-77% ) of guild V (rock hab-

itat). The rock habitat guild, in particular, contained

high numbers of large species up to 1 m in total

length, such as S. levis i 12% of total fish abundance
in this habitat) and S. ruberrimus (5% total abun-

dance). These fishes were closely associated with

ledges, caves, crevices, and overhangs.

Fishes and habitat by site

In general, our study area in Soquel Canyon com-

prised five sites ofexposed rock ridge, boulder, cobble,

pebble, and mud bottom types (Fig. 5). From the

mosaic of side scan sonographs, total area of outcrops

ranged from 1.4 ha (site 5) to 19.6 ha (site 3), and
the sampling effort (i.e. number of dives, transects)

in these sites tended to vary accordingly. We quan-

titatively sui-veyed fish and habitat in 1025 sample

patches (average area of a habitat patch was 34.0 m-;

SE=1.9 m2), representing from 1285 to 13,626 m^

per site. From analysis of 83 transects, 74-94% of

the bottom types at these sites were characterized

by mud, rock ridge, and combinations of both. Not

surprisingly, nearly 50% of our survey was in areas

of high relief, and almost all (97%) rock ridge was

high relief Mud habitats were largely (78%) of flat

and low relief

Site 1, located on the east canyon wall at a water

depth from 98 to 305 m, was characterized as rock out-

crop with moderate vertical fracturing, stepped rock

ridges of 1-6 m height (habitat guild Vi, mud-cobble

and mud-boulder fields ( habitat guilds 11 and 111 ), and
mud terraces (habitat guild I). Directly opposite on

the west wall, site 2 included a series of rock ledges,

mud terraces, and vertical walls e.xtending from 263

to 148 m depth; this site is heavily fished (see later

criteria). Site 3 comprised small ledges interspersed
with mud, boulder, cobble, and pebble slopes of low

relief at 94—150 m, high-relief rock ledges with frac-

tures cutting the bedding planes and massive vertical

mudstone walls (150-250 m). and scattered boulder-

mud fields at the base of the wall. Sites 4 and 5 were

largely isolated outcrops of rock ridges surrounded by
fields of mud at 152-226 m depth.

Rockfishes of various species ranked first in abun-

dance at all of the five study sites (Table 1); over all

habitat types and depth, at least three of the top five

species were rockfishes (4—5 of 5 at most sites). Aver-

age abundance was highest at site 5 (42.4 fish per
100 m-), 96'/; of which comprised economically valu-

able species (e.g. in rank order of abundance, S. pan-
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42).
10)1

17)1

Dominant

Species
%

S. saxicola (42)

Microslomus paaticus (

Agonidae (

Sebaslolobus alascanus ( 7)

S semicinclus
(19)^

S. e/ongams (18) I

S. w/soni (11) J

S. saxicola (20)

S helvomaculatus (15)

Agonidae (1 1
)

S. chlorosticlus ( 7)

S. elongalus ( 7)

S. helvomaculatus (40)
S. chlorosticlus (11)
S. paucispinis (10)

)'"
{

}

S paucispinis (22)
S helvomaculatus (14)

S cWorosf/cfus (13)

IV

>(
S. w/teora (42) »

S. paucispinis (1 8) J VI

Habitat

Guilds

Mud

Cobble-Mud

I Mud Pebble

Mud-Cobble

Mud-Rock

Boulder-Mud

Mud-Boulder

Rock-Mud

Rock ridge

Rock-Boulder

Dissimilarity

Figure 4

Cluster dendogram that groups standardized abundance (number per 100 m^) of nonschooling benthic fish species in Sequel

Canyon, based on associated type of bottom substrata. Dominant species (percent relative abundance in parentheses) of the

six main habitat guilds are indicated. See Figure 8 for number of habitat patches sampled in each habitat.

cispinis, O. elongatus, S. levis. S. rosenblatti. S. chlorostictus,

S. ruberrimus). These sedentary fishes were primarily shel-

tered under ledges, in crevices, and among large sea anemo-

nes (Metridium giganteum ) on this isolated rock outcrop.

One objective of our study was to compare species com-

position, abundance, size, and diversity of fishes among
sites receiving var)dng amounts of fishing pressure within

the canyon. Seventy-five lines (polypropylene and monofil-

ament; n=&l) and cables (?!=8) were observed on 83 tran-

sects during 13.5 h; no mesh nets, pots, or trawl tracks were

found. Eighty-five percent ofthese sightings occurred at site

2, with 26.7 observations of gear made per hour of survey

(or 0.9 sightings per 100 m^). Observations of 1.5 and 0.7

per hour were made at sites 3 and 1, respectively. No evi-

dence of fishing gear or activity was found at sites 4 and 5.

These observations are supported by California Department
of Fish and Game (CDFG) records of site-specific activities

of commercial passenger fishing vessels (Reilly-).

From the cluster analysis, economically important rock-

fishes are largely represented by the rock habitat guild

(V). After limiting statistical comparisons among sites to

those species occurring on mud-boulder, rock-mud, and

rock ridge bottom types (i.e. habitat guild V), we found

abundance of each of the top eight species in this guild

(Fig. 6) varied significantly among sites (ANOVA or ran-

domization test; P<0.01 ). Large solitary and sedentary spe-

cies, such as S. chlorostictus, S. riibei-rinuis, and S. levis.

~
Reilly, P. 1997. Personal common. CDFG, 20 Lower Rags-
dale Dr., Monterey, CA 93940.

were most abundant at sites 1, 3, 4, and 5, which received

minimal to no fishing pressure. Abundances of these three

species were statistically less at site 2, the area of highest

fishing activity.

Sebastes paucispinis, one of the most important species

in commercial and recreational fisheries of Monterey Bay,

occurred in high numbers at all sites but was significantly

more abundant at site 5 ( Fig. 6; randomization test, P<0.0 1 ).

Although we limited our study to nonschooling individu-

als, S. paucispinis can be semipelagic and we sometimes

encountered this species in loose groups of 50 or more fishes

above rock outcrops. These groups were not included in our

analysis but indicate that this species is more active and

broad ranging than the solitary benthic rockfishes.

Interestingly, the most abundant species at the site most

heavily fished (site 2) was S. helvomaculatus, a relatively

small species and historically of minor interest to either

commercial or recreational fisheries. This species also was

significantly more abundant at this site than at any of the

other four sites (Fig. 6; resampling test, P<0.01). Sebastes

crameri and S. riifus, relatively important rockfish species in

the commercial trawl fishery but rarely taken by hook and

line, were abundant only at site 2 (ranking second and fifth,

respectively). Sebastes elongatus. a relatively small species

that was most abundant in the cobble-mud guild, was mod-

erately abundant in the rock guild but only at sites 1-3.

Size of most of these species differed by site and depth

category (shallow=75-174 m; deep=175-275 m; Fig. 7).

Significantly smaller individuals of S. chlorostictus, S. hel-

vomaculatus, S. elongatus, and S. paucispinis occurred
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Site 1 Site 2 Site 3 Site 4 Site 5

Habitat

Guilds

 VI

n V

 III

II

D I

Number Dives

Number Transects

Number Habitat

Patches

Depth Range (m)

Time Surveyed (h)

Area Surveyed (m^)

Total Area (ha)

5

13

207

98-305

2.7

7,638

6.9

6

14

185

148-263

2.4

7.256

1 5

13

39

515

94-296

6-0

13,626

196

3

4

52

153-210

0,6

1,285

5.8

6

13

66

152-226

1 7

3,949

1.4

100

60

40

20

Overall

33

83

1,025

94-305

134

33.754

35.2

Figure 5

Percent cover of bottom types in habitat guilds (see Fig. 4 for identifica-

tions) at five study sites in Soquel Canyon. Number of dives, transects,

and habitat patches, depth range, time and area covered, and total area

(as estimated from mosaic of side scan sonographs in geographic informa-

tion system) are listed for each site.

at shallow depths (ANOVA, P<0.01). Within

depth category, site 2 generally had smaller

fishes, and site 5 consistently had the largest
fishes. S. levis and S. ruberrimus were abun-

dant only in the deep category, and were sig-

nificantly bigger at site 5.

Patterns of species richness (S), diversity

(H'), and evenness (J') were evident among
the species assemblages associated with dif-

ferent bottom types (Fig. 8). The two most
distinct habitat guilds in the cluster analy-
sis (i.e. mud [guild I| and rock-boulder [guild

VI] ) ranked among the lowest in both H' and

J', with a single species clearly dominating
each guild. Diversity also was low in the boul-

der-mud guild (FV). although with somewhat
more even proportions among species. The
most diverse and evenly distributed assem-

blages were those in the remaining three

guilds (II, III, and V).

Considering just the rock habitat guild (V),

diversity measures were examined among
sites having different fishing activity in both

shallow and deep depth categories ( Fig. 9 ). No

patterns in diversity among the three sites

in the shallow rock habitat guild were evi-

dent (Fig. 9A), although differences in rela-

tive abundance of each species were clear.

In deep water, a shift in relative abundance
occurred from site 2 to site 5, with large spe-
cies playing a larger role at the less fished

sites. The deep rock habitat guild at the iso-

E

^
r S. chlorosliclus

7

6  

5
•

4

3

2

1 I-

itl

-Cl

^

10

6
•

4

2

S helvomaculatus

rh

Jl -41-

12 3 4 5

n= 92 88 185 19 34

S. ruberrimus

-itL All
2 3 4 5

6

5

4

3

2 -

1

S. crameri

S tews

-^^ Jl

2 r S rutus

ih

Study sites

25



Yoklavich et al : Habitat associations of deep-water rockfishes 635

lated site 5 had the lowest diversity among
all sites and depths, as measured by H'

and J'.

Discussion

Habitats

Several studies have described distinct

fish-habitat associations for various spe-

cies of benthic rockfishes during different

stages ofdevelopment ( Carlson and Straty,

1981; Pearcy et al., 1989; Carr, 1991; Stein

et al.. 1992; O'Connell and Carlile, 1993).

Although species composition may vary

latitudinally, there is remarkable concor-

dance between some of the habitat guilds

identified in Soquel Canyon and the results

of a habitat-based assessment of fishes

using similar techniques and habitat char-

acterizations on Heceta Bank off central

Oregon (Stein et al., 1992). Mud, rock-

boulder, and boulder habitats were most

distinct in both studies and included the

same dominant species; M. pacificiis. S.

alascanus, and Agonidae were abundant

on mud. whereas S. wilsoni was the single

most abundant species in the rock-boul-

der habitat of Soquel Canyon and the boul-

der habitat on Heceta Bank (Table 2).

Fish assemblages in low relief, mixed hab-

itats of mud, cobble, and pebble grouped

together, and although dominant species

were largely different (i.e. mud-cobble hab-

itat dominated by S. zacentrus and S.

wilsoni in Oregon and by S. saxicola. S.

helvomaculatus and Agonidae in Soquel

Canyon), the assemblages were made up
of relatively small species in both studies.

Several species common to both studies

were characterized similarly in terms of

habitats (e.g. associations of S. pinniger
with rock-boulder combinations and S.

elongatus with mud-cobble combinations).

Several of the species-habitat associations identified

in Soquel Canyon also agreed with those described even

farther north. From submersible observations off British

Columbia, albeit made at shallower depths (21-150 m)

and with less comprehensive habitat classifications than

in Soquel Canyon or Heceta Bank, Murie et al. ( 1994) and

Richards (1986) reported adult S. ruherrimus to be found

exclusively on complex rock habitats, whereas S. elonga-

tus was almost exclusively associated with sand-mud and

mud-cobble substrata of low relief In the eastern Gulf

of Alaska, adult S. rubernmus were found to be strongly

associated with boulder fields, broken rock, overhangs, and

crevices (O'Connell and Carlile, 1993), features similar

to those of habitats described for this species in Soquel

Canyon.

Shallow Deep

50n Sebastes chlorostictus

Shallow Deep

Sebastes helvomaculatus

Sebastes elongatus

Sebastes saxicola

252

Figure 7

Mean size (vertical bars are 1 standard error) for dominant species in shal-

low and deep depth categories over all bottom types at study sites 1 to 3 and

.5. Small numbers above bars are sample sizes.

The generalities in habitat-specific associations, such as

those described above for several rockfish species occur-

ring along the entire west coast of the United States from

central California to Alaska, can be valuable in predict-

ing community structure and its response to perturbation.

Identifying functional groups or habitat guilds that persist

coastwide will be especially useful when applying these

small-scale relationships between species and habitats

to broader-scale resource surveys, potentially improving
assessments ofgroundfish populations. Additionally, estab-

lishing these groups is critical to incorporating the con-

cept of essential groundfish habitats, and negative impacts
to them into the management of fisheries in relatively

deep water, as required by the Sustainable Fisheries Act

of 1996.
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evidence of fishing activities, the large sizes of individual

fishes further support the concept of a natural harvest

refuge in these areas. Although overall mean length of

many species was similar and in some cases smaller in

Soquel Canyon when compared with those on Heceta Bank
(Stein et al., 1992), sizes were substantially larger for the

large benthic species in the canyon (i.e. S. ruberrinius, S.

paucispinis, S. babcocki, and O. elongatus).

Aggregations of young rockfishes were absent at any
depth during our surveys of Soquel Canyon, leading us to

conclude that although the canyon is likely a refuge for

adult rockfishes it does not serve as a nursery ground. In

contrast, from submersible observations of dense schools

of young-of-the-year rockfishes associated with the shal-

low (100 m) ridge tops of Heceta Bank, Pearcy et al. (1989)

suggested that rocky portions of the bank function as a

nursery for young rockfishes. Heceta Bank is topograph-

ically isolated and located about 55 km off the Oregon
coast; it is likely that there are no suitable nursery areas

for rockfishes nearby. Soquel Canyon, however, is about 15

km offshore in Monterey Bay, and in close proximity to

shallow rock outcrops, cobble fields, and kelp forests that

function as nursery areas for many rockfish species (Carr,

1991; Johnson, 1997).

Aside from changes in population numbers and sizes,

marine fisheries have been identified as one ofthe most crit-

ical environmental threats to marine biodiversity (Sobel,

1993; Boehlert, 1996), and it has been suggested that har-

vest refugia may contribute to the preservation of individ-

ual species, genotypes, and habitats (Bohnsack and Ault,

1996). Overall, the benthic fish assemblages in the vari-

ous habitats of Soquel Canyon are relatively diverse; total

species richness in the canyon was 52 (20 species compris-

ing 90'7f of the total abundance) compared with 38 spe-
cies on Heceta Bank (where only 10 species contributed

to 909f of the abundance; Stein et al., 1992). Species diver-

sity, as measured by H' (Fig. 8), clearly varied among habi-

tats; fish assemblages associated with complex habitats of

rock, cobble, and mud maintained the highest diversity,

whereas boulder habitats had lower diversity with a few

dominant species. There was no clear influence of relative

fishing activity on species diversity in the complex rock

habitats of the canyon, but there was an influence on the

relative abundance and sizes of the species themselves.

We conclude that some heterogeneous rocky habitats

of high relief interspersed with soft mud in deep water
of Soquel Submarine Canyon support high numbers of

large adult rockfishes, in particular those species impor-
tant to regional fisheries. These fishes are likely protected
from excessive harvest because these habitat characteris-

tics make them difficult to locate and target. These areas

appear to function as a natural harvest refugium, poten-

tially contributing new recruits to adjacent fished areas.

We suspect that other such isolated high-relief rock hab-

itat, as yet undetected or described, exists elsewhere in

deep water on the continental shelf and slope of the west

coast. The challenge now is to identify and characterize

these habitats and associated fish assemblages, and to

relate these small scale patterns to larger geographic areas

relevant to benthic fishery stocks.
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Long Island, Fig. 1) to correlate with

spawning season. Mean monthly water

temperature was calculated for the

months of February 1998 (this inves-

tigation) and February 1989 (Colin,

1992). February 1988 data (Colin, 1992 1

were not available.

Fish were continuously tracked by
their individual acoustic frequency 24

hours a day for a 3-week period. Sub-

sequent daily diver observations iden-

tified individual fish by their external

tags.

Smith (1972) first reported Epinephe-
lus striatus (Nassau grouper) spawn-

ing aggregations. Since then, spawning

aggi'egations from a few dozen indi-

viduals to perhaps 100,000 individuals

have been reported from the Baha-

mas, Jamaica, Cayman Islands, Belize,

the Virgin Islands, and Mexico (Olson

and LaPlace, 1979; Colin et al., 1987;

Carter, 1988; Colin, 1992; Aguilar-Per-

era and Aguilar-Davila, 1996). Colin

(1992) investigated and documented

actual spawning of £. striatus off Long
Island, Bahamas. Colin et al. (1987)

and Sadovy et al. ( 1994) have provided
the only other observations of spawn-

ing aggregations of western Atlantic

serranid species (£. guttatus and Myc-

teropercci tigrist.

Epinephelus. striatus spawning ag-

gregation sites are transient, site spe-

cific, and are usually known by local

fishermen who fish them intensely

during the spawning period. Epineph-
elus striatus spawn in the southern

Caribbean during the full moon of

December and January (Smith, 1972;

Olsen and LaPlace, 1979; Colin et al.,

1987; Colin, 1992), and at more north-

ern locales (i.e. Bermuda) from May to

July (Bardach et al., 19.58). Johannes

(1978) suggested that the period and

location of reef fish spawning is selected

to favor lar\'al survival: more recently

Colin (1996) has suggested that aggre-

gation sites may be "learned." Differing

densities of E. striatus at spawning
sites prior to, during, and following full

moon periods indicate that individuals

move to an aggregation site for a lim-

ited period oftime( Colin. 1992). Timing,

size, and sex composition of moving pre-

spawning individuals are unknown.

Knowledge of the distance and direc-

tion of E. striatus movement to historic

spawning sites is based on Colin ( 1992)

where a single tagged specimen was

recaptured by a fisherman at a known

spawning site east ofLong Island, Baha-

mas, after travelling approximately 110

km in two months. This contribution doc-

uments long-distance movement (220

km) of a tagged E. str-iatus to a spawn-

ing aggregation.

Materials and methods

The Exuma Cay Land and Sea Park
( ECLSP. Fig. 1 ) was the study site for

an investigation of the home range of

E. striatus. The 456-km- ECLSP was

established in the central Bahamas in

19.58 and fishing was banned in 1986.

A total of eleven individuals were cap-

tured by traditional Bahamian fish

traps, tagged, and released for the home

range study during summer 1997. An
E. striatus (58.1 cm TL) captured on 24

June 1997, tagged on 25 June, held in

a fish trap and released at 24°18.8'N

and 76°33.6'W on 2 July 1997 was later

recaptured by a fisherman.

Each fish had a unique Floy dart tag

(Floy Tag & Manufacturing. Inc., Seat-

tle, Washington) inserted below the

anterior dorsal-fin rays, between the

second and third scale rows.

Each fish also had an acoustic trans-

mitter (VEMCO Limited, Nova Scotia,

Canada) surgically implanted into its

body cavity.

Daily water temperature data were

obtained from Caribbean Marine Re-

search Center i CMRC ) at Lee Stocking
Island I approximately 120 km NW of

Results

The recaptured Nassau grouper was
tracked by ultrasound at its presumed
"home reef" from 2 to 31 July 1997.

Daily visual observations I by divers)

from 9 to 15 August confirmed the pres-

ence of the Nassau grouper at its home
reef The last observation was recorded

at the tagging locale on 16 August 1997

at the end of the field season.

Three other individuals tagged dur-

ing the summer 1997 investigation

were observed at the exact patch reef

where they were tagged in summer
1998. Two of these tagged individuals

were considered to be mature adults

when tagged (47.1 cm TL and 44.1

cm TL). and the third was deemed a

juvenile (25.2 cm TL). Measurement
of two individuals indicated an annual

growth rate of3-4 cm: from 47. 1 to 50. 1

cm TL, and from 25.2 to 29.0 cm TL.

Seven other E. striatus tagged during
summer 1997 were not observed during
summer 1998.

A fisherman caught the tagged
individual on 16 February 1998 in a

fish trap at the Long Island, Baha-

mas, spawning location described by
Colin (1992) as the "south point aggre-

gation site" at 22''51.0'N and 74°51.5'W,

approximately 220 km (in a straight

ESE route) from the release point (Fig.

1). Physical features of the aggregation
site are described by Colin ( 1992). The

fish was at large for 185 days and was

caught in 18-21 m of water Because

fishing was limited during the period

"due to high seas and strong wind,"'

the exact date the fish entered the trap

or the soak time is unknown.

Manuscript accepted 16 February 2000.
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Figure 1

Map of the central Bahamas showing locations of tag and return sites of Nassau gi'ouper iEpniephe/us striatus). Longitude is west;

latitude is north. The Exuma Cay Land and Sea Park is enclosed by a box. The site where the fish was captured, tagged, and

released is designated by an arrow (tl; recapture site—denoted as the "south point aggregations site by Colin, 1992—by a start*!.

Other possible E. striatus spawning sites noted by Bahamian government, local fishermen, and scientific literature are designated

by a cross (+). The 500-fathom depth contour, as determined by NOAA chart no, 23605, is designated by a solid line. This figure is

modified with permission from a map produced by Department of Lands and Surveys for the Government of the Bahamas B.L.S,

1100.

Mean monthly water temperatures at CMRC dock were

23,94°C ±1.41 for February 1998. and .v = 24.68°C ±0.75

for February 1989. Mean water temperature for the full

moon period from 11 February 1998 to date of capture

(16 February 1998) was 23.83°C ±0.63. The wide standard

deviation for the February 1998 monthly mean was due to

a 7-day (18-24 February) period of warm water tempera-
ture (>25°C every day).

Cartwright. Capt. A. 1998. Personal commun. P.O. Box CB
11039, Nassau, Bahamas.

Discussion

Site fidelity for the recaptured Nassau grouper was 46 days;

and perhaps a year for the three Nassau grouper at large,

tagged in 1997 and resighted in 1998. Sexual maturity for

E. striatus is reached at about 42 cm SL and 40 cm SL, for

males and females respectively (Colin et al.. 1987). thus the

two larger fish seen again in 1998 were theoretically sex-

ually mature. These two fish should have joined a spawn-

ing aggregation: they had either left the area and returned

"home," or they were remarkably steadfast to that reef.
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The south point aggregation site (where the tagged
E. striatus was recaptured) has supported a seasonal

fishery (fish trap, and hook and hne) since before 1900

(Cohn, 1992). During spawning aggregation periods, the

site draws 2000-3000 E. striatus; density decreases during

nonspawning periods (Cohn, 1992). Notably, an E. stria-

tus spawning aggregation site is known to have previously
existed within the ECLSP boundaries at the "Wide Open-

ing," approximately 20 km to the NNW of the tagging site.-

However, it is not known if the site currently sustains

spawning Nassau grouper. If this and other nearby spawn-

ing sites do exist (denoted by a cross (+ ) in Fig. 1), one can

only speculate as to why a fish would migrate a consider-

ably greater distance to spawn.
I suggest that E. striatus learn the routes to historic

spawning sites by local enhancement from older individu-

als (i.e. older animal directs attention of younger animal

to a particular part or object in the environment), per-

haps by socially transmitted traditions (see Helfman and

Schultz, 1984, for definitions). The fact that traditions

differ among subpopulations would account for both the

number of spawning sites in an area and their historical

nature. If spawning sites are learned from older individu-

als, then one could conjecture how this learning behavior

affects recovering E. striatus populations; older individu-

als are required to socially transmit the location of spawn-

ing sites, and young adults need to be present to learn.

Current and future studies of sensory systems and migra-
tion should provide insight into these h}rpotheses.

Because actual spawning was not observed and gonads
were not available, the reproductive status of the recap-
tured E. striatus is unknown. Hence, fishermen reports
and water temperature data were used to investigate the

likelihood of E. striatus spawning at time of recapture.
The recaptured fish was captured on 16 February from

a spawning "school" five days after the full moon.'^ Local

fishermen believe that spawning was occurring at this

time because catches of E. striatus were abundant, the

fishermen were targeting a known spawning site, and the

fish were "full |of eggs]".- Spawning is usually synchro-
nous with the full moon; thus it is speculated that the

Nassau grouper use the moon as a visual cue in migrating
to common spawning areas.

The geographic differences in spawning season of £. stri-

atus are thought to correlate with water temperatures, of

which optimal spawning temperature is most likely in the

range of 25-26°C (Colin, 1992; Tucker et al., 1993). Mean
monthly water temperature at the Long Island south point

aggregation site was 24.68°C in February 1988 (no spawn-
ing; Colin, 1992) and 23.94°C in February 1998 (presumed
spawnmg; present study). If spawning is correlated only
with water temperature, then it is unlikely that the recap-
tured E. striatus grouper was actively spawning. However
it is more likely that temperature is only one of many

2 Darville R. 1998. Personal commun. ECLSP Park Warden,
P.O. Box N-410.'5 Nassau, Bahamas.

^ Fishermen refer to the aggregations as "schools" because a large
number of fishes are present in reproductive condition.

physical attributes influencing the spawning of £. striatus

and if the fishermen reports are correct, it is entirely pos-
sible that the recaptured E. striatus was removed from a

spawning aggregation.
ECLSP is a marine reserve for the preservation of

animals, plant, and other marine life. For management
purposes, the intent of a marine reserve is to provide

spatial refuge from fishing, whereas the intent of tradi-

tional fishery restrictions on the resource is to allow a suf-

ficient number of animals to reproduce. (Bohnsack, 1998).

Evidence provided in the present study indicates that spa-
tial refuge alone may be insufficient because the ECLSP
reserve provided protection only until the animal migrated
to spawn and thus was captured. If the Nassau grouper
stock are to be preserved, protection throughout the ani-

mal's life history including spawning needs to be con-

sidered. Possible ways to provide this protection include

closing documented spawning aggregation sites to fish-

ing, enforcing seasonal closures, or providing protection
for migrating and spawning individuals.
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The great white shark, Carcharodon

carcharias (Lamnidae), and the tiger

shark, Galeocerdo cuvier (Carcharhin-

idae), are two of the largest species

of macropredatory sharks. Both are

known to prey on dolphins (Delphini-

dae) off KwaZulu-Natal, South Africa

(Cockcroft et al., 1989). Although scav-

enging off whale carcasses by white

sharks (Carey et al, 1982; Pratt et al.,

1982; McCosker, 1985; Long and Jones,

1996) and tiger sharks (Compagno et

al., 1998) has been documented, the

two species have not been recorded

feeding concurrently on the same car-

cass. In August 1993, Natal Sharks

Board (NSB) observers saw both spe-

cies feeding on the carcass of a hump-
back whale, Megaptera novaeangliae.
off Durban, but they were not seen scav-

enging concurrently (NSBM. In Sep-
tember 1997, elsewhere in the south-

west Indian Ocean, tiger sharks were

filmed feeding on a humpback whale

carcass off the southern tip of Mada-

gascar, but no white sharks were pres-

ent. Compagno^ subsequently viewed

the footage and verified the identifica-

tion of the tiger sharks.

This paper presents observations of

white and tiger sharks scavenging off

the floating carcass of a Bryde's whale,

Balaenoptera edeni. off the coast of

' NSB (Natal Sharks Board). 199.3. Un-

publ data. Natal Sharks Board, P. Bag 2,

IJmhIanga Rocks 4320, South Africa.

'^ Compagno, L. J. V, 1999. Personal
commun. South African Muspum, P.O.

Box 61, Cape Town 8000, South .Africa.

KwaZulu-Natal, South Africa. These

observations are of a single event and

hence should not be attributed more

significance than they can support.

Methods

The National Sea Rescue Institute

(NSRI) reported the presence of a

Bryde's whale carcass to the NSB at

midday on 26 April 1998. The NSRI,
which had responded to a call reporting

the carcass as a capsized yacht, found

it floating 4 km east of the Durban
harbor entrance ( 29°52'S, 31°24'E ) with

large sharks in its vicinity. The follow-

ing day various reports were received

that the carcass had drifted 25 km to

the north and was several kilometers

off the mouth of the Umdloti River

(29°38'S, 3r07'E). Large sharks were

reported to be feeding on it.

On 28 April, three of the authors

launched a 5.5-iti open-deck boat,

equipped with photographic equipment
and a shark cage, from the beach at

Umhianga Rocks (29°43'S, 3r05'E).

The carcass was located 6 km offshore

of the launch site and 10 km south of

its position on the previous day. It was
observed for 5 h. Conditions were excel-

lent, with a glassy sea, light wind, little

current, an estimated water tempera-
ture of 23°C and clarity of 15 m.

This account was written by S. F. J.

Dudley (who did not witness the event)

on the basis ofseparate interviews with

the remaining authors and on viewing
27 min of video footage filmed by M.

D. Anderson-Reade and an additional

4 min of footage filmed from another

boat. All distances, times, and shark

lengths (precaudal length, PCD are

approximate. The carcass was identi-

fied to species from the video footage, by
the presence of prominent head ridges

(Peddemors-').

Results

A white shark of 5 in was encountered

500 m from the carcass. The shark

made numerous passes within 2 m of

the stationary boat and just below the

surface. This behavior continued for 15

min before the boat continued towards

the carcass. This animal was not seen

again.

Immediately upon reaching the car-

cass, two tiger sharks of 3.5 m were

seen cruising 3 m below the surface.

Two white sharks were present as well,

one of about 4 m and the other a larger

animal with a distinctive bite scar on

the right side, located dorsolaterally

and posterior to the first dorsal fin.

A second boat was present and both

shark species made approaches to each

boat. The shark cage was deployed and

occupied by two divers. A number of

tiger sharks with distended abdomens

were seen feeding on the carcass, usu-

ally singly but sometimes in groups of

two or more. Their approaches to the

carcass were leisurely and gave no evi-

dence of intraspecific aggression. The

white sharks, which were not seen feed-

ing during this period, moved off soon

after the cage was deployed and the

animal with the bite scar was not seen

again.

For 20 min the boat and cage were

maneuvered around the carcass in an

attempt to film the feeding process.

Large quantities of organic debris

reduced water clarity and because vis-

ibility was better from the surface, the

divers returned to the boat and the

cage was retrieved.

A 4-m female white shark, possibly

the smaller animal seen at the carcass

' Peddemors, V. M. 1998. Personal com-

mun. Natal Sharks Board, P. Bag 2, Umh-
ianga Rocks 4320. .South Africa.

Manuscript accepted 6 January 2000.
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Figure 1

A 4-m PCL white shark feeding on the carcass of a Bryde's whale, and a 3.5-ni tiger

shark swimming below it. The head of the white shark, out of picture, is above water

The boat hull is at upper left, and strands of whale tissue are hanging beneath it.

(Frame from Hi8 videotape).

initially, was observed surfacing 100 m from the carcass

and regurgitating its stomach contents. It then circled

the floating matter. While being approached by the boat,

it began to feed on the regurgitated material. This was

the only time that regurgitation was observed but, on

other occasions, clouds ofwhat appeared to be regurgitated

matter were seen in the water near the carcass, indicating

that regurgitation may have occurred more frequently.

Subsurface filming of the white shark was conducted

over the gunwale. On five or six occasions the shark

approached the camera (which was enclosed in a yellow

housing) such that the cameraman was forced to lift the

camera out of the water just prior to the shark's snout

making contact. The shark would then mouth (lightly and

briefly grasp) the boat or motors before moving off. On one

occasion it damaged its head on the motor and the result-

ing laceration, immediately anterior to the right eye, was

used subsequently as an identification mark.

A small (3-3.5 m), red, semirigid, inflatable boat arrived

and the white shark immediately showed interest in it,

approaching it from the rear several times and mouthing
the motor.

After 40 min, the observers (coauthors) returned to close

proximity of the carcass, where there now appeared to

be between 7 and 10 tiger sharks, all 3.5 m. Feeding on

the carcass continued, but the animals showed more inter-

est in the boat than previously. Typically, a shark would

leave the boat, feed on the whale and then return slowly

to the vicinity of the boat. The motors were bumped three

times and a propeller was mouthed once. As with the white

shark, the tiger sharks approached the camera directly,

and on several occasions the cameraman depended upon

warnings from his co-observers to ensure timely evasion.

Only one interaction between individual tiger sharks was

observed. Two animals, swimming one above the other, con-

verged slowly to within 1 m, at which point they diverged

rapidly. Immediately prior to this event, one of the animals

had been investigating the camera and it is possible that

it had been unaware of the other shark's presence.

Soon after returning to the carcass, the observers noted

the arrival of the white shark with the wounded snout.

There appeared to be a slight increase in the swimming
speed of the tiger sharks but no other reaction was

observed. The white shark fed on three occasions and on

each occasion one or more tiger sharks fed at the same

time. On one occasion two tiger sharks swam within 3

m of the feeding white shark—one of these was captured
on videotape, together with the white shark (Fig. 1). The

white shark removed a piece from the carcass, then aban-

doned the piece and returned to the carcass. A tiger shark

then fed on the piece but moved off when the white shark

came back to it.

Both species fed on the carcass at the water line, but the

tiger sharks fed below the water line as well. Tiger sharks

were observed to thrust their heads out of the water to feed

(Fig. 2) as has been observed previously (Gilbert, 1963;
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Figure 2

A 3.5-m PCL tiger shark feeding on a Bryde's whale carcass at the water line. The

shark's eye is covered by the nictitating membrane.

Moss, 1972; Strong, 1991). One approach behavior exhib-

ited by the white shark and captured on fihii conformed

with that described by Tricas (1985) as an underwater

approach, in which the shark approached the carcass just

below the surface until approximately 1 m away and then

attacked by deflecting the head upward, emerging out of

the water to bite. When feeding above the water line, both

species tended to bite twice in quick succession, apparently

gaining better purchase with the second bite. This proce-

dure was followed by slow and deliberate shaking, twist-

ing, and turning to cut away the mouthful. The tiger sharks

demonstrated more thrashing than the white shark, some-

times rolling onto their backs while biting. The white shark

behavior described by Pratt et al. (1982), in which the

shark bit a whale carcass ventral-surface-up before rolling

upright to cut a mouthful, was not seen.

When tiger sharks fed below the surface, the carcass was

penetrated vertically and a swaying motion ofthe body, rather

than twisting, followed the bite. As many as five individual

tiger sharks fed on the carcass at one time, some hanging
below the carcass and some biting at the waterline.

The tiger sharks tended to remain at or near the carcass

at all times, whereas the wounded white shark approached
the carcass to feed and then moved offagain, sometimes out

of sight of the observers. A white shark of 3.5-4 m, believed

to have been an individual not previously observed, made
a brief appearance near the carcass during this period. The

tiger sharks were generally more active than the wounded
white shark, although both species were unhurried and

deliberate. The white shark increased swimming speed

only when investigating the camera. .

The red inflatable boat which had been present earlier,

returned, and the wounded white shark again showed par-

ticular interest in it. On one occasion the shark held the

rear of the starboard pontoon in its mouth and kept the

boat stationary despite the crew of the boat engaging gear
and running the 40-hp motor at speed. After 10 sec the

shark released the pontoon, the only damage to which was
a single, small puncture, perhaps the result of exploratory

mouthing behavior.

Discussion

White sharks feeding on whale carcasses appear to feed until

satiated (McCosker, 1985). The observed regurgitation of food

suggests that feeding may continue even after satiation.

Observations suggest agonistic encounters amongst
white sharks when feeding on a whale carcass. Observers

saw at least four and possibly up to nine different white

sharks in the vicinity of a fin whale carcass, Balaenoptera

physalus, over a 30-h period but never more than two

together (Pratt et al., 1982). When two did co-occur their

behavior appeared agonistic, and some of the sharks had

tooth cuts and slashes (some previous wounds, some freshly

inflicted). Similarly, Long and Jones (1996) reported that

about five cjifferent white sharks fed on the carcass of a

blue whale, Balaenoptera musciilus, but only one fed at

a time. McCosker (1985) observed an agonistic encounter

between two white sharks feeding on horsemeat bait; the

smaller shark was forced to depart after receiving a minor

bite. Strong et al. (unpubl. data in Strong 11996]), also
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noted that feeding attempts by individual white sharks

may be thwarted by larger conspecifics. In our study,

although three, possibly four, white sharks were seen at

or near the carcass, only one was seen feeding. Although
the observation period was brief, this type of behavior is

consistent with the existence of intraspecific competitive

exclusion. The animal seen feeding was smaller than at

least two of its conspecifics, and it is possible that the

larger individuals had fed previously.

The tiger sharks exhibited no evidence of intraspecific

competition, despite the presence of up to 10 individuals

in the vicinity of the carcass and up to five feeding concur-

rently. The abundance of food or the similarity in size of

the sharks may have prevented the establishment of the

size-dependent hierarchy discussed by Bres (1993).

Interspecific competition for food amongst reef-dwelling,

carcharhinid species has been recorded (Nelson and John-

son, 1980), as have apparent interspecific hierarchies com-

prising 1 ) the silvertip shark, Carcharhin us alblmarginatiis.

the Galapagos shark, C. galapagensis, and the blacktip

shark, C. limbatus. ( Limbaugh, 1963 ); 2 ) the oceanic whitetip

shark, C. longimanus. and the silky shark, C. falciformis;

and 3) hammerhead sharks (Sphyrnidae) and various other

species (Springer, 1967). Pratt et al. (1982) noted that the

locally abundant blue shark, Prionace glaiica, and shortfin

mako. Isuriis oxyrinchus. were conspicuously absent from

the vicinity of the fin whale carcass, and a fish spotter

pilot observed no blue sharks within a 3.2-km radius. These

authors suggested that this was a consequence of territorial

exclusion by white sharks. Similarly, Long and Jones ( 1996)

suggested that white sharks excluded blue sharks, a spe-

cies known to scavenge on whale carcasses, from the blue

whale carcass. McCosker (1985) observed a single white

shark feeding on the carcass of a grey whale, Eschrichtius

rohnstus. and saw no other shark species nearby The white

and tiger sharks, however, did not appear to compete at the

Bryde's whale carcass. Springer (1967) noted that mixed-

species feeding aggregations tend to consist of sharks of

similar sizes. If it is hypothesized, therefore, that the single

4-m white shark would have competitively excluded a single

3..5-m tiger shark, the presence of several tiger sharks may
have prevented this from occurring. McKibben and Nelson

( 1986) speculated that juvenile gray reef sharks grouping in

a loose aggregation or as a polarized pack may obtain pro-

tection from larger sharks. The tiger sharks, attracted by a

single stimulus, may have derived an incidental defensive

benefit.
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Otolith microstructure analysis has

been shown to be valuable for relating

biotic and abiotic factors to growth and

survival (Crecco and Savov, 1985; Thor-

rold and WiUiams, 1989; Maillet and

Checkley, 1991; Jenkins et al., 1993)

and determining size-specific mortality

(Gleason and Bengtson, 1996; Sabo and

Orth. 1996; Hare and Cowen, 1997) for

the early life history stages of fishes.

Prior to using otolith microstructure

analysis, it is important that otolith

validation studies be undertaken to

examine the rate of increment forma-

tion and the timing of initial increment

formation, and to check the interpre-

tive skills of the otolith reader (Geffen,

1992).

Our validation study dealt with

spotted seatrout, Cynoscion nebulo-

sus, an economically important sciae-

nid. Otolith increment deposition rates

from spotted seatrout have been vali-

idated by using tetracycline marking
of wild-caught fish larvae and juve-

niles collected in Tampa Bay, Florida

(McMichael and Peters, 1989). Because

known-age larvae were not used, the

timing of initial increment formation

was not determined. The purpose of

our study was to determine the rate

of increment formation and timing of

initial increment formation as well as

to provide confidence to otolith read-

ers by using known-age larvae and

wild-caught juveniles. Our study is

ancillary to spotted seatrout early life

history studies in Florida Bay, Ever-

glades National Park.

Materials and methods

Spotted seatrout eggs were obtained

from the Texas Parks and Wildlife

GCCA/CPL Marine Development Cen-

ter hatchery from adults collected from

upper Laguna Madre, Texas. Eggs were

transported to the University of Texas

Marine Science Institute (UTMSI ), Port

Aransas, Texas, in May 1997. Eggs were

incubated in 600-L tanks at egg densi-

ties of 100 eggs/L. Tanks were held in

greenhouses, illuminated with natural

sunlight and 40-W overhead floures-

cent lights at a 24-h (15L:9Di photo-

period. A closed system was used, but

water was continuously recirculated

through a biofilter During the rearing

process, ambient temperatures ranged
from 25.0 to 28.0°C; salinities, from 32

to 33 ppt. Larvae to age 12 d were fed

rotifers (5/mL), which in turn were pro-

vided the algae Isochrysis. At age 13

d, brine shrimp nauplii, enriched with

oil emulsion (Leger et al., 1986), were

introduced (4 rotifer.s/mL; 2 nauplii/niL

on a daily basis I, and from age 15 d

until the end of the experiment, 2-3

nauplii/niL were maintained on a daily

basis. Food density was estimated twice

a day and food added to the required

density. Frozen adult brine shrimp and

red drum, Sciaenops ocellatus. eggs
were added on a daily basis from age 23

d to the end of the experiment. Otoliths

ofreared larvae were marked with aliz-

arin complexone (ALC) at concentra-

tions of 50 mg/L for four hours at age
9 and 16 d. Fifty larvae were sacrificed

at ages 6, 9, 14, 20, 23, and 32 d and

preserved in 959f ethyl alcohol. Larvae

sacrificed at ages 6 and 9 d were not

immersed in ALC.

Wild-caught juveniles were collected

in Aransas Bay, Texas, in August 1997

with a 6-m bag seine (4.5-mm mesh
in both the wings and the bag). Juve-

niles were placed in 45-L tanks and

transported to the rearing facility at

UTMSI, Port Aransas, Texas. Juveniles

were held in 3-m raceways in 1100-L

water at temperatures 27.0-28.0°C and

a salinity of 36 ppt. Juveniles were

segregated by size to avoid cannibal-

ism. Two days after capture, otoliths

were marked with ALC ( 100 mg/L for

4 h). Otoliths were similarly remarked

7 d later (9 d after capture). Mortality

associated with the marking process

was nil. All fish were sacrificed and

preserved in 957r ethyl alcohol at 21 d

after capture.

Otoliths were removed with probes
and fine-tipped forceps. Polarized light

was used to facilitate location of oto-

liths from fish <6 mm standard length

(SL). All otoliths, except for the right

sagitta, were placed on a slide, covered

with mounting media and archived.

The right sagittal otolith was embed-

ded for transverse sectioning or polish-

ing (or for both procedures). The left

sagitta was embedded for transverse

sectioning if the right was damaged
during preparation.

Sagittae were read with a light micro-

scope at lOOOx magnification under

oil immersion with blue light epiflu-

orescence to detect ALC marks that

fluoresce as reddish orange. The first

increment was determined as that fol-

lowing the core increment, the latter a

well-defined dark increment surround-

ing the core. Sagittae were read by one

Manuscript accepted 29 December 1999.
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Figure 1

Photomicrograph of a transverse section of a spotted seatrout otoHth from a 32-d-old laboratory-

reared fish (SL=23.6 mm). C = the core; E = edge. The arrows point to daily increments that were

determined as those rings that maintained relatively equal spacing as the fine focus was manipu-
lated. The rings between the arrows were considered subdaily rings or optical artifacts. These

rings did not maintain equal spacing when the fine focus was manipulated, were not continuous,

and generally were poorly defined. Scale bar = 10 jim.

reader without knowledge of age of fish. Two to three

readings were made and the counts averaged. Following

Rice et al. ( 1985) and Ahrenholz et al. ( 1995). counts were

regressed on age (SAS Institute, Inc., 1985), and Student's

<-test used to determine if the slope was significantly dif-

ferent (a=0.05) than one. The null hypothesis is that the

slope of increment counts on known age equals one. The

null hypothesis is rejected if the slope is significantly dif-

ferent from one. A summary of the increment count data

from known-age fish is shown in Table 1.

In our initial analysis, the slope of increment count

regressed on known-age was significantly greater than one

(a=0.05), but there were problems in aging the oldest juve-

niles (32 d)—problems that we related to variability in fish

sizes (16.2 to 34.6 mm).Using linear regression, we exam-

ined the relation between increment count on size for all

age groups. Only for the 32-d-old juveniles was the slope

of increment count on size significantly different from zero

(a=0.05), indicating that greater counts were observed as

size increased. This result suggested that we interpreted

subdaily rings as daily rings. We then examined otoliths

from known-age juveniles in great detail to establish cri-

teria to separate subdaily from daily rings. Although read-

ing the older age (32-d-old) juveniles was difficult, daily

rings maintained relatively equal spacing as the fine focus
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Figure 2

The relation between increment counts

and known-age for spotted seatrout,

Cynoscion nebulosus. Solid line repre-

sents regression line; dotted, 45% line.

Values in parentheses indicate number
of specimens.

Table 2

Analysis of variance results for increment counts versus

age, and inverse regression for age versus increment counts

(inverse regression) for all larvae and juveniles ln=69) of

known-age spotted seatrout, Cynoscion nebulosus. SE =

standard error.

Dependent
variable Slope SE Intercept SE

Counts 1.0296 0.0172 -1.9867 0.3.574 0.0001

Age 0.9538 0.0159 2.2273 0.3135 0.0001

SL, were marked at 7-d intervals, and which were pre-

served 14 d after marking), we observed seven to eight
(.ic=7.0) increments between marks and 13-15 (.v=14.2)

increments between the last mark and the edge.

Discussion

Results

The slope of the line describing the relation between incre-

ment counts and known age was not significantly different

from one (Table 2; Fig. 2). This result indicated that rings

were being deposited daily and that we were correctly

interpreting daily rings from subdaily rings or optical arti-

facts, a problem that was encountered with juveniles in our

initial readings (see "Materials and methods" section).

A large percent of the laboratory-spawned and labora-

tory-reared fish that were marked with ALC failed to take

up the stain on their otoliths. Only 15'7i (^=61) of the

known-age fish exhibited a readable mark and only for

two age groups. On the other hand, the majority (75%) of

wild-caught juveniles exhibited a readable mark on their

otoliths.

Increments were estimated to form at age 2-3 d. An
inverse regression (counts regressed on age) yielded an

intercept with a value of 2.3 d (Table 2). The intercept
was significantly different from zero. Analysis of increment

counts on ALC-marked otoliths from known-age larvae

also revealed the first increment formed on day 2 or 3. For

14-d-old larvae marked at age 9 d, seven increments were

counted: for 23-d-old larvae marked at age 9 d, six and
seven were counted.

Increment counts on marked otoliths were fairly accu-

rate. On 14-d-old larvae (n=4) marked at day 9, we counted

seven increments from the core to the ALC mark, and four

to six (.v=5.0: five expected) from the mark to the otolith

edge. On 23-d larvae (/i=5) that were marked on day 9

and day 16, we counted six to seven (.v=6.6) increments

from the core to the first mark, 14 to 15 (.v=14.7) from

the core to the second mark, and four to nine (.v =7.6) from

the second mark ( 16-d-old) to the edge (23-d-old). For wild-

caught larvae (;; = 12) (which ranged from 34.4 to 70.2 mm

Our overestimation of ages, in our initial analysis (see

"Materials and methods" section), from increment counts

of older juveniles is difficult to relate to environmental fac-

tors. Overestimation of age is not common, although Fives

et al. (1986) reported that larger bay anchovies, Anchoa

mitchelU, in any known age group generally had more

growth increments than smaller fish. Nielson and Geen

(1982, 1985) noted that for salmonids. feeding frequency,

exposure to warm or cool temperature cycles twice in a

24-h period, and an enforced increase in activity increased

the rate of increment formation. Fish in our study did not

undergo such cyclic events.

Campana and Moksness ( 1991 ), from a detailed appraisal

of accuracy and precision of age estimates derived from oto-

liths, concluded that accuracy of age determination from

validation experiments is probably "optimistic" owing in

part to the constraints and limitations of validation stud-

ies done under laboratory conditions. The marked size dif-

ference of our known-age 32-d-old juveniles ( 16.2-34.6 mm
SL) was undoubtedly a result of laboratory rearing condi-

tions and indicated that even with appropriate photoperiod
and feeding conditions, caution should be used when inter-

preting rings from older laboratory-reared juveniles, espe-

cially when size ranges are highly variable as in our study.

For older known-age laboratory-reared material, multiple

markings should be employed to discern those areas where

interpretation is difficult and to discern subdaily rings.

Previous validation studies of spotted seatrout have

indicated that rings are deposited daily, but central rings

are difficult to interpret (McMichael and Peters, 1989).

McMichael and Peters ( 1989) used otoliths mounted whole

from tetracycline-marked wild-caught larvae and juve-

niles (7-10 mm). Although they were able to observe the

formation of daily rings, they had difficulty in interpret-

ing central rings. They used the average measurement to

the tenth ring (50 pm, SD=2t taken from few exception-
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ally clear juveniles. Our measurements from 23-d {n = V2)

and 32-d-old (n=15) juveniles averaged 52.4 )jm (SD=8.1).

Although our data were more variable, because we did not

select only clear otoliths, our measurement to the tenth

increment was similar to that of McMichael and Peters

(1989), indicating we were interpreting the central incre-

ments fairly accurately.

Our relative lack of success in marking known-age larvae

could be due to an inadequate concentration of ALC (50

mg/L) or insufficient immersion time at that concentration.

Thomas et al. (1995) produced high mark quality on 6.0-9.0

mm red drum larvae at concentrations of 100 mg/L for as

little as 2-h immersions. Fish mortality was minimal (and

mark quality high) for immersion times up to 24 h at that

concentration. A concentration of 50 mg/L for 4 h appears to

be inadequate, however, for spotted seatrout larvae. Because

of the relative lack of success in marking small larvae at 50

mg/L, larger juveniles were immersed in a concentration of

100 mg /L and marking success was relatively high after 4-h

immersion, but still not 100%. Thomas et al. (1995) found

that mortality of larvae was fairly high 065%) at concen-

trations of 250 mg/L or higher: therefore longer immersion

times are probably necessary for 100% marking success.

Other investigators have had difficulties in marking larvae

with tetracycline immersion that were related to divalent

cations in full strength seawater (Campana and Nielson,

1982: Hettler. 1984: Gleason and Recksiek, 1990).

In conclusion, we caution investigators that our inter-

pretation of increment counts for spotted seatrout may not

be valid for other studies. The skill of the otolith reader

is a critical component in otolith microstructure analysis

(Campana and Moksness, 1991): therefore, microstructure

analysis studies on spotted seatrout should require a sep-

arate validation study for each reader.
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Predation is an important process reg-

ulating egg sui'vival in marine systems

(Bailey and Houde, 1989). Pacific her-

ring iClupea pallasi) spawn demersal

adherent eggs on shallow subtidal and

intertidal substrates. Consequently,
their eggs are available to a variety

of predators throughout incubation.

Documented predators of herring eggs
include birds, invertebrates, marine

mammals, and fish (Palsson, 1984).

Avian predators were responsible for

over 957c of the herring eggs lost in

the intertidal zone in Holmes Harbor,

Washington, in 1946 (Cleaver and Fra-

nett, 1946), 39% of the intertidal her-

ring eggs lost on the west coast of

Vancouver Island from 1947 to 1950

(Outram. 1958), and 70'~'r of the herring

eggs lost in Yaquina Bay, Oregon, in

1970 ( Steinfeld, 1971). Estimates ofegg

predation by birds at two sites in Brit-

ish Columbia in 1988 and 1989 were

3.0^/f and 3.5'7f of the total eggs depos-
ited by herring (Haegele and Schwei-

gert, 1989; 1991).

Much less is known about the effects

of other predators because studies to

quantify Pacific herring egg loss from

predators other than birds have been

rare. In Barkeley Sound, British Col-

umbia, predation by invertebrates

accounted for IS.OVf of the total herring

eggs deposited, whereas gray whales

consumed S.O'/r of the total eggs depos-
ited (Haegele and Schweigert, 1989).

In 1989, herring egg loss due to epiben-
thic invertebrates was 4.1% of the total

eggs spawned in Georgia Strait, Brit-

ish Columbia (Haegele and Schweigert,
1991).

Fish predation on Pacific herring

eggs has not been studied in the

northeast Pacific, although some studies

have been done on the deeper-spawn-

ing Atlantic herring (Clupea haren-

gus). Historically, abundance of North

Sea haddock {Melanogrammus aeglefi-

nils) and saithe (Pollachius virens) with

stomachs containing Atlantic herring

eggs were used as indicators of the con-

centrations of herring eggs (Hempel
and Hempel, 1971); in years of light

spawning, cod and haddock can con-

sume up to 60% of the total eggs depos-

ited.^ Stomachs ofsand eels (Amrnodytes
marinus) have been observed to be full

of Atlantic herring eggs (Rankine and

Morrison, 1989), and perch [Perca flu-

viatilis) has been found to be the most

important consumer of herring eggs in

the Archipelago Sea (Rajasilta et al.,

1993 ). For Atlantic herring off the coast

of Norway, egg loss due to haddock con-

sumption has been estimated at 4.2% of

the total eggs spawned (Toreson. 1991).

Total Atlantic herring egg loss due to

consumption by winter flounder iPseu-

dopleiironectes americanus ) was at least

7% of the total egg abundance at a site

in the Northwest Atlantic (Tibbo et al,

1963).

Johannessen.A. 1980. Predation on her-

ring [Clupea harengus) eggs and young
larvae. International Council for the

Exploration of the Sea. Council Meeting/
1980, H:.33. 12 p.

Lack of knowledge about fish preda-
tion on Pacific herring eggs and the

importance of herring as a forage fish

in the Northeast Pacific Ocean, led

us to study predation on herring eggs
in Prince William Sound, Alaska. The

objective of our study was to estimate

total consumption of herring eggs by
some fish predators with the Elliot-Pers-

son model (Elliot and Persson, 1978).

Materials and methods

Our study was conducted after her-

ring spawning was completed on north-

ern Montague Island in Prince William

Sound, Alaska (Fig. 1), during late

April and early May, 1995. Two vari-

able mesh gill nets, 30.5 m long and 2.4

m deep, were used to collect fish near

incubating herring eggs in the subtidal

and intertidal zones at eight transects.

Stretched-mesh sizes ranged from 2.5

to 12.7 cm. Panels of same-size mesh
were equal length and depth (6.1 m x

2.4 m). and a total of five panels per net

were used. A standardized fishing plan
was carried out from one to three tran-

sects per day. Two nets were set at the

bottom parallel to the shoreline at each

transect. Depths fished depended on

tide stage; at high tide, depths fished

were 0.0 m and -3.0 m, whereas at low

tide, depths fished were -1.5 m and

-3.0 m in relation to mean low water.

Logistical constraints limited fishing to

one series of gillnet samples centered

around the daylight high tide, and one

series of samples centered around the

daylight low tide. Each series consisted

of three one-hour sets of the two nets,

for a total of six gillnet sets over each

tide stage, and a total of 96 sets equally

spread over the eight transects.

Fish captured were identified by spe-

cies and measured for fork length. Time
of catch, net soak time, and tide stage
were also recorded for each fish. Fish

stomachs were removed and preserved
in \Q9( buffered formalin. Stomach con-

tents were categorized by type of prey

(herring eggs, vegetation, crustaceans,

etc. ) and weighed to the nearest 0.01 g.

Wet weights of each group of stomach

contents were recorded, and herring

eggs were subsampled to determine the

Manuscript accepted 1 December 1999.

Fish. Bull. 98:655-659 (2000).
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Valdez

Figure 1

Study transects on Montague Island in Prince William Sound,

Alaska, where gill nets were used to collect fish predators of

herring spawn in 1995.

number of eggs per g. By multiplying the wet weight of

herring eggs contained in each stomach by the number of

eggs per g, the total number of herring eggs in each stom-

ach was estimated.

Based on stomach-content analysis, estimates of daily

ration were calculated only for greenling species. Because

of the small number of each greenling species caught, these

species were combined to estimate herring egg consump-
tion. Estimates of daily ration were calculated by using

the Elliot and Persson ( 1978) model.

C,
{S,-S,e-'")xRt

l-e"'
(1)

where C,
R
t

S,, and S,

= food consumption during daylight hours;

= the calculated gut clearance rate;

= the number of daylight hours; and
= average stomach contents at time and time

t, respectively.

Estimates of stomach contents were obtained by examin-

ing fish caught during gillnet sampling and were assumed

to be constant over daylight hours. The gut clearance rate

iB) was calculated from a relationship of species evacua-

tion rate versus temperature for marine and freshwater

fish:

/? = 0.01757-0.0442 (Worobec, 1984). (2)

The average temperature tT) over the incubation period at

a Montague Island transect was used in Equation 2. We had

to extrapolate the equation in Worobec ( 1984) because their

temperature range was warmer than ours. Initial consump-

tion of food at the onset of daylight was calculated accord-

ing to the Elliot-Persson model by using the equation

n - Q _ c p-Rt
^initial

~
"^average '^O'^ (3)

where
S^^,^,

= the average eggs per stomach from gill-

net samples; and

/ the nighttime hours.

Adding C„„,,^,,
and C, gives an estimate of the daily con-

sumption (Cy) of herring eggs over 24 h. Total consump-
tion over the incubation period was then calculated by

C,o,al
= C,xDxl (4)

where C, = the calculated daily consumption in numbers

of eggs;

D = predator density; and

/ = length of the incubation period in d.

Two previous studies estimated nearshore fish abundance

on Montague Island. The first study estimated greenling

density by using SCUBA surveys (Jewett et al.-) and the

second study estimated nearshore fish biomass (Rosen-

thal^). We used both these estimates in separate calcula-

tions of Equation 4 to derive consumption estimates for

greenling.

In the first calculation we used greenling density esti-

mates in the subtidal zone from Jewett et al. ( 1995); total

consumption per m-^ was compared directly with the aver-

age number of eggs per m^ estimated in 1995. To use

the biomass estimates from Rosenthal (1980), we changed

the daily ration in egg numbers to a daily ration in egg

biomass. Assuming isometric growth for greenling and

using the end points of greenling length and weight ranges

reported in Rosenthal (1980), we calculated the weight of

each greenling caught during gillnet sampling. Using these

two calculations for each fish sampled, we then estimated

the daily ration as a percentage of body weight. Then,

incorporating biomass estimates for greenling in Prince

William Sound from Rosenthal (1980) and the number of

incubation days for herring eggs in 1995, we calculated

the total weight of eggs consumed per km- by converting

Equation 4 to

C,=BgX C,^,
X /, (5)

- Jewett, S. C.,T. A. Dean, R. O. Smith, M. Stekoll, L. J. Haldorson,

D. R. Laur and L. McDonald. 1995. The effects of the Exxon

Valde:: oil spill on shallow subtidal communities in Prince Wil-

liam Sound, Alaska 1989-93. Exxon Valdez Oil Spill Restora-

tion Project Final Report (Restoration Project 93047; subtidal

study number 2Ai, Alaska Dept. of Fish and Game, Habitat and

Restoration Division, Anchorage, Alaska. 178 p.

' Rosenthal, R. J. 1980. Shallow water fish assemblages in the

northeastern Gulf of Alaska: habitat evaluation, species com-

position, abundance, spatial distribution and trophic interac-

tion. In Environmental assessment of the Alaskan continental

shelf p. 451-540. Final reports of principal investigators, 17:

biological studies, NOAA/NOS, Office ofOceanography & Marine

Services.
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stocks into a relatively small area during spawning and

the resulting spatial concentration of eggs in the spawning
beds could lead to high egg losses owing to predation even

in years of low herring biomass. This in turn could drive

the abundance of herring eggs even lower, as predators

continued to concentrate on an ever-dwindling resource.

In summary, our study estimated that two gi-eenling

species consumed between 2.3'^'f and 3.T'/t of the total her-

ring eggs deposited on Montague Island in Prince Wil-

liam Sound in 1995. Greenling represent only a portion

of the fish species in Prince William Sound; therefore pre-

dation by other fish species would probably increase the

consumption estimates. Although consumption of herring

spawn by fish species has not been extensively studied

in the Pacific, the results of our study indicate the impor-

tance of predation by fish species on the mortality of her-

ring eggs in spawning beds.
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Abstract—Variation in the life history

parameters of Dover sole (Microstonuis

pacificus) off the coasts of Washington,

Oregon, and northern California was

investigated by using research survey

data. We compared growth, maturation,

and length-weight cuives of Dover sole

within the International North Pacific

Fisheries Commission (INPFC) statis-

tical areas of Monterey, Eureka, Colum-

bia, and Vancouver We found strong

evidence of dimorphism in growth and

maturation rates between sexes. In

addition, geographic variation in both

growth and maturation rates was also

suggested. Male and female Dover sole

from the Columbia area had lower Brody

growth coefficients and larger asymp-
totic lengths than Dover sole from other

areas. Further, there was an apparent
latitudinal cline in maturation rates

because males and females matured

at smaller size and younger ages at

higher latitudes. In contrast, no differ-

ence between male and female length-

weight relationships was detected. In

comparison with other pleuronectids,

we found that Dover sole matured at

relatively larger sizes and younger ages.

These differences likely reflect adapta-
tion of Dover sole to the inherent vari-

abilitv of the California Current.

Variation in life history parameters of Dover sole.

Microstomas pacificus, off the coasts of

Washington, Oregon, and northern California
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Dover sole {Mici-osloiuus pacificus) is

a deep-water pleuronectid fish that

ranges from Baja, California, to the

Bering Sea (Hart, 1973) at depths from

10 m to 1200 m (Pearcy et al., 1982;

Allen and Smith, 1988). Dover sole are

demersal and have a complex life his-

tory that includes an extended pelagic

larval phase ofone year or more ( Pearcy

et al, 1977; Markle et al., 1992; Toole

et al., 1993; Butler et al.. 1996) and

an ontogenetic migration range from

continental shelf to continental slope

(Jacobson and Hunter, 1993). Dover

sole support an important commercial

fishery off the coasts of Washington,

Oregon, and California, where annual

landings have averaged about 12,000 t

during 1956-96 (Brodziak et al, 1997).

Previous research on life history

parameters of Dover sole off the west

coast of the United States was con-

ducted during the late 1940s and
the 1980s. Hagerman (1952) estimated

growth, maturation rates, and length-

weight curves of Dover sole from com-

mercial fishery samples collected from

the ports of Eureka and Fort Bragg, Cal-

ifornia during 1948-49. Harry (1959)

estimated maturation rates of Dover
sole from commercial fishery samples
collected at the port of Astoria, Oregon,

during 1948-49. More recently. Hunter

et al. (1990) have estimated growth
and maturation rates of Dover sole

from research survey samples collected

between Point Conception and Half

Moon Bay, California, during 1985-88.

Hunter et al. (1992) refined matura-

tion rate estimates of female Dover sole

through histological analysis of sui^ey
data collected off the coasts of Oregon
and California during 198.5-89.

In this study, we investigated varia-

tion in life history parameters of Dover

sole offthe coasts ofWashington, Oregon,
and northern California from samples
collected duiing research surveys during
1984-85 and 1990-93. Dover sole sam-

ples were partitioned into geographic

regions based on International North

Pacific Fisheries Commission statistical

areas in order to investigate latitudinal

differences among potential manage-
ment units.We used length-at-age data to

estimate growth and to quantify sexual

dimorphism and geographic variation in

growth. Maturation of male and female

Dover sole as a function of length and

age was estimated and geographic varia-

tion in maturity was quantified. Sexual

dimorphism and geographic variation on

weight at length were also explored. We
discuss apparent differences between life

history parameters of Dover sole and

other pleuronectids.
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Materials and methods

Length-at-age samples

-130'00' -128'00' -126»00- -124«00' -\2Z'O0- -120*00' -IIS'OO' -116'00-

48*00'

A total of 4780 Dover sole were col-

lected for age determination during
1984—93 from bottom trawl surveys of

the upper continental slope (Raymore
and Weinberg, 1990; Parks etal.. 1993;

Lauth et al., 1997). Biological sam-

ples were collected from three depth
strata (183-549 m, 550-914 m, and

915-1280 m) within the International

North Pacific Fisheries Commission

( INPFC ) statistical areas ( Table 1 ; Fig.

1) of Monterey (38''24'N-40°30'N),

Eureka (40°30'N^3°00'N), Colum-

bia (43°00'N-17°30'N), and Vancou-

ver ( 47°30'N-48°29'33"N ). The survey
area was length- and depth-stratified

to ensure adequate coverage for oto-

lith sampling. For each fish collected,

sex was determined, total length (to

the nearest cm) was measured, and

otoliths were extracted for age deter-

mination.

Maturity stage was determined

for 4490 Dover sole by visual inspec-

tion of gonads. Only samples from

surveys conducted by the RV Miller

Freeman (Table 1) were used for

analyzing maturity rates because

these samples were collected prior

to the spawning season during win-

ter when gross anatomical features

provide a reasonably accurate mea-
sure for determining whether a

fish is mature or not (Hagerman,
1952; Hunter et al., 1992). Total fish

weights (to the nearest gram) were
also recorded for 3019 samples from

surveys conducted by the MV Half
Moon Bay and the RV Miller Free-

man; these data were used for length-weight analyses.
Fish ages were determined by the break and burn

method, which is the standard for Dover sole (Pikitch

and Demory, 1988), although the method has not been

validated. In our study, the initial otolith increment was
assumed to be an age-1 marker in accordance with the con-

vention for aging adult Dover sole (Chilton and Beamish,
1982). Increments in each otolith were counted two or

more times and assigned a single age by one of four read-

ers. In some cases, a mark within the otolith core was
counted as the initial increment because it met the identi-

fication criteria of an annual increment. A paired compari-
son of age readings between the most experienced reader

and the other readers indicated that there was a mean dif-

ference of ^1=0.22 years (<T^=0.13) based on a blind sample
of 474 Dover sole; this difference was almost significant at

the5%level(P=0.08).

«'00'

M-OO'

42'00'

40*00
 

38"O0'

36*0O'

34*00-

:o5
U.S. VANCOUVER

COLUMBIA

Pacific Ocean

EUREKA

MONTEREY

CONCEPTION

48°0O'N

46*00-

44*00'

42*00'

40*00'

38*00'
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-130-00- •12S*00' -126*00' -124*00' -122*00' -120*00' -118-00- -1 16*00'W

Figure 1

International North Pacific Fisheries Commission statistical areas in the

North Pacific Ocean.

Empirical comparisons of mean ages, lengths, and

weights by sex within each INPFC area were performed.
The GT2 test is appropriate for unplanned comparisons of

populations with unequal sample sizes (Sokal and Rohlf,

1981) and it was used to test for differences in mean age,

length, and sex among INPFC areas.

Growth curves

Bartlett's test of homogeneity of variance was used to

test whether variance in length at age varied by sex for

Dover sole from ages 3 to 30 years. Test results were

used to select an appropriate error structure for growth
curve estimation. Growth curves for male, female, and

pooled-sex samples were estimated by maximum likeli-

hood (see Kimura, 1980). We used an alternative para-
meterization of the von Bertalanffy growth cui^ve (Schnute
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Maturation curves

Maturation by length and by age were estimated for fe-

male (/!=934) and male (« = 1232) Dover sole with logistic

regression (McCullagh and Nelder, 1989). Significance of

fish length or age as a predictor of fraction mature was

tested with the likelihood-ratio chi-square test. Standard

errors for model parameters were estimated by using the

nonparametric bootstrap method with 1000 replicates.

Geographic differences in maturation rates were also

evaluated for male and female samples by using logistic

regression. Step-wise model selection was used to deter-

mine the best model of length or age and the factors

INPFC area and sex, and all possible higher order interac-

tions between these terms. The full model with all possible

interactions was

6j=B. Because lognormal errors were assumed, the retrans-

formed intercept needs to be adjusted to give an accurate

predictive equation for mean weight, and the adjusted inter-

cept was computed as A=exp(fe|,)exp((CT-- crQ-)/2), where d-

is the residual variance from the regression and a^ is the

variance of 6q (Hayes et al., 1995). Nonparametric boot-

strapping with 1000 replicates was used to estimate stan-

dard errors of parameters and to provide nominal estimates

of parameter bias (Efron andTibshirani, 1993).

Geogi'aphic variation and sexual dimorphism in the

length-weight relationship for Dover sole were investi-

gated by a step-wise procedure among generalized linear

models relating the log-transformed length-weight obser-

vations to the factors INPFC area and sex, and all pos-

sible higher order interactions between these terms. The
full model with all possible interactions was

log =(A,+i3..+ft.+B^,) +
^-^1 (3)

(/i,+/3,,+/j„+yg,,,)X,

where k = the probability of being sexually

mature;

/3^ , Pg , and ji^^^
= coefficients of area, sex, and their

interaction; and

/3,.4 , /3jt; , and /3j^^^.
= coefficients of first- and second-order

interactions between area, sex, and

the variable length (or age), denoted

byX

Akaike's information criterion (AIC) was used to compare

competing nested models in a step-wise manner (Hastie

and Pregibon, 1993 1. We also evaluated whether overdisper-

sion due to cluster sampling was present (McCullagh and

Nelder, 1989). If the ratio of observed to expected sampling
variation (0) for the estimated model was less than 1, we
concluded that overdispersion was not present. Nonpara-
metric bootstrapping based on 1000 replicates was used to

estimate standard errors for parameter estimates.

Length-weight curves

We estimated length-weight relationships for pooled-sex,
male (7i=1549), and female (w = 1470) samples based on the
oil nrvi ofr"ir> omi oti/rr*

(5)

allometric equation

W=AL>xp(f,), (4)

where W, andL, = theobserved total weight (gi-ams) and

total length (centimeters) of the /''' fish;

A and B = parameters; and

f,
= independent and identically distrib-

uted normal error terms with zero

mean and constant variance.

A natural logarithmic transformation was applied to length
and weight measurements and linear regi-ossion was

applied to estimate parameters, denoted as 6Q=logA and

where p. Pg ,
and P^g

Pal  PsL ' and P^gL

coefficients ofarea, sex, and their

interaction;

coefficients of first- and second-

order interactions between area,

sex, and the natural logarithm
of length; and

f
,

= a normally distributed error

with zero mean and constant

variance.

As in the maturity analyses, the AIC criterion was used

to choose among competing models in a step-wise manner
(Hastie and Pregibon, 1993). Estimates of standard errors

of parameters and nominal estimates of parameter bias

were computed with the nonparametric bootstrap with

1000 replicates. Bootstrap estimates of residual variance

and
(Tf,2

=
Var|6Ql=Var(logA-i-/J^-t-j3i;+/3^g] were used to com-

pute the adjusted intercept.

Results

Length-at-age samples

Female and male age and total length distributions dif-

fered across areas. On average, females were 1 to 2 years
older than males (Table 2). Mean ages of males and

females were significantly different for all areas combined

and within the Vancouver, Columbia, and Eureka areas

(P<0.05). Mean ages were lowest in the Vancouver area

and highest in the Eureka area. The youngest males were

2 years old and had lengths of 19, 22, and 25 cm, whereas

the oldest male was 42 years old and 41 cm long. The

youngest female was 2 years old and 21 cm long, whereas

the oldest female was 48 years old and 51 cm long. Maxi-

mum observed ages of females were greater than those

of males in all areas except the Vancouver area where
the fewest samples were collected. Females were 4 to 5

cm longer than males on average (Table 2). Mean female
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areas were not statistically distinguishable. Males from

the Columbia area grew more slowly and reached larger

sizes, on average, than males from the Vancouver, Eureka,

and Monterey areas (Fig. 2A). Estimates of L^ and K for

the Columbia area differed from estimates for the com-

bined Vancouver, Eureka, and Monterey areas by S'/t and

-26%, respectively. Parameters of the alternative gi'owth

curve were more precisely determined with CVs of 1-3%

for the Columbia and combined areas in comparison to the

standard von Bertalanffy model where CVs were 2-14% .

Residual variance for the Columbia area was lower than

that for the three areas combined. However, residuals

from the Columbia area curve did not satisfy the normal-

ity assumption (P=0.01), whereas residuals from the com-

bined areas did (P=0.83). Overall, there was no latitudinal

cline in growth parameters.

Similarly, we found geographic variation in growth of

female Dover sole by area (Table 3). The hypothesis of

identical female growth parameters across areas was

rejected (P<0.001, X"=91.70). Female samples from adja-

cent INPFC areas were grouped and growth cun'es were

estimated. Homogeneous growth was rejected for Van-

couver and Columbia samples (P=0.002, X"=14.92) and
for Columbia and Eureka samples (P<0.001, c = 56.90)

but was accepted for Eureka and Monterey samples
(P=0.09, x^=6.45). Homogeneous growth was rejected for

combined samples from Eureka, Monterey, and Columbia

(P<0.001, X"=89.15) and weakly supported for combined

samples from Eureka, Monterey, and Vancouver {P=0.025,

X-=14.47).

Growth of female Dover sole exhibited geographic varia-

tion (Fig. 2B). In particular, females from the Columbia
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area appeared to grow more slowly and achieve

greater sizes than females from the other areas.

Estimates of female L, and K from the Colum-

bia area were '2'7f and -24'/^ different from esti-

mates for the combined Vancouver, Eureka,

and Monterey areas (Table 3). As with the

results for males, female growth parameters
were more precisely estimated for the alterna-

tive gi-owth curve with CVs of 1-6''* in compar-
ison with CVs of 2-6.5'^f for the standard von

Bertalanffy curve. In contrast to males, residu-

als of female growth curves were normally dis-

tributed and there was an apparent increase

in L. with latitude. Overall, geographic varia-

tion of male and female growth was similar,

with the exception that asymptotic female size

appeared to increase with latitude.

Maturation curves

We found that male Dover sole matured at

smaller sizes than did females when samples
were combined across areas (Table 4). Pre-

dicted female median length at maturity (L50I

exceeded male Ljq by 6 cm (23%), and the ratio

of median length at maturity to asymptotic size

{L^g/Lj of females exceeded that of males by
14%. The estimate of male L,,, (CV=2%) was
more variable than the female Lgg (CV=1%).

Maturity-at-age curves for all areas (Table 5)

indicated that males matured at younger ages
than females. Predicted female median age at

maturity ^A^^^) exceeded male A,,, by three years

(57%), whereas the ratio of female median age
at maturity to maximum obsei-ved age (^Ar,,/

^mnx^ exceeded that of males by about 42%. The

estimate of male Ar,„ (CV=109r ) was less precise

than the female estimate (CV=3%).

Geographic variation was evident m matu-

rity at length by INPFC area (Fig. 3). The best

logistic model for maturity at length included

terms' for length, sex, area, length x sex, and

length X area and had a dispersion parameter
of = 1.28 (Table 4). This factor indicated a

moderate degree of overdispersion in the maturity-at-

length data. Male maturity curves by INPFC area showed

a geographic cline in L^q
decreased with latitude. Male L
22 to 29 cm with CVs of 2% to 9%. Similarly, the ratio

Lr,f/L^ decreased from 0.66 in Monterey to 0.47 in Van-

couver Female L^q's showed a similar geographic cline.

although female Lg^'s were more precisely estimated than

male Lgg's. Female L^g values ranged from 35 cm in Mon-

terey to 28 cm in Vancouver Female values of Lj^/L also

decreased as latitude increased. Overall, median length
at maturity of both male and female Dover sole decreased

with increasing latitude.

55 -
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had no obvious latitudinal pattern and were relatively

similar (0.16 to 0.21) across areas. Overall, median age at

maturity of both male and female Dover sole appeared to

decrease with increasing latitude.

Length-weight curves

Length-weight cui-ves for all areas combined were highly

significant (P<0.001 ) for pooled-sex, male, and female sam-

ples (Table 6). Males had a larger length exponent than

females but there was little apparent difference between

male and female curves. For pooled-sex samples, the length

exponent exceeded 3 and showed that Dover sole weight in

autumn was more than proportional to the cube of length.

CVs of intercept parameters ranged from 3'7f to 5'~l for

1 00  
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growth may result from a differential use of deep-water

habitat, where adult males spend more time, on average,

in the oxygen minimum zone, or may result from the

effects of egg production and spawning on growth and

deposition of rings in the annuli of females. In summary,
Dover sole exhibit a moderate degree of sexual dimor-

phism, and differences between sexes become apparent, on

average, at about 5 years of age.

In addition to differences between sexes, moderate levels

of geographic variation in gi'owth of Dover sole off the

west coast were apparent. Growth cui-ves for the Columbia

area and for the combined Vancouver, Eureka, and Mon-

terey areas differed for both male and female Dover sole.

Asymptotic lengths of males and females from the Colum-

bia area were 3'^/i: and 2% greater than those for the com-

bined Vancouver, Eureka, and Monterey areas. Male and

1.0 -
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Dover sole that had been spawned prior to a

regime shift in the late 1970s (see McGowan
et al., 1998) than samples collected during the

1990s. Although temporal changes in growth
due to ocean regime may have occurred, such

changes would be difficult to detect given the

unbalanced temporal and spatial coverage of

the available research sui-vey data. Regard-
less of the mechanism, continued sampling of

Dover sole for data on size at age and matu-

rity will be needed to understand whether

the observed geographic variation is stable

through time.

We found that maturation rates differed

between sexes. On average, males matured

at a smaller size and at a younger age
than did females. This difference might be

expected given the sexual dimorphism in

Dover sole growth and is consistent with

conclusions drawn by Beverton (1992, Fig.

2), who reported that males generally have

smaller size at 50'"f maturity than females

within the Pleuronectiformes.

In addition to differences between sexes,

we found geographic variation in maturity
rates and an apparent latitudinal cline in

the median length at maturity of male and

female Dover sole. Results were similar for

maturity-at-age curves, with the exception of

results for Columbia area males. In his review

of latitudinal patterns in flatfish reproduc-

tive life history, Castillo ( 1995) found no evi-

dence of a latitudinal trend in age or length

at first maturity of Dover sole off Oregon and

California. In our study, results suggested
that Dover sole mature at smaller size and

younger ages at higher latitudes. This find-

ing contrasts with expectations that Dover

sole would mature at larger size and older

age at higher latitudes (e.g. Castillo. 1995).

The apparent trend in Dover sole maturation

rates may reflect local adaptation to latitudi-

nal differences in oceanographic properties of

the California Current (U.S. GLOBEC, 1994).

Nonetheless, sample sizes from some areas

(e.g. Vancouver) may have been insufficient to

accurately characterize the pattern of matu-

ration in length or age. Also, effects of poten-

tial latitudinal differences in the timing of

spawning were not accounted for in our study

Thus, although we found some evidence of

geographic variation, we recommend further

sampling to verify our observed geographic

patterns in maturation.

Maturity-at-length estimates from our study were con-

sistent with those from other studies of Dover sole matu-

ration. Although maturation criteria and sampling design
differed between our study and those of Hunter et al.

( 1992), estimated median lengths for female maturity were

remarkably consistent. In particular. Hunter et al. (1992)

3500 n
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those of our study because of differences in sampling and

maturation criteria, they suggest, however, the possibility

that female size at maturity may have declined since the

1950s.

We found no difference between male and female length-

weight curves. Male and female length-weight curves were

virtually identical for fish less than 50 cm in length.

Comparisons between large mature females (>50 cm) and

males were not possible because maximum observed size

of male Dover sole is about 51 cm. In addition, some

geographic variation in length-weight relationships was

detected. Estimated length exponents from the allonietric

equation exceeded 3 for all INPFC areas, with the excep-

tion of the Vancouver area, where relatively few samples
were collected. Overall, it appeared that Dover sole weight

during late autumn, when samples were collected, was not

proportional to the cube of fish length. In contrast, Hager-
man (1952) found that Dover sole weight was roughly

proportional to the cube of length in commercial fishery

samples collected throughout the year. Hagerman's esti-

mates may not be comparable to ours owing to differences

in sampling and analysis. We recommend year-round col-

lection of Dover sole samples for length-weight analysis

to determine whether seasonal and geographic variation

are important in predicting mean weight at length in the

population.

In comparison with other pleuronectids, we found that

Dover sole matured at relatively larger sizes and younger

ages. Beverton (1992) reported average ratios of L-q/L., of

0.47 and 0.52 for male and female pleuronectids, whereas

comparable values in our study were 0.56 and 0.64. Sim-

ilarly, male and female ratios of
A^g/A^^^^^. of 0.28 and

0.39 from Beverton (1992) were higher than correspond-

ing values of 0.12 and 0.17 in our study. Observed dif-

ferences with other pleuronectids likely result from the

complex life history pattern of Dover sole in the California

Current. Dover sole are a relatively late-maturing flatfish.

The age at first reproduction (a) that maximizes expected
lifetime fecundity for this species is roughly a=15 years,

where a=log( 1+(3A7M))/A' (see Roff, 1991) using A'=0.091

for females from our study and a natural mortality rate

of M=0.09/yr (Brodziak et al., 1997). In contrast, observed

ages at first reproduction for Dover sole range from 4

to 6 years (Castillo, 1995), or roughly 1/3 of the optimal

age that would maximize fitness. However, these equilib-

rium calculations do not account for environmental forc-

ing, and differences between the optimal and obsei-ved

values probably reflect the importance of environmental

variation (Roff 1982) on the reproductive success of Dover
sole. It may be necessary for Dover sole to reproduce as

soon as possible to hedge their bets against natural cycling
in the sui-vival of pelagic lai-vae in the California Current

(Parrish et al., 1981). In comparison to the pleuronectids
reviewed in Beverton (1992), the lower Ar,nM„,,^^ ratio of

Dover sole may reflect the lack of growth experienced by
adults that inhabit the oxygen minimum zone. Similarly,

Dover sole may have a higher A-,/L .
ratio than other

pleuronectids because they achieve most of their poten-
tial growth as juveniles while resident on the continental

shelf Overall, maturation rates of Dover sole appear to

differ from other pleuronectids and we believe that these

differences reflect adaptation of Dover sole to the inherent

variability of the California Current.
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Abstract—Two commercial shrimp spe-

cies {Penaeus californiensis and P. styl-

irostris) were sampled along the Gulf

of California and crude extracts were

assayed electrophoretically to assess all-

ozyme variation and population gen-

etic structure. Penaeus califoniiensis, a

more oceanic species, displayed a V2.5'?i

polymorphism (Pg.) and a 0.023-0.037

expected heterozygosity {HJ in three

sampled populations, whereas P. styl-

irostris, a more coastal species, showed

a north-south clinelike pattern in its

genetic variability parameters: P^r^ from

15.63% to 31.25% and H, from 0.038

to 0.086. Differences between species in

levels of genetic variation and genotype
distribution may be related to differ-

ences in habitat during important life

cycles stages which reflect the remark-

able changes of environmental condi-

tions of coastal lagoons in the Gulf

of California. Penaeus stylirostris sub-

populations appeared more structured

(Fj,=0.372) than those of P. californi-

ensis {F^,=0.182). A number of private

alleles and alternation of the most

common allele in several loci account for

the outstanding high results ofboth spe-

cies. Nei's genetic similarities were com-

puted within species tP californiensis

subpopulations, 7=0.988-0.997; P. styl-

irostris subpopulations, 7=0.929-0.954)

and between species iP californiensis x

7^ stylirostris, 7=0.674). A dendrogram

generated from Nei's genetic similari-

ties segregated the upper Gulf popula-
tions of both species from the other two

populations (middle Gulf and mouth of

the Gulf). This segregation may be the

result of the "Island Barrier" hypothe-
sized as segregating other decapods

inhabiting the Gulf of California.

Genetic structure of two commercial penaeids
(Penaeus californiensis and P. stylirostris)

from the Gulf of California,

as revealed by ailozyme variation
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Penaeid shrimp fisheries and hatcheries

have undergone an accelerated devel-

opment during the past three decades

(Rosenberry, 1996). Yields of such pro-

ductive activities are highly appreci-

ated worldwide and have resulted in

the economic development of prawn
farming in several eastern (e.g. Thai-

land, Indonesia, Vietnam, China, India,

etc.) and Latin American (e.g. Ecuador,

Mexico, Colombia. Peru, Panama, etc. )

countries.

Business based on penaeid shrimp

trading may be considered as having
two components: 1 ) heavy producers,

countries, such as those mentioned

above, which are mainly exporters, and

2) heavy importers, countries such as

those of Europe and the United States

of America, where the consumption of

imported shrimp has long exceeded

landings from their domestic fisheries

(Lightner et al., 1997). Moreover, in

the way of production (fishing on wild

populations vs. rearing in hatcheries),

three kinds of producer countries can

be recognized: 1) countries that base

their shrimp production mainly on their

fishery yields (for example, the United

States, where farmed shrimps make

up only 1% of its production); 2) coun-

tries that have focused their shrimp

production efforts almost exclusively

on hatcheries (for example. Ecuador,

where farmed shrimps make up 9.5'^f

of its shrimp production); and 3) coun-

tries that produce shrimps in similar

percentages from both wild stocks and

hatcheries (for example. Mexico. China,

India, and Indonesia) (Lightner et a!.,

1997).

Shrimp-producing countries, no matter

their main way of production, need in-

creasingly to take into account the

resource's genetic structure and the

variability of fisheries or hatcheries

management (Allendorf et al., 1987).

Two key questions must be outlined
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when a resource is desired to be characterized genetically:

1) What amount of genetic variation is present across its

populations? 2) Is the variation homogeneously distrib-

uted? This line of research has impelled a number of stud-

ies on populations of shrimp species to ensure adequate

exploitation and optimal rearing (for a review see Rodri-

guez-Romero and Rosa-Velez, 1993).

Our study aimed to characterize the genetic variability

and structure of two wild populations of shrimp species, to

recognize the actual genetic pool currently segi'egating in

them, and to render information to design rearing strate-

gies based on existing genetic variability.

Penaeus (Farfantepenaeus) ealifornicusifi Holmes is an

oceanic species distributed in the eastern Pacific, San
Francisco Bay, U.S.A., to Sachura Bay, Peru and Galapa-

gos Islands, Ecuador (Rodriguez de la Cruz, 1976). Adults

are found up to 220 m deep, although the peak of abun-

dance occurs at 55 m on silt-clay or sand-silt bottoms

(Rodriguez de la Cruz and Resales, 1970). Penaeus (Lito-

penaeus) stylirostris Stimpson is a more coastal species

distributed from the upper Gulf of California, Mexico, to

Tumbes. Peru. Adults are found in shallow waters around

the mouth of coastal lagoons, up to 40 m deep (CICTUS,

1985), where they are more abundant.

Life cycles are similar for both species but there is one

very distinctive difference: P. californiensis can complete
its whole life cycle in the marine environment, whereas

P. stylirostiis must spend part of its life cycle (postlarval

and juvenile stages) as an inhabitant of coastal lagoons.

In brief for both species, females deposit eggs in demer-

sal zones where they undergo total segmentation in 12-15

hours. The outcome is a planktonic lai-va that metamor-

phoses through five naupliar, three protozoean, and three

mysis stages, before reaching the semibenthic postlarval

stage. Once the rostral form is accomplished, the animal

is considered a juvenile and is totally benthic. The com-

plete cycle may takel2-17 days (Rodriguez de la Cruz and

Resales, 1970).

In our study we ascertained different levels of genetic

variation between species, a clinelike pattern of genetic

variability in the more coastal species, and significant

genetic structure among subpopulations of both species.

Materials and methods

Samples o^Penaeus califor-niensis were obtained in Novem-
ber 1995 by means of bottom trawling nets operated
from commercial shrimp fishing vessels performing stan-

dard catching efforts (average trawling time: 1 hour; trawl-

ing speed: 2 knots), in the following locations: south of

Santa Clara Port (31°34'N, 114°19'W); west of Guaymas
Port (27°50'N, 111°05'W); and southwest of Mazatlan Port

(22°27'N, 106°44'W). Samples ofP stylirostris were caught
in September 1995 with a cast net thrown from small

boats in the following shallow coastal areas: off Santa

Clara Port (31°44'N, 114°19"W); offGuaymas Port (27°54'N.

110°55'W); and offMazatlan Port, (23°12'N,106°30'W). The

samples covered three out of four distinctive areas (called

here "upper Gulf middle Gulf lower Gulf and mouth of

^-o.
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buffer systems were used to resolve 16 enzymatic sys-

tems and muscular protein: continuous tris-citrate buffer.

pH 8.0 (TC8) following Selander et al. (1971), 150 V, 6

h; discontinuous tris-citrate, pH 8.3-sodium borate buffer,

pH 8.65 (POU) according to Poulik (1957), 250 V, 5 h;

and continuous tris-EDTA-borate, pH 8.0 (TEB) following

Shaw and Koen (1968), 200 V, 6 h. Tissue sources, elec-

trophoresis systems employed to resolve each enzyme or

muscular protein, and number of loci resolved in each

enzyme system are listed in Table 1. Staining procedures

were accomplished according to the methods of Schaal and

Anderson (1974), Shaw and Prasad ( 1970), Shaw and Koen

(1968), Abreu-Grobois (1983), and Rosa-Velez (1986).

Allelomorphs were named A to F depending on their

anodal mobility, A being the fastest one. Zymogram inter-

pretation was achieved following recommendations by
Utter et. al (1987). In those cases where more than one

zone of activity was present in the gel, genetic hypotheses
were constructed to ensure correct interpretation. The

more complex pattern was displayed by the group of ester-

ases, which was interpreted by standardizing procedures.

These involved gel staining with each of the esters used in

the staining mixture (a-naphtyl acetate (black bands] and

b-napthyl acetate [red bands] ), but in separate assays, fol-

lowed by a joined assay of the same sample, as Laubier et

al. (1984) suggested.

Swofford's (1989) BIOSYS-1 software was fed with raw

genotypic data from electropherograms to obtain allelic fre-

quencies, proportion of polymorphic loci at the 95*^ level,

observed and unbiased expected (Nei, 1978) heterozygos-

ity, chi-square goodness-of-fit test for testing conformity
to the Hardy-Weinberg equilibrium (H-W equilibrium) of

variable loci, and Nei's (1978) unbiased genetic similarity
and distance.

The same set of raw data was used with GENEPOP (ver-

sus 1.2) (Raymond and Rousset, 1995), to compute an unbi-

ased estimate of the P-value of an F^,-based exact test for

the distribution of genotypes by means of the Markovian
chain method. PHYLIP's software (versus 3.5) was used to

perform bootstrap resampling of gene frequencies to obtain

a genetic distance UPGMA ( unweighted pair-group method
with arithmetic averaging) dendrogram. A Bonferroni cor-

rection was applied where multiple tests were carried out.

Results

A total of 32 loci were resolved from 16 enzyme systems
and muscular protein. Twenty loci (Acph-1. Aph-2. Gdh.

Got-1. Got-2, G3pd, Gpd, Idh. Ldh, Mdh-1, Mdh-2. Me, Pt-1,

Pt-2, Pt-4, Pt-5. Pt-6. Sdh-1. Sdh-2, and Xdh) were mono-

morphic across all populations sampled. Protein polymor-
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phism (P<0.95) was 0.125 for P. califoniicnsis in the throe

populations sampleci along the Gulf of California, unlike

P. stylirostris that showed a clinelike pattern with increas-

ing polymorphism from 0.156 in the upper Gulf population

to 0.312 in the mouth of the Gulf The genetic diversity,

reported as expected heterozygosity, was quite homoge-

neous along the surveyed distribution of P. californiensis

and showed a gi-adual northern-southern increase in P.

stylirotitris. (Table 2).

After the Bonferroni correction for multiple tests was

applied (a'=0.00142), only Est-2 was out of H-W equilib-

rium in at least one population of each species, and Pgm
and Pf-3 displayed the same pattern in P. stylirostris, all of

them accounting for heterozygote deficiency (Table 2).

Four loci (Aph-3, Est-1, Est-4, and Esf-5) in the upper

population of P. stylirostris showed D = -1.000 values (see

Table 2); however, four loci had to be considered mono-

morphic because the polymorphism criterion applied was

the most conservative (Pgg; a locus is considered polymor-

phic only when the frequency of the most common allele

is <0.95). In most of these cases only one or two individu-

als were scored as homozygotes for the alternative allele.

Such a low frequency may not be significant for the evolu-

tionary process owing to the high probability of disappear-

ance through random processes in just a few generations.

On the other hand, in spite of the high frequencies of

both alleles (p=0.5), only one heterozygous individual was

scored for the diallelic locus Aph-1 in the upper population

ofP stylirostris, resulting in a highly significant heterozy-

gote deficiency.

Standardized variance (F,,) analysis was achieved among

subpopulations within species (Table 3). Penaeus cali-

forniensis showed a lesser degree of genotypic differentia-

tion among its populations (F^,,=0.182) than P stylirostris

(F^,=0.372). This result is possibly related to the mean

frequency of private alleles (sensu Barton and Slatkin,

1986) in their populations (p=0.096 in P. californiensis;

and p=0.214 in P stylirostris), even though both figures

were notably high. Three loci accounted for differences

in the subpopulations of P californiensis: Aph-3. Est-1.

and Est-2. The higher genetic variability displayed by P

stylirostris produced a more complex pattern of genotypic

differentiation where ten loci accounted for significant

differences among subpopulations {Acph-3, Est-1. Est-2.

Est-3. Est-4. Est-5. G6pd, Lap. Pgm. and Pt-3).

Genetic similarities among subpopulations showed a

similar pattern in both species (Table 4); there was a closer

resemblance between the middle Gulf and the mouth of

the Gulf populations of both species than with the upper
Gulf population. This pattern can be visualized in the den-

drogram (Fig. 2), where the upper Gulf population of both

species segregates from the other two, which are clustered

together.

Furthermore, a different level of similarity among sub-

populations within species is clearly noticeable (Table

4). Penaeus californiensis showed a higher level of similar-

ity among its subpopulations (/ range: 0.988-0.997) than

P. stylirostris (/ range: 0.929-0.954). Genetic similarities

between species rendered a clustering level of 0.674 (Fig.

2, Table 4).

Discussion

Two results are of particular interest: a north-south cline-

like gi'adual increase in genetic variability in the more

coastal species and the finding of a heterogeneous distri-

bution of genotype frequencies in both assayed species.

Most of the previous studies on Penaeus species around the

world have depicted a general pattern of low homogeneous

genetic variability. For example, Mulley and Latter (1980)

reported heterozygosity values ranging between 0.006 and

0.033 in Australian penaeids (four species of Metapenaeus
and six of Penaeus). These data were confirmed by sub-

sequent studies: Richardson (1982) found an average het-

erozygosity of 0.028 in six populations of P latisculatus,

and Tam and Chu (1993) reported an observed heterozy-

gosity range of 0.007-0.049 in some species ofPenaeus and

Metapenaeus from the South China Sea. Penaeus Japon-

icus exhibited one of the highest heterozygosity values

(//i,=0.047 ±0.029) among the species surveyed in that

study. However there are other reports of even greater

heterozygosity in populations of that species transported

to European hatcheries as broodstock {H„=0.102, Sbordoni

et al., 1986; //|,=0.071, Laubier et al., 1984).

For penaeid species occurring in the western hemi-

sphere, Lester (1979) reported heterozygosities between

0.070 and 0.089 for three commercial penaeids of the Gulf

of Mexico. Very similar data for the same species were

later reported by Labacena et al. (19941. Lester (1983)

also studied one population of each species, P. vannamei

(from Chomes, Costa Rica) and P stylirostris (from Guay-

mas, Mexico), which dwell along the northeastern Pacific

coast, and reported heterozygosity values of 0.02 and 0.06,

respectively. Sunden and Davis (1991) reported hetero-

zygosity values for P. vannamei samples from Mexico,

Panama, Ecuador, and one farmed population at a Texas

hatchery which were 0.0173, 0.0172, 0.0208, and 0.0111,

respectively.

Levels of genetic variability of the species that we

studied were not out of the range of those of previous

estimations. It must be noticed, in addition, that P. cali-

forniensis showed a lower, narrower heterozygosity range
(0.023 ±0.014-0.037 ±0.012) than P. stylirostris (0.038

±0.021-0.086 ±0.027). The latter might be explained by

the different habitats that each species occupies during its

life cycle. This important difference may also be related to

the clinelike pattern of the heterozygosity values in P s(v/-

irostris, whereas the genetic variability of P californien-

sis could be evidence of the more stable oceanic conditions

that this species experiences during its life span. Penaeus

stylirostris appears to reflect the environmental variabil-

ity of the coastal lagoons, which it penetrates during a

critical stage of its life cycle. Latitudinal variability of

hydrological, ecological, and productivity conditions char-

acterize coastal lagoons along the eastern coast of the Gulf

of California. The upper zones coastal lagoons (Fig. 1)

are located in an arid region where vegetation is scarce;

around the lagoons, some halophytes and sea grasses pre-

dominate. Productivity in these basins depends almost

exclusively on microalgae (phytoplankton and microphy-

tobenthos) (Contreras, 1985). To the south, through the
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mouth of the Gulf, subtropical conditions prevail; abun-

dant fringing vegetation, dominated by four species of

mangroves, contributes a huge amount of organic matter

that triggers a complementary source of organic produc-

tion within the detritus chain. Biodiversity indices rise

and trophic resources become diversified (Gonzalez-Farias

and Mee, 1988; Flores-Verdugo, 1990). Hence, it is plausi-

ble to assume that complexity of ecological webs increases

from the northern to the southern coastal zone of the Gulf

of California. A parallel gradual increment in heterozygos-

ity in the populations of P. stylirostns may be related to

that ecological feature. However, Burton (1983) has stated

that a direct relation between high heterozygosity and

high ecological complexity is very difficult to demonstrate,

Table 2 (continued)



680 Fishery Bulletin 98(4)

and therefore, correlation should not be taken as conclu-

sive evidence for causation.

Several reports have stated a small probability of en-

countering genetically "differentiated" stocks in Penaeus

species, mainly due to their low variability and the appar-

ent homogeneous allele distributions among the subpop-

ulations (Lester, 1979, 1983; Mulley and Latter, 1981a,

1981b; Richardson, 1982). However, Sunden and Davis

( 199 1 ) could trace a slight geographic differentiation across

the range of P. uannamei. They detected at least one

unique allele in each wild population. Tarn and Chu (1993)

attributed the higher genetic similarity shown between

the species pair P. merguiensis and Metapenaeus ensis to

the genetic differentiation among populations of the same

species. In addition, some allozyme variation was obsei-ved

among populations of Metapenaeus benettae (Salini, 1987)
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ago, when the Hoover Dam
was constructed up river and

flow was severely restricted.

Presently, hypcrsaline condi-

tions prevail in the upper
Gulf region. This dynamic and

extreme environment is topo-

graphically bounded to the

south by a submarine range.

Tiburon and Angel de la

Guarda Islands are the heights
of this submarine range (Fig.

1); south of these islands the

Gulf increases in depth to

around 3000 m in the Guay-
mas Basin. Thus, the islands

may be considered a geograph-
ical or ecological boundary
that reduces the free flow of

penaeids. Correa-Sandoval and

Cai"vacho-Bravo (1992) came
to a similar conclusion when

they described the distribution

pattern of brachyuran crabs in

the Gulf of California.

In some populations of both

species, three loci {Aph-1, Est-2, and Pgm) were found to

be out of H-W equilibrium according to the chi-square

goodness-of-fit test. Two of the common causes of hetero-

zygote deficiency, as discussed by Zouros and Foltz ( 1984),

can be invoked here: 1 ) the Wahlund effect, because some

genetic structure has been demonstrated in both species,

at least in the geographic range that we studied; thus,

different genetic compositions taking part in reproductive

events, will yield such a pattern; and 2) selection against

heterozygotes, a hypothesis that is difficult to prove, but

is feasible owing to very recent environmental modifi-

cation (ca. half a century). Homozygous genotypes may
be selected if they perform better under extreme condi-

tions with no drastic gene erosion during the little time

elapsed since environmental alterations began. For exam-

ple, Ap/;-i displays a ca. 50'7f frequency of the two segre-

gating alleles, which allows us to expect high heterozygote

frequency. However, the sample lacked these genotypes
almost completely. With no additional evidence to discard

either of the above, a third one, i.e. the presence of a null

allele segregating in this population, may also be invoked.

Further evidence from breeding experiments among indi-

viduals of this population is needed to evaluate this sup-

position.

Additional evidence of the divergence of populations

(remarkably, populations of both species dwelling in the

upper Gulf) is given by Nei's genetic similarity (Table 4;

Fig. 2). It is evident from the dendrogram that 1) there is a

clear subdivision in both within-populations dendrograms
that distinguishes the populations inhabiting the upper
Gulf (hence, it is not only the previously discussed char-

acteristic of heterozygote deficiency that segregates these

populations from the rest, but the distribution of their

genes too) and 2) a subdivision between species where the

degree of genetic similarity is similar to those previously
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Abstract-The stock status of the

Gulf of Mexico migratory group of king

mackerel (Scomberomorus cavalla) is

currently evaluated by using age-

based sequential virtual population

analysis (VPA). We examined king

mackerel larval occurrence and abun-

dance indices from annua! ichthyo-

plankton surveys, developed an age-

adjusted abundance index, and ques-

tioned whether larval indices of abun-

dance are useful for calibrating the

king mackerel VPA. Gulf of Mexico

king mackerel larval occurrence and

abundance increased over a fourteen-

year time series from 1982 to 1995

and were highly correlated with spawn-

ing stock size. Correlations between

stock size and larval occurrence, and

between stock size and larval abun-

dance, were 0.82 and 0.84, respectively.

The correlation between larval occur-

rence and stock size for the years

1986-95 increased to 0.91, owing to the

addition in 1986 of a fall survey with

added coverage during peak spawning.

Daily instantaneous mortality rate (Z)

was estimated by regression of larval

catch cui-ves. Although a large amount

of interannual variability in mortality

rates was noted, no statistical differ-

ences were detected among years. The

instantaneous daily mortality rate esti-

mated by pooling all years, Z = 0.53,

was used to develop an age-adjusted

index for king mackerel in order to elim-

inate the influence of variable lai-val

age composition among years. This

adjusted index did not improve corre-

lations between stock size and larval

abundance (;-=0.78). For now, indices

of larval occurrence and unadjusted
larval abundance from ichthyoplankton
collections reflect trends in spawning
stock size and provide useful variables

for calibrating the king mackerel VPA.
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The king mackerel IScomberomorus ca-

valla ), a western Atlantic member ofthe

family Scombridae, ranges from Mas-

sachusetts to Brazil (Shipp, 1986). This

highly migratory, coastal pelagic spe-

cies can attain a maximum size of 1.7 m
and 45 kg (Robins and Ray, 1986) and

ages of more than 20 years (DeVries

and Grimes, 1997). King mackerel sup-

port valuable commercial and recre-

ational fisheries that are regulated in

the southeastern coastal states and

GulfofMexico under the Coastal Migra-

tory Pelagic Resources Fishery Man-

agement Plan. These fisheries were

largely unregulated in the late 1970s

and early 1980s when fishing mortal-

ity was high, and thus stock size was
reduced. As a result, management by

quota was implemented in the 1985-86

fishing year. The current management
regime for king mackerel fisheries rec-

ognizes only two stocks off the U.S.

southeast coast: an Atlantic migratory

group and a Gulf of Mexico migi'atory

group. There is, however, some dis-

agreement as to whether there are one

or two distinct stocks in the Gulf of

Mexico (Johnson et al., 1994; DeVries

and Grimes, 1997; Gold et al., 1997;

Roelke and Cifuentes, 1997).

Reproduction in tliis liighly fecund,

serial spawning species occurs from May
through early October and peaks in Sep-
tember along both the U.S. Gulf of Mexico

and southeastAtlantic coasts (McEachran
et al., 1980; Finucane et al., 1986; Grimes
et al., 1990). Data on the abundance and
distribution of king mackerel larvae indi-

cate that spawning occurs chiefly over

the mid to outer continental shelf of the

northern Gulf of Mexico (McEachran et

al, 1980; Grimes et al., 1990). Grimes

et al. (1990) suggested that spawning
occurs over shallower depths in the region

from west Louisiana to northwest Flor-

ida and may be associated with oceano-

graphic features, especially the discharge

plume of the Mississippi River Absolute

growth rates of king mackerel larvae

were observed to range from 0.54 to 1.33

mm per day and were slightly higher

for larvae from the Mississippi River

plume when compared to other locations

in the Gulf and southeast Atlantic coast

(DeVries et al, 1990).

Population size of Gulf-group king
mackerel is estimated biennially by sci-

entists of the Mackerel Stock Assess-

ment Panel (Gulf of Mexico and South

Atlantic Fishery Management Coun-

cils) using an age-based sequential vir-

tual population analysis (VPA). This

VPA is implemented by using ADAPT
(Conser and Powers, 1990; Powers and

Restrepo, 1993 ). The king mackerel VPA
is calibrated or tuned by using various

indices of abundance based on fisheries

dependent catch-per-unit-of-effort and

fisheries independent resource sui^vey

data. Survey estimates of annual abun-

dance and frequency of occurrence of

king mackerel larvae were first consid-

ered as tuning variables for the king
mackerel VPA by the 1996 Mackerel

Stock Assessment Panel. '

Although fre-

Mackerel Stock Assessment Panel. 1996.

1996 Report of the Mackerel Stock Assess-

ment Panel. Gulf of Mexico Fishery Man-

agement Council, Lincoln Center, Suite

.331, 5401 West Kennedy Blvd. Tampa, FL
33609 and South Atlantic Fishery Manage-
ment Council, Southpai-k Bldg., Suite 306,

1 Southpark Circle, Charleston, SC 29407.
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quency of occurrence was ultimately accepted as a tuning

variable, abundance was not because larval catches had

not been adjusted for age. Interannual differences in age

composition of sampled larvae could contribute a large

amount of variation in estimates of mean annual abun-

dance because of the exponential decline in numbers of

larvae with age. Furthermore, it was thought that survey

estimates of larval abundance would be too variable to

be of value as an index of stock size owing to the highly

variable nature of larval mortality rates.- In our study, we

developed an age-adjusted larval index for king mackerel

and evaluated the appropriateness of using larval indices

in calibrating the king mackerel VPA.

regi'ession procedure to fit a single model for all years with

test statements that tested for homogeneity of intercepts

and of slopes. Instantaneous daily mortality rates and an

age-adjusted index of abundance were then calculated.

The age-adjusted index for king mackerel was based

on the abundance of a single age class to eliminate the

influence of variable larval age composition among years.

We arbitrarily chose one-day-old larvae as the standard

age class on which to base the age-adjusted index. We
estimated the density of one-day-old larvae at each sta-

tion by back-calculating and summing their numbers from

older age classes using an estimate of daily instantaneous

mortality rate. The density of one-day-old king mackerel

larvae at each station was estimated as

Materials and methods

King mackerel larvae in the Gulf of Mexico have been col-

lected annually since 1982 during Southeast Ai'ea Monitor-

ing and Assessment Progi-am (SEAMAP) ichthyoplankton

surveys conducted by the states of Florida, Alabama, Mis-

sissippi, Louisiana, and by the National Marine Fisheries

Service. Larvae were captured in oblique tows from near

bottom to the surface with a 61-cm, 0.333-mm-mesh bongo
net by following standardized SEAMAP collection proce-

dures (Richards et al., 1993). Sui-vey stations were typi-

cally located 55.56 km apart in a fixed grid, and sampled
at all times of day or night. Collections were taken west

of 88°W longitude in June and July from 1982 to 1985.

Starting in 1986, gulf-wide samples were also collected in

late August, September, and early October Catches of king
mackerel larvae were standardized to account for sam-

pling effort and expressed as number of larvae under 10

m^ of sea surface (no./lO m^). Annual mean abundances,

i.e. the indices not adjusted for age composition of larval

catches, were based on arithmetic means. LIse of the delta-

distribution (Pennington, 1983) did not lower estimates of

standard error.

The age composition of king mackerel larvae captured
at each station was estimated by converting lengths to

ages with a least squares regression model based on the

length and age of larvae (n=47) collected in September
1986 from the Gulf of Mexico and Atlantic Ocean and aged

by counting otolith gi-owth increments' (DeVries et al.,

1990). Two additional techniques for assigning larval ages

from lengths were considered, namely a probability age-

classification matrix (Scott, et al., 1993) and discriminant

analysis, but these were found to be ineffective owing to

the small number of aged lai-vae. Once ages were assigned,

individual catch curves for each year of the time series

from 1982 to 1995 were constructed from the descending
arm of log^-transformed catch-at-age data (Ricker, 1975)

by using the regression procedure of SAS (SAS Institute

Inc., 1990). A dummy-variable model was used in the

^I«,.,.,

where
7^,^

= the number of one-day-old larvae under

10 m- of sea surface (j=year; s=station); and

N^,^^
= the number of larvae under 10 m- of sea

surface of each age class represented in the

sample (!=age class).

Annual mean age-adjusted index of larval abundance was

estimated as the average of station values.

Annual estimates of spawning stock size (ages 1 through
11-1- years) were obtained from a VPA of king mackerel.^

No king mackerel larval occurrence data from SEAMAP
were used to tune this VPA. However, the VPA used for

the most recent stock assessment was calibrated with

larval occurrence data. Residual plots from regi'essions

between the VPA estimate of stock size indices of larval

abundance exhibited no particular pattern; therefore data

were not transformed for correlation analyses. Correlation

between the VPA estimate of spawning stock size and

three SEAMAP larval indices were then estimated by

using the correlation procedure of SAS (SAS Institute Inc.,

1990). Larval indices used were 1) frequency of occurrence;

2) mean abundance of all larvae captured unadjusted for

age; and 3) mean abundance of age one-day larvae.

Results

The SEAMAP survey king mackerel larval frequency of

occurrence index ranged from 0.02 (SE=0.017, CV=100%)
in 1983to0.32(SE=0.038, CV=129nin 1995 (Table D.The

survey lai'val abundance index (no./lO m-) ranged from

0.23 ("SE=0.228, CV=100'7f) in 1983 to 5.15 (SE=0.924;

CV=18'"'f ) in 1995 (Table 1). Mean frequency of occurrence

and abundance of king mackerel lai^vae varied more

during the first four years of the time series when obser-

vations were available from only the early part of the

spawning season, i.e. summer months. However, both fre-

quency of occurrence and abundance have increased over

- Powers, J. E. 1996. Personal conimun. Southeast Fisheries

Science Center, Miami Laboratory, Miami, FL 33149.
'
DeVries, D. 1996. Personal comniun. Southeast Fisheries Sci-

ence Center, Panama City Laboratory, Panama City, FL 32407.
Legault, C. 1998. Personal commun. Southeast Fisheries

Science Center, Miami Laboratory, Miami, FL 33149.
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the fourteen-year time series (Fig. lA, Table 1). Variabil-

ity decreased after 1986, when the fall SEAMAP ichthyo-

plankton survey was added which both extended coverage

into the time period of peak king mackerel spawning and

increased the number of samples. Coefficients of varia-

tion (100 X SE/mean) have been less than 20% for both

frequency of larval occurrence (1989-95) and larval abun-

dance (1992-95) for the most recent years of the time

series (Table 1). Also an expansion in the areal distribu-

tion of king mackerel lai-vae has been apparent since 1986

(Fig. 2).

A total of 798 king mackerel lai-vae ranging in length

from 1.6 to 10.1 mm were collected from 1982 to 1995

(Table 2). A quadratic equation best described the rela-

tionship between larval king mackerel age and length

data (Fig. 3). Catch-at-age was calculated from the esti-

mates of larval density and age frequencies and then

used to construct annual catch-at-age curves for survey-

captured king mackerel larvae. Over the time series,

lai-vae ranged in age from 2 to 11 days, and estimates of

instantaneous daily mortality rates for individual years

ranged from 0.35 "in 1985 to 0.70 in 1992 (Table 3). A
single catch-at-age regi'ession for all years combined indi-

cated no significant difference among slopes (i.e. instanta-

neous mortality rates) or among intercepts. Therefore, a

pooled regression model was fitted. The slope of the pooled

regression gave an estimate of instantaneous daily mor-

tality rate (Z) of 0.53 (Table 3) and was subsequently used

to backcalculate the abundance of one-day-old larvae and

generate the age-adjusted index of king mackerel larval

abundance.

VPA estimates of king mackerel spawning stock size

ranged from 46.03 x 10'^ individuals in 1985 to 101.93 x

10' individuals in 1995 (Fig. lA). Survey larval frequency
of occurrence and estimates of stock size corresponded with

a correlation of 0.82 over the entire time series, 1982-95,

and 0.92 for the period 1986-95 (Fig. lA). The king mack-

erel survey index of lai-val abundance (unadjusted for age)

was also highly correlated with spawning stock size (Fig.

lA). The correlation, 0.84, was the same for both periods

of comparison, all survey years, and years since 1986. Our

attempt to adjust larval abundance for age did not improve
the correlation between the abundance index and spawning
stock size. The correlation with spawning stock size was,

however, higher after fall sui^veys began, 0.78 versus 0.65,

but these values were both lower than those for the "uncor-

rected" abundance index and the index based on frequency
of occurrence (Fig. IB).

Discussion

Hunter and Lo (1993) asserted that fish eggs and lai-vae

can be used not only to estimate the biomass of a fish stock

but also to monitor trends in relative stock abundance. Indi-

ces of relative abundance are less costly to produce than

biomass estimates from ichthyoplankton data, but they are

also less precise. The CVs of the most precise biomass esti-

mates based on ichthyoplankton data range between 20%
and 30%. Whether adjusted for growth and mortality of

larvae or not, ichthyoplankton indices are "surprisingly sen-

sitive to major changes in stock abundance" (Hunter and

Lo, 1993). It should be of no surprise that our indices based

on abundance and frequency of occurrence of king mack-

erel larvae from SEAMAP collections in the Gulf of Mexico

closely tracked trends in adult abundance over the time
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series. Annual estimates of mean king mackerel occurrence

were more precise than the estimates of larval abundance,

and CVs for both king mackerel indices were comparable

to CVs of ichthyoplankton-based estimates for other species

(Hunter and Lo, 1993). Lai-val abundance ofAtlantic bluefin

tuna, a species that poses a more intractable sampling prob-

lem than does king mackerel, namely an immense spawn-

ing area (the open Gulf) and lower overall abundance, has

been used as a tuning variable in population assessments

by VPA (Scott etal., 1993).

The use of a simple larval index for monitoring stock

size is not unprecedented. Data from larval surveys of

Atlantic herring iClupea harengiis harcngus) in the North

Sea have been used since 1967 as the sole source of infor-

mation on stock size or in combination with catch sta-

tistics or acoustic surveys, or both (Heath, 1993). One of

the two larval indices for North Sea herring, the larval

abundance index, employs only larvae less than 10 mm in

length (up to 15 days old ). The correlation between this

larval index and stock size became weaker with increasing

age of lai-vae owing, it was surmised, to interannual varia-

tion in mortality and dispersal. The potential influence of

varying mortality rates and dispersal were likewise mini-

mized in our study because most king mackerel larvae col-

lected during the SEAMAP surveys were less than 5 mm
and no more than ten days old. The other larval herring

abundance index for the North Sea, the lai-val production

estimate, utilizes all size and age gi-oups to estimate the

abundance at hatching and requires estimates of growth
and mortality rates. Both herring indices are calculated

annually; however, the actual use of each in VPA assess-

ment is dependent on survey coverage in time and space

in relation to spawning events for that year.

Our attempt to account for differences in larval age com-

position among years by adjusting the index for mortality

of larvae did not improve the correlation with stock size.

There are a number of reasons for this outcome. It is very

likely that the limited age-at-length data available for con-

version of king mackerel lengths to age probably resulted

in imprecise assignment of ages. Overestimation of age by

a single day would result in a TOf error in the backcal-

culated abundance of age one-day fish, and a 41% error if

underestimated. Hauser and Sissenwine (1991) noted that

estimates of lai-val production using "back-calculation tech-

niques," as we did to estimate the abundance of one-day-

old king mackerel larvae, will be biased if the growth rate

used is incorrect or if mortality is size dependent, or both

conditions transpire. It is also likely that the assumption
of constant mortality rate, an integi-al part of catch curve

analysis, did not hold for king mackerel larvae. Bailey et

al. (1996a; 1996b) found that early mortality rates of wall-

eye pollack larvae were not only highly variable among
years but declined as larvae became older. Furthermore,

the observation that instantaneous mortality rates of king
mackerel larvae among years were not significantly differ-

ent may be caused by the low number of larvae caught
and the small number of age classes represented in col-

lections (Comyns, 1997). However, an age-adjusted index

calculated with annual estimates of mortality rate had a

much poorer correlation with stock size; therefore we did

<
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Figure 1

(A) King mackerel adult spawning stock size (number x 10''

offish in the 1 through 11-h age groups) estimated by VPA,

survey larval index of abundance (mean number under

100 m- of sea surface ±SE), and survey larval frequency of

occurrence ( percent of stations where larvae were captured

±SE). (Bl Annual age-adjusted larval index of abundance

(mean number under 10 m- of sea surface).

not report these data. Our estimate of mortality (Z=0.53)

may be biased high owing to net selectivity, i.e. avoidance

of the net by larger larvae. To correct this bias, we trun-

cated the upper 20% of the size distribution and recalcu-

lated mortality rates and an age-adjusted index. Although
the mortality estimate was lower (Z=0.43), the correlation

between stock size and the age-adjusted index based on

this mortality rate did not differ from the correlations

based on nontruncated distributions.

Another measure of king mackerel stock size was con-

sidered, namely the VPA-generated estimate of egg pro-
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Figure 2

King mackerel larval density at each station sampled during SEAMAP surveys from 1986 to 1995 (c>=zero catch; •= from

1 to 82 larvae/10 m- [symbol size scaled accordingly] ).

duction (number-at-age x relative fecundity-at-age). This

measure accounts for the presumably greater contribu-

tion of older and larger fish to overall reproductive output;

therefore it would seem a better correlate of larval occur-

rence and abundance than numbers of fish. However, we
found egg production to be somewhat less correlated with

larval indices than were numbers of fish, perhaps owing
to the use of a constant fecundity-at-age distribution to

estimate king mackerel egg production. Significant inter-

annual differences in relative fecimdity have been demon-
strated for a wide variety of fishes (Bagenal, 1966; 1967;

Bagenal and Braum, 1971; Hunter et al., 1985; Rijnsdorp,

1991; Koslow et al., 1995). But there is insufficient data

on fecimdity of king mackerel over the time series to

ascertain the influence of interannual variability on this

parameter, and in turn, on larval production.

Application of growth and mortality rates to refine or

adjust larval indices of relative abundance may be moot
because determinants of larval survival, i.e. predation or

starvation rates, or both, appear to be unrelated to spawn-

ing stock abundance (Hunter and Lo, 1993). It has been

argued that lai-\'al occurrence provides a more useful index

of stock size because stock size and the geographic area

occupied by eggs and larvae may be correlated, as is the

case for Pacific sardines (Sardinops sagax) and northern

anchovy {EiigraiiliK mordax). especially at low population

levels. (Mangel and Smith, 1990; Smith, 1993; Hunter and

Lo, 1993; MacCall, 1988). However, Mangel and Smith

(1990) suggest that a switch from presence and absence

data to actual counts would be necessary when the spawn-

ing biomass increases to a level where "virtually all sta-

tions have eggs."

King mackerel in the Gulf of Mexico are rebounding from

the low levels of the late 1970s and early 1980s (Powers

and Restrepo, 1993), and the increases are reflected in

lai-val occurrence and abundance. A switch to a larval

abundance index may be required to follow trends in stock

size as larval abundance rises if the uncorrected abun-

dance index at some future time no longer corresponds
to stock size. Adjustment of the king mackerel larval

abundance index would require annual estimates of mor-

tality and growth rates by direct aging of survey-caught
larvae. For now, both the index of larval occurrence and
the unadjusted index of abundance from SEAMAP collec-
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Center in St. Petersburg, Florida, facilitated our work by

furnishing king mackerel specimens and data. This time

series would not have been possible without the labor of

the crews of the NOAA ships Chapman and Oregon II.
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Abstract—This study examines the

question of whether the evasive behav-

ior of northeastern offshore spotted dol-

phins (Stenella atteniwta) during fish-

ing for tuna (by the Mexican fleet)

varies in geographic areas of the east-

ern Pacific Ocean (EPO). It also investi-

gates whether evasion differs between

northeastern offshore spotted and east-

em spinner dolphins tStenella longiro-

stris orientalis). Observations recorded

in the database of the Mexican Pro-

grama Nacional de Aprovechamiento
del Atun y de Proteccion de Delfines

(PNAAPD) from 1992 to 1995 were ana-

lyzed. The calculated evasion index was

the estimated percentage of dolphins

that evaded capture in relation to the

herd's estimated initial size in each set.

Evasion index by set was averaged in

2x2 quadrants and then used to draw a

contour map. Three areas were outlined

with low (259^), medium (44.44'7, ), and

high (71.80%) median evasion indices.

These areas were significantly differ-

ent (/'<0.0001) according to the Krus-

kal-Wallis nonparametric multisample

test, thus indicating a spatial pattern

in evasive behavior of northeastern off-

shore spotted dolphins during fishing

operations of the Mexican fleet. Spatial

patterns in evasive behavior might be

related to the dolphins' learning capac-

ity, hence experience of individual dol-

phins or herds with tuna purse-seining
in the EPO should be estimated to

demonstrate this. To be representative,

future research should utilize avail-

able historical fishing effort data for

the international fleet. Furthermore, a

multivariate approach to this issue is

necessary.
One of the investigated areas (mouth

of the Gulf of California) was further

analyzed regarding differences between

two stocks of dolphins. Evasion indices

for eastern spinners were significantly

different from those for northeastern

offshore spotted dolphins (P<0.0001,

Kolmogorov-Smirnov two-sample test).

This difference may correspond to dif-

ferent evasive strategies used by the

two stocks to evade capture in the net,

such as evasion under the net and

dispersion (division of herd into sub-

groups during the set). Eastern spin-

ners apparently evaded more frequently
than northeastern offshore spotted dol-

phins by diving under the net. During
the three set stages of tuna fishing
(before chase, during chase, and during
encirclement), eastern spinner dolphins

dispersed less often than spotted dol-

phins, behavior that may permit them
to coordinate their evasive movements
more effectively than northeastern off-

shore spotted dolphins. Evasion over

the net was rarely ob.served in cither

stock.
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The tuna fishery in the eastern Pacific

Ocean (EPO) sets purse seines in three

major modes: school, log, and dolphin

fishing. Yellowfin tuna iTIuiiuuis alba-

cares} and certain species of dolphins
are found to associate in the EPO. The

spotted dolphin (Stenella attenuata) is

by far the most important species from

the point of view of its frequency of

association with tuna and its use by
fishermen for catching tuna (Perrin,

1969). The frequent appearance of spin-

ner dolphins (Stenella longirostris) in

sets also makes this species significant,

although in almost all cases it appears
in mixed herds with the spotted dolphin
(National Research Council, 1992).

During "dolphin fishing" or "fishing

on dolphins," the net is set around the

tuna and the dolphins after a period of

chase. Once a dolphin herd is sighted
with high-power binoculars (25x), foin-

to six speedboats are lowered, and the

chase begins. The speedboats herd the

dolphins and the accompanying tuna

into a tight group that can be encircled

by the seiner. The dolphins may try

to evade the boats to avoid capture.

Those that do not succeed are released

by the fishing crew during the "back-

down" procedure (a procedure in which

the vessel is run in reverse to pull the

corkline underwater and thus release

the dolphins) (Barham et al., 1977).

Impact of the fishery on cetacean

populations has been assessed by esti-

mating cetacean abundance and distri-

bution involved in tuna purse-seining,

as well as by estimating mortality rates.

By 1988, the estimated abundance of

the northeastern offshore spotted dol-

phin had been reduced to between 19%
and 28% and that of the eastern spin-

ner dolphin and to between 32'7t to 58%
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in relation to estimated pre-exploitation levels (Wade,

1993; Wade". Therefore, these stocks have been desig-

nated as depleted under the U.S. Marine Mammal Protec-

tion Act. However, when compared to abundance estimates

from 1986-90 research sui-veys (Wade and Gerrodette,

1993), preliminary estimates from the most recent surveys

(Gerrodette-) show a noticeable increase in the abundance

of the northeastern offshore spotted and the eastern spin-

ner dolphin compared to previous estimates (Wade and

Gerrodette, 1993).

In addition to abundance estimation, the total inciden-

tal mortality (all species and stocks involved in the fishery

and for the international fleet) was estimated at 3274 for

1995, which represents 0.03'^i of the total population (Hall

and Lennert, 1997) of 9.6 million for all dolphin species

involved in the tuna fishery (Wade and Gerodette, 1993).

The Mexican Programa Nacional para el Aprovechamiento
del Atiin y de Proteccion de Delfines (PNAAPD) estimated

the incidental mortality (of all species and stocks) of the

Mexican fleet to be 1819 dolphins in 1994 (Compean et

al.3).

Important efforts have been aimed at reducing mortal-

ity rates, such as improving fishing gear (Barham et al.,

1977; Coe et al., 1984), placing quotas on the number of

dolphins killed for each stock (Wade^), placing a quota on

the number of dolphins killed by fishing vessel and making
the backdown procedure mandatory (Colson, 1992).

Other efforts in reducing mortality have been directed

towards research on dolphin behavior during tuna purse-

seining (Norris et al., 1978; Pryor and Kang^). Mortality

rates may also be reduced by understanding more about

the dolphins' behavior, so that they are less likely to injure

themselves or die during fishing practices (Norris et al.,

1978).

Some research indicates that some dolphin stocks may
have reduced mortality through behavioral adaptations.
The first ethological research on Stenella attenuata and
Stenella longirostris during fishing operations was accom-

plished by Norris et al. (1978). They focused on overall

herd movements and interanimal distances and devel-

oped the first ethogram for these animals during a net

set for tuna. Pryor and Kang (1980) also made obser-

vations during seining operations but focused more on

individual and subgroup behavior Although Norris et al.

(1978) described high stress levels in dolphins that were

involved in sets, Pryor and Kang interpreted their own
data as indicating much learned adaptive behavior and
low stress levels. By analyzing records from obsei-vers on

tuna boats, Stuntz and Perrin'' noted and discussed the

fact that dolphins (Stenella spp. ) were more difficult to

capture in areas where fishing effort had been higher and

the authors concluded that dolphins had been able to learn

to evade capture from tuna boats.

Data collected by observers on board tuna purse-sein-
ers from 1992 to 1995 (PNAAPD database) were used to

investigate whether the evasive behavior' of northeastern

offshore spotted dolphins {Stenella attenuata ) during fish-

ing for yellowfin tuna varied geographically in the EPO.
Differences in evasive behavior between the northeastern

offshore spotted and the eastern spinner dolphin (Stenella

longii'ostris orientalis) were also assessed. Furthermore,
differences in evasive strategies'* between these two stocks

were described.

Methods

Data collection

^ Wade, P. R. 1993. Estimation of historical population size

of the northeastern stock of offshore spotted dolphin iStenelta

attenuata). Southwest Fisheries Science Center Administra-

tive Report LJ-9.3-18, 18 p. Southwest Fisheries Science Center,

Natl. Mar Fish. Serv., NOAA, 8604 La Jolla Shores Drive, La

JoUa.CA 92038-0271.
^ Gerrodette, T. 1999. Preliminary estimates of 1998 abundance
of four dolphin stocks in the Eastern Tropical Pacific, http://

swfsc.ucsd.edu/lDCPA/Abund98.html. Southwest Fisheries Sci-

ence Center. Natl. Mar. Fish. Serv., NOAA, P.O. Box 271. La

Jolla, CA 92038
^ Compean J., G. A., I. Mendez G.-H. and I. Mendez R. In

preparation. Annual estimates of incidental mortality for dol-

phin species associated with the Mexican tuna fishery during
1992-1995. Programa Nacional para el Aprovechamiento del

Atiin V de Proteccion de Delfines (PNAAPD). ICjn 107 Carretera

Tijuana-Ensenada, Campus CICESE, 22800 Ensenada, B.C..

Mexico.
" Wade, P. R. 1993. Revised estimates of fisheries kill of dolphin
stocks in the eastern tropical Pacific, 19.59-1972. Southwest
Fisheries Science Center Administrative Report LJ-93-17. 19

p. Southwest Fisheries Science Center, Natl. Mar Fish. Sei-v..

NOAA, 8604 La Jolla Shores Dr. La Jolla, CA 92038-0271.
=
Pryor, K., and I. Kang. 1980. Social behavior and school struc-

ture in pelagic porpoises tStenel/a attenuata and S. longirostris:)

during purse seining for tuna. Southwest Fisheries Center
Admin. Rep. LJ-80-11C. Southwest Fisheries Science Center,

8604 La Jolla, Shores Drive, La Jolla, CA 92038-0271.

Data from 1992 to 1995 from the PNAAPD database (Mex-

ican fleet) were used to study evasive behavior of two

stocks of different species in the EPO: the northeastern

offshore spotted dolphin, a stock of the pantropical spot-

ted dolphin (Stenella attenuata), and the eastern spinner

dolphin (Stenella longirostris orientalis). a subspecies and
stock of the spinner dolphin (Stenella longirostris) (Dizon

et al., 1994; Perrin and Gilpatrick, 1994; Perrin et al.,

1994).

Observers (also referred to as scientific technicians) from

the Inter-American Tropical Tuna Commission (lATTC)

Stuntz, W. E., and W. F Perrin. 1979. Learned evasive behav-
ior by dolphins involved in the eastern tropical Pacific tuna

purse seine fishery, Unpubl. abstract. Third Biennial Confer-

ence on the Biology of Marine Mammals, October 7-11. 1979,

Seattle, WA.

Evasive behavior: In this study, calculated as a percentage of

the estimated number of dolphins that avoided capture in the

net relative to the best estimate of the initial herd size (before

the set started) by the obsei'ver or scientific technician. See
"Methods" section.

' Evasive strategies: movements of the herd or subgroups of dol-

phins in relation to seiner, speedboats, and net (when it has

been set and before rings up) by which dolphins attempt to

avoid capture in the net.
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and corresponding national programs have worked on

board tuna vessels. Since 1991, the PNAAPD has placed

observers on board 50% of the trips by Mexican tuna

boats (the remaining 50% is covered by lATTC obsei-vers).

Observers record data during dolphin sets, using standard-

ized data forms and instructions provided by the PNAAPD
(which are very similar to those used by the lATTC). A
detailed description of data collection and procedures can

be found in Perrin et al. (1983) and Polachek.-' In summary,
in the "Daily Activity Record" (DAE), obsei-vers keep a daily

log on events (date, time of day, departure, arrival, sight-

ings, sets, geographic position, aerial assistance during a

set, etc.), weather conditions (cloud cover, sea state, vis-

ibility, water temperature), and tuna catch. In other forms

they also record the vessel's features and all data concern-

ing marine mammal sightings and sets, school and log sets,

sea turtle sightings, and more recently, bycatch.

When a marine mammal group is sighted (which might
lead to a net set for tuna catch), observers fill out the

"Record of Marine Mammal Obsei-vations and Set Data"

(RMMOSD). Herd size and composition (percent and spe-

cies or stock identification) is annotated as estimated by
the observer (usually with 7x50 or 10x50 binoculars), a

crew member on board (with 20x or 25x binoculars), and

another crew member from the helicopter. At the end of a

set, the observer has to decide on his "best estimate" of the

herd size and composition before the actual set occurred.

During a set, the observer estimates the number of dol-

phins (identified by species or stock) that actively evade

the boats and net before the chase, during the chase, and

during the encirclement, as well as the number of groups
within the herd during each of the three set stages. The

number of dolphins deliberately cut out by the skipper,

those that evade by diving under the net or escape by leap-

ing out of the net are also estimated and identified by
the observer All these data were of interest for our study

(except dolphins deliberately cut out because this action

was not considered evasion actively achieved by dolphins).

Other data recorded by the observer are chase and set

times, number of speedboats used, whether or not explo-

sives were used, the number and composition of captured
marine mammals (those that were encircled), number of

animals rescued and the manner of their rescue, start and
end of backdown, number of dolphins hurt or killed, and
further details about the fishing procedure.
The observers' estimates of herd size and number of dol-

phins evading capture may be biased owing to differing

experience and estimation between observers. However,

they attend a complete training course at the institution

they work for (lATTC, PNAAPD, or other national pro-

grams), where they learn to identify fauna species they may
encounter at sea (marine mammals, fi.sh, birds, and sea

turtles), how the fishing operation proceeds, and how to col-

lect data. At the end of each trip, experienced editors at the

institutions review the obsei-vers" collection of data. These

procedures give credence to the data collected. Moreover,

reactions of dolphins to approaching sui-vey vessels have

been studied previously by means of field experiments (Au

and Perryman, 1982; Hewitt, 1985). Their results might be

compared to the dolphins" behavior "before chase" because

sighting distance in those studies (as during the fishing

operation) was usually between 2 and 6 or 7 nmi (nautical

miles), aided with 20x or 25x binoculars. Dolphins started

to react (by changing their swimming speed and course)

between 1.5 to 3 nmi distance to the ship (Hewitt, 1985)

with one exception, where the herd reacted at 6 nmi (Au
and Perryman, 1982). Almost half of the herds observed

by Hewitt ( 1985) did not react at all. Therefore, the observ-

er"s estimate of initial herd size (which is also compared to

the estimate by a crew member on board and by the crew

member in the helicopter) was assumed to be reliable. We
also relied on the obsei'ver"s estimation of number of dol-

phins evading capture during all set stages (before chase,

during chase, and during encirclement) because of their

training and experience.

The logbooks with these observations are collected by
the institution for which the observer works. To improve
the accuracy and reliability of the observers" records,

careful debriefing and editing is accomplished by skilled

technicians (with considerable experience at sea) at the

institutions (in our study, the PNAAPD). The observa-

tions are then entered into the corresponding comput-
erized databases which are also checked for errors that

might have occurred during "capture" (entry) of the data

into the database (Perrin et al., 1983; Polacheck^).

Confidence in the databases of the LATTC and national

programmes (PNAAPD and the U.S National Marine Fish-

eries Sei-vice) is acknowledged with the publication of

studies that have analyzed some of these data. A few exam-

ples of such studies are the following: dolphin distribution

(Perrin et al., 1983; Perrin et al., 1985), dolphin abundance

estimation (Anganuzzi et al., 1992; Polachek-'), incidental

kill of dolphins in tuna fishing nets (Hall and Lennert,

1997; Wade^), dolphin life history (Chivers and De Master,

1994), tuna-dolphin association (Edwards, 1992; Scott and

Cattanach, 1998), blue whale distribution in the eastern

tropical Pacific (Reilly and Thayer, 1990). and aspects of

the Mexican tuna fishery (Compean and Dreyfus. 1996).

In our study, spatial patterns in evasive behavior of the

northeastern offshore spotted dolphin were described, as

well as differences in evasive behavior and strategies (herd

dispersion,"' evasion under and over the net) between

' Polachek, T. 1984. Documonlation of the lime .sequential
file created from the tuna boat observer data base.s for ana-

lyzing the relative abundance of dolphins in the eastern tropi-
cal Pacific. Southwest Fisheries Science Center Admin. Report
LJ-84-33, 26 p. National Marine Kishi^ries Service.

'" Herd dispersion: to establish if a herd dispersed during a set,

the grouping codes applied by the observers in paragraph 3 of

the RMMOSD were used. The codes are the following: 1, herd
is in one group: 2, herd has divided into two or three groups:
3, herd consists of more than three groups. These codes are

recorded during three set stages: before chase, during chase,
and during encirclement. For each species, the number of sets

where the specified grouping code occurred was counted during
each set stage. If codes were in ascending order, this was inter-

preted as herd dispersion during the fishing operation.
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the northeastern offshore spotted and the eastern spin-

ner dolphin (Sti'iu'lla longifostris orientalis). A subset of

the PNAAPD database ( 1992-95) was extracted from sec-

tions of the DAR (those referring to date and set position)

and the RMMOSD (obsei-ver's best estimation of herd

size and composition by species and stock, number and

identification [also by species and stock] of evading and

escaping dolphins, as described previously), and grouping

codes. Data from sets that were interrupted (due to loss

of tuna catch because all dolphins escaped from the chase

or mechanical problems of the vessel or net performance,

etc. ) were excluded from the analyses.

Because data collected by the Mexican observer pro-

gram (PNAAPD) represented 50% of the Mexican fleet's

effort in the EPO, we assumed that the data set in our

study was sufficiently large to represent the dolphins' eva-

sive behavior in relation to Mexican tuna fishing boats

during the sampled period.

Data analysis

Evasion index by set Evasion index by set was calculated

in order to search for spatial patterns in evasive behav-

ior of the northeastern offshore spotted dolphin and to

analyze differences between northeastern offshore spot-

ted and eastern spinner dolphins. This index is defined as

the estimated percentage of dolphins that evaded capture

during each set in relation to the herd's estimated initial

size:

100,

where /,
= estimated evasion index during set / in quad-

rant /;

E = number of dolphins that evaded capture dur-

ing set ; in quadrant 7, i.e. the sum of escap-

ing dolphins estimated by the observer before

the chase, during the chase, and during the

encirclement as recorded in the RMMOSD;
H = herd size before chase started during set / in

quadrant J. i.e. the observer's best estimate as

recorded in the RMMOSD.

Evasion index by set was stratified by stock by select-

ing from the database only sets on pure herds (i.e. those

herds composed lOO'/r of a species) of northeastern off-

shore spotted dolphins and sets on pure herds of eastern

spinner dolphins. Because only these two stocks were

studied, results should not be considered representative

of the corresponding species (pantropical spotted dol-

phin, Stenella attenuata. and spinner dolphin, Stenella

longirostris).

Sets in which no dolphins escaped and therefore the cal-

culated evasion index was zero were included in all analy-

ses because they indicated that evasive behavior did not

occur or failed. This action is contrary to common practice

where "zeros" are often eliminated because they represent

missing data that tend to bias calculations.

Spatial patterns in evasive behavior of northeastern off-

shore spotted dolphins To evaluate if there were spatial

patterns in evasive behavior for the data in our study a

computer program based on Matlab version 4.2c was used

to plot the evasion index by set of the northeastern offshore

spotted dolphin on a map of the EPO. The progi'am calcu-

lated average evasion index by set in 2 x 2 quadrants to

smooth the data which were then used to draw a contour

map with the commercial surface mapping program Surfer

version 6.01 (Smith et al., 1995). This software interpolated

the average evasion index by set in 2 x 2 quadrants to

form a regular rectangular array of grid values. This pro-

cedure was chosen because the smoothness of contours on

a contour map is partially a function of the number of X
and Y lines in the grid. When a grid is created, reducing

the number of lines in the X and Y directions can result

in more angular contours on the contour map. Most of the

gridding methods in Surfer use a weighted average inter-

polation algorithm. The gridding method called "Kriging"

with a linear variogram was chosen because it incorporates

anisotropy and underlying trends in an efficient and natu-

ral manner and has been proven to be quite effective for

many data sets in different fields (Smith et al., 1995).

A geographic difference in evasive behavior was observed

in the contour map (see "Results" section. Fig. 1), and the

60%, 50%, and 40% contours were considered the limits

between three areas with different evasive behavior (as

defined by the evasion index) during the study period and

for the Mexican fleet. In addition, the following statistical

procedures were applied to test for significant differences

in mean evasion indices of the three areas.

Analysis of variance (ANOVA) can be used to compare
the mean of three groups of proportions (i.e. for each area)

(Zar, 1999). Because proportions (like the evasion index)

have a binomial distribution, the individual data should

be transformed as follows in order to meet normality and

homoscedasticity assumptions (Zar. 1999):

I' =0.5 arcsm
E

H + 1

E+1
H + l

where
/,'

= estimated transformed evasion index during
set ; in quadrant j;

E = estimated number of dolphins that evaded

capture during set / in quadrant j; and
H = estimated herd size before chase during set i

in quadrantj.

After transformation, the data still did not have a nor-

mal distribution ( Kolmogorov-Smirnov goodness-of-fit test,

D=0.0704, P<0.01, /7=808; Zar, 1999). Therefore, distribu-

tion-free tests were used to search for significant differ-

ences between the three evasion areas (Conover, 1980;

Neave and Worthington, 1988).

To search for significant differences between the medi-

ans (usual gi'oup average measure in nonparametric sta-

tistics) of three gi-oups (evasion areas), the nonparametric
Kruskal-Wallis multisample test seemed to be the most

appropriate for the data in our study. The reasons for this
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Figure 1

Estimated evasion index by set (estimated percentage of dolphins that evaded capture during
each set in relation to estimated initial herd size) for northeastern offshore spotted dolphins
( 1992-95, Mexican fleet. PNAAPD data ). Three areas were delimited according to 60%, 50% , and

40% evasion index contours.

are that data were measured in an intei-val scale (the test

requires at least an ordinal scale), and samples are consid-

ered to be independent when it is assumed that dolphins
remain approximately in the same area. Even though the

swimming capacity of dolphins is well known, it is diffi-

cult to establish how fast or far they are able to travel.

The Ki-uskal-Wallis test was preferred over the median
test (with simpler calculations) because the latter uses the

data more crudely than the former, and so the median test

will generally be somewhat less powerful (Conover, 1980).

The Kruskal-Wallis test ranks all observations from 1 to

n, and its statistic (//) is based on comparing each group's
mean rank with the mean of all the ranks, weighted

by the appropriate sample size to compensate for the

effect of unequal sample sizes (Neave and Worthington,
1988). If the differences among the three evasion areas

proved to be significant, nonparametric multiple compari-
sons could be executed to find which areas could be most

confidently claimed to have different medians from each

other (Conover, 1980; Neave and Worthington, 1988). The
statistic for multisample comparisons (T) is obtained by

calculating the absolute differences between the means of

ranks assigned to the samples and then dividing these dif-

ference by their standard deviations. The T statistic has

approximately the standard normal distribution; there-

fore Hq will be rejected if T>2 (Conover, 1980; Neave and

Worthington, 19881. Statistical procedures were performed
with computing packages Statistica version 4.2 (StatSoft,

1993) and BMDP( Dixon, 1990).

Differences between stocks To evaluate differences in

evasive behavior between eastern spinner and northeast-

ern offshore spotted dolphins, estimated evasion indices

by set for both stocks in evasion area 3 (as outlined in

Fig. 1 ) were compared. Areas 1 and 2 were excluded from

the analysis because eastern spinner sample sizes were

smaller than 30 and these sizes were considered insuf-

ficient for statistical analysis when compared to sample
sizes in area 3. Northeastern offshore spotted data were

not normally distributed, and nonparametric tests were

again used to compare the two independent samples (two

stocks).

To decide which test was the most appropriate, "box-

and-whisker" plots (Du Toit et al., 1986 ) were drawn to look

for general distribution similarities or differences between
both data sets i Fig. 2 ). The apparent difference in the medi-

ans would be worthwhile testing with the Mann-Wliitney

two-sample test (Conover, 1980; Neave and Worthington,
1988). However, data sets seemed to be different in spread

(Mann-Whitney assumes equal spread); therefore a more



Meckel et a\: Evasive behavior of Stenella attenuata and S longirostns 697

120

100

g 80

^ 60

X

1 40



698 Fishery Bulletin 98(4)

nik and Fidell, 1996). This technique is similar to multiple

regression analysis in that one or more independent vari-

ables (the three set stages in our study) are used to pre-

dict a single dependent, categorical variable (the stocks).

Linear probability models accommodate all types of inde-

pendent variables (numerical and categorical) and they

do not have to be normally distributed, linearly related,

or of equal variance within each group. The assumptions
of multivariate normality and equal variance-covariance

matrices across groups do not have to be met, either.

Furthermore, logistic regression might be preferable to

multiple discriminant analysis because it is similar to

regression with its straightfoi-ward statistical tests, ability

to incorporate nonlinear effects, and wide range of diag-

nostics (Tabachnik and Fidell, 1996).

The model produced by logistic regi-ession is nonlinear,

and the outcome variable is the probability of having one

outcome or another (in our study: one stock or the other)

based on a nonlinear function of the best linear combi-

nation of predictors, with two outcomes (Tabachnik and

Fidell, 1996):

the probability of being in the other group. The procedure
for estimating coefficients is maximum likelihood, and the

goal is to find the best linear combination of predictors

to maximize the likelihood of obtaining the observed out-

come frequencies. Logistic regression can be used to fit

and compare models. The researcher uses goodness-of-fit

tests to choose the model that does the best job of predic-

tions with the fewest predictors. (Tabachnik and Fidell,

1996).

Therefore, logistic regression analysis was applied to

test the predictability of stock membership (the dependent
or grouping variable) by gi'ouping codes (response vari-

ables ) during three set stages ( independent variables ). The

simplest model (constant-only model) was compared with

the full model (with the three independent variables) by

computing their log-likelihoods and by using x^- Degrees
of freedom were the difference between degi'ees of freedom

for the full and the constant-only models. The constant-

only model has 1 df (for the constant) and the full model

for our study had 3 df (1 df for each individual effect and

one for the constant); therefore x^ was evaluated with 3 df

If x^ was significant, the full model would be reliable

(Tabachnik and Fidell, 1996).

l + e"

where Y = the estimated probability that the (th case is

in one of the categories and ii is the usual

linear regression equation:

u=A + B,X, + B,X. + ... + B,,X, ,

with constant A, coefficients
B^.

and predictors, X^ (inde-

pendent variables, the set stages in this study) for k pre-

dictors (J=l, 2, ..., k).

This linear regression equation creates the log of the

odds, that is, the linear regression equation is the (natu-

ral log of the) probability of being in one group divided by

Results

Spatial patterns in evasive behavior of northeastern

offshore spotted dolphins

The evasion index by set of northeastern offshore spotted

dolphins was averaged in 2 x 2 quadrants and the result-

ing contour map is shown in Figure 1. The highest evasion

index by set contour was 60'7f and extended approximately
from south of the Baja California peninsula, across the

Gulf of California mouth, and to the Mexican mainland

(approx. 20 northern latitude). The 5.5'7f and SCTr evasion

Table 1

Repeated-measures design to test for differences in dispersion behavior' between northeastern offshore spotted and eastern spin-

ner dolphins. The data (response variable) are grouping codes for case /. during set stage./, for species k
(=.y,,,,

). (Mexican fleet,

1992-95. PNAAPD data. )

Set stages

Case

(herd in each set) Species ( before chase ) (during chase) (during encirclement i

1 to 308

309 to 544

1 northeastern offshore spotted dolphin

2 eastern spinner dolphin ^3,

A'-,

Xjj

^44 2 2

^1 =

' Herd dispersion: to establish if a herd dispersed during a set, the grouping codes apphed by the ob.ser\-ers in paragi'aph 3 of the

RMMO.SD were used. The codes are the following: 1, herd is in one group; 2, herd has divided into two or three groups; 3, herd

consists of more than three groups. These codes were recorded during the three set stages: before chase, during chase, and during
encirclement. If observers documented an ascending order in the codes (1, 2, 3), this feature was interpreted as herd dispersion

during the fishing operation.
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index contours were approximately parallel to the 60%
contour and in addition formed a triangle-shaped area off

the coast of Guatemala. Evasion indices 40'7( and lower

extended south and offshore west of Mexico (Fig. 1). There-

fore, the 607c ,
509<

,
and 40% contours were considered the

limits between three areas with different evasive behavior

of the northeastern offshore spotted dolphin for our study.

Three areas were identified (shaded areas in Fig. 1);

1) Low evasion: south of Mexico (30% to 40% estimated

evasion index by set)

2) Medium evasion: coastal area south of Guatemala (50%

to 55% estimated evasion index by set)

3) High evasion: mouth of the Gulf of California (60% and

higher estimated evasion index by set)

Not all data between these contours were used because

of difficulty in extracting data throughout the geographic

range and because sample sizes for each area (n>100)

seemed to be adequate for the analysis. Average mean eva-

sion indices differed significantly between the three areas

(Ki-uskal-WaUis, ;),=206, ;i.,=lll. =491; total 7)=808.

//=93.13, 2 df, /'<0.0001). Hence, nonparametric multiple

comparisons between all pairs of areas were executed, and

all pairs were found to be significantly different (Table 2).

According to these results, there seemed to be a spatial

pattern in evasive behavior (measured in our study as the

estimated median evasion index by set in each evasion

area) of northeastern offshore spotted dolphins during

fishing operations of the Mexican fleet from 1992 to 1995.

Differences between stocks

The eastern spinner dolphin seemed to evade capture more

effectively than the northeastern offshore spotted dolphin

in evasion area 3 when estimated evasion indices by set for

both stocks were compared (Fig. 2). The differences were

significant according to the Kolmogorov-Smirnov one-sided

test for two independent samples (spinner: ;!=275, spot-

ted: «=489; D=0.2031, P<0.001).

With respect to the evasive strategies of these two

stocks, evasion index when the dolphins escaped under

the net was compared by set. Eastern spinner dolphins

apparently escaped more effectively under the net than

northeastern offshore spotted dolphins (spinner «=177,

spotted ?! = 125, D=0.4097, P<0.001, Kolmogorov-Smirnov

two-sample test; Fig. 3).

Dispersion behavior of northeastern offshore spotted

and eastern spinner dolphins is presented for evasion

area 3 (mouth of the Gulf of California, Fig. 4). Herds of

both stocks tended to disperse from one set stage to the

next; during encirclement, grouping code 3 (herd divided

into more than 3 subgroups) had increased and was the

most frequently recorded grouping code for northeastern

offshore spotted dolphins in area 3 during our study.

Northeastern offshore spotted herds tended to be more

fragmented than eastern spinner herds before chase and

to disperse in greater numbers during subsequent set

stages (Fig. 4). Logistic regression analysis revealed a

reliable full model (x2=60.209. P<0.001, df 3, n=544), i.e.

the outcome of stock was predicted by the three indepen-

dent variables (set stages). The prediction of stock out-

come might further be interpreted as a difference between

northeastern offshore spotted and eastern spinner dol-

phins with respect to dispersion behavior in our study.

In contrast, both stocks presumably escaped only on

rare occasions by leaping out of the net because eastern

spinners did so in only 5 of 275 sets (1.82%) and north-

eastern offshore spotted dolphins in 3 of 489 sets (0.61%)

during the study period. Estimated evasion indices by set

could not be compared because the samples were too small

for any statistical test.

Discussion

Spatial patterns in evasive behavior

An apparent significant geographic difference in evasive

behavior of northeastern offshore spotted dolphins was

found between three areas in the EPO (Mexican fleet data,

1992-95, Fig. 1, Table 2). The lowest evasion area was

located south of Mexico (area 1), the medium evasion area

was in a relatively small coastal area south of Guatemala

(area 2), and the highest evasion area was in the Gulf of

California mouth (area 3, Fig. 1). About twenty years ago,

fishermen noticed that dolphins were more difficult to cap-

ture in some areas than in others. Certain coastal dolphin

Table 2

Nonparametric multiple comparisons (according to Conover, 1980; Neave and Worthington. 1988) of estimated average (median)

evasion index by geographic area (see Fig. 2) for the northeastern offshore spotted dolphin ( 1992-95, Mexican fleet, PNAAPD data).

The null hypothesis (i.e. the median of two groups is equal) is rejected if the T statistic is larger than the critical Z value. All

pairwise comparisons were significant ( 'indicates significant at P<0.05, where the critical Z-value for 3 groups (A-l)=2.39).
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Abstract—Larval growth rates of the

anchoveta Engraulis ringens were de-

termined for two periods during the

winter spawning season offTalcahuano,

central Chile. Because winter is the

season of minimum plankton produc-

tion during the year, we hypothesized

that larval growth rates during winter

should be constantly low because of

decreased larval fish food availability.

Our results, however, indicate that

1) mean larval growth rates deter-

mined from three gi-owth models in

winter (mid-July through mid-Septem-
ber) were as high as in other periods

of the year (linear, Gompertz, and von

Bertalanffy; 0.47 mm/d, 0.50 mm/d,
and 0.48 mm/d, repectively); 2 1 differ-

ences in larval growth rates occurred

in two groups of cohorts spawned in

the two periods during the spawning
season (0.40 mm/d vs. 0.57 mm/d I; and,

3) larval food (dinoflagellates, copepod

eggs, and copepod nauplii) concentra-

tions in the field were relatively high
and not very variable during the study.

Hydrogi'aphy of the water column, how-

ever, varied throughout the season.

During the last weeks of the study sea-

water temperature was higher, indicat-

ing intrusion of offshore warmer waters

into the coastal zone. The presence
of these warmer waters suggests that

differences in growth rates between

groups of cohorts may have resulted

from larval development in water with

different characteristics. Consequently,
for a coastal upwelling species such as

the anchoveta, increased growth rates

in some cohorts may be advantageous

considering that its main spawning
season occurs in winter when the envi-

ronmental conditions fluctuate mark-

edlv in short time scales.
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The anchoveta Engraulis ringens (also

known as "Peruvian anchoveta," FAO,
19881 has traditionally been one of the

most important pelagic resources in the

world in terms of landings (Pauly and

Palomares, 1989). After strong fluctu-

ations in abundance during the last

three decades, especially marked during
the anchoveta collapse in the early

seventies, the stocks have rebounded.

Catches in recent years have reached

over 12 million tons and constitute one

of the largest fisheries of the world.

Within its long latitudinal distribu-

tion range from 4°S to 40°S, several

major spawning areas have been re-

ported. The most important spawning
areas have been traditionally located off

Northern Peru, from offSouthern Peru to

off Northern Chile, and off Central Chile

( Bernal et al. 1983 ). Despite its wide lat-

itudinal range and paramount economic

importance for the world fish markets,
other than distribution and abundance,
little information exists on basic biologi-

cal parameters during the lai-val phase.
For the larval stage, reseachers have

documented information on the age of

onset of feeding, feeding habits, and val-

idation of daily deposition of ring incre-

ments in the otoliths (Rojas de Mendiola
and Gomez, 1980, 1981; Ware et al,

1981; Muck et al., 1989; Morales-Nin,

1989; Villavicencio, 1989; Llanos, 1990).

Information on larval growth rates in

the wild, however, have been reported

only for the southern stock and, unfor-

tunately, only for seasons other than the

major winter spawning seasons (Her-

rera et al., 1985).

There is a marked seasonality in the

southern spawning area of the ancho-

veta. During spring, summer, and early

fall, southerly winds predominate and
lead to very intense upwelling events.

During winter, intense northerly winds

dominate, and upwelling events develop

only occasionally. This marked season-

ality in the oceanography also leads

to changes in environmental condi-

tions that may affect larval growth.

During winter, due to the low frequency
of upwelling events, the general pro-

duction of the area is lower than in

summer. Similarly, the very intense

north winds may produce high levels

of turbulence in the water column,
thus dispersing the potential larval

food patches (Lasker 1975, 1978). On
the basis of these harsh environmental

conditions, it has been proposed that

food for larval anchoveta off Talcahu-

ano might be limited during winter

(Herrera et al., 1985; Bernal et al.,

1990). However, because the anchoveta

has been historically an important fish-

ery of central Chile ( 1996 landings in

the area reached ca. 300,000 metric

tons, SERNAPESCA, 1996), there must
be some mechanisms by which rela-

tively high levels of larval sun'ival can

be achieved: either feeding conditions

are not permanently harsh or factors

other than food enhance larval sur-

vival, at least for some periods within

the winter spawning season.

The objectives of our study were 1 ) to

determine whether intraseasonal dif-

ferences in growth rates occur between

groups of cohorts of larval anchoveta

spawned throughout the winter spawn-

ing season, and 2) to assess the role of

two environmental factors (larval food

and temperature) as potential factors

affecting larval growth rates. Because

some basic information for the deter-
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mination of growth rates was still missing, we first

determined the age of deposition of the first ring

increment on larval otoliths and then described the

growth functions of larvae caught in the wild, using
three common growth models (the linear, Gompertz,
and von Bertalanffy). Finally, we determined the

mean growth rates for larval anchoveta spawned
over the entire sampling winter season, and for two

groups of cohorts spawned during that season but

which faced different environmental conditions.

Methods

73.5 73.0

36.5

Larval growth in the wild

Larval anchoveta were collected in eight cruises from

a grid of nine stations in the coastal zone off Talca-

huano, central Chile (Fig. 1), during the winter of

1995 (12, 18 July; 1, 8, 17, 30 August; 4, 11 Septem-
ber). In each cruise, ichthyoplankton samples were

collected with a bongo net (mesh size: 500 pm, dia-

meter of mouth of net; 60-cm) equipped with a flow

meter to quantify the volume of water sampled from

the surface to a depth of 40 m. Once on board, half

of the samples were preserved in 4% formalin and

the other half in 96^^ ethanol for otolith analysis. At

all stations, sea water samples were collected from

nine depths (0, 5, 10, 15, 20, 30, 40, 60, 80 m) in

4-liter Niskin bottles for determination of tempera-
ture and salinity, and for identification and quan-
tification of microplankton (dinoflagellates, copepod

eggs, and copepod lai-vae) as potential larval food.

In the laboratory, anchovy larvae from both sub-

samples were identified, sorted, and counted. From
the subsamples preserved in ethanol, 112 lai-vae

within a size range between 5.68 and 20.74 mm (cor-

rected for shrinkage, see below) were measured and their

otolits were extracted and mounted in immersion oil. Oto-

lith ring counts and otolith diameters were determined

with the aid of a light microscope attached to a video

camera and monitor to facilitate the reading of daily rings.

Each otolith was counted twice and those counts where the

readings differed in three or more rings were discarded.

Lai^val lengths were corrected for shrinkage by using the

algorithms proposed by Theilacker ( 1980 ) for lai-val north-

ern anchovy (Engraulis inordax). Three models were used

to describe the growth and growth rates of larval anchovy:
the linear, Gompertz, and von Bertalanffy models. These

models were used to describe growth for 1 ) all larvae

spawned during winter (1 July-11 September) of 1995,

and 2) for two groups of cohorts spawned during a) 1 July

through 17 August, and b) from 18 August through 11 Sep-
tember To classify the larvae as belonging to the first or

second period, spawning dates were backcalculated as "the

number of rings -i- 2" (see day of first ring deposition in the

"Results" section). All statistical tests (regressions, analy-
ses of variance, covariance, and models) were carried out

with the commercial statistical software package STATIS-
TICA, 1993.

37.0
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Results

First increment deposition

Only thirteen larvae from the rearing experiments
in the laboratory were analyzed for determination of

age at the first increment deposition, and because of

the low number of larvae, the data from the treat-

ments were analyzed together These preliminary

experiments showed that no lai-vae formed the first

ring on the otoliths at hatching (two lai-vae were ana-

lyzed at hatching). Although the first ring on the oto-

liths was first observed in a larva at end of the first

larval day after hatching (two larvae were analyzed),

most larvae formed their first ring during the third

day after hatching (four out of six larvae, 3-days-old

or older). The larva analyzed at the end of the fourth

day had two rings deposited; therefore it formed its

first ring during the third day. At the end of the third

day after hatching, all larvae had deposited their first

ring. The mean diameter of the otolith focus for those

larvae hatched in our experiments was 10.23 (SD=1.25)

Jim and the mean diameter of the otolith with their first

increment formed was 12.83 (SD=1..56) pm.
The relation between the number of rings and otolith

diameters from anchoveta larvae collected in the wild

was well described by a linear regression (r2=0.90; /!=112;

P<0.001)(Fig. 2). From this relationship, a lai-val ancho-

veta with one ring should have an estimated otolith diam-

eter of 12.6 micrometers, which is close to the mean otolith

diameter measured from larvae reared in our laboratory
(mean=12.83 pm, SD=1.56). A power model was used to

describe the relation between otolith diameter and larval

length (corrected for shrinkage after Theilacker 1980) of

wild lai-vae (;-2=0.79; ?? = 112; P<0.001i (Fig. 3). According
to these two relationships, a larva with one increment

(12.6-pm otolith diameter) should have a larval length of

5.6 mm.

Larval growth of larvae caught in the wild

Because deposition of the first nng in most larvae occurred

during the third day after hatching, age of lai-vae caught in

the wild was estimated by adding two days to the number
of rings in their otoliths. The standard lengths of larvae

used in the growth models varied between 5.68 mm and
20.74 mm, and their age ranged from 3 to 35 days.
The three gi-owth models used to describe anchovy lai-val

growth during the winter of 1995 were highly significant

(P<0.001) (Fig. 4, Table 1). The linear model yielded a daily

growth rate of 0.47 mm/d (n=112 larvae; r2=0.82); the Gom-
pertz model yielded a mean daily growth rate of 0.50 mm/d
(n=\12 larvae; r'--'=0.84); and the von Bertalanffy model

yielded a mean daily growth rate of0.48 mm/d (n=l 12 larvae;

r2=0.84). Estimated larval length at the end of the third day
after hatching (day of the first ring deposition) varied from

7.81 mm with the linear model to 7.17 mm with th(> Gomp-
ertz model and 6.13 mm with the von Bertalanfl'y model.

The results of the analyses of growth rates between

groups of cohorts spawned early versus late in the winter

120
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Y = 64 + 47X

Y = 5,4 exp (1 ,5 (1 -exp (-0 07*X)))

Y = 27 5
•
(1-exp (-0 03 •{ X-(-5.4))))

10 20 30 40

Age in days

Figure 4

Models usedd to describe larval growth of the anchoveta Engraulis ringens

during the 1995 winter spawning season off central Chile: linear model (
—

);

Gompertz model I ); and von Bertalanffy model ( ). Basic statistics

for each model are shown in Table 1.

Table 1

Growth models used to determine growth rates for larval anchoveta off central Chile during the 1995 winter

July through mid September). RSS = residual sum of squares; r'^ = coefficient of determination.
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at the end of the second day after hatching—a time which

corresponds to the time of yolksac depletion ( Leak and

Houde, 1987). Mediterranean anchovy, EngrauUs encrasi-

colus, deposits its first increment during the second day
after hatching with completion of yolk absorption (Palom-

era et al.. 1988). In our rearing experiments larval ancho-

veta finished forming their first otolith increment at the

end of the third day after hatching, which coincides with

the end of the eye pigmentation.

Total dmoflagellates

n

Copepod eggs

.

Nauplii

U,D . n_

Date

Figure 5

Moan density of potential larval food items in field during the

winter spawning season of the anchoveta EngrauUs ringens off

Talcahuano. central Chile, in 199.5: dinofiagellates, copepod eggs,
and cnpeijnd nauplii. The vertical dashed line indicates the sepa-
ration ol periods considered in the groups of larval cohorts.

Larval anchoveta finished forming their first otolith

increment at a larval length of 5.6 mm (estimated from the

rings and otolith diameter and from the otolith diameter

and larval length relationships). Observations of labora-

tory-reared anchoveta {E. ringens) larvae off Peru indi-

cated that the mouth and eyes become functional at 64 h

after hatching at a larval length of 4.03 mm (Ware et al.,

1981). Initiation of larval feeding, however, varied from

3.5 to 6.8 days after hatching (mean 4.4 d), which corre-

sponded to estimated larval lengths between 4.10 and
4.16 mm. If the deposition of the first ring in lai-val

anchoveta coincided with the onset of feeding, then

our estimations of 5.6 mm at the end of the third day
after hatching were slightly higher than those esti-

mated by Ware et al., ( 1981 ).

The three models used to fit the age and larval

length data of anchoveta larvae collected during the

winter spawning season in 1995 fitted the age and
larval anchovy length data appropriately for the

winter spawning season of 1995. A visual inspection,

however, revealed a slight decrease in growth rate

as the larvae increased in age, which suggests that

the nonlinear models (von Bertalanffy and Gompertz)
would describe larval growth better beyond the ages
determined in our study.

Growth rates calculated with the three gi'owth

models (linear=0.47 mm/d; Gompertz=0.50 mm/d; and
von Bertalanffy=0.48 mm/d) were very similar to esti-

mations for anchoveta in other seasons (larval size

range 5.0-20mm=0.45 mm/d, 12.5°C, Herrera et al.,

1985) and within ranges reported for other engrau-
lids. Methot and Ki-amer (1979) estimated northern

anchovy larval gi'owth rates between 0.34 and 0.55

mm/d between 13.0° and 16.2°C; for bay anchovy,

Anchoci mitchilU, larval growth rates between 22° and
30°C ranged from 0.25 to 0.58 mm/d (Fives et al., 1986;

Leak and Houde, 1987; Castro and Cowen, 1991);

and for Mediterranean anchovy, EngrauUs encrasico-

hts, growth rates ranged between 0.9 and 0.96 mm/d
for 8-mm larvae at 20°C (Palomera et al., 1988). If

only the larval anchovies from the upwelling areas

of California and central Chile are compared, then

the growth rates determined for the anchoveta in our

study (0.40-0.57 mm/d at sea temperatures between

11.1° and 13.5°C), are slightly higher than those esti-

mated for the northern anchovy at similar temper-
atures (0.39-0.47 mm/d at 13.0-13.2°C; Methot and
Kramer 1979).

Some intraseasonal variability in growth rates of

the anchoveta was observed between groups of cohorts

during the winter spawning season, when rates from

linear growth models were compared. Larval growth
rates determined with the linear model (0.40 vs. 0.

57 mm/d) were within the same range reported for

cohorts of other clupeiforms spawning at different

times during the year or under different environ-

mental conditions within the same spawning season

(Methot and Kramer, 1979, Leak and Houde, 1987).

Larval food, as a potential factor affecting larval

growth rates, did not seem to be limited throughout the
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entire sampling season. In fact, obsen'ed larval food

concentrations may be considered high compared with

concentrations reported for the same species in lower

latitudes (Walsh et al., 1980). Differences in seawater

temperature experienced by both groups of cohorts

spawned during winter, however, may have accounted

for the apparent differences in larval gi'owth rates.

An increase in water temperature occurred during the

last weeks of sampling owing to an intrusion of off-

shore warmer waters into the coastal zone (Castro et

al., 2000). Response to changes in seawater tempera-
ture as the spawning seasons progress is known for

other anchovy species (A. mitchilli. Leak and Hode.

1987; Rilling and Houde, 1999). However, earlier evi-

dence may have not been so conclusive for lai-val

anchovy at upwelling areas (i.e. E. inordax, Methot

and Kramer, 1979; Butler, 1989), probably because

of the difficulties of determining the temperature of

the water where the lai"vae actually developed, espe-

cially given the frequent changes in hydrographic con-

ditions common in coastal upwelling areas.

Because growth may be dependent on environmen-

tal factors (Pepin, 1991), seasonal variations in growth
rates were expected among the cohorts spawned during
the year In our study, we documented potential differences

in growth rates of groups of cohorts spawned a few weeks

apart during the main spawning season. For coastal species

living in upwelling areas, changes in growth rates among
cohorts may be beneficial because environmental condi-

tions may change markedly in short time scales (from days
to a few weeks). With this scenario, increases in growth
rates in some cohorts (given the right conditions during a

few weeks) may be advantageous because the main spawn-

ing season for E. ringens occurs in winter. At the end of

the season we expected a large pool of late larvae and

early juveniles within a similar size range that had grown
at different rates because they were exposed to different

conditions. Given the relationship between environmental

conditions and larval development, and the wide distri-

bution range of the anchoveta (from 4°S to 40°S). differ-

ences in gi'owth rates are to be expected in lar\'al anchovies

growing in different latitudes. Future studies should eval-

uate whether the models and gi-owth rate changes deter-

mined off Talcahuano (37°S). close to the southern limit of

distribution for the anchoveta, also apply for lai-vae grow-

ing in lower latitudes, such as spawning areas off northern

Chile (18-24°S) and Peru (4-14°S) .
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Abstract—The threaded sculpin (Gvm-

nucanthus pistilliger) is distributed in

the North Pacific from Norton Sound

south to Southeast Alaska and west

to Russia and Japan. It reaches its

greatest abundance in the eastern

Bering Sea in Bristol Bay where it

is typically found in waters less than

50 m deep. Alaska Fisheries Science

Center groundfish surveys in the east-

ern Bering Sea have estimated densi-

ties of up to 102 fish per hectare (catch

per unit of effort, CPUE) for 1997 and

1998. Population estimates for 1997

were 111.20 million and for 1998 were

51.70 million. The population estimate

drop is reflected in length-frequency

data that suggest a complete lack of

2-year-old fish for 1998. Gymnocanthus

pistilliger is a short-lived species (age

estimates from otoliths range up to 10

years for males and up to 9 years for

females), and the maximum size is 161

mm and 201 mm total length for males

and females, respectively. During June,

when specimen collections were made,

ovaries are in the resting stage and con-

tain some residual eggs from a previ-

ous spawning. The diet of G. pistilliger

changes from predominantly gammarid

amphipods and polychaetes to cran-

gonid shrimp and fish with increased

total length. Comparisons with studies

from the western North Pacific on G.

pistilliger suggest biological differences

between populations, which may reflect

adaptation to different habitats.
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Gymnocanthus pistilliger (Pallas), the

threaded sculpin, is a small marine

cottid that inhabits waters from South-

east Alaska north to Norton Sound

and west to Russia and Japan (Wilson,

1973). It is found in shallow waters

(<50 m) over soft sandy to muddy bot-

toms and is the most abundant cottid

in the Bristol Bay region (>15 m) of

the eastern Bering Sea. Gymnocanthus

pistilliger may compete for resources

with juvenile stages of commercially

important flatfish in the shallow bays
and nearshore areas used as nursery

grounds (Grigorev and Fadeev, 199.5).

Although G. pistilliger is an abundant

species, little life history information is

available on Bristol Bay populations.

The present study reports on the ecol-

ogy and biology of G. pistilliger from

Bristol Bay, Alaska, and compares it to

ecology studies conducted on western

North Pacific populations.

Methods

Specimens of G. pistilliger were col-

lected in June of 1997 and 1998 during

the National Marine Fisheries Service,

Alaska Fisheries Science Center (AFSC ),

eastern Bering Sea survey. The survey
area extended from the Alaska Penin-

sula north to Nunivak and St. Matthew

Islands, and west to the 200-m shelf

break (Fig. 1). Trawls were conducted

on a grid of 356 fixed stations (20 nmi
X 20 nmi) fished during daylight hours

throughout the Bering Sea sui-vey area.

Thirty-minute trawls towed at 3.0 knots

were conducted at each station. The

shallowest depth surveyed was 15 m
in Bristol Bay and the deepest was

178 m near the shelf edge. Trawling was

conducted with the AFSC 83-112 east-

ern trawl, which is a low-opening two-

seam trawl with a 26.5-m headrope and

34.1-m cable footrope (Rose and Wal-

ters, 1990) wrapped with rubber strip-

ping and chain hangings that contact

the bottom while the trawl is towed.

Height and width measurements of the

net were recorded with an acoustic

SCANMAR net mensuration system.

Global positioning system was used to

record latitude and longitude data at

the start and end of the trawl in order

to determine distance fished.

The entire catch was sorted to spe-

cies, enumerated and weighed, or a

weighed subsample was used if there

was a very large catch. Catch per unit

of effort (CPUE) was calculated as

number offish per hectare (no./ha) by

dividing the number of fish caught for

each haul by the estimate of the area

swept (net width x distance fished).

Gymnocanthus pistilliger occurred m
the survey area only at stations less

than 50 m in depth (Fig. 1); therefore

only this area was used for calculating

population estimates. A population esti-

mate was calculated by first deter-

mining a mean CPUE from all hauls

combined (<50 m) and then expanded
to the area. The biomass estimates

were calculated in a similar manner by

using weight in metric tons. The popula-

tion and biomass estimates were made
under the assumption that all fish in

the path of the trawl were caught and

were a representative sample for each

station grid. However, given that there

may be gear selectivity for fish size and

given the patchy nature of fish distri-

butions, the populations and biomass

stated in this study are best estimates.

In May of 1995 and June of 1988-91

exploratory trawling was conducted in

the shallow bays (<30 m) within Bristol
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Figure 1

Map of the area in the eastern Bering Sea surveyed by the National Marine Fisheries Service. All

stations ( + ) shown were trawled in 1997 and 1998. Map includes contour lines at 50-, 100-, and

200-m depths.

Bay by the National Marine Fisheries Service. Trawling
methods, population, and density estimates were per-

formed as described above.

Gymnocaiithus pistilliger samples collected during 1997

and 1998 were presei-ved at sea by freezing or by presei-ving

in a 10% formalin-seawater solution buffered with sodium

bicarbonate. Frozen samples were partially thawed, and
total length (TL, in mm), standard length (SL, in mm), total

fish weight (TFW, in mg), gonad weight I GW, in mg), and sex

were recorded. Sagittal otoliths were removed and placed
in 50% ethanol. Parameters from formalin-preserved speci-

mens with stomachs and ovaries removed were recorded in

a similar manner and placed in 50% ethanol.

Dark bands on otoliths were evident under reflected

light and were counted by the break-and-burn method to

ensure inclusion of all ring structures. Length at age was
described by using nonlinear regi-ession to fit the von Ber-

talanffy (1957) growth model for male and females sepa-

rately with pooled data from the two years.
The vnn Bcrtalanffy growth curve is

U- -K'l I,.

Fish numbers for length-frequency samples were com-

bined for all hauls bv se.\ and vear.

The relationships of total fish length (TL) to total fish

weight (TFW) were investigated with the model

TFWig) = ci TL( mm)''.

Ovaries were removed and weighed to the nearest milli-

gram from formalin-preserved fish. The gonosomatic index

(GSI) was calculated from TFW and ovary weight was cal-

culated as

lOOiovary weight/TFW).

Stomach contents were recorded to the lowest practical

taxon, and enumerated and weighed to the nearest mil-

ligram. For analysis, prey items were grouped into seven

logical or taxonomic categories (Table 1). Gymnocanthiis

pistilliger were grouped into four length groups (<10() mm,
100-124 mm, 125-149 mm, and 150-201 mm TL). Percent

frequency of occurrence, total count, and total weight were

calculated for individual prey items and for each prey item

group. Statistical analysis and graphing were conducted

with the computer programs Statgraphics 2.0 and Sigma-
Plot 4.0, and distributional maps were produced with the

software Arcview 3.0.
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Figure 2

Trawling stations (coded by density [CPUE=number fish per hectare] for 1997 and 1998), where

Gymnocanthus pistilligcr were collected during the Alaska Fisheries Science Center Eastern

Bering Sea Groundfish Survey.

the entire survey area was 110.24 million fish and the bio-

mass estimate was 4254 metric tons (t). The 1998 CPUE
ranged from 0.1 to 55 with a mean of 7.37 (SD=5.23); the

population estimate was 51.70 million fish and the bio-

mass estimate was 1956 t.

The distribution of females and males differed by depth

(Fig. 3) with the proportion of females decreasing with

depth. Catch rates at depth indicated that G. pistilligcr

inhabited nearshore areas and were most abundant in the

shallowest depths covered by this survey (Fig. 4).

Trawling in Kuskokwim Bay and Togiak Bays resulted

in mean CPUEs of 6 and 24 for each bay, respectively (»=9

trawls per bay, CPUEs of 1 to 17, SD=5.54 for Kuskokwim

Bay: CPUEs of 1 to 79, SD=30.32 for Togiak Bay). During
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peratures and salinities; thus, during winter the entire

area may be covered in thick ice sheets. Gymnocanthus
pistilliger may move in and out of the shallow local bays

seasonally to sustain a suitable habitat. However the

nearshore distribution was difficult to assess for G. pistil-

liger from the present study owing to limited sampling in

very shallow coastal waters and single season collections.

The timing of spawning movements, however, may signif-

icantly affect population estimates if the species moves
between depths seasonally and may help to explain a 50'^'f

decline in fish from 1997 to 1998. Although water temper-
ature is often associated with fish movements, there was
no significant difference between the means (/-testP=0.18)

in bottom water temperatures in the survey area <.50

m in depth for the two years sampled (1997, f=4.22°C,

SD=1.88; 1998, .v=4.48°C, SD=0.87).

Vdovin et al. ( 1994) suggested that G. pistilliger remains
within shallow water and except for spawning, probably
remains in the nearshore area most of the year. Spawn-
ing migrations in winter resulted in both sexes aggregat-

ing in deeper bay areas of Peter the Great Bay (Vdovin

et al., 1994); however, the proportion of females increased

with increasing depth (a depth range of 80 to 110 m was
maintained during spawning) (Tokranov, 1987; Vdovin et

al. 19941.

If Bristol Bay populations are similar to Peter the Great

Bay populations, then at the time of capture (June) G. pis-

tilliger has already spawned and dispersed in the near-

shore areas. Females probably migi-ate to join the males
in the deeper part of Bristol Bay (around 50 m depth)

during late winter to early spring to spawn, although it

is unlikely that Bristol Bay populations reach the spawn-
ing depths of populations in Peter the Great Bay. Dis-

tributional data from Alaska indicate that G. pistilliger

are rarely found deeper than 50 m, except occasionally in

coastal areas of the Gulf of Alaska (Hoff, unpubl. data).

Age and growth

Age data gathered from otoliths suggest that G. pistil-

liger is short lived (to 10 years), the females exhibit faster

growth, and that this species reaches a maximum size of

205 mm for females and 160 mm for males. The age struc-

ture of western Bering Sea populations has shown older

populations than those for Bristol Bay (a strong mode
from 7 to 9 years (range 3-13 years) and a larger maxi-

mum size of 270 mm TL for females and 220 mm TL for

males (Tokranov, 1987). Length-at-age data for fish col-

lected off Kamchatka (Tokranov, 1987) were similar to

those reported in the present study, suggesting that simi-

lar aging techniques were used and similar growth rate

estimates were calculated for the two populations of G.

pistilliger. Therefore, different size composition and age

groups for eastern Bering Sea and western Pacific popula-
tions appear real.

The ovaries from females collected in June from Bristol

Bay were deflated and a few large females contained resid-

ual eggs from a previous spawn. Wilson ( 1973) stated that

G. pistilliger spawn in spring but provided no evidence for

this. Ovaries collected from eastern Bering Sea popula-
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Figure 7

Length frequencies for male and female Gymnocanthus pistilliger for 1997 and 1998.



720 Fishery Bulletin 98(4)

160



Hoff: Biology and ecology of Gymnocanthus pisMgenn the eastern Bering Sea 721

1

0.9

0.8

0.7

o) 0.6
o

I
0.5

o 0.4

o
ol

0.3

0.1

HFish

 Shrimp

H Unidentified

@ Crustacean

HMollusk

EaWorm

D Amphipod

<100 100-124 125-149

Length groups (mm)

150-201

Figure 10

Proportion of the total weight of all prey groups by the total-length groups ofGymnoconthus pifitilliger for 1997. (n=20.

29, 28, and 16 for each length group, respectively).

mum depth, maximum age and size, and diet preferences
between western and eastern North Pacific populations.
The eastern Bering Sea and Kamchatka shelf habitats

have different currents, sahnities, sediment types, shelf

area, and temperatures (Pavlov and Pavlov, 1996) and

these different oceanographic features may be reflected in

the local adaptation patterns of G. pistilliger in this area.

Smith et. al ( 1997 ) reported on the biology of Gymnocan-
thus tricuspis, a congener of G. pistilliger, which is abun-

dant in the Chukchi Sea and Norton Sound, Alaska (Allen

and Smith, 1988). The two species oi Gymnocanthus are

very similar and probably occupy the same ecological niche

in different environments. Smith et. al ( 1997) reported sim-

ilar ages up to 9 years of age and similar densities and

interannual variations in populations of G. tiicuspis as

were found for G. pistilliger. The ecological importance of

Gyirmocanthus throughout its range is not well understood

but undoubtedly significant because of its high abundance

and role as prey and competitive predator
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Abstract-The red porgy (Pagruspag-

rus) \s an important component of the

Gulf of Mexico reef-fish fishery, yet

Httle information is available on this

species's life history. We sampled 877

red porgy (194-489 mm TL) from the

eastern Gulf of Mexico during 1995

and 1996 to assess their age structure,

growth, mortality, spawning season,

size and age at maturity, and batch

fecundity The average length of males

was significantly greater than that of

females, and the overall sex ratio (1:1.6

in favor of females I was significantly

different from 1:1. Marginal-increment

analysis indicated that one opaque ring

is formed on red porgy otoliths during

the late spring or early summer of each

year. Ages ranged from 1 to 17 years,

and most fish were 3 and 8 years old.

Von Bertalanffy growth model param-

eters were L„=459 mm TL, A'=0.in/yr,

and /u=-6.6 .years for all aged fish.

Growth rates in our study were lower

than those in previous studies ofGulfof

Mexico red porgy—perhaps the result

of size-selective fishing. Pooled esti-

mates of total instantaneous mortality

were 0.62-0.87/yr based on recreational

landings data and 0.54/yr based on

commercial landings data. Red porgy

are protogv'nous hermaphrodites. The

length and age at which males com-

posed 50% of the population was 345.5

mm TL and 5.3 years. Few immature

females were observed in our collec-

tions (n=10). All females gi-eater than

302 mm TL and age 4 were mature.

Red porgy spawn during the winter and

spring, and ripe females were caught

from January to April.
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The red porgy, Pagrus pagrus, occurs

in the eastern Atlantic from the Brit-

ish Isles south to Angola and in the

western Atlantic from New York to

Argentina (Manooch and Hassler, 1978;

Randall and Vergara, 1978). In the Gulf

of Mexico (GOM), red porgy are usu-

ally found near hard-bottom areas off

the west-central Florida coast and the

Florida Middle Ground, and the Flower

Garden Banks off Texas (Smith et al.,

1975; Nelson, 1988). Studies of reef

habitat along the southeastern United

States indicate that red porgies are

most common over inshore live-bottom

habitats and over shelf-edge, rocky-rub-

ble, and rock outcrop habitats (Grimes

et al., 1982; Barans and Henry, 1984;

Chester et al., 1984; Sedberry and Van

Dolah, 1984).

Most red porgy caught in the GOM
are landed in Florida. From 1986 to

1991, an average of 83.6''c of the com-

mercially caught and 76.79f ofthe recre-

ationally caught red porgy were landed

there (Goodyear and Thompson'). Red

porgy are an important component of

the Florida west coast commercial reef-

fish fishery and rank thirteenth in total

weight of reef fish landed in this area

(Goodyear and Thompson'). In Florida

commercial landings data, red porgy

are not distinguished from other por-

gies. However, assuming that red por-

gies made up 50'7( of all porgies landed

(Goodyear and Thompson'), the com-

bined west coast 1995 and 1996 Flor-

ida landings of this species were es-

timated at 0.5 million pounds and

had an estimated dockside value of

$487,000 (Marine Fisheries Information

System- ). Over the same period, an esti-

mated 242,000 red porgy were landed

by anglers in Florida (Marine Recre-

ational Fishery Statistics Survey'). 80%

by charter boats or headboats (Good-

year and Thompson' ).

Currently there are no regulations

on red porgy harvest in the GOM. Fish-

ery managers are concerned that the

harvest of reef-fish species, such as red

porgy, may increase if the fishery shifts

effort from red snapper to these spe-

cies because of increasing restrictions

'

Goodyear, C. P., and N. B. Thompson.
1993. An evaluation of data on size and

catch limits of red porgy in the Gulf

of Mexico. Contribution report MLA-92/

93-67. National Marine Fishenes Service,

Southeast Fisheries Center, Miami Labora-

tory, Miami, FL.

- Marine Fisheries Information System.

1997. Unpubl. data. Florida Fish and

Wildlife Conservation Commission, 100

Eighth Avenue SE, St. Petersburg, FL

.33701-5095.

' Marine Recreational r Fishery Statistics

Survey IMRFSS). 1997. Unpubl. data.

Fisheries Statistics Division, National

Marine Fisheries Service, Department of

Commerce, Silver Springs, MD 20910.
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on the GOM red snapper fishery (Anonymous''). The red

porgy fishery shifted from a predominately recreational

fishery to a predominately commercial fishery between

1988 and 1991 (Goodyear and Thompson' ). Owing to these

changing dynamics within the red porgy fishery, the Reef

Fish Stock Assessment Panel of the Gulf of Mexico Fish-

ery Management Council recommended that age, growth,

and reproduction studies be initiated for future stock

assessments (Anonymous^). Red porgy are protogynous

hermaphrodites and may be more susceptible to overfish-

ing than gonochoristic reef-fish species such as snappers
if size-selective fishing reduces the number of males avail-

able for spawning and thus limits the amount of sperm
available for fertilization (Bannerot et al., 1987; Koenig et

al., 1996).

Existing age and growth data for this species in the

GOM are inadequate. Nelson (1988) used scales to age
red porgy collected from the Flower Garden Banks off

Texas in the early 1980s and reported a maximum age
of 6 years. This value is much lower than maximum

ages reported from other regions. Maximum ages, deter-

mined from scales, whole otoliths, and sectioned otoliths

have ranged from 13 to 18 years (Manooch and Hunts-

man, 1977; Vassilopoulou and Papaconstantinou, 1992;

Pajuelo and Lorenzo, 1996; Harris and McGovern, 1997;

Vaughan''). Nelson ( 1988) suggested that the reason he did

not observe fish as old as those observed by Manooch and

Huntsman ( 15 years; 1977) was that fishing had removed
older fish from the GOM. However, mortality rates in the

South Atlantic Bight (SAB) are now greater than those

reported by Nelson (1988) for the GOM, and SAB fish as

old as age 18 have recently been reported by Vaughan.-'

Little information is available on the reproductive biol-

ogy of red porgy in the GOM. Female red porgy begin to

transform into males at 221 mm fork length; however, the

length at which females begin to mature in the GOM is

unknown because the smallest female sampled by Nelson

(1988) was 272 mm fork length and all females that he

examined were mature. Spawning occurs in the winter

and spring in the GOM, as has been reported for the

SAB, Canary Islands, and Mediterranean Sea (Manooch,

1976; Nelson, 1988; Vassilopoulou and Papaconstantinou,

1992; Pajuelo and Lorenzo, 1996), although Ciechomski
and Weiss (1973) reported, on the basis of larval collec-

tions, that red porgies may spawn in the Argentine Sea

during the summer (December and January).
Basic life-history information is needed for use in assess-

ments of red porgy stocks in the GOM. Although Nelson
(1988) examined red porgy age, gi-owth, and reproduction
in the GOM; his study was limited by area ( Flower Garden
Banks off Texas), sample size (;? = 126), and aging struc-

*
Anonymou.s. 1993. Final report of the reef fish stock assess-

ment panel. Gulf of Mexico Fishery Management Council. .3018

U.S. Highway 301 N, Suite 1000, Tampa, FL 33619-2266.
''

Vaughan, D. S. 1999. Population characteristics of the

red porg>- Pagrits pagrtis from the U.S. Southern Atlantic

Coast. Report prepared for the South Atlantic Fishery Man-

agement Council. National Marine Fisheries Sei-vice, Beaufort

Laboratory. 101 Fivers Island Road, Beaufort, NC 28516

ture (scales). Accurate ages are needed to develop growth
models, develop age-length keys, and estimate total mor-

tality. In addition, the annual periodicity of ring deposi-
tion in otoliths has not been validated for red porgy in the

GOM. With the increasing reliance on estimates of spawn-

ing-potential ratios to describe a stock's condition, infor-

mation on maturation schedules and sex ratios are also

needed. The purpose of our study was to age eastern GOM
red porgy accurately in order to develop age-length keys
and growth models, to construct catch curves for deriving
estimates of total mortality, and to describe the reproduc-
tive biology of this species.

Methods

Collections

Eastern GOM red porgy were sampled from headboat

and commercial catches between October 1995 and Sep-
tember 1996. Total length (TL), fork length (FL), and

standard length (SL) were measured to the nearest milli-

meter Whole weight and gutted weight were measured to

the nearest gram (g). The relationships between lengths,

weights, and logj,|-transformed total lengths and weights
were determined by least-squares regression (SAS Insti-

tute, Inc., 1985). Male and female regression lines of logjQ-

transformed total lengths and weights were compared by

using analysis ofcovariance (Snedecor and Cochran, 1971).

Length-frequency distributions were compared by sample
source and by sex by using the Kolmogorov-Smirnov test

for goodness of fit (Sokal and Rohlf, 1981). All length data

are reported as total length unless stated otherwise.

Age, growth, and mortality

Thin sections of otoliths (sagittae) were used to determine

the ages of fish. Otoliths were removed and stored dry
in culture wells. The left otolith was serially sectioned

across its anterior-posterior midpoint at 0.5-mm intervals

by making a transverse cut with an Isomet diamond saw.

Mounted sections were placed on a black field, illuminated

with reflected light, and examined with a binocular dis-

secting microscope. The magnified images of otolith sec-

tions were transmitted by means of video camera to a

video monitor The number of opaque zones and the radial

measurements from the core to the last opaque zone and to

the edge of the otolith (otolith radius. Fig. 1 ) were recorded

from the monitor by using a computer-driven, data-acqui-
sition software package (Optimas Corp., 1996). Marginal
increments were measured as the distance between the

last opaque zone and the edge of the otolith.

To determine if zone counts were repeatable between

investigators, two readers independently examined sec-

tioned otoliths collected from fish collected during July and

August 1996 (n=241). After the first reading, readers exam-
ined the sections together and compared zone counts to form

a consensus about what constituted a zone. The two readers

then re-examined the sectioned otoliths independently, and

counts were compared again. Because agreement between
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Figure 1

Sectioned sagittae from lA) a 5-year-old (345-mni-TL) and (B) a 10-year-old

(485-mm-TL) eastern Gulf of Mexico red porgy. The 5-year-old fish was caught in Sep-
tember 1996. and the 10-year-old fish was caught in April 1996.

readers was high (869f ) for the second readings, one reader

read the remaining otoliths to determine age. Each of the

remaining otolith sections was read three times, and annu-

lus counts were accepted for ages only if at least two of the

three separate readings were the same. Age was considered

to be the count with the highest frequency of occurrence.

To validate annulus periodicity, marginal increments and

their medians were plotted by month for each age and com-

pared for consistent temporal patterns.

Age in years was estimated as the number of opaque

rings; therefore, length at age included any growth that

occurred after the last opaque ring was formed. Length at

age between sampling sources was compared by using an

unbalanced two-way analysis of variance (SAS Institute,

Inc., 1985). Mean observed length at age was calculated

for males, females, and for all aged fish. Age and length
data were fitted to a von Bertalanffy growth model with

nonlinear regression (SAS Institute, Inc., 1985). We calcu-

lated an adjusted r-' for the resulting curve by using meth-

ods described by Helland ( 1987).

We used age-frequency data from this study to estimate

mortality rates from Florida commercial and recreational

length data for Florida. Because the number of red porgy
measured by the Trip Intei-view Program'' and MRFSS'^
were low, we pooled the data from the most recent years
for which data were available. Length data from commer-
cial landings were obtained from the TIP'' from 1992 to

1994 and in 1996. Length data from recreational land-

ings were obtained from the MRFSS-^ and the National

Marine Fisheries Service's Headboat Survey" and were

pooled for years 1990-1996. Because red porgies are pro-

togynous hermaphrodites, we pooled sexed and unse.xed

fish to generate the catch cun'es. Instantaneous mortality
and sui-vivorship rates were estimated by the Chapman-
Robson method (Youngs and Robson, 1978). Age at full

recruitment was estimated from the catch curve as being
one year older than the age with the gi'eatest catch.

"
Trip Interview Progi-am (TIP). 1997. Unpubl. data. Florida

Fish and Wildlife Conservation Commission, 100 Eigth Avenue.
SE, St. Petersburg, FL .33701-5095.

"

National Marine Fisheries Service Headboat Sui-vey. 1999.

Unpubl. data. Beaufort Laboratory. 101 Pivers Island Rd..

Beaufort. NC 28516-9722.



726 Fishei^ Bulletin 98(4)

Reproduction

Reproductive analyses were based on gonad weights and

a histological examination of gonadal tissue. Fish sampled

were put on ice soon after capture, and we sampled fish

within 36 hours after their capture by the recreational fish-

ery and 10 days after their capture by the commercial fish-

ery. Whole gonads were weighed to the nearest 0. 1 g. Some

fish were gutted before they were landed. If a portion of

gonad was present, it was removed for histological prepa-

ration; if none was present, the sex of the fish was listed as

unknown. Gonads were fixed in lOVf buffered formalin for

approximately one week, rinsed in water, and then trans-

ferred to 70';'f ethanol. We removed a sample of tissue from

the middle of the preserved gonad and embedded it in

paraffin. Several 5.0-pm sections were serially cut from

the sample, stained with Harris's haematoxylin, counter-

stained with eosin (Humason, 1972), and examined under

a compound microscope to determine sex and developmen-

tal state of the gonads. For ovaries, we staged oocytes

as being primary gi'owth, cortical alveoli, or vitellogenic

oocytes, or as mature oocytes by using criteria developed by

Moe (1969), Wallace and Selman (1981). and West (1990).

The frequency ofoccurrence of oocyte developmental stages

(including atretic bodies and postovulatory follicles) was

tabulated for approximately 300 oocytes from each ovary

by using a computer-driven data-acquisition software pack-

age (Optimas Corp.. 1996). Mature ovaries were distin-

guished from immature ovaries by the presence of atretic

bodies, advanced oocyte development stages (vitellogenic

or mature oocytes), or both. Testes were assigned to devel-

opment classes (Table 1) by using a modified classification

scheme developed from Hyder ( 1969 ) and Moe ( 1969 ). Tran-

sitional males (individuals with gonads in transition from

ovaries to testes I were identified according to the criteria of

Sadovy and Shapiro ( 1987).

Sex ratios for all se-\ed fish were compared for signif-

icant differences from 1:1 by using the chi-square test

(Snedecor and Cochran. 1971). The length and age at

which 50'/f of the population consisted of males was esti-

mated by fitting a logistic curve to length and age data

with sex as a binary response equal to zero for females

and to one for males. The curves were fitted to the data by

using nonlinear regression (Jandel Corp., 1992).

Reproductive seasonality was determined by examining
the monthly changes in gonad stages, the monthly distri-

bution of oocyte stages, and the monthly changes in the

gonosomatic index (GSI).The GSI was calculated by using
the following equation:

GSI = gonad wvightliwhole weight -gonad weight).

Results

Collections

We sampled 877 red porgy that ranged from 194 to 489

mm in length. Although we did not record the locations

where fishermen caught their fisli, most fishing effort was

Table 1

Development classes for testes of red porgy.

Classes lestes

Transitional Massive atresia ofoocytes. Spermatogonia,

spermatocytes, and (or) spermatids devel-

oping in lumen of testicular lumen. Tailed

sperm may be present.

Resting Mostly spermatogonia and spermatocytes

present in the central lobules. Free sperma-
tozoa in the lumen of the lobule, and brown

bodies (Grier, 1987) may be present.

Developing Mostly spermatocytes and spermatids pres-

ent in the central lobules, free spermato-
zoa in the lumen of the lobule.

Ripe

Spent

Mostly spermatozoa found in the central

lobules and in the lumen of the lobule; all

or later stages of spermatogenesis occur-

ring in the peripheral lobules.

Few free spermatozoa in the lumen of the

lobule; early stages of spermatogenesis in

the peripheral lobules.

directed in the Florida Middle Ground and off west central

Florida. Most fish (92%) were in length classes between

251 and 400 mm long and had a modal length class

of 326-350 mm (Fig. 2). Relationships between lengths,

between whole weight and gutted weight, and between TL
and weight are shown in Table 2. Male and female data

were pooled for the weight-length relationship because

sex-specific regression equations were not significantly dif-

ferent (ANCOVA, P>0.05). Most of the fish sampled were

from the recreational fishery (/;=601), and they ranged
in length from 205 to 455 mm (Fig. 2). Fish from the

commercial fishery («=276) ranged from 265 to 489 mm
(Fig. 2). The mean length of recreationally caught fish

(321 mm, SE=40) was significantly less than the mean

length of commercially caught fish (350 mm, SE=40; Mest,

P<0.001). The length-frequency distributions for commer-

cially and recreationally caught fish were significantly

different (D=0.287, P<0.001). Males in=S31) ranged in

length from 248 to 470 mm and females (/!=456) from

205 to 455 mm (Table 3). The mean length of males

(341 mm. SE=36.3) was significantly greater than that of

females (316.2 mm, SE=40.5; t-test. P<0.001). The length-

frequency distributions for males and females were sig-

nificantly different (D=0.317, P<0.001). The largest fish

examined (489 mm) had been gutted; therefore the sex of

the specimen was unknown.

Age, growth, and mortality

Under reflected light, alternating opaque (white) and

translucent (dark) zones were evident in red porgy oto-

liths (Fig. 1). Two readers examined a subsample of 241

otoliths, and 50% of their readings were in agreement.
Most of the disagreements (71'r) differed by only one
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estimated von Bertalanffy growth parameters (standard

error) for all aged fish (n=854) were L^=459(31) mm,
K=0.in (0.028)/yr, and fo=-6.6 (1.3) yr Predicted lengths

at age were similar to mean lengths at age (Table 4, Fig. 4).

The adjusted r^ for the growth model was 0.40.

Fishery-based length-frequency data were transformed

into age frequencies by using age- length keys constructed

from the ages of the fish in our study. Full recruitment into

both the recreational and commercial fisheries occurred

at age 4. Sui'vivorship (standard error) of red porgy was
estimated to be 0.42(0.001) from the headboat fishery

data, 0.54(0.046) from the recreational fishery data and
0.58(0.014) from the commercial fishery data. Instanta-

neous mortality estimates (Z=-ln survivorship) were 0.87

Table 3

Number of males, number of females, and percentage of male red porgy in relation to the total number of se.xed individuals by

length and age from the eastern Gulf of Mexico.
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for the headboat fishery, 0.62 for the recreational fishery,

and 0.54 for tlie commercial fishery.

Reproduction

Red porgy are protogynous hermaphrodites. We classified

68 males (8% of the sexed fish) as transitional-sex-stage

fish because ofthe simultaneous presence ofdeteriorating

ovarian tissue and proliferating male tissue. We deter-

mined that the gonadal structure was delimited (Sadovy
and Shapiro, 1987) because connective tissue separated

testicular from ovarian tissue. Sex ratios and length

and age data were consistent with monandric protogyny.

The overall sex ratio of males to females was 1.0:1.6,

which was significantly different from 1:1, X"=51.0, df=l,

P<0.001). In addition, the modal length class and age of

females (301-325 mm; 4 jr) were less than the modal

length class and age of males (326-350 mm; 5 yr; Table

3). We also did not obsei-ve any males less than 298 mm,
whereas the smallest female was 194 mm. The estimated

age and length at which 50% of fish in our samples were

males were 5.3 years and 345.5 mm (Table 2).

Few immature female (;i = 10) red porgies were obsei-ved

in our samples. We did not find any age-1 (n-&) immature

female red porgy, and most age-2 (91%. ;!=55) and age-3

(96%, n=99) females were sexually mature. All females age
4 or older were sexually mature. Immature females ranged
in length from 194 to 302 mm and the smallest mature

female was 230 mm. More than half (69%) of the fish

observed were mature by the length class 226-250 mm

Red porgy in the eastern GOM spawn from December

to April. During this time period, ovaries containing either

mature oocytes (spawning is imminent) or postovulatory

follicles (spawning has recently occurred) vyere obsei-ved

(Fig. 5). Throughout the rest of the year, ovaries pro-

gi'essed from containing only primary gi'owth oocytes ( May
to August) to containing cortical alveoli and vitellogenic

oocytes (September to November; Fig. 5). Ripe males were

obsei-\'ed in every month except July and September (Fig.

6). Immature (transitional-sex-stage) males were captured

throughout most of the year, but they were absent or rare

just prior to and during the spawning season (November

to April). For both sexes, median GSI's were low from

May to October (<0.015 for females and <0.005 for males:

Fig. 7). In January, median GSI's increased dramatically

(0.035 for females and 0.019 for males) and then gradually

decreased through August.

Discussion
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Figure 3

Marginal increments from sectioned otoliths of red porgy

ages 2-10 years from the eastern Gulf of Mexico. Median

monthly increments are identified by the solid line. Because

of low sample sizes, ages 8-10 were pooled.

Collections

There appeared to be a trend towards smaller red porgy

in the GOM from the 1980s to the 1990s. Although land-

ings have not increased since the early 1980s (Gulf-wide

average annual landings of approximately 250,000 lbs;

[Goodyear and Thompson^)), the length structure of the

population has changed. Between 1990 and 1992. modal

lengths of commercially caught fish have decreased from

357 mm to 279 mm for fish landed in Florida and from

381 mm to 254 mm for fish landed in Louisiana and Texas

(Goodyear and Thompson^. In addition, there has been a

decline from 508 mm to 381 mm in the maximum length of

fish caught from headboats during 1979-91 (Goodyear and
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Figure 5

Average frequency of occurrence of oocyte developmental stages by month for red porgy from the eastern Gulf of Mexico.

PG = primary gi-owth oocyte, CA = cortical alveolar oocyte, VO = vitellogenic oocyte, MA = mature oocyte, AB = atretic body, and

POF = postovulatory follicle.

tion of the oxytetracycline mark was consistent with the

annual formation of the opaque zone.

We confirmed that red porgy are moderately long-lived

fish (Manooch and Hassler, 1978). The oldest individual we

aged was 17 years old, a year younger than the sectioned-

otolith-based maximum age of 18 years reported for red

porgy in the SAB (Vaughan-^). Nelson (1988) reported the

maximum scale-based age for this species in the GOM
was 6 years and suggested that the reason for the lower

maximum age than that found in the SAB ( 15 years

by Manooch and Huntsman. 1977) was that older fish

had been eliminated through higher rates of mortality.

He reported that mortality rates in the western GOM
(Z=0.86/yri were much higher than those in the SAB

(Z=0.44/yr; Manooch and Huntsman, 1977). However, this

argument is circular because Nelson (1988) estimated

mortality from catch curves that had been based on the

age structure of the fish he sampled. If his age distribution

was truncated owing to sampling or aging bias, then his

estimates of mortality would have been higher than the

true rate. Nelson's (1988) sample size was small (n = \2Q)

and geographically restricted (Flower Garden Banks off

Texas) compared with the sample size of Manooch and

Huntsman (1977), which was large (« = 1777) and from a

broad geographic region (SAB).

Our observed and predicted lengths at age were lower

than those reported by Nelson (1988) for the Flower

Garden off Texas. It is difficult to assess why our obsei-ved

and predicted lengths at age were lower, but the limited

sample size of Nelson (1988) (;) = 126) may not be repre-

sentative of the GOM population. Other factors that may
contribute to these differences include regional differences

in growth within the GOM, depth of capture, hook size,

or biases between the aging structures. However, Good-

year and Thompson^ reported that the depths where red

porgy were most commonly captured by GOM fisheries

overlapped the depth range in which most of the fish sam-

pled by Nelson ( 1988) were captured (60-90 m). Hook size
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age that red porgy in the Flower Garden

Banks were fully recruited to the sampling

gear ( primarily hook-and-line) used by Nelson

( 1988). In the SAB, the age of full recruitment

decreased from age 5 in 1972-83 to age 4 in

1984-86, probably because of higher exploi-

tation rates (Vaughan et al., 1992). Hunts-

man et al. (1983) reported that the age of

full recruitment to the SAB head boat fishery

was 4.1-4.3 years.

Our estimates ofZ ( 0.54-0.87/yr ) are within

the range of reported estimates for other pop-

ulations sustaining fishing pressure. Nelson

(1988) estimated Z to be 0.86/yr for fish

from the Flower Garden Banks off Texas in

1980-82. In the SAB, estimates ofZ increased

from the early 1970s through the early 1990s:

Z = 0.64/yr for SAB populations from 1972

to 1974 (ivianooch and Huntsman, 1977) to

Z = 1.58/yr for 1991 (Huntsman et al.'").

Recently, Vaughan'' estimated Z for the SAB
to be between 0.90 to 0.94/yr depending on

the input value of natural mortality in his

stock assessment model. Vassilopoulou and

Papaconstantinou ( 1992) reported Z = 0.34/yr

for a relatively unexploited red porgy stock in

the Mediterranean Sea and estimated natu-

ral mortality to be 0.28/yr.

Reproduction

Protogynous hermaphrodites such as red

porgy may be more susceptible to overfish-

ing than gonochoristic species if size-selec-

tive fishing reduces the number of males

available for spawning (Bannerot et al., 1987;

Koenig et al., 1996). This trend is not evident

for GOM red porgy. Our sex ratio of 1:1.6

had proportionally fewer females than did

the 1:2.8 ratio reported by Nelson (1988) for 1980-82. In

the SAB, the proportion of females has been increasing

in association with fishing pressure. Manooch ( 1976) esti-

mated that the sex ratio of red porgy in the SAB was

1:2.8 for 1972-74 and that proportionally more males were

landed in the fishery than during later years (1:4.9-1:6.5

for 1979-1994; Harris and McGovern, 1997). The sex ratio

of another GOM protogynous hermaphroditic reef-fish spe-

cies, the gag (Mycteroperca microlepis). has been affected

by overfishing (Koenig et al. 1996) in that there are pro-

portionally fewer male gag in overfished populations than

in less fished populations (male-to-female ratio of 1:76.6

for 1991-93 (Koenig et al., 1996) compared with 1:4.9 for

1977-80 IHood and Schleider, 1992]). Koenig et al. (1996)

hypothesized that because males are more aggressive in

Female
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Figure 7

Monthly gonadosomatic indices iGSI) for female and male red porgy from

the eastern Gulf of Mexico. Median values are connected by the solid

line.

'" Huntsman. G. R., D. S. Vaughn, and J. C. Potts. 1993. Trends

in population status of the red porgy Pagrus pagrus in the

Atlantic Ocean of North Carolina and South Carolina, USA,
1971-1992. South Atlantic Fishery Management Council, 1

South Park Circle, Charleston, SC 29422-1997.

feeding, they are more likely to be captured by fishermen

who target gag aggregations.

Our reported lengths at maturity ( most red porgy were

mature by 225 mm) were closer to lengths reported for

exploited populations (<275 mm; Pajuelo and Lorenzo,

1996; Harris and McGovern, 1997 ) than for lightly or newly

exploited populations (>276 mm; Manooch, 1976; Vassilo-

poulou and Papaconstantinou, 1992; Harris and McGov-

ern, 1997 ). Decreases in the size at matui'ity for red porgy

may be associated with increased fishing effort; Harris

and McGovern (1997) found 279f of red porgy females were

mature between 251 and 275 mm in pooled years 1979-81

compared with 54'; in pooled years 1991-94.

Sexual transition occurred at smaller sizes than those

reported by Nelson ( 1988): our estimated length at which

half the population is male was 345 mm compared with 404

mm.'' In the SAB, Harris and McGovern (1997) reported

an increasing proportion of males between 351 and 400

mm over time, 12.13';; in 1979-81, 32.35Q in 1988-90,

and 49.337r in 1991-94, which they attributed to size-

selective fishing pressure. For most protogynous reef-fish
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species, the removal of males causes females to change

sex (Sadovy and Shapiro, 1987). Therefore, the removal of

larger fish (males) by fisheries causes smaller and smaller

females to change sex and results in an increase in the

proportion of smaller-size males.

Based on monthly changes in the percentage of fish in

the various maturity classes, the frequencies of different

oocj'te stages, and GSI, we believe that red porgy spawn
in the GOM from January to April. Our findings are con-

sistent with spawning season observations reported for

red porgy in the GOM by Nelson (1988), in the SAB by

Manooch (1976), in the Canary Islands by Pajuelo and

Lorenzo (1996), and in the Mediterranean Sea by Vassi-

lopoulou (1989) and Vassilopoulou and Papaconstantinou

(1992).

Acknowledgments

We thank the owners, staff, clients, and especially Capt.

Ed Thompson of Hubbard's Marina for their assistance

in obtaining samples from recreationally caught fish. We
thank the staff of Captain's Finest Seafood, Dick's Sea-

food. Fishin' Inc., Holiday Seafood, and Nachman's Native

Seafood for their assistance in sampling the commercial

fishery. We thank Lew Bullock. Eric Eaton, Dave Harsh-

any, Dan Merryman, Heather Patterson, Fred Stengard,

and Connie Stevens for their assistance in collecting and

processing samples. We thank Barbara Purich and the

staff of the Pathology Laboratory. College of Veterinary

Medicine. University of Florida, for their assistance in the

histological preparation of gonad samples. We thank Bob

Dixon for supplying the NMFS Headboat Survey data. We
thank Mike Murphy for his assistance in the data analy-

ses of age, growth, and mortality. We thank Susan Low-

erre-Barbieri. Roy Crabtree. Judy Leiby. John Merriner.

Mike Murphy, Jim Quinn, Ron Taylor, and four anonymous
reviewers for their valuable reviews ofthis paper. We thank

Linda Torres for her assistance in the administration of

the budget for this study. This study was funded by the U.S.

Department of Commerce, National Oceanic and Atmo-

spheric Administration, National Marine Fisheries Ser-

vice MARFIN program, award number NAS57FF0289.

Literature cited

Bannerot, S. P.. \V. \V. Fo.x Jr.. and J. E. Powers.

1987. Reproductive strategies and the management of snap-

pers and groupers in the GulfofMexico and Caribbean. In

Tropical snappers and groupers: biology and fisheries man-

agement (J. J. Polovina and S. Ralston, eds.), p. .561-603.

Westview Press, Boulder, CO.

Barans, C. A., and V. J. Henr>-.

1984. A description of the shelf edge groundfish habitat

along the southeastern United States. N.E. Gulf Sci.

7:77-96.

Beamish, R. J., and G. A. McFarlane.

1983. The forgotten requirement for age validation in fish-

eries biologj'. Trans. Am. Fish. Soc. 112:735-743.

Ciechomski, J. D., and G. Weiss.

1973. Desove y desarrollo cmbrionario y larval del besugo,

Pagrus pagrus (Linnel en el Mar Argentine (Pisces, Spari-

dael. Physis Secc. A. Oceanos Org. 32:481^87.

Chester, A. J., G. R. Huntsman. P. A. Tester, and C. S. Manooch III.

1984. South Atlantic Bight reef fish communities as repre-

sented in hook-and-line catches. Bull. Mar. Sci. 34:267-279.

Collins. M. R.. and G. R. Sedberry.

1991. Status of vermilion snapper and red porg\- stocks off

South Carolina. Trans. Am. Fish. Soc. 120: 1 16-120.

Collins, M. R.. S. B. Van Sant, D. J Schmidt, and G. R. Sedberry.

1996. Age validation, movements, and growth rates of

tagged gag (Mycteroperca microlepis). black sea bass iCen-

tropristis striata ). and red porg>' (Pagrus pagrus). In Biol-

og>', fisheries and culture of tropical groupers and snappers
(F. Arraguin-Sanchez, J. L. Munro. M. C. Balgos. and D.

Pauly. eds. i, p. 161-165. ICLARM Cong. Proc. 48.

Collins. M. R., C. W. Waltz. W. A. Roumillat. and D. L. Stubbs.

1987. Contribution to the life histor>- and reproductive biol-

ogy of gag, Mycteroperca microlepis (Serranidae). in the

south Atlantic Bight. Fish. Bull. 85:648-653.

Crabtree, R. E., C. W. Hamden, D. Snodgrass, and C. Stevens.

1996. Age, growth, and mortality of bonefish, Albula

lulpes, from the waters of the Florida Keys. Fish. Bull.

94:442-451.

Grier. H. J.

1987. Brown bodies in the gonads of the black sea bass. Cen-

tropristis stnatus. In Proc. 3rd Int. Symp. Reprod. Biol.

Fish. 199 p. Marine Sciences Research Laboratory, Memo-
rial Univ.. Newfoundland, Logy Bay, Newfoundland.

Grimes, C. B., C. S. Manooch III, and G. R. Huntsman.

1982. Reef and rock outcropping fishes of the outer conti-

nental shelf of North Carolina and South Carolina, and

ecological notes on the red porgy and vermilion snapper
Bull. Mar Sci. 32:277-289.

Harris, P. J., and J. C. McGovern.

1997. Changes in the life histor>- of red porg>-, Pagrus

pagrus. from the southeastern United States, 1972-1994.

Fish. Bull. 95:732-747.

Helland, I. S.

1987. On the interpretation and use of r- in regression anal-

ysis. Biometrics 43:61-69.

Hood. P. B.. and A. K. Johnson.

1999. Age, growth, mortality, and reproduction of vermilion

snapper \Rhomboplites aurorubenst from the eastern Gulf

of Mexico. Fish. Bull. 97:828-841.

Hood, P. B., and R. A. Schlieder.

1992. Age. growth, and reproduction of gag, Mycteroperca

microlepis (Pisces: Serranidae), in the eastern Gulf of

Mexico. Bull. Mar Sci. 51:337-352.

Humason. G. L.

1972. Animal tissue technique. W H Freeman and Co..

San Francisco, CA, 641 p.

Huntsman. G. R.. C. H. Manooch III. and C. B. Gnmes.
1983. Yield per recruit models of some reef fishes of the U.S.

South Atlantic Bight. Fish. Bull. 81:679-695.

Hyder. M.

1969 Histological studies on the testis of Tilapia leucos-

tricta and other species of the genus Tilapia (Pisces: Tele-

ostei). Trans. Am. Microsc. Soc. 88:211-231.

Jandel Corp.

1992. Sigma Stat user's manual. Jandel Corp.. San Rafael,

CA. unpaginated.

Koenig. C. C. F C. Coleman. L. A. Collins. Y. Sadovy, and

P L. Colin.

1996. Reproduction in gag, Mycteroperca microlepis (Pisces:

Serranidae), in the eastern Gulf of Mexico and the con-

sequences of fishing spawning aggregations. In Biology,



Hood and Johnson: Life history of Pagrus pagrus 735

fisheries and culture of tropical groupers and snappers ( F.

Arraguin-Sanchez, J. L. Munro, M. C. Balgos, and D. Pauly,

eds. ). p. 307-322. ICLARM Cong. Proc. 48.

Lowerre-Barbieri, S. K.. M. E. Chittenden Jr., and C. M. Jones.

1994. A comparison ofvalidated otolith method to age weak-

fish, Cynoscwn regalis. with the traditional scale method.

Fish. Bull. 92:555-568.

Machias, A., N. Tsimenides, L. Kokokiris, and P. Divanach.

1998. Ring formation on otoliths and scales of Pagrus

pagrus: a comparative study. J. Fish Biol. 52:350-361.

Manooch, C. S.. III.

1976. Reproductive cycle, fecundity, and sex ratios of the red

porgy, Pagrus pagrus (Pisces:Sparidae) in North Carolina.

Fish. Bull. 74:775-781.

Manooch, C. S., Ill, and G. R. Huntsman.

1977. Age, growth, and mortality of the red porgy, Pagrus

pagrus ( Pisces :Sparidae) in North Carolina. Trans. Am.

Fish. Soc. 106:26-33.

Manooch, C. S., Ill, and W. W. Hassler.

1978. Synopsis of biological data on the red porgy, Pagrus

pagrus (Linnaeus). FAO Fisheries Synopsis 116, 19 p.

Moe, M. A., Jr

1969. Biology of the red grouper Epinephelus mono (Valen-

ciennes) from the eastern Gulf of Mexico. Fla. Dep. Nat.

Resour. Mar Res. Lab. Prof Paper 10, 95 p.

Nelson. R. S.

1988. A study of the life history, ecology, and population

dynamics of four sympatric reef predators {Rhomboplites

aurorubens.hutjanuscampechanus.Lutjanidae:Haeniulon
nielanurum, Haemulidae; and Pagrus pagrus. Sparidae)

on the east and west Flower Garden Banks, northwestern

Gulf of Mexico. Ph.D. diss.. North Carolina State Univ.,

Raleigh, NC, 197 p.

Optimas Corp.

1996. Optimas 5.0 user's manual. Optimas Corp., Bothell,

WA, unpaginated.

Pajuelo, J. G., and J. M. Lorenzo.

1996. Life history of the red porgy Pagrus pagrus (Tele-

ostei: Sparidae) off the Canaiy Islands, central east Atlan-

tic. Fish. Res. 28:163-177.

Pitcher, T. J., and P. J. B. Hart

1982. Fisheries ecology. AVI Publishing Co., Westport, CT,

414 p.

Potts, J. C, C. S. Manooch III, and D. S. Vaughan.
1998. Age and growth of vermilion snapper from the south-

eastern United States. Trans. Am.. Fish. Soc. 127:787-

795.

Randall, J , and R. Vergara R.

1978. Sparidae. In FAO species identification sheets for

fishery purposes. Western Central Atlantic (fishing area

31),vol. 3. FAO. Rome.

Ricker. W. E.

1969. Effects of size-selective mortality and sampling bias

on estimates of growth, mortality, production, and yield. J.

fish. Res. Board Can. 26:479-541.

Sadovy, Y., and D. Y. Shapiro.

1987. Criteria for the diagnosis of hermaphroditism in

fishes. Copeia 1987:136-156.

SAS Institute, Inc.

1985. SAS user's guide: statistics. SAS Institute, Inc., Gary,

NC, 956 p.

Sedberry, G. R., and R. F Van Dolah.

1984. Demersal fish assemblages associated with hard

bottom habitat in the South Atlantic Bight of the U.S.A.

Environ. Biol. Fish. 11:241-258.

Smith, G. B., H. M. Austin, S. A. Bortone. R. W. Hastings, and

L. H. Ogren.
1975. Fishes of the Florida Middle Ground with comments on

the ecology and zoogeography. Fla. Mar Res. Publ. 9, 14 p.

Snedecor, G. W., and W. G. Cochran.

1971. Statistical methods. Iowa State Univ. Press, Ames.

L\, 593 p.

Sokal, R. R., and F J. Rohlf

1981. Biometry W. H. Freeman and Co., New York. NY.

859 p.

Vassilopoulou. V
1989. Some biological parameters on the red porgy ^Pagrus

pagrus) in the Kastellorizo area. FAO Fish. Rep. 412:

108-115.

Vassilopoulou, V, and C. Papaconstantinou.

1992. Age, growth, and mortality of the red porgy, Pagrus

pagrus, in the eastern Mediterranean Sea (Dodecanese,

Greece). Vie Milieu 42:51-55.

Vaughan, D. S., G. R. Huntsman, C. S. Manooch III, F. C. Rohde,

and G. R Ulrich.

1992. Population characteristics of the red porgy, Pagrus

pagrus, stock off the Carohnas. Bull. Mar. Sci. 50:1-20.

Wallace. R. A., and K. Selraan.

1981. Cellular and dynamic aspects of oocyte growth in tele-

osts. Am. Zool. 21:325-343.

West, G.

1990. Methods of assessing ovarian development in fishes:

a review. Aust. J. Mar Freshwater Res. 41:199-222.

Youngs. W. D., and D. S. Robson.

1978. Estimation of population number and mortality rates.

In Methods for assessment of fish production in fresh

waters (T. Bagenal. ed.). p. 137-164. Blackwell Scientific

Publications. Oxford. UK.

Zhao. B.. J. C. McGovern. and P. J. Harris.

1997. Age. growth, and temporal change in size at age of the

vermilion snapper from the South Atlantic Bight. Trans.

Am. Fish. Soc. 126:181-193.



736

Abstract—Aerial surveys to estimate

the numbers of beluga whales, Delphi-

napterus leucas, were flown in James

Bay, eastern Hudson Bay, and Ungava

Bay in Canada in the summer of 1993

on transects systematically spaced 5 or

10 nmi apart. In James Bay and east-

ern Hudson Bay line-transect methods

were used. In Ungava Bay strip tran-

sects were used, and off-transect sight-

ings were also recorded. Beluga whales

were also counted on coastal flights in

eastern Hudson Bay and Ungava Bay.

James Bay and eastern Hudson Bay
were surveyed in August; Ungava Bay
in July and again in August. Watches

were kept from land at estuaries in

eastern Hudson Bay in 1993 and in

Ungava Bay in 1992 and 1993.

The estimates of detectable beluga

whales (uncorrected for diving and

obsei-v-er errors) were 3141 (SE=787)

in James Bay and 1014 (SE=421l in

eastern Hudson Bay. A further 115-148

beluga whales were seen near the coast

of eastern Hudson Bay during the

coastal survey, but mostly away from

traditionally used estuaries. The esti-

mate for James Bay was nearly three

times the previous estimate, made in

1985, possibly because ice cover in

James Bay was much lower in 1993

than in the 1985 survey The 1993 esti-

mate for eastern Hudson Bay was close

to that for 1985. No beluga whales were

seen during aerial transects in Ungava
Bay, but they were seen ofT-transect

and on coastal flights, mostly in or near

the Whale River estuary in southern

Ungava Bay. The largest group sighted

and the greatest number seen in any

day consisted of 20 individuals, a mini-

mum size for the summer population in

Ungava Bay. An upper 90'7i- confidence

limit for summer numbers is impre-

cisely estimated at 150.

Neither the coastal surveys nor the

land-based observations in Hudson Bay
and Ungava Bay indicated the presence

of large, dense herds that might have

been inefficiently sampled by transect

survey.
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James, Hudson and Ungava bays are

summering areas for stocks of beluga

whales {Delphinapterus leucas) (Ser-

geant and Brodie, 1975; Finley et al.,

1982; Smith and Hammill, 1986; Rich-

ard et al., 1990 ). There are several appar-

ently separate summer groups, which

include a summer group of -23,000

individuals in western Hudson Bay, a

group of 1500 individuals in the eastern

Hudson Bay arc, and a few individuals

in Ungava Bay (Smith and Hammill,

1986; Richard et al, 1990). Beluga

whales, probably composing other sepa-

rate groups, also summer in southern

Hudson Bay (Richard, 19931 and James

Bay (Smith and Hammill, 1986).

A land claim agreement was signed

between the Inuit of the central and

eastern Canadian Arctic and the Gov-

ernment of Canada in 1990 (Anony-

mous, 1993). In eastern Hudson Bay,

this land agreement defined a marine

area around the Belcher Islands (the

"Nunavut Settlement Area") for the use

of the beneficiaries of that agreement

(Figs. 1 and 2). It also defined an area

north and east of the settlement area

(the "Equal Use and Occupancy Area")

to be shared by the Inuit of Nunavut
and those of northern Quebec. Other

provisions of the agreement, and of

the earlier James Bay and Northern

Quebec Agreement, assured the aborig-

inal people of a right to hunt beluga
whales in these waters.

The hunting of beluga whales is

valued by Inuit in northern Canada as

a means of procuring food, as a tra-

dition helping to define their culture,

and as a recreation. Maintaining beluga
whale hunting, and stocks adequate to

support it, are important objectives for

the Inuits. Commercial hunting in the

19th century severely reduced numbers

of beluga whales on the eastern coast

of Hudson Bay and in Ungava Bay and

they have not yet recovered ( Reeves and

Mitchell, 1987a; 1987b; 1989). These

stocks were listed as "threatened" and

"endangered," respectively, by the Com-

mittee on the Status of Endangered
Wildlife in Canada (Campbell, 1993),

and exploitation still occurs (DFO,

1996;NAMMCO, 1999) A low reproduc-

tive rate limits the species's potential

for increase (Sergeant, 1981; Kingsley,

1989); therefore careful monitoring and

management of stocks are appropriate.

Population management requires per-

iodic evaluations of stock size, as a

basis for setting harvest levels and

for estimating the effect of harvest

on the population trend. Beluga whale

stocks are evaluated by aerial survey in

their summering areas. The previous,

and first, offshore aerial survey of

James Bay, eastern Hudson Bay, and

Ungava Bay was flown in summer 1985

(Smith and Hammill, 1986), and the

development in the early 1990s of a

beluga whale management plan for

northern Quebec rendered it timely to

update information on the population.

This article reports the results of

aerial sui-veys flown in summer 1993. A
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Figure 1

Map of northeastern Canada, showing the locations of the 1993 beluga whale aerial sui-veys in

James Bay, eastern Hudson Bay, and Ungava Bay.

systematic transect sui-vey was flown over offshore areas

ofJames Bay, eastern Hudson Bay, and Ungava Bay (Figs.

1-3 ). However, summering beluga whales often form dense

coastal concentrations, which are inefficiently estimated

by sample survey. Therefore, coastal surveys were also

fliown in eastern Hudson Bay and Ungava Bay to check

whether large numbers in concentration areas might have

caused serious errors in the results of sample sui-veys. To

the same end, watches were kept over known estuarine

concentration areas from vantage points on land in 1992

and 1993.

Methods

Beluga whales concentrate in and around the mouths of

rivers in summer, and this habit largely defines accepted

stocks ( Brown Gladden et al., 1997 ). Therefore aerial surveys

for stock assessment are normally carried out in summer in

these areas. The survey area for this study comprised James

Bay, the eastern Hudson Bay arc north to 59°N and as far

west as 80°20'\\', and Ungava Bay. This area was similar to

that covered by the previous aerial sui-vey of these stocks in

1985 (Smith and Hammill, 1986). Beluga whales are uncom-

mon in summer along the northern part of the eastern coast

of Hudson Bay and the southern coast of Hudson Strait

(Finley et al., 1982; Smith and Hammill, 1986); therefore the

sui-vey did not include these areas.

The transects in James Bay and eastern Hudson Bay
were systematically spaced east-west lines similar to those

used in 1985 (Smith and Hammill, 1986) (Fig. 2 ). They were

on exact 10' lines of latitude (i.e. 18.52 km apart) from the

southern end of James Bay at 51°10'N as far as 58°50'N

near Inukjuak, and additional lines were interpolated at

5' (9.26-km) intervals between 55°35'N and 57°35'N, i.e. in

the central part of the Hudson Bay arc.

The survey of Ungava Bay was also based on systematic

designs (Fig. 3). South of 59°30'N, the initial design had

north-south transects on every IS'*' minute of longitude,

a spacing approximately equal to 7.5 minutes of latitude

( 13.9 km). North of this line the transects lay east-west on

every tenth minute of latitude, i.e. 18.52 km apart.

Earlier sui^veys of Ungava Bay had detected few beluga
whales (Finley, 1982; Smith and Hammill, 1986). Inuk

hunters had suggested that flying at different times in

the summer might produce different results; therefore the

Ungava Bay sui-vey was flown twice: in mid-July and in

late August. In both sui-veys, sections of the coastline were

followed and surveyed when ferrying to and from transect

blocks, so that the coastline, particularly near the logistic

base at Kuujjuak, was repeatedly covered.

The transect sui-vey of James Bay and eastern Hudson

Bay was flown in a Cessna 337 aircraft, at 1500 feet (457 m)

above sea level at about 130 knots, (67 m/s), and navigated

by GPS. The aircraft was equipped with flat windows.

Obsei-vers sat in the two seats behind the pilot. Line-

transect survey methods were used, in which all sightings

were recorded with their distance from the transect line,

and a sighting curve was subsequently calculated to correct

for the decreasing detectability of targets with distance.
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The angle of view from the horizontal was measured

with Suunto inclinometers. Records were made with time-

coding tape recorders and were transcribed daily. Ground

speeds were calculated from the elapsed time on the

transect and sighting positions were interpolated along

transects. The state of the sea was assessed and recorded

by using the Beaufort Scale of wind force; sui-vey plans

included not flying in conditions over Beaufort 4 (i.e. over

10 knots or 5.14 m/s).

The coastline of the eastern Hudson Bay arc was sur-

veyed once, on 21 August, in a flat-windowed "Twin Otter"

aircraft flying at 500-1000 ft (152-305 m). The observers,

two to seven in number depending on the survey segment,

were members of local hunters' and trappers' associa-

tions; they sat behind the pilots and recorded observations

directly onto sighting maps. The flight line from Kuujj-

uaraapik followed the mainland coastline northbound to

Inukjuak. The southbound leg was flown on the offshore

side of the chains of islands close to the coast, and the

plane made a detour to sui"vey Richmond Gulf It flew as

far south as the Vauquelin River before returning to end

at Kuujjuaraapik (Fig. 2).

The Ungava Bay surveys used strip-transect methods.

A "Twin Otter" aircraft was flown at an altitude of 1500

feet (457 m). The transect survey used a systematic design
with a strip width of 600 m on each side of the aircraft,

but sightings were so few that all were recorded, on- or

off-effort and on- or off-transect. Ferry flights to the start

of and from the end of each day's transect pattern fol-

lowed the coastline, detouring to search the largest bays
and estuaries. The entire coast was covered in this way,
some stretches several times.

Observations made from land at estuaries frequented by

beluga whales in summer were a supplementary source of

information from which it was possible to assess the prob-

ability that large estuarine concentrations had been inef-

ficiently estimated by transect sample

sui-vey. Local observers manned camps
at the Little Whale River and at the

Nastapoca River in eastern Hudson Bay
in 1993,' and in southern Ungava Bay in

1992- and 1993^ (Fig. 3). From vantage

points, the estuary areas were scanned

regularly for beluga whales. The estuar-

ies of the Little Whale and Nastapoca
rivers are less than 1 km long, and easily

covered, but the Whale River estuary

in southern Ungava Bay could not be

completely covered. The objective was
to scan five times a day, at three-hour

inten'als; but weather sometimes inter-

fered with this schedule. Not only num-

bers, age class, and behavior of beluga
whales were noted, but also boat and
air traffic, visibility, wind, weather, and

tide.

Line-transect methods were used to

analyze the data from James and Hudson

Bays. Such methods involved fitting to

the sighting data a sighting probability

cui-ve g(x), i.e. the probability that an

animal group at distance .v from the

83 81 79 77 75 W

Figure 2

Systematic design for aerial transect sui-vey of beluga whales in Jame.-^

Bay and eastern Hudson Bay, August 199.3.

'

Doidge, D, W. 1994. Land-based obsei-va-

tion of beluga whales at the Little Whale
and Nastapoka rivers, eastern Hudson Bay,
summer 1993. Report prepared bv Makivik

Corp., C.P. 179, Kuujjuaq, P.Q. JOM ICO
Canada. 30 p.

- Makivik Corp. 1993. Land-based obser-

vations of belugas in Ungava Bay, summer
1992. Report prepared bv Makivik Corp.,
C.P. 179. Kuujjuaq. RQ. JOM ICO Canada.
7 p.

'

Doidge, D.W.. and A. H. Gordon. 1994.

Land-based obsei-vations of beluga at Tuu-

tutuup Nuvunga, southern Ungava Bay.
summer 1993. Report prepared bv Makivik

Corp., C.P 179, Kuujjuaq. RQ. JOM ICO
Canada. 13 p.
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track-line is detected. Commonly, line- N
transect analysis assumes that 1) g{0) 62
is unity and 2) g(x) is never increasing

with X. An associated shape criterion,

which improves the behavior of esti-

mates obtained by line-transect survey

(Burnham et al., 1980; Buckland, 1985),

suggests that the sighting curve should

have a "shoulder" or plateau at small x.

Richards' (1959) sigmoidal growth 61

curve, reversed left-to-right, was chosen

for its flexibility to fit g(x). The ordinate

at the point of inflection was constrained

to be less than 0.9. Because of difficulty

in seeing straight down from a flat-win-

dowed aircraft, no animals could be seen

close to the transect line; therefore, close

to the transect line, an increase in g(x)

was modeled by an increasing sine- func-

tion (Fig. 4). It was assumed that^,,^^,
= 1,

i.e. that all surface-visible beluga whales

situated at the best distance would be

detected. Detection bias would occur if

this assumption was incorrect.

The data were truncated at 6000 ft

(1829 m> from the trackline; beyond
this distance, sightings were few, and

measured sighting angles and counts

of numbers were imprecise. Within this

range, the sighting curve was fitted

by maximum likelihood to the distri-

bution of distances from the trackline

to individual beluga whales, not to the ^g
distribution of sighted groups (Hiby and

Hammond, 1989). A single sighting curve

was fitted, and a single estimate of k

was calculated, and for the survey of

James Bay and eastern Hudson Bay,

all three strata were pooled. It was

integrated numerically to calculate the

effective strip width. 57
The transect counts were expanded to

an estimate of detectable numbers:

M UDSON ST.

59
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Figure 3

Map of Ungava Bay with the survey design for aerial sui-veys in July and

August 199.3.

where T^

B
= the transect spacing (km);

= the total count of beluga whales in the s"' stra-

tum; and
= the survey expansion factor (/km) i.e. the recip-

rocal of the two-sided effective strip width.

X'^.-^B,.!

V, =kT (kT -1)
J.-1

[21

The uncertainty ofN was estimated as the sum of
V,,,,

the component from sampling the spatial distribution of

beluga whales in the stratum; and V^,, that was due to

uncertainty in the estimation of /;. V^j was estimated by

a serial difference method appropriate to systematic sam-

pling (Cochran, 1977):

where B beluga whales were sighted on the/" of J, tran-

sects in stratum s.

V,,,, the component of sampling error due to uncertainty

in the estimation of the effective strip width, was esti-

mated by
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v., = var(^)(r B )'. [31

The sighting curve was fitted to nonindepen-

dent individuals instead of to independently

sighted groups, so the standard error ofk was

estimated by resampling (Hiby and Ham-

mond, 1989). The standard jack-knife method

was used (Efron and Tibshirani, 1993), and

sightings, presumed independent, were taken

as observational units. Maximum-likelihood

estimates are not necessarily unbiased in

small samples but may be subject to sample-

size bias. The effective number of sightings,''

57.7, was less than the recommended mini-

mum (Buckland et al., 1993); therefore sam-

ple-size bias in the estimate of the survey

expansion factor was reduced by using the

standard jack-knife bias reduction (Efron and

Tibshirani, 1993; Buckland et al., 1993; King-

sley and Reeves, 1998).

Sightings made on stratum-boundary tran-

sects where transect spacing changed were

given half weight in each stratum.

Few sightings were made on the transect

sample survey in Ungava Bay, and none with-

in the designed survey strip. The sightings

made outside the transect strip were con-

verted to a population estimate by assuming
an effective strip width based on statistics

from other line-transect surveys that had
used similar platforms. No standard error

was calculated, but an upper confidence limit

on the number of groups was calculated by

assuming independent binomial sighting probabilities and

by answering the question "Given that the sampling frac-

tion was f, how many groups could there be for the chance

of seeing none or one to be less than p%?"

Results

The survey in James Bay was flown quickly in good
conditions from 12 August through 14 August. Winds
were light and, apart from occasional fog patches, survey
conditions were good. The southern part of eastern Hudson

Bay was flown on 15-17 August with light winds and

good visibility. Aircraft problems imposed a delay from 18

through 20 August, and on 21 and 24 August there were

strong winds. Richmond Gulf was surveyed on 16 August
(Fig. 2).

The field of view was limited by the flat windows of

the aircraft. No observations were recorded closer than a

viewing angle of 65° from the horizontal (at a flying height
of 1500 feet. 213 m from the line), and few closer than 55°

(320 m) (Fig. 4). Sighting distances were grouped, because

the observers tended to round sighting angles. The last-

1.0
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Table T

Sizes of beluga whale groups sighted on transect survey flights in James Bay, eastern Hudson Bay, and Ungava Bay, during the

summer of 1993. CHM = contraharmonic mean, i.e. the size of the group containing the average beluga.
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Table 2

Estimates of numbers of beluga whales by stratum and overall, in James Bay, eastern Hudson Bay, and Ungava Bay, during August

1993.

Stratum

Count of No. of Transect Vj^ V/
beluga transects spacing (km) N^.J (lO^) dO-'') SE

James Bay (including southern Hudson Bay arc)

Central Hudson Bay arc: closely spaced transects

Northern Hudson Bay arc: widely spaced transects

Central and northern Hudson Bay total

Ungava Bay (July survey)

Ungava Bay (August survey)

295
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1020 m on each side and survey expansion factors

of 6.8 for the first survey and 9 for the second.

Resulting estimates would be 6.8 and 9 groups (38

and 50 whales), with approximate 90% upper CLs

of 25.0 and 33.8 (119 and 157 whales, if mean group
size was 5.6). These estimates and confidence limits

were imprecise and did not account for the uncer-

tainty of mean group size or for the known lower

bound on numbers.

The large tidal range in southern Ungava Bay
creates extensive foreshore flats, and few beluga
whales were sighted from the observation points on

land. In 1992, 160 scans made over 35 days between

5 Aug. and 30 Sept. showed a total of 24 individu-

als. In 1993, 145 scans over 29 days in June and

July resulted in four sightings totaling 8 individu-

als; 68 scans over 15 days in August and September
resulted in three observations totaling 30 individu-

als. The largest count in any sighting was 17.

Discussion

N
58

57

55

Northbound sieluines

Southbound sightings

^'si 77-20

70-1001

75-901

1-",

W^~  2

these two sightings were
-

hkely the same large group,

seen on both passes

79 78 77 76 75 W
The 1993 estimate of surface-visible beluga whales

in James Bay, about 3140, was 2.6 times that of the

previous survey (Smith and Hammill, 1986). In that

sui^vey, flown in early August, ice cover was still

present in northwestern James Bay; most groups
were composed of fewer than 5 animals and they were dis-

tributed in the southern part of James Bay (Smith and

Hammill, 1986, Fig. 1). In the present survey, there was
no ice and there were many observations of larger groups.
The highest densities were north of Akimiski Island and

up the western side of James Bay, where many groups
were found in shallow turbid water close to shore (Fig. 5A).

The beluga whales may have been distributed differently

in the two surveys because of the ice that still remained at

sui-vey time in 1985.

It is difficult to ascertain the origin of this population.

Significant numbers of beluga whales were once reported

wintering in James Bay (Jonkel. 1969) prompting the

suggestion that a large part of that population might be

resident (Sergeant, 1986). However, a resident population
could not increase fast enough to account for the difference

between the 1985 estimate and the present one ( Eberhardt
and Siniff 1977; Sergeant, 1981; Kingsley, 1989; Doidge,
1990). In 1985 there was significant ice cover in northwest

James Bay, and beluga whales moving into James Bay
from southwestern Hudson Bay may have been delayed by
the ice in 1985, and not in 1993. However, Richard ( 1993)

suggested that the principal southward spring migration
route for James Bay beluga whales may be down the

east coast of Hudson Bay, in which case ice in northwest
James Bay would not have been a barrier. Alternatively,

the populations in western and southwestern Hudson

Bay (Richard et al., 1990; Richard, 1993) may have been

colonizing James Bay. A small fraction of the estimated

23,000 beluga whales of the western Hudson Bay stock

would have had a large effect on survey counts if they had
been present in James Bay.

Figure 6

Sightings of beluga whales on coastal aerial survey of eastern

Hudson Bay. 21 August 1993.

The estimated density of beluga whales in eastern

Hudson Bay was slightly greater than the 1985 tran-

sect-survey estimate (Smith and Hammill, 1986 Table

1). However, for the latter survey, strip transects (with

a total width of 2000 m) were used. This distance prob-

ably exceeds the range at which beluga whales can be

effectively counted in a survey in the Beaufort Sea. With
the same platform, target species, and type of aircraft

window, Harwood et al. (1996) estimated an effective

strip width of about 1300 m. The 1985 strip-transect

estimate may have been biased downward in relation to

the present sur-vey In 1985, 200 beluga whales were

counted; in 1993, 150 whales were counted on the same
transects.

Few beluga whales were seen on the coastal survey of

eastern Hudson Bay in 1993. There were no large con-

centrations in the mouths of rivers, but scattered small

groups and probably only one large group. The total was
less than 150 individuals. The land-based observations in

1993 also did not record large groups in the estuaries.

Therefore, the transect sample survey estimate probably
did not have large errors due to inefficient sampling of

large estuarine concentrations. In 1985, a total of 481

whales were counted on the eastern Hudson Bay coastal

survey, including concentrations in Richmond Gulf and

in the estuaries of both the Little Whale and Nastapoca
rivers (Smith and Hammill 1986), and land-based obser-

vations in 1984 counted as many as 200 individuals in the

Nastapoca estuary (on 24 August: Caron and Smith, 1990)

compared with the 1993 maximum of 53.

Transect sample sun'ey and nearshore total-count indi-

ces apparently corroborate the finding that numbers in
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Table 4

Distribution of beluga whale observations and estimated numbers of beluga whales in eastern Hudson Bay between the Nunavik

area, the Nunavut Settlement Area, and the Equal Use and Occupancy Area.

Observations (%) Mean number per observation Estimated numbers CA )

Nunavik area

Nunavut Settlement Area

Equal Use and Occupancy Area

23(361

25 (39)

16(25)

4.2

1.4

1.2

774(71)

211(19)

111(10)

eastern Hudson Bay were not larger in 1993 than they

had been in 1984-5, but instead were very likely lower.

Sightings of beluga whales in eastern Hudson Bay
showed that they were widely distributed in the shallow

water between the mainland coast and the Belcher Islands

(Fig. 4). Thirty-six percent of sightings were outside the

areas defined by the Nunavut Agreement (Table 4). but

these were on average the larger gi'oups, and represented

71*^ of the total numbers. Beluga whales were distributed

also around the Belcher Islands, particularly to the north,

and as far west as the survey extended. There was no

evidence of a discontinuity in the east-west distribution.

The sui-vey results were consistent with the hypothesis of

a single continuous population distributed from the coast

out to the survey limit. However, it is not known for sure

whether all the beluga whales in the study area were

among those that frequent the estuaries on the eastern

Hudson Bay mainland coast, nor whether they would be

available to hunters there. It remains possible that the

beluga whales using those estuaries are only a fraction of

the total numbers counted in the survey area. The question

of single or multiple summering stocks in eastern Hudson

Bay is important in designing strategies for managing

exploitation by residents ofthe communities on the Belcher

Islands and on the eastern Hudson Bay coast; aerial sui-vey

results alone can not provide conclusive answers.

The north-south extent of the sightings in eastern

Hudson Bay was hmited, as in 1985; no beluga whales

were seen on the northernmost transects, and there was

no continuous distribution extending into areas farther

north. There are no large estuaries to attract summering

beluga whales to the eastern Hudson Bay coast north of

the Nastapoca River, and there are no reports, even anec-

dotal, of beluga whales spending the summer in those

areas. Thus it is unlikely that significant additional num-

bers would have been detected if this survey had extended

farther north.

The estimate of numbers in Ungava Bay was uncertain.

In James Bay. beluga whale groups were widely distributed.

In Hudson Bay, densities were lower, but sightings were

frequent and widely distributed. In Ungava Bay very few

beluga whales were seen, indicating a very low density.

Population estimates from the transect sui-veys, based on

or 1 sighting per survey, are imprecise, but small, of the

same order as the highest daily total counts on survey

and reconnaissance flights combined, and consistent with

the maximum of about 25 beluga whales in the Muealic

River estuary in summer estimated by Finley et al. ( 1982).

The present survey could have resighted the same small

group of about that size, or subgroups of it, on different

flights. The largest sighting from land was 17 individuals,

on 24 August 1993. Smith and Hammill (1986) sui-veyed

Ungava Bay in 1985, and saw few beluga whales; they

were unable to make a population estimate.

Most sightings were made in and near the Whale River

estuary, but a few, small, scattered groups were also

sighted elsewhere in Ungava Bay (Table 3). Residents of

the area see beluga whales in summer, but not in large

numbers and not all the time (Brooke^; Brooke^; PortnofP).

Ungava Bay communities capture beluga whales in most

years, but often outside the bay and outside the season

when they inhabit their summer grounds. Neither survey

results nor harvest statistics provided a basis for consider-

ing a trend in summering stock size.

Estimates from line-transect survey analysis were

conditional on the use of the Richards curve as a sighting

cui-ve. Both the hazard-rate curve and the normal curve

fitted the data worse. Maximum detection was not obtained

until 470 m from the aircraft, owing to its having flat

windows. Similar visibility restrictions have been estimated

in other surveys. In a line-transect aerial survey of nar-

whals in Scoresby Sund, in which the survey plane had flat

windows, there were poor sighting rates out to a sighting

angle of about 40° from the vertical (Larsen et al., 1994)

and in an aerial survey of cetaceans in the Gulf of St Law-

rence, in which the survey aircraft had shallow bubble

windows, maximum detection was not achieved until 35°

from the vertical (Kingsley and Reeves 1998). The loss of

visibility close to the aircraft militates in favour of lower

flying heights if surveys must be carried out in flat-win-

dowed aircraft and raises concerns about detection, if the

^ Brooke. L. F. No date. A report on the 1994 Nunavik beluga
and walrus subsistence har\-est study. Unpublished report pre-

pared for the Department of Fisheries and Oceans. 104. rue

Dalhousie. Quebec P.Q. GIK 4B8. Canada, 29 p.

' Brooke. L. F No date. A report on the 1995 Nunavik beluga
and walrus subsistence hai"V'est study. Unpublished report pre-

pared for the Department of Fisheries and Oceans. 104. rue Dal-

housie, Quebec P.Q, GIK 4B8, Canada, 29 p.

**

Portnoff.M. 1994. The 1993 Nunavik beluga whale and walrus

subsistence harvest study. Report prepared for the Department
of Fisheries and Oceans, 104. rue Dalhousie, Quebec P.Q. GIK
4B8. Canada by Nunavik Graphics, Montreal, 61 p.
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maximum visibility is not reached until so far away from

the aircraft. The present results have not been corrected

for detection bias, but Harwood et al. (1996) estimated,

from paired-observer data, that it would be appropriate to

add about 40% to correct for detection bias at the peak of

the sighting curve even when using bubble windows.

The sightings curve fitted to the present data set has

a shoulder at 670 m, and the width of the maximum-visi-

bility strip, a critical determinant of the precision of the

survey, was small. Larsen at al. (1994, Fig. 2) noted a

marked drop in visibility of narwhal from the air beyond
823 m. In other studies, visibility of beluga whales dropped
off beyond about 600 m from the aircraft (Norton and Har-

wood 1985). and by 600 m visibility of small cetaceans was

less than 40% of maximum (Kingsley and Reeves 1998);

both these surveys were flown lower than the 457 m of the

present survey.

Estimates were not been corrected for diving beluga

whales, but instead were conservative estimates ofsurface-

visible beluga whales. Corrections to counts of beluga
whales for diving have been estimated from visual records

of their appearance and disappearance (Brodie, 1971; Ser-

geant, 1973; Fraker. 1980; Gauthier, 1999), by recording
surface signals from attached VHF radio transmitters

(Frost et al., 1985), and by studying diving behavior with

attached pressure recorders (Martin and Smith, 1992;

Richard et al., 1997; Heide-Jargensen et al.. 1998; Kings-

ley, unpubl. data). Early studies (Brodie, 1971; Sergeant,
1973) were restricted to nearshore areas. Correction esti-

mates have ranged from adding 40% (Brodie, 1971) to

adding 2009( (Sergeant, 1973). A correction for eastern

Hudson Bay, deduced from satellite-tag data on five beluga
whales tagged in 1993, was about 80%, but there was
a wide margin of uncertainty. This value was similar to

values estimated for beluga whales summering in other

waters of the Canadian Arctic (Martin and Smith, 1992;

Richard et al., 1997; Heide-Jorgensen et al, 1998).

Large sampling variability is common in beluga whale

surveys, the species being gregarious. Most of the error

variance for individual strata in the line-transect sui-vey

was due to uncertainty in encounter rate, especially in the

northern Hudson Bay stratum, where a few large groups
were seen on a few transects. Overall, the error coefficient

ofvariation was 23%, of which about 2/3 was due to uncer-

tainty in encounter rate. The jack-knife bias reduction

(Efron, 1982) reduced the estimate of the sui-vey expan-
sion factor by only V/i , from 0.583 /nmi to 0.575 /nmi.
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Abstract—Age and growth of two spe-

cies of cutlassfishes, Trichiurus spp.

(Trichiuridae), from the South China

Sea were examined. Between December

1996 and November 1997, 1495 speci-

mens were collected from coastal waters

near Hong Kong. Two species, Trichi-

urus lepturus and T. nanhaiensis. were

harvested and ages of specimens were

estimated by using transverse sections

of the sagittal otoliths. Opaque growth

rings were verified to have formed

annually during February. Lee's phe-

nomenon was not observed for either

species, although T. lepturus tended to

display reverse Lee's phenomenon. Oto-

hth weight was linearly related to age,

and accounted for about 72% and 76'7f

of the variation in age it) for T. lepturus

and T. nanhaiensis, respectively, com-

parable to the von Bertalanffy growth

models in preanal length (PL). For older

fish, otolith weight provided a more pre-

cise estimate ofage than preanal length.

Preanal length and age were fitted to

the von Bertalanffy growth model by

nonlinear regression, resulting in

PL (mm) = 58911 -el-^'^S"* 2682111

{T. lepturus);

PL (mm) = 602(1 -el-o 20'''*
2.')44)i|

(T. nanhaiensis).

Growth in length of the two species

was significantly different (ANCOVA,
F., ,.,,,= 169.69, P<0.001).
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The cutlassfish, TYichiurus lepturus

Linnaeus 1758, occurs throughout trop-

ical and temperate waters of the world,

between latitude 60°N and 45°S ( Froese

and Pauly, 1997). World harvests are

approximately 750,000 tonnes annually

and China lands about 9,0% (600,000

tonnes) (Claus, 1995). In terms of

weight, cutlassfish is the most impor-

tant commercial marine fish species in

China (Luc, 1991) and has accounted

for about \Q% to 20'7f of the total marine

fish catch. It is caught in all Chinese

seas, the Bo Hai, the Yellow Sea, the

East China Sea, and the South China

Sea (Jiang et al., 1991), and about

IS'/f of the catch comes from the South

China Sea (Fig. 1) (Liu, 1996). Cutlass-

fish is used as food fish and is caught

mainly by bottom trawling (Luo, 1991)

and in lower amounts by longline, hand

line, gill net, drift net and purse seine

(Chen and Liu, 1982).

Age and growth studies and their

derived growth parameters are indis-

pensable in determining stock dynam-
ics (Brouard et al., 1984). Numerous

age and growth studies of T. lepturus

have been conducted over the past

few decades (Table 1); however, most

research has focused on northern pop-

ulations in the East China Sea, the

Yellow Sea, and the Bo Hai. Similar

work on populations in the South China

Sea has not been available.

Three species of trichiurids occur in

the South China Sea, T. lepturus, T.

nanhaiensis (Wang and Xu, 1992, in

Wang et al., 1992), and T. brevis (Wang
and You, 1992, in Wang et al., 1992),

whereas only one species, T. lepturus,

occurs in the waters of China farther

north (Wang et al.. 1992, 1993, 1994).

Populations of T. lepturus in the Bo

Hai, the Yellow Sea, and the East

China Sea suffer from overfishing (Lin,

1985; Du et al., 1988; Ma and Xu, 1989;

Luo, 1991; Ye and Rosenberg, 1991; Xu
et al., 1994). It is harvested only in the

Bo Hai and the Yellow Sea as bycatch
in other fisheries (Lin, 1985). The con-

dition of trichiurid stocks in the South

China Sea remains unclear.

Numerous methods have been used

to age trichiurids. The length-frequency

method has proven useful in India ( Nar-

asimham, 1976; Chakraborty, 1990)

and the Philippines (Ingles and Pauly,

1984). Yet, hard parts such as whole or

sectioned otoliths and vertebral centra

are most frequently used to age cutlass-

fish ( Table 1 ). Measuring otolith weight
or otolith size may be a cost-effective

method for aging some fishes (Barbieri

et al., 1994; Ferreira and Russ, 1994;

Worthington et al., 1995). Although
sectioned otoliths are reliable for aging

fish, the method is time consuming and

expensive (Beckman et al., 1991).

The aims of our study were 1) to

validate age estimates by using trans-

verse sections of sagittal otoliths; 2) to

verify Lee's phenomenon; 3) to evalu-

ate the potential of using otolith size

and weight to estimate age; 4) to fit the

age-length data to the von Bertalanffy

growth model; and 5) to provide age-

growth information for management of

cutlassfish resources from the South

China Sea.

Materials and methods

Between December 1996 and November

1997, 960 specimens (preanal length

IPLI range: 138-468 mm; PL=the tip of

the lower jaw with the mouth closed

to the middle of anus) of T. lepturus,

and 535 specimens (PL range:253-551
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ventral

mm) of T! nanhaiensis were obtained from commercial

catches in the coastal waters of Hong Kong. Commer-

cial gears included longlines, purse seines and bottom

trawls. Fresh specimens were placed on ice, trans-

ported to the laboratory, and identified by using the

diagnostic key ofWang et al. ( 1992. 1993): if the frontal

bone split laterally, specimens were identified as T. lep-

turus. otherwise T. nanhaiensis. Preanal lengths were

measured to the nearest mm. Specimens were blotted

dry and weighed (whole and gutted) to the nearest

0.01 g. To estimate the relationship between PL and

gutted weight (W), the variables were log-transformed
to meet the assumptions of normality and homoge-
neous variance. A linear version of the power function:

W (g) = a PL'' (mm) was fitted to the data.

Distinct growth rings on whole otoliths and verte-

bral centra were ill-defined. Transverse sections of

sagittal otolith yielded "readable" growth rings; the

latter were chosen as aging tools. Left and right sag-

ittae were weighed independently to the nearest 0.01

mg after being oven dried at 40°C for

30 min. Otolith length (OL) was mea-

sured to the nearest 0.05 mm with cali-

pers. Sagittal otoliths were embedded in

resin and sectioned transversely through
the nucleus with a low-speed saw. Up to

five sections, 0.3 to 0.5 mm thick, were

made from each otolith to ensure that at

least one passed through the center of

the nucleus. Sections were then ground
with 1000- and 1200-grit sand paper,

mounted on glass slides with clear fin-

gernail polish, and examined with a com-

pound microscope at 40x magnification
with transmitted light. The relative age
in years was determined by counting the

number of opaque growth rings on the

dorsal side of the sectioned otoliths (Fig.

2). Thirty-five pairs of sectioned otoliths

of both species were processed. No dif-

ferences in the number of growth rings

were found in left and right sections of

each pair. Thereafter, the right sagitta

was used for age determination.

Otoliths were read twice (one month

apart) in a random order, with no knowl-

edge of fish length or species. Precision was measured by
the percentage of agreement between readings (Lowerre-

Barbieri et al., 1994). Deviations were counted a third

time. Only counts with at least two agreements were used

in subsequent analyses. Marginal increment method was
used to validate the reading of annuli. Otolith radius (OR),

otolith annular radius (OAR), and marginal increment

(MI) (Fig. 2) were measured with an ocular micrometer to

the nearest 0.025 mm.
The tendency for older fish to reflect smaller back-cal-

culated length at earlier ages than measured length is

known as Lee's phenomenon (Smith, 1983), and is related

to size-selective mortality (Boehlert et al., 1989). To eval-

uate this phenomenon, the mean otolith annular radius
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?=-0.097, df=917, P>0.90; T. nanhaiensis: f=-0.762, df=518,

P>0.44) and length (T. leptiirus: t=-0.47l, df=916, P>0.45;

T. nanhaiensis: <=-0.689, df=523,P>0.49). Therefore, aver-

age otolith length and weight were used in the analyses.

For all the linear regressions mentioned above, analysis

of covariance (ANCOVA) was used to compare regressions

between sexes and species.

We assigned 1 May and 1 June as the birth dates for

T. Ieptu7-us and T. nanhaiensis, respectively (Kwok and

Ni, 1999). Relative ages derived from aging were then con-

verted to absolute ages. Von Bertalanffy growth curves

were fitted by nonlinear regression on age and preanal

length data (SPSS vers. 7.5). The von Bertalanffy growth

equation for length is

where PL^
k

PL, = PL Jl- el-*"- 'o'l),

the asymptotic length;

growth coefficient; and

Iq
= the hypothetical age at zero length.

Plots ofresiduals from regression models were used to check

the assumption of normality. ANCOVA was used to com-

pare log-transformed age-at-length regressions between

sexes and species.

Results

The preanal length (mm) and gutted weight (g) regres-

sion models were significantly different between sexes

(ANCOVA: T. leptiirus: F.-,g.y,=A.m.P<Om\ T. nanhaiensis:

P., 530=3.34, P<0.05) and'species (ANCOVA: F.,.^^^^=83.76,
P<0.001). The regression models were

T. leptiirus

males:

W= 1.513 X 10-*PL2'"i (H=212, r2=0.9777,P<0.001);

females:

W = 1.748 X 10-» PL- 5-»9 (w=724, ?-2=0.9761, P<0.001 );

sexes combined:

W= 1.624 X lO-iPL-sei (,,=936, ,-2=0.9771, P<0.001);

T. nanhaiensis

males:

W = 3.363 X 10-"^ PL2«-i6 („=282, r2=0.8506, P<0.001);
females:

W = 6.553 X 10-'^PL-^29 (,,=252, r2=0.9299.P<0.001);
sexes combined:

W = 5.672 X 10-5 p/^2 755
(,,=534^ ,.2 =0.8968, P<0.001 ).

Sectioned sagittae ofboth species had an opaque nucleus

located above the sulcal groove toward the dorsum. The
nucleus was surrounded by a pattern of alternating wide,
translucent zones and thin, opaque zones; the latter were
considered annuli (Fig. 3). Annuli were distinct on the

dorsum of the sections but were usually indecipherable
on the ventral side. A total of 757 and 534 otoliths were
embedded in resin and sectioned for T. lepturus and T.

nanhaiensis. respectively. Of these, 33 (4.3%) and 9 ( 1.7%)

were unreadable, and the percentage agreement between
the two readings for each species was 95.4% and 92.7%,

respectively.

The least marginal increment values (Fig. 4) occurred in

February for both species, suggesting that one growth ring

(annulus) formed each year. Only specimens age 1-4 were
included in the analyses because older fish were rare in

our collections. The mean otolith annular radius (MOAR)
of the first annulus (ANOVA: F^ ^^.,=3.046, P<0.05) and
third annulus (ANOVA: P3go=4.024, P<0.05) of T. lepturus
were significantly different among different age groups

(Fig. 5); MOARs increased slightly with older age groups.

However, no particular trend was found with regard to the

MOARs of T. nanhaiensis (Fig. 5). Lee's phenomenon was
not evident for either species, although reverse Lee's phe-
nomenon was possible for T. lepturus.

Otolith weight accounted for 68.7% and 68.9% (Table 2)

of the variability in age for T. lepturus and T. nanhaien-

sis, respectively. A negligible amount of the remaining

variability was explained by considering otolith length
in addition to otolith weight. The otolith weight-age

regression was improved by fitting the untreated vari-

ables (otolith weight and age) with simple linear regres-
sion models:

T. lepturus:

OW = 6 3533 -I- 5.2913Age {n=718, ,-2=0.7168, P<0.001);
T. nanhaiensis:

OW = 6.3921 -I- 3.6850Age (;!=515, ,2=0.7561, P<0.001).

These regi-ession results suggest a linear relationship
between otolith weight and age (Fig. 6). The regression
models were significantly different between the two spe-

cies (ANCOVA: P2.i229=224.17, P<0.001). Normal prob-

ability and residual plots showed that the regressions

complied with the assumptions of normality and homoge-
neous variance.

Von Bertalanffy growth equations for both species were

T. lepturus

males:

PL = 755.2 (1 -e l-o.ii6(/ +
2.73711) (,, = 146, ,-2=0.684,

P<0.001);
females:

PL = 601.4 (1-e l-0-i58(( +
2.85011) (,z=578, ,-2=0.765,

P<0.001);

sexes combined:

PL = 589.1 II - e 1-0 168 r/ *
2.682.I) (,,=724, ,-2=0.749,

P<0.001);
T. nanhaiensis

males:

PL = 501.7 II -e 1-0306"*
167311) (,,=281, r2=0.682,

P<0.001);

females:

PL = 612.6 II - e 1-0 220 1 ( *
1.79211) (,,=244, ,-2=0.726,

P<0.001);

sexes combined:

PL = 602.1 II -e I-0 207W +
2.0441I) (,1=525, ,-2=0.699,

P<0.001).
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Figure 3

Sectioned sagittal otoliths of cutlassfishes, Tncluurus spp. in transmitted light. (A-D) T leptunis.
(E-H) T. nanhaiensis.A: age: 0+, PL = 237 mm; B: age: 1+, PL = 296 mm; C: age: 2+. PL = 361 mm;
D: age: 3+. PL = 384 mm; E: age: 1 + , PL = 299 mm; F: age: 2+, PL = 340 mm; G: age: 3+, PL =

404 mm; H: age: 4+, PL = 421 mm. Magnification = 30x, Ar = artifact, arrow indicates growth ring,

scale bar = 1 mm.

Von Bertalanffy growth curves for sexes conil)ined are

depicted in Figure 7. No systematic trend was found in

the residual plots for all regressions. The
<„,,,^ (age at

95% of asymptotic length) of T. lepturus and T. nan-

haicnsis were L^.l and 12.4 years, respectively. The IV

(asymptotic weight: estimated by substituting PL^ to

the preanal length-weight equations) of T. leptunis and
T. rumhaienais were 2025 g and 2585 g, respectively.

Log-transformed age-at-length regressions were signifi-

cantly different between sexes (ANCOVA: T. lepturus:
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Figure 5

Tilt' relation.ship between mean otolith annular radius (MOAR) and age gi'oup for

TrichiuruN tepturus (top panel) and T. nonhaiensis (bottom panel). Vertical bai-s are

1 SE. numbers in parentheses are sample sizes.

F2 720=4-39, P<0. 05; T. nanhcnensis: Fg .,.,1=23.78, P<0. 001.)

and species (ANCOVA: F.^ ,,,^.,= 169.69,'P<0.001).

Discussion

Our aging study of cutlassfishes from the South China Sea

was successful in that we 1 ) found distinct growth rings

on sectional sagittal otolith, 2) had excellent precision in

independent ring counts, and 3) used marginal increment

analyses to validate our aging method. In general, cutlass-

fishes from the northern seas of China (Misu, 1958, 1964;

Hamada, 1971; Sakamoto, 1976; Hong. 1980; Wu et al..

1985a; Du et al., 1988; Hanabuchi, 1989; El-Haweet and

Ozawa, 1996) and the South China Sea (our study) deposit

annuli in late winter or early spring, suggesting that ring

formation likely occurs in response to reduced water tem-

peratures and is not correlated with peak spawning as

indicated in Chen and Lee (1982). Summer is the peak

spawning period of 7^ Icpturus and T. nonhaiensis in the

South China Sea (Kwok and Ni, 1999).

El-Haweet and Ozawa (1996) questioned whether Lee's

phenomenon existed in a trichiurid population from Japan,

having f()und no indication of Lee's or reverse Lee's phenom-
enon. We found that T. lepturus may exliibit reverse Lee's

phenomenon, which suggests that T. lepturus are not over-

fished in the South China Sea or that fishing mortality is

not size-selective, or that both situations may apply. Alterna-

tively, fast growing individuals in the T. lepturus population

may have greater chances of sun'ival and attain older ages.
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Abstract—When monitoring endan-

gered species, natural resource manag-
ers require a recovery benchmark and a

statistical procedure to test whether the

benchmark has been met. We applied

statistical power analysis to devise such

a procedure for the endangered Sac-

ramento River winter chinook salmon

(.Oncorhyrichus tshauytscha). Winter

chinook salmon management currently

focuses on population growth rate, and

our procedure used a Students ?-test to

evaluate whether the average popula-

tion gi-owth rate is significantly lower

than the management goal of 0.57 per

generation. In the test, the null hypoth-

esis was that the growth rate was not

lower than the desired rate. In contrast

to the usual hypothesis-testing frame-

work, our procedure did not control for

the type-I error rate. Instead, it con-

trolled for the statistical power (the

complement of the type-II en-or rate)

and uses the resulting type-I error rate,

computed from the sample size and

other information, for the test. This pro-

cedure is conservative for winter chi-

nook salmon in that, if all assumptions

are met, it provides the specified level

of assurance of detecting dangerously

low population growth rates.

Monitoring protocol for Sacramento River winter

chinook salmon, Oncorhynchus tshawytscha:

application of statistical power analysis to

recovery of an endangered species*

Steven T. Lindley

Michael S. Mohr

Michael H. Prager

Santa Cruz/Tiburon Laboratory

Southwest Fisheries Science Center

National Marine Fisheries Service, NOAA
3150 Paradise Drive

Tiburon, California 94920

E mail address (for S T Lindley) Steve Lindleyiginoaa gov

Manuscript accepted 14 March 2000.

Fish. Bull. 98:759-766 (2000).

The Sacramento River winter chinook

salmon is listed as an endangered spe-

cies under the U.S. Endangered Spe-

cies Act (ESA). The historical spawning

grounds of the winter chinook salmon

were in upper tributaries of the Sacra-

mento River, including the Upper Sacra-

mento, Pit, and McCloud Rivers ( Fig. 1 ).

The completion of Shasta and Keswick

Dams in the 1940s blocked access to

these spawning grounds, although pop-

ulations had already declined from his-

toric levels owing to habitat destruction

in the upper tributaries (Fisher, 1994).

Quantitative winter chinook salmon

population size estimates began in 1967

when the Red Bluff Diversion Dam
(RBDD), a flashboard dam with three

fish ladders, was completed. Since the

completion of RBDD. winter chinook

salmon spawning runs have declined

from over 100,000 adults to a few hun-

dred adults in the 1980s (Fig. 2; Wil-

liams and Williams, 1991).

The winter chinook salmon popula-

tion remains extremely depleted. The

California Fish and Game Commission

listed the population as a "candidate"

species under California's Endangered

Species Act in 1988 and declared it

endangered under that Act in 1989.

The National Marine Fisheries Service

(NMFS) declared the species "threat-

ened" under the federal ESA in the same

year, and it was declared "endangered" in

1994. NMFS has taken numerous regu-

latory actions under the ESA to improve
winter chinook salmon survival, includ-

ing changes in the regulations govern-

ing California's ocean salmon fisheries.^

In 1997, NMFS required that future

ocean fishery harvest regulations be

designed to achieve at least a 31%
increase in the winter chinook salmon

average cohort replacement rate over

that observed in 1989-93.2 Because

winter chinook salmon females spawn

predominantly at age 3 (Fisher, 1994),

the cohort replacement rate in year i is,

for simplicity, defined as
/?,

= NJNj_^,
where

A^,
is the number of adult spawn-

ers passing RBDD in year i. For statisti-

cal modeling purposes, it is convenient

to express this cohort replacement rate

on the log scale, r,
=

log(7J,),
and refer

* Contribution 103 of the Santa Cruz/Tib-

uron laboratory. Southwest Fisheries Sci-

ence Center, National Marine Fisheries

Service, NOAA, 3150 Paradise Drive, Tibu-

ron, CA 94920.

' Pacific Fishery Management Council. 1998.

Review of 1997 ocean salmon fisheries.

(Available from Pacific Fishery Manage-
ment Council, 2130 SW Fifth Avenue, Suite

224, Portland, OR 97201.]
- NMFS, 1996. Endangered Species Act-Sec-

tion 7; Consultation. Biological opinion.

The fishery management plan for commer-
cial and recreational salmon fisheries off

the coasts ofWashington, Oregon, and Cal-

ifornia of the Pacific Fishery Management
Council. National Marine Fisheries Ser-

vice, Northwest and Southwest Regional

Fishery Management Divisions. NMFS,
1997. Reinitiated Section 7: Consultation

on the fishery management plan for com-

mercial and recreational salmon fisheries

off the coasts of Washington, Oregon, and

California as it affects the Sacramento
River winter chinook salmon. National

Marine Fisheries Service, Northwest and

Southwest Regional Fishery Management
Divisions.
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to r simply as the "growth rate" of the cohort returning

in year i. Denoting the underlying mean growth rate by p.

the goal of at least a 31% increase in the average cohort

replacement rate over the observed mean of 1.35 for the

1989-1993 period is equivalent to a goal, on the log scale,

ofPgoai
^ log(l-35 X 1.31) = 0.57.

A natural recovery benchmark then is to compare the

observed sample mean gi-owth rate r in future years to

p ,. If recovery efforts have the desired effect, and if no

increased mortality occurs from other causes, recovery will

proceed as desired and r will likely exceed Pgoai- However, if

r < p ^1 , recovery may not be proceeding as desired and fur-

ther conservation measures may need to be implemented.
This possibility raises the question ofhow one should evalu-

ate whether an observed r
<Pg„,i

warrants concern.

In our paper, we propose using a one-sample, one-sided

/-test to evaluate the statistical significance of a differ-

ence between the observed mean gi'owth rate and the

target rate. We depart from the usual procedure (Lehm-

ann, 1986), however, by conditioning the test on a specific

level of statistical power, rather than on a fixed type-I

error rate, in order to provide an adequate detection prob-

ability for dangerously low population gi'owth rates. Appli-

cation of the test requires choosing a particular power
level and specifying what constitutes a "dangerously" low

population growth rate. Together, these quantities deter-

mine the sensitivity of the test for detecting population

growth rates below the target, and the likelihood of false

positives, i.e. concluding that population growth rate is

below the target when it in fact is not. The level of danger

posed by a certain growth rate is evaluated by using a

population viability model.

Figure 1

Map of Northern California depicting the Sacramento

River, its upper tributaries, and mainstem dams.

Hypothesis testing and statistical power

Evaluating whether or not winter chinook salmon are

meeting the recovery goal requires a statistical test

because of the variability inherent in r. We propose that

a one-sided /-test be used to decide whether an observed

mean population growth rate falls significantly short of

the goal
—in which case further regulatory action may

be necessary. The null hypothesis of the test is that the

underlying mean growth rate p (estimated by r ) is greater
than or equal to

p,„„,,,
and the alternative hypothesis is

that p is less than
p^„„,.

That is,

^O: P ^
P^oal

ff.V P <
Pf^oal

with, in this case,
p^,,,,,,

= 0.57. Given a set of;; > 1 obsei-ved

r,
values

{r,, r,,,... ,/„), with mean r and standard devia-

tion s, the test statistic is

P -
P,.^

a I yjn

(1)

Assuming that the
|r,)

are independent and identically

distributed normal random variables, / has a central /-dis-

tribution with n - 1 degrees of freedom if p =
p,,,^,, , and a

noncentral /-distribution if p ^^
p^,,,^,,

(Lehmann, 1986). The
/test rejects //„ in favor of //

^
when / is less than some

critical value
/^. specified a priori by the investigator.

A /-test has four possible outcomes, two of which result

in correct inference: the test can accept H„ when it is true,

and it can reject //,, when it is false. The test could also

reject H„ when it is in fact true—a "type-I" error, or it could

fail to reject //q when it is false—a "type-II" error. The

expected rates of type-I and type-II errors are convention-

ally denoted as a and /3, respectively. The probability of

correctly rejecting //,, is known as the power n of the test,

and K = I -
p.

The type-I and type-II error rates are determined by the

value of/, selected for the test. A smaller value of/, results

in a lower type-I error rate a and a higher type-II error

rate p. A larger value of
/,

has the opposite effects. In all

cases, the two error rates change in opposite directions

when the value of/, is changed. Thus, for a given data set

of size n, a and /J cannot be simultaneously minimized by

adjusting /,
.

Given the endangered status of winter chinook salmon,
it is clearly necessary to ensure that the statistical test

has enough power to detect dangerously low population

growth rates. To achieve this goal we propose that the

power ;rof the test be held at a fixed level, rather than the
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type-I error rate a. This approach differs from the conven-

tional approach to hypothesis testing in which a is fixed

at, say, 0.05, and the resulting power-level is either toler-

ated, or the sample size n is increased sufficiently to pro-

vide an acceptable level of power Increasing n is not an

option in this instance, because in any given year of appli-

cation the sample size of the
(r^l

data set will be fixed, and

a procedure is required that can be applied in each and

every year. In the context of monitoring winter chinook

salmon, a failure to reject //„ may be used to justify "busi-

ness as usual." By specifying the power n of the test in

advance, resource managers will know that if the mean

growth rate is falling seriously short of the goal, they will

be able to detect this with specified probability n.

Calculation of a given n

In this section, we formulate the relation between n and

a. This relation allows one to determine what values of a

should be used for the test in order to achieve a specified

level of power k.

With the previously stated distributional assumptions,
t has a central ^-distribution if p =

p,,,^/,
with cumulative

distribution function (cdf) T and inverse cdf 7" '. If p ?i

Penal- ' h^^ ^ noncentral ^distribution with cdf T^, inverse

cdf T^ ', and noncentrality parameter

 

Pfi.,<

;/V"
(2)

which is the difference between p and p ,
in standard

error units (Johnson et al., 1994). Given a particular criti-

cal value
t^.,

the associated type-I error rate and power of

the ^test are

a =
Pr{reject//„|//„true}

=
T(t^ ),

n =
Pr{reject//,-,|//„false}

=
T,{t, ),

(3)

(4)

a by definition being the largest value of T^l/^
I under //„,

which occurs at p = p i
where

T]^,,!?,.)
=

T(t^). Solving
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Equation 4 for
t^.

and substituting this into Equation 3

gives

a =
T[T-Hn)]. (5)

Equation 5 indicates the type-I error rate, a, associated

with the test when conducted at specified power-level n.

Note that, n having been specified, a also depends on

the magnitude of the underlying difference p -
p^,„o/,

the

variability a in gi'owth rates, and the sample size n, all

through the noncentrality parameter 8.

Relation between a, n, n, and quasi-extinction

Although Equation 5 gives the value of a corresponding
to a specified power-level n, the formula itself does not

reveal the nature of the relation between a and n, and
how this relation is affected by p and n. We illustrate

these relationships below and consider their consequences
in the context of a proposed test for detecting low growth
rates in the Sacramento River winter chinook salmon

population.
To apply Equation 5, we must specify o, p. and n. We

want to know (with probability n) that winter chinook

salmon growth is not less than
p^^^^i by a critical amount.

Because the ESA is invoked to prevent extinction, we
want to guard against growth rates that could lead to

extinction. We used the winter chinook salmon popu-
lation viability model developed by Botsford and Britt-

nacher (1998) to identify growth rates corresponding to

quasi-extinction probabilities of 0.05. 0.50, and 0.99 over

50 years. Quasi-extinction occurs when a population falls

below some threshold level, in this case 200 adults in

three consecutive cohorts. We initialized the viability
model simulation with winter chinook salmon spawning
escapements from the 1989-93 base period, and set a =

0.552, the observed standard deviation of growth rates

during the base period, assuming that this value will

continue to hold in the future. The mean growth rates

corresponding to the specified quasi-extinction proba-
bilities were found to be about 0.0, -0.14. and -0.40,

respectively. We note that if indeed p = p ,

= 0.57, quasi-
extinction is an extremely unlikely event according to

this model.

For each of the three growth rates, 5 was computed
according to Equation 2, and Equation 5 was then used
to determine the type-I error rate a over a range of spec-
ified power-levels jz and sample sizes n. We calculated

Equation 5 by using the Matlab Statistics Toolbox func-

tion NCTI>A^ (Jones, 1996). (Fortran and S-PLUS subrou-

tines are also available for the noncentral /-distribution

from the Carnegie Mellon University Department of Sta-

tistics' StatLib and Oxford Univei'sity Department of Sta-

tistics' FTP archive, respectively. Alternatively, because
/^^

is distributed as a ratio of independent random variables,
iZ + S)/

^x!, 1
/<« - l),whereZis a standard normal variate

and xj^_y is a chi-square variate with ;? - 1 degrees of free-

dom, a large number ofdraws of
/_.;
could be simulated, and

the 100 X ;r'th percentile could be taken as an approxima-
tion to T, '(;rl in Equation 5.)
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Figure 3

Type-I error rate (a) of the proposed Mest as a function of the power n and the number of

observations n. Power-level is with respect to detecting a mean gi'owth rate of p = (which

is projected to lead to quasi-extinction over 50 years with probability 0.05). The value of the

noncentrality parameter in this case is 5 = -0.57/(0.552/
\A7j.

provide an adequate level of protection for winter chinook

salmon through timely identification of low gi-owth rates,

without incurring too many false positive results.

The suggested protocol, therefore, would be to apply the

i-test annually, with a fixed power-level of SOC-J for detect-

ing a mean population growth rate of p = (which is

projected to lead to quasi-extinction over 50 years with

probability 0.05). The choice of k and p is somewhat arbi-

trary, reflecting the perceived costs of type-I and type-II

errors, and is discussed in a later section of this paper.

The obser\'ed growth rates are defined as
/,

=
log(A^y

N^_jK and the protocol would commence with the / = 1997

and 1998 spawning runs—both runs having benefited

from the 1996 shift in ocean harvest regulations designed
to reduce fishing mortality on winter chinook salmon.'

Each year after 1998, the additional observed growth
rates would be added to the test data set, until five

growth rates are obtained. Beyond the year 2001, the test

would be limited to the most recent five growth rates.

at which point the a-level will stabilize at 0.11. The pro-

tocol's moving five-year data frame will facilitate identi-

fication of shifts in winter chinook salmon survival and

strengthen the basis for the assumption that the
Ir^j

are

identically distributed (discussed below). Survival shifts

might be expected in response to naturally arising or

management-related changes in the freshwater or marine

environment.

To illustrate in concrete terms the proposed monitoring
and analysis protocol, we applied it to the historical time

series of adult returns i = 1970,..., 1996. as if the protocol

had commenced with the / = 1970 and 1971 spawning runs.

The calculations and results of this application are pre-

sented in Table 2. Throughout the historical time series,

r failed to reach the target level of 0.57, and this failure

would have been declared significant in all years except
for 1983-89 and 1996. If the test used a higher k, the

number of failures declared significant would be higher.

For instance, using k = 0.85 results in 21 null hypothesis
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the river for spawning at age 3 or age 4, and although

approximately 90% of a brood's spawning adults do so at

age 3 (Fisher, 1994), this means that there is imperfect

temporal isolation between runs in adjacent years. It is

plausible that an environmental factor occurring in a par-

ticular spawning year could affect the returns in several

future years, creating a lack of independence among obser-

vations. Such autocorrelation would decrease the effective

sample size. Under this scenario, any test based on the

nominal sample size (number of years of data) would have

increased levels of both type-I and type-II errors (Lehm-

ann, 1986). Given the relatively low level of information

available on this population, this consideration is second-

ary and can be evaluated more thoroughly as the data base

increases. The current time series of IrJ values shows no

significant autocorrelation (P>0.05), which suggests that a

lack of independence is most likely not a serious issue.

Choice of S and a

In any hypothesis test, one must specify the type-I and

type-II error rates. The choice of these rates should reflect

the relative costs, as perceived by the investigator, of

making these errors (Toft and Shea, 1983). When these

costs can be specified in advance, and in comparable terms,

one can balance them explicitly through specification of

a and n (Mapstone, 1995). However, in the case of our

proposed winter chinook salmon monitoring protocol, the

cost of making a type-I error is unknown (no specific

actions have yet been associated with a rejection of the

null hypothesis), whereas type-II errors may be associated

with extinction. We believe the appropriate course in this

situation is to first identify growth rates that lead to unac-

ceptably high probabilities of extinction, fix the power ;rof

detecting these growth rate levels at a suitably high level,

and accept, within reasonable limits, the resulting type-I

error rate a Specifically, for the winter chinook salmon

monitoring protocol, we have specified an 80'/( chance of

detecting growth rates that would lead to a >5% chance of

quasi-extinction in 50 years, and accept the corresponding

type-I error rate. We have selected these values because

they are consistent with suggestions in the literature

(reviewed briefly below); resource managers should care-

fully consider whether they are appropriate.

Setting 5 by way of p that leads to an unacceptable pre-

dicted extinction risk, as we have done, is natural in the

current setting, but just what level of extinction risk should

be of concern is debatable. Population viability models have

been widely used in consei-vation biology to quantify extinc-

tion risk as a function of population size and the magni-
tude and variability of population gi-owth rate (Beissinger
and Westphal 11998] have provided a recent review). Shaf-

fer (1981), in pioneering work on minimum viable popu-

lations, has tentatively suggested that viable populations
should have at least a 99*7^ chance of remaining extant

for 1000 years, but stated that specific probabilities and
time horizons are arbitrary, and other values might be

more appropriate. Indeed, other studies have used a vari-

ety of criteria: Botsford and Brittnacher (1998) used a

0.10 extinction probability in 50 years to develop criteria

for removing winter chinook salmon from the Endangered
Species List; Shaffer and Samson (1985) used the criteria

of a 0.05 extinction probability over 100 years to identify a

minimum viable population size for grizzly bears. We have

adopted the 0.05 probability of extinction over 50 years as

a moderately conservative criterion.

Specifying the value of n is also somewhat arbitrary.

Peterman and M'Gonigal (1992) contend that monitoring

programs must have high power (;r>0.8) to detect biologi-

cally important effects in order to be reliable. A reliable test

should also have a reasonable a value as well as sufficient

power In the proposed winter chinook salmon protocol, the

a-level stabilizes at 0.11 after 5 years of data have been col-

lected, and we feel that this behavior represents a reason-

able balance between the type-I and type-II error rates.

Power analysis and the precautionary approach

With the decline, collapse, or endangerment of numerous
fish populations around the world, the paradigm of precau-

tionary fishery management is receiving increasing atten-

tion. The "precautionary approach" to fishery management,
as developed by the Food and Agriculture Organization of

the United Nations (FAO, 1996), strives to avoid irrevers-

ible or slowly reversible damage to fisheries, places prior-

ity on conservation of productive capacity, and requires that

fishing activities be considered harmful unless proven oth-

erwise. The reauthorization of the U. S. Magnuson-Stevens
Fishery Consei-vation and Management Act (as amended

through October 11, 1996) is meant to ensure that "irrevers-

ible or long-term adverse effects on fishery resources and

the marine environment are avoided."

Peterman and M'Gonigal ( 1992) have argued that power

analysis is a fundamental part of precautionary manage-
ment, because it provides an estimate of the reliability of

the monitoring program. There are four types of power
analysis, which correspond to determining one of either n,

K. a, or the effect size from the other three (Cohen, 1977).

In environmental studies, the determination of n and n

are fairly common (e.g. Gerrodette, 1987; Gryska et al.,

1997; Urquhart et al., 1998). The determination of a, as

we have done here, is least common, in part owing to the

"strength of the significance criterion convention, which

makes investigators loath to consider "large" values of a"

(Cohen, 1977).

Type-II errors in fisheries management are costly be-

cause populations and ecosystems can be slow to recover

(Dayton, 1998). In endangered species management, the

biggest risk is extinction of a species, rather than failure

to meet some fiscal or harvest goal, and is truly irrevers-

ible. Fixing the type-I error rate at a typical value such as

0.01 or 0.05 would make timely detection of dangerously
low growth rates unlikely (Table 1; Peterman, 1990). Thus,
we believe that using standard statistical protocols, which

control for the type-I error rate and accept the resulting

type-II error rate, is not an appropriate method when

monitoring endangered species. In such situations, it is

more logical, and certainly more precautionary, to set the

type-II error rate at an acceptably small value that yields

a reasonable type-I error rate.
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Abstract—The Abrolhos Bank region

off the eastern coast of Brazil, under

the influence of the Brazil Current,

constitutes a typical tropical coral reef

ecosystem that is characterized by a

high diversity of tropical fish. Results

of three ichthyoplankton surveys con-

ducted in this region during summer,

autumn, and winter revealed that there

were two dominant fish groups: meso-

pelagic fish and coral-reef-associated

fish. From the 45,614 larvae collected,

83 taxa (77 families and 6 orders)

were identified, in which the family

Myctophidae was the most abundant

accounting for more than 25% of the

total catch in the three cruises. Among
the Myctophidae, seasonal variation

in abundance of Myctophum affine

was significant; there was an out-

standing peak in abundance of this

species during the summer surveys.

The summer peak in abundance of

five other species (Diaphus spp., Lep-

idophanes gueniheri. M. nitididum,

M. obtusirostre. and Hygophum rein-

hardtii) was not as pronounced. Larval

distribution patterns of these six spe-

cies showed no remarkable seasonal

change, being evenly distributed over

the oceanic area. The coral-reef-asso-

ciated fish larvae were confined to

the bank and adjacent waters. The

spatiotemporal distribution patterns of

these larvae was strongly influenced

by hydrographic features and some

seasonal variation was observed. Four

larval fish assemblages were identified:

Abrolhos Bank, neritic, transitional,

and oceanic assemblages. The Abrolhos

Bank assemblage was characterized by
coral-reef-associated fish, mainly Gobi-

idae, occupying most areas of the bank

on the three cruises. The oceanic assem-

blage was dominated by mesopelagic

fish, especially Myctophidae in all sea-

sons and their occurrence was limited to

the open ocean. The transitional assem-

blage was characterized by a mixture

of coral-reef-associated fish and meso-

pelagic fish, with a seasonal change of

dominant groups. It occupied mainly
the shelf break area. The small pelagic

fish (sardine and anchovy) were the

dominant group of the neritic assem-

blage and occupied the coastal region

south of the Abrolhos Bank, where the

influence of the South Atlantic Central

Water was evident.
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The tropical marine ecosystem is char-

acterized by 1) the presence of coral

reefs, which support a large variety

of fish communities and benthic fauna

that are point sources of eggs and

larvae and by 2) the open ocean, where

mesopelagic fish dominate the fish com-

munity. Thus, the larval fish assem-

blages in tropical marine ecosystems
are a result of the spawning activities

of these two communities (Ahlstrom,

1971; 1972; Leis and Goldman, 1987;

Flores-Coto and Ordonez-Lopez, 1991;

Leis, 1993). The formation of larval fish

assemblages is mainly influenced by
the reproductive cycles of the adult fish

populations. The seasonal cycle of fish

spawning activities in the tropics is not

pronounced because of a low level of

variation in environmental conditions

(Lowe-McConnell, 1987).

Distribution patterns offish larvae in

any region ofthe ocean are related to the

reproductive activity of the adult pop-

ulation and to topographic and hydro-

graphic features that affect the dispersal

of the lai-vae. A study of the distribution

patterns of fish larvae contributes to

an understanding of the interrelation-

ships among fish species during their

early life stages, as well as an under-

standing of adult spawning patterns. In

addition, information can be obtained

on the reproductive strategies adopted

by these fish in response to the phys-
ical and biological processes of the

region. Distribution patterns among
ichthyoplankton species arise from the

synchronous reproductive activities of

different species that are developed

during evolutionary adaptation to geo-

graphic and oceanographic conditions.

This information is important for a

rational use of fishery resources and

also for an understanding of the ecolog-

ical status of the component species in

a marine ecosystem.

Ichthyoplankton surveys in Brazil-

ian waters are concentrated off south-

ern Brazil (Matsuura and Olivar, 1999);

only a small number ofsampling cruises

have been conducted off the eastern

coast (Aboussousan, 1969; Matsuura,

1985).

In our study, temporal and spatial

changes in larval fish assemblages in

relation to physical processes of the

Abrolhos Bank region were examined.

Particular emphasis was placed on the

seasonal variation of larval fish assem-

blages of abundant fish taxa. The objec-

tive ofthe present study is to understand

the origin and maintenance of these

larval fish assemblages and their rela-

tion to oceanographic conditions.

Materials and methods

Three survey cruises were conducted

along the eastern coast of Brazil. Two
cruises of the FINEP Project (FINan-

ciadora de Estudos e Projetos) were

made with the RV Prof. W. Besnard in

June and November-December of 1978.

Sixty-four stations between latitudes

17°S and 23°S were sampled with a

Nansen bottle containing a reversing

thermometer for hydrographic data and

with Bongo nets for collecting zooplank-
ton. The third cruise, that of the JOPS
II-9 (Joint Oceanographic ProjectS-II,
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Hydrographic features of the AbroUios Bank region. The dark arrow shows the main axis of the

Brazil Current (BC); the blank arrow the upward movement of the South Atlantic Central Water
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based on descriptions in the literature (Fahay, 1983; Leis

and Rennis, 1983; Leis and Trnski, 1989; Moser et al.,

1984; Moser, 1996; Nafpaktitis et al., 1977; Okiyama, 1988;

Olivar, 1988; Olivar and Fortuiio, 1991). Larval identifi-

cation of coral-reef-associated fish is difficult; therefore

identification was made only to the family level. The most

abundant Myctophidae larvae were identified to species

level.

To determine the possible associations among stations,

the distribution pattern, and larval abundance, a multi-

variate analysis of numerical classification was applied

by using the two-way indicator species analysis (Hill et

al, 1975; Hill, 1979), implemented by the program TWIN-
SPAN. This is a divisive method that classifies stations

and families and produces a sorted family by station table,

showing the hierarchical classification in binary notation

(see "Appendix"). The results of this analysis show the

clear ecological preferences of the family groups and are

used to identify particular environmental conditions. Only
the family groups with an occurrence of more than 10% in

each cruise were used in this analysis.

Results

Oceanographic conditions

The continental shelf of the eastern coast of Brazil is gen-

erally narrow (ca. 25 km) and is composed of calcareous

sediments on the bottom; however, it widens to 230 km off-

shore at Caravelas (Lat. 18°S), forming the large Abroihos

Bank ( AB) to the south (Fig. 2). The depth of shelf break in

this region is 100 m with isobathic lines 200 m and 1000 m
very close to it. Therefore, we have shown the margin of
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Table 2

Family groups represented in ichtyoplankton samples collected on the Abrolhos Bank and in adjacent waters off eastern Brazil.

Abundance is a sum of a standardized number of larvae from all positive stations and % is a percentage of total abundance.

Taxon
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two and showed an even distribution pattern over the

bank and along the shelf break.

The distribution patterns of Clupeidae and Engrauli-

dae were similar; lai-vae were limited to coastal stations

(Fig. 8). The clupeid larvae collected in the coastal region

between Vitoria and Cape Frio belonged to Sardinella

brasiliensis and Harengula jaguana, and those from the

Abrolhos Bank were Jenkinsia sp., Opislhonema sp., and

Table 2 (continued)
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un-identified clupeid lai-vae. Most of the engi'aulid larvae

collected at coastal stations between Vitoria and Cape Frio

in winter and autumn were Engraulis anchoita, but some

lai-vae found over the AB belonged to Anchoa and Ancho-

via that were not identified to species.

Larval fish assemblages

A figure offish families by station created with the TWIN-
SPAN program is shown in Appendix 1. Clustering the

families based on their occurrence and abundance at each

station resulted in four major oceanographic groupings: 1)

Abrolhos Bank, 2) neritic, 3) transitional, and 4) oceanic.

Abrolhos Bank assemblage The Abrolhos Bank assem-

blage was situated over the Abrolhos Bank ( Fig. 9 ). During
the autumn cruise another subgroup was identified in

the coastal region and named "the Abrolhos Bank-coastal

assemblage." Taxonomic composition of this assemblage
was characterized by the presence of coral-reef-associated

fish. The composition was influenced by the seasonal vari-

ation of taxa, with the exception of Gobiidae which was the

dominant family on all the cruises. The dominant groups
of this assemblage were Serranidae, Scaridae, Carangi-

dae, Clupeidae, Apogonidae, Blenniidae, and Labridae.

Neritic assemblage The neritic assemblage was found

over the continental shelf between Vitoria and Cape Frio.

The neritic assemblage was composed of pelagic fish, such

as the Clupeidae, Engraulidae, Carangidae, and Breg-

macerotidae, as well as the demersal fish Gobiidae and

Pleuronectiformes. During the summer cruise the neritic

assemblage was limited to the area between Cape Sao

Tome and Cape Frio, and another subgroup was identified

in the northern part between Vitoria and Cape Sao Tome,
named the neritic-north assemblage. This assemblage was

characterized by Gobiidae, Engraulidae, and Clupeidae,

which accounted for 60^/f of the total larvae.

Transitional assemblage The transitional assemblage was

found mainly along the shelf break area. During the win-

ter cruise the transitional assemblage occurred in two

shelf break areas: between Caravelas and Vitoria and

between Vitoria and Cape Sao Tome (Fig. 9A). This assem-

blage was dominated by mesopelagic fish belonging to

Myctophidae, Sternoptychidae, Bregmacerotidae, Phosich-

thyidae, and Paralepididae, but also by the coral-reef-

associated fish, such as Serranidae, Carangidae, MuUidae,

Pomacanthidae, Apogonidae, and Callionymidae.

The transitional assemblage found during the summer
cruise was situated along the outer edge of the Abrolhos

Bank, including the oceanic area of the Minerva and

Vitoria Seamounts (Fig. 9B). Its taxonomic composition

was characterized by the great diversity of coral-reef-

associated and mesopelagic fish. A transitional-Vitoria

subassemblage was identified to the south of the Abrol-
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Discussion

The warm and salty tropical water which covers the entire

sui-vey area, is transported southward by the Brazil Cur-

rent. The cold South Atlantic Central Water occupies the

subsurface layer beneath the Brazil Current but owing to

the deep thermocline (80-120 m), the nutrient rich SACW
does not come up to the euphotic zone in the survey

area, with exception of the coastal region of Cape Frio-

Cape Sao Tome. Consequently this area is known to be

oligotrophic with a low concentration of nitrates, chloro-

phyll-a biomass, and primary production (Gaeta et al.,

1999). The primary production of the nutrient-depleted

surface layer is supported principally hy autotrophic and

heterotrophic picoplankton which use the recycled nutri-

ents in the water. The heterotrophic dinoflagellates and

ciliates are responsible for the transfer of energy pro-

duced by picoplankton to the upper trophic levels (Susini-

Ribeiro,1999).

There was a time gap between the first two cruises

(June and November-December in 1978) and the last one

(April-May in 1995); therefore the seasonal variations of

hydrographic conditions and larval distribution in this

region could have been the result of interannual variation.

The El Nino year in the tropical Pacific normally causes

a drought in the northeastern Brazil and a flood in the

south. Bearing in mind that 1978 and 1995 were not atypi-

cal El Nino years, we assumed that the interannual varia-

tion in hydrographic conditions between these two periods

could be ignored. We had no any other information on the

interannual variation in oceanographic conditions in this

region.

The fish larvae in the Abrolhos Bank region off the east-

ern coast of Brazil were produced by a diverse collection of

fish species that can be divided into two dominant groups;

mesopelagic fish and tropical reef fish. The high diversity

of taxa (77 families and 6 orders) is characteristic of the

tropical marine ecosystem and similar taxonomic diversity

of lai-val fish is known from the eastern tropical Pacific

(Ahlstrom, 1971; 1972) and the Gulf of Mexico (Richards et

al., 1993).

The most surprising results were the occurrence of

many reef-fish larx'ae along the shelf break areas. Assum-

ing that the reef fish larvae found along the shelf break

area off the Abrolhos Bank are transported southward by

the main axis of the Brazil Current, most of them should

be trapped in the Vitoria eddy after passage through the

Vitoria Channel. Consequently they can be recruited at

the southern margin of the bank. In order to prove this

hypothesis, an intensive sampling program, coupled with

an application of aging technique for postsettlement juve-

niles, is necessary in this region.

The dominant taxonomic groups (family) from the three

cruises showed a distinct seasonal pattern in abundance.

The overall larval abundance of the summer cruise was

the highest. Among the Myctophidae, the larval abundance

of Myctophum affine was highest in summer and insig-

nificant in other seasons. Other species iDiaphus spp.,

Lepidophanes giientheri, Myctophum iiitidiiluin, M. obtu-

sirostre, Hygophum reinhardtii) also showed relatively

high values in summer Many dominant species concen-

trate their spawning activities during the austral summer.

Myctophid fish in the temperate and subtropical seas are

known to spawn mainly from late winter to summer, coin-

ciding with the seasonal peak of zooplankton production in

the area (Clarke, 1973; Doyle et al., 1993). The mean dis-

placement volume of macrozooplankton in the open ocean

was 33-50% higher in summer than during winter and

autumn, suggesting that many fish species have evolved

spawning patterns that are synchronized with zooplank-

ton production in this region.

The composition of dominant myctophid larvae in this

region is different from that obsei-ved on the other side

of the South Atlantic, i.e. the Lampanyctodes hectoris,

a commercially exploited lanternfish, is the most abun-

dant in the Benguela Current, followed by Syrnbolophorus
and Diaphiis (Ahlstrom et al., 1976; Olivar and Shelton,

1993). Meanwhile, the four abundant genera (Diaphus,

Myctophum. Lepidophanes, and Hygophum ) in the eastern

tropical Pacific (Ahlstrom, 1971; 1972) were also found in

the survey area. Most of the Maurolicus muelleri lai-vae

were collected from south of Abrolhos Bank in winter and

summer, but their occurrence during the autumn cruise

was at a minimum. Because the highest densities of M.

muelleri larvae were recorded in oceanic waters from

south Brazil Bight (23-29°S) (Ribeiro, 1996), those found

in the survey area may represent only a northern exten-

tion of the southern population.

Multivariate analysis of the dominant taxa in the region

suggests the existence of geographically distinct larval

fish assemblages that show significant seasonal variation.

Observed distribution patterns of dominant gi'oups are

the result of synchronous and geographically coherent

spawning activities of different groups of adult fish. The

Abrolhos Bank assemblage was characterized by coral-

reef-associated fish, predominantly Gobiidae, on the three

cruises. Small pelagic fish were the dominant group in

the neritic assemblage. The transitional assemblage was

characterized by a mixture of coral-reef-associated fish

and mesopelagic fish and a seasonal change of dominant

groups. The oceanic assemblage was dominated by the

presence of mesopelagic fish, especially the Myctophidae
in all seasons.

The general geographic positions of the four lai-val

fish assemblages showed similar distribution patterns on

winter and autumn cruises, but those of the summer
cruise were slightly different. The oceanic assemblage,

which extended in the offshore area from the Minerva Sea-

mount to Cape Sao Tome in autumn and winter, was lim-

ited to the area between Vitoria and Cape Frio during the

summer cruise. The offshore area between the Minerva

and Vitoria Seamounts was occupied by the transitional

assemblage in summer The Abrolhos Bank and neritic

assemblages consistently occupied most parts of the conti-

nental shelf during the three cruises, but different larval

fish assemblages occupied the offshore area south of the

Abrolhos Bank. This finding can be interpreted as a result

of the seasonal variation of hydrographic conditions in

this specific area, such as the formation of the Vitoria eddy

and the intensity of coastal upwelling.
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Abstract—Af^e compositions and growth
rales liave been determined for popu-

lations ofAcanthopagrus butcheri in four

estuaries and a saline, coastal lake, all

of which differ markedly in their mor-

phological, physicochemical. and biotic

characteristics. Because the opaque
zones in otoliths were shown to form

annually, the number of these zones

could be used to age individual fish.

However, the otoliths of fish that were

more than six years old had to be sec-

tioned in order to consistently reveal

all opaque zones. The number of annuli

on scales did not provide reliable esti-

mates of age. Acanthopagrus butcheri,

which typically completes its life cycle

in estuaries, was represented in each

of the five water bodies by fish >15

years old and lengths and weights >365

mm and >860 g. respectively. The maxi-

mum length and weight of A. butcheri

recorded in any of the five water bodies

were 485 mm and 2196 g. respectively.

The values for L. in von BertalanfTy

growth equations differed significantly

between females and males in three of

the four estuarine populations (P<0.001

or <0.01), whereas those for both k and

ty
differed significantly between the

sexes in only one population and then

only at P < 0.05. The values for k and

L „ in the von Bertalanffy gi-owth equa-

tions differed significantly among both

females and males in the four estuaries

at either P < 0.001 or P < 0.05. These

parameters also differed significantly

between the males in Lake Clifton and

the males in each estuary, except the

Swan River Estuary. Growth rates in

two of the more northern water bodies

were greater than those in the two

southern and cooler estuaries. The pat-

tern of growth in the Moore River Estu-

ary, as reflected by changes in length

with time, differed from that in the

other four water bodies in that it was

initially slower and subsequently did

not show such a marked tendency to

form an asymptote. The slow initial

rate of increase in length in the Moore

River Estuary may be related to par-

ticularly high densities of juvenile A.

butcheri in nearshore, shallow water, as

well as to a relatively lower abundance

of appropriate food or very low salini-

ties, or to both of the latter The per-

centage contribution made by fish >5

years was the lowest by far in the Swan
River Estuary, which was subjected to

the greatest fishing pressure.

Manuscript accepted 22 March 2000.

Fish. Bull. 98:785-799 (2000).

Variation in age compositions and growth rates

of Acanthopagrus butcheri (Sparidae)

among estuaries: some possible contributing factors

Gavin A. Sarre

Ian C. Potter

School ol Biological Sciences and Biotechnology

Murdoch University

Western Australia 6150, Australia

E mail address (for G A Sarre) sarreig'central murdoch edu au

The black hream, Acatithopcignis butch-

eri, which completes its hfe cycle within

estuaries (Potter and Hyncies, 1999;

Sarre and Potter, 1999) is one of the

most important recreational and com-

mercial fish species in the estuaries

of southern Austraha (Lenanton and

Potter, 1987; Kailola et al., 1993). The

fact that the genetic compositions of the

populations of this species in the differ-

ent estuaries of southwestern Australia

vary, suggests that, although some A.

butcheri are occasionally flushed out of

estuaries during those winters when
freshwater discharge is particularly

heavy, the population in an estuary

remains essentially discrete from those

in other estuaries (Chaplin et al., 1998;

Potter and Hyndes, 1999). The confine-

ment of each population of A. butcheri

to its natal environment means that, if

fishing pressure is sufficiently high in

any one estuary, the population in that

estuary cannot be replenished natu-

rally by immigration from outside that

system. Indeed, there is good evidence

that the abundance of this sparid in

the Blackwood River Estuary in south-

western Australia declined markedly
between the 1970s and 1990s as a

result of a combination of commercial

and recreational fishing activities (see

Valesini et al., 1997; Lenanton et al.,

1999; Lenanton';Valesini-).

The increasing potential for A. butch-

eri to become overexploited as recre-

ational fishing in estuaries increases

means that it is now important to have

information on the age compositions of

this species in the various estuaries in

order to ascertain whether the older

age classes are becoming excessively

depleted in some of these estuaries.

Such data are dependent on accurate

estimates of the age of fish. In the

past, such estimates forA. butcheri have

typically been based on the number
of annuli on scales (Butcher, 1945;

Thomson, 1957; Weng, 1971; Hobday
and Moran-^). However, no attempt was

made in any of these studies to use

traditional methods to validate that

the gi'owth zones (annuli) on that hard

structure are formed annually—a proce-

dure now considered essential in aging
fish (Beamish and McFarlane, 1983).

Although Morison et al. (1998) have

recently used the number of opaque
zones on otoliths as a criterion of age,

their approach to validating that those

zones were formed annually was based

on the obsei-vation that the number of

opaque zones on the otoliths offish in the

two cohorts that were the most strongly

represented in length-frequency data

for four consecutive years increased by
one in each successive year.

Recent work on A. butcheri in south-

western Australia has focused on pop-

ulations in four estuaries and a land-

locked saline, coastal lake, which vary

' Lenanton, R. C. J. 1977. Aspects of the

ecology of fish and commercial crusta-

ceans of the Blackwood River Estuary,
Western Australia. Report 19, Depart-
ment of Fisheries and Wildlife. Perth, West-

ern Australia, Australia, 72 p.

- Valesini, F. J. 1995. Characteristics of

the ichthyofaunas of the Blackwood River

Estuary and Flinders Bay. L^npublished
honours thesis, Murdoch Liniversity. Perth,

Western Australia. Australia, 67 p.

3
Hobday, D., and Moran, M. 1983. Age,

growth and fluctuating year class strength
of black bream in the Gippsland Lakes,

Victoria. Report No. 20. Marine Science

Laboratories, Victoria, Australia, 17 p.
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markedly in their morphological and physicochemical

characteristics and in the composition of their biota (Sarre

et al., 2000). Thus, two of these water bodies are perma-

nently open to the sea, while one is intermittently closed,

another is normally closed, and one is permanently closed.

Furthermore, the regions where A. buicheri spawns in

these estuaries in the spring and early autumn range in

salinity from as low as 3.5-8.0'/« in the intermittently

open estuary to over 40%r in the normally closed estuary

and, as a result of their location at different latitudes, they

also differ in water temperature (Young et al., 1997; Sarre

and Potter, 1999). The differences in the biota of these sys-

tems are reflected in marked differences in the dietary

composition of A. butcheri, with, for example, the overall

contribution made by macrophytes to the volume of stom-

ach contents ranging from as low as 8.3')} in one popula-

tion to as high as 56.49f in another (Sarre et al., 2000).

The aims of our study on A. butcheri were as follows:

1) to validate that the growth (opaque) zones visible on

sectioned otoliths of A. butcheri are formed annually; 2)

to compare the number of growth (opaque) zones in oto-

liths prior to and after sectioning in order to determine

whether otoliths always have to be sectioned to reveal

each of their opaque zones; 3) to ascertain whether the

number of annuli on scales corresponds to the number of

opaque zones on sectioned otoliths and can thus likewise

be used for aging this species; 4) to determine the age com-

position ofA. butcheri in the above four estuaries and the

saline, coastal lake, in which the fishing pressure on black

bream varies from zero to substantial, and thereby ascer-

tain whether there is evidence that heavy exploitation of

this species can markedly reduce the proportion of older

fish; and 5) to determine the extent to which the growth
rates and length at age ofA. butcheri differ amongst popu-
lations in the above five water bodies, which vary mark-

edly in their abiotic and biotic characteristics and amongst
which the dietary compositions of A. butcheri are signifi-

cantly different.

Materials and methods

Acanthopagrus butcheri was collected from the permanently

open Swan River and intermittently open Moore River

estuaries on the lower west coast of Australia (31-32°Si

and from the permanently open Nornalup Walpole and nor-

mally closed Wellstead estuaries (34-35°S) on the southern

coast of Western Australia (see Fig. 1 for locations of these

estuaries). Aco/;//!opa^'n/,s butcheri was also collected from

Lake Clifton, a landlocked saline, coastal lake. Because
the Department of Conservation and Land Management
(CALM) restricted the number of A. butcheri that could be

collected from this lake to 100, and because 85 of these 100

fish were males, emphasis was placed on the data obtained

for this sex in this lacustrine environment.

Fish in estuaries were collected from over sand in near-

shore, shallow waters (<1.5 m depth) by using a 41-m
seine net with 9-mm mesh in the codend and from off-

shore, deeper waters (2-,5 m depth) by employing compos-
ite sunken gill nets containing eight 20 m long x 2 m high

panels, each of which had a different mesh size, i.e. 38, 51,

63, 76, 89, 102, 115, or 127 mm. Sampling in the Swan
River Estuary commenced in September 1993 and was car-

ried out monthly until April 1995 with seine netting and

monthly until February 1995 with gill netting. The same
methods were used to sample A. butcheri in the Moore

River, Nornalup Walpole, and Wellstead estuaries between

the spring of 1993 and the summer of 1996-97 (December-

January). Sampling in the Swan River, Nornalup Walpole,

and Wellstead estuaries was carried out in the saline lower

reaches of the tributary rivers, i.e. upper estuary (Fig. 1),

which, for most of the year, contain the majority of the A.

butcheri found in those estuaries (Sarre and Potter, 1999).

In contrast, sampling was undertaken throughout the short

Moore River Estuary, which does not possess the large cen-

tral basins that are found in the other three estuaries (Fig.

1). The catches obtained by seine and gill netting in the

above four estuaries were supplemented by up to a further

1% by fish obtained with rod and line. A fine mesh seine

net, which was 5.5 m long and consisted of 1-mm mesh, was
used to collect small A. butcheri from extensive beds of the

macroalgae Gracilaria verrucosa in the downstream and

middle regions of the upper Swan River Estuary between

December 1998 and March 1999. (See "Results" section for

the reason for this additional sampling). The sample of 100

A. butcheri collected from Lake Clifton in November 1996

was obtained exclusively by rod and line, in accordance

with the conditions laid down by CALM.
Both of the sagittal otoliths were removed from each

fish sampled from the four estuaries and Lake Clifton and

these otoliths were immersed in methyl salicylate solu-

tion. For sectioning, otoliths were mounted and embedded
in clear epoxy resin and cut into ca 0.5-mm transverse

sections with an Isomet low-speed diamond saw. Sections

were gi'ound on sequentially finer grades of carborundum

paper (400-1200 grade) and mounted on glass slides with

DePX mounting adhesive. Wliole otoliths and sectioned

otoliths were placed on a black surface and examined

microscopically under reflected light.

Measurements were made of the distance between the

outer edge of the outermost opaque zone and the periphery
of the otolith in the case of the otoliths that were to be used

for aging fish in the Swan River Estuary This distance, i.e.

the marginal increment, was then expressed either as a

proportion of the distance between the primordium of the

otolith and the outer edge of the opaque zone, when only

one opaque zone was present, or as a proportion of the dis-

tance between the outer edge of the two outermost opaque
zones, when two or more opaque zones were present. All

measurements were recorded to the nearest 0.05 mm. As
with other sparids, a narrow opaque zone is laid down in

the otoliths of A. butcheri during the cool (winter) period
and a wide translucent zone is deposited during the warm
(summer) period (Johnson, 1983; Buxton and Clarke, 1991;

Francis et al., 1992; Booth and Buxton, 1997).

Otoliths from 239 A. butcheri. collected from the Swan
River Estuary and covering a wide size range, were used

for comparing the number of narrow, opaque zones that

could be seen on this hard structure before and after sec-

tioning. The number of opaque zones visible in a subsam-
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Figure 1

Map showing the location of the four estuaries and Lake Clifton in southwestern Australia from which samples
ofAcanthopagrus hutchen were collected, together with individual maps of each estuary. The shaded area of the

Swan River Estuary represents the region sampled in our study.

pie of 126 of the sectioned otoliths were then compared
with the numbers of annuli on scales removed from the

same fish. The scales used for these comparisons, which

were obtained from above the lateral line and directly

behind the operculum, were mounted between glass slides

and examined microscopically under reflected light.
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The number of opaque zones in the whole and sectioned

otoliths of a subsample of 162 of the above 239 fish and the

number of annuli on the scales of a random subsample of

87 of those fish were also counted by a second reader to

determine the level of reproducibility of the counts made

of the growth zones on these hard structures by the senior

author.

The birth date assigned to A. butcheri in each water body

corresponds to peak spawning activity, as estimated from

the trends exhibited by gonadosomatic indices, stages in

gonadal development and pattern of oocyte development

(SaiTe and Potter, 1999). Von Bertalanffy growth cur\'es

were fitted to the individual lengths offemale and male fish

at their estimated ages at capture by a nonlinear technique

(Gallucci and Quinn, 1979) by using a nonlinear subroutine

in SPSS (SPSS Inc., 1988). The von Bertalanffy equation is

LI-

where L,
= the total length at age n years);

L
,
= the mean of the asymptote predicted by the

equation;
k - the growth coefficient; and

<g
= the hypothetical age at which fish would have

zero length, if growth followed that predicted

by the equation.

The lengths at age of fish whose sex could not be deter-

mined under a dissecting microscope were selected at

random and placed alternately in the data sets for female

and male fish.

Each of the gi-owth parameter estimates for female and

male fish in the same estuary and for each sex in the four

estuaries were compared by using a likelihood ratio test

(see Kimura, 1980). Comparisons were also made between

the growth parameters for the males ofA. butcheri in Lake

Clifton, the sex which dominated the catches in that lake,

and those of the males of this species in the four estuaries.

The likelihood ratio for the null hypothesis I Kimura.
1980) tests the null hypothesis against the alternative

hypothesis where

H^^. states that the parameters L ,, k ,and ?„ satisfy some
set of r linear constraints;

Hjj states that the parameters L
. , k. and

t^^ possibly

satisfy no linear constraints.

The maximum likelihood estimates of the error vari-

ances ct^ andtr'r/r) are given by the sum of squares of

residuals from the iteratively reweighted least squares

procedure used to fit L . /?, and
/,, subject to /• linear con-

straints.

The likelihood ratio test statistic, as described by Cer-

rato ( 1990), for two data sets with sample sizes n
,
and n.,

is given by

-21og(A),

/ .

where .\ =
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Figure 2

Mean monthly marginal increments +1SE for sec-

tioned sagittal otoliths of Acanthopagrus Imtclicn in

the upper Swan River Estuary. The mean marginal
increment is expressed as a proportion of the dis-

tance between the primordium and the edge of the

opaque zone, when only one such zone was present,

and as a proportion of the distance between the outer

edges of the two outermost opaque zones, when two

or more such zones were present. Sample sizes are

given for each month.

Number of growth zones on hard structures

The number of opaque zones detected on a sectioned otolith

ofA. butcheri was always the same as the number observed

on the same otoHth prior to sectioning, when six or less

such zones were visible on the whole otolith (Fig. 3A). How-

ever, the use of whole otoliths would have underestimated

by one year IS'/f of seven- and eight-year-old fish, collec-

tively, and, by one or two years, SV^f of nine- to 13-year-old

fish, collectively. The use of whole otoliths would also have

underestimated the age of two 14-year-old fish by three

years, two 1.5-year-old fish by two years, and one 19- and

one 21-year-old fish by five years each (Fig. 3A).

The numbers of annuli observed on the scales of A.

butcheri differed from those recorded in 27, 67, and 40%
of the sectioned sagittal otoliths of the same fish, when
the otoliths possessed one, two, and three opaque zones,

respectively (Fig. 3B). The number of annuli exceeded that

of the number of opaque zones in 34% of all cases. The

number of annuli on the scales of fish, in which the sec-

tioned otoliths possessed eight to eleven opaque zones,

exceeded by one or two the number of opaque zones on

those otoliths in 70% of cases (Fig. 3B). On the basis of the

number of opaque zones on their sectioned otoliths, one

fish that was estimated as 19 and another as 21 years old,

displayed seven more annuli on their scales than on their

otoliths. Although the number of sectioned otoliths with

more than six opaque zones, that were used for compari-
sons with scales, was only 18, it is still noteworthy that

the number of opaque zones on more than half of those

otoliths was less than the number of circuli on the scales

obtained from the corresponding fish.

The number of opaque zones recorded independently

by a second "'reader" for sectioned otoliths of A. butcheri

with 0-3 zones (50 fish), 4-6 zones (50 fish I and 7-10

zones (40 fish), were always the same as those recorded

by the senior author for the same otoliths. Furthermore,

the second reader recorded the same number of opaque
zones on all but two of the 22 sectioned otoliths that the

senior author had recorded as having 11 or more opaque
zones. Moreover, after reviewing and discussing the two

discrepancies, the second reader agreed that he had failed

to detect one of the least conspicuous opaque zones near

the periphery of the two otoliths for which there were

discrepancies, and therefore his counts agreed with the

counts made by the senior author. However, the number of

annuli counted on the scales by the second reader, that had

previously been recorded by the senior author as having
0-3 annuli (50 fish), 4-10 annuli (30 fish), and >11 annuli

(7 fish), differed in 20%, 43%, and 86% of cases, respec-

tively, which reflects the difficulty in detecting annuli on

scales. The differences between counts ranged from one on

scales with 0-3 annuli to more than five on scales with >11

annuli.

Trends exhibited by length-frequency data for

different age classes

The data presented earlier demonstrated that the number
of opaque zones on whole otoliths of A. butcheri could be

used for aging this sparid when there were six or less

opaque zones present (Fig. 3A). However, the data in Fig.

3A showed that otoliths had to be sectioned to consistently

reveal all of their opaque zones when they displayed seven

or more such zones prior to sectioning. Thus, to reduce the

margin for producing invalid counts to a minimum, esti-

mates of the age of individual A. butcheri were made by

using whole otoliths, when five or less opaque zones were

present, and by employing sectioned otoliths, when six or

more such zones were present.
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A. Number of

opaque zones

Number of otoliths

Sectioned otoliths

1 23456789 10 1112 1314 1518 19 21

56 26 25 27 30 13 6 7 19 8 6 4 5 3 2 1 1
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Figure 6

Von Bertalanffy growth cur\'es titted to length at age data for female and

male A(a(i//?o/jo^'n/.s biilcheri caught in the Swan River, Moore River, Nor-

nalup Walpole and Wellstead estuaries.

The values for k for A. hiilchen were least in the Moore

River Estuary, i.e. 0.11, and greatest in Lake Clifton, i.e.

0.32 (Table 2). The values for L. ranged from a low of

367.0 mm for females and 323.0 mm for males in the Nor-

nalup Walpole Estuary to a high of 451.6 and 441.5 mm
for the corresponding sexes in the Moore River Estuary
and Lake Chfton, respectively (Table 2). Estimates of ^„ for

both sexes of A. hutcheri in the four estuaries and of the

males of A. hutcheri in Lake Clifton all lay within the rela-

tively narrow range of -0.13 to -0.61 years (Table 2).

Length-weight relationships

The equations relating total length and weight of female and

male A. hutcheri in each estuary and for males in Lake Clif-

ton are presented below, so that, when required, the approxi-



Sarre and Potter: Variation in age compositions and growth rates of Acanthopagrus bulcheri 795

mate weights offish of a particular length can be estimated.

Becasue analysis of covariance (ANCOVA) showed that nei-

ther the slopes nor the v-intercepts in the equations for

female and male fish in each estuary differed significantly

(P>0.05), the equations relating total length and weight for

both sexes combined in each estuary are also presented.

Swan River Estuary
Females:

Males:

Pooled:
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gill net sampling regimes, supplemented with a limited

amount of angling, any gross differences in the age struc-

ture of samples from populations in the different estuaries

almost certainly represent real differences. The percentage

ofA. butcheri caught at >5 years of age in the Swan River

Estuary (5%) was far lower than in either the Moore River

Estuary (30%), approximately 100 km farther north on the

lower west coast of Australia, or the Nornalup Walpole

Estuary (45%) on the south coast of Australia. Note that

the estimate for the Swan River Estuary was restricted

to data collected during the main sampling period and

did not thus include the large samples of small fish that

were caught between December 1998 and March 1999.

The above differences in the proportion of older fish pre-

sumably reflect a greater "mortality" of older fish in the

Swan River Estuary than in the other estuaries. It thus

500
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tainly have flushed out to sea any eggs or lai-vae of this

species that were produced during that period. However, it

should also be recognized that freshwater discharge was so

strong during that period that even many large A. butcheri

were flushed out of the estuary, with the result that some

of these fish were subsequently caught by anglers along

the nearby coast (Spurr*"). Furthermore, when freshwater

discharge is very high, the salinities fall to such low levels

that they are unlikely to be conducive to spawning by A.

butcheri (Haddy and Pankhurst, 2000). Thus, the absence

of the 1984 year class in samples may be due to the loss of

eggs, larvae, or maturing and mature fish to the ocean in

1984, or to the inhibitory effect of low salinities on spawn-

ing, or to a combination of the latter.

The fact that the 1985 year class oi A. butcheri was also

not caught may reflect a low return of large A. butcheri to

the estuary by the commencement ofthe spawning period in

1985. The absence of the 1986, 1987, and 1989 year classes

and the paucity of the 1988 year class can probably be

attributed to the fact that, although freshwater discharge

was not as strong as in 1984, it was still sufficient to breach

the bar at the estuary mouth during the spawning period in

each of those years (SpuiT*^). It would thus also have been

likely to result in a loss to the ocean of eggs and larvae pro-

duced during the spawning periods in those years or to the

emigration of maturing or mature fish, or in both of these

effects (Hodgkin and Clark'^). The view that heavy freshwa-

ter flushing or very low salinities, or both, were the main

contributors to the lack of spawning success ofA butcheri

between 1984 and 1989 is consistent with the observation

that, when freshwater discharge was not sufficiently strong

to breach the estuary mouth, as was the case between 1990

and 1995 (Spun-''), there was at least a reasonable recruit-

ment of each of the 1990 to 1995 year classes.

Comparisons between von Bertalanffy growth
parameters for females and males

The likelihood ratio test showed that the growth coeffi-

cients {/}) for female and male fish were significantly dif-

ferent in only one of the four estuaries, i.e. the Nornalup

Walpole Estuary, and even then the probability level was

close to 0.05, which is consistent with the fact that the

values for the 95'7f confidence intervals for this parameter
for the two sexes overlap in each estuary other than the

Nornalup Walpole Estuary. The lack of a marked dis-

tinction between the growth rates of female and male

fish is hardly surprising because A. butcheri undergoes a

substantial amount of growth before the gonads start to

become mature for the first time (Sarre and Potter, 1999).

However, the maximum length and asymptotic length (L^J

were always greater for female than male fish in each of

the four estuaries, thereby paralleling the situation with

many other fish species in both southwestern Australia

(Laurenson et al.. 1994; Wise et al., 1994; Hyndes et al. .

1996; 1998) and elsewhere (e.g. Kenchington and Augus-

tine, 1987; McPherson, 1992; Crabtree et al., 1995).

Spurr, P. 199.5. Local resident and former commercial fisher-

man. Personal commun. Bremer Bay, Western Australia.

The relatively low values determined for age at length

zero for the two sexes in the four estuaries and for males

in Lake Clifton, i.e. -0.13 to -0.61 years, reflects in part
the good fit of the growth cui-ves to the points for the age
at length of the small fish. These low values for t„ contrast

with the -5.21 years for females and -3.70 years for males

that were calculated by Morison et al. (1998) for A. butch-

eri in the Gippsland Lakes. Furthermore, the fork lengths

at age zero for female and male fish in the Gippsland
Lakes were ca. 110 and 100 mm, respectively. Thus, the

von Bertalanffy growth equations recorded for A. butcheri

in the Gippsland Lakes do not provide a good description

of the pattern of growth throughout the full size range of

fish.

Variations in von Bertalanffy growth parameters
among populations

Although the patterns of growth of female and male A.

butcheri in the Swan River, Wellstead, and Nornalup Wal-

pole estuaries followed the same overall trends, with length

increasing rapidly with time initially and then forming

asymptotes, the values for k and L
.,
for each sex varied

significantly amongst the populations in those estuaries.

The initial rate of increase in length in these three estuar-

ies was greatest in the Swan River Estuary and least in

the Nornalup Walpole Estuary. Although the value for k

for male A. butcheri in Lake Clifton differed significantly

from that of this sex in the Swan River Estuary, the same

was not true for L, . However, the value for L^ for male A.

butcheri in Lake Clifton was still similar to that of this sex

in the Swan River Estuary. The above comparisons dem-

onstrate that the growth rate in Lake Clifton was similar

to that in the Swan River Estuary, which is located only

ca. 90 km farther to the north (see also Fig. 1). The von

Bertalanffy growth parameters demonstrated that male A.

butcheri grew more rapidly and attained greater asymp-
totic lengths in the Swan River Estuary and Lake Clifton

than in either the Wellstead or Nornalup Walpole estuar-

ies. The presence of faster growth rates in the Swan River

Estuary and Lake Clifton, which are located at latitudes

of ca. 32° on the lower west coast of Australia, than in the

Nornalup Walpole and Wellstead estuaries, which are sit-

uated much farther south at a latitude of ca. 34° on the

south coast of Western Australia, may reflect the greater

temperatures found in more northern regions.

The pattern of growth of A. butcheri in the Moore River

Estuary differed from those of this species in each of the

other three estuaries and Lake Clifton, in that the increase

in length with time was initially slower and the gi-owth

curve did not exhibit a marked asymptote. This pattern

suggests that some factor or factors were less than opti-

mal for growth during the first few years of life, but that

conditions for gi'owth improved later in life. The slow ini-

tial rates of increase in length of A. butcheri in the Moore

River Estuary during early life may be related to the excep-

tionally high densities of this species in nearshore, shallow

waters, the region which constitutes the typical habitat of

the juveniles of this species (Sarre, 1999). The far greater

density of this species in these waters, than in correspond-
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ing waters of the other three estuaries, can be gauged from

the fact that, during summer, the densities in such waters

sometimes reached 234 fish per 250 m^ in the Moore River

Estuary, whereas they never exceeded 50 fish per 250 m^ in

any of the other three estuaries. Because A. butcheri tends

to move into offshore and deeper waters as it increases in

size, as is the case with several other fish species in south-

western Austrahan estuaries (Chubb et al., 1981; Chrystal

et al., 1985; Potter et al., 1988; Wise et al., 1994), it then

becomes more widely dispersed.

Although the high densities of juvenile A. butcheri in

nearshore, shallow waters of the Moore River Estuary
could have contributed to the initially slow rate at which

length increased early in life, it also seems possible that

the low salinities, i.e. generally <7%o (Young et al., 1997),

and quality of food in this estuary may also have had an

inhibiting influence on the rate at which length increased.

The view that low salinity has had such an effect is based

on a combination of the results of detailed laboratory

trials, which demonstrated that A. butcheri did not gi-ow

as well at 0%^ and 12%f as at 24%r (Sarre et al.'') and the

fact that the upstream regions of other estuaries, where

juvenile A. butcheri are located between late spring and

early autumn when most growth occurs, are characterized

by elevated salinities (Potter and Hyndes, 1994; Sarre,

1999). Although low salinities may restrict growth, it is

worth noting that gi'owth in the Wellstead Estuary, which
was the only estuary to become hypersaline, was greater
than in the Nornalup Walpole Estuary, which is likewise

located on the south coast of Western Australia. However,
as mentioned earlier, growth in the Wellstead Estuary was
not as great as in the Swan River Estuary and Lake Clif-

ton farther to the north.

In the context of potential food, it may be relevant that

juvenile A. butcheri feed to a greater extent on algae
in the Moore River Estuary than in other estuaries. As

pointed out by Blaber (1974) during his study of another

sparid, Rhabdosargus holubi, which likewise ingests a

large amount of algal material, the volume of digestible
material consumed is small. However, as A. butcheri

increased in size in the Moore River Estuary, it fed to an

increasing extent on whole large bivalves (Sarre et al.,

2000), a food source that has a particularly high energy
content (Whitfield, 1980).

The age compositions recorded in this paper for A. butch-

eri in different water bodies have been combined with data
on reproductive biology to determine the lengths and ages
at which black bream typically reach maturity in these

systems, i.e. the Lr,„ and A,,,, (Sarre and Potter, 1999). The
resultant data showed that, amongst the estuarine popu-
lations, the

Ar,|,
for female A. butcheri was lowest in the

Swan River Estuary (2.2 years), in which the gi-owth was
greatest, and greatest in the Nornalup Walpole Estuary

"

Sarre, G. A., G. J. Partridge, R. C. J. Lcnanton, G. I. Jenkins,
and I. C. Potter. 1999. Elucidation of the characteristics of
inland fresh and saline water bodies that influence growth and
survival of black bream. Fisheries Research and Development
Corporation. Research Report. Project 97/309. Canberra, ACT,
Australia, 68 p.

(4.3 years), in which early growth was relatively slow

and the asymptotic length the least. The minimum legal

length (MLL) for the capture of A. butcheri in southwest-

ern Australia, i.e. 250 mm, is attained as early as 2.7 years
in the Swan River Estuary and as late as 6.5 and 6.8

years in the Nornalup Walpole and Moore River estuar-

ies. Because the MLL is well above the L^^ for females and
males of A. butcheri at first maturity in each system, it

allows a substantial number of the members of each popu-
lation to reach maturity before they are likely to be caught

by either recreational or professional fishermen. However,
the relatively small contribution made by A. butcheri >5

years old in the heavily fished Swan River Estuary empha-
sizes the need to keep the upper part of that estuary closed

to commercial fishing and suggests that similar measures

may be necessary in other estuaries as they become more

heavily fished in the future.
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Abstract—Significant fisheries for Ches-

apeake Bay Atlantic sturgeon,Acipenser

oxyrinchus, have been absent for nearly

a century, and there has been no evi-

dence of recovery in the intervening

years. Endangerment of Atlantic stur-

geon in the Chesapeake Bay has stim-

ulated interest in aquaculture-based

restoration programs. A critical and

unknown issue is whether hatchery

released fish would encounter habitats

that support growth and survival. In

July 1996, approximately three thou-

sand Atlantic sturgeon yearlings were

released into Nanticoke River (Mary-

land) and subsequently tracked to

evaluate their growth and dispersal.

Biotelemetry of 32 individuals showed

down-estuary emigration into the Che-

sapeake mainstem habitat during sum-

mer and fall at average ground speeds

below 0.5 km/d. During the first year

after release, 262 yearlings were cap-

tured by commercial fishermen. All

yearlings and two-year-old fish were

determined to be ofhatchery origin (8%

capture rate). Yearlings were captured

throughout the Chesapeake Bay main-

stem and tributaries. Two released stur-

geon were captured in the Albemarle

Sound System (Chowan River. NC).

Juveniles captured during summer
and fall experienced ca. 1.5% daily

specific growth rate. Diets comprised

annelid worms, isopods, amphipods,
and mysids. Wide dispersal, high inci-

dence of feeding, and positive growth
rates suggested that hatchery-produced

juveniles dispersed to areas that sup-

ported consumption, growth, and sur-

vival. Because the Chesapeake Bay
continues to support juvenile habitats,

we propose that curtailed or absent

spawning stock or spawning habitat,

or both, are principal factors that have

contributed to lack ofAtlantic sturgeon

recovery during the twentieth century.
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In Chesapeake Bay, Atlantic sturgeon,

Acipenser oxyrinchus, may be func-

tionally extirpated (Secor'; Speir and

O'ConnelP). Although sporadic obser-

vations of yearlings and adults have

been reported over the last two decades

(Colligan et al., 1998), the probability

of population extirpation based upon
the infrequency of these observations,

is high (Grogan and Boreman, 1998).

Depletion of Atlantic sturgeon in the

Chesapeake Bay followed a period of

high exploitation in the late 19th cen-

tury (Fig. 1), during which overfishing

occurred for most Atlantic sturgeon

populations (Murawski and Pacheco,

1977; Secor and Waidman, 1999). Also,

sedimentation and eutrophication have

dramatically affected the Chesapeake

Bay's environment during the past cen-

tury (Officer et al., 1984; Cooper and

Brush. 1991), resulting in loss and deg-

radation of spawning and nursery hab-

itats that may have contributed to loss

in viability of sturgeon populations.

Contribution 3335 ofthe University ofMary-
land Center for Environmental Science,

Chesapeake Biological Laboratory, 1 Wil-

liams StreetSolomons, Maryland 20688.

Secor D.H. 1995. Chesapeake BayAtlan-
tic sturgeon: current status and future

recovery. Unpubl. manuscript. Chesa-

peake Biological Laboratory. P.O. Box 38,

Solomons, MD 20688-0038, 10 p.

 

Speir. H., and T.O'Connell. 1996. Status

of Atlantic sturgeon in Maryland's Ches-

apeake Bay. LInpubl. Manuscript. MD
Dep Natural Rrsources.Tawes State Office

Building, 580 Taylor Avenue, Annapolis,
MD 21401, 7 p.
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Figure 1

Atlantic sturgeon landings in Chesapeake Bay. Data from Murawski and Pacheco (1977) and CoUigan et al. (1998). VA = Virginia;

MD = Maryland.

During their first year of life, Atlantic sturgeon remain

close to their natal habitats within estuaries (Dovel and

Berggren, 1983; Bain, 1997). Following spawning migi-a-

tions by adults, benthic eggs are deposited on hard, struc-

tured surfaces (e.g. cobble) in regions between the salt front

and fall-line of large rivers. Historically, Chesapeake Bay
Atlantic sturgeon spawned during April^une (Hildebrand

and Schroeder, 1927). Young hatch at ca. 4-6 days after

spawning, and following a 7-10 d period swimming upriver,

adopt a benthic lifestyle (Smith et al., 1980). Young-of-the-

year juveniles initiate seasonal migrations within estuaries

(Dovel and Berggren, 1983). Emigration from natal estuar-

ies to primarily marine habitats occurs at ages 1 to 5 years,

after which subadults wander among coastal and estuarine

habitats until maturation, undergoing rapid gi'owth rates

(Dovel and Berggren, 1983; Stevenson and Secor, 2000).

Lack of strong evidence of natural recovery has lead

state, federal, academic, and nonprofit organizations to

consider an aquaculture-based restoration program for

Atlantic sturgeon in the Chesapeake Bay. To examine

the feasibility of such a program, 3275 hatchery-produced

yearlings (Hudson River progeny produced from a single

female and four males) were released into the Nanticoke

River (Chesapeake Bay) and their subsequent dispersal

and growth was monitored over a one-year period. Spe-

cifically, we 1) characterized the dispersive behavior of

non-native (hatchery-produced) Atlantic sturgeon year-

lings through biotelemetry and the capture of sturgeons

by fishermen, 2) explored potential relationships between

the obsei-ved distribution and abiotic environmental fac-

tors, and 3) compared growth rate and diet of released

juveniles obsei^ved in our study to those reported in the

literature for naturally produced sturgeon.

Methods

Juvenile Atlantic sturgeon were obtained from the U.S. Fish

and Wildlife Service (USFWS), Northeast Fishery Center,

Lamar, Pennsylvania. During June 199.5, Center personnel

collected a large female (2.4 m total length) and three male

Atlantic sturgeons from the Hudson River near Hyde Park

(river km [rkml 135). Fish were transported to the Center

for artificial spawning and lan'al rearing. Lai-vae and early

juveniles were reared in fresh water at 17°C and fedArtemia

nauplii until 30 days after hatching. Juveniles (0.7-2.0 mm
diameter) were then fed Biokyowa® fry feed ad libitum

during their first year of life. A failure of the water heating

system at the Center resulted in loss of temperature con-

trol, and juveniles >45 days after hatching, were subjected
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Nanticoke River

Chesapeake Bay

5

km

Figure 2

Map of Nanticoke River showing survey region, sites of release of yearling Atlantic sturgeon, and
river sections utilized for statistical analysis. On 7 July 1996, >3000 yearlings were released at rkm
36 and 50. Later in summer and fall smaller releases of yearlings fitted with ultrasonic devices

(Table 2 1 were made at rkm 13, 24, 36, and 50.

bined into a single group for statistical analysis. Consis-

tency of mean trajectories and parallelism within and

among released fish groups was tested by using multiple

regression analysis, after modeling within-individual cor-

relations (repeated measures) through a spatial power
covariance model (Littel et al., 1996). Degrees of freedom

were adjusted using Satterthwaite's approximation.

On the basis of upon multivariate analysis of available

water quality data, the Nanticoke River was divided into

three relatively homogeneous sections (Fig. 2): lower river:

rkm 8 to 19.9, middle river: rkm 20 to 33.9, and upper
river: rkm >34 (Table 3). Discriminate analysis indicated

that this classification resulted in consistent differences in

temperature, dissolved oxygen, and salinity records across
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three most upstream sites (rkm 50, 36, and 24) showed a

significant pattern of downriver displacement (P<0.01) at

average ground speeds of 0.4 ±0.08 SE, 0.1 1 ±0.04 SE, and

0.08 ±0.02 SE km/day. respectively (Fig. 4). Fish released

at rkm 13 did not show a consistent up or downriver move-

ment (P>0.9). There were also significant differences in

dispersal patterns between fish released at different dates

within the same section. For instance, fish released 22

July at rkm 36, and 12 August at rkm 24 did not show a

consistent downriver dispersal pattern.

The average probability of relocation tended to be higher

in the middle section of the river (0.46 ±0.071 SE) than

in the lower and upper sections, where average probabili-

ties of relocation were 0.30 ±0.06.5 SE and 0.28 ±0.064 SE,

respectively. However, such probabilities were not signifi-

cantly different from each other, as indicated by logistic

regression analysis {P=0.13). No significant correlations

were found between dissolved oxygen, water temperature
or salinity, and proportion of total relocations occurring

within a given section (P>0.11). Although no significant

correlation occurred between salinity and distribution of

fish relocations, most fish had left freshwater areas (0 to

1 ppt) within one week of being released. More than 90'7f

of later relocations occurred in the range 1 to 7 ppt. All

attempts to capture sturgeon where position of fish was

triangulated through biotelemetry were unsuccessful. In

25 bottom trawls and five gillnet deployments, only two

cultured juveniles were physically captured, one in a gill

net on 26 July (24 cm TL) and the other in an otter trawl

on 24 October (43 cm TL).

During fall and winter (earliest capture 1 November

1996), fishermen captured juveniles as an incidental catch

in the mainstem of the Chesapeake Bay. Location of cap-

tures varied seasonally (Fig. 5). During fall and winter

months (November-March) most captures occurred in the

vicinity of the mouth of the Nanticoke River and north of

the Nanticoke River in the mainstem of Chesapeake Bay.

As winter progi'essed, sturgeon captures were concentrated

at upper Bay mainstem sites. The distribution of captures

tended to spread toward the lower Chesapeake Bay and

into tributaries dunng late winter (March) and spring

months, where several sturgeon were captured high up in

major tributaries (Patuxent, Potomac, Rappahannock, and

James rivers). Much of the shift in captures during spring

and summer may have been an artifact of delayed imple-

mentation of a reward program in Virginia (initiated Feb-

ruary 1997) and seasonal changes in fishing effort (see

"Discussion" section). In March 1997. two individuals were

captured outside of Chesapeake Bay in the Chowan River

(Albemarle-Roanoke estuary. North Carolina).

The majority of juvenile sturgeon (60"^^ captured by

commercial fishermen were ensnared in drift or anchored

gill nets set for striped bass, white perch [Morone ameri-

cana). and catfish ^Ictalur-us pi/nctatiis. Ameiiiriis catusK

40% of the captures were from pound nets principally

set for menhaden [Brevoortia tyrannus). Gillnet captures
occurred most often between January and early March,

with a mean capture length (TL) of 61 cm ±5.6 SE. Pound-

net captures v/ere concentrated between April and late

June. Mean length for poundnet captures was 66 cm TL

10 20 30 40 50 60

Days after release

Figure 4

Relocation site (river kilometer) and mean trajectories

for fish fitted with ultrasonic devices and released at

different locations in the Nanticoke River. (A) release

site 1 (rkm 50), (B) release site 2 (rkm 36-38), (C)

release site 3 (rkm 24), and (D) release site 4 (rkm 13).

Star icons indicate release site. Other icons within a

graph indicate individual fish. Note that mean trajec-

tories have been corrected for autocorrelation within

individuals.

±5.7 SE. Captured yearlings were kept for up to 2 days by

fishermen, prior to inspection by USFWS agents, by hold-

ing sturgeon in pens and tanks, or by tying them (by the

mouth or tail) to fixed structures in the water Juveniles

inspected by agents were all judged to be in good condition

and released without apparent harm to the fish.

Overall, 89^ of stocked juveniles were taken incidentally.

Sixteen Floy-tagged juveniles (size class II) were multiple
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forage conditions. This is supported by the relatively low

rates of dispersal (0-0.4 krn/d; 0.1 BL/s), low horizontal

gradient observed in abiotic parameters, and a lack of cor-

relation between relocation probability and water quality

data. More intensive sampling and benthic resource map-

ping in Chesapeake Bay could confirm this speculation.

A moderate reward system was highly effective in help-

ing to evaluate the release of hatchery sturgeon. Although
we expect more juveniles may have actually been cap-

tured than reported, fishermen were keenly interested in

the program and very cooperative with USFWS agents in

their collection of biological measures. High capture rates

of yearling Atlantic sturgeon by fishermen showed that

small sturgeons were highly vulnerable to gill and pound
nets, as found by Collins et al. (1996). Due consideration

needs to be given to incidental catches of juvenile-stage

sturgeon in recovery programs.
Seasonal and spatial patterns of captures by fishermen

were the result of both seasonal dispersal and distribu-

tion of fishing effort in Chesapeake Bay. In winter and

early spring months, drift and anchor gill nets were set

for striped bass, white perch, and catfish in the upper

bay and in tributaries. Later in the spring and summer,

pound nets were set for menhaden, croaker (Micropogo-

nias iindulatus). and spot (Leiostomus xanthuj-us), which

tend to occur down-estuary. Therefore, the apparent dis-

placement of captures from the upper to lower Chesa-

peake Bay may be related to seasonal changes in fishing

effort. In addition, Virginia began a reward program in

February 1997; therefore captures were less likely to occur

prior to that date.

The dispersal of released fish into Chesapeake Bay
mainstem by fall 1996 and reported captures in North

Carolina by the end of the winter also are consistent

with seasonal movement patterns described for Atlantic

sturgeon in other systems. Seasonal migration in juvenile

Atlantic sturgeon seems primarily regulated by changes in

temperature gradients between fresh and brackish waters

(Van Den Avyle, 1984). Juveniles tend to use brackish

waters close to estuary mouths during the colder months

as reported in Hudson River (Dovel and Berggren, 1983;

Gilbert, 1989), Delaware River (Brundage and Meadows,

1982; Lazzari et al., 1986), and the Winyah Bay system
(Smith et al., 1982). In the Hudson River, juveniles begin

moving to saltier waters by July (Dovel and Berggren,

1983), whereas in the Delaware River many fish remain

in tidal water until January (Lazzari et al., 1986). A differ-

ent pattern was observed by Moser and Ross (1995), who
noted that juvenile Atlantic sturgeon in the Cape Fear

River kept the same center of distribution all year round.

High dispersal rates of released yearlings and absence

of schooling behavior were somewhat unexpected. Hatch-

ery-produced striped bass and Pacific salmon iOncorhyn-
chus spp. ) juveniles are known to school and remain in

restricted regions for weeks and months following release

(Nickelson et al., 1986; Hume and Parkinson, 1987; Dora-

zio et al., 1991; Nagata et al., 1994; Andreasen, 1995).

Recent genetic studies indicate strong population structur-

ing within the geographic range of the Atlantic sturgeon

(Waldman and Wirgin, 1998), which suggests high fidelity

to natal estuaries. Gene flow studies also support con-

sistent homing behavior by the Gulf subspecies (Wirgin
et al., 1997). However, the rapid dispersal we observed

might suggest that yearlings had insufficient opportunity
to imprint to the Nanticoke River and thus might be

unlikely to home to it in future spawning migrations.

Apart from work on salmonids, little is known on homing
behavior in anadromous fishes. In Pacific salmon, the

window of imprinting occurs during the premigratory
smolt stage (Hasler and Scholz, 1983). Stocking young-of-

the-year Atlantic sturgeon in any future hatchery-based
restoration program would be prudent because it might
increase the duration of exposure to imprinting stimuli.

This study demonstrates that the Nanticoke River and

Chesapeake Bay can continue to support nursery roles for

Atlantic sturgeon yearlings. Still, several questions remain

before we embark on a program of restoration through

hatchery-based reintroduction. What are the main factors

defining suitable habitat for Atlantic sturgeon juveniles?

Would available habitat support historical abundances?

Can we obtain sufficient numbers of brood stock from

the Hudson River or elsewhere to ward against inbreed-

ing depression? A critical question is whether released

juveniles will return and find spawning habitat. Spawn-

ing habitats are probably quite degraded from siltation

and sedimentation over the past two centuries. Unfortu-

nately, evaluating whether such habitats remain or can be

restored will be nearly impossible until an adult biomass

can be restored.
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Abstract—Tagged neonate and small

juvenile Carcharhinus obscurus were

released between March 1994 and

June 1996 in southwestern Australia.

Length and time-at-liberty data from

304 usable recapture data were used to

examine growth rates of male, female,

oxytetracycline injected, noninjected,

and all individuals combined. Recap-
tures were made up to 4.7 years after

release. Four methods of analysis were

employed: Gulland and Holt, Fabens,

Francis, and length-at-age. Length-at-

age analysis was possible because the

majority of the animals released had

open umbilical scars and so were of

known age. The four methods pro-

duced varying results. One method was

not able to estimate growth param-
eters, another produced inaccurate

estimates of von Bertalanffy growth

parameters, and two methods indicated

that a linear growth model described

growth better than the von Bertalanffy

model. Although each produced differ-

ent results, the three successful meth-

ods estimated that the growth rate

up to age 5 ranged from 8 cm/year
to 11 cm/year. These growth rates

agreed closely with those reported for

young C. obscurus. Length-at-age anal-

ysis indicated significant differences in

the growth rates between males and

females, and between oxytetracycline-

injected and noninjected males. Results

from the Francis method did not show

significant differences between males

and females, or injected and nonin-

jected animals. The coefficient of varia-

tion of growth variability ranged from

0.24 to 0.40, mean measurement error

ranged from 0.0 cm to 0.94 cm, and

the standard deviation of measurement

error ranged form 2.1 cm to 2.4 cm.

The usefulness of each of the methods

is discussed—the more detailed meth-

ods providing a better understanding
of tag-recapture data.

Growth rates of juvenile dusky sharks,

Carcharhinus obscurus (Lesueur, 1818),

from southwestern Australia estimated

from tag-recapture data
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Tag-recapture data are a useful source

of information on the growth of animals.

The simplest form of analysis is to esti-

mate an average growth rate, normally
for a specific size range, from the period

at liberty and the growth increment.

This approach has been used in studies

examining elasmobranch growth. For

example, Thorson and Lacy (1982) esti-

mated the average growth rate of adult

sawfish (Pristis perotteti). Pratt and

Casey (1983) provided average growth
rates for shortfin mako sharks (Isurus

oxyrinchus) in 20-cm size groups, and

Casey et al. (1985) provided estimates

of giowth rates for sandbar sharks

[Carcharhinus plumbeus) in 20-cm size

groups. Although this approach provides

information on growth rates that can be

compared with those predicted by other

techniques, it does not provide estimates

of parameters for growth functions (e.g.

the von Bertalanffy growth function).

A more useful approach is to fit

growth functions to tag-recapture data.

A range of techniques have been devel-

oped to undertake this type of anal-

ysis. Early techniques used relatively

simple approaches (e.g. Walford. 1946;

Gulland and Holt, 1959; Fabens, 1965)

to estimate parameters of the von Ber-

talanffy growth function. Species of

elasmobranchs for which these types
of techniques have been used include

three species of Raja (Holden, 1972),

C. plumbeus (Wass, 1973; Casey and

Natanson, 1992), Galeorhinus galeus
(Grant et al, 1979). Squatina califor-

nica (Cailliet et al., 1992) and Galeo-

cerdo cuvier (Natanson et al., 1999).

With the advent and proliferation of

powerful computers, more sophisticated

techniques have been developed to deal

with tag-recapture data and to allow

the fitting of a range of growth func-

tions and the estimation of confidence

intervals (Francis, 1988). These growth
functions have included both the widely
used von Bertalanffy curve, as well as

other forms (e.g. Schnute, 1981; Fran-

cis, 1995). In addition, functions that

allow for the estimation of seasonal

growth patterns (e.g. Francis, 1988),

growth variability (e.g. Francis, 1988,

Wang et al., 1995), and measurement
error (e.g. Francis, 1988) have been

developed. These more complex func-

tions allow researchers to extract more
information from tag-recapture data,

as well as identify factors that may be

important in determining the growth
of individual animals. These types of

analysis have not been widely used in

elasmobranch studies to date. However,
Francis and Francis ( 1992 ) and Francis

and Mulligan (1998) used the Francis

(1988) method for Mustelus lenticula-

tus and G. galeus, respectively.

Tagging studies of elasmobranch pop-

ulations have also been used to vali-

date age data based on vertebrae. In-

dividuals are injected with a marker
that is incorporated into calcifying struc-

tures so that the number of bands laid

down between tagging and recapture
can be determined, and the periodicity

of band formation validated (Cailliet,

1990). The most commonly used marker

in these studies is oxytetracycline (OTC )

at dose rates of approximately 25 mg/kg
(Gelsleichter et al., 1998). OTC is also a

powerful antibiotic with recommended
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daily doses of lOmg/kg for elasmo-

branchs (Stoskopf, 1993). Despite its

antibiotic properties it has been dem-

onstrated to have toxic effects on some

teleosts (e.g. Marking et al., 1988).

Although widely used, the impact

of OTC injection on the growth of

elasmobranchs has been poorly stud-

ied. Tanaka ( 1990) demonstrated that

injection of OTC did not affect the

growth ofjuvenile Orectolobus japon-

icus at normal dosages. Gelsleichter

et al. (1998) reported that OTC injec-

tion did not affect the growth of nurse

sharks (Ginglymostoma cirratum ), but

that it may have some level of hepato-

toxicity. In the only reported study of

a wild elasmobranchs, Natanson et al.

(1999) reported that four Galeocerdo

cuvier specimens injected with OTC
did not have growth rates different

from those not injected with OTC.

The dusky shark, Carcharhinus

obscurus, is a large species of coastal

shark that occurs in tropical, subtropical, and temperate
oceans world-wide (Compagno, 1984). They are born at

70-100 cm total length (TL), mature at approximately 280

cm TL, and grow to at least 365 cm TL (Last and Stevens,

1994). Natanson et al. (1995) provided estimates of growth

parameters for C. obscurus from the western North Atlantic,

using length-at-age data and length-frequency data. These

data indicate that C. obscurus is slow growing, reaches

maturity at approximately 19-21 years, and possibly lives

to 45 years. Natanson and Kohler (1996) estimated growth

parameters for C. obscurus from the southwest Indian

Ocean, using length-at-age data that indicated growth sim-

ilar to that from the western North Atlantic.

A demersal gillnet fishery in southwestern Australia

targets neonate and small juvenile C. obscurus. mostly
from February to June. The fishery has operated since

the 1940s, but significant catches of C. obscur'us were not

taken until the mid 1970s ( Simpfendorfer and Donohue,
1998). Increasing fishing effort in the 1980s lead to con-

cerns about the status of this resource and prompted a

research project that included a tag and release study to

estimate mortality (Simpfendorfer, 1999), movement, and

growth parameters for C. obscui-us. The aims of this paper
are 1 ) to estimate growth rates and growth parameters for

C. obscurus based on tag-recapture data using four differ-

ent methods, 2) to investigate differences in growth due to

sex or injection with OTC, and 3 ) to estimate growth vari-

ability and measurement error

Materials and methods
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fi^
= the expected value of

growth increment of the

ith individual; and

a = the standard deviation of

the growth VEiriability.

In the present study ct,
was as-

sumed to be proportional to pre-

dicted growth increment (i.e.
ct,

=

v?/,).

The solver function in Micro-

soft Excel (Microsoft, 1999) was

used to maximize the likelihood

value of the model. Although the

growth model allowed the use of

six parameters, the number of

parameters used for each of the

groups was determined by using

the likelihood ratio test (LRT).

In its simplest form growth was

assumed to be linear
(g^=g^^

and

to include s. The addition of more

parameters ( nonlinear growth |^,,*

gA, V, m. and p) was significant if

the likelihood increased by more

than 1.92 per parameter (Francis.

1988). The final model used for

each group was the one with the

least number of significant parameters.

Bootstrapping was used to estimate 95% confidence

intervals for parameter estimates. New growth increment

values were generated by adding randomly selected points

from two normal distributions. The first distribution had a

mean of the predicted growth increment with a standard

deviation equal to \7/ and represented gi'owth and giowth

variability. The second distribution represented the mea-

surement error and had a mean ofm and a standard devia-

tion of s. Five hundred bootstrapped data sets were created

by using each method and fitted by using the technique
described above. Ninety-five percent confidence intei-vals

were calculated from the 2..5th percentile and the 97.5th

percentile of the resulting parameter distributions.

Length-at-age for neonate releases The use of length-at-

age data is normally associated with aging studies where
the age of an individual shark is estimated from the

number of bands on the vertebrae. Because most animals

tagged in the current study had open umbilical scars, it

was possible to estimate the age of each of the recaptured
animals directly from the time at liberty and the rate of

healing of the umbilical scar. There is limited information

available on the time that it takes for the umbilical scar

to close, but most estimates range from 4 to 6 weeks (Bass

et al., 1973). If it is assumed that a shark with an open
scar was tagged at an age of three weeks (the assumed

age at release), the age at recapture is the time at liberty

plus three weeks. Preliminary data analysis showed that

a linear growth function (L,
= bL + a, where b is the

growth rate and a is a constant) provided a better fit to

the data than a von Bertalanffy function. Thus a linear

68 70 72 74 76

Fork length (cm)

80 82 84 85 88 90

Figure 3

Size-frequency distribution of 1537 neonate Carcharhmus obscurus from southwest-

ern Australia with open umbilical scars. The line represents a normal distribution with

a mean of 7.5.3 cm and a standard deviation of 3.75 cm.

model was fitted to the length-at-age data. Growth rates

(6 values) were compared between males and females,

and between injected and noninjected animals, using the

homogeneity-of-slopes model within the visual general
linear model module of STATISTICA. Significant differ-

ences in growth rates existed when the interaction term

(agexsex or agexinjection status) was significant. If there

were significant differences in the growth rates for sexes

then differences in the growth rates between injected and

noninjected animals were assessed separately for males

and females, otherwise they were assessed for males and

females combined.

Results

A total of 473 recaptures of juvenile C. obscurus were

reported to September 1998. Recaptured animals were at

liberty between and 1716 days (4.7 years); seven were

at liberty for more than three years. Tag-recapture data

from all individuals with usable data were included in the

Francis (1988) method, whereas only those with times at

liberty greater than 60 days were used in the other meth-

ods of analysis. Individuals at liberty less than 60 days
were excluded because many individuals had growth rates

that were beyond those considered reasonable because of

the short period at liberty (Fig. 4). The size at recapture

ranged from 68.5 to 147 cm FL. There were 304 recaptured
sharks with usable data, and 274 recaptured sharks with

times at liberty gi-eater than 60 days. These recaptured
sharks included 153 males (137 at liberty >60 days), 143

females ( 130 at liberty >60 days), 118 individuals injected
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Figure 5

Differences between release and recapture lengths for 38 juvenile Carcharhinus obscu-

rus at liberty less than 30 days off southwestern Australia.

growth data from tagged yellowfin tuna (Thunnus alba-

cares) up to 100 cm long. Because the current study used

only data from individuals up to five years old, which is

a short period in relation to the estimated longevity of

this species (45 years, Natanson et al., 1995), there was no

information in the data on the rate at which the length

reaches its asymptote (equivalent to the rate of decrease

in the growth rate with increasing age ). As a result the von

Bertalanffy growth function cannot adequately describe

the data. If recapture data were available for individuals

from older age classes, it is likely that a decrease in growth
rate with increasing age may have been obsei-ved and thus

a von Bertalanffy growth function (or the Francis (1988)

model with g„*gJ may have provided the best fit to the

data.

The Gulland and Holt ( 1959) method relies on a decrease

in gi-owth rates with increasing age to estimate both L^,,

(:c-intercept) and K (slope). Thus, because the tag-recap-

ture data for C. obscurus did not contain this informa-

tion, the method was not able to estimate von Bertalanffy

growth parameters. The inability to produce results, while

other methods did, illustrates that the Gulland and Holt

(1959) method fails in some situations where the periods

at liberty are short in relation to the maximum age and

where the recaptured individuals cover only a small pro-

portion of the age classes present in the population. The

lack of information in the data on the decrease in growth

rate with increasing age also caused problems for the esti-

mation of parameters in the Fabens (1965) method. In

all cases, except for the noninjected group, this method

provided substantially lower values of L
.
than expected

from observations of the maximum length of C. obscurus



818
Fishery Bulletin 98(4)

Age (years)

Figure 6

Length-at-age plots for (A) male, (Bl female. (Ci injected. (Di noninjected. and (E) all Car-

charhinus ohscurus from southwestern Australia. Lines represent linear gi-owth functions

based on parameters given in Table 4.

Despite the difficulties in obtaining von Bertalanffy

growth parameters with the Fabens (1965) method, the

growth rates from age zero to 5 years were similar to those

from the linear growth function from the Francis (1988)

and length-at-age methods (Fig. 7). Each of the methods

indicates that on average juvenile C. ohscurus grow 8-11

cm/year. The results from the current study (for all meth-

ods) were also similar to those from previous studies for

C. ohscurus in the western North Atlantic and southwest-

ern Indian Ocean by Natanson et al. (1995) and Natan-

son and Kohler (1996), respectively (Fig. 7). However, the

growth rates were lower than those suggested by Brans-

tetter (1990) who used data from Schwartz (1983) to esti-

mate the growth rate of C. ohscurus pups from the western

North Atlantic to be approximately 15 cm/year. At ages

greater than five years, the gi-owth rates estimated by

the current study corresponded poorly to obsei-ved results

in other studies. This is a result of the linear growth of

the juveniles that does not predict the decrease of growth

rates as individuals age. Extrapolation of the results to

ages greater than five years is thus invalid and should be

avoided.

The results of the Francis (1988) method indicate a rela-

tively high level of growth variation in juvenile C. obscu-
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Figure 7

Comparison of growth rates from three methods used in the current study (open

symbols: circle = Fabens 11965) method; square = Francis 11988] method; diamond =

length-at-age method! and previous research (solid symbols; circle = length-at-age

from vertebrae; square = tag-recapture data from Natanson et al. [1995); triangle =

Natanson and Kohler [1996)).

Table 5

Results of homogeneity-of-slopes models in which growth rates between male and female, and injected and noninjeeted Carcharhi-

nus obscurus were compared.
** indicates significant effects. SS = sum of squares.

Comparison Effect SS df

Male with female

Male

Injected with noninjeeted

Female

Injected with noninjeeted

sex
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The observed growth variability in juvenile C. obscurits

may in part have been due to seasonal gi-owth variation,

migrations between warmer waters on the west coast of

Western Australia, and cooler waters on the south coast.

Either of these factors could possibly have produced sub-

stantial variation in growth rates. Further research on the

influence of temperature on growth of C. obscuriis would

prove useful in isolating the causes of growth variability

in this species.

The estimated measurement error parameters from the

Francis (1988) method were similar but slightly lower

than those from the differences in length for individuals

at liberty less than 30 days. The close agreement between

these results indicates that the Francis (1988) method

provides accurate estimates of measurement error and

that the confounding of measurement error and growth

variability reported by Francis and Mulligan (1998) was

not a problem in the current study. The magnitude of the

mean measurement error was small (0-0.94 cm) in rela-

tion to the length of the sharks examined (55-140 cm).

Previous studies using the Francis (1988) method have

indicated that including ;?; in the model does not improve
the result, whereas values of s have included 1.2 cm (C

niilii. Francis, 1997), 1.5 cm IP. o.xygeneios, Francis et al.,

1999), 1.6 cm iMustelus lenticulatus, Francis and Francis,

1992) and 7.2 cm (G. galeus. Francis and Mulligan, 1998).

The length-at-age analysis indicated that male juvenile

C. obsciirus have significantly higher growth rates than

females. This result, however, was not supported by the

results from the Francis 1 1988) method that showed over-

lap in the 95% confidence intervals derived from boot-

strapping. Differences in growth rates do occur between

the sexes in sharks, but these differences are most com-

monly observed at ages close to maturity (approximately
20 years in C. obscuriis) (e.g. Simpfendorfer, 1993; Simp-
fendorfer et al., 2000). Thus the lack of significant differ-

ences in the growth rate between young male and female

C. obscuriis was not unexpected. The difference in the

results between the two methods may be due to the simple
linear model fitted to the length-at-age data not being
able to account for growth variability and measurement
error This demonstrates the improvement in understand-

ing that the more complex Francis (1988) model can pro-
vide over more simplistic approaches.
The results of the length-at-age analysis in the current

study indicate that male C. obscurus injected with OTC
have significantly higher growth rates than noninjected
males. However, females showed no significant difference

between injection and noninjection with OTC. The parame-
ter estimates from the Francis ( 1988) model indicated that

injected animals grow 2.2 cm/year faster than noninjected
animals. However the 95'^i confidence intervals overlapped
slightly I injected, 9.68-11.63; noninjected, 7.43-10.01)

indicating that lliere were no significant differences in

growth rates. Although the significance of growth rate dif-

ferences varied between analysis methods and sexes, sug-

gesting that differences may have been the result of biased

data, there is sufficient evidence to warrant further inves-

tigation of the effect of OTC injection on juvenile C. obscu-

rus. Previous studies of elasmobranchs have not found

significant differences in gi'owth rates between injected

and noninjected animals (Tanaka, 1990; Gelsleichter et

al, 1998; Natanson et al. , 1999). However, only one of

these studies (Natanson et al., 1999) was carried out on

sharks in the wild. This study was based on four OTC-

injected G. cuvier specimens and no statistical comparison
of growth rates between injected and noninjected individ-

uals was undertaken.

If growth differences between OTC-injected and non-

injected C. obscurus do occur, they may result from the

antibiotic properties of OTC. It is likely that injections of

OTC would not increase growth rates; rather, the growth
of noninjected animals may be lower after tagging. The

capture and tagging process is likely to present a signifi-

cant source of stress for sharks—one that may increase

their chances of microbial infection and slow their growth

(e.g. Olsen, 1953; Davies and Joubcrt, 1967; Manire and

Gruber, 1991). Animals injected with OTC would be more

likely to overcome these infections quickly and thus grow
at rates indicative of untagged individuals. If this scenario

can be proven, then the faster growth rates predicted by
the Francis (1988) method for the injected juvenile C.

obscurus (10.84 cm/year) are likely to be most representa-
tive for this species.

This study indicates that although a range of techniques
are available to estimate growth rates and von Bertalanffy

gi'owth parameters from tag-recapture data, they can pro-

duce variable results. One method, the Gulland and Holt

(1959) method, was not able to produce results for juvenile

C. obscu)-us. Another, the Fabens (1965) method, produced
unrealistic von Bertalanffy gi-owth parameters. Two meth-

ods, the Francis ( 1988) and length-at-age methods, indicated

that linear growth functions provided better predictive

power forjuvenile C. ohscui-us than the nonlinear von Berta-

lanffy gi-owth function. The use ofthe Francis ( 1988 ) method
allowed for a more detailed investigation of the growth of

C. obscurus. including the investigation of measurement
error and growth variability. Estimation of these additional

parameters is particularly useful in tag-recapture studies

where commercial and recreational fishermen provide the

majority of data. Thus, although the more traditional meth-

ods are still commonly used for elasmobranchs, researchers

should consider the use of more detailed approaches, such

as that of Francis ( 1988), to extract the maximum possible

information from their data.
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Abstract—Effects of year and region

on young-of-the-year (age-0) walleye

pollock abundance and size were exam-

ined by using bottom and midwater

trawl collections made during 1985-88.

Samples were collected from shelf and

coastal areas in three adjacent regions

of the western Gulf of Alaska. The pri-

mary focus was to examine regional dif-

ferences in recruitment prediction and

annual differences in fish distribution.

Fish density was used to indicate abun-

dance, and length was included as a

relevant factor in fish production. Year

and region significantly interacted as

effects on age-0 density. Recruitment

prediction was best in the Kodiak Is-

land region, upstream of the main

spawning area, where fish densities

were high during 1985 and 1988 in

relation to 1986 and 1987. On a large

scale, fish were evenly distributed every

year, except during 1987 when their

density increased strongly from east to

west . Age-0 length also varied with year

and region. This was apparent after

accounting for daily increases in mean

length (0.09 cm/d). Fish were compar-

atively small during 1986. intermedi-

ate during 1985, and large during 1987

and 1988. Regional differences in fish

length were due to a relative abundance

of large-size fish around Kodiak Island

where the average size was about 0.75

cm larger than elsewhere. Thus, a rela-

tive abundance of large individuals in

this region was associated with good
recruitment prediction. These results

are discussed in terms of their rele-

vance to spatial variation in the pro-

duction of recruits.
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Young-of-the-year (age-0) fish abun-

dance is used in managing temperate
marine resources (Goodyear, 1985;

Bailey et al., 1986; Johannessen and

Tveite, 1989; Sundby et al., 1989; Gal-

aktionov, 1993; Corteni). Estimating
the abundance of age-0 fish, however, is

complicated by their broad and some-

times variable spatial distributions.

This variability, which can obscure

shifts in distribution from changes in

abundance (Olsen and Soldal, 1989; de

LaFontaine et al., 1992; Polacheck et

al., 1992; Anderson et al., 1995), may
affect survival.

Walleye pollock, Theragra chalco-

gramma, are semidemersal gadids that

reside in the North Pacific Ocean

(Lynde, 1984; Springer, 1992; Wolotira

et al., 1993). The National Oceanic and

Atmospheric Administration (NOAA)
has sought to understand and predict

pollock recruitment better because of

the commercial importance and recruit-

ment variability of the species (Kend-

all and Duker, 1998; Hollowed et al.2;

Wespestad et al.'^ ). Much of the research

on pollock recruitment has been done

in the western Gulf of Alaska (GOA) as

part ofNOAA's Fisheries Oceanography
Coordinated Investigations (FOCI) pro-

gram (Schumacher and Kendall, 1991;

Kendall etal, 1996).

In the GOA, many pollock spawn
during early April in southwestern

Shelikof Strait (Picquelle and Megrey,
1993 ) ( Fig. 1 ). This spawning is believed

to be primarily responsible for replen-

ishing the GOA pollock stock (Kendall

and Picquelle, 1990; Hollowed et al.-).

FOCI researchers have devised a trans-

port paradigm for young pollock of She-

likof Strait, in which they move with

the prevailing currents from the main

spawning area in the Strait to shelf

and coastal nurseries farther southwest

(Schumacher and Kendall, 1995; Kend-

all et al., 1996). Although some individ-

uals may be carried beyond the shelf,

the oceanic North Pacific is not consid-

ered an important pollock nursery area

(Smith et al., 1984). This pattern of

dispersal, hereafter referred to as the

FOCI recruit-pathway paradigm, was

demonstrated in 1987 (Hinckley et al.,

1991), and it has been simulated by
a model of lai^val transport that incor-

porates detailed physical and biologi-

cal information (Hermann et al.. 1996a,

* Contribution 0262 of the Fisheries Ocean-

ogi-aphv Coordinated Investigations, 7600
Sand Point Way NE, Seattle. WA 98115.

' Corten, A. 1986. Application of the re-

sults from international young fish sur-

vevs in fisheries management in recent

years. ICES, Doc. CM. 1986/0:54, 26 p.

-' Hollowed, A. B., E. Brown, J. lanelli, P. Liv-

mgston, B. Megi'ey, and C. Wilson. 1997.

Walleye pollock. In Stock assessment and

fishery evaluation report for the gi'ound-
fish resources of the Oulf of Alaska, p.

31-119. Prepared by the Oulf of Alaska

Groundfish Plan Team, North Pacific Fish-

ery Management Council, P.O. Box 103136,

Anchorage, AK 99510.
'

Wespestad, V. G., J. N. lanelli. L. Fritz, T.

Honkalehto, N. Williamson, and 0. Wal-

ters. 1997. Benng Sea-Aleutian Islands

walleye pollock assessment for 1998. In

Stock assessment and fishery evaluation

report for the groundfish resources of

the Bering Sea/Aleutian Islands regions,

p. 35-102. Prepared by the Bering Sea/

Aleutian Islands Plan Team, North Pacific

Fishery Management Council, P.O. Box

103136, Anchorage, AK 99510.
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Figure 1

Map of the NMFS exploratory sampling locations for age-0 pollock in the western Gulf

ofAlaska, August-October, 198.5-88. The straight lines delineate the three regions used

to gi'oup the data geogi-aphically. The star (*), near the head of the arrow pointing to

Shelikof Strait, marks the major pollock spawning area.

1996bl. Consequently, the shelf area west of Shelikof Strait

has received the most attention recently regarding pol-

lock nurseries in the western GOA (Brodeur et al., 199.5;

Wilson etal., 1996).

Not all obsei*ved distributions of age-0 pollock, how-

ever, are consistent with the FOCI recruit-pathway par-

adigm. In 1980-82, some incidental collections of age-0

pollock were made during bottom trawls for shrimp in

bays throughout the western GOA. High age-0 densities

were found northeast of the main spawning area and
led Smith et al. (1984) to conclude that important spawn-

ing areas probably exist farther upstream. Small concen-

trations of pollock eggs, larvae (Kendall and Picquelle,

1990; Dunn et al."*), and spawning adults have been found

throughout the western GOA (Hirschberger and Smith,

1983; Hollowed et al.-; Williamson''; Karp''; Wilson et al.
'

).

• Dunn, J. R., A. W. Kendall Jr., R. J. Wolotira Jr, J. H. Bowerman
Jr., D. B. Dey, A. C. Materese, and J. E. Munk. 1980. Seasonal

composition and food web relationships of marine organisms in

the noarshore zone—including components of the ichthyoplank-
ton, meroplankton, and holoplankton. Final Report OCSEAP
RU.551. Northwest and Alaska Fisheries Centei', Natl. Mar.
Fish. Serv., NOAA, 2725 Montlake Blvd. E., Seattle, WA 98112,
393 p.

'' Williamson, N. J. 1989. Acoustic-midwater trawl surveys for

walleye pollock in the Gulf of Alaska in 1989. In Condition of

groundfish resources of the Gulf of Alaska ni 1989 (T. K. Wil-

derbuer.ed.), p. 281-311. U.S. I)ep. C'ommer, Alaska Fisheries

Science Center, 7600 Sand Point Way NE, Seattle, WA 98115.
^
Karp,W A. 1990. Results of echo integration midwater-lrawl

surveys for walleye pollock in the Gulf of Alaska in 1990. /;;

Stock assessment and fishery evaluation report for the 1991
Gulf of Alaska groundfish fisliery. Appendix 3. 42 p. Prepared
by the Gulf of Alaska Groundfish Plan Team, North Pacific

Fishery Management Council, P.O. Box 103136, Anchorage, AK
99510.

This does not, however, preclude the possibility that dis-

persal of young from Shelikof Strait is more variable than

previously thotight.

In response to conclusions drawn by Smith et al. ( 1984),

the National Marine Fisheries Service (NMFS) conducted

more spatially extensive surveys designed to map age-0
abundance and size (Spring and Bailey'*). These sui-veys

occurred during 198.5-88. The data were included in a

compilation of information by Bailey and Spring (1992)

primarily to show that year-class strength was set by the

age-0 stage. Like Smith et al. (1984), however, Bailey and

Spring also found that many juveniles were present in the

Kodiak region during some years.

This study presents a re-examination of the 1985-88

survey data. In this study, however, the effects of year
and region were evaluated statistically and length was
included due to its relevance to recruitment. Among juve-

nile fish, size often has a positive effect on survival

(Sogard, 1997; Hurst and Conover, 1998; Schultz et al.,

19981. Emphasis was placed on annual variability within

each of three regions owing to interest in developing
a recruitment predictor. Emphasis was also placed on

within-year regional variability because of the possibility

"

Wilson C, M. Guttormsen, and S. K. dc Blois. 1996. Echo

integration-trawl sui"vey results for pollock in the Gulf of

Alaska during 1996. In Stock assessment and fishery evalua-

tion report for the groundfish resources of the C^iulf of Alaska,

p. 417-443. Prepared by the Gulf of Alaska Groundfish Plan

Team, North Pacific F"isherv Management Council, P.O. Box
1 03 1 36, Anchorage, AK 995 10.

'"

Spring, S., and K. Bailey. 1991. Distribution and aliundance

of juvenile pollock from historical shrimp trawl surveys in the

western (iulf of Alaska. U.S. Dep. Commer, NOAA Proc. Rep.
AFSC 91-18,66 p.
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that the Kodiak region is sometimes a relatively impor-

tant nursery area despite its position upstream of the

main spawning area.

Materials and methods

The data selected for this study comprise the longest

time series available from the GOA where the collection

method was consistent (Bailey and Spring, 1992; Spring
and Bailey*). They were collected in late summer (August-
October) 1985-88 by the NMFS (Fig. 1, Table 1). The pur-

pose of these sui^veys was to obtain a coarse picture of the

distribution and size of age-0 pollock in the western GOA;
These surveys were the first to target age-0 pollock in this

area and, as such, were exploratory.

The area surveyed was the continental shelf and bays

around Kodiak Island and as far southwest as time

allowed (Fig. 1). The Alaska Coastal Current (ACC) flows

southwestward through the area but circulation is com-

plicated by sea valleys, islands, and other topographic

complexity (Lagerloef 1983; Reed and Schumacher, 1986;

Stabeno et al., 1995). The largest sea valley forms Shelikof

Strait and it forms a natural division within the western

GOA between eastern and western regions. The Kodiak

Island Archipelago is a prominent feature of the eastern

region. Smaller islands characterize the western region,

which has a relatively broad shelf

Sampling was accomplished by trawling on echo layers.

Echo sign was monitored along predetermined transects.

No effort was made to include acoustic data because a pre-

liminary study found no relation between echo sign and

age-0 catches (Bailey and Spring, 1992). Samples were col-

lected only during the day, so that the problem of diel ver-

tical fish migi-ation was avoided.

Echo sign believed to be age-0 pollock was sampled by

using an 18.6-m high, opening shrimp trawl with steel

V-doors (1.5 m x 2.1 m, 568 kg) attached by 18-m bridles.

The trawl was made of 3.2-cm stretched-mesh, nylon net-

ting, and a 3-mm mesh liner was inserted into the codend.

For bottom samples, a 16.8-m tickler chain was used and the

footrope ofthe net was held above a bottom contact chain by

30-cm chain lengths. For midwater tows, a 363-kg weight

was attached to each lower wing to help hold the trawl

mouth open, and the chain on the footrope was removed. A
netsonde system (BEN-MAR or Furuno) was used to posi-

tion the trawl vertically at the desired depth. It was not

possible to open and close the net at depth. Towing speed

and duration averaged about 4.5 km per h and 10-15 min,

respectively. At each sampling location, sea surface temper-

ature was measured with a bucket thermometer.

All taxa caught were identified, enumerated, and

weighed. At this time of year, age-0 pollock are readily

distinguished from older individuals by a clear separa-

tion in size (Bailey et al., 1996b; Brodeur and Wilson,

1996a; author's unpubl. data). Fork length was measured

to the nearest centimeter. All age-0 pollock were measured

except those in large catches, when about 100 randomly
selected fish were measured. Length data were missing for

five samples, each of which comprised only a few fish.

Table 1
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ing site were separated from samples collected farther

downstream, and the difference in large-scale coverage

was accommodated.

Finally, statistical tests were conducted to examine

effects of year and region on age-0 density, which was not

straightfoi-ward owing to the occurrence ofmany zeros and

a few very large values in the catch data. Four different

procedures were employed and the results were compared.
All statistical tests were accomplished with SYSTAT for

Windows (Wilkinson, 1996).

The first procedure was a two-way analysis of variance

(ANOVA) of two different transformations of all four years

of data. One ANOVA was based on a log-transformation

(Sparholt et al.. 1991) (log n,(density)+0.00001, nonzero

catches ranged from 0.00001-0.6 fish per m '
I and the other

was based on rank-transformed data (Conover, 1980). Nei-

ther transformation, however, removed the spike of zeros

in the frequency histogram of densities and thus made
the requisite assumption of normality tenuous. To avoid

empty cells data from the Unimak region were omitted;

they were collected only during 1987-88.

The second procedure was a distribution-free, nonpara-
metric test to again look for effects of year and region

(Methven and Bajdik, 1994). Unlike Methven and Bajdik
( 1994), however, the age-0 data were not paired; therefore

the signed rank test was replaced by the Kruskal-Wallis

test. Because this is a one-way test, subsets of the data

were selected so that the effect of the first factor was
examined within a level of the second factor (e.g. year
within a region) and vice-veisa (e.g. region within a year)
(Valle et al., 1999). In all, seven tests wei'e run. Signifi-

cance of the outcome for each test was based on the Bon-

ferroni-corrected alpha level of 0.05.

The third and fourth procedures were conducted primar-

ily as a means to circumvent the zero-catch problem but

also because of differences in the information conveyed

by zero and nonzero catches (Pennington, 1983; Randa,
1984). Zero catches indicate absence, and nonzero catches

indicate presence as well as some measure of abundance.
The third procedure involved chi-square tests to test

whether the presence or absence of age-0 pollock was asso-

ciated with year or region. Annual or regional differences

in age-0 frequency of occurrence indicate a change in fish

patchiness, or a change in the ability to target them; both

may be associated with a change in abundance. It was

necessary to conduct one chi-square test for each region
to examine annual differences and then for each year to

examine regional differences. Thus, Bonferroni corrections

were again necessary.

The fourth procedure was a two-way ANOVA test of

effects of region and year on nonzero densities. The non-

zero densities appeared normally distributed after being

log,||-transformed. Again, the Unimak data were omitted.

A year-region interaction term was included in the

ANOVA tests of the first and fourth procedures. Signifi-

cance of the interaction term indicates that annual dif-

ferences vary by region, or that regional differences vary
by yean The former identifies regions with high annual

variability; whereas the latter implies annual variation

in fish distribution. Significance of the interaction term

determined which multiple comparison test was used post
hoc. If it was not significant, a Bonferroni multiple compar-
ison test was used for comparing levels of significant main
effects. If it was significant. Fishers least significant dif-

ference (LSD) test was preferred. In SYSTAT, the LSD test

does not automatically correct for the number of compari-
sons being made (Wilkinson, 1996). This correction was
desirable because only a subset of all possible pair-wise

comparisons was of interest. Only comparisons among
regions within year and among years within region were

of interest, those involving different years and regions (i.e.

1985 Kodiak versus 1986 Shumagin) were excluded. A
Bonferroni correction was then applied to the remaining

comparisons to maintain an overall 0.05 alpha level.

Examination of effects ofyear and region on age-0 length
was accomplished by using a two-way analysis of covari-

ance (ANCOVA). An ANCOVA was necessary to account

for variation in length due to differences in the collection

day-of-year (expressed as the number of days since 1 Jan-

uary). The first ANCOVA was used to examine data col-

lected from the Kodiak and Shumagin regions during all

four years. The second ANCOVA was conducted with just
the 1987 and 1988 data to compare lengths among all

three regions. The covariate was not allowed to interact

with the main effects (ie. slope homogeneity was assumed
rather than tested) owing to the short duration of collect-

ing in some regions and years in relation to the variation

in mean length per haul. As in Anderson et al. (1995), the

dependant variable was mean length per haul rather than

individual length measurements; this variable simplified

the model but allowed no within-haul variability. Mean
size was weighted by mortality-adjusted fish density.

The relationship between annual estimates of age-0 den-

sity or size and recruitment was examined graphically
because there were insufficient degrees of freedom for a

global significance test of correlation. Pollock recruitment

was indicated by the Gulf-wide abundance of age-2 individu-

als (Bailey et al., 1996a). No attempt was made to account

for autocorrelation in this time series because pollock exhibit

low autocorrelation in recruitment (Hollowed et al.. 1998).

Results

Overall, 406 trawl samples were collected yielding 384

density estimates (zero and nonzero catches) and 335 esti-

mates of mean length (Table 2). Stations were occupied
from west to east, except in 1985 when sampling pro-

gressed from cast to west and then doubled back to end

near northeast Kodiak Island. Sampling around Kodiak
Island was mostly over the inner shelf and in bays ( Fig. 1).

Coverage of the outer shelf was best farther west, between
158° and 164°W longitude. Sample depth varied consider-

ably, and it appears that the daytime vertical position of

age-0 pollock was also quite variable (Fig. 2).

Abundance

Results from each of the four statistical procedures con-

sistently indicated that year and region interact in their
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Figure 3

The geographic distribution (ifaKc-O pollock density in

the western Gulf of Alaska. August-October. 1985-88.

Symbol size indicates the mortality-adjusted number of

fish/m '. The star I * i marks the major pollock spawning
area in Shelikof Strait.

 Kodiak
' Shumagin
 Unimak

Kod

Shu

as=-1479

220
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240
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260
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280
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Day of year

Figure 4

Age-0 pollock mean fork length per haul versus collection

date for each year sampled August-October, 1985-88,

Symbol type indicates region (see Fig. 1). Lines represent
the least-squares linear fit from the ANCOVA of Kodiak

and Shumagin data (slope=0.090; mtercepts, o^- and a^.

respectively, are given )

1986 were each significantly (P<0.05) different from all other

years. The year-region interaction term was marginally not

.significant (Table 5). A noteworthy correspondence between
mean size and water temperatm-e is apparent in Table 2.

Regional differences were due to a relative abundance of

large-size fish in the Kodiak region. These fish were on aver-

age about 0.5-1.0 cm larger than the fish from elsewhere
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Table 2

Catch and sample statistics, by region and year, for age-0 pollock collected in the western Gulf of Alaska during 1985-88. Mean

logn,, mean fork length (FL), mean sample depth, and mean sea-surface temperature were based on samples where age-0 pollock

were caught. As stated in the text, fish density and length were adjusted to the median sui-vey date (3 Sept) to account for differ-

ences in collection date. (Freq. occur.=frequency of occurrence).

Year

class

1985

1986

1987

1988

Region

Total sample
number

Kodiak

Shumagin

Kodiak

Shumagin

Kodiak

Shumagin

Unimak

Kodiak

Shumagin

Unimak

62

41

52

40

37

29

44

20

23

36

Freq. occur. Mean logj^

(fish/ni^)

Mean
(fish/m3)

Median

(fish/nv*)

Mean FL
(cm)

Mean depth
(m)

Mean temp.
CO

77

90

83

88

65

83

98

95

83

92

-2.19

-2.19

-2.84

-2.74

-3.06

-2.32

-1.86

-1.76

-2.59

-2.12

0.0303

0.0496

0.0060

0.0147

0.0046

0.0180

0.0302

0.0544

0.0242

0.0263

0.0038

0.0073

0.0008

0.0015

0.0001

0.0053

0.0264

0.0225

0.0024

0.0063

7.5

6.9

7.0

6.1

8.2

7.5

7.6

8.4

7.4

7.7

101

88

136

116

75

70

40

95

64

35

10.5

10.9

9.3

10.8

11.2

11.6

11.2

10.8

11.7

11.0

(Table 2). The data from 1985 clearly show how the Kodiak

and Shumagin regions contrast in terms offish size (Fig. 4).

Note that the difference in mean size coincides roughly with

regional delineation. On closer inspection, it was apparent

that large fish tended to concentrate near the northeast-

and east-side of Kodiak Island in 1985 and 1988. Thus,

size variability appears to also exist on a finer geographic

scale. In Figure 4, most mean lengths from the Shumagin

region in 1986 are above their respective line because one

sample of relatively small fish accounted for almost 30% of

the total density During 1987 and 1988. means from the

Unimak region were not different from those in the Shuma-

gin region (Bonferroni. P=0.054) but they were different

from the Kodiak group (Bonferroni. P=0.003). This differ-

ence was indicated by a second ANCOVA, and a secondpos^
hoc multiple comparison test, wherein day (df=l and 156.

F=196, P<0.001) and region (df=2 and 157. F=22, P<0.001)

were the only significant effects.

To address a possible association between regional mean

size and mean sample depth (Table 2). the ANCOVA of

1985-88 data was rerun with sample depth as a third

effect. Sample depth was included as a categorical effect

with two levels: 50-100 and 100-150 m. Only 174 mean

length estimates were used because the number of esti-

mates at other depths was low or zero in some regions and

years. Results were similar to the first run and there was

no significant depth effect. Depth was neither significant

by itself (df=l and 157,F=0.118, P=0.731) nor did it inter-

act with other effects (P>0.05). The difference in fish size

between the Kodiak and Shumagin regions was therefore

not likely due to differences in sampling depths.

Recruitment

Future development of a direct relationship between age-0

abundance and recruitment seems most likely for the

Table 3
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tion near shore, and possible directed movements by juve-

niles all complicate "typical" southwestward dispersal of

pollock eggs and larvae from Shelikof Strait. For example,
the high age-0 densities around Kodiak Island during 1985

may be explained by high larval abundances upstream of

the main spawning area (Kendall and Picquelle, 1990),

which in turn may reflect northeastward transport of

eggs at depth in the countercurrent. On the other hand,

the high age-0 densities around Kodiak during 1988 are

more difficult to explain. Countercurrent flows have been

detected off the Gulf-side of Kodiak Island (Musgrave et

al., 1992) but historically this is not an area of high egg or

larval abundance. Furthermore, widespread occurrences

of high age-0 density suggest that dispersal was both

downstream and upstream, or that some fish originated

from elsewhere.

The existence of multiple spawning areas further com-

plicates our understanding of pollock recruitment path-

ways. Sporadic sui-vey effort by the NMFS indicates

that spawning occurs at a number of different locations

throughout the western GOA between Prince William

Sound and Unimak Pass. The percentage of pollock bio-

mass in non-Shelikof spawning areas was 10, 21, 19, 29,

and 14'7f of the total in all areas sui-veyed in 1989, 1990,

1994-96, respectively (Williamson-^; Karp''; Wilson et al.",

and references therein). These estimates are conservative

because not all known spawning areas were surveyed each

year and survey timing may not have coincided with

peak spawning. In addition, other surveys of pollock, sum-

marized by Bechtol,^ indicate that the biomass of pre-

spawning aggi'egations in Prince William Sound ranged
from 28,85.5 to 114,344 metric tons during 1995, 1997,

and 1998. Although these surveys occurred after 1988

and conditions may have changed during the intervening

period, it seems likely that at least some age-0 pollock

were spawned in areas outside of Shelikof Strait. Esti-

mating relative production, however, is difficult because

it is impossible to identify where individual recruits were

spawned and because of spatial variations in the pro-

cesses that remove prerecruits from the GOA. As indi-

cated by studies of other species (Pulliam and Danielson,

1991; Frank, 1992), the relationships among these differ-

ent spawning groups could be very complex.
The use of age-0 densities in the Kodiak region in fore-

casting recruitment suggests that "atypical" dispersal of

young from Shelikof Strait and production of fish from

other spawning areas may be relevant factors in under-

standing GOA pollock recruitment. Admittedly, this use

is based on only a few years of data. However. Smith et

al. (1984) reported age-0 densities for the 1980-82 year
classes in some bays within the Kodiak region that cor-

responded with year-class strength estimates. Further-

more, if sampling method is ignored, a time series of mean

age-0 density near northeast Kodiak Island is available

for the 1980-88 year classes, except 1983, and it corre-

sponds reasonably well with recruitment (Pearson, r=0.74,

P=0.04, «=8) (author's unpubl. data). The Shumagin and

Unimak regions were comparatively less promising for

predicting recruitment, although the relative strength of

the 1985 and 1988 year classes was indeed evident among
the Shumagin densities. Age-0 fish from both the Kodiak

and Shumagin regions may move into Shelikof Strait

during winter as indicated by large aggregations of age- 1

fish observed there during early spring (McKelvey, 1996).

This movement probably involves a relatively constant

proportion of the Kodiak and Shumagin age-0 popula-

tions because their abundance as age-1 fish in Shelikof

Strait continues to be indicative of recruitment (McKelvey,

1996; Guttormsen and Wilson"'). Farther southwest, in

the Unimak region, juveniles may leave the GOA some-

time after their first summer. This movement may explain

why age-0 densities in the Unimak region during 1987

and 1988 had no relation to recruitment despite a 7-fold

variation in subsequent year-class strength.

Given their relevance to recruitment, age-0 pollock

around Kodiak Island warrant closer consideration. As

previously discussed, some may come from Shelikof Strait.

Others may move downstream from spawning areas such

as those in or near Prince William Sound and Resurrection

Bay (Nelson and Nunnallee, 1985; Muter and Norcross,

1994; Norcross and Frandsen, 1996; Karp"). Downstream
drift is probable given the distance, currents (Schumacher

and Reed, 1980; Stabeno et al., 1995), spawning time

(Muter and Norcross, 1994), and estimated age-0 ages.^^

Drift from eastern areas may be relatively important to

establishing age-0 populations along the upstream- and

Gulf-side of Kodiak Island when the influx of Shelikof fish

is low. Retention of young along this part of Kodiak Island

may be facilitated by shoreward flows and vortices cre-

ated by topographical influences on the prevailing current

(Lagerlof, 1983; Dunn et al.^). Local spawning is another

possible source of age-1 pollock as evidenced by adults in

prespawning condition in Marmot Bay, which is on north-

east Kodiak Island (Karp''; Williamson^-).

The relatively large size of many age-0 fish may reflect

favorable conditions in the Kodiak Island vicinity because

size is generally regarded as having a positive effect on

survival. Walters et al. ( 1985 ) first reported a southwest-to-

northeast increase in age-0 size; however, a more rigorous

Bechtol. W. R. 1998. Prince William Sound walleye pollock:

current assessment and 1999 management recommendations.

Regional Information Report No. 2A98-4 1,2.5 p. Alaska Depart-
ment of Fish and Game, Division of Commercial Fisheries Man-

agement and Development, .3.33 Raspberry Rd., Anchorage, AK
99.518.

'" Guttormsen, M., and C.Wilson. 1998. Echo integration-trawl

survey results for walleye pollock in the Gulf of Alaska during
1998. In Stock assessment and fishery evaluation report, p.

509-530. Prepared by the Gulf of Alaska Groundfish Plan

Team, North Pacific Fishery Management Council. P.O. Box

103136. Anchorage, AK 99510.

" Mean age of age-0 pollock in the Kodiak region during 1985-88

ranged from 127 to 143 d. These estimates are based on age-0

length and length-age relationships for the same age-0 popula-
tions (Bailey et al., 1996bi, to which mortality-adjusted density

weights were applied.
'- Williamson, N. 1999. Personal commun. National Marine

Fisheries Service, 7600 Sand Point Way NE, Seattle, WA
98115.
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comparison with their study is complicated by differences

in gear and survey strategy. One possible explanation

for the effect of region on fish size is growth rate vari-

ability. Growth rates, estimated from larval and juvenile

length-at-age data, were found to increase from southwest

to northeast, at least during 1987 (Yoklavich and Bailey,

1990; Brown and Bailey 1992). Prey quality (Merati and

Brodeur, 1996), and physical conditions (Strickland and

Sibley, 1989) have also been observed to vary, the suppo-
sition being that the Kodiak Island area is a richer nurs-

ery habitat than are more southwestern areas. Variation

in time of spawning is another possibility; particularly in

1986 and 1988, when regional differences in growth were

not evident (Bailey et al., 1996b). It appears, however, that

time of spawning throughout the western GOA is fairly

synchronous (Picquelle and Megrey, 1993; Muter and Nor-

cross, 1994). except near the Shumagin Islands were it

happens about one month earlier (Wilson et al.^). Size-

related migration and mortality are other possible effects

on fish size but evidence is lacking.

Spatial differences in size may translate into spatial dif-

ferences in mortality. In a review of size-selective mortality

among juvenile fishes, Sogard (1997) identified over-win-

ter mortality and predation as major size-selective pro-

cesses. These mortality vectors may be particularly strong
because the first-winter gi-owth of juvenile pollock in the

GOA is negligible (Brodeur and Wilson, 1996a), and pre-
dation is prevalent (Brodeur and Bailey, 1996). Thus, geo-

graphic differences in age-0 size may contribute a spatial

component to year-class strength determination. The poor

relationship between age-0 size and year-class strength,

however, suggests that age-0 size is a minor factor, at least

in terms of determining relative recruitment among year
classes.

The practice of targeting echo layers was a drawback of

these data. This practice has been shown to bias estimates

of fish density (Wilson et al., 1996), but its effect on

distribution patterns is uncertain. It is possible that the

area represented by mean fish density varied with year
and region, thereby causing density to be a poor indicator

of abundance. Estimates of year- and region-specific den-

sity were, however, closely related to the absolute abun-
dance estimates of Bailey and Spring (1992) (Pearson,
r=0.78. P=0.008, /) = 10). On the positive side, the practice
of targeting echo sign does reduce the effort needed to col-

lect biological samples (Brodeur and Wilson, 1996b), but
this must be carefully weighed against possible adverse
effects.

In summary, age-0 pollock appear to have been evenly
distributed throughout much of the western GOA during
1985-88, except during 1987 when a strong, east-to-west

increase in fish density was observed. The Kodiak region
was an important pollock nursery despite its position

upstream from what is presumed to l)e the most impor-
tant spawning area in the GOA. The Kodiak region was
particularly well suited as a recruitment predictor owing,
perhaps, to a relative abundance of large-size individuals.

Questions emerged about annual variability in the origin
and dispersal of young pollock, and regarding the possibil-

ity that geographic effects on sun'ival or retention could

affect the relative production of GOA recruits among dif-

ferent spawning areas.
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Abstract— In the original von Berta-

lanfty gi'owth equation, the rate of

change in body mass of an individual

is assumed to result from two oppos-

ing biological processes: anabolism and

catabolism. Because this differential

equation cannot be solved analytically,

some of its analytically solvable special

cases are commonly used, despite their

restrictive assumptions. In this study,

I used a generalization of the original

von Bertalanffy growth equation and

some of its commonly used special cases

to estimate parameters from a set of

tagging data on times at liberty, lengths

at release, and lengths at recapture

of a centropomid perch iLates calcari-

fer) and provide a method for deter-

mining the anabolic and catabolic rates

of animals in their natural environ-

ment. Fitting the original von Berta-

lanffy growth equation to the tagging

data suggests that a 1% increase in

body mass of the fish corresponds to

a 0.8721'7r increase in anabolic rate

and a 1.0357% increase in catabolic

rate. Alternatively, L. calcarifer may be

interpreted as exhibiting a strong sea-

sonality in growth: it grows fastest in

length at the start of autumn, grows
less until a full stop in the middle

of winter, shrinks until the middle of

spring, and then resumes a positive

growth for another cycle. Consequently,

it is unnecessary to use the analyti-

cally solvable special cases of the origi-

nal von Bertalanffy growth equation in

data analysis, unless their assumptions
are validated. I also explain why Pau-

ly's index of growth performance is ade-

quate and propose an index of catabolic

performance.

Use of the original von Bertalanffy growth model
to describe the growth of barramundi,
Lates calcarifer (Bloch)
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Information on the growth of animals is

important for studying their population

dynamics, physiology, and biochemistry

(Peters, 1983; Calder, 1984; Schmidt-

Nielsen, 1984; Reiss, 1989; Xiao, 1998).

Many empirical inodels have been

developed to describe the growth of

animals macroscopically, including the

Gompertz (1825) and logistic growth
models (Verhulst, 1838). By contrast,

von Bertalanffy ( 1938 ) proposed a some-

what mechanistic growth model for

body mass W(a)>0 of an individual of

age a, of the form

dWia)/da = AW(a )« - CWia )^,

where A, S, C and Z> = positive biolog-

ical constants;

AW(a)^ = the rate ofana-

bolism (build-

ing up of body
mass! at age a;

and

CWia)" = the rate of cat-

abolism (break-

ingdown ofbody
mass) at age a.

Thus, in this model, the rate of change
in body mass of an individual dWfa)/c?a

at age a is assumed to result from two

opposing biological processes (anabo-

lism and catabolism). Although the

underlying mechanisms may be too

complicated for dW(a)/da to be approx-
imated or even interpreted as such, this

differential equation has opened up a

line of thought for integrating the mac-

roscopic growth of animals with certain

physiological and biochemical processes

(Pauly, 1981). Also, it is fairly general,

includes almost all previous determin-

istic growth models as its special cases.

and forms a basis for identifying the

"right" growth models from amongst all

its special cases. Consequently, some

work has been done to estimate para-

meters A, B, C, and D to determine

the anabolic and catabolic rates of fish

(Ursin, 1967; Pauly 1981).

However, because the differential

equation cannot be solved analytically,

its analytically solvable special cases

are so commonly used that one simple

special case has become known in the

fisheries literature as the von Berta-

lanffy growth equation (Xiao, 1996).

Nonetheless, assumptions for its vari-

ous analytically solvable special cases

can be very restrictive. Indeed, although
assumed to take a value of % in that

simple special case (Pauly, 1981), con-

stant B can take any value from % to

'Vt, because B is often assumed to satisfy

/3(B-1)-h1=0 and because B in Equation
2 below is known to take any value from

2V2 to 3V2. It is also possible that cat-

abolic rate is not proportional to body
mass (i.e. D^l). In any case, it is best

not to make any assumptions about the

values ofA, B, C. and D.

Like most growth models, the von

Bertalanffy (1938) growth equation is

age-dependent. Although it can be mod-

ified to consider, implicitly, the sea-

sonal growth of animals and the effects

of tagging, a general framework was

not available for explicitly incorpo-

rating time and time-dependent fac-

tors (i.e. ambient temperature and food

availability) in age-dependent growth
models. This prompted Xiao (1999) to

derive general age- and time-dependent

growth models for animals and to give

a comprehensive list of their commonly
used special cases. Such models explic-

itly incorporate age, time, and their de-
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pendent factors and are useful for modeling growth at

age and time (e.g. from length-at-age data), incremental

growth at age and time increment (e.g. data on length

increment at age and time increment from tagging stud-

ies), the effects of tagging, and, if coupled with a proper

age- and time-dependent population dynamics model, the

effects on the gi-owth of animals of many population char-

acteristics, such as population size.

Because of experimental constraints, such as difficul-

ties in taking continuous measurements (if measured at

all), anabolic and catabolic rates of animals are necessar-

ily measured either by restraining them in the laboratory

or in the field. Such restraints can cause stress to animals

and hence result in biased measurements. Experimental
methods should be developed to estimate the anabolic and

catabolic rates of animals in as natural an environment as

possible.

In this study, I use an age- and time-dependent von Ber-

talanffy ( 19381 gj'owth equation and some of its commonly
used special cases for estimating the parameters from a

set of tagging data on times at liberty, lengths at release,

and lengths at recapture of a centropomid perch, barra-

mundi (Lates calcarifer) and provide a method for deter-

nnnmg the anabolic and catabolic rates of animals in their

natural environment. I also explain why Pauly's (1981)

index of growth performance is adequate and propose an
index of catabolic performance.

Model

Let 0<VVfa,?)<oo. -°°<aQ<a<oo, -<"<tQ<t<<x, denote the body
mass of an individual of age a at time t, with an arbitrary
reference age a^ and an arbitrary reference time

/„. The von

Bertalanffy ( 1938) growth equation can be generalized as

dW{a,t)

dt
AKa,t)W{a,t)" -C(a,t)W(a,t)" , (1)

where A(a,t)>0 and C(a.tl>Q = functions of age a and time

t: and
B and D = positive biological constants.

For a particular functional form o{'A(a,t) and C<a.t), Equa-
tion 1 can be used for estimating its parameters from data
on body masses of animals of different ages at different

times, or on two distinct body masses of the same individ-

ual at different times. If collected at all, such data are col-

lected mostly for terrestrial and occasionally for aquatic
animals. What is most commonly gathered for both terres-

trial and aquatic animals is, however, one or more linear

dimensions of an individual's body, such as its total length
at age, or two distinct measurements at different times.

Measurements of linear dimensions of an animal contain

useful information on its body mass. Indeed, it is well

known that body mass Wla.tl is scaled allomelricaliy to

body length Ua,t), i.e.

where a and /3
= (constant) allometric parameters (Peters,

1983; Calder, 1984; Schmidt-Nielsen,

1984; Reiss, 1989).

Substitution of Equation 2 into Equation 1 yields

dt P (3)

a"-'Cia,t}L(a,t)''

Thus, if a and /3 are known, as is usually assumed, para-
meters B and D, and those in Ala.t) and ClciJ) can be esti-

mated from data on length-at-age data, or on two distinct

lengths of the same individual at different times.

Although too general to be solved even numerically.

Equations 1 and 3 are useful in formulating ideas. Now, I

consider a special case of Equations 1 and 3 for seasonally

varying A(a,?) and C(a,t), such that

Ala.t) :

/ A -I-6C0S — it -t. )

i T

In

and

C(a,n = A' 4- 6cos| —(/'-/ I

T

where
y. yb I K. T. and

t^, are, respectively, the mean, ampli-

tude, period, and time shift for the anabolic process; A', b,

T, and t^ are, respectively, the mean, amplitude, period,

and time shift for the catabolic process. For this special

case. Equations 1 and 3 then become, respectively

dWiaJ)

dt

,- , 1
2;r

A +6cos — (/-/ )

T

^wui.t)" -wui.t)"
K

(4)

and

dLiaJ) _ 1

dt ~~J5

A +bcos\ — it-t )

T

K

(5)

Equations 4 and 5 can be solved numerically but not

analytically. For comparison and illustration, I now con-

sider five special cases (four of which are reparameteriza-
tions of commonly used growth equations) of Equation 5:

If 6=0, or li A(a,t} and C(aJ) are constants. Equation 5

becomes

dUaJ) 1

-dr-~i5^'"
" 'Uajf Ka"'Ua.t)" (6)

W(a. t) = aLiu. tf. (2)

If /3(fi-l)+l=0 (i.e. fi-l=-l//ii and /i(D-l )-(-l=l (i.e.

/J=l), Equation 5 becomes
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dL{a,t) _ 1

dt
~

p
A' + 6cos|

^(t't^,) K Ha,t)\, (7)

the solution ofwhich as an initial value problem, with Lia,

t)
I ,^t^^

= L{t„ + a -
t, ?„) for a -

«„
>

t-tf^
or with Lia, <)

| ,, ^
,,^^

=
LioQ, a„ + ^ - a ) for a -

a,,
< t-tg. yields

the solution of which as an initial value problem, with

L(n. ^1
1 ,^,

=
^('i, + a -

t, /,,)
for o -

Og
>

t-tf.,
or with Lia.

t)\^^^
=
Lia^.a^i + /

- a) for a -Qg <
/-^y, yields

UaJ)

a'' -i^a'" 'Ua.,J-a + aJ
\ K

T . Ik— sin — lo -
a,

,

A' bT
xexp|--m-a„.--

xcosl -—- / -(, (

T \

a-a„<t-t„

(8)

K \K
+ a-(,/„l exp 1?-',|) ^, ,"I 'I

j}

" a -
a„

> I
-

1„

Pk \T
"

) [T\ '2

Similar age-dependent models have been given, inter

alia, by Appeldoorn (1987), Pauly et al. (1992), Fontoura

and Agostinho (1996), and Xiao (1999). Also, notice that

6T(in Appeldoorn (1987) and Pauly et al. (1992), b=C and

T=l) is a dimensionless quantity and is useful for inter-

specific comparison of the strength of seasonal growth
oscillations (Pauly, 1984, 1985, 1990).

If i3(B-l)-i-l=0 (i.e., B-l=-l//3), /3(I»-l)-i-l
= l (i.e., D=l),

and 6=0, Equation 5 becomes

Ua.t)-

K
y_„vi> L{a^,t-a + aJ

KK

xexp|-(a-a„)-
—

sm[-.a-a„)

T I 1
 COS

I

— t
-

t, ia -
a,,)

K
Y ^ VII L(t„ +a-t.t„)

\ K

Y vbT . n
xexpj -^U-t,,)-- sin —U-tJ

2nt 1

xcosl — t -t,— it -t,,

a -
a,, <t -

tr,

(11)

a-a,>t-t„

a reparameterization of the seasonal logistic growth equa-

tion (Xiao, 1999).

If piB-\)+l=\ (i.e., B=l), li(D-\)+l=2 (i.e., D-l=l//3),

and 6=0, Equation 5 becomes

UaJ)

K \K
(a„,t

- a + a„)\

K
xexp ia -

a,,)

K [k

a -
a,, < t

-
t„

(9)

a-a>t- f„

xexp it
-

t,,)

a reparameterization of what is commonly called in the

fisheries literature the von Bertalanffy (1938) growth

equation.

UpiB-l}+l=0 (i.e., fi=l) and /3(D-1)+1=2 (i.e. D-l=l//3).

Equation 5 becomes

LiaJ) =

a -a,, < t -t„

(12)

a-a„>t- t„

a reparameterization of the logistic growth equation (Xiao,

1999).

dLia.t) y

dt PK
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a -ag> t-tg) for a group of individuals. It is, however, more

convenient to use only one segment in a single analysis.

Indeed, although growth parameters can be estimated by

use of either segment of any of Equations 8, 9, 11, and 12, it

is easier to use the segment for a -
a,,

< t-t^, by letting time t

start before the animals whose giowth is to be modeled are

born, unless time is allowed to take negative values. Use of

the other segment, i.e. that for a -
Qq

>
t-tg, gives identical

results, but it requires first calculating Llt^^ + a -t, t^).

The amount of data required to estimate parameters

in a growth model is a function of the generality of that

model: the more general a model is, the more data it

usually requires. Age- and time-dependent growth models

generally require knowledge of two ages Qq and a, time t,

and two .sizes LiUf,, t - a -\- a^) and L(a,t) if a -
«„ <

'~'o' "'"

knowledge of two times /q and t, age a. and two sizes Lit^^

+ a -
1. 1„) and L(a,t) if a -

Cq - '"V However, use of Equa-

tions 4, 5, 8, and 11 only requires knowledge of the differ-

ence between two ages a -
a^, time t, and two sizes Lia^, t -

a +
Qij)

and L(a,t); or of the difference between two times

t -
tg,

time /, and two sizes L(/„ + a - f , ?„) and Ua.t). By con-

trast, use of Equations 9 and 12 only requires knowledge of

the difference between two ages, a -
Oq, and two sizes, Lia^,

t-a+ a„) and L(a,t), or of the difference between two times

t -
tg,

and two sizes L{tg + a -
t,tg) and Ua.t).

Interestingly, a reparameterization of Equation 9 has

been widely used to model tagging data (Xiao, 1999),

where a^ or
t^

is interpreted as time at release, o or ? as

time at recapture, a -
a„ or f - t^ as time at liberty, Uaf,,

t - a +
a,,) or LU^ + a -

t, t^) as size at release, and Ua.t)

as size at recapture. It has also been used extensively to

model size-at-age data (obtained, say, by aging animals by

reading marks in scales and otoliths) (e.g. Moulton et al.,

1992 ), where Oq or ?„ is interpreted as age at birth, a or t as

age, Lia^^, t
- a + Oq) or L(/,,

+ a -
t. t^) as size at birth, and

L(a,t) as size at age. However, it is rare to know two ages
and the corresponding sizes of an animal; what are com-

monly measured are one age and its corresponding size.

Consequently, it is common practice to fit Equation 9 to

such size-at-age data to estimate age at birth a„ or
t^,

as

well as the growth parameters, thereby implicitly assum-

ing, for all animals concerned, that the size at birth Lia,^, t

- a + Qq) or Utg + a -t,tQ) is zero and that the age at birth

a, I

or
^11

is the same. Exactly the same argument applies to

Equation 12.

The barramundi L. calcarifer is a protandrous fish found

in estuaries and other coastal areas of the Indo-West

Pacific (Cxriffin, 1987). Between August 1977 and June

1980, 4933 barramundi with a body total length range of

about 10-100 cm were captured by a combination of lure

fishing, tidal trap, seine and gill net. Fish were measured
to the nearest cm, tagged with Floy FT-2 dart tags for

fish >35 cm and FD-67 anchor tags for fish <35 cm, and
released in rivers flowing into the Van Diemen Gulf and
the Gulf of Carpentaria of northern Australia (Davis and

Reid, 1982). Of those tagged, 312 of a total length of 23-92
cm with a mean of 60 ±13 (moan +SE) cm were recaptured,
but only 308 were used in the analysis below due to incom-

plete recapture information. The time at liberty ranged
from zero to 932 d, with a mean of 219 ±21 1 d, and the

length increment from -21 to 35 cm, with a mean of 6 ±8

cm. Negative increments in length are often observed in

a tagging experiment, because tagged animals can shrink

in size immediately after tagging, or because of recording

errors at both release and recapture. The estimates of allo-

metric parameters for barramundi, used in the present

paper, were those obtained by Reynolds (1978): a = 1.06 x

lO-'^ kg X cm-/J and /3
= 3.02.

Let Oq or
t^

denote time at release, a or f time at recap-

ture, a -
flg

or f -
?,|

time at liberty, Lia^, t - a +
f/f,)

or Litg

+ a -
t, tg) the length of a fish at release, and Lla.t) its

length at recapture. Equation 6 and the segments of Equa-
tions 8, 9, 11, and 12 for a -af^< t-t^, were fitted to the tag-

ging data, by using the nonlinear least squares method,

under the assumptions that T=365.25 d, time started (i.e.

time t=0) on 1 January 1960 (see Xiao 119991 for its sig-

nificance), and errors in L(a.t) follow independent normal

distributions, with a mean of L(a,t) and a constant vari-

ance of O' (Table 1). In these calculations. Equation 6

was numerically solved as an initial value problem with

Lia. t)\i ^ I

=
L(?Q + a -

t. t^)
for a -

Qq
>

t-t^^ using the

fourth order Runge-Kutta method (Beyer, 1978). A likeli-

hood ratio test suggests that Equation 8 is significantly

different from Equation 9 (n3,„=48.6892, P<0.0001); and

Equation 11 is significantly different from Equation 12

<^2,.M4=45.3460, P<0.0001). Thus, Equations 8 and 11, and

their associated estimates of parameters seem adequate
for describing the tagging data. Selection among Equa-
tions 6, 8, and 11 is difficult because little is known of the

underlying mechanisms of the growth process.

Discussion

Fitting of the original von Bertalanffy growth model (Eq.

6) to the tagging data for barramundi suggests that its

anabolic rate changes proportionally with the 5=0.872 1

power of its body mass and that its catabolic rate changes

proportionally (D = l.03.567=1) with its body mass (i.e. at a

1:1 ratio). Such an estimate of B is 9.0125';^ higher than

that (S=4/5) obtained for many fish under laboratory con-

ditions (Pauly, 1981). More data are needed to examine the

generality of this finding. By contrast, little information

is available on the value of D. Nonetheless, it is interest-

ing that the catabolic rate of barramundi increases pro-

portionally with its body mass; a I'/f increase in body mass

corresponds to about a V'i increase in catabolic rate. Con-

sequently, it is unnecessary to use the analytically solv-

able special cases of the original von Bertalanffy growth

equation in data analysis, unless their assumptions are

validated.

Alternatively, like many tropical and subtropical spe-

cies of fish lAppeldoorn, 1987; Pauly et al.. 1992), barra-

mundi may be interpreted as exhibiting a strong seasonal

growth. For both models (Eqs. 8 and 11), its growth rate

reaches its maximum on 3 or 4 March (i.e. at the start of

autumn), slows down to zero on 17 July (i.e. in the middle

of winter), reaches its minimum on 2 or 3 September (i.e.

at the start of spring), returns to zero on 19 or 20 October

(i.e. in the middle of spring), and comes back to its maxi-
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mum rate on 3 or 4 March (i.e. at the start of autumn)

(Fig. 1). Thus, its length gi'ows fastest on 3 or 4 March (i.e.

at the start of autumn), grows less until a full stop on 17

July (i.e. in the middle of winter), shrinks until 19 or 20

October (i.e. in the middle of spring), and resumes a posi-

tive gi'owth for another cycle. Thus, barramundi does not

grow in length for three months in a year, from 17 July

(i.e. in the middle of winter) to 19 or 20 October (i.e. in

the middle of spring). However, Equations 8 and 11 have

different assumptions and predict different amplitudes of

seasonally varying growth rate. Such a strong seasonality

in gi'owth rate might be related to seasonal changes in the

availability of food and in water temperature.

Similarly, tagging may adversely affect the growth of

barramundi perch and bias estimates of parameters in a

growth model, where its effects are not taken into proper
account. In fact, Xiao (1994) has already interpreted the

same set of data in terms of the effects of tagging. How-

ever, it is impossible to identify the right model from all

possible models, because of the inductive nature of model-

ing and because of our poor understanding of the underly-

ing mechanisms ofgrowth and how tagging affects growth.
In a preliminary analysis, I have constructed a model, and

have attempted (but failed) to estimate, simultaneously,

both the effects of tagging and seasonally varying growth
rates. Such a failure is not surprising because the amount
of information in a set of tagging data is limited. Further

progress can be made only by better understanding the

underlying mechanisms of growth.
This work also puts some of Pauly's (1981) work into

perspective. For example, or'''*y/K and K//3 in Equation 9

can be interpreted respectively as the average maximum
size and growth rate of a species. As Pauly (1981) pro-

posed, the product (or'''*)'/K)(K//3) =
cr'''*y/j3 is indeed an

index of growth performance because it is in direct pro-

portion to the mean anabolic rate. Similarly, or"'V/K and

yiji in Equation 12 can be interpreted respectively as the

average maximum size and growth rate of a species. The

quotient (}'//3)/(or"'^7/K)
=

a'''T<//3 is an index of catabolic

performance, because it is in direct proportion to the mean
catabolic rate.

Finally, anabolic and catabolic rates of animals can be

estimated from data from a mark-recapture experiment
on two distinct lengths of the same individual measured at

different times. Thus, the present work has demonstrated

a way to estimate anabolic and catabolic rates of animals.

Such field-based estimates can be compared with those

obtained under laboratory conditions.
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Abstract—When stocks are depleted,

direct assessments of population levels

are not only difficult but may be

highly inaccurate. The work reported

here was motivated by the need to

manage the collapse of the far eastern

sardine {Swdinops melanostictus) pop-

ulation. Spawning area was chosen as

the first indicator of population size

because the spatial spread of the stock

increases when the spawning popula-

tion increases. Our objective was to

clarify the relation between spawning

area and the spawning biomass of this

species off the Pacific coast of Japan

in order to estimate biomass with the

spawning area data.

The pilchard spawning area (A,) in

a given year was calculated by sum-

ming the areas of 1° longitude x 1°

latitude squares where early develop-

mental stage eggs were present. The

optimal relationship between A, and

the spawning biomass (B I was A, =2. 5 18

go 4610
^ fiQt a simple linear relationship.

One cause of the nonlinear relationship

seemed to be that pilchard egg aggre-

gations were distributed over space in

a patchy manner

Finally, we introduced an approxi-

mate method for estimating the pilchard

spawning biomass by using the inverted

equation of the optimal relationship

between A, and B. tS=0.135A,
- '™'

i.
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Japanese pilchard, Sardinops melanost-

ictus (known as "Japanese pilchard" in

Japan) is found off the Pacific coast

of Japan and is an important com-

mercial species. The pilchard stock has

fluctuated widely over a period of sev-

eral decades iKondo et al., 1976). The

annual catch in Japan peaked at 1.5

X 10« metric tons (t) in the 1930s, but

decreased to only 3.0 x lO"* t in the

1960s. It recovered to 4.6 x 10^^ t in the

1970s and reached the second highest

peak for this century in 1988. However,

the catch in 1995 fell to one-tenth of

that in 1988 (Fig. 1).

When stocks are depleted, direct

assessments of population levels are

not only difficult but may be highly

inaccurate (Hewitt et al.M. In such situ-

ations, an alternative method of popu-
lation assessment is to sui-vey egg or

larval populations as a means of esti-

mating biomass (e.g. the egg produc-
tion method: Lasker, 1981). However,

the egg production method (EPMi is

e.xpensive and time consuming ( Mangel
and Smith, 1990).

A biological characteristic of the

Japanese pilchard is that its distri-

bution range changes in accordance

with stock size. During pilchard stock

size increases, the distributional range

expands widely (Wada and Kashiwai,

1991). In contrast, when stock size is

declining, the distributional range may
became quite limited (Hiramoto, 1981).

The spawning grounds of Japanese pil-

chard are known to expand with egg
abundance increases and contract with

abundance declines (Watanabe et al.,

1996; Zenitani et al, 1998). In general,

as the spawning population increases,

the spatial spread of the stock also

increases (Rosenzweig, 1981; MacCall,

1988). Therefore, the area of spawning

grounds (spawning area) was chosen as

the first indicator of pilchard popula-

tion recovery (Smith, 1973; Smith and

Hewitt, 1985).

Our objective was to clarify the rela-

tionship between pilchard spawning
area and spawning biomass off the

Pacific coast of Japan, to estimate bio-

mass with spawning area data. More-

over, to explain why the relationship

between pilchard spawning area and

spawning biomass formed, we used a

model in which a patchy egg distribu-

tion was assumed.

Materials and methods

Spawning area and spawning
biomass

Intensive egg sui-veys of coastal pelagic

fish have been conducted every year

since 1978 by the Fisheries Agency of

Japan (Mori et al, 1988; Kikuchi and

Konishi, 1990; Ishida and Kikuchi, 1992;

' Hewitt, R., A. Bindmann. and N. C. Lo.

1984. Procedures for calculating the egg

production estimate of spawning biomass.

Administrative Report LJ-84-19. South-

west Fisheries Center, La Jolla. OA 92038-

0271.



Zenitani and Yamada: The relation between spawning area and biomass of Japanese pilchard, Sardinops melanostictus 843

Zenitani at al., 1995). Among these surveys,

two governmental institutions, the National

Research Institute of Fisheries Science and

the Nansei National Fisheries Research Insti-

tute, have collaborated on surveys covering the

inshore and offshore waters between 128-143°E

and 28-36°N since 1978 (Fig. 2). We used data

from these surveys covering the waters along

the Pacific coast of Japan between 130-142°E

and 28-36°N (Fig. 3). In the census, from 149

to 344 ichthyoplankton samples were collected

each year by towing two types of conical or

cylindrical-conical nets (inside mouth diame-

ter: 45 or 60 cm; mesh aperture: 0.335 mm).

Each net was retrieved vertically at 1 m/s from

150 m depth or from the bottom at stations

shallower than 150 m.

We calculated two kinds of pilchard spawn-

ing area (A, and A.,). Pilchard spawning is

concentrated into two months, February and

March (Watanabe et al., 1996). Therefore, A,
in any given year was calculated by summing
the areas of 1° longitude x 1° latitude squares
where early developmental A-stage eggs, as

categorized by Nakai (1962), were collected

during February and March. A,, was calculated

by summing the areas of 1° longitude x 1° lati-

tude squares where eggs of any stage were col-

lected during February and March. The length

of time elapsing from fertilization to the end

of the A stage at the different temperatures,

15.2°, 17.5°, and 20.3°C, are 25, 16, and 10

hours, respectively. The length of time elapsing

from fertilization to hatching at the different

temperatures, 15.2°, 17.5°, and 20.3°C, are 85.

56, and 34 hours, respectively (Nakai, 1962).

We used the pilchard biomass estimated

along the Pacific coast of Japan from 1977 to

1995 by Wada and Jacobson (1998). Biomass

estimation was conducted by virtual popula-

tion analysis (VPA) with the catch-at-age data

of the purse-seine fishery. The biomass esti-

mate was for the middle of June, the end of

the major spawning season for Japanese pil-

chard. During the main spawning season, most

spawning is done by age-l-i- pilchards and a

small amount is done by age-1 pilchards (Hira-

moto, 1981). The biomass of age-l-i- pilchards in

was assumed to be the spawning biomass (B) in

100,000
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1,000

100
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Catch
-

Egg abundance
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4000
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Figure 1

Catch, spawning biomass, and egg abundance of Japanese pilchard

along the Pacific coast of Japan from 1978 to 1995 (after Wada and

Jacobson, 1998).

35° N

30° N

•—HiWIIIM

Pacific Ocean
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Figure 2

An example of station allocation for the spawning survey of Japanese

pilchard in February and March 1994.

TV f\B)=u,exp{u,B), and

V /tB)=AJl-|;/7'"; + "25'l"'l

Model where u^, u., and A^ were parameters.

To test whether spawning area could be correlated with

spawning biomass, statistical analyses were performed.
We used five relationships between A (=A, or A,, ) and B:

A=f\B)

I

II

III

flB)=u,B.

f\B}=u,B+u.„

f\B)=UjB"'^,'

Relationship V was obtained by a modification of Mangel
and Smiths (1990) model. They used the negative binomial

model to describe the contagion of pilchard eggs. It is commonly
used in ecological modeling (Pielou. 1977; Zweifel and Smith,

1981; Mangel and Smith, 1990; Zenitani et al.. 1998). Mangel
and Smith (1990) extended the negative binomial model to

include the possibility of failure to detect eggs which are pres-

ent at a station. According to Mangel and Smith ( 1990),
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Table 2

Estimated parameter values and 95% confidence intervals (in parentheses) for each relationship between the spawning area (A,,:

103 kni2) and the spawning biomass (B ilO^metric ton) of Japanese pilchard along the Pacific Coast of Japan from 1978 to 1995.

Relationship

I

II

A.,=ii,B

A,=u,B+U2

III A.,=u,B''-^

IV A,=i/,e.vp(((,>B)

V A, = Ah'{u,/{u,+u.,B)}

0.03196

(0.031853-0.032075)

0.01141

10.011389-0.011438)

12.304

(12.2926-12.3154)

116.780

(116.5000-116.9103)

0.1176

(0.11737-0.117766)

A (lO^/km-) AIC

102.382

(102.2073-102.5608)

0.3156

(0.31546-0.31567)

0.00005689

(0.00056782-0.000057001)

0.0004710

(0.00046983-0.00047289)

640

48.7

4.7

0.9*

7.5

3.3

other relationships, except for V. The optimal relationship

between A, and B was Aj=2.518 B"^'"" (Table 1, Fig. 6),

although the difference in AIC between relationship III

and V was small. Relationship III was statistically sig-

nificant (7-^=0.833, n = 18, P<0.001). A., expanded steadily

from 144,000 km^ in 1978 to 327,000 km- in 1988 (Fig.

5). The area decreased to 208,000 km- in 1989, peaked

at 349,000 km^ in 1990, and then shrank to 82,000 km^

in 1995. The optimal relationship between A.-, and B was

A,,= 12.304B"^^''^'' (Table 2, Fig. 6) and was statistically sig-

nrficant(r-=0.737, ;! = 18,P<0.001).

Discussion

The spatial distribution of pilchard eggs may increase

over time through transportation by wind-driven currents

or the Kuroshio frontal eddy current (Kasai et al., 1992).

Because the data for calculating Ao included the presence

of eggs at stages long after spawning had occurred. A,
was an overestimate of the spawning area. Therefore, A,

may be a better indicator of the spawning area than A^.

The relationship between Aj and A^ was A, = 0.8501

Aj -18.468, and was statistically significant (7-=0.900,

n=18, P<0.001). However, the calculation of A, was more

expensive and time consuming because egg developmental

stages need to be distinguished. Selection of the indicator

will depend on our demand for the precision of biomass

estimate.

One cause of the nonlinear relationship between the

spawning area and spawning biomass seemed to be that

pilchard egg aggregations are distributed over space in

a patchy manner, in relation of course to the schooling

behavior of the adults. Judging from the small difference

in AIC between relationship III and V (Table 1) and the

similar shapes of III and V (Fig.7), we believed that the

model which assumes a patchy egg distribution seemed

reasonable.

An estimate of pilchard spawning biomass can be

obtained by using the inverted relationship of III (6=

400

g 300

£ 200

c
c
S
g 100

• Al

o A2

5,000 10,000 15,000 20,000

Spawning biomass (x lo' ton)

Figure 6

Relationship between the spawning area (A, or

A,,) and spawning biomass of Japanese pilchard.

Closed circles = the spawning area (A,), open

circles = the spawning area (A^). The solid line

indicates the optimal relationship between A,
and the spawning biomass (B ) (A,=0.2518B" ^«'").

The dotted line indicates the optimal relation-

ship between A,, and the spawning biomass

(A,,= 12.304B""'^'''),

0.13.5Aj2"'SM. This estimate of spawning biomass might
be useful as an abundance index for tuning VPA, such

as the adaptive framework described by Gavaris (1988).

Frequently, fisheries managers must estimate the bio-

mass of pelagic stocks. Several techniques of abundance

estimation may be successfully applied to the pilchard,

including the egg production method, acoustic surveys,

systematic aerial surveys, or combinations of these (Wata-

nabe, 1983: Hara, 1983: Hara, 1986). Selection or devel-
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Giant Pacific or weathen'ane sea scal-

lops. Patinopecten caurinus. were first

fished commercially in the Gulf of

Alaska in 1967, when 3449 kg of

unshucked sea scallops (estimated 341

kg of meats) were landed at Kodiak,

Alaska (Haynes and Powell, 1968 1. The

discovery of commercially exploitable

stocks of giant Pacific sea scallops led

to a fishery that expanded rapidly, and

landings increased to 856 metric tons

(t) of schucked meats by 1969 (ADF&G,
1979). For the next two decades, scallop

landings fluctuated greatly (ADF&G,
1987 ), a result of limited stocks, restric-

tive regulations, and more lucrative

opportunities in other Alaska fisheries

(Kaiser, 1986). Since 1990, however,

the fishery has changed from a part-

time fleet to a dedicated full-time fleet

with the influx of larger, more efficient

vessels. This change has led to sus-

tained near-record harvests (up to 823

t) and the adoption of new manage-
inent measures for the fishery (Shirley

andKruse, 1995;NMFSM,
Most of the biological literature on

giant Pacific scallops relates to fishing

exploration (Rathjen and Rivers, 1964;

Haynes and Powell, 1968; Ronholt

and Hitz, 1968; Haynes and McMul-

len. 1970; Bourne, 1988). aquaculture

(Beattie, 198.5; Thompson et al., 1985;

Rhee, 1989), or reproductive biology

(Hennick, 1970 and 1971; Robinson

and Breese, 1984). Age and growth of

giant Pacific scallops have been stud-

ied in populations off Oregon (Starr

and McCrae, 1983), Washington and

the Strait of Georgia (Haynes and Hitz,

1971), northern Gulf ofAlaska (Kaiser,

1986; Hennick2), and the lower Cook

Inlet region (Hammarstrom and Mer-

ritt, 1985).

A lack of data on biological produc-

tivity has affected recent efforts to

develop a fishery management plan
(FMP) for Alaska giant Pacific scallop

stocks (NMFSM. It has inhibited the

development of yield models and a

numeric specification ofoverfishing ( an

FMP requirement) and resulted in a

simple numeric range given for opti-

mal yield. However, there is a renewed

interest in acquiring better informa-

tion for stock assessments and biolog-

ical parameters needed to implement
an exploitation-rate harvest strategy

for the fishery (NMFSM.
This note presents results of a com-

parative growth study of stocks ofgiant

Pacific scallops in the Gulf of Alaska.

Samples for this study were collected

during the initial explorations for com-

mercial quantities of these scallops in

1968 (Havnes and Powell, 1968); thus

' National Marine Fisheries Service. 1996.

Fishery management plan for the scallop

fishery off Alaska. Unpubl. document.

Natl. "Mar. Fish. Serv.. P.O. Box 21668.

Juneau, AK 99802, 123 p.

- Hennick. D. P. 1973. Sea scallop. Pati-

nopecten caurinus. investigations in

Alaska. Commer Fish. Res. Develop. Act.

project 5-23-R, completion rep. (unpubl.).
Alaska Dep. Fish and Game, Juneau, AK
99801..38 p.

these data yield prefishery biological

parameters that can provide a base-

line to evaluate fishery impacts on

the giant Pacific scallop populations in

Alaska.

Methods

Giant Pacific scallops were collected

at six locations in the Gulf of Alaska

from 27 April to 6 June 1968 (Fig. 1).

Sampling was done from the chartered

FV Vlkinfi Queen with a standard New
Bedford type sea scallop dredge 3.96

m wide (equipped with 10-cm rings). A
detailed description of this type of gear
is given in Posgay (1957) and Bourne

(1964). The locations and depths of

sampling were 1 ) on Albatross Bank
at 92-104 m, 2) on Marmot Flats

at 73-104 m, 3) in lower Cook Inlet

at 108-122 m, 4) off Cape St. Elias

at 91-102 m, 5) off Ocean Cape at

82-91 m, and 6) off Lituya Bay at

64-75 m. Areas were selected for their

geographic separation and likely abun-

dance of scallops. Giant Pacific scallops

were shucked aboard the vessel, and

the upper valves were retained for age
and growth analyses. At each location,

59-248 scallops were selected (Table

1 ); the only criterion for selection was

that each sample include a wide range
of sizes. Because larger (and rarer)

scallops were more likely to be chosen,

samples were not selected at random.

Within a sample, however, the range of

sizes at any given age was not great; for

the purpose of fitting gi'owth curves,

we assumed that each age class was

sampled randomly

Ages were determined by counting

clearly visible annuli (growth rings) on

the outer surface of the upper valve.

The first annulus is formed halfway

during the second year of life; scallops

spawn in the summer and the annuli

are formed in the winter (Haynes and

Hitz, 1971). This aging method has

been used extensively to study mol-

lusk growth, such as in studies on

the North Atlantic sea scallop, Placo-

pecten magellanicus (Stevenson, 1934;

Stevenson and Dickie, 1954; Merrell et

al., 1961), and on the European sea

Manuscript accepted 13 March 2000

Fish. Bull. 98:849-853 (2000)
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Figure 1

The six areas in the Gulf of Alaska sampled for giant Pacific sea scallops during the

Viking Queen survey, 1968.

scallop, Pecten maximits (Gibson, 1956; Mason, 1957), and

shows reasonably good agreement with "true" (isotopi-

cally predicted) ages when growth rings are clearly visible

(Dare and Deith, 1989). Application of the method to Pati-

nopecten caiainus has been verified by Haynes and Hitz

(19711.

Terminal shell heights (size of shell to the last annulus;

hereafter called "shell heights") were used to fit a growth
model for each sample (Table 1). No attempt was made to

determine the sex of the scallops because of indications

that growth differences between sexes were insignificant.'

After our sampling, scientists of the ADF&G provided sex

and age data for scallops taken in August 1970 northwest

of Kodiak Island. The von Bertalanffy growth model was
fitted to these data, and growth differences between sexes

were tested as described in the following section.

Estimation and fitting of von Bertalanffy curves

Mean shell heights by age were plotted for sea scallops

in each sample (Fig. 2). Growth decreased steadily with

age, suggesting that sigmoid gi-owth was not present or

that the shell heights used were beyond the point of inflec-

tion; thus the von Bertalanffy growth model was consid-

ered appropriate for our study. In this model, length of the

i''' individual at age / is

l„
=
L[l-e"'"""']

+
e,; e,

~ N(0,a').

Kimura (1980) showed that maximum likelihood esti-

mation for the von Bertalanffy curve is equivalent to

^ ADF&G.
and Game

1970. Unpubl, obsenations.

Kodiak. AK 99615.

Alaska Dept. Fish

finding least-square estimates of model parameters (see

also Cerrato, 1990). Least-square estimates for the three

parameters were obtained by nonlinear regression meth-

ods. Analysis of residuals showed that the von Bertalanffy

model provided an adequate fit for all samples. The pre-

cision (variance) of parameter estimates varied with age

composition of the sample. For example, samples with few

young scallops showed relatively large variances for the

parameters K and
fg,

whereas samples with few old scal-

lops resulted in imprecise estimates of asymptotic length

(Table 2). However, the residual mean square error (MSE),

denoting variability about fitted growth equations, did not

vary widely among samples.

Comparison of growth curves for different areas

No significant difference (P>0.15) in growth between sexes

was detected in the ADF&G samples, supporting the pre-

survey decision not to determine the sex of the scallops.

Growth of scallops from the six areas was compared by
likelihood ratio tests by using two probability models:

model 1 specified equality of the von Bertalanffy para-

meters of each area; model 2 allowed separate parameters
for each area (Kimura, 1980). The first model consisted

of pooling the data over all areas, yielding one growth

equation; the second model allowed separate growth equa-
tions for each area. Because there was no a priori hypoth-
esis concerning growth differences between the areas, 15

simultaneous tests were performed to evaluate pairwise
differences in growth. These tests were equivalent to test-

ing /.' independent hypotheses at a significance level of a.

Applying Bonferonni's inequality (Miller, 1966) to the 15

tests resulted in an experimental-wise significance level

< k X a. We chose a to equal 0.003, giving an experimen-
tal-wise significance level of 0.045. Likelihood ratio tests
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indicated highly significant differences

(P<0.003) in growth between scallops

from each area.

Results and discussion

Sea scallops from the Gulf of Alaska

showed a consistent trend in growth geo-

graphically: from southeastern Alaska

northward and then westward around

the perimeter of the Gulf of Alaska, sea

scallops tended to be larger. Differences

in mean shell height were small at early

ages but became more pronounced as

the scallops grew older (Fig. 2).

This geographic trend in growth was

probably not related to time and depth
of sampling. Time of sampling varied

little between areas; all areas were

sampled within a period of 45 days.

Depth of sampling did vary between

areas, however, because scallop growth
rates are known to vary by water depth,

e.g. scallops off Oregon are smaller

in deeper waters and have reduced

asymptotic lengths (Ronholt and Hitz,

1968; Starr and McCrae, 1983). If this

depth-size relationship holds true in

Alaska waters, then current estimates

of asymptotic size for scallops from the

northern areas are biased downwards

compared with those from Lituya Bay,

where scallops were sampled in shal-

lower waters.

Comparisons of our growth results

with two analyses of giant Pacific scal-

lop samples taken after the start of

commercial fishing (Kaiser, 1986; Hen-

nick-) showed significantly different

estimates of asymptotic size. For scal-

lops off Kodiak, values of /^ from Hen-

nich's data (182.8 mm) and Kaiser's

data (189.8 mm) are larger than our

estimate (175.7 mm); for scallops off

Yakutat, values of /„ from Hennick's

data (151.5) and Kaiser's data (143.7

mm) are smaller than our estimate

( 158.6 mm). Scallop fishing before 1980

occurred entirely in these two areas

(Shirley and Ki'use, 1995). The reduc-

tion in asymptotic size for scallops off

Yakutat may indicate an increase in

fishing mortality on larger individuals.

Both analyses also showed that giant

Pacific scallops for a given annular ring

are larger from the Kodiak area than

from Yakutat, a result that supports
our conclusions of geographic growth
trends for the giant Pacific sea scallop.

I- ^

it
a
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exist and spawn on Georges Bank
(GB) and off Southern New England
(SNE) and to observe any correlation

between year-class strength and prey
abundance. Data from a comprehen-
sive sampling program, the Marine
Resources Monitoring, Assessment, and
Prediction (MARMAP I, structured with

broad temporal and geographic cover-

age, were used for this study. Collec-

tions were made during 1977-87 on

the U.S. continental shelf from Cape
Hatteras to the Gulf of Maine.

Underlying explanations of recruit-

ment variation among fish stocks have

been an issue for several decades. An

understanding of biological relation-

ships between larval fish and their

zooplankton prey is needed for inter-

preting recruitment success. Recruit-

ment fluctuations often depend upon
events occurring during a critical period

between spawning and the time of first

feeding by larvae (Hjort, 1914). Condi-

tions affecting these early life stages

will also determine the number of indi-

viduals that survive in a year class. The

timing of spawning can enhance the

spatial and temporal affinity between

lai-vae and their food resources (Hjort,

1914: Gushing, 1975, 1990; Gushing
and Dickson, 1976).

Once resorption of the yolk sac is

complete by yolksac lai-\'ae, their sur-

vival depends entirely upon the amount
and accessibility of available food. If

sufficient prey is not located after the

yolk sac has become exhausted, perma-
nent degeneration of the larva's diges-

tive system will occur (Pitcher and

Hart, 1983). Not only are early stage
larvae and young juveniles vulnerable

because of their dependence on nour-

ishment, they are also susceptible to

movement caused by ocean currents

(Hjort, 1914, 1926), predation, and star-

vation (Houde, 1987).

Yellowtail flounder {Limanda ferru-

ginea) is an economically important

species that experiences marked varia-

tion in year-class strength. In the pres-

ent study, time series data offish eggs,

lai"vae, and zooplankton were used to

determine if a match or mismatch
in time and space between yellowtail

flounder production and its potential

prey existed from Georges Bank and

Southern New England 1977 through
1987. Gushing (1975; 1990) hypothe-
sized that links (matches or misses)

in time and space among phytoplank-
ton blooms followed by zooplankton
and then larval fish lead to year-class

variability. A match occurs when there

is a close overlap between production
curves of fish larvae and their plank-
tonic prey; conversely, a mismatch

occurs when there is an extensive tem-

poral difference ( Fig. 1) (Gushing, 1975;

1990). A match of peak occurrences

would presumably result in a success-

ful year class owing to adequate feed-

ing and gi-owth, and increased chances

for survival if other sources of mortal-

ity and loss are constrained.

Yellowtail flounder became a key
constituent of the U. S. demersal fish-

ery in the early 1930s as a result

of stock declines in winter flounder

(Royce et al., 1959). There were subse-

quent drastic reductions in populations
and catches during the early 1970s

in Southern New England (SNE) and
the mid-1970s in Georges Bank (GB).

In SNE stocks, landings declined from

3.5 metric tons (t) in 1970 to 1.5 t

in 1975. The abundance of New Eng-
land groundfish declined by 65*^ from

1977 to 1987 (NEFC, 1991). Three

stocks—haddock, redfish, and yellow-

tail flounder—reached record low levels

by the late 1970s.

The present study is the first attempt
to examine intei'annual variability in

yellowtail recruitment in the context of

the match-mismatch hypothesis. The

goal of this study was to test the pre-
diction of the match-mismatch hypoth-
esis for yellowtail flounder stocks that

Materials and methods

A total of 2496 stations from the

western North Atlantic were sampled

during an eleven-year period from 1977

to 1987. At each station fish eggs,

larvae, and zooplankton were collected

with a bongo frame (diameter at the

mouth of net: 61 cm) (Posgay and

Marak, 1980) fitted with 0.333-mm
and 0.505-mm mesh nets and a 45 kg
depressor. The volume of water filtered

by each net was measured by flowme-

ters suspended in the center of the net

mouth. The plankton nets were low-

ered at a rate of 50 meters per minute,

to within 5 meters of the bottom or to

a maximum depth of 200 meters, and
retrieved at a rate of 20 meters per

minute: nets were towed at 1.5 knots

at a 45-degi'ee angle. Net contents

were preserved in a mixture of 5'^ for-

malin and ocean water. Lai"vae were

measured to within 0.1-mm length
increments. For complete descriptions

of MARMAP sampling procedures see

Sibunka and Silverman ( 1984, 1989).

For each station, catch values were

standardized to the number of individ-

uals under 10 m- surface area. The
delta distribution (Aitchison, 1955) pro-

vided unbiased estimates of sample
means (Berrien et al., 1981; Penning-

ton, 1983). The abundance and distri-

bution patterns of yellowtail flounder

eggs and larvae were monitored and

compared with those of Calanus and

Pseudocalanus prey species in the GB
and SNE regions from 1977 to 1987.

Although feeding habit studies of

yellowtail larvae have not been docu-

Manuscript accepted 8 May 2000.

Fi.sh. Bull. 98:8.54-86.3 (2000).



NOTE Johnson; Recruitment variability of Limanda ferruginea 855

merited, Calanus sp. and Pseudocalanus sp. are both

dominant representatives of the zooplankton commu-

nity of the North Atlantic and are important prey
for many spring spawned fish larvae (Gushing, 1982;

Runge, 1988). The widespread abundance and distribu-

tion of Calanus and Pseudocalanus favor them to be

the most likely prey choice of yellowtail flounder larvae.

Collectively, monthly distributions and mean densities

of zooplankton for May and June coincide with peak
occurrences of yellowtail flounder (Figs. 2 and 3). The

Spearman's rank-order correlation analysis was used to

measure the association between ichthyoplankton and
their zooplankton prey.

An adaptation ofthe "larval food supply model" ( Mertz

and Myers, 1994) was used to test the match-mismatch

hypothesis, the relationship between spawning vari-

ability, and the variability of recruitment. The recruit-

ment estimates were obtained from the Northeast

Fisheries Science Center (NEFC, 1991). Two aspects
were explored: 1) whether or not a relationship exists

between spawning duration and recruitment variabil-

ity and 2) whether deviations from peak spawning
between yellowtail flounder larvae and prey are related

to recruitment variability.

The mean and standard deviation of observed abun-

dance versus time was calculated for both yellowtail

larvae and their prey for each year and for both sub-

areas. The width and overlap of the abundance curves

for predator and prey were analyzed. Selected methods
from the Mertz and Myers ( 1994) study were applied for

partial use of this analysis. The following parameters—

ip
= timing between peaks of larval production and

food supply;

At^
= annual differences in

(?q)
from its mean value;

8 = one-halfwidth ofthe production period for larvae;

and
(7 = one-half width of the production period for zoo-

plankton

—were used to calculate 1) variability in peak timing
from the mean for individual species (a and 5), 2) vari-

ability in timing between larval spawning and peak
zooplankton production (?q),

and 3) year-to-year vari-

ability in peak spawning and production (AIq). When ?(,
=

0, the match between the peak larvae and production of

zooplankton is exact (Mertz and Myers, 1994).

Results and conclusions

Variability in timing for individual species

30,000 I

-

20,000 2

0,000

100 175 250

T 30,000 N

0,000

10,000

3

400

Day of year

Figure 1

(A). A match represented by the overlap of fish lai-vae and its

prey, of the match-mismatch hypothesis. (B). A mismatch rep-

resented by the lag in time and space between fish larvae and
its prey. {S and a represent one-half width of the production

period of the match-mismatch hypothesis for larvae and zoo-

plankton.) Diagram adapted from Gushing (1990).

slightly under 1 day (SNE). The greatest span of time

when zooplankton was abundant was 24 days for GB
during 1981 and 35 days for SNE during 1982. The low or

high zooplankton occurrence was not associated with the

strengths or weaknesses of yellowtail recruitment. Both

strong (1981) and weak (1982) year classes of yellowtail

flounder occurred during times of high variability in peak

production of zooplankton.

Zooplankton The duration of the Calanus sp. peak pro-
duction (a) varied from 3.4 to 26.5 days for both subareas.

The narrowest distribution occurred during 1984 with 3.4

days, and extremes occurred in 1977 with greater than

12 days for GB and 26.5 days for SNE. The greatest

span in peak production for Pseudocalanus sp. was 33

days. Smallest duration ranged between 7.8 days (GB) to

Ichthyoplankton The difference in timing of peak spawn-

ing {Atg) from its mean value for yellowtail larvae for

both subareas ranged from 1.4 days to approximately
10 days. The largest values of At^ occurred in GB, and

again large differences in the timing of spawning did not

always reflect years with poor recruitment. Two strong

year classes occurred with extreme values of At^: 1977
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Figure 2

Monthly mean catch per 10 m^ o( Limanda ferruginea larvae, Calanus sp., and Pseudocala-

tuis sp. in Georges Bank for years 1977-87.

with 7 days and 1980 with 3.9 days in GB. In SNE, the

weakest year class (1982) possessed the greatest (At,^) span
with 9.9 days.

Variability in timing between peaks in predator and
prey abundance

Examinations of matches and mismatches of larval food

and time of yellowtail spawning are shown by the occur-

rence of width displacements and overlaps from larvae

(5) and its zooplankton prey (a). The relationship between

yellowtail larvae and Calanus sp. for SNE display definite

matches for years 1980, 1986, and 1987. A slightly larger

gap existed between peaks for the year class 1982 (Fig. 4).

During the strong year classes 1980 and 1987, density of

yellowtail larvae peaked afterthat of Ca/a/H/>s sp., whereas
the reverse occurred in the weaker year classes 1986

and 1982. Similar patterns occurred with the peak spawn-

ing and peak production relationships between yellowtail
larvae and Pseiidocalanus sp. The year classes 1982 and
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Monthly mean catch per 10 m- ofLimanda ferruginea larvae, Calanus sp., and Pseudocala-

nus sp. in Southern New England for years 1977-87.

1987 showed matches in peak spawning and prey produc-
tion (Fig. 4).

Larger gaps exist between predator and prey in GB for

many of the year classes (Fig. 5). There was a temporal gap
of almost 56 days between yellowtail flounder and Calanus

sp. abundance during 1980 and 1982. A slightly smaller

mismatch occurred during 1977 at 45 days. The poor year
class 1986 had the smallest span in time between predator
and prey (16 days) when larvae peaked prior to Calanus

sp.. For the same year class, 1986, the difference between

peaks was slightly greater between larvae and Pseudocala-

nus sp.. There was a smaller mismatch between Pseudo-

calanus sp. and larvae for year class 1982, amounting to

52.6 days (Fig. 5). The stronger year classes, 1977 and 1980,

showed more definite matches in spatial timing (<45 days).

To test for a relationship between predator-prey overlap
and year-class strength, differences between predator and

prey peaks versus year-class strength were plotted for the

eleven-year time period (Fig. 6). Two predator and prey
combinations

(1^), yellowtail larvae and Calanus sp., and
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Figure 7

Distribution and abundance of predator Limanda ferrugmea ,
and prey Calanus sp. and Pseudocalaniis sp. during the production

months of 1982.
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Many marine and freshwater species

associate with floating objects ( flotsam )

during some period of their hfe his-

tory (Senta, 1965; Hunter and Mitchell,

1967; Kingsford, 1993). This associa-

tion behavior is well known among
fishermen, who often choose flotsam-

associated schools (Yabe and Mori,

1950; Greenblatt, 1979). Among a wide

range of taxa collected in association

with flotsam, the Carangidae is one of

the most frequently observed groups
(Hunter and Mitchell, 1967; Kings-

ford, 1993; Clarke and Aeby, 1998).

The association behavior of carangid
fishes has been used by fishermen in

Asia. "Payaw" in the Philippines is a

flotsam made of bamboo and attracts

many species of Carangidae (Ibrahim

et al., 1990). Juvenile yellowtail, Seri-

ola qiiinqueradiota, are collected by

Japanese fishermen by surrounding
drift algae with a small scoop net.

These fish are then raised in cages
as a net-pen culture (Senta, 1965;

Sakakura and Tsukamoto. 1997 1. Pres-

ently, a new sea ranching project is

being developed, in which artificially

reared juvenile striped jack, Pseudo-

caranx dentex, are released at a floating

platform where they naturally aggre-

gate. There they are fed and harvested

after growth (Masuda and Tsukamoto,
1998a).

The importance of this association

behavior from the perspective of fishery

ecology has generated a great deal of

field research and experimental work.

Hunter and Mitchell (1967) showed

that large flotsam attracts more fish

than smaller flotsam, and fish associ-

ating with flotsam tend to have darker

body color, compared with the silvery

color of those that are not attracted

(Hunter and Mitchell, 1968). Using tag

and release techniques, Ibrahim et al.

(1990) demonstrated that fish released

as far as 180 m from flotsam will swim
back to their place of capture, sug-

gesting that these fish can learn the

topography of the region surrounding
the float. Much ecological research has

been conducted with the assumption
that floating objects, especially drift

algae, are an iinportant habitat forjuve-

niles (reviewed by Ivingsford, 1993).

Although a considerable amount of

field-based work exists, little research

has been conducted on the develop-

mental aspects of association behavior

in the laboratory.

The ontogenetic changes in associa-

tion behavior in striped jack, Pseudo-

caranx dentex, were therefore studied

with hatchery-raised larvae and juve-

niles. Possible sensory mechanisms

underlying association behavior were

examined by comparing four different

types of flotsam conditions I transpar-

ent flotsam, gray flotsam, shadow flot-

sam, and no flotsam [control] ).

Materials and methods

Two batches of fish were used in our

experiments: one hatched on 22 Feb-

ruary 1994, the other on 28 March

1994, both at the Komame Branch

of the Japan Sea-Farming Association

(JASFA). These batches of fish were

transferred to the Kamiura Branch

of JASFA on the next day. Fish were

reared in 150-m'' concrete tanks on a

routine diet of rotifers and Artemia

nauplii, and formula diet (Masuda
and Tsukamoto, 1996). Eight different

stages of fish were used in the experi-

ments ranging from 5.5 mm (20 days)
to 28 mm (56 days) in mean total length
(Table 1). Because large variations in

growth occurred in the hatchery, the

medium-size fish were selected for each

age group, except for the 21-mm fish.

The 21-mm fish (54 days) were the

smallest group of those hatched on 22

February
Four different types of flotsam were

created in 30-liter polycarbonate tanks

with water depths of 25 cm (ca. 26

liters). These were

1 Transparent flotsam: a transpar-
ent acrylic pipe (60 mm in outer

diameter, 5 mm thickness) cut to

250 mm in length and covered by
a transparent circular plate (5 mm
thickness ) on the bottom. This was

filled with water and suspended
from the ceiling by fishing line, the

height adjusted so that 150 mm
of the pipe was in the water (Fig.

lA). The experimental tank was

marked into four sections, and the

flotsam was located at the center

of one randomly chosen section.

2 Gray flotsam: an opaque gray PVC
pipe and plate of identical size

to that used in type 1 and sus-

pended in the same way (Fig. IB).

This arrangement provided stron-

ger visual stimulus than that pro-

vided in type 1.

3 Shadow flotsain: a gray circular

opaque PVC plate (60 mm in diam-

eter, 5 mm thickness) was sus-

pended from the ceiling, so that

the bottom of the plate was about 5

mm above the water surface. This

created a shadow on the water sur-

face, but not on the bottom of the

tank (Fig. IC).

4 No flotsam (control) (Fig. ID).

Manu.script accepted 27 April 2000.
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200 mm

Figure 1

Schematic drawings ofexperimental tanlis with each type offlotsam. (A) trans-

parent flotsam, (Bl gray flotsam. (C) shadow, and ID) control.

Carangid fish juveniles are commonly seen associated

with floating and underwater objects, such as air tubes

and vinyl bags, both in hatchery tanks and natural waters

(Tachihara et al. 1993). Therefore acrylic and PVC pipes
were suitable representative materials for use in examin-

ing the developmental changes of association behavior. We
observed only horizontal distributions as an index of asso-

ciation behavior because in hatchery tanks, larvae and

early juveniles of striped jack usually occur in the upper
30 cm of the water column.

All treatments were triplicated (twelve 30-hter tanks

were used in total) and the location of the same type of

flotsam was changed among triplicates. Experiments were
conducted in an indoor facility and all tanks were placed in

a water bath that was strongly aerated. Water temperature
in each tank was maintained at hatchery levels (22.5°C). A
photoperiod of 8 h light and 16 h dark was provided with

12 halogen illumination lights set above the tanks (light:

08:30-16:30 h i. With this lighting, the light intensity at the

surface of tanks was 0.01-0.05 lux at 20:00 h, lower than

0.01 lux between 00:00 and 04:00 h, 260-1000 lux at 08:00

h, and 17,000-24,000 lux at 12:00 and 16:00 h.

Table 1
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ducted immediately after introduction and once every 4 h

over the following 24 h. For 10 mm, 15 mm, 21 mm, and 28

mm fish, observations were also made 36 h after introduc-

tion. During each observation period, the number offish in

each section of the tank was counted. At night time (20:00,

00:00 and 04:00 h), infrared illumination aided observa-

tion. At each observation, counts were repeated five times

for each tank at approximately 5-min intervals. The aver-

age number of fish in each section with a flotsam was

calculated and then divided by the total number of fish

(n=10). This value, defined as the association ratio, would

be 1.0 if fish associated strongly to the object and would be

0.25 with random movement or distribution. In the control

treatment, the number offish in the southeast, southwest,

or northwest quadrants was counted from the triplicated

tanks, respectively. The average value of these three tanks

was used as a control. Total lengths of all the fish were

measured after the experiment.
Association ratios were compared for each type of flot-

sam for each time of observation. Because association

ratios deviated from normal distribution, we applied arc-

sine transformation (p'=arcsin\^; Zar, 1996). The resultant

data showed nearly normal distribution. One-way ANOVA
was then applied followed by Scheffe's test as a post hoc-

test (Zar, 1996; Abacus Concepts, Inc., 1992). We consid-

ered an association ratio higher than the control (P<0.05,

Scheffe's test) to be evidence of association behavior with

that flotsam.

Results

In 5.5-mm, 8.8-mm, and 10-mm fish, no association behav-

ior was observed with any types of flotsam, and the average
association ratios were always near 0.25 ( Fig. 2, A-C ). At 12

mm, the first significant association behavior was observed

both with transparent and gray objects (Fig. 2D; P<0.05).

Association ratios did not differ significantly between these

two object types at this stage (P>0.2). At 15 mm, associa-

tion behavior was not obvious, perhaps because the fish

swam around in the tank restlessly in this particular trial,

both in test and control groups. At 20 mm, association

was again obvious and the association ratio to the gray

pipe tended to be higher than that to the transparent pipe
(P=0.013 at 20:00 h on the second day. Fig. 2F). Association

behavior was especially strong at night, and some individ-

uals almost touched the transparent and gi'ay pipes (Fig.

3). In most cases it took at least 12 h for fish to show an
association behavior in the experimental tank, but 21-mm
fish showed an association with gray objects immediately
after they were introduced to the tank. At 28 mm, an asso-

ciation with transparent and gray pipes was positive, but

the association ratio tended to be slightly less than fish at

20 mm and 21 mm. No association behavior with shadows
was observed at any life-history stage of the fish.

Association ratios after 12 h and 24 h in the experi-
ment (12:00 h and 20:00 h on the second day) were plot-

ted against the total length of each fish (Fig. 4i, showing
that striped jack begin association behavior at 12 mm in

TL with both transparent and gray objects.

Discussion

Accurate observation of association behavior can suffer

from biases attributed to other behavior and taxis. For

example, striped jack show strong phototaxis from 3.5

mm TL and rheotaxis from 4.5 mm TL (Masuda and Tsu-

kamoto, 1996). In the present study these potential con-

founding factors were prevented by illuminating the tanks

strongly from above and by using tanks without currents.

This procedure was apparently successful because most
fish smaller than 10 mm distributed themselves about

equally in the experimental tanks (Fig. 2, A-C). Striped

jack also exhibit schooling behavior from about 16 mm
(Masuda and Tsukamoto, 1998b) which may have con-

tributed to the fluctuating association ratio values with

15-mm or larger fish in the control tanks (Fig. 2, E and F).

Small tank size (30 liters) used in this experiment may
have affected the results because the fish may have con-

sidered a tank wall as a structure with which to associate.

However, fish apparently preferred the pipe to the tank

wall and associated closely with it (Fig. 3). Strong aeration

outside tanks in the water bath might have minimized

their association to the tank wall. The limited swimming
ability and shortsightedness of the larvae and juveniles
also helped to reduce the effect of the tank wall.

Our results indicate that striped jack first started to

show association behavior at 12 mm TL. Hunter and
Mitchell (1967) reported six species of carangid fish juve-
niles associated with flotsam offshore Costa Rica, and their

smallest sizes (given as standard lengths) were as follows:

Caranx caballus: 9 mm; C. hippos: 16 mm; Decapterus sp.:

17 mm; Elagatis bipinnulatus: 11 mm; Selar crumenoph-
thalmus: 15 mm; and Seriola sp.: 10 mm. From observa-

tion of hatchery tanks, Tachihara et al. (1993) reported
that artificially reared gi'eater amberjack, Senola dumer-

ili, larger than 11 mm standard length associate with

objects. The smallest size of an flotsam-associating indi-

vidual in natural waters may differ depending on species,

area, season, and sampling methods. The smallest size ( 12

mm in TL) to associate with flotsam in our study was
therefore consistent with field and hatchery observations

of other carangid species.

We hypothesized that mechanical and visual stimuli

may be cues for association behavior No association with

shadow flotsam was observed at any fish stages in our

study, suggesting that shade is too weak a stimulus to

evoke association behavior At 12 mm, association behav-

ior was obsei-ved to both transparent and gray flotsam,

and in fish larger than 20 mm, association to gray flotsam

was stronger This finding suggests that in early juvenile

stages, a mechanosensory system, as well as vision, may
be involved in association behavior Striped jack showed

stronger association behavior in darkness than in light
—a

finding that seems to conflict with Gooding and Magnuson
(1967) who found that residents of an experimental float-

ing raft accumulate more rapidly by day than by night.

In nature striped jack may find flotsam by vision during
the daytime and mauitam an association with it by a

mechanosensory system during night. Floating structures

may sei-ve as feeding places, shelters from predation, and
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Figure 3

Typical association behavior of striped jack at night obsei-ved in 20-mm-TL juveniles:

(Al transparent flotsam. (Bl p"ay flotsam.
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The Caribbean spiny lobster, Panuii-

rus ar-gus, is distributed from Brazil

throughout the Caribbean and the Gulf

of Mexico to approximately North Car-

olina and Bermuda (Holthius, 1991).

It supports major commercial fisheries

in Florida, the Caribbean and Brazil.

Commercially, P. argus is especially

important to the state ofFlorida, where
the spiny lobster fishery ranks second

only to shrimp in terms of economic

value. There is also a significant rec-

reational fishery for P. argus, particu-

larly in Florida. A number of studies

have been initiated to gather informa-

tion to manage the lobster resource

carefully.

Several studies have used genetic

techniques to examine population-level

patterns of differentiation to delineate

reproductively isolated stocks of P.

argus. Evidence of the stock structure

of spiny lobster populations could then

be used to implement more effective

fishery management plans. These stud-

ies have provided somewhat ambiguous
results. Using allozymes, Menzies and

Kerrigan (1979) and Menzies (1981)

provided some evidence for genetic dif-

ferences among populations, but more
recent studies using restriction frag-

ment length polymorphism (RFLP)

analysis of mitochondrial DNA have

suggested little evidence for genetic

differences among Caribbean popula-
tions of P. argus (Silberman et al.,

1994a. 1994b). Analysis of mtDNA
RFLPs have revealed suprisingly high
levels of diversity among individuals,

and several individuals were diverged
at levels not usually seen within a spe-

cies. Because previous studies did

not include populations from Brazil,

Sarx'er et al. ( 1998) compared P. a>-gus

from Caribbean locations with P. argus
from Brazil. Using DNA sequence anal-

ysis of two mitochondrial genes, Sarver

et al. (1998) found high levels of

sequence divergence between Carib-

bean and Brazilian P. argus. The levels

of nucleotide sequence divergence were

greater than that seen between rec-

ognized species of Panuiirus. In addi-

tion, there are striking color differences

between Caribbean and Brazilian P.

argus. As a result of these findings

Sarver et al. (1998) suggested provi-

sional recognition of two subspecies of

P. argus {P. argus argus in the Carib-

bean and P. argus westonii in Brazil)

until a formal taxonomic revision could

be done.

The results from these studies, which

suggest that P. argus in Brazil are

genetically and taxonomically distinct

from their (Caribbean counterparts.

have raised questions about the status

of the three genetically distinct spiny
lobsters reported by Silberman et

al. (1994a) in their original survey
of mtDNA diversity of Caribbean

P. aj-gus. This is significant because

two of these spiny lobsters found in

Silberman et al. (1994a) were caught
off the coast of Miami, Florida. Our

study uses DNA sequence analysis to

identify the three genetically distinct

spiny lobsters observed by Silberman

et al. (1994a) as the Brazilian form of

P. argus (provisionally recognized as P.

argus westonii, in Sarver et al., 1998).

Materials and methods

DNA samples were obtained from the

samples examined by Silberman et al.

(1994a). Caribbean Panuiirus argus

samples were randomly selected from

the samples examined by Silberman

et al. (1994a). Samples from Brazil

were collected near the Rio Grande do

Norte region of Brazil. Tissue samples
of Panuiirus argus from Brazil were

frozen prior to DNA isolation. Stan-

dard phenol or chloroform DNA extrac-

tion techniques were used for DNA
isolation (Hillis et al., 1990). A region
of the mitochondrial 16S rRNA gene
was amplified by the polymerase chain

reaction (PCR) by using primers 16Sar

and 16Sbr given in Palumbi et al.'

PCR products were then purified and

used as templates for DNA sequenc-

ing by using the JTaq cycle sequencing
kit (U.S. Biochemical Corp., Cleveland,

OH). Cycle sequencing reactions were

performed by using y-^'P-dATP end-

Contribution 221 of the Center for Marine
Science Research, Wilmington. NC 2840.3.

Palumbi. S. R., A Martin, S. Romano, W. O.

McMillan, L. Stice, and G. Grabowski.

1991. A simple fools guide to PCR, vers.

2.0. Special publication of the Univer-

sity of Hawaii Department of Zoology and
Kcwalo Marine Laboratory. 46 p. Depart-
ment of Zoology and Kewalo Marine Labo-

ratory, Univ. Hawaii, Honolulu. HI 96822.
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labeled primers. All sequences were deter-

mined in both directions.

Aligned DNA sequence data included

441 sites. Distance and parsimony anal-

yses of the aligned DNA sequences were

done with PAUP (Swofford, 1998). Three

separate distance calculations were made:

uncorrected mean. Jukes-Cantor (Jukes

and Cantor, 1969), and Kimura 2-param-
eter (Kimura, 1980) distances. Neighbor-

joining trees (Saitou and Nei, 1987) were

generated by using all three distance mea-

sures. Parsimony trees were produced by

using branch and bound searches. Sites

coded as gaps were treated either as miss-

ing, or as a fifth character state. The
mitochondrial 16S rDNA sequences were

aligned by using the SeqPup DNA analy-

sis program (Gilbert-). Support for nodes

of both parsimony and distance trees was

assessed by calculating bootstrap propor-

tion (BP) values (Felsenstein, 1985) from

1000 replicate searches by using the same
tree building methods used to produce
the trees. Scyllarides nodifer (Stimpson)

(Decapoda, Scyllaridae) was used as an

outgroup for phylogenetic analyses.

Results
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Figure 1

Neighbor joining tree derived from the Kimura two-parameter distances cal-

culated from partial mitochondrial 16S rDNA data for 14 Panulirus argus

and Scyllarides nodifer samples. Bootstrap values calculated from the dis-

tance analysis are shown above and bootstrap values calculated from parsi-

mony analysis are shown below strongly supported branches.

The mitochondrial 16S rDNA region ana-

lyzed in our study included 441 aligned nucleotide posi-

tions. In addition to single base differences, the complete

aligned data set included 19 presumptive insertion or dele-

tion mutations (indels) of 1-5 bases in length. The majority

of indels involved only one base ( 13 of 19) and only six were

potentially informative.

Regardless of the type of distance calculation, there was

little variation in the outcome of the different distance cal-

culations (less than 1%). Results from an analysis with a

PCimura 2-parameter model yielded distance values rang-

ing from 5.9'7f to 15.1% between the Caribbean and Bra-

zilian subspecies of Panulirus argus (P. argus argus and

P. argus westonii respectively). For the three genetically

distinct Caribbean P. argus from Silberman et al. ( 1994a),

sequence divergence estimates indicated closer affinities

to Brazilian P. argus (2.6% ) than to the Caribbean P. argus
(7.4%).

Phylogenetic analysis of Brazilian, Caribbean and the

three divergent Caribbean P. argus indicated a tree topol-

ogy that places the three divergent Caribbean samples
off! argus in the Brazilian clade (Fig. 1). This basic tree

topology is strongly supported regardless of the method of

phylogenetic analysis.

Gilbert, D. G. 1996. SeqPup biosequence editor and analysis

application, vers. O.Gf Department of Biology, Univ. Indiana,

Bloomington, IN 47405.

Discussion

Traditionally Panulirus argus has been thought to be dis-

tributed from North Carolina in the western Atlantic,

throughout the Caribbean to Rio de Janeiro, Brazil. Sarver

et al. (1998) presented data that questioned the taxo-

nomic status of P. argus. DNA sequence data and mor-

phological differences suggest that populations of P. argus
from Brazil are genetically distinct from Caribbean popu-
lations and that the level of divergence is equivalent to

the levels of divergence seen between recognized species of

Panulirus. As a result they suggested formally recognizing
two genetic forms of P argus and have recommended pro-

visional subspecific status: P. argus argus (Caribbean) and

P. argus westonii (Brazil) until a formal taxonomic revision

can be done. The occurrence of cryptic species in Panulirus

is not restricted to P. argus. A similar situation exists in P.

longipes, where there appears to be at least four recogniz-

able forms of uncertain taxonomic status (George, 1972;

Sekiguchi, 1991; Chan and Chu. 1996). Panulirus homa-

rus has also been broken into three geographic forms that

are given the rank of subspecies (Berry, 1974).

We can only speculate on the events that led to this dis-

tribution of the two P. argus subspecies. During the late

Miocene Epoch, a P. argus ancestor may have occupied the

North Atlantic and as Africa and South America moved

apart as a result of continental drift, habitat became avail-

able for P. argus along the South America coast. These pop-
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ulations then could have been isolated as a result of the

Andes uplift during the Pliocene Epoch, which altered the

pattern of the runoff and changed the course of the major
rivers of the Amazon basin. Runoff from the Amazon basin

continues to act as a barrier to lai-val migi-ation and effec-

tively separates Caribbean P. argus argus and Brazilian

P. argus westonii. Levels of nucleotide sequence diversity

observed between P. argus ai-gus and P. ai-gus westonii are

compatible with this hypothesis.

Low numbers of the Brazilian form of P. argus in the

Caribbean may result from rare migration events or the

co-occurrence of both forms in the Caribbean. Long-range

dispersal of lai-vae is especially well developed in P. aigus.

The complex life cycle of spiny lobsters is characterized

by a protracted lai-val phase (the phyllosome) which can

last from several months to two years and can result in

prolonged transport by ocean currents (Sims and Ingle,

1967). Postlarval recruitment for some species of Panuli-

rus has been associated with variation in large-scale oce-

anic processes (Phillips and Pearce, 1997). El nirio-like

events could alter the current regimes and allow some of

the Brazilian forms of P. argus to escape into the Carib-

bean. Episodic recruitment events could also explain the

occurrence oiPanulirus laevicauda in the Caribbean. Pan-

ulirus laevicauda is abundant in Brazilian waters but

is only rarely found in the Caribbean. Evidence for spo-

radic recruitment of P. laevicauda in the Caribbean was

reported by Moore ( 1962), who noted finding a single spec-

imen of P. laevicauda near Palm Beach, Florida, during
1949. Later that same year, P. laevicauda was reported to

be nearly as abundant as P. argus. but in the following
three years, no P. laevicauda were found at this location.

Occurrence of the Brazilian form of P. argus in Florida

waters raises a number of interesting biological questions.

Given the morphological differences and the high degree of

genetic differentiation between Caribbean and Brazilian

P. argus. are they capable of interbreeding? It could be pos-

sible that the existence of the Brazilian P. argus mtDNA
haplotype in the Caribbean could be the consequence of

leakage of the Brazilian P. argus mtDNA genome across

the species boundary as a result of interbreeding. Because
most of the research conducted with P. argus has been

done with Caribbean P. argus, do the two forms of P. ar-gus

differ biologically? George (1997) considers Brazilian and
Caribbean P. argus to be distinct ecologically and has sug-

gested that P. argus is likely a complex of two species.

Knowledge of the occurrence of P. argus ar-gus in Brazil-

ian waters is lacking. Taxonomic ambiguity surrounding
P. argus is a concern because of its commercial impor-
tance. For example, Florida regulations currently prohibit
the transportation or sale of imported P. argus during the

time of year when the fishery is closed in Florida. If two

species become recognized, under the present regulations.
Panulirus from Brazil could be sold year round in Flor-

ida. If there are indeed two species of P. argus in Florida

waters, as it appears there are, then fishery regulations
will need to reflect this reclassification. Currently, fishery

regulations apply to Panulirus ar-gus, and all subspecies of

spiny lobsters are subject to the same rules, but other spe-
cies are not regulated.
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Comparisons of growth rates of popu-
lations and species are important in

fisheries science for a range of reasons

that vary with the context of each

study. Most studies offish growth have

focused on the practical issues of the

most appropriate way of comparing

growth rather than on recognizing that

there are several methods for making
these comparisons and that the con-

clusions will differ depending on the

method chosen.

Francis (1996) discussed the prob-

lem ofhow to compare different gi'owth

rates or growth curves. He suggested
six plausible ways of making a com-

parison and suggested that the rate

at which the asymptotic size is

approached was the most natural

method of comparing growth (his

method 6). He illustrated the differ-

ences between the methods by compar-

ing von Bertalanffy growth equations
that are based on fixed growth para-
meters and that assumed that growth

parameters are known and there are

no associated uncertainties. However,
in practice, the growth parameters
are often estimated, and therefore are

random variables. Consequently, the

corresponding growth curves are also

subject to variations.

For comparison with Francis's work,

we will assume that growth for a spe-

cies is adequately described by the von

Bertalanffy equation with
t,,

= 0, as

L(^/3) =
/. (1 (1)

in which /3
=

(/.', !
,

) are growth parameters.

Here l(t) is the mean length at age
^ If

/3j and /j.,
are two estimates of

p. how do we test whether the corre-

sponding two growth curves are the

same? The traditional way is to com-

pare individual parameters and find

out which ones are significantly differ-

ent. However, the parameter estimates,

/„ and /;, are often strongly correlated

(Kirkwood and Somers, 1984; Wang
and Thomas, 1995 ). It may therefore be

more appropriate to compare biological

reference points (e.g. size at one year of

age) rather than growth parameters in

the models I Wang and Thomas, 1995).

Growth comparisons may, in general,

be classified into two types: within spe-

cies and between species. In practice,

the following comparisons may be of

interest:

1 Comparison of the growth rates for

the same species, say E, in which

two sets of growth parameter esti-

mates, /}j and p^, are obtained

from different time periods, differ-

ent areas or sexes.

2 Comparison of growth rates for

two different species to see which

one grows faster.

As mentioned earlier, Francis (1996)

considered six methods for comparing

growth. For the within-species compar-

ison, it seems all six methods are valid.

However, these methods compare dif-

ferent characteristics of growth and

therefore may reach different conclu-

sions. For example, if we obtain P j

=

(0.5,50) from area A and
ji.^

= (0.4,60)

from area B, we would conclude that

species E does not grow as large in area

A as in area B and that the k value

(rate at which the asymptotic length is

approached) in area A is larger than

that in area B.

For between-species comparisons, we

agree with Francis (1996) that his

method 6 ik value comparison) is prob-

ably the most appropriate, especially

in the context of comparing growth
between, for example, herring and

orange roughy. However, in some cases,

comparing absolute growth rates at

age or length between species could be

of practical interest.

For example, if you are interested

in choosing one of two species of fish

or crustacean to farm and these two

species look alike and have the same
commercial value, it is more economi-

cal to farm the faster-growing species

to shorten the time taken to reach

market size. In Australia, the tiger

prawn P. esculentus has a larger k

value than the very similar P. semis-

ulcatus (Somers and Kirkwood 1991),

but P. semisulcatus has the potential of

reaching a commercial size sooner ( Fig.

1 ). Therefore, we would conclude that

P. semisulcatus grows faster than P.

esculentus in this context, and a com-

parison based only on k values may be

misleading.

Therefore, in this note we will extend

Francis's theoretical study by develop-

ing procedures for establishing statisti-

cal hypotheses for the six methods and

suggest test statistics for comparing

growth curves. We will demonstrate

the differences in conclusions that can

occur among the methods with data on

Manuscript accepted 1 July 2000.

Fi.sh. Bull. 98:874-880 (2000).
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Tests to compare two growth equations Letg be a growth
function of (k, /,) that we are interested in comparing.

Table 1 Hsts the six g functions corresponding to the six

methods identified by Francis (1996). For a given function

g, we will test gip^)
=

^(/Jj) versus giP^) * gip.^) or g(pj^)

> g(Po'l, depending on the context. Standard normal tests

may be used for a specified g function. The test will rely on

the properties of D=g{p^) -gip.,). Let EiD) and ViD) be the

corresponding expectation and variance of Z) when p is the

true parameter. Under the null hypothesis, g^(^j)
=

g(p.2\

and using standard Taylor series expansion, we can work

out analytic expressions of EiD) and ViD). Some pooled

estimates of p may be required to input to EiD) and ViD)

to obtain approximate values of £(Z)) and ViD). We can

obtain EiD) from Egi p^)
-
Egip.,) and

E(giJ3)]^gip)
+
^{f,^^,+2f,,a,,

+
f,XJl,)

(3)

in which /"values are from the second derivative ofg with

respect to p (Table 1) and

''tJ?, CJ,.,

Vip).

The variance ofD can be obtained from

ViD) = X^l.X, + XlZ.X., -
2X^Z,.,X.„

(4)

(5)

in which X,
= the gi'adient or first derivative of g, (Table

l);and

Z"s = the components of the covariance defined

earlier.

Note that the last term disappears if
/3j

and /3,, are

independent of each other. There are a few possible ways
to obtain the approximate significance level, P. However,
the most widely used method assumes D is normally dis-

tributed. Then we can use the z-test, which is based on the

normal approximation for large sample sizes. For a one-

sided testgip^)=g{p.,) vs.giPj^) >giP2)

P= 1-*
D

O
-D

^^jv^D) [^Vib) J^

where ct> = the standard normal distribution function.

For a two-sided test, we have

(6)

P = 2(D
-\D\

VvTD)
(7)

If we are interested in the gi-owth for a range of ages

<^„,„. ',„„,'. or the sizes (/,„,„, /,„„,). we may consider the in-
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tegrated squared difference over the specified range. For

example, if^,
=

AjC"*'' and g.2
=

X.,e-''''

and A,, = k.,l_^.,.vje will rely on

in which Aj
=

/jgZ,

D. hg,{t)-g,{t))clt.

The corresponding expectation and variance can also be

approximated by the delta method.

We then apply each method to comparisons of the gi'owth

of males and females of two species of tiger prawn caught

during tagging studies in northern Australia (Somers and

Kirkwood 1991). We will consider two scenarios: 1) growth
at age 0.5 yr (for methods 1, 2, and 4) or gi'owth at length

30 mm (for methods 3 and 5); 2) gi-owth at age one yr (for

methodsl, 2, and 4) or growth at length 35 mm (for methods

3 and 5). In order to verify that our test assumption that D
was normally distributed, we obtained frequency plots for

the bootstrapped estimates of the growth parameters.

Results

We first bootstrapped the parameter estimates for each

group to assess whether our assumption that the para-

meters were normally distributed was valid. The plot for

male P. semisiilcatus showed that there was little evi-

dence of skewness in our estimates (Fig. 2). Plots for other

groups are similar and not shown here. The / tests pro-

posed in this paper, although based on normal distribu-

tions, are well known to be robust to violation to normality

(which is why they are also known as "robust" test in sta-

tistics). On the other hand, the proposed tests rely only on

mean and covariance estimates and the covariance matrix

is often obtained from asymptotic distribution (normal) of

the estimates in nonlinear regression.

We tested for the overall significance of each comparison

before proceeding with testing the six methods. All were

highly significant (P«0. 00001) and 7"-' statistics ranged

from 43.2 for the comparison of P. semisiilcatus females

versus P. esculentus females to 385.7 for P. esculcntus

males versus P. semisiilcatus females. Given that the over-

all growth curves differed among species, then it is reason-

able to then look further at the growth rates yielded by the

different methods.

The growth models for the six methods of comparing

growth and their first and second derivatives differed

between methods (Table 1). The growth parameters used

in the comparison show apparent differences in the size of

both l^ and k among the species and sexes (Wang, 1998).

These differences in the absolute value of each parameter
translate into quite large differences in the shape of the

growth curves (Fig. 1). The effect is most striking for

Penaeus semisulcatus, but does growth differ? Is it affected

if we choose a particular length or age?

The results of tests from the six methods are shown in

Table 2. The difference in lengths between P. esculentus

and P. semisulcatus at the age of 0.5 yr is not significant for

either males or females (in method 1 in Table 2), but the

difference becomes very significant at age 1 yr. This result

is consistent with the plot in Figure 1. However, the con-

clusion is reversed when comparing growth rate (method

2 in Table 2) instead of length. The relative growth rates at

either age (0.5 yr or 1 yr) for P. esculentus do not differ sig-

nificantly between males and females (method 4), whereas

the rates at length 30 mm or 35 mm differ significantly.

This is also biologically plausible because the gi-owth rate

at length 35 mm is very close to zero for P. esculentus

males (the asymptotic size is only 35.6 mm) and there is

a substantial gi-owth to be gained for females (the asymp-
totical size is 44.7 mm). For method 6, the comparion is

independent of specified length or age (two scenarios give

the same results).

In prawn farms, P. esculentus and P. semisulcatus are

harvested after 6 or 12 months, depending on the circum-

stances, such as the farmer's need to increase the number
of generations within the growing season at higher lati-

tudes. Tests comparing the growth of each sex of each spe-

cies (Table 3) show that the significance of the results

varies with the hypothesis being tested. For example, the

comparison of length-at-age (method 1) of Penaeus semi-

sulcatus and P. esculentus and females was not significant

(P<0.87) at both six months of age (Table 3). However,

when the absolute growth rates of the two species were

compared (method 2), they were highly significantly dif-

ferent (P<0.001). Other tests, such as comparisons of the

growth of male and female P. semisulcatus, were highly

significant for all methods (P<0.001). As Francis (1996)

pointed out, the results from all comparisons with meth-

ods 3 and 5 produce similar results and methods 4 and 6

give very similar results but in the opposite direction.
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Figure 2

Plots of the frequency histogram of 200 bootstrapped estimates of /_ and k for P.

fii'misulcatus males.

Our tests, in which the two tiger prawn species were com-

pared, show that the significance of the results varies with

the hypothesis. In our example, we have tried to choose

lengths and ages that were approximately comparable.
The results of the six tests for any particular interspecific

or intraspecific hypothesis under either scenario are not

directly comparable because methods 1, 2, and 4 compare
growth rate at age (6 month or 1 yr) and the other meth-

od.s compare growth rate in relation to length (30 mm or

35 mm). This distinction is more important for the interspe-

cific comparisons because growth rate, rather than sexes, is

more likely to vary between species for most phyla.

Discussion

Tests to compare growth by comparing length-at-age

(method 1) show that there were no significant differences

in the size of each sex of the two species, but there were

highly significant differences in size between the sexes

of each species. This finding differs from the interpreta-

tion if /j-values were compared (method 6). In the situa-

tion where a farmer is deciding which species reaches a

minimum marketable size earlier, we think that method

1 would be the most logical to use. However, if the farmer

were trying to decide the potential benefit or tradeoff of
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leaving the prawns in the ponds for longer, then one of

the methods that test for relative changes in gi-owth rate

(method 4 or 5) would probably be more appropriate.

The difference in parameter estimates, and hence growth

rates, may have important implications when researchers

are trying to compare growth between species or between

regions. Francis (1988) argued that length-at-age data do

not contain precise information on the expected growth
rate offish of a given length. He concluded that length-at-

age data and tagging data contain different information

on growth; therefore the parameters estimated from them

had different meanings and were not directly comparable.
Our proposed tests for different methods, including the

overall test, aim to incorporate all the parameters and the

overall uncertainties and correlations between each other

Further research can be carried out to study the robustness

of the proposed test and to apply it to other growth models.

The method suggested for constructing tests to compare

growth rates could be easily modified to apply to other types

of growth equation besides the von Bertalanffy equation.
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Pacific sardines, Sa?'dinops sagax ( Jen-

yns, 1842), are an important forage

and commercial species off central and

southern California. From the late

1920s through the early 1940s, sar-

dines were a major resource of the oil

and meal fisheries of British Colum-

bia, Washington, and Oregon (Hart,

1973). In 1931, sardines were unusu-

ally abundant on southern and central

British Columbia fishing grounds and

more numerous than usual in northern

British Columbia (Shultz et al., 1932).

In the early 1940s, however, yield of

these fisheries declined radically and

the species range was restricted to

waters off central and southern Cal-

ifornia. After the decline. Pacific sar-

dines were rarely reported north of the

California-Oregon border iReid, 1960:

Mearns, 1988). Since 1992, Pacific sar-

dines have again been observed off

southern and central British Colum-

bia (Hargreaves et al., 1994; McFar-

lane and Beamish, 1999).

Although the occuiTence and changes
in abundance of Pacific sardines in

British Columbia waters are well docu-

mented, the presence of this species off

Alaska is poorly documented. Schultz et

al. ( 1932) reported Pacific sardines from

Alaska on the basis of 24 adult speci-

mens collected 8 August 1931 from the

Cape Omnianey herring fishery < Clark,

1936; 1947). No additional specimen
was documented from Alaska until

1992, when lai-val Pacific sardines were

collected southwest of the Shumagin
Islands, southwestern Alaska (Busby
etalM.

Specimen collection

Eight adult sardines were captured in

a surface trawl at 57°31'N, 136°34'W,

28 km west of PGiaz Point, northern

southeastern Alaska, on 20 August
1998. The fish were captured during
a National Marine Fisheries Service

research cruise to compare rope trawl

and gill-net sampling methods forjuve-

nile sahlefish, Anoploporna fimbria, and

juvenile salmon, Oncorhynchus spp.,

in coastal Alaska. We used a Nordic

264-rope trawl (24-m horizontal open-

ing, 30-ni vertical opening) equipped
with 3-m foam-filled doors and extra

trawl floats to hold it at the surface.

Two additional specimens from

Garnet Point (54°43'N, 130°41'W),

near Nakat Bay, southern southeast-

ern Alaska, were taken in a commer-
cial salmon gill net on 1 September
1998. Fishermen reported that sar-

dines were common but not numerous
in eastern Dixon Entrance near Nakat

Bay through August and early Sep-
tember 1998.

Both collections were frozen before

being transported to the Auke Bay
Laboratory, where lengths and weights

Busby, M. S., W. W. Watson, and W. Shaw.
2000. Identification oflan'al and juvenile
Pacific herringiClupea pallasi i and Pacific

sardnie ( Sardinops sagax ( and their distri-

bution in waters off British Columbia and
in the Gulf of Alaska. In prep. [Avail-

able from M. S. Busby, RACE, Alaska Fish-

eries Science Center, 7600 Sand Point Way
NE, Bin 15700, Seattle WA 9811.5-0070.l"

of thawed fish were recorded. The fish

were fixed in 4% formaldehyde, trans-

ferred to isopropyl alcohol, and then

dissected to determine sex, maturity,

and stomach contents. The fish were

then deposited in the Auke Bay Labo-

ratory reference collections.

Results

The 10 Pacific sardines averaged 233.3

±11.30 mm standard length and 183

±38.02 g wet weight (Table 1). On
the basis of scale annuli, the collec-

tions were divided equally between 7-

and 8-year-old fish. They were equally

divided between males and females,

and all gonads were in the resting

stage. The fish had been feeding and

had mesenteric fat deposits. Identifi-

able foods consisted of diatoms and

euphausiids iEiiphausia pacifica and

Thysanoessa spp.) at Garnet Point and

euphausiids (E. pacifica and Thysa-
noessa spp.) and small calanoid cope-

pods iAcartia spp. and Pseudocalaniis

spp. ) at Khaz Point.

Discussion

The occurrence of adult Pacific sar-

dines in Alaska coastal waters is prob-

ably due to a northward extension

of their summer feeding migration.

Pacific sardines have a complex migi'a-

tion and spawning cycle, moving north-

ward from California spawning areas

during summer. The largest, oldest fish

reach central Vancouver Island or far-

ther north (Hart 1973). Historically,

few Pacific sardines have overwin-

tered in southern British Columbia

(Schultz et al., 1932; Hart, 1943; Har-

greaves et al., 1994), but during Feb-

ruary-April 1998, juvenile sardines

were obsei-ved off the western coast of

Vancouver (McFarlane and Beamish,
1999). Sardines overwintering in Brit-

ish Columbia could migrate north into

Alaska waters the following summer. In

summer 1931, sardines were observed

at many northern British Columbia

locations near the Alaska border and

were common in the fall and winter

Manusci-ipt accepted 26 June 2000.
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of 13°C) (Ahlstrom, 1954). Laboratory studies have shown

high mortahties and abnormal development at tempera-
tures below 14°C (Lasker, 1964). There is some spawning
off northern Oregon (Clark, 1938; Ahlstrom, 1948; Bentley
et al., 1996). No spawning has been documented off British

Columbia, although mature females with loose eggs have

been reported from British Columbia (Walford and Mosher,

1941; Hart, 1943, 1973). Water temperatures off the north-

ern British Columbia and southeastern Alaska coasts are

sufficiently high for successful spawning and development
ofeggs and larvae in July and August. The progeny may not

sun'ive, however, to maturity if subsequent foraging, preda-

tion, and overwintering conditions are severe. If spawning
does occur off British Columbia, it may be only a tempo-

rary extension of the spawning range and may not create

long-lasting populations. In Alaska, such a temporary range
extension was observed in the early 1980s for the Califor-

nia market squid, Loligo opalescens. whose range expanded
northward for several years before contracting southward

again (Wing and Mercer, 1990).
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von Bertalanffy 290, 345, 874

Lethrinidae 600

Lutjanidae 600

grouper, snowy 199

hake 451

jack, crevalle 528

scallop, giant Pacific sea 849

shark, dusky 811

sole, Dover 661

sturgeon 153,800

salmon, pink 319

shark, porbeagle 41

validation of 600

Gulf of California 222,674,692

Gulf of Mexico 118,507,583,684,723
Gulf of St. Lawrence 375

Gulf Stream 64

Gymnocanthus pistilUger
- see sculpin,

threaded

Habitat

associations, rockfish 625

nursery, demersal fish 167

essential 625

oil platforms 96

reef oyster 86

rockfish 625

Hake, silver 451

Hai-vest. shellfish 86

Hepatosomatic index 299

Hematodinium perezi
- see parasite,

dinoflagellate

Herring, Pacific

distribution of 400

predation on herring eggs 655

Hexagrammidae - see greenling

Histology

grouper 199

Hudson River, U.S.

jack, crevalle 528

sturgeon, Atlantic 153

hydrography 427, 704

Hypothesis, match-mismatch 854

Ichthyoplankton
distribution of 427

fish species 767

mackerel 684

Identification

redfish, larvae 375

Illex argentinus - see squid

Image processing 451

Indian Ocean, otolith studies 646

Interspecific relationships 646

Intraspecific relationships 646

Isiirus oxyrinchus - see shark, shortfin

mako

Jack

crevalle 528

striped 864

Japan, Pacific coast 842

Lamna nasus - see shark, porbeagle
Lamnoid sharks 299

Larvae

redfish 375

swordfish 64

Larval development
anchoveta 704

snapper, red 507

Larval dispersal, crevalle jack 528

Larval fish

assemblages 767

distribution 427

otolith increments 421

Lates calcarifer - see barramundi

Lcpidnpsetta 539

hilincata 539

mochigarei 539

polyxystra n. 539

Leslie matrix 75

Lethrinids

Lethrinus mahsena 600

Life history

sole, Dover 661

flatfish 539

rockfish 353

Limanda ferruginea - see flounder,

yellowtail

Lobster

spiny 870

Lutjanidae 600

Lutjanus campechanus - see snapper,

red spp. 474

Mackerel

king 684

Spanish 583

Management
shark, sandbar 236

Marking, chemical 25

Mark-recapture experiments

tuna, southern bluefin 25

grouper 199

Mauritius 600

Menhaden
Atlantic 421

Brazilian 227,283

Mercenaria mercenaria - see quahog,
northern

Merluccuis bilinearis - see hake, silver

Mesopelagic fish 767

Mexico

Baha California Sur 219

see also Gulf of Mexico

Microstomus pacificus - see sole, Dover

Microsatellite loci 14

Migration

grouper, Nassau 642

jacks, crevalle 528

sturgeon 800

tuna, Atlantic bluefin 118

Models

age- and time-dependent 835

delta 583

generalized linear 583

Leslie 410

lidar survey 264

log-linear 410

migration 118

stage-based 236

von Bertalanffy 835

Morphological analysis

flatfish 539

Mortality

mackerel, king 684

porgy. red 723

MtDNA
drum, red 127

rockfish 353

tautog 336

Mycteroperca interstitialis - see grouper,

vellowmouth
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New England, southern 854

New York Bight 167

New Zealand

Chatham Rise, sharks 189

Normal approximation 874

North Carolina 199,421,427

Nursery
hake 451

jack, crevalle 528

scallop, giant Pacific sea 849

shark, dusky 811

sturgeon, Atlantic 800

habitats 167

Oceanogi'aphic conditions 767

Oncorhynchus

gorbuscha - see salmon, pink

nerka - see salmon, sockeye

tshawytscha - see salmon, chinook

Otaria flaviscens
- see sea lion. South

American

Otolith studies

Apnon uirescens 600

dolphin (fish) 345

grouper 290

hake, silver 451

Lethrinus mahsena 600

Lutjanus spp. 474

Menhaden, Atlantic 421

Pristopomoides filamentosus 600

seatrout, spotted 650

sturgeon, Atlantic 153

tuna, southern bluefin 25

Overfishing 75

Oxytetracycline 612

Oyster, eastern 86

Pacific Ocean

eastern 692

southwest 41

Pagrus pagrus - see porgy, red

Panulirus argus westonii - see lobster,

spiny
Parasites

crab, blue 139

dinoflagellate 139

Parmaturus xaniurus - see catshark,

filetail

Patinopecten cau7'inus - see scallop,

giant Pacific sea

Penaeus

californiensis
- see shrimp, penaeid

stylirostris
- see shrimp, penaeid

Pilchard, Japanese 842

Pleuronectidae 539

Pollock

walleye 400,823

Population

genetics, redfish 375

structure 14

salmon, sockeye 14

shark, sandbar 236

shrimp 674

tautog 336

Porgy, red 723

Prawns
trawl 463

Predation

on herring eggs 655

Protandric hemaphrodite 612

Pseudocalanus sp. 854

Pseudocaranx dentex - see jack, striped

Quahog, northern 86

Recovery, chinook salmon 759

Recruitment

flounder 854

overfishing 75

pollock 823

Redfish 375

Reefs, artificial 96

Refugia 625

Reproduction

menhaden, Brazilian 227, 283

grouper 199

porgy, red 723

sculpin, threaded 711

shark 41,299

Reserve, marine 642

Resonance frequency 364

RFLP analysis

tautog 336

Rockfish

assemblages 96

benthic 625

habitat associations 625

juvenile 96, 353

molecular identification 353

Sagittae

grouper 290

Salinity front, menhaden, Brazilian 227

Salmon
chinook 759

pink 319

sockeye 14

Salmonidae - see salmon

Sardines

Pacific 881

see also pilchard

Sardinops
melanostictus - see pilchard, Japanese

sagax - see sardine. Pacific

Scallop, giant Pacific sea 849

Scavengers 646

Sciaenops ocellatus - see drum, red

Scomberomorus cavalla - see mackerel.

king

Sculpin. threaded 711

Sea lion. South American 250

Seatrout. spotted 650

Sebastes - see rockfish

constellatus - see rockfish

ensifer
- see rockfish

fasciatus - see redfish

mentella - see redfish

Sequencing
drum, red 127

Sex ratio

grouper, snowy 199

swordfish 474

Sex reversal, snook 612

Sexual maturity, swordfish 474

Seychelles 600

Shark

catshark, filetail 219

deep-sea 189

dusky 811

great white 646

head 219

porbeagle 41

sandbar 236

shortfin mako 299

tiger 646

Shrimp
fishery 583

penaeid 222,674
Sidescan sonar 389, 625

Size

at maturity, sole, Dover 661

distribution

pollock 400,823

swordfish 489

tuna. Atlantic bluefin 1 18

limit 785

Snapper
identification of 507

otolith study on 474

red 507,583

Snook, common 612

Sole, Dover 661

South Carolina 199

Sparidae 785

Spawning
aggi"egation 642

grouper, Nassau 642

menhaden, Brazilian 227, 283

sardine 842

site fidelity, tuna 118

stock biomass 842

swordfish 64

Species identification

redfish 375

Spectroscopy 25

Squid

Argentine shortfin 1

Statistical power 759

Statoliths 1

Stenella

attcrniata - see dolphins, spotted

longirostris
- see dolphins, spinner

Stochastic simulation 75

Stock assessment

mackerel, king 684

sardine 842

Stock identification

hake 451

Stock structure

dolphin (fish) 345

genetic, drum, red 127

squid 1

salmon 14

Strontium 25
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Sturgeon, Atlantic 153, 800

Survey,

aerial 736

lidar 264

line transect 736

Survival, pink salmon 319

Swimbladder, tuna, yellowfin 364

Swordfish 64,489

Tag-recapture experiments

tuna, southern bluefin 25

shark 811

Tagging
barramundi 835

shark, dusky 811

sturgeon 800

Tautog 336

Tautoga onitis - see tautog

Taxonomy, flatfish 539

Temperature
effect on salmon 319

Tetracycline validation 474,811

Theragra chalcograrnma - see pollock,

walleye

Thunnus
atbacares - see tuna, yellowfin

maccoyii - see tuna, southern bluefin

thunnus - see tuna, Atlantic bluefin

Tobago 290

Trichiurus spp.
- see cutlassfish

Trinidad 290

Tuna
Atlantic bluefin 118

southern bluefin 25

yellowfin 364,692

Uruguay
menhaden, Brazilian 227, 283

Vertical distribution 400

Virtual population analysis 684

von Bertalanfify growth curve 290, 345,

874

barramundi 835

cutlassfish 7 48

scallop 849

snook, common 612

Washington
coast 661

Whale

beluga 736

Byrde 646

Xiphias gladius - see swordfish

YOY (young of the year)

jack, crevalle 528

Zooplankton 854
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