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WARREN F. RATHJEN
1929-1990

Warren F. Rathjen died of a heart attack on 2 November. 1990 in Melbourne, Florida after a five-month illness.

Warren Rathjen was known to cephalopod biologists as an enthusiastic and sagacious proselyte for the development of

cephalopod fisheries, especially for squids. But. long before Warren became hooked on squids, he was known to a

generation of fishery biologists as a hard-working, hands-on, classical fishery biologist, particularly on a variety of marine

fin fishes. He knew the on-board sight, feel and smell of fishes, where they lived, how to catch them and how to process

and market them. He was not particularly enthusiastic about the desk-bound, number-crunching type of fishery biology,

and he was able to avoid it, much to the benefit of the field.

Bom in New York City on 4 March, 1929. Warren Rathjen was exposed throughout childhood to the Long Island

fishing industry and the outdoors. Upon graduation from high school in 1946. Warren served for three years with the U.S.

Coast Guard in the western North Atlantic and the eastern North Pacific. He earned a Bachelor of Science in Zoology at

the University of Miami (Florida) in 1953 and pursued graduate studies in fisheries in 1953 and 1954 at the University of

Miami and the University of Washington. Warren took additional graduate work, in political science, at the George

Washington University in Washington, DC. in 1958-59.

Warren Rathjen served as a hydrographic observer at the Woods Hole Oceanographic Institute in 1953, then became an

aquatic biologist for the state of New York (1954-56). working on the life history of striped bass and publishing his first

two papers. Warren began his distinguished service with the National Marine Fisheries Service (then called the Bureau of

Commercial Fisheries) in 1956 as a fishery methods and equipment specialist. He conducted exploratory fishing surveys

for tuna, red snapper and shrimp in the Gulf of Mexico. Caribbean Sea. South America and Florida east coast from the

laboratories in Pascagoula. Mississippi and Jacksonville. Florida. Then followed exploration and gear research on tunas

and shrimp as Assistant Base Director (Exploratory Fishing and Gear Research) at Gloucester. Massachusetts ( 1959-62).

During this period Warren published eleven more papers on various aspects of the fisheries and biology of fishes and

shrimps.
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W. F. Rathjen with deep-sea squid.

As Director of the Exploratory Fishing Base in Juneau, Alaska from 1962-64, Rathjen conducted exploratory studies

on groundfishes. shrimps, crabs and scallops. He experienced another extreme change in habitat in 1964 when he went to

Barbados as the Chief of Exploratory Fishing for the Caribbean Fisheries Development Project of FAO, United Nations.

During a 5-year period he oversaw the planning and building of three fishery research vessels and headed research projects
and exploratory fishing in 14 Caribbean territories and in waters off Central and South America. In addition to papers on

fisheries topics, Warren also published several reports on sea turtles, whales and whaling, and even on human fatalities

from stingray "stings.""

Rathjen migrated northward again to the NMFS Laboratory in Woods Hole in 1969 where he began fisheries surveys
on underutilized species in the western North Atlantic. It was during this period that Warren became thoroughly captivated
with squids as an underutilized fishery resource of potentially considerable importance to U.S. fishermen. Warren dedi-

cated the rest of his professional career to studying the squid fisheries and potential, promoting the development of squid

fisheries, marketing strategies, and handling technologies. Rathjen's last position with the NMFS (1973-85) was as

Fisheries Administrator. Deputy Division Chief, for fisheries development for the 19 states in the New England. Middle

Atlantic and Great Lakes region. While WaiTen continued to encourage the development of fisheries for underutilized

species, particularly red crab, ocean quahog. herring, mackerel and butterfish. his primary passion was squid fishery

development and capture methods. All but four of his last 22 publications (1973-91) concerned squid fisheries, fishing

techniques and gear. Rathjen published a total of 52 papers during his career.

After 32 years of government service, Warren Rathjen retired from the NMFS in the spring of 1985 and moved to

Florida where he became Adjunct Professor at Florida Institute of Technology in Melbourne, working on fisheries gear
and development. From 1987-89 Warren served as Marine Advisor for the University of Florida Sea Grant Program,

working with the public on issues concerned with fisheries, environment, coastal processes and education. Since 1988

Warren was a consultant on squid and tuna fisheries development to the international fisheries company. Transpac Fish-

eries, Ltd.

Warren was appointed a certified Fishery Scientist of the American Fisheries Society, a Fellow of the American

Institute of Fishery Research, and an Executive Member of the Cephalopod International Advisory Council. Rathjen also

held lectureships at various times in Barbados, Massachusetts Maritime Academy, Salem State College, Yale University
School of Organization and Management, and Florida Institute of Technology.
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These facts about Warren Rathjen's distinguished career tell little about his character and nature. Warren certainly was

a good-natured man with a wry sense ot humor; his wit was much appreciated by his colleagues, especially when it was

directed toward bureaucracy and desk-bound fishery science. He had a gentle, self-deprecating charm that enabled him to

move as easily amongst fishemien and fishing industry representatives, the general public, students, and government
officials, as among his peers. I doubt that Warren Rathjen ever failed to respond to a request for information; he was

incredibly helpful to everyone and responded with the information requested, as well as with references to papers, and

names and addresses of appropriate people in the field.

Warren's interests were broad, always associated in some way with the outdoors. He especially enjoyed sailing and

gardening. He was an avid photographer, particularly of fisheries gear and lighthouses, which were a favorite subject, (a

number of his lighthouse photographs were published, principally in Sea Frontiers). Warren also pursued an interest in the

history of fisheries, fishing boats and gear, and fishermen. He liked nothing better than to spin salty yams ("swap lies'")

with fishemien and sea-going fishery biologists. Finally. Warren was dedicated to conservation, and he served on the

Gloucester (MA) Conservation Commission.

The community of cephalopod researchers and squid fishery representatives and, indeed the broader range of marine

fisheries biologists, have lost too soon a productive and valued colleague and a loyal friend. But. having known him. we
have gained ever so much. Our condolences are expressed to those who lost the most, Warren's wife, Helga. and their

children, Diana and Lars, of whom he was very proud.

Clyde F. E. Roper

Dept. Invertebrate Zoology
National Museum Natural History

Smithsonian Institution

Washington, D.C. 20560
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PLOIDY MANIPULATION IN MOLLUSCAN SHELLFISH: A REVIEW

ANDY R. BEAUMONT AND JENNIFER E. FAIRBROTHER
School of Ocean Sciences

University College of North Wales

Menai Bridge

Anglesey

Gwynedd. LL59 5EY
Wales. United Kingdom
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INTRODl'CTION

Like most higher animals and plants, commercially im-

portant molluscs are diploid: each cell of the organism con-

tains a matching set of chromosomes. For example, oysters

have a diploid number (2N) of 20 chromosomes ( 10 pairs;

haploid number, N = 10). mussels have 2N = 28 (14

pairs; N = 14) and most scallops have 2N = 38 ( 19 pairs;

N = 19).

Normal cell division, mitosis, involves the complete

replication and division of each chromosome into two

daughter chromatids which pass, one each, into the

daughter cells. During the process of sexual reproduction,

however, the germ cells undergo two special and character-

istic "maturation" divisions before becoming gametes

(Fig. la-d). During the early stages of the first meiotic

division (meiosis I), homologous chromosomes associate

together to form a tetrad of four chromatids. Genetic re-

combination takes place as a result of crossing-over be-

tween non-sister chromatids of the tetrads. Halving of the

chromosome number occurs at the end of meiosis I. when

one chromosome from each homologous pair goes to each

daughter cell. The second maturation division, meiosis II.

follows immediately and is essentially similar to mitosis, in

that each daughter cell receives one chromatid. Sexual re-

production is completed by syngamy. the uniting of a male

and a female gamete to form the zygote.

Each male germ cell will produce four gametes after

meiosis I and II are completed. Female germ cells, al-

though following the same chromosomal pattern, divide

unequally in meiosis I, such that one cell contains almost

all the cytoplasm and the other contains almost none. This

latter cell is the first polar body. Meiosis II follows a sim-

ilar pattern to produce the final oocyte and a second polar

body. Occasionally, in some species, the first polar body

may undergo a meiosis II division, but neither polar body
contributes any chromosomes to the zygote.

Although normal sexual reproduction involves both

meiosis and syngamy. a number of variations of the process

have evolved in certain groups (see Bell 1982. for review).

Groups of organisms in which meiosis occurs but syngamy
does not. are often loosely termed "parthenogens." In

these organisms, diploidy is restored by allowing chromo-

somal replication but suppressing cell division either before

(by endomitosis). during (at meiosis I or meiosis II) or after

the maturation division (at first cleavage) (Bell 1982). Dip-

loid gynogenesis is a special case of parthenogenesis, in

which diploid eggs are produced, but sperm contact (egg

"activation"") is required to trigger the maturation divi-

sions. The sperm does not participate in syngamy.

The process of '"chromosome-doubling" (allowing

chromosomal replication but suppressing cell division. Bell

1982), which has evolved naturally in parthenogens, pro-

vides the basis for artificial ploidy manipulation in fish and

shellfish. In essence, triploids (3N) can be produced by

suppressing meiosis I or II but allowing syngamy, and tet-

raploids (4N) by the suppression of first cleavage. The use

of ultra-violet light treated sperm (which allows egg activa-

tion but prevents syngamy) together with suppression of ei-

ther meiosis I, meiosis II or first cleavage, can produce

diploid gynogenomes.
The importance of triploidy stems principally from the

presumption that homologous chromosomes in the germ
cells of adult triploids cannot synapse at meiosis and trip-

loids are, therefore, expected to be sterile. From a commer-

cial point of view, sterility is desirable for three main

reasons. First, energy usually diverted to gamete produc-

tion is available for somatic growth in sterile triploid indi-

viduals. Therefore, adult triploids should grow faster. For

example, Davis (1988b) calculated energy budgets for dip-

loid and triploid Pacific oysters, Cras.wstrea gigas: ripe

yearling diploid oysters were in negative energy balance

while triploids of the same age remained in a state of posi-

tive energy balance. Second, in shellfish such as oysters.

the gonad ramifies throughout the somatic tissue often ren-

dering ripe animals unmarketable. Depleted glycogen

stores in the body also affect flavour. Triploid oysters over-

come this problem (Allen and Downing 1991, submitted)

and have enabled year-round production of C. gigas (Allen

1988a). Third, the potential to produce sterile triploids of

non-native species enables their use as aquaculture or-

ganisms in areas which might be sensitive to the accidental

introduction of competitor species.

As will be discussed in more detail later, the genetic

consequences of the induction of triploidy depends, to

some extent, on which of the two maturation divisions is

1
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targeted. Theoretically, triploids induced by "chromo-

some-doubling" at meiosis I are generally likely to be more

heterozygous across the whole genome than meiosis II in-

duced triploids, and these would be more heterozygous
than ordinary diploids. In principle, such high overall ge-

nomic heterozygosity would be expected to produce the

well documented phenomenon of "hybrid vigour" or "he-

terosis" which may be manifested as faster growth, higher

viability or generally increased fitness.

Apart from the purely commercial applications of trip-

loid shellfish, such genetically manipulated organisms are

also valuable in other ways. They may be used for studies

on the physiology of growth (e.g. Tabarini 1984, Mason et

al. 1988), the partitioning of energy between gonad and

somatic tissue (e.g. Allen and Downing 1986, 1990), the

production of maturation hormones or for genetic studies

on recombination rates or "heterosis" (e.g. Allendorf and

Leary 1984, Beaumont and Kelly 1989).

The value of triploid production, particularly in the case

of the introduction of exotic species, is compromised be-

cause treatments are not 100% effective. This could be

overcome by the use of tetraploid individuals as brood

stock. A tetraploid female should produce exclusively dip-

loid eggs which, when fertilized by normal haploid sperm,
would be expected to give I009f triploid offspring. In spite

of the apparent simplicity of this solution, successful tech-

niques for the production of tetraploid shellfish have been

elusive.

Diploid gynogenomes contain only chromosomes de-

rived from the egg nucleus and, depending on the type of

cell division suppressed, will exhibit either reduced hetero-

zygosity or complete homozygosity. Gynogenesis is,

therefore, a very efficient method for the rapid production

of highly homozygous inbred lines. Normaly, inbred lines

are produced by matings between close relatives and

crossing between such inbred lines can result in heterosis.

This is a common and valuable feature of commercial pro-

duction of agricultural animals and plants.

METHODOLOGY

The induction of triploids, tetraploids or diploid gyn-

ogens depends upon "chromosome-doubling" during ei-

ther meiosis I, meiosis II or first cleavage, using physical

or chemical shock treatment. In most molluscan shellfish

any one of these three divisions can be targeted because the

eggs are usually spawned just before, or at, the metaphase

stage of meiosis I (Raven 1966). Furthermore, develop-

ment is halted at this stage until eggs are activated by sper-

matozoa, enabling relatively precise control of the start of

the maturation divisions. By contrast, it is not easy to target

the first meiosis in most fish species because this division

takes place in the ovary before egg release. Crustacean

shellfish are even less amenable to ploidy manipulation,

because most commercially important species do not re-

lease their eggs freely into the sea, but brood their eggs and

embryos. It is important to note that brooding oyster

species (e.g. Ostrea edulis) are similarly less amenable to

ploidy manipulation.

Triploidy

The normal course of the egg maturation divisions in

bivalves is shown diagramatically in Figure 1 (a-d). If

physical or chemical shock treatment is administered at

meiosis I, the homologous pairs of chromosomes destined

to form the first polar body are retained within the egg nu-

cleus (Fig. le). Meiosis II then follows and, assuming an

equational division, the polar body formed should contain

two sets of chromosomes and the egg should also be diploid

(Fig. If). When the haploid sperm pronucleus fuses with

the diploid egg nucleus a triploid zygote is formed (Fig. Ig)

If meiosis 11 is targeted, the first polar body is allowed to

form in the normal way. However, when the chromatids

separate in meiosis II the second polar body is suppressed
and this second set of chromatids is retained to form a dip-

loid egg nucleus (Fig. Ih). This "diploid egg" can then

produce a triploid zygote on the addition of the sperm nu-

cleus (Fig. li).

When meiosis 1 proceeds normally, one chromosome of

each homologous pair will be included in the first polar

body, leaving a haploid egg. No allelic variation can exist

in the haploid state and, in the normal course of events,

potential variation is re-introduced by the addition of the

male pronucleus during syngamy (Fig. Ic, d).

The potential allelic variation at a locus is increased in

triploids. If three alleles (A. B and C) are present at a locus

in a population, then triploids may be homozygous for one

allele, heterozygous for two or heterozygous for all three.

In theory, the possession of three, rather than two, alleles at

a locus might be expected to have some effect on the fitness

of an organism, but this is by no means certain and has yet

to be demonstrated. Nevertheless, triploids should exhibit a

general increase in two allele heterozygosity compared to

diploids. Actual increases in heterozygosity at a locus de-

pend not only on which meiotic division is suppressed, but

also on the frequency of crossing-over (recombination) be-

tween the centromere and the locus (Table 1). Meiosis I

triploids retain maternal heterozygosity at a locus when

there is no recombination. However, with recombination,

zygotic heterozygosity is reduced. On the other hand,

meiosis II treatment, without recombination, produces a

homozygous diploid egg: heterozygosity results when re-

combination occurs.

Without the effects of recombination, higher overall he-

terozygosity is expected from meiosis 1 triploids compared
to meiosis 11 triploids and diploids. However, it is known

that recombination frequencies are often high for many loci

(Thompson and Scott 1984) and high levels of recombina-

tion will clearly erode the differences in overall heterozy-

gosity between meiosis I and meiosis II triploids (Table 1).

Furthennore, our example is based on a single female and a
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Meiosis II

Figure I. (a-dl—Normal development in the bivalve mollusc egg. For simplicity only one pair of chromosomes is shown, (a) egg at release at

metaphase of meiosis I, activation by sperm: (b) meiosis I complete, first polar body extruded, sperm nucleus has entered egg; (cl meiosis II

completed, second polar body extruded, male and female pronucleus unite; (d) first cleavage perpendicular to point of polar body extrusion.

tetraploid

Figure I. le-k)—Ploidy manipulation, (e) shock administered during meiosis I, both chromosomes of the pair retained in the egg, first polar

body not extruded; (f) normal meiosis II allowed, second polar body extruded, 2N female pronucleus and N male pronucleus unite; (g) triploid

first cleavage, (h) shock administered during meiosis II, second polar body not extruded, 2N female pronucleus and N male pronucleus unite; (il

triploid first cleavage, (j) shock administered during first cleavage; (k) tetraploid chromosome complement in second cleavage (at right angles to

first cleavage).
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TABLE 1.

Potential genotypes of diploid eggs and triploid zygotes produced by

suppression of meiosis I or II, with or without recombination. In

this example, the female is heterozygous for two alleles, A and B, at

a locus and the male is homozygous for B. Normal fertilization would

be expected to produce equal numbers of AB and BB genotypes.

Diploid Egg Zygote

Meiosis I

Meiosis II

without recombinallon

with recombination

without recombination

with recombmation

AB ABB
AA AB BB AAB ABB BBB

1: 2: I I: 2: 1

AA BB
I ^ 1

AB

AAB BBB
1 : I

ABB

single male: when many progenitors are used the levels of

heterozygosity will depend on both recombination fre-

quencies and allele frequencies (Allendorf and Leary
1984). Finally, it is assumed that a true equational meiosis

II division follows the suppression of meiosis 1. This has

yet to be demonstrated. Indeed, evidence from Guo et al.

(1989b) and also from our own observations (unpublished

data) suggest that aneuploidy may result from meiosis I

treatment and that cytoskeletal and chromosomal develop-

ment of many eggs treated at either meiosis I or II is ab-

normal. Further research is needed to clarify the type of

division which follows suppression of meiosis I.

Tetraploidy

(i) Suppression of First Cleavage

Theoretically, if treatment is administered during first

cleavage, the chromosomes will divide to form two sets but

the cell will not cleave, resulting in one cell with double the

diploid number of chromosomes (Fig. Ij. k). Subsequent
mitotic divisions then should produce tetraploid cells.

(ii) Blastomere Fusion

This novel method has produced a very low percentage

of tetraploidy in Crcissostrea gigas (Guo et al. 1988). Em-

bryos at the two-cell stage are treated with 50% polyeth-

ylene glycol to induce fusion of the blastomeres, rinsed in

seawater and then cultured as normal.

(iii) Early Shock Treatment

In some triploidy trials (e.g., Stephens & Downing
1988, Cooper and Guo 1989, Guo et al. 1989b; Diter and

Dufy 1990) a significant number of tetraploids have been

induced by shock treatment administered immediately after

sperm activation. It is not clear how this can produce tetra-

ploids, but Diter and Dufy (1990), working with the Manila

clam. Tapes philippimirum. suggest that treatment with CB
at the time of fertilization may delay sperm penetration into

the egg cytoplasm without inhibiting egg activation. When
CB is removed, sperm entry would be expected to proceed

normally, but formation of the first cleavage spindle would

be delayed and unavailable when the chromosomes were

ready for first mitosis, resulting in an inhibition of the first

mitotic cleavage, thus leading to tetraploidy.

Diploid Gynogenesis

If egg maturation is initiated by sperm which has been

gamma- or ultra violet light irradiated to destroy the sperm
DNA, the egg will remain haploid (Fig. 2a-d), as will any,

embryos which develop from such eggs. However, shock

treatment can be targeted at meiosis I, meiosis II or first

cleavage to restore diploidy (Fig. 2e-g). Heterozygosity of

diploid gynogens is reduced compared to maternal hetero-

zygosity and is dependent on division treated and recombi-

nation (see diploid egg column. Table 1). In theory, com-

pletely homozygous diploid gynogens are only produced
when first cleavage is suppressed.

Agents of Induction

(i) Chemical Shock

Cytochalasin B (CB), one of a class of fungal metabo-

lites, is thought to inhibit micro-filament formation in cells

(Copeland 1974) and is the most commonly used chemical

shock treatment to induce "chromosome-doubling"" in bi-

valves. In the maturation divisions, polar body formation

can be divided into two stages, the first being the extrusion

of a portion of cytoplasm containing maternally derived

chromosomes. According to Longo (1972), this stage is

unaffected by CB, but CB prevents the development of a

cleavage furrow at the base of the protrusion. This results

in the retention of the set of chromosomes that would have

formed such polar bodies (Longo 1972). In cells under-

going mitosis, prophase and metaphase progress normally,

but, at the onset of telophase, cells exposed to CB show

neither the gross morphological presence of a cytoplasmic

cleavage furrow, nor the filaments of the contractile ring

apparently requisite for effective cytokinesis (Copeland

1974).

Cytochalasin B is hydrophobic and is, therefore, dis-

solved in DMSO (dimethyl suphoxide) as a carrier solution

(Allen 1987b), before being made up to the desired con-

centration (0.1-1.0 mgCB/1) with filtered sea water. Fer-

tilized eggs are held in this solution at the appropriate time.

At the end of treatment, which usually lasts 15-20

minutes, eggs are transferred to a solution of DMSO in fil-

tered sea water (0.01 -0. 1%) for 15-20 minutes to remove

the remaining CB. Thereafter, eggs are returned to filtered

sea water and reared in the noniial way. For a practical

description of the methodology used to produce meiosis II

triploid oysters using CB, the reader is referred to Allen et

al."s excellent Hatchery Manual (1989).

(ii) Thermal Shock

Both heat and cold shocks can be used to induce '"chro-

mosome-doubling"" at meiosis I, meiosis II or first
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Melosis II

UV treated

sperm

1st cleavage

diploid gynogenomes

Figure 2. Gynogenesis in bivalve molluscs. For simplicity, only one pair of chromosomes is shown, (a-d) maturation divisions and first cleavage

of egg after activation by UV treated sperm. Diploid gynogenomes produced by shock administered at melosis I (e), meiosis II (f) or first

cleavage (g).

cleavage. Effective heat shock temperatures range from

25-38°C and cold shocks from 0-5°C. The actual differ-

ential between normal incubation temperature and the

thermal shock temperature is likely to be of more impor-

tance than the absolute temperature of the treatment (Allen

1987). A combined heat and chemical (caffeine) shock

technique has recently been developed by Yamamoto et

al. (1990) and Scarpa et al. (1991, submitted).

(iiil Pressure Shock

Pressure shocks have been successfully used to produce

triploid Crassostrea gigas (Chaiton and Allen 1985. Allen

et al. 1986a) and triploid abalones. Haliotis discus hannai.

(Aral et al. 1986). Pressure is applied by placing activated

eggs into a suitable container which is then subjected to

60(X)-8000 psi for 10 minutes (Chaiton and Allen 1985).

These extremely high pressures interfere with normal

meiotic or mitotic cell divisions. When pressure is re-

leased, development resumes and eggs or zygotes can be

removed and reared under normal conditions.

VERIFICATION OF PLOIDV

Early assessment of treatment success ensures that time

and space will not be wasted rearing batches of larvae with

low yields of polyploids. The main methods of ploidy as-

sessment used for molluscs are chromosome counts, polar

body counts, flow cytometry, microtluorometry, nuclear

sizing by microscope or Coulter counter, and electropho-

resis. Practical details of most of these techniques are given

in Allen etal. (1989).

Chromosome Counts

The most direct method of verification is chromosome

counts, which can also be used to compare between other

verification techniques. Direct counts of chromosomes can

be made at various stages of development allowing eggs

and embryos to be screened for ploidy. Tissue from spat,

juveniles and adults can also be used. Standard techniques

involve fixing eggs, taken at appropriate times, directly in

Camoys fixative (3 parts alcohol: 1 part glacial acetic acid).

Embryos are first treated with Colchicine in filtered sea

water before transfer to 25% dilute sea water and final fixa-

tion. Colchicine arrests mitosis at the metaphase stage and

increases the number of metaphase plates available for

chromosome counts. This method of ploidy assessment is

time consuming and it is not uncommon to find that the

majority of the embryos examined on a slide do not provide

countable chromosome spreads for one reason or another.

Nevertheless, chromosome counts do provide a direct

method of ploidy verification.
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Polar Body Counts

Counting the number of polar bodies associated with zy-

gotes and very early embryos has been suggested as a rapid

and simple method for assessing the success of triploidy in

bivalves (Beaumont 1986). Because triploidy induction in-

volves the suppression of either the first or the second polar

body, triploid zygotes should have only one polar body, not

two. This method appears to have some value with the

scallop, Pecten maximus. (Beaumont 1986) and the pearl

oyster, Pinclada radkita (S. A. A. Khamdan. Bahrain En-

vironmental Protection. Bahrain, pers. comm.), but seems

unsuitable for verification of ploidy in Manila clam. Tapes

semidecussatus. or the mussel, Mytihis cdiilis, due to diffi-

culties in recognising and recording polar bodies associated

with early embryos (Beaumont and Contaris 1988, Beau-

mont and Kelly 1989). Stephens and Downing (1988) have

used DAPI (see later) to investigate the ploidy of the polar

bodies, in treated Crassostrea gigas eggs and early

cleaving embryos. Since the first polar body is diploid and

the second haploid, this method can determine which matu-

ration division has been affected if only one polar body is

visible at first cleavage.

Flow Cytometry

Flow cytometry involves staining the nuclei of cells with

a DNA-RNA specific fluorescent dye, such as propidium
iodide or DAPI. Stained cells, in liquid suspension, are

then laser excited and pass through the sensing zone of a

cytofluorographic analyser, where the intensity of fluores-

cence is recorded (Allen 1983). Both haemolymph and

fresh mantle tissue, as well as siphon, foot or mantle tissue

which has been frozen for some time, have been used to

provide cells for assay (Allen 1983). Samples are always
run together with a standard, usually chicken erythrocytes,

so as to determine relative DNA content. The modal values

of fluorescence pulse-height histograms are recorded. Ide-

ally, triploid modal values should be 1.5 times greater than

diploid values. Flow cytometry has proved to be a fast and

accurate procedure, which does not always necessitate

killing the adult animal (Allen 1983) and has been used

successfully with larvae as small as 250 ixm (Chaiton and

Allen 1985) and, more recently, with trochophore larvae

(Downing 1989b). A drawback of this technique is the very

high price of flow cytometers, but it is often possible to

have samples analyzed at institutes which do have such fa-

cilities.

Microfluorometry with DAPI Staining

DAPI, 4'-6-diamidino-2-phenylindole, is an aromatic

fluorochrome which binds preferentially to the adenine-

thymine base pairs of DNA. Nuclei stained with DAPI are

excited with ultra-violet light (365 nm) and the fluores-

cence intensity measured with a photometer. A histogram
of fluorescence intensity (representing relative DNA con-

tent) produced from a sample containing, for example, ha-

ploid, diploid and triploid cells would show three distinct

peaks (Komaru et al. 1988).

Nuclear Sizing

The nuclei of triploid cells are 1.5 times the volume of

diploid nuclei and, therefore, have a greater diameter. This

difference in diameter can be measured, directly on a mi-

croscope, or using a Coulter counter. This technique has

been successfully used in determining ploidy of fish

(Johnson et al. 1984) and is now being developed for use

with shellfish (A. R. Child; MAFF, pers. comm.).

Electrophoresis

Electrophoresis is not widely used to verify ploidy, but

Allen et al. (1982) have compared the effectiveness of elec-

trophoresis and chromosome counting as verification tools

in Myci aremiria. Large sample sizes can be processed rap-

idly and diploid genotypes are distinguished from triploid

genotypes either on the basis of relative staining intensities

of electromorphs, or by the presence of three electro-

morphs. However, only highly heterozygous loci give

useful data. This technique is particularly useful when

polyploidy has been induced with the aim of increasing or

decreasing the incidence of heterozygosity, since it pro-

vides data on ploidy and heterozygosity at the same time.

RESULTS

Ploidy manipulations have been carried out successfully

in a number of bivalve species and one gastropod species,

using chemical, thermal and pressure induction. Table 2

sets out, species by species, the methods which have been

used for induction and ploidy assessment, together with the

results obtained and other aspects covered by various

workers. It is important to note that where the percentage of

triploidy induction is less than 100%, offspring reared

through the larval stage, and beyond, will consist of a mix-

ture of diploids and triploids. Furthermore, the proportions

of the two ploidy types may change during development
due to differential mortality.

Crassostrea gigas (Pacific Oyster)

Triploidy

(i) Chemical shock

Chemical induction using cytochalasin B (CB) has

proved to be effective in the production of triploid Pacific

oysters (Table 3). A dosage of 1 mgCB, dissolved in 1 ml

DMSO, per litre of sea water has resulted in best triploid

production ranging from 50-100% (mean 83%).

According to Downing and Allen (1987), the major
factors influencing the effectiveness of CB treatment are

the dosage, the duration of treatment, the temperature at

which treatment is conducted and the time, after egg ac-

tivation by sperm, at which treatment is applied. Sperm

quality may also be important for successful triploidy in-
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TABLE 2.

Ploidy manipulation in molluscs. 2N =
diploid. 3N =

triploid. 4N =
tetraploid. Ml = meiosis L Mil = meiosis M. Induction methods: CB

= cytochalasin B, Ca = caffeine. C = cold. H = heat, P = pressure, C.F. = cell fusion. \ erificallon methods: c.c. = chromosome counts,

p.b.c.
= polar body counts, f.c. = flow cytometry, m.f. = microfluorometry, elec. = electrophoresis.

Species

Best %
2N 3N 4N

Induction

Method

Nerification

Method
.Special

Aspects Covered Authors

OYSTERS
Crassostrea gigas

(Pacific oyster)

20

Crassostrea virginica

(American ovsierl

20

57
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TABLE 2.

continued

Species 2N
Best %

3N 4N
Induction

Method

Verification

Method
Special

Aspects Covered Authors

Pinctada fucala

martensii

(Japanese pearloyster)

SCALLOPS

Argopecten irradians

(Bay scallop!

Chlamvs nobilis

Chlamys varia

(Black scallop)

Pecten maximus

(Great scallop)

MUSSELS

Mytihis edulis

(Mussel)

CLAMS
Mercenaria

mercenaria

(Hard-shelled clam)

Muliina lateralis

(Dwart surf clam)

Mya arenaria

(Soft-shelled clam)

Tapes philippinurum

(
=

Rudilapes

philippmarum I

= Tapes

semidecussalus)

(Manila clam)

32

32

38

38

38

34

38

65

100

52

94

88

CB
C
CB
C
H

CB

CB

C.C.; m.f.

C.C.; m.f.

m.f.

m.f.

m.f.

f.c.

c.c; f.c;

m.f.

growth; sterility

karyotype of diploid and

triploid scallops;

verification methods

Uchimura et al.

(1989)

Wadaetal. (1989)

Tabarini (1984)

Komaru et al. (1988J

71
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TABLE 2.

continued
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there was little effect on early survival of putative triploids.

except at higher treatment temperatures (38°C) (Quillet and

Panelay 1986). Yamamoto et al. (1988) reported 66.7%

triploidy induction by applying cold shock (0°C) for 10 min

duration starting at 15 min post-activation.

If thermal shock could produce triploid yields compa-
rable to those resulting from use of cytochalasin B. this

would provide an easier and safer method of induction.

More research is needed to confirm the high yields (83.3%)

obtained by Yamamoto et al. (1988). Allen ( 1987b) points

out that, since thermal treatment arrests all development,

only those eggs which are at a vulnerable stage of cell divi-

sion at the time of shock will be affected by the treatment.

By contrast, CB does not appear to interrupt development
in the same way and eggs will continue to develop, during

treatment, until they reach a vulnerable stage of cell divi-

sion. It therefore seems unlikely that thermal induction

alone will be able to reliably and repeatedly produce high,

commercially viable, percentages of triploid oysters. Re-

cently. Yamamoto et al. (1990) have reported increased

yields of triploid C. gigcis using a combination of heat

shock (32°C) and caffeine (10 niM). compared to heat

shock alone.

(iii) Pressure Shock

Hydrostatic pressure shocks have similar limitations to

heat treatment in that they arrest all development. Never-

theless. Chaiton and Allen ( 1985) and Allen et al. ( 1986a)

have produced triploid C. f;igcis (10-60%) using
6000— 8000 psi pressure shocks of 10 min duration ap-

plied 10 min post-activation. Best yields of 60% were

achieved by applying a shock of 7200 psi at 29°C (Allen et

al. 1986a). Unlike chemical and heat treatment methods, a

specially manufactured, non-toxic, pressure vessel, capable

of safely withstanding the very high pressures used, is a

prerequisite for this type of treatment.

Telraploidy

Although targeting of meiosis 1 and II with CB is de-

signed to produce triploids. such treatment has also been

found to induce tetraploidy under certain circumstances

(Stephens and Downing 1988. Cooper and Guo 1989. Guo
et al. 1989b). Stephens and Downing (1988) treated C.

gigas eggs with cytochalasin B from 15-30 min post-acti-

vation, at the low temperature of I8°C and produced an

estimated 9% diploids and 91% tetraploids by chromosome

counts at 24 hours. Similar treatment, targeting meiosis II

resulted in counts of 8% diploids, 75% triploids and 17%

tetraploids at 24 hours. However, tetraploids produced in

this way suffer high mortality during early development
and no tetraploid spat resulted from these treatments. Simi-

larly Cooper and Guo (1989b) reported lOO'/f mortality of

tetraploids induced in this way within 72 hours post-activa-

tion. It is not clear how or why tetraploids are produced

under these circumstances and further research is required

to explain these results.

Guo et al. (1988. 1989a) reported a novel method of

production of up to 4% tetraploids by using polyethylene

glycol at the 2-cell stage to bring about oocyte fusion. Al-

though the percentage of tetraploids produced is very low.

it will be interesting to see if the technique can be further

developed to increase its success.

Pentaploidy

Cooper and Guo (1989) have produced C. gigas penta-

ploids by sequential cytochalasin B inhibition of both

meiosis I and meiosis II. In this way. two "chromosome-

doubling"" events are induced in the egg, to give a tetra-

ploid female pronucleus which becomes pentaploid on the

addition of the male pronucleus. Cooper and Guo (1989)

found that pentaploid zygotes developed into abnormal tro-

chophores, failed to develop to D-stage larvae and were all

dead within 72 hours from egg activation.

Gynogenesis

In a recent review, Allen ( 1987b) refers to the successful

activation of 30% to 88% C. gigas eggs by ultra-violet light

irradiated sperm. However, as yet, there are no reports of

successful production of oyster diploid gynogens using

such irradiated sperm.

Survival

Different treatment methods have different effects on

survival of early larval stages. The use of CB always leads

to reduced survival up to D-larval stage compared to con-

trols. Furthermore, Downing and Allen (1987) found that

the effect on mortality was greater when CB was adminis-

tered during critical stages of development, such as, activa-

tion, polar body formation and cleavage, compared to non-

critical times. However, Quillet and Panelay (1986) found

no such depressive effects on 24 hour larvae treated by heat

shock, except at the highest treatment temperature (38°C).

Reduced survival due to CB can also be exacerbated by
other factors such as, for example, quality of strip-spawned

eggs (Downing and Allen 1987) or limitations of the larval

rearing system (Quillet and Panelay 1986). As noted ear-

lier, tetraploids produced by targeting meiosis I or II and

pentaploids appear to have an ephemeral existence (Ste-

phens and Downing 1988, Cooper and Guo 1989).

Once the D-larval stage has been reached, triploids ex-

hibit similar mortality rates to diploids (Downing and Allen

1987). However, ploidy itself can have effects on survival

at later stages. When reproductively active diploid and trip-

loid Pacific oysters were starved for 130 days, diploid sur-

vivorship was greater than that of triploids. Weight loss and

reduction in glycogen content in triploids exceeded that of

diploids, despite triploids having higher initial glycogen

levels (Davis 1988a).
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Physiology

(it Gonadogenesis and Sex Ratio

Production ot sterile oysters whicii maintain a positive

energy balance during the reproductive season and can be

marketed all year round is the main commercial aim of

triploidy induction (Allen 1988a). In fact, the mduction of

triploidy in bivalves does not necessarily bring about com-

plete sterility, but rather a reduction in gonadogenesis

(Allen and Downmg 1986. Allen 1987a, Allen 1988a,

1988b). The extent of gametogenesis in triploid C. ,i?/',?fl5 is

sexually dependent, as is generally the case in triploid fish

species (Thorgaard 1983). Male gonadal development is

more extensive than female, the males often producing

substantial populations of spermatocytes but not sperma-

tozoa. Females produce few oocytes, most females pro-

ducing undeveloped follicles containing rudimentary gonial

cell populations (Allen and Downing 1986, Allen 1987a.

Allen 1988b. Allen and Downmg 1990). Cytotluorometric

analysis has shown that some meiosis does occur in triploid

males, resulting in aneuploid gametes (Allen 1987a.

1987b, Allen 1988b). Despite retarded gonad development,

triploid oysters have been observed to spawn both male and

female gametes (Allen 1988b. Allen and Downing 1990).

Allen and Downing (1990) reported the sex ratio of

yearling diploid C. gigcis to be 1.6 males to I female. Ex-

cluding hermaphrodites, sex ratios in cohorts of diploids

and tnploids are similar (.Mien 1987a. Allen 1988b). Allen

and Downing (1990) discuss the unexpected increased inci-

dence of hermaphrodites among triploid oysters (29%)

compared to diploids (19^). and the change in their fre-

quency in the population as maturity reaches a peak.

(ii) Glycogen Levels

Gametogenesis and glycogen utilization are intimately

associated in bivalves (Gabbott 1975). The normal pattern

of glycogen level in diploids is one of a steady decline

throughout the gametogenic period, followed by an in-

crease after spawning. Triploids do not show this seasonal

drop in levels, retaining high glycogen throughout the

season (Allen and Downing 1986, Allen 1987a, Downing
1988b). Downing (1988b). comparing glycogen levels

among diploid and triploid C. fiigus and C. rivularis and

their hybrids, found that, in general, triploids had higher

glycogen levels than diploids during gametogenesis.

(iiil Growth Rate

Larval growth rate is generally similar for diploids and

tnploids (Downing and Allen 1987). Allen ( 1988a) reports

that triploid oysters do not appear to grow faster during

their first year, but do so in the second year and suggests

two reasons for this. First, reproductive effort generally in-

creases in the second year, so that any differences in

growth rate between fertile diploids and sterile triploids is

accentuated at that time. Secondly, oysters change sex

during their lifetime. They are usually male first, and fe-

male later. Since triploid females produce far fewer ga-

metes than triploid males, a larger proportion of the popula-

tion, in the second year, will have a lower reproductive

output.

Differences in growth rate between diploid and triploid

oysters can also be affected by environmental factors. Over

a two year period Davis (1989) compared growth rate of

diploid and triploid oysters at two sites of similar produc-

tivity but whose temperature maxima were different (20

and I6°C). Triploids grew faster than diploids at both sites,

the difference being greater at the site with the higher max-

imum temperature.

Yamamoto et al. (1988) have reported that the mean

shell length of 25-day-old triploid larvae induced by heat

shock at meiosis 1 was significantly greater than that of

meiosis II triploids or controls. Feeding and digestion rates

amongst these same animals were not significantly dif-

ferent. Increased growth rate of meiosis I against meiosis II

larval triploids might be due to the theoretical increased

overall heterozygosity produced by targeting meiosis 1.

Crassostrea virginica (American Oyster)

Triploidy

Stanley et al. (1981) were the first to attempt triploidy

production in bivalves, using C. virginica. A variety of CB
treatment regimes have now been used with varying de-

grees of success. Dosages ranging from 0.1-5.0 mgCB/1.

lasting 10-20 min, starting at 1-50 min post-activation at

temperatures ranging from 25 to 29°C. have all been at-

tempted (Stanley et al. 1981. Stanley et al. 1984. Shatkin

and Allen 1989). Stanley et al. (1984) timed treatments of

0.5 mgCB/1 to coincide with meiosis 1 and II (0-15 and

15-30 min post-activation at 28-29°C) and obtained 61%

meiosis 1 and 72% meiosis II triploids. Very high per-

centages of triploids were obtained using a dose of 0.5

mgCB/1 for 15 minutes starting at 25 min post-activation at

a temperature of 25°C (96%) (Shatkin and Allen 1989).

These authors also treated a commercial spawn using this

procedure and obtained 100% triploidy.

Gynogenesis

A cytological appraisal of the prospects for gynogenesis

and androgenesis. using ultra-violet light irradiation of

sperm and oocytes, in C virginica has been undertaken by

Stiles et al. ( 1983). following earlier work using X-irradia-

tion to inactivate sperm DNA (Stiles 1978). It is important

to establish the appropriate dosages of UV or X-irradiation

for sperm. Too much will prevent the sperm from being

able to activate the eggs; too little will allow some integra-

tion of sperm chromosomes into the zygote nucleus. At

higher levels of X-irradiation (15,000R to 225.000R),
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sperm generally failed to activate eggs, more than 75% re-

maining at metaphase of meiosis I (Stiles 1978). However,

sperm X-irradiated at IO,OOOR activated up to 66% of the

eggs to undergo maturation divisions and these eggs pro-

ceeded as far as first cleavage, but no further, with se-

verely, visibly damaged, sperm chromosomes contributing

to the developing zygote (Stiles 1978).

Stiles et al. (1983) carried out UV-irradiation of sperm

using an 8 watt UV lamp, wavelength 254 nanometers and

this was found to be more effective than X-irradiation. Ex-

posures of sperm to between 1.5 and 4 min UV irradiation

allowed activation of more than 50% of the eggs, such eggs

having a haploid female pronucleus and two polar bodies.

These results demonstrate the potential for the production

of diploid gynogens in C. virf^inica although initial trials

did not include a "chromosome-doubling" step. Of mterest

also is the demonstration of androgenesis, whereby, UV
irradiated eggs can be activated by normal sperm (Stiles et

al. 1983).

Survival

As with C. gigas, CB treatment of C. virginica leads to

decreased survival during early development compared to

diploids, with fewer veliger larvae being produced (Stanley

et al. 1981). Mortality was also strongly correlated with the

timing of CB treatment. Early treatment, just after activa-

tion, gave reasonable survival, though less than controls,

while treatment administered at 40 min post-activation pro-

duced high mortalities.

Physiology

(i) Gonadogenesis and Sex Ratio

The nature and degree of maturity reported for adult

triploid C. virginica is similar to that observed in triploid

C. gigas. Male triploids develop large populations of sper-

matocytes, some develop spermatids and a few produce

spermatozoa. Female triploids show arrested oogonial dif-

ferentiation with the development of small numbers of oo-

cytes, few of which ripen (Allen 1987a. Lee 1988). Simi-

larly, triploid C. virginica show an increased incidence of

hermaphroditism compared to diploids, and, excluding her-

maphrodites, there are, again, no significant differences in

the sex ratios of diploid and triploid cohorts (Allen 1987a).

(ii) Growth rate

Stanley et al. (1981) reported that cohorts of triploid C.

virginica set normally and grew at least as well as controls

up to 8 months of age, at which time there was no signifi-

cant difference between the size of diploids and triploids.

However, they later showed (Stanley et al. 1984) that two-

year-old meiosis I triploid oysters grown in the field were

significantly larger than their meiosis II triploid and diploid

counterparts. This was the earliest demonstration of pos-

sible heterosis resulting from increased heterozygosity of

meiosis I triploids, and these authors were the first to point

out the different genetic consequences of targeting meiosis

I and meiosis II. In order to investigate actual heterozygo-

sity, they scored six enzyme loci using starch gel electro-

phoresis and reported highest heterozygosity in the meiosis

I triploids. Furthermore, the percentage of loci that were

heterozygous was 38% in meiosis I triploids but only 26%
in meiosis II triploids and diploid controls. It is surprising

that measured heterozygosity in meiosis II triploids was not

greater than in diploids, since recombination would be ex-

pected to effect at least some of the loci scored.

Pinctada fucala martensii (Japanese Pearl Oyster)

Triploidy

Two recent studies by Uchimura et al. ( 1989) and Wada
et al. ( 1989) have demonstrated that treatment with 0.5 and

0. 1 mgCB/l from 20 to 50 min post-activation can produce
an average of 90% triploid juvenile Japanese pearl oysters.

These authors have also experimented with heat and cold

shock triploidy induction. An upward differential of 11°C

and a downward differential of 17.5°C have both proved

capable of inducing "chromosome-doubling" during the

maturation divisions, but neither of these thermal tech-

niques were able to produce the high percentages of trip-

loids obtained using Cytochalasin B.

Initial trials on the Arabian gulf pearl oyster (Pinctada

radiata) using CB have also demonstrated the potential for

this technique to produce triploid P. radiata larvae

(S. A. A. Khamdan, Bahrain Environmental Protection,

Bahrain, pers. comm.).

Argopecten irradians (Bay Scallop)

Triploidy

Triploidy was induced in A. irradians by Tabarini

(1984) after treating newly activated eggs with CB. Treat-

ment for 20 min duration. 10 min post-activation resulted

in 66% triploidy using 0.05 mgCB/l and 94% triploidy

using 0.1 mgCB/1.

Physiology

When yearling scallops were grown on in the field.

mean adductor muscle weight and total body tissue wet

weight were greater in triploids than in diploids (73% and

36%> respectively). The majority of triploid scallops failed

to ripen during the summer months, and the relationship

between increased growth, stage of reproductive cycle and

sterility in triploids is discussed by Tabarini (1984). It is

probable that the large reported differential in growth be-

tween triploids and diploids was due to the lack of gonadic

growth in triploids.

Chlamys nobilis

Triploidy

Komaru et al. (1988) achieved 88% triploids by treating

fertilized C. nohilis eggs with 0.5 mg/1 cytochalasin B in
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0.01% DMSO commencing 15 minutes post-activation for

15 minutes duration at a temperature of 25°C. Komaru and

Wada ( 1989) report production of 23% triploids using pres-

sure (200 kg/cm-) as well as CB (75%).

Komaru et al. (1988) also undertook a comparison of

three methods of ploidy determination; flow cytometry.

DNA microtluorometry with DAPl staming and chromo-

some counting. The microtluorometric procedure, earlier

used by Naruse et al. ( 1985) to determine the ploidy of fish

larvae, was found to be a simple and useful method for

quantification of DNA content: a valuable alternative to

flow cytometry.

Physiology

Neither ripe eggs nor spermatozoa were observed in trip-

loid scallops at a time when their diploid counterparts were

spawning (Komaru and Wada 1989). and both shell width

and tissue weight were greater in triploids than in diploids.

Chlamys varia (Black Scallop)

Triploidy

High percentages of triploid pediveligers of black

scallop have been produced using CB (Baron et al. 1989).

Comparison of diploid and triploid larvae revealed no sig-

nificant difference in growth rate, however, mortality

among triploids prior to metamorphosis was higher than for

diploids over the same period (Baron et al. 1989).

Peclen maximus (Great Scallop)

Triploidy

Low percentages of triploids (up to 30%) have been in-

duced using cytochalasin B in P. maximus (Beaumont

1986). Larvae were not reared beyond the early veliger

stage, but analysis of early development indicated that, al-

though larval yield was significantly reduced by CB treat-

ment, this chemical did not significantly influence numbers

of abnormally developing larvae. Both chromosome counts

and polar body counts were used to determine percentage

of triploid zygotes at the 3 hour stage. Results agreed rea-

sonably well between methods, but polar body counts were

easier and quicker to obtain.

One problem associated with triploidy induction in

scallops is that certain species are hermaphroditic. Both

eggs and sperm are often released together, making it diffi-

cult to control the timing of the maturation divisions. Fur-

thermore, even a small proportion of self-fertilization may

produce inbreeding depression which can be manifested in

reduced growth rates (Beaumont and Budd 1983).

Mytilus edulis (Common Mussel, Blue Mussel)

Beaumont and Kelly 1989). Cytochalasin B targeted at

meiosis I and meiosis II produced between 46% and 67%

triploidy in Beaumont and Kelly's (1989) trials, but these

authors were unable to produce similar percentages of trip-

loids using heat shock. In contrast, Yamamoto and Suga-

wara (1988) reported yields of triploids in the range

70%-98% produced by heat shock treatment. Such dis-

crepancies do occasionally occur between other studies and

may stem from differences in broodstock condition, am-

bient temperatures, or handling techniques. In this partic-

ular instance, however, Yamamoto and Sugawara report a

2-22% incidence of triploidy amongst controls, a condi-

tion seldom observed (or at least seldom reported!) for this

or other species. Yamamoto and Sugawara (1988) also ex-

perimented with cold shock. Recently, Yamamoto et al.

( 1990) reported increased yields of triploid M. edulis using

a combination of heat shock (29°C) and caffeine ( 15 mM)
(or 0. 1 M CaCU) compared to heat shock alone.

Gynogenesis

Activation of M. edulis eggs by UV-irradiated sperm is

currently being studied at our laboratory (Fairbrother and

Beaumont unpub. data). Preliminary results suggest that

suitably UV-irradiated sperm will activate eggs to undergo

their maturation divisions with the production of haploid

embryos. However, as is the case for fish (Purdom 1983),

all haploid embryos develop abnormally.

Physiology

Growth rate of putative triploid larvae from meiosis I,

and meiosis II treated eggs were measured and compared

with diploid controls by Beaumont and Kelly (1989). They

report a significant increase in mean shell length of 36-day-

old larvae derived from eggs treated at meiosis I compared

to either control or meiosis II larvae, and suggest that this

may be due to the postulated higher heterozygosity of

meiosis I triploids. This experiment has since been repeated

(Fairbrother and Beaumont, unpub. data) and has again

demonstrated an enhanced growth rate of meiosis 1 triploid

larvae.

Mercenaria mercenaria (Hard-shelled Clam)

Triploidy

Triploid hard-shelled clams have been produced by

treatment with cytochalasin B (Buzzi and Manzi 1988,

Hidu et al. 1988), but in contrast to other species, three-

year-old triploid clams were found to have significantly

lower dry weight and smaller shell dimensions than diploid

controls (Hidu et al. 1988).

Mulinia lateralis (Dwarf Surf Clam)

Triploidy

Triploidy has been induced in M. edulis by both chem-

ical and thermal methods (Yamamoto and Sugawara 1988.

Triploidy and Tetraploidy

Rupright (1983), using cytochalasin B to induce tri-

ploidy in the dwarf surt" clam, found the mean live weight
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of treated groups was significantly higher than that of con-

trols. Scarpa (1985), has produced both triploid and tetra-

ploid two-cell-embryos by targeting, meiosis II and first

cleavage respectively. He also observed occasional in-

stances of spontaneous triploidy in normal diploid groups.

Parthenogenesis and Gynogenesis

Scarpa (1985) produced egg activation, without the use

of sperm, by the addition of 0.5- 1 .0 M KCl to an oocyte

suspension for 8 minutes. Both maturation divisions oc-

curred, but no cleavage was evident. Further attempts to

produce KCl activated parthenogenetic diploids using CB,

or combined heat and caffeine, to target meiosis II were

unsuccessful and resulted in abnormal, uncleaved eggs

(Scarpa et al. 1991, submitted).

Attempts to produce gynogenetic haploids using UV
light irradiated sperm were more successful than the parthe-

nogenesis trials. Eggs activated by UV treated sperm

yielded presumed haploid embryos which, at 80 minutes,

were one cleavage round behind those activated by normal

sperm, and contained a high proportion of asynchronously

dividing individuals compared to controls. Furthennore,

Scarpa was able to produce diploid gynogens by CB in-

duced "chromosome-doubling"" at either meiosis II or first

cleavage. Zygotes reached the two cell stage by 80 minutes

post-activation, but failed to survive beyond 24 hours.

Mya arenaria (Soft-shelled Clam)

Triploidy

Cytochalasin B has been used to induce triploidy in M.

arenaria. (Allen et al. 1982, Allen 1983, Allen et al.

1986b, Allen 1987a, Mason et al. 1988).

Physiology

(i) Gonadogenesis

A detailed study of gametogenesis in triploid soft-shell

clams was undertaken by Allen et al. (1986b). None of the

triploids they examined could be definitely classed as

males. Females, however, could be identified and often

showed a proliferation of pockets of oogonia with no ap-

parent differentiation into oocytes.

(ii) Growth Rate

According to Mason et al. (1988), triploid clams pro-

duced by CB treatment at meiosis I, weighed slightly less

than diploids of the same length, and, as triploid clams in-

creased in body weight, their shells tended to be less in-

flated than those of diploids of equal size. Few significant

differences between diploid and triploid juvenile clams

were found with respect to energy budget components.
However, seven loci were cicctrophoretically assayed and

revealed triploid individuals to be nearly twice as heterozy-

gous as their diploid siblings. Triploid variances were less

than diploid variances for every variable measured, which

is what might be expected since high heterozygosity has

been shown to correlate, in general, with reduced variance

of polygenic traits (Zouros and Foltz 1987). However, the

higher heterozygosity of triploids is not manifested as

higher growth rate compared to diploids. Significant posi-

tive correlations between multiple locus heterozygosity and

growth rate have, nevertheless, been documented for many
bivalves (Zouros and Foltz 1987).

Tapes philippinarum (Manila Clam)

(
= Ruditapes philippinarum: = Tapes semidecussatus)

Triploidy

High percentages (70-80%) of triploids have been pro-

duced using CB treatment in this species (Beaumont and

Contaris 1988, Gosling and Nolan 1989, Dufy and Diter

1990). Gosling and Nolan (1989) have also successfully

produced triploids by heat shocks but with lower yields.

Tetraploidy

Diter and Dufy (1990) succeeded in producing tetraploid

embryos by chemical targeting, either during early meiosis

I or just before first cleavage. Up to 65% tetraploid em-

bryos were produced but none were detected in four-

month-old spat. These results show a similar trend to those

obtained by Stephens and Downing (1988) and Cooper and

Guo ( 1989) working with C. gigas.

Survival

As with most other species, there is clear evidence that

the use of CB reduces the initial survival of triploid groups

compared to controls (Beaumont and Contaris 1988, Dufy
and Diter 1990, Diter and Dufy 1990). Differential mor-

tality of triploids and of tetraploids during larval develop-

ment is also evident (Dufy and Diter 1990, Diter and Dufy
1990).

Haliotis discus hannai (Pacific Abalone)

Triploidy

Both hot and cold shocks have been used successfully to

induce triploid abalones (Arai et al. 1986, Fujino et al.

1987, Fujino et al. 1988a, 1988b), with best percentages

ranging from 60% to 87%^. The use of pressure to induce

triploidy has also proved successful, Arai et al. (1986)

having produced 60% triploids by this method.

Gynogenesis

Eggs of the Pacific abalone have been successfully acti-

vated by ultra-violet light irradiated sperm leading to hap-

loid and aneuploid larvae (52 hrs) (Arai et al. 1984). but

diploidization techniques were not applied. More recently,

Fujino et al. (1990) have produced gynogenetic diploids by

targeting meiosis II.
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Survival

Fujino et al. ( 1487) have examined the relationship be-

tween high and low temperature stress tolerance and

ploidy. Comparison of high temperature tolerance in dip-

loids and triploids showed greatest survival in meiosis 1

triploids, followed by diploids with lowest survival in

meiosis 11 triploids. Survival appears to correlate with high

homozygosity for particular thermo-resistant alleles, rather

than with any potential increase in heterozygosity present

in triploids.

Recombination Frequencies

It is possible, using electrophoretic analysis of meiosis 11

gynogenetic diploids, or triploids, from single parent

matings. to estimate recombination frequencies at gene loci

(Thompson and Scott 1984. Allendorf and Leary 1984).

Fujino et al. (1988a, 1988b) have attempted similar anal-

yses in triploid abalone. However, their data were compli-

cated by their use of multiple-parent matings. necessitating

error-prone estimations of both the proportional gametic

contribution of each parent, and the differential survival of

each potential offspring cross, before recombination fre-

quencies could be calculated.

SUMMARY AND CONCLUSIONS

The last decade has seen considerable progress in the

development of ploidy manipulation techniques in mol-

luscan shellfish. Cytochalasin B (CB) has proved to be a

reliable chemical agent for inducing "chromosome-dou-

bling" during the maturation divisions in all species.

Thermal or pressure shock can also be used but. generally,

with a lower success rate. This is probably because the

timing of physical shocks is more critical; eggs have only a

small window of vulnerability compared to chemical treat-

ment.

Although CB generally produces higher percentages of

triploids than other treatments, it also causes higher per-

centages of abnormalities and increases mortality during

early development. From a commercial point of view this is

not usually a problem, because molluscan shellfish are so

fecund that very high initial mortalities can be tolerated

without endangering commercial viability. Concern has

been expressed in some countries (eg. Ireland; Gosling and

Nolan 1989) about the hazard to humans associated with

the use of CB. which is highly toxic, but its use on a com-

mercial basis has been approved in the USA (Allen 1988a).

Triploid shellfish can be produced by targeting either

meiosis I or II. but the genetic consequences of these two

alternatives are different. There is some evidence, based on

electrophoretic analysis, which demonstrates higher hetero-

zygosity in meiosis I triploids and there are also growth rate

data which suggest that meiosis I triploid larvae may grow

faster than meiosis II triploids or diploids. However the po-

tential theoretical advantage of higher heterozygosity in

meiosis I triploids has yet to be convincingly demonstrated.

This potential advantage has not been exploited during the

commercial development of triploid induction in oysters,

where it is always meiosis II which is targeted (Allen et al.

1989). However, one reason may be that, in general, a

higher percentage of triploids with lower mortality is ob-

tained by targeting meiosis II rather than meiosis 1.

Research has confirmed that triploid shellfish are essen-

tially sterile, although some gonad will develop in both

males and females. An interesting and unexpected observa-

tion is the large increase in hermaphrodites amongst trip-

loid oysters, compared to diploids. Triploid oysters have

already proved their worth as a commercial product (Allen

et al. 1989); furthermore, the potential use of triploid shell-

fish in the study of the physiology and endocrinology of

gonadogenesis, and also genetic and physiological aspects

of heterosis, is now emerging.

Although commercial triploidy induction is now routine

for oysters, attempts to induce viable tetraploids have not

been successful in any of the molluscan shellfish species. It

is not clear how. under certain conditions, tetraploids are

produced during treatment which is designed to produce

triploids. Nor is it understood why all such tetraploid zy-

gotes fail to develop, even to the veliger stage. Tetraploidy

induction based on "chromosome-doubling"" during first

cleavage has also been singularly unsuccessful in molluscs

(though not in fish, Chourrout 1984). Again the reason is

not known, but we wonder whether the 180° switch of

spindle orientation between the first two cleavage divisions

may be important in preventing the successful alignment of

chromosomes on the second cleavage spindle after treat-

ment.

There is little published evidence that techniques for

producing diploid gynogenetic molluscs have been suc-

cessful although, in the long term, the potential is there for

the production of shellfish with "hybrid vigour" by

crossing inbred gynogenetic lines. In the meantime, diploid

gynogenesis offers the potential to provide highly homo-

zygous organisms for genetic studies.

Several techniques are now available for assessing

ploidy. Chromosome counting is rather intricate and time

consuming, and flow cytometry is rapid and effective, but

depends on access to a flow cytometer. Microfluorometry

with DAPI staining and nuclear sizing on a Coulter counter

also require access to expensive equipment, but nuclear

sizing with an eyepiece graticule on an ordinary micro-

scope might provide a cheaper, more effective, alternative.

There is little doubt that, with the current technology

available, and the increasing importance of cultured shell-

fish as a world food source, development of ploidy manipu-

lation in shellfish will continue to expand in the next de-

cade.

ACKNOWLEDGMENTS

We are indebted to Dr. S. K. Allen for his very helpful

and constructive criticism of the manuscript, which is much

strengthened as a result.



16 Beaumont and Fairbrother

REFERENCES

Allen, S. K. 1983. Flow cytometr}': assaying experimental polyploid tish

and shellfish. Aqiuicullitre 33:317-328.

Allen. S. K., Jr. 1987(a). Gametogenesis in three species of triploid

shellfish: Mya arenaria. Crassostrea gigas and Crassoslrea virginica.

Proc. World Symp. on Selection, Hybridization and Genetic Engi-

neering in Aquaculture, Bordeaux, 27-30 May 1986, Vol II. Berlin.

207-217.

Allen, S. K.. Jr. 1987(b). Genetic manipulations
— critical review of

methods and performances for shellfish. Proc. World Symp. on Selec-

tion, Hybndization and Genetic Engineering in Aquaculture, Bor-

deaux, 27-30 May 1986, Vol II. Berim, 127-143.

Allen, S. K., Jr. 1988(a). Triploid oysters ensure year-round supply.

Oceamis. 31(3):58-63.

Allen, S. K. 1988(b). Cytology of gametogenesis in triploid Pacific

oyster, Crassostrea gigas. J. Shellfish Res. 7(11:107. Abstract only.

Allen. S. K., Jr. & S, L. Downing. 1986. Performance of triploid Pacific

oysters. Crassostrea gigas (Thunberg). 1. Survival, growth, glycogen

content, and sexual maturation in yearlings. J. Exp. Mar. Biol Ecol.

102:197-208.

Allen, S. K., Jr., & S. L. Downing. 1990 Performance of tnploid Pacific

oysters Crassostrea gigas: Gametogenesis. Can. J. Ftsh. Aqiutl. Sci.

47:1213-1222.

Allen, S. K., Jr., & S. L. Downing. 1991. (Submitted). Consumers and

"experts" alike prefer the taste of sterile triploid over mature diploid

oysters (Crassostrea gigas). J. Shellfish Res.

Allen, S. K., Jr., S. L. Downing, J. Chaiton & J. H. Beattie. 1986(a).

Chemically and pressure-induced triploidy in the Pacific oyster Cras-

sostrea gigas. Aquaculture 57:359-360. Abstract only.

Allen, S. K., S. L. Downing & K. K. Chew, 1989. Hatchery manual for

producing triploid oysters. University of Washington Press. 27 pp.

Allen, S. K, Jr., P. S. Gagnon & H Hidu. 1982. Induced triploidy in the

soft-shell clam. J. of Heredity. 73:421-428.

Allen, S. K., Jr., H. Hidu & J. G. Stanley 1986(b). Abnormal gameto-

genesis and sex ratio in triploid soft-shell clams (Mya arenaria). Biol.

Bull. Mar. Biol. Lab. Woods Hole. 170(2):198-210.

AUendorf, P. W. & R. F. Leary. 1984. Heterozygosity in gynogenetic

diploids and triploids estimated by gene-centromere recombination

rates. Aqimculture 43:413-420

Aral, K., F. Naito, H. Sasaki & K. Fujino. 1984. Gynogenesis with ultra-

violet ray irradiated sperm in Pacific abalone. Bull. Jap. Soc. Sci.

Fish. 50(121:2019-2023.

Arai, K., F. Natio & K. Fujino. 1986. Triploidization of the Pacific aba-

lone with temperature and pressure treatments. Bull. Jap. Soc. of Sci-

entific Fisheries. 52(3):417-422.

Baron. J.. A. Diter & A. Bodoy. 1989. Triploidy induction in the black

scallop (Chlainys varia L.) and its effect on larval growth and survival.

Aquaculture 77(2-3):103- 111.

Beaumont. A. R. 1986 Genetic aspects of hatchery reanng of the scallop.

Pecten maximus (L). Aquaculture 57:99- 1 10.

Beaumont. A. R. & M. D. Budd. 1983. Effects of self-fertilization and

other factors on the early development of the scallop. Pecten nui.ximus.

Mar. Biol. 76:285-289.

Beaumont. A. R. & M. H. Contaris. 1988. Production of triploid em-

bryos of Tapes semidecussatus by the use of cytochalasin B. Aquacul-

ture 73:37-42.

Beaumont. A. R. & K. S. Kelly. 1989. Production and growth of triploid

Mylilus edulis larvae. J. Exp. Mar. Biol. Ecol. 132:69-84.

Bell, G 1982 The masterpiece of nature University of California Press,

Berkeley.

Buzzi, B. & J. J. Manzi. 1988. Growth and survival of larval and juvenile

polyploid clams, Mercenaria mercenariu. J Shcllfi.\h Res. 7(1): 151.

Abstract only.

Chaiton. J. A. & S. K. Allen. 1985. Early detection of triploidy in the

larvae of Pacific oysters Crassostrea gigas by How cytometry. Aqua-
culture 48:35-43.

Chourrout, D. 1984. Pressure-induced retention of second polar body and

suppression of first cleavage in rainbow trout: production of all-trip-

loids, all-tetraploids and heterozygous and homozygous diploid gyno-

genetics. Aquaculture 36: 1 1 1
-

1 26.

Cooper, K. & X. Guo. 1989. Polyploid Pacific oysters produced by inhib-

iting polar body I and II with cytochalasin B. J. Shellfish Res. 8(2):412

Abstract only.

Copeland. M. 1974. The cellular response to cytochalasin B: A critical

overview. Cytologia 39:709-727.

Davis, J. P. 1988(a). Physiology and energetics relating to weight loss

and glycogen utilization dunng starvation in diploid and tnploid Pa-

cific oysters. J. Shellfish Res. 7(3):549. Abstract only.

Davis, J. P. 1988(b). Energetics of sterile tnploid oysters uncouple the

reproductive and somatic effort of diploids. J . Shellfish Res. 7( 1 ); 1 14.

Abstract only.

Davis, J. P. 1989. Growth rate of sibling diploid and triploid oysters,

Crassostrea gigas. J. Shellfish Res. 8(1):319. Abstract only.

Diter, A. & C. Dufy. 1990 Polyploidy in the Manila clam, Rudiiapes

philippinarum. II. Chemical induction of tetraploid embryos. Aquat.

Living Resour. 3:107-112.

Downing, S. L. 1988(a). Tnploid and diploid hybnds between the oysters

Crassostrea gigas and C rivulans: production, detection and poten-

tial. J. Shellfish Res. 7( 1 ): 156. Abstract only.

Downing, S. L. 1988(b). Companng adult performance of diploid and

triploid monospecific and interspecific Crassostrea hybrids. J. Shell-

fish Res. 7(31:549. Abstract only.

Downing, S. L. 1989(a). Hybridization, triploidy and salinity effects on

crosses with Crassostrea gigas and Crassostrea virginica. J. Shellfish

Res. 8(2):447 Abstract only.

Downing, S. L. 1989(b). Estimating polyploid percentages using oyster

larvae: a valuable hatchery management and research tool. J Shellfish

Res. 8(1):320. Abstract only.

Downing, S. L. & S. K. Allen. Jr. 1987. Induced tnploidy in the Pacific

oyster Crassostrea gigas: optimal treatments with cytochalasin B de-

pend on temperature. Aquaculture 61:1- 15.

Dufy, C. & A. Diter. 1990. Polyploidy in the Manila clam Ruditapes

philippinarum. I. Chemical induction and larval pertbmiances of trip-

loids. Aqual. Living Resour. 3:55-60.

Fujino, K., K. Arai, K. Iwadare, T. Yoshida & S. Nakajima. 1990. In-

duction of gynogenetic diploid by inhibiting 2nd meiosis in the Pacific

abalone. Bull. Jap. Soc. Sci. Fisheries. 56:1755-1763.

Fujino K, S. Okumura & H. Inayoshi. 1987. Temperature tolerance dif-

ferences among normal diploid and tnploid Pacific abalones. Nippon

Suisan Gakkaishi 53:15-21.

Fujino, K., S. Nakajima & H. Sawada. 1988a. Differential contribution of

oocytes to triploid offsprings due to maternal genotypes at phospho-

glucomutase thermostability variation locus in the Pacific abalone.

Nippon Suisan Gakkaishi 54(6):953-958.

Fujino, K., S. Nakajima & T. Takahashi. 1988b. Differential contnbution

of oocytes to tnploid offsprings due to maternal genotypes at multiple

loci in the Pacific abalone. Nippon Suisan Gakkaishi 54(12):2049-

2054.

Gabbott, P. A. 1975. Storage cycles in marine bivalve molluscs: a hy-

pothesis concerning the relationship between glycogen metabolism and

gametogenesis. In: H. Barnes (ed). Ninth European Marine Biol.

Symp. Aberdeen: Aberdeen University Press. 191-211.

Gosling. E. M. & A. Nolan. 1989. Triploidy induction by thermal shock

in the Manila clam Tapes semidecus.wtus. Aquaculture 78:223-228.

Guo, X., W K Hershberger, K K Chew, S L Downing & P Water-

strat. 1988. Cell fusion in the Pacific oyster, Crassostrea gigas: Tetra-

ploids produced by blastomere fusion. J Shellfish Res. 7(3):549. Ab-

stract only.

Guo. X.. W. K. Hershberger. K. K. Chew & P. Waterstrat. 1989(a). Cell

fusion in the Pacific oyster. Crassostrea gigas. I. Formation of poly-

ploid cells via oocyte fusion. J. Shellfish Res. 8( 1 1:321 . Abstract only.



Polyploidy in Molluscan Shellhsh 17

Guo, X.. K. Cooper & W, Hcrshbergcr 1989(h) Aneuploid Pacific

oyster larvae produced by trealing with cytochalasin B during meiosis

I. J Shellfish Res. 8l2):448. Abstract only.

Hidu. J., K. M. Mason. S. E. Shumway & S. K. Allen 19X8. Induced

tnploidv in Mercenarui menenaria L.; effects on pertomiance in the

juveniles, J Shellfish Res. 7(1):202. Abstract only.

Johnson. O. W.. P. R. Rabinovitch & F. M. Utter. 1984. Companson of

the reliability of a Coulter counter with a flow cytometer in deter-

mining ploidy levels in Pacific salmon. Aquacultiire 43:99- 103.

Komaru. A.. Y. Uchimura. H. leyama & K. T. Wada. 1988. Detection of

induced triploid scallop Chlamys nobilis by DNA microfluorometry

with DAPI staining. Aquacullure 69:201-209.

Komaru. A. & K. T. Wada. 1989. Gametogenesis and growth ul induced

triploid scallops Chlamxs nobilis. Nippon Siiisiin Gul.kuishi 55(3):

447-452.

Lee, M. M. 1988. Abnormal gametogenesis in triploid American oysters

Crassostrea virginica. J. Shellfish Res. 7( 1 ):201 -202. Abstract only.

Longo, F. J. 1982. The effects of cytochalasin B on the events of fertiliza-

tion in the surf clam Spisiila solidissima. J. E.xp. Zool. 182:321-344.

Mason. K. M., S. E. Shumway. S. K. Allen. Jr.. & H. Hidu. 1988. In-

duced Iriploidy in the soft-shelled clam Mya arenaria: energetic impli-

cations. Mar. Biol 98:519-528.

Naruse. K.. K. Ijin. A. Shima & N. Egami. 1985. The production of

cloned fish in the medaka [Oryzias latipes). J Exp. Zool. 236:335-

341.

Purdom, C. E. 1983. Genetic engineenng by the manipulation of chromo-

somes. Aqiuieullure 3:287-300.

Quillet, E.. & P. J. Panelay. 1986. Tnploidy induction by thermal shocks

in the Japanese oyster Crassostrea gigas. Aquacullure 57:271-279.

Raven. C. P. 1966. Morphogenesis. The analysis of molluscan develop-

ment. Pergammon Press. Oxford. U.K. 365 pp.

Rupright. G. L. 1983. The effect of artificially induced polyploidy on

growth of the dwart surt clam. Miilinia lateralis M.S. Thesis. Univer-

sity of Delaware. Newark. DE. USA. 55 pp.

Scarpa, J. 1985. Expenmental production of gynogenetic and panheno-

genetic Mulinia lateralis (Say.) M.S. Thesis. University of Delaware.

Newark. DE. USA, 79 pp.

Scarpa, J., K. T. Wada & S. K. Allen. Jr. 1991. Restoration of diploid

genome complement in parthenogenetically developing Mulinia la-

teralis oocytes does not lead to successful development. Biol. Bull.

(Submitted)

Shatkin. G. M. & S. K. Allen. 1989. Recommendations for commercial

production of tnploid oysters. J. Shellfish Res. 8(2):449. Abstract

only.

Stanley. J. G.. S. K. Allen & H. Hidu. 1981. Polyploidy induced in the

American oyster Cra.s.vo.s7rco virginica. with cytochalasin B Aquacul-

tiire 12:1-10.

Stanley. J. G.. H. Hidu & S K Allen 1984 Growth of American

oysters increased by polyploidy induced by blocking meiosis 1 but not

meiosis II. Aquacullure 37:147- 155.

Stephens. L. B. & S. L. Downing. 1988. Inhibiting first polar body for-

mation in Crassostrea gigas produces letraploids, not meiotic I trip-

loids. J. Shellfish Res 7(3):550-55l. Abstract only.

Stiles. S. 1978. Conventional and experimental approaches to hybndiza-

tion and inbreeding research in the oyster. In: J. W. Avault (ed). Proc.

9th Ann. Mtg. Worid Manculture Soc. 577-586.

Stiles, S., J. Cromanski & A. Longwell. 1983. Cytological appraisal of

prospects for successful gynogenesis. parthenogenesis, and andro-

genesis in the oyster. Int. Council for the Exploration of the Sea. Mar-

iculture Committee Papier F: 10.

Tabarini. C. L. 1984. Induced tnploidy in the bay scallop. Argopecten

irradians, and its effect on growth and gametogenesis. Aquacullure

42:151-160.

Thompson. D. & A. P. Scott. 1984. An analysis of recombination data in

gynogenetic diploid Rainbow Trout. Heredity. 53(2)441-452.

Thorgaard. G. H. 1983. Chromosome set manipulation and sex control in

fish. In Fish Physiology. Vol 9(B). (W. S. Hoar. D J. Randall and

E. M. Donaldson Eds): 405-434. London Academic Press.

Uchimura. Y.. A Komaru, K. T. Wada. H leyama, M. Yamaki & H.

Furuta. 1989. Detection of induced tnploidy at different ages for

larvae of the Japanese pearl oyster. Pimlada fucata martensii. by mi-

crofluorometry with DAPI staining. Aquacullure 76:1-9.

Wada. K. T.. A. Komaru & Y. Uchimura. 1989. Triploid production in

the Japanese pearl oyster. Pinctada fiicala martensii. Aquacullure

76:11-19.

Yamamoto. S. & Y. Sugawara. 1988. Induced tnploidy in the mussel.

Mrtilus edulis. by temperature shock. Aquacullure 72:21-29.

Yamamoto. S., Y. Sugawara & T. Nomura. 1990. Chemical and thermal

control of triploid production in Pacific oysters and mussels, with re-

gard to controlling meiotic maturation. In: M. Hoshi & O. Yamashita

(eds). Advances in Invertebrate Reproduction 5. Elsevier Science Pub-

lishers. Amsterdam, pp. 455-460.

Yamamoto. S.. Y. Sugawara. T. Nomura & A. Oshino. 1988. Induced

tnploidy in Pacific oyster Crassostrea gigas. and performance of trip-

loid larvae. Tohoku J. ofAgric. Res. 39(l):47-59.

Zouros. E. & D. W. Foltz. 1987. The use of allelic isozyme vanation for

the study of heterosis. In: M. C. Rattazzi. J. G. Scandalios & G. S.

Witt. (eds). Isozymes: Cunent Topics in Biological and Medical Re-

search 13:1-59. Alan R. Liss. New York.





Journal of Shellfish Research. Vol. 10, No. 1, 19- IWl.

CONSUMERS AND "EXPERTS ' ALIKE PREFER THE TASTE OF STERILE TRIPLOID OVER
GRAVID DIPLOID PACIFIC OYSTERS {CRASSOSTREA GIGAS, THUNBERC, 1793)

STANDISH K. ALLEN, JR.' AND SANDRA L. DOWNING
School of Fisheries. WH-IO

Universit}' of Washington

Seattle. Washington 98195

ABSTR.ACT Oyster consumption in many regions of the U.S. drops significantly in the suinmer when oysters are gravid and soft.

Sterile Iriploids produce less gonad and have higher glycogen than diploids and therefore may taste better. We ran sensory evaluations

to test the acceptance/preference of triploid oysters in two panels: consumers and oyster growers ("experts"). Oysters were rated for

flavor, texture, and overall preference. The mean ratings by the two panels for the three sensory categories were nearly identical. In

both sets of ratings, triploids were rated superior to control diploids probably becau,se they had higher levels of glycogen. The firmer,

sterile triploids were rated higher for texture than softer, gravid diploids. Both panels significantly favored triploid oysters over

diploids in overall preference. Scores for diploids were more variable than those for triploids. suggesting decreased variability in the

quality of the product might be an additional attribute of sterile oysters.

KEY WORDS: Crassoslrea fiii^as. triploid. consumer, sterility, taste test

INTRODUCTION

Traditionally, oyster {Crassostrea gigas) sales in Wash-

ington state drop by 307f or more during the summer, i.e..

those months not containing ""R's." During this time,

oysters are undergoing sexual maturation which reduces

their marketability. Oyster consumption declines because

gametogenesis alters the meat texture. Oysters, firm in the

winter, turn soft and milky in the summer: following

spawning, they become watery. Further, the sweet taste is

reduced as stored glycogen reserves are utilized to make

gametes (Gabbott 1975. Mann 1979). The oyster industry

would like to produce a quality product year-round because

production of a firm "summer oyster"" could result in a

35% increase in sales for Pacific northwest growers alone

(Breese and Malouf 1977).

Our approach to producing a summer oyster was by in-

ducing triploidy using chromosome set manipulation. Trip-

loids contain an extra set of maternal chromosomes re-

tained by the egg when treated with chemical or physical

agents shortly after fertilization (Downing and Allen 1987).

Tnploids are sterile and usually devote less effort to repro-

duction than fertile diploids. For example, triploid soft-

shell clams (Mya arenaria), bay scallops (Argopecten irra-

dians). Pacific and American oysters (C. gigas and C. vir-

gimca). and Japanese scallop iChlamys nobilis) produced

significantly less gonad than their diploid counterparts

(Allen et al. 1986, Tabarini 1984, Allen and Downing
1990. Lee 1988, Komaru and Wada 1989). In addition,

glycogen levels were found to be significantly higher in

triploid bay scallops and Pacific oysters (Tabarini 1984,

Allen and Downing 1986). Does reduced gonad production

'Send reprint requests to present address: Rutgers University. Haskin Lab-

oratory for Shellfish Research. New Jersey Agricultural Experiment Sta-

tion. P.O. Box 687. Port Nonis. NJ 08349.

and higher glycogen content produce a tastier product? We
conducted two sensory evaluations to test acceptance/pref-

erence of triploid oysters by consumers and oyster growers.

Consumers rated oysters that were lightly steamed and

oyster growers compared oysters on the half-shell.

METHODS AND MATERIALS

Experimental Oysters

Oysters used in this study were produced as part of a

larger study on induced triploidy in the Pacific oyster, C.

gigas, using the chemical cytochalasin B (Downing and

Allen 1987). Cytochalasin B (approved for treating oyster

eggs according to our procedure |ibid.| by the U.S. Food

and Drug Administration) produced triploids by preventing

polar body extrusion. Oysters used in this study were pro-

duced in May 1984: 3.5 million fertilized eggs were treated

with 1 mg cytochalasin B (previously dissolved in I ml

dimethylsulfoxide) in 1 L of seawater held at 18°C. The

treatment lasted from 15-30 minutes after fertilization.

After treatment, eggs were sieved onto 25 (xm Nytex screen

and resuspended in 0. 1% dimethylsulfoxide in seawater for

15 minutes. Larvae were reared in standard hatchery

fashion and set on oyster shell cultch.

Following metamorphosis and settlement, the cultch was

strung on ropes according to treatment group. We sampled

spat at 1 month and determined the proportion of triploids

using flow cytometry (see Downing and Allen 1987 for

technique). During August 1984. oysters were planted on

experimental plots located in Oakland and Mud Bays in

southern Puget Sound.

Preparation of Oysters for Consumer Panel

On August 14, 1985. the day prior to our test. 82 oysters

were collected from Oakland Bay, Washington. The ploidy

of each oyster was determined by removing the top shell of
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each oyster and preparing a small biopsy of the adductor

muscle for flow cytometry. Oysters were covered to pre-

vent dehydration and held on ice. Of the 82 oysters, 40

were triploid. After ploidy determination (which took ~2

hr) the meats of diploids and triploids were removed from

their shells and placed in jars according to ploidy. Total

weights of the meats was taken to demonstrate that, in gen-

eral, diploid and triploid oysters were the same size (
— 13 g

each oyster).

The consumer panel was administered by the Utilization

Research Division (URD) of the National Marine Fisheries

Service (NMFS) in Seattle. Washington and was held in

their sensory evaluation facility. Consumers (N = 32)

were mainly volunteers from the NMFS staff, representing

both sexes equally. Individuals sat in separate booths. Each

booth contained a plate with the oysters, an evaluation

sheet and a pencil, etc.

Immediately before testing, the oysters were cooked in

the NMFS URD kitchen. Oysters were placed inside alu-

minum pans, and the lids were marked A for triploids or B
for diploids. Pans were then placed together in a large tray

over boiling water, and the oysters were steamed for 4

minutes. Triploid and diploid oysters were removed and

placed accordingly onto white plates labelled A and B with

tape. The plates were then delivered to the panelists at the

booth. Each consumer rated oysters labelled A and B for

flavor, texture, and overall preference. The first two sen-

sory categories were rated on a 5-point scale from poor 1
1

1

to very good [5j. Preference was rated on a 9-point hedonic

scale from dislike extremely 1
1

]
to like extremely (9|.

There was also a comment column.

Preparation of Oysters for "Expert" Panel

On August 27, 1985, oysters were collected from Mud

Bay, Washington. Analysis of ploidy was done as before

except the top shell was replaced and held in place with a

elastic band to preserve freshness. The oysters were kept on

ice until the next day when they were served raw to at-

tendees of the August meeting of the Pacific Oyster
Growers Association. We also served oysters provided by a

gourmet half-shell producer, as a reference oyster. These

gourmet diploid oysters were grown in Wescott Bay (lo-

cated in the San Juan islands) by Wescott Bay Sea Farms;

they were not part of our experimental production of May
1984. The object of the gourmet diploid was to provide

each taster with the best oyster available in this season to

serve as a hallmark of quality (a reference). Reference

oysters were opened at the meeting and were so noted to all

panel members. Previously opened triploid and diploid

oysters were re-opened and labelled B and C, respectively

(reference oysters were labelled A). This evaluation was

held in a meeting room at a local motel and was adminis-

tered by the authors. The setting was less formal than at

NMFS because panelists sat at long tables and individuals

were not partitioned from each other. Otherwise the setting

approximated evaluation booths. Conversation was dis-

couraged. Members of the association were assumed to be

more experienced oyster eaters than the previous panel, but

none were trained in sensory evaluation. Nineteen members

rated the three oysters for texture, flavor, and overall pref-

erence using the scales previously described.

Experimental Design and Statistical Analysis

A complete randomized block design was run in which

each panelist formed a block with one replicate of each type

of oyster. Wilcoxon's paired-sign test was used to compare
the triploid and diploid scores from the Consumer Panel.

Wilcoxon's was also u.sed to compare scores of diploids

grown in different bays from the "Expert" Panel (Steel and

Torrie 1980). Data from the "Expert" Panel were analyzed

using Friedman's test, a non-parametric approximation of

ANOVA. Rejection of the null hypothesis that types of

oysters did not differ was done at p < 0.05. A non-para-

metric equivalent to Student-Newman-Keul's test was done

when a null hypothesis was rejected by Friedman's test

(Zar 1974).

RESULTS AND DISCUSSION

We assume that the properties distinguishing diploids

from triploids are similar in both raw and cooked oysters,

as long as both diploids and triploids were grown in the

same environment. Below we compare ratings for flavor

and texture (a) between diploids and triploids within bays

and (b) among bays for diploids. These comparisons are

conservative because panelists were not trained in sensory

evaluation. Cardello et al. (1982) has shown that with

training consumers improved their abilities to distinguish

subtle taste differences.

Flavor

Both panels rated diploids from Oakland and Mud Bays

similarly with a mean score of 3.4 ("fair"); reference dip-

loids (grown in Wescott Bay and scored in the growers

panel only) and triploids rated —4.0 ("good") (Table 1).

The consumer panel overwhelmingly preferred the flavor of

triploid to diploid oysters (Wilcoxon's paired-sign test; T
= 54, p < 0.001).

"Experts" could not distinguish a difference in flavor

among the three types of oysters (Freidman's test; X2 =
3,

p
= 0.22). However, tTiploid oysters from Mud Bay were

rated more flavorful than diploids from the same bay (Wil-

coxon's T = 22, p < 0.05). Possibly, glycogen content

was a factor contributing to the signiflcant difference in

flavor between diploids and triploids. Oysters store carbo-

hydrates in the form of glycogen, which contributes to their

sweet taste (Hughes-Games 1977). Glycogen content nor-

mally varies on an annual cycle: high in the winter and low

in the summer when stored glycogen is used to produce

gametes (Gabbott 1975). We assume that diploid oysters

were following this annual cycle and consequently had rel-
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TABLE 1.

Mean ratings (standard deviation) for three sensory categories:

flavor, texture, and overall preference. Evaluations by the two panels

were done on scales from 1-5 for flavor and texture, and from I-V

for overall preference. Oysters used in the tests were grown in

various locations |in brackets]: M = Mud Bay and O = Oakland

Bay (Puget Sound): \V = Wescott Bay (San Juan islands). Levels of

statistical significance:
* = p < 0.05: *** = p - 0.001.

Category Consumer "Expert"

Flavor

Gouniiet diploid

Diploid

Triploid

Texture

Gourmet diploid

Diploid

Tnploid

Oserall Preference

Gourmel diploid

Diploid

Triploid

3.4(1.22) [0|

4.2 (0.77) [O]**

3.3 (1.14) [O]

4.1 (0.71) |0]***

5.8 (2.26) [O]

7.5 (1.26) |01**

3.9 (0.71) |W|

3.4 (1.01) |M|

3.9(0.77) |M|

3.5(1.0) |W|

3.2 (1.14) [Ml

4.0 (0.89) |M|

6.7 (1.45) |W|

6.4 (1.61) |M1

7.4 (1.26) |M1*

atively low glycogen levels at testing time. In contrast,

sterile triploids maintain most of their glycogen stores

during periods of gametogenesis (Allen and Downing
1986), probably accounting, in part, for their higher flavor

rating.

Reference oysters from Wescott Bay were rated by

"Experts"" equally as flavorful as triploids. There are a

number of possible reasons for this. Wescott Bay is a more

productive bay than Mud Bay and, for suspension feeding

oysters, environment is a factor contributing to flavor

(VentiUa 1984). Broodstock from Wescott Bay were selec-

tively bred for high glycogen content (Perdue 1983). And

of course, reference oysters also may have been fresher,

having been opened immediately prior to tasting. It is inter-

esting that triploids grown in a less productive bay scored

as highly as diploids grown in a more productive one.

Texture

The mean rating for texture in triploids, regardless of the

bay of origin, was higher than for diploids (Table 1 ). Dip-

loids, which ranked similarly on average in all three bays,

scored "fair"' (3) and triploids were "good" (4). The tex-

ture of triploids was preferred in the Consumer panel ( Wil-

coxon, T = 45; p < 0.001) but in the "Expert"" panel,

preference could not be demonstrated statistically

(Friedmans X2 = 3.7; p
= 0.16). Sensory evaluations

were conducted during the period when gonad was near

maximum in diploids, so the difference in meat quality be-

tween gravid diploids and sterile triploids would have been

greatest. In previous studies, we found that sterile triploids

produce only 23-40% of the gonad compared to diploids

(Allen and Downing 1986). We conclude that the extent of

gonad maturation is responsible for the reduced ratings for

texture. Eggs and spemi, high in lipid and moisture con-

tent, impart a "milky"" consistency to diploids (Perdue

1983). Triploids remain Arm throughout the summer (Allen

and Downing 1986, 1990).

Overall Preference

Both panels rated triploid oysters significantly higher

than diploids for overall preference (Wilcoxon T = 52; p

< 0.001 and Friedman X2 = 6; p < 0.05) (Table 1).

Scores for diploids corresponded to approximately 6, "like

slightly.'" Those for triploids were approximately 7.5,

"like moderately"" to "like very much."" The overall rating

for preference in the diploids does not seem low enough to

be commensurate with the large decline in consumption

usually observed during the summer. One reason might be

that the test oysters were yearlings, therefore were less

gravid than older oysters would be. We also observed that

variances in all taste categories (except flavor for the refer-

ence oyster) were greater for diploids than for triploids.

Our histological studies indicate that only half of diploid

yearlings undergo substantial gametogenesis (unpublished

data). Variation in extent of gametogenesis in diploids

seems to correspond with variance in sensory categories.

Perhaps product variability discourages sales during the

summer as much as unacceptable taste. Production of

sterile oysters that are consistent in texture and flavor year-

round should help maintain sales during the summer

months, perhaps putting to rest the axiom, "Don"t eat

oysters in the months without R."
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FACTORS AFFECTING THE SHELF LIFE OF LIVE CULTURED MUSSELS
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ABSTRACT Efficient marketing of live mussels through retail outlets necessitates knowledge of their tolerance to aerial storage.

Several factors thought to affect shelf life and weight loss dunng storage were examined- A comparison of intertidally and subtidally

grown M\lilus galloprovincialis and subtidally grown Choromylihis mericlionalis failed to show differences in survivorship during

aerial storage although M. galloprovincialis lost less weight during storage. Three aspects of post-harvest handling, namely storage

temperature, the use of plastic bags for packaging, and conditioning by rewatering after sorting, were also examined. Survival was

enhanced at reduced storage temperature, but temperature had little effect on rate of weight loss. Storing mussels in plastic bags

substantiallv reduced weight loss, but did not affect survival. Mechanical sorting had a negative effect on subsequent survival, but

conditioning bv rewatenng allowed mussels to recover. Survival rates increased with duration of rewatering. with 12 to 24 hours

giving the best survival dunng storage for the least mortality dunng the rewatenng process. The optimal procedure is thus to condition

mussels for 12 to 24 hours before packaging them in plastic bags and stonng them at 4°C dunng shipment and in storage.

KEY WORDS: mussels, storage, aenal exposure

INTRODUCTION

Four mussel species are abundant along the southern Af-

rican coast. Of these, three—Aidacomya ater. Choromy-

tilus meridionalis and Perna perna— are indigenous, while

the fourth. Mytilus galloprovincialis. is believed to be a

recent introduction (Grant et al. 1984. Grant and Cherry

1985, Grant 1987. van Erkom Schurink and Griffiths

1990). Subsistence exploitation of these species is a tradi-

tional but rapidly escalating activity, especially along the

Transkei and Natal coasts (DeFreitas and Martin 1988,

Hockey et al. 1988. van Erkom Schurink and Griffiths

1990). By contrast, mussel culture is a recent innovation in

the area. The first farm, based mainly on the introduced M.

galloprovincialis. came into production in 1984. Since

then, output has increased dramatically to around 800 tons

per annum from four farms in 1989. Much of this produc-

tion is canned or frozen, but a substantial proportion is sold

live, largely in population centres far removed from the

farms. Thus, for economic and public health reasons, farm

managers and retailers wish to optimise the shelf life ot

aerially stored live mussels.

A number of parameters may be manipulated in order to

prolong shelf life. These include the selection of appro-

priate culture species and the culture techniques used—
such as whether mussels are cultured inter- or subtidally

(Dare 1974). Postharvest handling is also important (Dare

1974, Slabyj 1980. Warwick 1985), as is the temperature

of storage (Slabyj 1980. Warwick 1985) and the type of

storage container. Conditioning, or rewatering. of mechan-

ically sorted mussels prior to storage is also known to en-

hance subsequent survival (Slabyj 1980). This paper aims

to investigate and quantify the effects of the above vari-

ables on the shelf life of South African cultured mussels.

METHODS

Effects of Culture Techniques

Shelf life of three groups of mussels was compared.
These were subtidally and intertidally grown M. gallopro-

vincialis and subtidally grown C. meridionalis. Immedi-

ately after harvest mussels were returned to the laboratory

for storage and monitoring. Individuals of similar size

(60-70 mm) from each of the three categories were subdi-

vided into six trays holding 50 mussels lying on their sides.

Pairs of trays from each category were then stored in con-

stant temperature rooms at 4. 10 and 18°C. respectively.

One tray from each pair was left open to the air and the

other enclosed in a plastic bag. A group of 10 mussels from

each tray were individually marked and their whole wet

weights recorded daily with a top loading balance accurate

to 0.01 g.

All mussels were checked daily for mortality. Death was

assumed to have occurred when mussels were unable to

hold the two shell valves closed. Since live mussels are

known to gape (Coleman and Trueman 1971. Coleman

1973. Dare 1974. Ameyaw-Akumfi and Naylor 1987). the

valves of gaping mussels were squeezed closed for five

seconds and then released. If reopening was immediate

death was assumed to have occurred, but if the valves re-

mained closed, or if reopening was only partial the mussels

were assumed to be alive.

Effects of Post-Harvest Handling

Two further experiments were carried out to determine

the effects of mechanical sorting and conditioning (rewa-

tering) on the survival of subtidally cultured M . gallopro-

vincialis. Mussels of 60-70 mm shell length were har-
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Figure 1. Percent survival of intertidally and subtidally grown My-
tilus galloprovincialis and subtidal Choromytilus meridionalis stored at

4, 10 and 18°C. Arrows indicate time to 10% mortality.

vested from longline ropes and divided into three equal

batches. Two of these were subjected to mechanical sorting

in a wire drum device as described by Dare (1974), while

the third was gently declumped by hand (hereafter referred

to as handsorted mussels). Of the two mechanically sorted

batches one was stored at 4°C directly after sorting, while

the other was placed in a flow-through rewatering tank of

approximately 3000 1 capacity for 7 days before being

stored in the same way. The flow rate through the tank was

600 I min"' and the water temperature 15°C. the same as

that in the culture area.

The second experiment examined the effects of the dura-

tion of conditioning in greater detail. Cultured M. gallo-

provincialis were rewatered for periods of 1, 2, 4, 6, 12,

18, 24, 48, 72 and 96 hours after mechanical sorting. Mor-

tality during the rewatering process was recorded and only

mussels alive after rewatering were transferred to the trays.

Thereafter 50 mussels from each trial were stored exposed

at 4°C and subsequent mortality rate monitored. Final yield

was calculated as the percent of the original crop surviving

both the rewatering process and subsequent storage.

RESULTS

Comparisons of the survivorship of mussels grown
under different culture techniques showed little differences

(Fig. 1 ). Subtidally grown M . galloprovincialis survived as

well as those grown intertidally, and C. meridionalis fol-

lowed a similar trend. In contrast, temperature of storage

had a profound effect on shelf life, with times to 10% mor-

tality declining markedly at increased temperatures. Time

to 10% mortality ranged from 5 to 9 days at 4°C to 3 to 5

days at 10°C and 2 to 3 days at 18°C. The rate of mortality,

as given by the slope of the descending portion of the

curve, was also found to increase with temperature.

Storing mussels in plastic bags had little effect on the

survival of A/, galloprovincialis. but did enhance that of C.

meridionalis stored at 4°C, particularly following 10 or

more days of storage (Fig. 2). Time to 10% mortality was,

however, not affected.

Weight data (Table 1 ) clearly demonstrate a progressive

decline in mass. Both species lost similar amounts of

weight, and temperature of storage had little effect on the

rate of weight loss. Mussels stored in plastic bags, how-

ever, appeared to lose less weight than those stored ex-

posed (Table 1). One-way ANOVA and Tukey's multiple

range test indicated no significant differences between ex-

posed and bagged mussels after two days of storage. After

five days significant differences (p < 0.05) were observed

in the 18°C treatment for both species and in the 10°C

treatment for C. meridionalis. Bagged mussels lost signifi-

cantly less weight than exposed ones at all temperatures

after 10 days of storage.

The survival of M. galloprovincialis which were me-

chanically sorted was seriously impaired relative to controls

manually removed from the culture ropes and placed di-

rectly into the storage trays (Fig. 3). Mussels which were

conditioned by replacing them in a rewatenng tank for 7

days after being sorted survived almost as well as hand-

sorted mussels, and far better than sorted but unconditioned

ones. Times to 10% mortality varied from 1 day for me-

chanically sorted, unconditioned mussels to 6 days for

conditioned mussels and 1 1 days for handsorted mussels

(Fig. 3).

Variations in the duration of conditioning were found to

have a marked effect on survival (Fig. 4). the effects being

particularly dramatic over the first 24 hours of condi-

tioning. Although all groups showed between 85 and 100%

survival after the first 2 days of storage, rewatering for as

little as 12 hours increased survivorship at 5 days from 56%

to 88%. After 10 days of storage less than 10% of uncondi-

tioned mussels remained alive, but this figure increased to

38% following only 6 hours of conditioning and to as much
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TABLE 1.

Percent weight loss by Mytilus galloprovincialis and Choromytilus

meridionalis after 2, 5 and 10 days of storage exposed and in plastic

bags at 4, 10 and I8°C.

Days of

Storage
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Figure 4. Percent survival of M. galloprovincialis at 2, 5 and 10 days of storage at 4°C after rewatering for different time periods.

to tolerate storage (Fig. 1). indicating that both could be

transported live to distant markets once they gain accep-

tance from consumers. Weight loss data, however, show

that M. galloprovincialis lost less weight than C. meri-

dionalis. This difference in weight loss may be attributed to

differential gaping of the two species and hence loss of

water both from the mantle cavity and by drying of the

flesh. Various authors (Coleman and Trueman 1971.

Coleman 1973. Ameyaw-Akumfi and Naylor 1987) have

found that the incidence of gaping of exposed mussels is

related to their natural position on the shore and not to en-

dogenous rhythms. Thus typically mid-shore species such

as M. galloprovincialis would be expected to gape little,

while species naturally occurring subtidally or low in the

intertidal zone, like C. meridionalis (van Erkom Schurink

and Griffiths 1990). might be expected to gape extensively

when exposed. Differential gaping may thus be responsible

for the lower weight loss of A/, galloprovincialis. The com-

mercial implications of this water loss depend on the mar-

keting technique. Where mussels are sold by live weight

any water loss will result in a loss of income. It is thus in

the interests of farm managers that as much weight as pos-

sible be maintained. This becomes even more important

when mussels are sold by flesh weight only, as is often the

case when mussels are frozen or canned. In such a case

initial loss of water held in the mantle cavity would not

affect yield, but subsequent weight loss during storage may
render the mussels less juicy and possibly tougher. These

factors thus make M. galloprovincialis a more suitable

species for live storage than C. meridionalis.

Effects of Post-Harvest Handling

An inverse relationship between shelf life of mussels

and storage temperature has been noted previously (Dare

1974, Slabyj 1980, Warwick 1985) and is a recognised fea-

ture of most perishable crops. Our results further indicate



28 Prochazka and Griffiths

TABLE 2.

Percent mortality of Mytilus galloprovincialis during rewatering and

after 5 days of storage at 4°C after rewatering for various periods of

time. Yield is the percent of the original crop alive after 5 days
of storage.
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ABSTRACT Filtration rates in mussels Myiilus edtilis were measured at different algal (Rhodomanas ballica) concentrations to

identify the algal concentration range within which the filtration capacity is exploited. Between about 2-6 x 10^ cells ml"' the

filtration rate is high and constant for at least 8 h. At algal concentrations of 1.5 x 10* cells ml"' and higher the filtration rate

gradually decreases after an initial period of maximal filtration rate. The pattern in reduction of filtration rate at different high algal

concentrations is very similar and irrespective of algal concentration. The reduction in filtration rate as a result of reduced valve gape

is interpreted as a reaction to satiation of the digestive system, or less specifically to adverse conditions. Calculations based on

maximally growing mussels show that the growth potential may be realized at an algal concentration of about 3 x 10^ /? ballica cells

ml"' (equivalent to about 1.4 x 10* Phaeodacnium iricormaum cells ml"' I. It is presumed that the generally low growth rates

obtained in laboratory studies on a pure algal diet, as compared to maximal growth rates in nature, may be due to the use of

unnaturally high algal concentrations which lead to suboptimal conditions (valve closure, reduced metabolism and reduced bio-

syntheses growth).

KEY WORDS: mussel. Mxiilus edulis. filtration rate, growth

INTRODICTION

Filtration rate is a funcjamental parameter in bioenergetic

studies of suspension fee(jing bivalves. A vast number of

methods and measurements of bivalve filtration rates in re-

lation to factors such as ambient algal concentration and

temperature have been carried out since the beginnmg of

this centun.'. but basic questions still cause controversy in

the literature.

Dunng recent years properties of the mussel Mytilus

edulis pump have been assessed by J0rgensen et al. ( 1986a.

1988. 1990) and Jorgensen (1989). Parts of these studies

were devoted to examination of the relationship between

valve gape and filtration rate. It was found that filtration

rate declines concurrently with reduced valve gape leading

to a shortening of the gill a.xes and reduction in w idth of the

interfilament canals. F*resumably because interference be-

tween opposing bands of water pumping lateral cilia be-

comes negative with decreasing width of the interfilament

canals the pump potential is reduced. The lU-defmed rela-

tions between valve gape and filtration rate did not appear

to be a mechanism in controlling water processing and thus

food ingestion, but the reduction in filtration rate was found

rather to be a secondary effect of the mussels" response to

suboptimal conditions I Jorgensen et al. 1988). The absense

of a physiological control mechanism of filtration rate as a

means to control feeding rates in mussels is in conflict w ith

the concept of energy optimization in mussels. An appar-

ently inverse relationship between algal concentration and

filtration rate in mussels has been interpreted as a regula-

tory mechanism which controls the filtration rate above a

certain high algal concentration in such a way that the

number of cells filtered is kept constant (Winter 1973. Na-

varro and Winter 1982. Sprung and Rose 1988). Thus, it

remains to be shown if reduced filtration rate at high algal

concentrations is due to "suboptimal conditions." a pro-

tective reaction against overloading of the feeding system,

as suggested by Riisg^rd and Mohlenberg (1979). or to a

regulatory mechanism as assumed b\ Winter (1973) and

Navarro and Winter (1982).

Many laboratory studies on growth and energetics in

suspension feeding bivalves have been undertaken. Peak

growth rates achieved in the laboratory at apparently op-

timal concentrations of algae are usually less than maximal

growth rates observed in nature (Kiorboe et al. 1981.

Jorgensen 1990). This may be an indication of the diffi-

culties of creating optimal conditions in the laboratory, in-

cluding identification of the food regime to which the bi-

valves are adapted. Growth rates comparable with those

obsened in nature may only be obtained in laboratory ex-

periments w hen these are carried out at algal concentrations

to which the bivalves are adapted. This condition seems to

have been largely ignored (Jorgensen 1990).

In the present work filtration rates in mussels. Mytilus

edulis. have been measured at different algal concentrations

to identify the concentration range within which the filtra-

tion capacity is exploited. Further, the pattern in filtration

rates above the critical algal concentration at which the

mussels reduce the valve gape have been established, and

the findings are discussed in relation to the calculated min-

imal algal concentration required for maximal growth as

observed in nature. Finally, the possible adjustment of fil-

tration rate of cold-adapted mussels to higher temperature
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has Deen examined, supplementing results from a recent

study on the temperature effect on the mussel pump
(J0rgensen et al. 1990).

MATERIALS AND METHODS

The experiments were performed on Mytilus edulis L.

collected at Fyns Hoved, Funen, Denmark, in February

1989 (5.9°C; 20%c S) and transferred to an aquarium with

running seawater (6.2°C) at the nearby Biological Station.

During the following days the effect of temperature on fil-

tration rate was measured in a group of 25 mussels. These

data have been published (J0rgensen et al. 1990). The same

group of 25 mussels (30.6 ± 0.7 mm shell length) was

used in the present follow-up study. The aquarium with the

mussels was transferred to a temperature-controlled water

bath at the Biological Institute and kept at 15°C for 28

days. The filtration rate was then measured to see if the

maximal filtration rate in cold adapted mussels (5.9°C) dif-

fered from the filtration rate capacity in mussels acclima-

tized to higher temperatures. Because the mussels spawned
after 30 days at 15°C the temperature was lowered to 9°C to

prevent further spawning. During the following 28 days the

filtration rate at this temperature was repeatedly measured

at low algal concentrations (2-4 x 10' cells ml"') pre-

vious to measurement of the filtration rate as a function of

exposure time to different high (1.5-4 x lO'* cells ml ')

algal concentrations.

Filtration rate. The filtration rate was measured as the

volume of water cleared of flagellate cells (Rhodomonas

baltica, almost spherical cells. 5-6 \im in diameter). The

particle size for optimum retention efficiency is about 4 |j,m

in Mytilus edulis (M0hlenberg and Riisgard 1978). Flagel-

late cells were added to the strongly aerated aquarium with

a known volume of water (V = 14.4 1 ) and the group of 25

mussels. The reduction in the number of particles as a

function of time was followed by taking water samples

every 5 or 10 min and measuring the particle concentration

with an electronic particle counter (Elzone 80XY). Clear-

ance (F) was determined from the exponential reduction in

algal cell concentration as a function of time (always veri-

fied as a straight line in a semilog plot made by hand during

the experiment) using the formula: F =
(V/nt)ln(Co/C,),

where Cq and C, are the algal concentrations at time and

time t respectively and n = number of mussels. About one

hour before an experiment a low concentration algal cells

(2-4 X 10' cells ml"' which do not saturate the digestive

system, see later) were added to the aquarium to stimulate

the mussels to open fully (maximal filtration rate).

Conversion factors: The following conversion factors

were used to estimate growth of Mytilus edulis in order to

calculate the minimum algal concentration required for

maximal growth as observed in nature. Algal cells, Rhodo-

monas baltica: 1 mg C =
1 1 .4 cal (Piatt and Irwin 1973)

= 47.72 J; carbon content = 36.7 pg C cell"' (Ki0rboe et

al. 1985) equivalent to 47.72 x 10"' x 36.7 = 1.75 jjlJ

cell"'. Algal cells, Phaeodactylum tricornutum: 8.5 pg C
cell"' (assuming 50% carbon content) (Riisgard and

Randl0v 1981). Mussels, M. edulis: Filtration rate (F, 1

h"') as a function of size (W, g dry wt of soft parts): F =

7 45Y^066 (M0hlenberg and Riisgard 1979). Maintenance

respiration rate Rn,(M-l Oj h"') as a function of size (W. g

dry wt) in mussels: Rn,
= 475W°*'" (Hamburger et al,

1983); 1 ml O, h' = 4.75 cal h^' = 19.88 J h' =

5522 M-J s"' = 5522 fxW. Maximal growth (G^„) (see

Table 8 in J0rgensen 1990) in juvenile M. edulis was ob-

tained in mussels transferred in net bags to the eutrophi-

cated Limtjord, Denmark, the mean growth of soft parts

being 7.0 ± 1.7 mg dry wt d"' for mussels transferred to

Station 1, 2, 4, 5 and 6 in areas without oxygen depletion

in the bottom waters (Riisgard and Poulsen 1981 ); 1 mg dry

wt of soft parts
= 4.9 cal (Dare and Edwards 1975) =

20.51 J.

RESULTS

Filtration Rate Experiments

The filtration rate was measured at 15 and 9°C at dif-

ferent algal concentrations. Reduction in the concentration

of algal cells due to grazing of the mussels was fast and

constant (i.e., the clearance, expressed by the slope of the

line fitted for the algal reduction in a semi-logarithmic plot,

was high and appeared constant) at the algal concentration

range between about 2-6 x 10' cells ml" '

(Fig. lA&B).
The mean filtration rates at 15 and 9°C were 40 ± 1.5 and

31 ± 3.4 ml min" '. respectively (Fig. 1 A). In experiments

where the algal concentration was first kept between about

2-4 X 10' cells ml" '

for at least one hour and then more

algal cells added to give concentrations above 10'' cells

ml"' the filtration rate gradually decreased (Fig. IC-E &
Fig. 2). The decrease in filtration rate was observed to be

correlated with a reduced valve gape, withdrawn mantle

edges, a narrowing of the exhalant siphon, and production

of pseudofeces. In experiments at low algal concentrations

all mussels were always fully open, and the maximal filtra-

tion rate was constant during the period of 28 days at 9°C

(Fig. 1, open circles).

The time during which the filtration rate remained max-

imal after the algal concentration was raised from about 3

X 10' cells ml"' to 1.5, 3 and 4 x 10" cells ml"' is

shown in Table 1. The time during which the filtration rate

capacity was maintained decreased with increased algal

concentration. The total number of cells ingested during the

period of maximum filtration rate was about constant, i.e.

43 ± 2.6 X 10" cells mussel' (Table 1). The mean algal

cell volume was about 110 ixm' and the total volume of

algae ingested was thus about 4.7 mm'.

The filtration rate as a function of time, after an initial

period of maximal filtration rate at high algal concentra-

tions, decreased as shown in Figure 3. The pattern seemed

not to be influenced by the algal concentration, indicating
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Figure 2. Mytilus edulis. Reduction of algal cells due to grazing by 25

mussels in an aerated aquarium. Arrows indicate additions of algal

suspension. The slope of lines express the mussels' filtration rate

which is reduced after some time at the high algal concentration. The

calculated nitration rates are shown in Figure ID.

(Rg)
is included tlie energy budget expressing the amount of

food energy transformed into growth is found as: G = A
-

(R„ +
Rg).

The energy cost of growth (mainly biosyn-

thesis) has recently been measured to he about 20% of the

absorbed ration by Bayne et al. ( 1989) in M. eJulis. i.e. Rg
= 0.2G. The growth rate may now be expressed as: G =

A - R„ - 0.2G or G = (A -
Rn,)/1.2. The estimated

actual growth rate (G. jjlW) as a function of algal concen-

tration (C, cells ml ') may then be expressed by the equa-

tion: G =
((F X AE X C) -

Rn,|/1.2
= (39 x 0.8 x

1.75 X C/1.2 X 60)
- (817/1.2) = 0.758C - 681 = bC

— a. The concentration of Rhodomonas baltica cells

needed to cover the energy cost of maintenance is found to

be 681/0.758 = 898 cells ml"'), and the concentration of

algal cells necessary for maximal growth is found as: C =

(G^ + a)/b = (1662 + 681)/0.758 = 3 x 10' cells

ml~' (or 1.4 X 10" Phaeodactylum tricornutum cells

ml"'). Thus, the algal concentration needed for maximal

growth (as suggested to be maximum in the Limfjord. see

Table 8 in J0rgensen 1990) is about three times the mainte-

nance concentration.

TABLE 1.

Mytilus edulis. Maximum filtration rate (F), total ingestion (I^^), and

duration of feeding (t) at maximum rate after algal [Rhodomonas

baltica) concentration was elevated from 2-4 x I0-' cells ml"' to the

given concentration (C) that leads to a reduced filtration rate after a

certain time (cf. Fig. 1 C-D & Fig. 2).

Algal Cone.
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The reduction in filtration rate above a certain high algal

concentration has been interpreted in terms of energy opti-

mization in Mytilus edulis (Winter 1973). M. chilcnsis

(Navarro and Winter 1982). and in the freshwater mussel

Dreisseim polymorplui (Sprung and Rose 1988). In M. chi-

lensis Navarro and Winter (1982) measured the filtration

rate at 1.5. 2.5 and 4 x lO'* Dumilielki marina cells ml" '

and found filtration rates of 1.55. 1.05 and 0.79 1 h ',

respectively, for a 1 g dry-tissue wt mussel. This apparent

functional response is correlated with filtration rates that

are low compared to 7.45 1 h ' for a 1 g dry tissue wt M.

edulis clearing low algal concentrations (lVl0hlenberg and

Riisgard 1979). Because D. marina and Rliodomonas bal-

tica are of similar size, and because the filtration rates

measured at 3 x 10-* cells ml '

in the present work are in

good agreement with previous measurements in M. edulis

(Riisgard and Mphlenberg 1979, M0hlenberg and Riisgard

1979, Famme et al. 1986, J0rgensen et al. 1986a) the fil-

tration rates measured by Navarro & Winter (1982) seems

to represent values applying to adversely affected mussels

at high algal concentrations. The algal concentrations of 2

and 4 X IC* D. marina cells ml" ' used by Winter ( 1973),

and 2 to 9 X IC* Chlamydomonas reinhardii cells ml"'

used by Sprung and Rose (1988) may have led to a similar

overloading.

Riisgard and Randl0v (1981) found that Mytilus edulis

fed algal cells (Phaeodact}ium tricornutum) at 1.6 x 10^

and 2.6 x ID'* cells ml ' had reduced filtration rates as

compared to mussels fed 3 x 10^ cells ml '. At the latter

algal concentration the mussels opened their valves maxi-

mally and extended the mantle edges in contrast to mussels

kept at both the lower and the higher algal concentration.

Mussels fed 2.6 X 10" cells ml ' were more or less closed

or had reduced the valve gape, and in the light of the

present work it may be concluded that the mussels were

overloaded. The mean growth rate (Group B„) was 0.11

mm shell length d '

(or 1.8 mg dry tissue wt d"') which

may be compared to the maximal growth of 0.23 mm d"'

(7 mg dry wt d"') in mussels of about similar size trans-

ferred to the Limfjord (Riisgard and Poulsen 1981). The

suboptimal growth in the laboratory experiment may be due

to reduced metabolism (and biosynthesis) which is a sec-

ondary effect of valve closure (J0rgensen et al. 1986b).

Thus, though the algal concentration was more than suffi-

cient to ensure maximal growth the laboratory mussels may
have been under metabolical constraints preventing them

from exploiting their potential for growth. Such an inter-

pretation is consistent with the absence of regulatory mech-

anisms for controlling the filtration rate and optimizing in-

gestion rate and growth (J0rgensen 1990). At an algal con-

centration of about 1.4 X 10^ P. tricornutum cells ml '

(0.24 mg dry wt I ') Ki0rboe et al. (1981) obtained a

growth rate of 0.24 mm d"' in M. edulis. This rate is sim-

ilar to the maximal growth of mussels in nature, but at a

higher algal concentration of about 2 x 10'' cells ml"'

(0.33 mg dry wt 1"') the growth rate was lower (0.19 mm
d" '). Because silt was added in the first case, but not in the

latter, Ki0rboe et al. concluded that M. edulis depends on

suspended bottom material to fully exploit its filtration ca-

pacity and to reach growth rates similar to peak rates in

nature. An alternative explanation of the faster growth al

the lower algal concentration is that the mussels may have

been adversely affected at the highest concentration,

whereas the algal concentration in the silt experiment was

near to the concentration needed for maximal growth in

mussels exploiting their titration rate capacity as calculated

in the present work. The calculations based on maximally

growing mussels show that the growth potential may be

utilized at an algal (Rhodomonas baltica) concentration of

about 3 X 10^ cells ml"', and it seems a though mussels

may be adapted to exploit their filtration capacities only at

low algal concentrations. Very low algal concentrations

lead to shell closure and reduced filtration rate (Riisgard

and Randl0v 1981) and metabolism (J0rgensen et al.

1986b). If the above statements (which do not include pos-

sible role of silt or seston quality) are correct, the generally

low growth rates obtained in laboratory studies on a pure

algal diet, as compared to maximal growth rates in nature

(cf. Table 6 in Ki0rboe et al. 1981 ), may be due to the use

of unnaturally high algal concentrations which lead to sub-

optimal conditions (valve closure, reduced metabolism and

reduced biosyntheses/growth). This conclusion emphasizes

the need for more growth experiments at low algal concen-

tration in the laboratory. But more knowledge about actual

algal concentrations in the immediate vicinity of benthic

suspension-feeding bivalves is also needed. The food par-

ticle concentration in the boundary-layer over a mussel bed

may be extremely low and limit growth (Frechette and

Bourget 1985a, b, Frechette et al. 1989). There is in-

creasing evidence that growth of benthic suspension-

feeding bivalves may be food-limited because the phyto-

plankton concentrations above dense populations of

mussels may be more or less depleted. Measurements of

vertical gradients in algal concentration over a mussel bed

in the St. Lawrence River estuary showed a significant re-

duction in algal concentration close to the bed (Frechette et

al. 1989). Another case may serve as an example. Ac-

cording to J0rgensen ( 1980) the average population density

of M. edulis in a mussel bed in the Limfjord, Denmark,

was 1550 ind m"^ with an average shell length of 5 cm

(above 0.5 g dry tissue wt). The amount of water filtered

by the mussels is calculated to be about 180 m' m"^ d^',

i.e. equivalent to about 20 times the whole water column

per day. The amount of algae needed to cover the mussels'

energy expense for maintenance is calculated to be 25 g C

d"'. The phytoplankton productivity is about 0.6 g C m"^

d"' and from this it is clear that the mussels are highly

dependent on the supply of algae transported to the mussel

bed with water currents. If the vertical mixing is of minor

importance and the water available to the mussels is re-
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stricted to 0.5 m above the bed the mussels must recirculate

the same bottom water many times a day. and the mean

algal concentration may therefore be very low. To nourish

from such extremely meagre waters mussels seem to have

developed filter-, pump- and digestive systems that are able

to cope with naturally low algal concentrations. Rather,

they are adapted to survive conditions not compatible with

the full exploitation of the growth potential, cf. beneficial

effects of transferring mussels from the natural beds to e.g.

net bags (see Table 13 in J0rgensen 1990).

A functional response similar to that seen in Fig. 3 has

previously been found in early veliconchia of Mxtilus

edulis (Riisgard et al. 1980) and veliger larvae of the hard

clam Mercenaria mercenaria (Riisgard 1988) fed

Isochrysis galbana cells. At low algal concentrations (2 x

10^ to 4 X 10^ cells ml"') the clearance of M. edulis

larvae was high and constant during 8 hours. At high algal

concentrations (above 2 x lO'*) the clearance capacity was

only maintained until the stomach was full. The time at

which this took place was indicated by a shift in the rela-

tionship between clearance and algal concentration in a

semi-logarithmic plot. Similar shifts in slope of feeding

curves were seen in the present work (Fig. 2). Experiments
with the suspension-feeding polychaete Sahellu penicilhis

exposed to algal concentrations above IC Rhodomonas
cells ml"' have also shown such shifts; but the clearance

was high and constant (for at least 8 h) at algal concentra-

tions below about 4 x 10^ cells ml"'. At higher concen-

trations it appeared that the gut capacity was exceeded thus

leading to a reduced filtration rate (Riisgard and Ivarsson

1990). Thus, a decrease in filtration rate in marine suspen-

sion-feeders as a response to high algal concentration may
simply be due to an overloading of the feeding system. This

stresses the importance of performing laboratory experi-

ments at naturally low algal concentrations as well as in-

cluding non-algal suspended matter, such as silt, in order to

interpret laboratory findings in a meaningful ecophysio-

logical context.

Effects of Temperature

The effects of temperature on the mussel pump have re-

cently been thoroughly studied by J0rgensen et al. (1990).

The filtration rate (F, ml min ') as a function of tempera-
ture (t) in the same group of 25 mussels used in the present

study could be expressed as: F = 22.8 + 1.13t (6-16°C; r

= 0.67). In the present work the filtration rates at 15 and

9°C were found to be 40 ± 1.5 and 31 ± 3.4 ml min"',

respectively, which may be compared to 39.8 and 33.0 ml

min ' as estimated from the above equation. Thus, the fil-

tration rate in cold adapted mussels was unchanged during

a two months acclimatizaion period to higher temperatures.

This confirms the previous finding of the absense of tem-

perature adaptation in Mytilus edulis (J0rgensen et al.

1990).
ACKNOWLEDGMENTS

Thanks are due to Prof. C. Barker J0rgensen and Drs.

T. Ki0rboe and F. M0hlenberg for critical reading of the

manuscript.

LITERATURE CITED

Bayne, B, L., A. J S. Hawkins. E Navarro. I P R Iglesias. 1989. Ef-

fects on seston concentration on feeding, digestion and growth in the

mussel Myliliis edulis. Mar. Eciil. Prog. Ser. 55:47-54.

Dare. P. i & D. B. Edwards. 1975. Seasonal changes in tlesh weight and

biochemical composition of mus.sels (Mylihis edulis L.) in the Conwy

Estuary, North Wales. J. Exp. Mar. Biol. Ecol. 18:89-97.

Famme, P., H. U Riisgard & C. B. J0rgensen. 1986. On direct measure-

ments of pumping rates in the mussel Mviilus edulis. Mar. Biol.

92:323-327,

Frechette, M. & E. Bourget. 1985a. Energy flow betwen the pelagic and

benthic zones: factors controlling particulate organic matter available

to an intertidal mussel bed. Can J Fish. Aquat. Sci. 42: 1 158- 1 165.

Frechette, M. & E. Bourget. 19K5h, Food-limited growth of Mxiilus

edulis L. in relation to bcnlhic boundary layer. Can J . Fish. Aquat.

5ri 42: 1166- 1 1 70,

Frechette. M,, C. A. Butman & W, R, Geyer, 1989, The importance of

boundary-layer flows in supplying phyloplankton to the benthic sus-

pension feeder. Mytilus edulis L Limnol. Oceanogr. 34:19-36.

Hamburger, K,, F, M0hlenberg, A, Randl0v & H, U, Riisgard. 1983.

Size, oxygen consumption and growth in the mussel Mxiilus edulis.

Mar. Biol. 75:.103-.W6

J0rgensen. B, B, 1980, Seasonal oxygen depletion in the bottom waters of

a Danish fjord and its effect on the benthic community Oikos 34:68-

76.

J0rgensen, C B . P Famme. H S Kristensen, P S Larscn. F

M0hlenberg. & H. U. Riisgard. 1986a. The bivalve pump. Mar. Fcol.

Prog. Ser. 34:69-77.

J0rgensen, C B., F. M0hlenberg & O Sten-Knudsen 1986b. Nature of

relation between ventilation and oxygen consumption in filter feeders

Mar. Ecol. Prog. Ser. 29:73-88.

J0rgensen. C. B.. P. S. Larsen. F. M0hlenberg & H. U, Riisgard, 1988.

The mussel pump: properties and modelling Mar. Ecol. Prog. Ser.

45:205-216.

J0rgensen, C. B. 1989. Water processing in ciliary feeders, with special

reference to the bivalve filter pump Comp. Biochem. Physiol.

94A(2):383-394.

J0rgensen, C. B., P. S. Larsen & H. U. Riisgard. 1990. Effects of tem-

perature on the mussel pump. Mar. Ecol. Prog. Ser. 64:89-97.

J0rgensen, C. B 1990 Bivalve filter feeding: Hydrodynamics, bioener-

getics. physiology and ecology Olsen & Olsen. Fredensborg, Den-

mark pp

Ki0rboe. T . F. M0hlenberg & O. Nuhr, 1981 Effect of suspended

bottom matenal on growth and energetics in Mviilus edulis. Mar. Biol.

61:283-288,

Ki0rboe, T,, F M0hlenberg & K, Hamburger. 1985. Bioenergetics of the

planklonic copepod Acarlia lonsa: relation iKtween feeding, egg pro-

duction and respiration, and composition of specific dynamic action.

Mar. Ecol. Prog. Ser. 26:85-97.

M0hlenbcrg, F & H. U. Riisgard. 1979 Efficiency of particle retention

in 13 species of suspension feeding bivalves. Ophelia 17:239-246.

M0hlenberg, F. & H. U. Riisgard. 1979. Filtration rate, using a new indi-

rect technique, in thirteen species of suspension-feeding bivalves.

Mar. Biol 54:143-148.

Navarro. J. M. & J. E. Winter. 1982. Ingestion rate, assimilation effi-

ciency and energy balance in Mytilus chilensis in relation to body size

and different algal concentrations. Mar. Biol. 67:255-266.



Filtration Ratb in Mytilus edulis 35

Piatt, T. & B. Irwin. 1973. Caloinc conlent of phytoplanklon. l.imnol

Oieanogr. 18:306-310.

Riisgard, H. U. & E. Poulscn. 19SI. Growth oi Myiihis ciliili^ in net hags

transferred to different localities in a cutrophicated Danis-fiord. Mar.

PoUui. Bull. 12:272-276.

Riisgard. H U. & F. Mohlenberg. 1979 .\n improved automatic re-

cording apparatus for detemiining the filtration rale of Mviiliis eiliilis

as a function of size and algal concentration. Mar. Biol 52:f>\ -67.

Riisgard. H. U., A. RandlOv & P. S. Kristensen 1980 Rates of water

processing, oxygen consumption and efficiency of particle retention in

veligers and young post-metamorphic Mytilus edulis. Ophelia 19:37-

47.

Riisgard. H. U. & A. Randlov. 1981. Energy hudgets. growth and filtra-

tion rates in Mvlilus edulis at different algal concentrations. Mar. Biol.

61:227-234.

Riisgard. H. U. 1988. Feeding rales in hard clam {.Merccnariu mercen-

aria) veliger larvae as a function of algal {IsDchrysis galbana) concen-

tration. Journal of Shellfish Research 7:377-380.

Riisgard. H. U. & N. Mynsler Ivarsson. 1990. The crown-filanient-pump

of the suspension-feeding polychaete Sahella penicillus: filtration, ef-

fects of temperature , and energy cost Mar. Ecol. Prog. Ser. 62:249-

257

Sprung. M. & U. Rose. 1988 Influence of food size and food quantity on

the feeding of the mussel Dreissena pohmorpha. Oecologia 71:526-

532.

Winter. J. E. 1973. The filtration rate of Mviilus edulis and its dependence

on algal concentration, measured by a continuous automatic recording

apparatus. Mar. Biol. 22:317-328.





Jourmil ofShclllishRiScunh. Vol, Id, No I. 37-46. IWI

PRODISSOCONCH SHELL CHARACTERISTICS AS INDICATORS OE LARVAL (JROWTH AND
VIABILITY IN PECTEN MAXIMUS (LINNAEUS, 1758)

MICHEL SALAUN,' JEAN BOUCHER,^ AND
MARCEL LE PENNEC
^Liihoratoirc dc Biologic Marine

Facultc des Sciences

292H7 Brest Cedex France

yFREMER Centre de Nantes

Rue de L'/le dYeii

B.P. 1049

44037 Nantes Cedex France

ABSTRACT Differences in viability were observed in cultures of Peclen maximus larvae released from broodstock collected in the

Bay of Saint-Brieuc (France). Spawnings which were not synchronous with the spawning event in the field produce more anomalous

D-shaped larvae, a decrease in growth and survival, and, finally a poor metamorphosis rate A negative relationship between the shell

growth and the curvature of the two valves of the prodjssoconch was revealed; thus, an index called Dim^ was established. It

corresponds to the depth at a height of 40 ^J.nl- The Dim,„ is an estimation of the growth potential of an early stage larva. It appeared

that niaintaming adults at a low temperature ( 14 ± l Cl before spawnmg for more than one month mduced a high proportion ot larvae

characterized by a high Dim,,) (>56 \Lm) and low growth, with resulting death before metamorphosis It is likely that the vanability in

the larval competence expected in the early larval stage by the knowledge of the Dmi9Q has an endogeneous origin. In our expenments.

It may have resulted from the poor quality of the ovocytes released, due to inadequate thermal conditions during gametogenesis.

KEY WORDS: scallops. Peclen muximii.s. prodissoconch. larval growth, viability

INTRODUCTION

The viability of marine bivalve larvae reared in a

hatchery is partially determined by environmental condi-

tions during the sexual maturation of spawners. Thus, for

Ostrea edulis and Mytilus edulis populations, temperature

and nutritive stresses imposed on adults throughout game-

togenesis result in an apparent loss of quality of the ga-

metes (Helm et al. 1973. Bayne 1972. Bayne et al. 1975).

This is followed by an increase of abnormalities of the pro-

dissoconch I and a decrease in viability and larval growth
rates. Such variations in larval competence have been pro-

posed to explain some irregularities in the recruitment of

scallops iPecten maximus) in the Bay of St Brieuc.

(France) (Boucher 1989),

Experiments were conducted in a hatchery during the

natural spawning cycle of Pecten nuLximus on adults regu-

larly collected from the Bay of St-Brieuc (Brittany, France)

to determine the influence of environmental conditions

during sexual maturation on growth performance of the re-

sulting larvae. Adult scallops were also held at cold tem-

perature to assess this temperature impact on larval via-

bility. The differences of the various cultures were com-

pared and related to spawning events in the wild

population.

In our studies, the larval viability is based not only on

survival, growth, abnormalities of the prodissoconch shape

and rate of metamorphosis, but also on a recently defined

index, the Dinigo, which corresponds to the depth of shell

(maximum intervalves distance) at a height of 90 |i,m (Sa-

laiin et al. 1989). This individual index, which is an ex-

pression of the shell convexity, can be used as a potential

growth index and can be determined at any time during the

larval period.

Concurrent studies on dynamic of the ovocyte produc-

tion (Paulet et al. 1989) and oocyte viability (Dorange et al.

1989) were conducted on the same populations as part of a

study on the 'Programme National sur le Determinisme du

Recrutement (PNDR)"' of the scallop Pecten maximus

(Boucher 1985). Today there is a need for a real under-

standing of these processes to provide a better basis for

stock management and extensive shellfish mariculture

(Boucher and Dao 1990),

MATERIAL AND METHODS

/, Origin of Spawners, Conditioning and Induced Spawning Date

Sampling of mature adult Pecten maximus in the Bay of

St-Brieuc (France) was carried out weekly from late June

until September 1987. Individuals were transferred to a

hatchery at Argenton (France) and maintained into recircu-

lating seawater tanks at I8°C. One or two days after collec-

tion, spawning of 20 ripe individuals was attempted using

thermal stimulation. There, the induced spawning dates

were correlated with the wild spawnings defined later on

the basis of the gonado-somatic index variations (Paulet

1988) and planktonic larval abundance.

Another broodstock of ripe P . maximus collected in

early July was held at I4°C. i.e.. 2°C less than the min-

imum required for a natural release of gametes in the Bay
of St-Brieuc (Boucher 1985), Three batches were condi-

tioned and spawnings induced after a delay of 9. 16 and 35

days.
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2. Obtaining and Rearing Larvae

When male and female gametes were gathered sepa-

rately in beaker filled with 1.5 1 of filtered seawater. Water

was frequently changed to avoid self-fertilization (Comely
1972). The oocytes were fertilized with sperm from sepa-

rate individuals (Gruffydd and Beaumont 1972). The eggs
from 3 to 6 spawners were then separately stored at a den-

sity of 50 eggs/ml"' in conical tanks containing 150 1 of 1

|xm filtered seawater. At 17 ± 1°C, straight-hinged ve-

ligers with newly developed prodissoconch I appeared two

day after fertilization. A subsample of D-shaped larvae

from each batch was pooled together giving a density of

approximately 5 x 10* veligers per tank of 450 1. Cultures

were then maintained following the protocol described by
Buestel et al. (1982).

The seawater in the culture containers was changed three

days a week. Loss of slow growing larvae was prevented

by filtering on a nylon sieve of 45 [xm mesh size. To limit

bacterial growth (Walne 1958, Comely 1972), 8 mg/l
'

chloramphenicol were added to each culture (Le Pennec

and Prieur 1977). At the beginning of the veliger stage, two

days after fertilization, larvae were fed daily on a mixed

algal diet of two phytonagellates Pavlova httheii and

Isochrysis galbana (T. iso clone) (40 cells •

|xl"', and an

algal diatom Thalassiosira pseudomina (10 cells •

|jl1~').

Large larvae reaching metamorphosis as indicated by the

formation of a double-ring at the outline of the shell

(Gerard et al. 1989), were gathered using a large mesh (150

|j,m) sieve. They were then transfered for settlement into

sieve trays (120 jjim mesh size) at a density of 100,000

pediveligers per tray. Larvae discarded after the first

sieving were put back into the rearing tanks until new pedi-

veligers appeared. Fifteen days after transfering these com-

petent veligers, spat were counted and the rate of metamor-

phosis calculated;

Metamorphosis rate (%) = Number of postlarvae

Number of D-shaped larvae

3. Larval Measurements and Survival Estimate

Growth and survival were measured every two days

during development, by removing subsamples from the •

cultures in order to number live, dead and abnormal.

Length of the shell (Fig. 1) was measured for 50 larvae,

using a Nikon profile projector. The larval growth rate was

calculated up to the point of transfer of first pediveligers

into the sieve trays (t,):

Growth rate

(p.m/day)

Mean shell length (tj)
- mean lenglh of D-shaped larvae (to)

Age (I,)
-

: days (1^1

Every second days, at least 300 veliger larvae were put

in centrifugal cones with 1.5 ml seawater and stored in a

freezer at
— 25°C. This type of preservation differed from

that described by Stephenson and Chanley ( 1979), Carriker

and Palmer (1979), Foighil ( 1986) but is sufficient for only

shell observations. Furthermore, the shell remains slightly

open which facilitating preparation for the ultramicroscop-

ical examination. To clear the shell of organic matter, the

larvae were immersed in a 59^ solution of sodium hypo-

chlorite (Rees 1950) and later rinsed in distilled water.

Then, using a mounted fine needle under a binocular mi-

croscope ( x40), each larval shell was gently laid down on

a 1 cm diameter stub, stripped with self-adhesive copper so

that the edge of the shell was directly in contact with the

stub (Fig. la). The samples were gold-coated and viewed

i-< DIM 90*1

A B C
Figure I. Measurements of the prodi.s.socnnch. a) Larval shell on (he stuh (view of the left valve), b) Position of the prodissoronch in order to

ob.serve the profile of the valve, c) Shell represented for a height of •>() (ini. I. = length: H = height; I) = depth; IM = prodissoconch I; PII =

prodissoconch II; HPl = height of prodissoconch I; a = hinge axis; ah, and ah^ = "^0 (im; d, and dj
= maximum distances perpendicular to

the straight lines ab, and abj; Uim„ = maximal intervalve distance for a shell height of 9(1 p.m (depth at 90 (xm: d, + d^)-



Larval Growth of Pecten maximus 39

under a Jeol JSIVI-35 scanning electron microscope. Precise

measurements ot the prodissoconch profiles were required

to orientate the hinge axis perpendicular to the stub surface

(Fig. 1).

The maximum intervalve distance for a shell height of

90 p.m ( DiniQo) was measured on scanning electron photo-

micrographs taken at a magnification of exactly 600. The

Dini9o which corresponds to the depth of an individual

three or four days old can be determined at any time of its

larval life. The precise method of calculation is illustrated

in Figure 1 .

The height of prodissoconch I (HPI-Fig. 1), character-

ized by a punctate texture was also calculated on photomi-

crographs of larval shell aged of 4 days or more. The pro-

dissoconch I shows an abrupt change in curvature on its

edge and is generally separated from the prodissoconch II

by a promment growth line.

Student's t-test was used to compare the mean heights

for each culture studied. The confidence interval of the

mean height or length was calculated at 0.05*^. Statistical

calculations were performed through the statgraphics pro-

gram.

RESULTS

/. Shape Anomalies of the Larval Shell

a) In any cultures of larvae whatever the origin of

spawning a few veligers examined by electron microscopy

scanning showed malformations of their shell (PI. I).

Sometimes the shell surface was wavy in outline, or visible

cracks cut the natural striations of the prodissoconch in a

perpendicular way. In other individuals the valves were

asymetric to the point that the shell could not be fully

dosed. Deformities, strongly marked on the prodissoconch

II. already existed on prodissoconch I. Most of these mal-

formations were visible with light microscopy: their influ-

ence on the rearing success will be first analyzed (2).

b) A second anomaly, revealed only by scanning mi-

croscopy, affected the curvature of the valves of the prodis-

soconch, quantified by the measurement of the depth at a

height of 90 |xm (Dim,^)- High values of this index charac-

terize abnormality of the larval shell. The effects of these

two types of shape anomalies (irregularities of the shell

surface -I- high Dimgo value) on growth and survival will

be discussed below (3).

2. Impact of Delayed Spawning on Rearing Success

In groups of larvae obtained at the same time as the wild

spawning event (pool I), anomalous D-shaped larvae de-

termined under light microscopy comprised only 4.2% of

the total (Table 1). At the end of the larval life, when the

first pediveligers were transferred into the trays, the sur-

vival rate was high 92.3%. Moreover, in this pool, growth

and metamorphosis rates were the highest. Time-delayed

spawning (pools 2, 3, 4, 5) produced an increase of anoma-

lous larvae from 11.1 to 17.3%. There was. however, no

significant trend in the characteristics of the different

rearings related to the duration of the time-lag. These de-

layed spawnings all resulted in a slow-down in the larval

growth rate, decrease m the survival rate and. finally, de-

crease in the metamorphosis rate (Table 1). Rearing effi-

ciency was poor when spawning was induced after main-

taining mature adults at 14°C. The imposed delay of the

spawning resulted in an increase in mortality at the end of

rearing, where only the largest individuals remained alive.

In this case, the metamorphosis rate was zero nearly or

zero.

3. Relationship Between the Prodissoconch Abnormalities, Growth

and Survival

Comparison of mean growth and survival estimates of

individuals from two different batches (imposed delayed

spawnings (pool 8) and induced spawnings in phase with

the natural cycle (pool I)) was used to establish the rela-

tionship between abnormalities of the larval shells by scan-

ning microscopy (contour deformities or high convexity:

Dim9o > 56 |xm
— see point 1) revealed and individual via-

bility (Fig. 2). Very fine shell observations can be obtained

by scanning microscopy, so more anomalies as a high

Dim^o valve can be detected.

In pool I , the proportion of larvae characterized by ir-

regular prodissoconch or Dim9Q > 56 jjim varied from 31 to

36% throughout the entire experiment. The growth was

linear and fast from day 1 to 16; reduction in growth rate at

a length of 185 \im occurs as the pediveliger stage is

reached. Survival up to 18 days was high (>90%).

Larvae of spawners subjected to thermal stress for 35

days had a shell anomaly rate of 60-73% up to day 14. A
decrease in this proportion to 16% between day 16 and 23

simultaneously a sudden increase of mean length is ex-

plained by the high mortality of these anomalous larvae oc-

curred after day 18. These incompetent larvae was respon-

sible for the decreasing growth rate from day 4 to 18. Con-

sequently, the difference in growth rate observed between

the two batches resulted in a different proportion of slow

growing larvae characterized by an abnormal high shell

convexity.

4. Growth Rate and Prodissoconch Curvature lUim^) Relationship

When the larval shell height reached 90 p,m. i.e.. one or

two days after the appearance of veligers in the rearing

tanks, the maximal intervalve distance (Dim^g) ranged from

45 |j.m to 75 |xm (Fig. 3). A dispersion diagram at day 7

and 14 in pools 1 and 8 gives an idea of the Dimgo and

larval relationship. The proportion of individuals with a

high Dimgo decrease with increasing height. This phenom-
enon was more apparent for veligers showing hard defor-

mities of their shell (not represented on the graph), particu-

larly numerous in the pool 8. For such individuals, the
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Plate 1. Differences of curvature between normal and anomalous larval shells. Prodissoconchs with relief deformities (photos A to K): —shells

which can not be fully closed (A to U). —shell surface wavy in outline (E to Hi, —cracks cutting the natural striation of the prodissoconch |l to

K), Prodissoconchs showing a soft relief (photos L to S): —abnormal shell characterized by a high I)ini,„ (L and Ml, —normal shell character-

ized by a low Dim,^ (O to Ql, —the micrographs R and S represent D-shaped larvae released from genitors from the Bay of Brest. See

differences in height and depth between the two prodissoconch I. NB: The age of larvae is indicated under each photomicrographs.
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TABLE \.

Rearing efTiciency of larval cultures spawned at different times relative to the natural spawning event characterized by larval abnormalities,

growth, survival and metamorphosis rates.

Date of Induced Spawnings
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Figure 2. Larval growth (#—#1, survival (D**D) and proportion of anomalous veligers characterized by abnormalities of the shell shape or

high Dim„ (<56 jim) (— *), in pools I and 8.

normalities. This measure available any time during the

larval life, gives an estimation of the potential growth. In

larvae, a high Dinigy can be associated to a slow down of

growth and a reduction in chances of survival. In culture

the smallest straight-hinge larvae, at two days will be char-

acterized by a high Dinigg and will constitute "runts of the

litter." In such individuals the globular shell shape ob-

served as early as the first larval day, may be accentuated

later. Larvae are thus distinguished by a prominent umbo.

This one is more or less precociously visible in conformity
with the degree of the shell convexity (Salaiin 1985). This

variability of the larval shell curvature at a fixed height re-

lated to differences of larval growth and viability should be

researched in other species of bivalve.

In bivalves the malformations of the larval shell can

have an exogeneous origin. For example veligers of My-

tiliis edulis reared in presence of hydrocarbures exhibit ab-

normal shell shape (Le Pennec and Le Roux I97M). In

larvae of American oyster and hard-shell clam. Calabrese

(1972) showed that detergents induced high mortality and

produced on survivals shape abnormalities. As already

noted in Pccten miLviniiis larvae reared from spawners from

the Bay of Brest slow growing individuals have a convex

prodissoconch I, indicating that this anomaly has an en-

dogeneous origin (Salaiin ct al. 1989). The increased per-

centage of abnormal individuals released from delayed

spawning implies that it is determined by factors acting

during the production of gametes.

In Mercenaria mercenaha. adults maintained at 15°C

for 9 weeks delayed spawning and produced abnormal

larvae which fail to metamorphose (Carriker 1961). Cul-

liney (1974) observed that in Placopccwn ma^cllanicus
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most of the larvae from minor spawnings are small and had

shell deformities, in shell formation, due to unripe or over-

developed gametes.

In hermaphroditic pectinids, abnormalities can ensue

from polyspermy or self-fertilization. It is the case for

Pecten maximus where Beaumont and Budd (1983) noted

slow growth rate among larvae issued from self-fertiliza-

tion. Likewise they noted that eggs fertilized with sperm
from a stripped gonad caused abnormality in about one

third of the larvae. This last observation is similar to our

studies where we noted that a stripped gonad can discharge

unripe gametes. In this species ultrastructural observations

on oocytes released from induced spawnings show promint
distorsions. Apparently, nonnal oocytes can membrana-

ceous lesions and cytostructural alterations (Dorange and

Le Pennec 1989). Subsequent fertilization of such oocytes

has not yet shown larval abnormalities.

During gametogenesis holding spawners at 14°C induces

alterations which either favor the formation of abnormal

larvae or introduce a gap in growth, regardless of any

growth potential assessed by the Dim^g- Considerable het-

erogeneity in the distribution of lipid reserves in ripe oo-

cytes demonstrated by Dorange et al. (1989) could explain

these observations. Likewise. Gallager and Mann (1986)

observed that initial egg lipid content of Ostrea edulis is

closely connected to the larval survival of both straight

hinge and pediveliger stages. High survival is more gener-

ally accompanied by a high lipid index, but a high lipid

index does not guarantee good survival (Gallager et al.

1986). Helm et al. (1973) also concluded that viability of
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TABLE 2.

The mean height of larval shell (H) in the four Dim^-classes in pools 1 and 8 at days 2, 7 and 14 and results of statistical analysis (t-test).
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Ostrea ediilis larvae is significantly corrected with their

lipid content and more particularly with the neutral lipid

fraction at the time of release. We suppose that larvae is-

sued from delayed spawnings use up vitellin reserves more

quickly.

Deformities of the prodissoconchs disclosed by the

Dimoo can also be combined with velum abnormalities or

functional difficulties in the capture of algal cells. Strath-

mann et al. (1979) and Cragg (1980) noted that Pecten

maximus larvae have a lower clearance rate when the velum

is poorly developed. Thus in the rearing tanks slow

growing larvae were less colored, a feature considered to

be related to the quantity of ingested algae (Loosanoff

1966; Le Pennec and Rangel 1985). The feeding deficit

might accentuate the slowdown of growth observed after

the day 7 in pools 1 and 8. particularly at the end of the

mixotrophic stage (Lucas et al. 1986).

In the natural environment, numerous parameters influ-

ence bivalve recruitment, principally viability of emitted

gametes, gamete and larval dispersion, feeding and preda-

tion of larvae and effects of poisons (Thorson 1946, Bayne

1976, Vance 1973a, b. Sprung 1988, Boucher 1985. Car-

riker 1986, 1988, Salaiin 1987). After those experiments,

we concluded that the quality of larvae, depending on the

gametes quality, partially determine recruitment. In our

cultures, the larvae descended from the spawnings (pool I;

constituted with the production of five genitors) obtained in

phase with the second spawning in the Bay of St Brieuc

gave the best metamorphosis rate. In the field, these larvae

should ensure a good recruitment if exogeneous conditions

are favorable.

Dinigo measurements allow the estimation of growth
both in the natural environment and hatcheries. In situ, this

additional index permits a differentiation of cohort larvae

and a better analysis of larval spatial movements. It is to be

used in parallel with hinge analysis which ages larvae from

the first larval week (Salaun et al. 1989). Both indices

permit the differentiation, among small larvae, or those in-

dividuals which just appeared in the plankton from larvae

with a high Dinigg characterizing a low growth potential;

indeed, such abnormal individuals can remain alive in a

hatchery up to fifteen days, even without food (Salaiin, un-

published data). //) situ, the impact of exotrophy on larval

development could be estimated by following the increase

of height shell for larvae showing a high growth potential,

that is a low Dim^Q.
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ABSTRACT During an 1 1 month study, growth and survival of an uncommon yellow colour morph was compared with that of the

common brownish-purple morph of Argopeclen ptirpuralus in suspended culture. The yellow morph had a significantly lower absolute

growth rale, a lower value of the growth perfbmiance mdex and lower survival rate. These results suggest a genetic association

between yellow colour and a lower general pertonnance under normal environmental conditions. Possible explanations are discussed.

KEY WORDS: scallops, shell colour, growth, survival, aquaculture

INTRODUCTION

Natural populations of the scallop Argopecten piir-

puratus are composed of a wide spectrum of colour morphs

including white, yellow, reddish purple and brown, and it

appears that the pattern of colouration differs slightly be-

tween populations (Vildoso and Chirichigno 1936. Wolff

1985). No study has been carried out to quantify colour

morph distributions, evaluate their genetic basis or assess

possible relationships between shell colour and population

parameters such as growth and survival rates. In studying

the colour morph distribution of the Argentinian scallop,

Chlamys patagonica. Waloszek (1984) found a signifi-

cantly higher percentage of yellow specimens in areas

where the average body size was smaller, and hypothesized

that overall growth might be inferior in the yellow colour

morph. Yellow colour morph of A. purpiiratus comprise

about 1-3% of populations in Peru (Wolff 1985) and Chile

(pers. observation) but in the hatchery of the "Universidad

Catolica del Norte," Chile, they occur in proportions of 8

to 15% (Garrido, personal observation, 1989). This might

be due to the absence of selective forces in the hatchery

allowing certain genotypes to survive that might otherwise

be eliminated in nature.

Based on this assumption and the above cited observa-

tion of Walozsek ( 1984), we decided to conduct a study to

compare growth- and survival-rates of the yellow colour

morph with the common "normal'" brownish-purple colour

morph of A. purpuratus.

MATERIALS AND METHODS

Yellow and normal (brownish-purple) coloured juvenile

scallops, 20-30 mm shell height, were taken from spat

collectors in Tongoy Bay in June, 1987 and transferred to

the laboratory, where they were held in tanks with running

sea water. A sample of forty-five scallops of each colour

morph was measured to the nearest 0. 1 mm using a caliper.

For subsequent monitoring of growth and survival, the

specimens were tagged with a numbered plastic disc at-

tached with epoxy cement to the upper valve and put into

pearl nets; 3 pearl nets per group, each containing 15

scallops. The nets were hung from a longline at a depth of 6

m near the university pier in Herradura Bay (Fig. 1). Nets

with yellow morphs were alternated with those of normal

coloured scallops to intersperse replicate groups along any

potential environmental variation.

The pearl nets were taken out of the water at monthly

intervals and all scallops were measured. Dead scallops

were counted and removed. The pearl nets were cleaned of

mud and epifauna, refilled at densities of 15 scallops each,

and replaced in the sea. Dead specimens were replaced

with living scallops of similar sizes of the same origin as

the initial scallops.

An extra set of two pearl nets per group, each containing

25 scallops was hung from the longline to provide an inde-

pendent assessment of survival rates at higher densities.

Water temperature was measured daily to assess its ef-

fect on growth rates.

Growth

The height and wet weight increment (absolute growth

rate) of each scallop was calculated for each monthly in-

terval. These monthly increments were subsequently aver-

aged for each pearl net and the standard deviation calcu-

lated. After testing for homogeneity of variances of the

group means, the differences in growth rate between pearl

nets of the same colour group were tested using an analysis

of variance. Since no differences occurred, the data for

each group (yellow and normal specimens) were pooled for

subsequent analysis.

Four approaches were chosen to assess differences in

growth between both groups. The first consisted of calcu-

lating absolute growth rates from average increments in

shell size and weight per month.

Approaches two to four were based on the assumption

that growth in both groups can be described by the von

Bertalanffy growth curve as was found for the same species

47
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Figure 1. Map of Herradura Bay with study site.

in Peruvian waters (Wolff 1987). For the second approach,

the instantaneous growth rate k and the asymptotic length

L^ (von Bertalanffy 1934) were calculated using a model

developed by Munro (1982) as follows:

log (L^

where

LI) -
log (Loc

- L2) = k (t2
-

tl).

Loo =
asymptotic length in the von Bertalanffy

growth equation

k = instantaneous growth rate

LI, L2 = shell sizes at times tl and t2

The procedure was as follows: a trial value of L^ was in-

serted and k was estimated for each interval. The k-values

of each interval were then averaged and the coefficient of

variation calculated. The procedure was repeated with new

values of L^ until the coefficient of variation of the average
k-value reached a minimum. As this model does not allow

for calculation of the third parameter of the von Bertalanffy

growth equation ""tQ"" (theoretical age at length zero), this

value had to be calculated in a different way. For this study

we assumed an age of approximately two months at a shell

size of 20 mm (DiSalvo et al. 1984) for both groups and

calculated the tg-value by reordering the von Bertalanffy-

growth equation:

where

to
=

t + C/k) In (1
-

Lt/Loc),

to
= theoretical age at length zero

t, k. Lt and L^c as explained above

The third approach was to assess the effect of temperature

on the instantaneous growth rate k. In order to do this, the

monthly k-values were calculated, plotted and compared
with the graph of monthly temperatures.

Finally, the growth performance index 0' (Pauly and

Munro 1984) was calculated for each group to estimate the
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difference in growtii capacity between the two groups using

the following equation:

0' =
log k + 2 log Lao,

where k and L=c are as defined above.

Survival

The number of dead individuals was recorded in each

pearl net at monthly intervals and an average monthly sur-

vival rate calculated for both groups. The same was done

for the e.xtra set of pearl nets containing 25 .scallops at the

start of the study.

Height, length, and width were also plotted against wet

weight using the allometric equation:

W = a * Lx^

which was transformed logarithmically to:

log W =
log a + b log Lx.

where W represents wet weight (g) and Lx stands for any
one shell dimension (cm).

For all data pairs geometric mean regressions were cal-

culated and the differences between the regression coeffi-

cients of the yellow and normal specimens determined.

Morphometric Relations

To determine morphometric differences between the two

groups existed, regression analyses of any two shell dimen-

sions (height, length and width) within a group were calcu-

lated usng the following equation:

Lx = a -I- b Ly,

where Lx and Ly are any two shell dimensions (cm).

RESULTS

Yellow and normal coloured specimens grew at signifi-

cantly different rates (Fig. 2a, b). The final differences in

shell height and weight were 23.1 mm and 53 g, compared
to initial differences of 2.8 mm and 1.8 g respectively.

Figure 3 shows the von Bertalanffy growth curves for both

groups as derived from the growth increment data and gives

the corresponding growth equations.
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The growth performance value—of normal specimens

was 25% higher than that of the yellow scallops (2.23 com-

pared to 1.82). The growth rate of the yellow morph was

more variable and responded in a different way to tempera-

ture changes than that of nomial coloured scallops (Fig. 2c.

d). When temperature rose rapidly from October to No-

vember, growth rate decreased in the yellow morph but in-

creased in the normal specimens. Temperature increases

during December was more favourable for the yellow

morph than for the nomial specimens. When temperature

dropped from January to February, growth rate decreased

in the yellow morph but remained constant in normal spec-

imens.

Survival was lower for the group of yellow morphs at all

sampling intervals (Table 1). The average monthly survival

rate was significantly lower (t-test. p < 0.001) for the

yellow scallops at both stocking densities (nets a, a*, b.b*.

Table 1). The average monthly survival rate was 88.3% for

the yellow morphs compared to 96.8% for the normal spec-

imens (Table 1). No significant differences in % survival

were found between nets of 15 and 25 individuals of the

same colour morph.

Table 2 summarizes the equations of the geometric mean

regressions calculated for the morphometric data for both

groups. Differences between regression coefficients were

significant for all regressions calculated. In general yellow

morphs are rounder (height almost the same as length),

deeper (shell width greater) and heavier than normal

scallops (e.g., yellow scallops of 50 mm shell height are

50.9 mm in length, have a width of 19.7 mm and a weight

of 34.3 g, while normal scallops of the same height are

55.7 mm in length, have a width of 19.2 mm and a weight

of 29.7 g). These differences are most probably due to the

fact that yellow morphs are much older when compared
with same sized nomial scallops.

DISCUSSION

Results of this study show a general inferior perfor-

mance (slower growth and higher mortality) of the yellow

colour morph compared with the normal morph. Growth

rate of the yellow morph was also more variable and re-

sponded in a different way to water temperature changes

(Fig. 2c, d).

Wolff (1987) found the growth rate oi Argopecten pur-

puratus in Pisco, Pem to be strongly related with spawning

cycle, being lowest after periods of peak spawning. Ac-

cording to Akaboshi & lllanes (1983) spawning of .4. pur-

puratus peaks during spring and summer in Tongoy Bay. It

could thus be hypothesized that the drop in growth rate of

the yellow morphs during October and November (spring),

when temperature was rising (Fig. 2c, d), was due to

spawning during this period. A second spawning of the

yellow morph may have occurred after the temperature

maximum in January (summer) when growth rate and tem-

perature dropped.

Hoagland (1977) and Newkirk (1980) infer that light

shell colourations in molluscs absorb less light and heat and

could represent warm water adaptations. The latter author

reports that within each population and year class of My-
tilus edulis. the unusual brown morph remains 10-20%

TABLE 1.

Survival of yellow and normal coloured Chilean scallops, Argopecten purpuratus. during the study period, August 1987-July 1988.
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TABLE 2.

Morphometric relationships between the variables shell height (H), shell length (L), shell width (W) and wet weight (Wt) as established by

geometric mean regressions for the yellow and normal morphs of Argopeclen purpuralus (dimensions in cm, weight in g).

Variables
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ABSTRACT Realized heritability for growth rate in the southern bay scallop, Argopeclen irradians concenlricus. is estimated to be

0.206. This estimate is based upon the response to a single generation of selection in which a standardized selection differential (il of

1.525 standard deviations was employed, and a response to selection, also in standard units, of 0.314 was obtained.

Scallops employed in this research were collected in St. Joseph Bay. west of Appalachicola. Florida. A same age cohort was

produced from a spawning of wild caught animals in October. 1987. at the Skidaway Shellfish Research Laboratory near Savannah.

Georgia Larval and juvenile progeny were reared in the laboratory for seven months, in ambient filtered sea water with food provided

by Wells-Glancy cultured phytoplanklon. before being placed in pearl nets within fiberglass tanks or a 0. 1 ha pond for growout for 20

weeks. In order to retain all genetic variance for growth rale possible, care was exercised during all growth phases to prevent any size

culling. Truncation selection of the most rapidly growing ]5.9'7c (animals larger than one standard deviation above the mean) was

earned out in October. 1988. A control parental group, identical in numbers to the select line group, was randomly selected from the

entire population before isolation of the select parental group. Spawnings of the control and select parental groups occurred, respec-

tively, in October and November of 1988. Animals were reared under the same conditions as the previous generation except that all

progeny employed in the estimation of hentability were maintained in growout in a 0.1 ha pond for 10 weeks. At that time. Sep-

tember. 1989. control and select groups approximated the mean size of the parental group at the time of selection.

KEY WORDS: bay scallop. Argopeclen irnuliaiis concenlricus. growth rate, heritability

INTRODUCTION

Use of the techniques of quantitative genetic selection in

bivalve shellfish is still in its infancy. Work carried out in

the 1970"s. reviewed by Newkirk (1980) dealt primarily

with heritability of traits in larval shellfish. The moderate

to high heritability estimates, based for the most part upon

parent-offspring regression and sib analysis, served mainly

to provide evidence of exploitable genetic variance. Of

greater usefulness to the shellfish breeder are studies of her-

itability of adult traits. The first published effort to select

for growth rate in shellfish is that of Chanley ( 1961 ) with

southern populations of the northern quahog. Mercenaria

mercenaria. He compared growth over 15 months in the

progeny of two large quahogs about 44 months of age, with

growth in the progeny of one female and two male quahogs

chosen randomly from wild stock. The two large quahogs

were taken from a group of 120 of the most rapidly

growing of the progeny from a single pair cross. After fif-

teen months, progeny of the large quahogs were about 60%

larger than progeny of the randomly selected parents based

upon a volumetric comparison. The number of crosses was

very small, but the experiment strongly suggested that there

were heritable aspects of growth rate. Several years ago,

Michael Castagna (pers. comm. ) at the Virginia Institute of

Marine Science, initiated a multigeneration program of se-

lection for growth rate in the northern quahog, which is still

continuing. While not quantitative, the program is a modi-

fied form of mass selection. Preliminary results appear to

he promising.

In several cases involving shellfish, the action of natural

selection (Needier and Logic 1947) or of artificial selection

(Haskin and Ford 1987, Beattie et al. 1980) has indicated

the presence of significant genetic variance for disease re-

sistance, but efforts to calculate the heritability of such

have not been published.

Working with the European oyster, Ostrea ediilis. New-

kirk (1980) and Newkirk and Haley (1982, 1983) selected

for weight at two years. While they found positive face

value increases in weight in the progeny of selected animals

relative to weight of control stock progeny, such differ-

ences were not significant. The authors noted that response

to selection was less than expected, and suggested that in-

breeding might have contributed to the lower performance

of the selected groups (Newkirk and Haley 1983). In his

1980 paper. Newkirk also reported preliminarv' data pro-

vided by L. E. Haley on selection for growth rate in the

American oyster, Crassostrea virginica, showing a positive

response to selection in two year old animals.

In work with the blue mussel, Mytihis edulis. Mallet et

al. (1986) employed sib analysis techniques to estimate

heritabilities for growth and survival in larval, juvenile and

adult mussels. Heritabilities estimated from half-sib groups

for adult growth were remarkably different in two adult en-

vironments (0.92 and 0.22) and were statistically signifi-
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cant. With respect to survival, additive variance estimates

were found to be not significant.

In a recent effort with the northern quahog, Mercenaha

mercenaria. Rawson and Hilbish ( 1990). using sib analysis

methods, estimated the heritability of growth rate in juve-

niles at about nine months of age. In an experiment in

which population density was controlled, heritability was

estimated to be about 0.37.

Wada (1984, 1986) carried out genetic selection for

shell width and shell convexity in the Japanese pearl oyster,

Pinctada fucata martensii. After three generations of selec-

tion, realized heritabilities for rate of increase in both traits

were calculated on the basis of regression of selection re-

sponse on cumulative selection differential. That for shell

width (h^ = 0.467) was somewhat greater than that for

shell convexity (h^ = 0.350). As Wada pointed out, such

heritabilities indicate that selective breeding for shell

growth rate would be effective in pearl oyster hatcheries.

Hadley ( 1988) reported on the results of a selection pro-

gram for increased rate of growth in the hard clam or

northern quahog, M . mercenaria. To calculate response to

selection, growth of the select line progeny was compared
with growth in progeny of a "mean line" group of parents,

equivalent in number to select line parents but selected

from individuals about the mean rather than randomly from

throughout the parental population. Of three experiments

carried out, two yielded realized heritability estimates of

0.42 and 0.43. In the third experiment, a negative estimate

(—0.10) was obtained. Hadley indicated that this latter

aberrant estimate may have been due to disparate rearing

densities resulting from predation.

The bay scallop, Argopecten irradians. does not occur

as a native on the Georgia coast. Wild caught scallops from

Gulf populations have proved to be readily adaptable to the

Georgia coastal area, and good progress working out the

husbandry of this form has been achieved for the area in

our laboratory (Walker et al. 1990). Efforts to determine

heritability of growth rate in our captive population were

initiated several years ago in the interests of estimating the

rate of progress in decreasing time to harvest that might be

expected of a program of selection for growth rate in

scallops. Such a reduction of the time in and the expense of

growout would obviously be of usefulness to the maricul-

turist.

MATERIALS AND METHODS

The scallops employed in this research were collected in

St. Joseph Bay, west of Appalachicola, Florida on the

northern coast of the Gulf of Mexico. They were trans-

ported within 24 hours after collection to the University of

Georgia Shellfish Research Laboratory on Skidaway Island

near Savannah, Georgia. Details of mariculture conditions

and spawning protocols are described by Walker et al.

(1990). In the cited paper, the genetic lines discussed

below are designated Stock A.

In the fall of 1987, a number of scallop spawnings oc-

curred spontaneously or were carried out producing cohorts

of same-age animals that could be maintained to sexual ma-

turity for purposes of initiating 1 ) lines selected for rapid

growth and 2) control lines comparable in degree of in-

breeding to selected lines. Immediately after capture on

September 23, 1987, 230 live scallops, after transport to

the Skidaway Shellfish Research Laboratory, were divided

into a group of 150 which was placed in a conditioning

environment at 18° to 20°C, and a group of 80 which was

placed on a laboratory raceway at ambient temperatures

ranging from 19° to 26.5° and averaging about 22.5°C.

Both groups were provided with high food concentrations.

On October 20, 1987, the group on the raceway underwent

a vigorous, spontaneous spawning. Unfortunately, only a

fraction of the zygotes produced could be salvaged because

our facilities were strained at the time. While there is no

evidence as to the precise numbers of individuals partici-

pating, the large number of animals on the raceway and the

evidence of an active spawning event suggested that abun-

dant genetic variation would be present in the sample of

720,000 fertilized eggs retained. These larvae were reared

as a same-age parental cohort to provide adults from which

an F, line selected for rapid growth as well as an F, control

line were drawn. Larvae were reared in a 500 L tank, and

subsequently in plastic containers of about 90 L for approx-

imately 2 months at which time an estimated 10.445 were

transferred to a raceway receiving ambient filtered seawater

and Wells-Glancy cultured phytoplankton. During this pe-

riod, larval densities were maintained at less than 1 per ml.

Particular care was taken during the egg and larval

phases, as well as throughout the project, to avoid any type

of culling. This was done in order to conserve all genetic

variance that might bear upon rate of growth.

At slightly less than seven months of age on May 26,

1988 and at an average shell length of about 1 1 mm, juve-

nile scallops of this parental cohort were placed in three

different land based systems for growout. Each system

comprised 1000 scallops, distributed among 10 nets (repli-

cates) at 100 animals per net (Walker et al. 1990). In each,

scallops were suspended in pearl nets of 0.09 m- floor sur-

face area in ( 1 ) a 4270 L fiberglass tank on a concrete pad
at the Skidaway Island Shellfish Research Laboratory, Sa-

vannah, Georgia, (2) a 4270 L fiberglass tank buried in

earth to within about 15 cm of the rim at the same site, and

(3) a 0. 1 ha pond containing penaeid shrimp at the Waddell

Mariculture Center, Bluffton. South Carolina. After ten

weeks, density of survivors was reduced by dividing the

remaining scallops in each replicate into two sub-replicate

nets of 40 to 50 scallops each. At nearly one year of age,

on October 14, 1988, scallops were removed for shell

length (ear-to-ear axis) measurements and survival determi-

nation (Table 1). Details of the culture systems employed
are provided in Walker et al. 1990. ANOVA comparisons
indicated that there were highly significant differences
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TABLE L

Size attained by parental generation populations of the southern bay

scallop on October 13, 1988 at fifty one weeks of age in different

culture systems.

I'ad
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TABLE 2.

Source of select and control line representatives of the parental generation in selection for increased rate of growth in the southern bay scallop.
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TABLE 4.

Temporal aspects of the nursery stage of F, scallops.

Cohort Racewav Phase N(davs) Date Moved to Growout

Select Oct .10/88

Control Oct 30/88

Control Oct 22/88

Select Nov 1 1/88

Nov 8/88-Jun 6/89

Nov 8/88-Jun 6/89

Nov 7/88-Jun 30/89

Nov 22/88 -Jun 30/89

(210)

(210)

(235)

(231)

Jun 6/89 to Skidaway tanks

Jun 6/89 to Skidaway tanks

Jun 30/89 to Waddell Pond

Jun 30/89 to Waddell Pond

upper nets were employed in the computation of herita-

bility. Best estimates of heritability are obtained in environ-

ments that are optimal for growth and development.

The heritability computed here is an estimate of realized

heritability based upon the ratio of selection response to

selection differential. The selection differential expressed

in standard deviations or intensity of selection (i) was dis-

cussed above. The selection response was based upon the

difference between means of the progeny of select and con-

trol parents after attaining the approximate size of the pa-

rental population at the time selection was carried out. The

difference between select and control progeny means was

converted into standard deviations, of the control progeny

population, for estimating heritability. The methods em-

ployed have been detailed in Humphrey and Crenshaw

(1989).

Data set comparisons were carried out by ANOVA using

SPSS and SAS software.

RESULTS

Mean shell length measurements of the three subpopula-

tions of scallops employed in selecting for growth rate are

provided in Table 1 and graphed in Figure 1 . These three

suhpopulations were reared under different growout

systems as described, but all were derived from a common

spawning, and thus have a common genetic heritage. As

indicated above, it was convenient to use as a cut-off point

one standard deviation above the mean. Thus, truncation

selection for the most rapidly growing 15.87% of each sub-

population was effected. Using the mean and standard de-

viation of each subpopulation the shell length cut-off points

determined for the pad tank, the buried tank and the Wad-

dell pond were, respectively. 45. 1 . 49.2 and 46.9 mm (Fig.

1). The means of selected portions of the suhpopulations

were estimated by employing the mathematical property of

normal distributions that the mean of a selected group,

falling under a truncated portion of the normal distribution.

IS equal to z. the height of the ordinate at the point of trun-

cation, divided by the proportion of the total population

being selected, i.e.. the truncated portion of the distribu-

tion. The mean, in standard units, of all three selected pop-

ulations is equal to z divided by the selected portion or:

selected population mean = 0.242/0.1587

= + 1.525 std dev

The means of the selected groups from the three suhpopu-

lations in mm. employing the mean and standard deviation

of each, are, respectively as above, 47.2, 51.6 and 49.1

mm. The selected population mean in standard deviations.

1.525. translates directly into a standardized selection dif-

ferential or intensity of selection (i). This indicates that the

means of the selected populations are 1.525 standard de-

viations above the mean of the parental population from

which they were selected. The proportionate allocation of

individuals from each subpopulation to control and selected

parental groups is shown in Table 2.

Response to selection is determined by subtracting the

mean shell length of the F, progeny of the control line from

the mean shell length of the F, progeny of the selected

parents. This difference is then converted into standard de-

TABLE 5.

Growth and survival of F, scallops reared in three growout systems.

Growout System

Initial Size

mm ± s.e.

Size at 10

Weeks ± s.e.

% Survival at
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viations (of the control progeny distribution) for the com-

putation of a realized heritability estimate. Measurements

and pertinent statistics with respect to these two groups are

given in Table 5. The difference between the means of the

two groups is modest, 1.3 mm, but it is significant (F, jos
= 5.12; P < 0.02). In terms of standard deviations the

difference is 0.314, and this figure represents an estimate

of response to selection in standard units.

Realized heritability (h-) is equal to response to selection

divided by the selection differential, and, in standard units:

h^ = R/S = 0.314/1.525 = 0.206

DISCUSSION

This calculated heritability estimate may be interpreted

to indicate that about 20% of the total phenotypic variance

in growth rate is attributable to the average effects of genes.

It is important to realize that a single estimate is mean-

ingful, but estimates are quite variable due to both sam-

pling errors and environmental variation, and it is desirable

to repeat this experiment in successive generations for re-

finement of the estimate. It will also be instructive to carry

out similar work with other populations.

Taking our estimate of heritability at face value, we
have reduced the time to harvest by about 3 days with one

generation of selection, based upon an average per day
increment of 0.44 mm for the final 10 weeks period of

growout (Table 5). It may be predicted that nine additional

generations of selection at similar intensities would reduce

time to harvest by about a month. We could increase the

rate of selection progress, for example, by selecting as

parents only scallops above the mean plus two standard de-

viations. But this would only increase the rate of progress

by a bit over 50% because the mean of the selected tail does

not increase directly in proportion with increases in the cut-

off point. Further, the rate of decrease in heterozygosity

would increase considerably with the increased intensity of

selection. However, close monitoring of the select line for

negative effects on fitness would permit detection of re-

sulting problems and relaxation of selection in response to

the problem.

From Table 5, it is apparent that growth rates of select

and control populations in the Waddell Pond during the ten

week growout period are very similar. Since we know that

select line larvae have lower growth rates than controls

(Heffeman et al. 1990), it is concluded that it was primarily

during the postlarval juvenile stage, up to a shell length of

about 14 mm. that select line progeny grew at a rate greater

than that of controls. This greater overall growth of select

line progeny occurred in spite of the fact that they were

some 20 days younger than controls at the time measure-

ments were taken (Table 3). We have ignored this age dif-

ference, approximately 8%. in the interests of following

conservative procedure in estimating heritability. However,

this factor is of considerable importance and our procedure

unquestionably tends to bias our estimate in the direction of

significant underestimation.

It is possible to adjust our heritability estimate above by

taking into consideration an additional twenty days of

growth for the select group, to make the select group iden-

tical in age to the control group at the end of the first

growout period. This procedure is flawed because there is a

twenty day stretch at the beginning and at the end of this

adjusted period of growth during which the controls and'

selects are not sharing the same environment. However, it

is useful to calculate what may be considered an upper limit

to a realized heritability estimate. We have growth data for

the select scallop group for an additional ten weeks periods
after the date of the heritability estimate, and so it is pos-
sible to estimate the growth that would have occurred in the

first twenty days of the second ten weeks in growout. The

mean growth of the select group over the full (second) ten

weeks period was 6.39 mm, nearly one fifth that experi-

enced during the first ten weeks (30.58 mm). This averages
out to about 0.0913 mm per day, or about 1 .83 mm for the

first twenty days. Since growth rate was probably tapering

off during this period, this is likely a conservative estimate.

If we add the response employed in our original heritability

ratio above (1.29 mm) to that due to an additional twenty

days of growth ( 1 .83 mm), we obtain an adjusted response
estimate of 3.12 mm. This translates into 0.76 standard de-

viations and an adjusted heritability estimate:

h2 = R/s = 0.76/1.525 = 0.498

While this estimate is most reasonably viewed as an upper
limit estimate, we think it likely that further work will pro-

vide heritability estimates of growth rate in scallops closer

to our upper limit than to our more conservative estimate.

We cannot rule out with certainty that the lower density

of select line progeny, as compared with controls, during

the nursery stage (on raceways) may have contributed to

greater growth of the select line progeny. The density of the

postset select line cohort was actually much greater than

that of the control cohort at the outset. Numbers of the con-

trol cohort were 50,000 for the 340 L raceway, a density of

about 0.15 larvae per ml. considerably less than the den-

sity. 0.5 larvae per ml. recommended by Bourne et al.

(1989).

By comparison, the density of the postset select line co-

hort at the outset. 330.000 for the 340 L raceway, is equal

to nearly 1 .0 larva per ml., greater than the density recom-

mended by Bourne et al. ( 1989) but still below the density

of 4 or 5 per ml recommended by Castagna and Duggan
(1971) and Castagna (1975). Presumably . if there had been

an effect of this density differential, it would have been a

negative effect on growth in the select cohort. By the time

of transfer of both cohorts into pearl nets and growout,

about eight months later, there had occurred a reversal of

the relative densities of these cohorts resulting from consid-
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erably lower survival in the select cohort resulting from

than in the control population (Table 3). In the select co-

hort, a survival rate of 0.002 reduced the density to about

0.044 juveniles per cm^ of raceway bottom by the time of

transfer to pearl nets and growout, at a mean shell length

measurement of 14.0 mm. By comparison, mortality in the

control cohort on raceway (nursery stage) reduced the den-

sity to about 0.222 juveniles per cm^ of raceway bottom by
the time of transfer to growout. at 12.5 mm shell length. It

is suspected, but not known, that most of the observed mor-

tality occurred at and/or within eight weeks of setting. This

is known to be a critical period and is often associated with

heavy mortality (Castagna \975. Bourne et al. 1989. 6
Foighil et al. 1990).

Duggan (1973) recommends an optimum density in

growout of 25 scallops per ft- (—0.09 m-^) of bottom area.

However his results show very similar growth of 25/ft'

(—0.09 m-) and 50/ft- densities up to shell lengths of about

35 mm. From results obtained in the Waddell Pond, we

(Walker et al. 1991. In preparation) have confirmed

Duggan's results, showing that in 6 mm mesh pearl nets at

densities of 25 per (—0.09 m'), growth is slightly but sig-

nificantly greater than at a density of 50 per (—0.09 m^) for

both the first and second ten-week periods of growth. Our

design called for densities of 50 per net (—0.09 m^) for

control and select lines alike for the first 10 weeks to be

reduced to 25 per net for the second period. However, as

indicated above, it was decided to estimate heritabilities

after the first period because mean control cohort size ap-

proximated that of the parental population at the time mea-

surements were taken for purposes of establishing a selec-

tion cut-off point.

It is possible, but we think not likely, that the higher rate

of growth of the select Ime cohort, relative to controls, may
have been due in part to greater crowding of controls prior

to growout. Such an effect would be a complicated one to

evaluate inasmuch as it would have started, if indeed it did.

as total scallop biomass reached a threshold level during

development on the raceway and would have become in-

creasingly effective as biomass per unit of space increased

for whatever period of time remained before transfer to

growout. We believe that adequate nutrition was provided

for both select and control cohorts (nursery), and it is clear

that scallop biomass per unit of floor space at the end of

development on raceway was a fraction of that at the end of

10 weeks of growout in pearl nets.

Estimates of heritability of characteristics other than

growth rate in shellfish would not be expected to be closely

correlated with our estimate. Nor would growth rate herita-

bility estimates based upon other methods of determination,

e.g.. sib analysis, or other life history stages be expected to

be similar. Although a different species is involved,

Hadley's (1988) results with the northern quahog (Mercen-

aria mercenaria) may be compared with our own. Ignoring

her single negative estimate of realized heritability which

cannot be correct and which Hadley thought may have been

due to disparate rearing densities, the other two, h' = 0.42

and 0.43, are quite consistent and indicate that heritability

of growth rate in that species is about twice as great as our

conservative estimate for the southern bay scallop (h^ =

0.206) but a bit lower than our upper limit estimate (h^ =

0.498). If our conservative estimate proves to be more ac-

curate, one interpretation of such a difference is that rate of

growth in the short lived scallop, approximately one year to

18 months, may have been more critical and the focus of

more persistent and intense natural selection than in the

longer lived quahog. up to 46 years. Thus, the bay scallop

may be thought of as an ecologically more opportunistic

species, with genetic variance for and heritability of growth
rate reduced by continuing selection for maximum growth
rate.

The failure of the two Skidaway tank F, cohorts, select

and control, to grow at a reasonable rate, as well as the

poor growth of the select line relative to controls in these

tanks, is probably a direct result of undernourishment

(Table 5). We know their daily food ration to have been

50% or less than that received by their parents at a com-

parable stage a year (
=

generation) earlier. Furthermore,

the growth after 10 weeks for both select and control

groups at the Waddell pond was much higher (30% for

controls; 50% for selects) than for scallops in the Skidaway
tanks, and there was a significant response to selection

demonstrated by scallops in the Waddell pond. This fo-

cuses our attention on the importance of environmental

factors in efforts to generate heritability estimates. It has

been well documented that populations subjected to selec-

tion are often less hardy than unselected controls, a result

largely attributable to inbreeding effects consequent to se-

lection (Lemer 1954). It is also understood that selection

carried out under one environment may (or may not) pro-

duce quite different results in another. Falconer ( 1981 ) dis-

cusses such genotype-environment interactions. It is also

well documented that organisms which have been subjected

to selection are prone to perform at a lower level than their

control counterparts when stressful conditions prevail, as in

the case of undernourishment in our Skidaway tanks. In a

situation comparable to our own. it has been found that

plants selected for high productivity during the "Green

Revolution" effort often performed significantly more

poorly than unselected stocks when not provided with the

proper soil, optimum water and fertilizer available while

the strains were being selected (Nebel I98I, Baer 1977).

This should serve as a cautionary note for other workers in

the field. The need to insure near "optimar" growout con-

ditions for select and control lines is essential. Care should

be taken to assess adequately environmental parameters

(e.g., temperature, salinity and food availability) in the

growout system chosen.

The fact that poorly fed selected line progeny actually

grew more slowly, at face value, than controls would make
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an attempt to calculate a realized heritability from these

data a meaningless exercise, producing a negative herita-

bility estimate.

We have provided results earlier that indicate a nega-

tively correlated effect on larval growth rate in the progeny

of the northern quahog selected for rapid growth rate to

adult size (Heffeman et al. 1991). We also have data indi-

cating significantly higher embryonic mortality by day 2

for the same progeny. Furthermore similar results have

been obtained in studies of scallop offspring dynamics

(unpub. data). Our interpretation of these effects is that

arrays of genes responsible for growth rate to adult size are

not identical to those determining larval growth rates.

Thus, in focusing upon overall growth to the adult stage,

we have lost a certain amount of larval rate of development

and some embryonic survival as a cost of selection. How-

ever, the decreased larval growth rate is more than com-

pensated for by increased juvenile and/or adult rate of

growth.

There are a number of methods that may be employed to

estimate heritability of a trait, each of which has its advan-

tages, disadvantages and special implications. The method

used in this research produces an estimate of realized heri-

tability. i.e., an estimate of the response to selection that

may be actually obtained. As pointed out by Falconer

( 1981 ), of the variety of methods for estimating heritability

this method "provides the most useful empirical descrip-

tion of the effectiveness of selection ..." The procedures

involved in obtaining estimates of realized heritability by

selection differential and response have been outlined and

simplified with specific emphasis on shellfish by

Humphrey and Crenshaw (1989). The protocol followed in

this outline approximates closely the practices that the

mariculturist breeder might follow.

An additional aspect of our approach that is appealing is

that having maintained our populations of scallops for the

two generations required to obtain an estimate of realized

heritability, we have simultaneously made some selection

progress toward the goal of shortening time in growout,

and we are three years into selection research to reduce

time to harvest for the bay scallop.

Several concerns are associated with our protocol, the

most important of which include the assumptions of

random breeding of parental stocks and equal gametic con-

tributions of parents on the spawning table. It is clear that

all broodstock present may not spawn, that there is likely

great variation in the numbers of gametes produced by dif-

ferent contributors, and that early contributors to a given

spawning event are likely favored in the extent to which

they contribute to the progeny pool. The effects of natural

selection and maternal effects may also lead to either rela-

tively increased or decreased representation of specific

parents in the progeny pool. However, in general, use of as

large a number of potential parental animals as possible

will make it most likely that animals that do spawn, or that

spawn early, will be not too distant from the mean, simply

because of the numerical preponderance of animals about

the mean. Although successive generations of selection will

eventually lead to reductions in real heritability, as genetic

variance is reduced, successive estimates based upon the

first few generations of selection should serve to increase

the reliability of realized heritability estimates.

With respect to variation in number of gametes produced

by different individuals, it is a continuing concern that the

small animals in any group will likely make lesser gametic

contributions on the average than larger animals. The effect

of this will be most important in the comparison of the

progeny of select and control parents. Select parental an-

imals will have no small members, but the control, having

been randomly selected from the total parental phenotypic

distribution, will include small representatives m the ap-

proximate proportion of their occurrence in the parental

population. The effect of reduced productivity of small an-

imals will be to make the heritability estimate an underesti-

mate, (if the trait is heritable). If small members of the

control group are not proportionately represented in the ga-

mete and progeny pools resulting from a mass spawning,

then the shell length mean of the F, control progeny would

be slightly larger than it would with proper representation

of small animals, and the difference between the control

and select means, the response to selection, would also be

reduced. Since selection response is the numerator in the

heritability ratio, if the selection response is biased down-

ward, so will be the estimate of heritability.

Interestingly, if the progeny contribution of very rapidly

growing (large) animals is reduced, the resulting effect will

be in the direction of heritability overestimate. In general,

it is expected that organisms about the mean will be more

fit, i.e., will contribute more progeny to the next genera-

tion, than those at the extremes of a distribution (Wallace

1981). It is our feeling that our own conservative herita-

bility estimate is probably an underestimate, but an esti-

mate that will not be expected to mislead the shellfish

breeder in his efforts to improve a shellfish stock.

Both natural selection and maternal effects may detract

from the validity of heritability estimates based upon the

selection differential and response ratio. We have no reason

to believe that either has played an important role in our

results. However, we have reduced the effects of natural

selection to the greatest extent practical, and we expect to

explore the importance of maternal effects by appropriate

methods in the future. In the final analysis, the method em-

ployed here, even with its disadvantages, is clearly the

method of choice in determining the effectiveness of selec-

tion.

Problems due to inbreeding and the consequent loss of

heterozygosity will be expected to develop sooner or later

in our select line. However, inbreeding in the parental gen-

eration, produced by wild caught animals, would be essen-

tially non-existanl. In the F, generation limited inbreeding
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would be expected, but reduced heterozygosity would be so

slight as to produce negligible effects.
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GEODUCK, PANOPEA ABRUPTA (CONRAD, 1849), SIZE, DENSITY, AND QUALITY AS
RELATED TO VARIOUS ENVIRONMENTAL PARAMETERS IN PUGET SOUND, WASHINGTON
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Brinnon, Washington 98320

ABSTRACT The relationship between geoduck. Panopea abrupta Conrad. 1849. size, density, and quality and several environ-
mental parameters were examined from diver survey data from Puget Sound, Washington. The average shell length and whole wet

weight of 1 1.154 geoducks were 135.2 mm and 872.2 g respectively. Shell length was inversely related to latitude and water depth.

Average shell length of geoducks taken from mud. mud-sand, sand, and pea gravel-gravel substrates was 130 2 mm. 137.0 mm.
138.6 mm. and 128.8 mm respectively. Geoducks were contagiously distributed: the average number of clams per clump was 109 and
the average number of clumps per 4 1 .8 nr quadrat was 0.64. Geoduck density was inversely related to latitude and directly related to

water depth and averaged 1.66 clams/m- throughout Puget Sound. Plants and animals most commonly associated with geoduck beds
were chaetoptend polychaetes. sea cucumbers, sea pens, laminanan kelp, and other clams. Geoduck quality was inversely related to

water depth.

KEY WORDS: geoduck. Panopea ahrupia. size, density, quality, environment

INTRODUCTION

The geoduck dam Panopea abrupta Conrad, 1849, is a

large hiatellid which occurs from Alaska to Baja, Cali-

fornia (Andersen 1971). It lives deeply buried in sand and

mud substrates from the lower intertidal to depths of at least

1 10 m (Jamison et al. 1984). The clam spawns primarily in

the late winter to early summer (Andersen 1 97 1, Goodwin
1976, Sloan and Robinson 1984). They grow rapidly in

prime habitats and can reach the average Puget Sound

weight of 872 g in five years (Goodwin 1976. Goodwin and

Pease 1987). Recruitment rates in many locations are very-

low (Goodwin and Shaul, 1984). Geoducks are very long-

lived, reaching ages well over 100 years in British Co-

lumbia, Canada and Puget Sound. Washington (Shaul and

Goodwin 1982, Harbo et al. 1983, Breen and Shields 1983,

Sloan and Robinson 1984).

This large clam supports very important commercial
fisheries in British Columbia and Washington State.

Landings in British Columbia in 1984 were 3483 tons (Ja-

mieson and Francis 1986) and peaked at 3922 tons in 1977

in Washington State (Goodwin and Pease 1987). The clams

are taken by divers primarily in water depths of 6 to 18 m.

The Washington Department of Fisheries (WDF) rou-

tinely evaluates subtidal geoduck stocks by SCUBA diver

surveys (Goodwin 1973. Goodwin 1978, Goodwin and
Shaul 1978, Goodwin 1979, Goodwin 1980. and Goodwin
and Shaul 1981). This paper presents the environmental

data collected during the surveys and analyzes the relation-

ships between this data and geoduck size, density, and

quality.

MATERIALS AND METHODS

A complete description of the methods will not be given
in this paper. For this the reader is directed to Goodwin and

Pease 1987. For this study Puget Sound was divided into

six regions (Fig. 1). These regions conform quite well to

the divisions of the Sound used by oceanographers and are

based on water circulation patterns and the location of sills

(Strickland 1983, Collias et al. 1984).

Geoduck densities were estimated by diver counts of

geoduck "shows" (siphons or marks left in the substrate by
retracted siphons) along 0.91 m x 45.72 m transects. The

transects were oriented with the long axis perpendicular to

the shoreline and most were completed in water depths of 6

to 18 m. The counts were adjusted by a "show factor" to

account for the geoducks that could not be detected by
divers (Goodwin 1977). In most geoduck beds at any par-

ticular time a portion of the clams will have retracted si-

phons. If the holes in the substrate left by the retracted si-

phons fill in with substrate material, then the clams can be

very difficult to detect by divers. The percentage of clams

that can't be detected can be estimated by counting geo-
ducks in nearby plots where the populations are known
from previous work. This percentage, then, is the "show
factor.

'

At the end of each transect the divers recorded the water

depth, their subjective assessment of the surface substrate,

and the presence of readily visible macroflora and fauna.

The substrate was assigned to one or a combination of the

following categories: mud, sand, pea gravel, and gravel.

The boat operator recorded latitude and longitude at the

start of each transect. At approximately 30% of the tran-

sects, a sample of ten or more geoducks was washed from

the substrate with a water jet (dig samples). These samples

provided data on geoduck size, quality, ease and speed of

harvest, and substrate composition below the surface layer.

The greatest anterior-posterior length of the right valve

was measured with calipers. Whole wet weight was mea-

sured after varying amounts of drainage time (few minutes

to several hours). The quality of geoducks was evaluated

65
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by comparing the color ol the meat m cross sections at the

base of the siphon to permanent color standards. Geoducks

were judged to be 1. 2 or 3 grade. Number one grade was

the lightest color and three, the darkest.

The data were stored and processed on a Zenith 100 mi-

crocomputer. Most ot the analyses were conducted with the

Statpak version 3.2 statistical package from Northwest An-

alytical, Inc., Portland, Oregon. Some of the regression

analyses were conducted with MINITAB on a Prime mini-

computer.

The data were first analyzed by frequency histograms

and tested for normality by the Chi-squared method. If the

data proved to be nomiai, then standard parametric statis-

tical tests were used (Zar 1974). If the data were not

normal, then standard transformations (natural log, arc

sine, and Taylor) were used to normalize it (Thoni 1967,

Elliott 1971, Zar 1974) after which standard parametric

tests were used. Data which could not be normalized were

analyzed with non-parametric methods (Zar 1974). The

probability level of significance in all multiple range tests

discussed in this paper was 95%.

RESULTS

Numbers and Kinds of Samples Taken

The following results were based upon a maximum of

8698 transects and 2608 dig samples. The majority of those

samples were taken in the Strait of Juan de Fuca, Central

Sound, Hood Canal, and South Sound due to the discovery

of large numbers of geoducks in the early surveys in these

regions.

Geoduck Length and Weight

Overall geoduck length and weight frequency distribu-

tions and descriptive statistics for these distributions are

shown in Figures 2 and 3. The average length and weight

of 1 1,154 geoducks measured was 135.2 mm and 872.2 g.

The range of length and weight varied from 49 mm to 212

mm and 28 g to 3250 g. The low number of small geoducks

shown in the figures is due partly to the fact that the water

jet method is not an efficient system to obtain small clams.

The distributions of sample means were tested for nor-

mality. Mean geoduck shell lengths were normally distrib-

uted (Chi square
=

1 1 .49, P > 0.05). Therefore the length

data was not transformed and parametric tests were used in

the analyses involving length. Mean geoduck weights were

not normally distributed (Chi-square
= 87.1, P > 0.05).

Natural log transformed mean weights were normally dis-

tributed (Chi-square
= 17.6, P > 0.05) and used in para-

metric tests. Several factors may have contributed to the

non-normality of the weight data. Whole wet weight could

have been affected by the length of time between sampling

and weighing (drain time) which varied from day to day.

Weight may have been affected by the harvest with a water
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tionship (Fig. 5). The best fit line (log linear) flattens out

with increasing water depth so geoducks from depths

greater than 18 m would probably not show additional sig-

nificant decreases in shell length. Geoducks were not dug
in water deeper than 20 m so this prediction was not tested.

All tests for length discussed above were also done on

natural log-transformed weight data. Similar results were

obtained from the ANOVA (F = 97.6, P < 0.001) and

regression analysis (F = 241.5, P < 0.001) except that the

best fit from the regression analysis was a simple linear

model.

We can conclude that geoduck length and weight de-

crease significantly as the water depth increases between 3

and 20 m.

Length and Weight Versus Sediment Type

The length and weight data were placed into four groups

depending on the major component of the surface substrate

layer as subjectively assessed by divers. For example, if the

divers judged that the major component of the substrate

surface sediment along a transect was sand and a geoduck

sample was dug somewhere along this transect, then the

length and weight data would be placed in the sand cate-

gory.

The average shell length and whole wet weight (non-

transformed) of geoducks in samples from the various sedi-

ments range from 128.8 mm and 835.2 g in pea gravel-

gravel; to 130.2 mm and 783.5 g in mud: to 137.0 mm and

895.6 g in mud-sand; and to 138.6 mm and 907.2 g in

sand.

The differences in the mean lengths and weights be-

tween the four substrate categories were assessed with a

one-way ANOVA and the Newman-Keuls multiple range

test. The mean lengths are significantly different in the four

sediment types (ANOVA F = 7.9. P > 0.001). The

Newman-Keuls test showed that there are only two size

groups based on the four sediment categories. The mean

length of geoducks in sand was not significantly different

from the mean length of geoducks in mud-sand mixtures.

The mean length of geoducks in mud was not significantly

different from the mean length in pea gravel-gravel mix-

tures. There was a significant difference between the mean

length of geoducks in sand and mud-sand sediments and the

length of geoducks in mud and pea gravel-gravel sedi-

ments. The ANOVA for weight in the various substrate

types showed no significant differences (F = 2.6, P >
0.05).

The lack of significant differences in weight is probably



70 Goodwin and Pease

CD2
UJ

200 l-

180

160

140

120

UJ 100
X
CO

80

60

. •
: .

'

, I
'

.
•

; !.'.'

a 10 12 lA 16 18 20

WATER DEPTH (M)

Figure 5. Mean shell length versus mean water depth in 1114 samples collected from Puget Sound between 1973 and 1985. Regression line, shell

length = 226.62 - 25.37 x Ln (water depth).

due to the factors that affect the weight (drain time, injury

by the water jet or variable shell thickness). All these

factors increase the variability of the weight measurements

compared to the length measurements, thereby making real

differences in weight more difficult to detect.

Geoduck Density

The density frequency distribution of geoducks/m^ (Fig.

6) shows that the data are definitely not normally distrib-

uted. The Taylor transformation produced a distribution

that is closest to being normal (Fig. 7). If the two ends of

the curve are trimmed off. i.e., below 1 .19 and above 4. 19,

the resulting distribution is very close to normal. With the

large data set (8589 quadrats) and the clo.se approximation

to a normal curve, we decided to use parametric tests on the

transformed and trimmed data.

The average of 8589 untransformed, untrimmed, 41.8

m^ quadrat counts was 69..^ geoducks (1.7 geoducks/m-^;

range was 0-22.5 geoducks/nr) with a standard deviation

of 87.1 geoducks. This includes samples where no geo-

ducks were found. The average density with zeros removed

was 2.1 geoducks/m^.

The distribution in Figure 6 is a negative binomial,

which means that geoducks are clumped or contagiously

distributed. The average number of individuals per clump

is 109 and the average number of clumps per quadrat (Hl-

liott 1971) is 0.64.

Density Versus Geographic Area

The densities of geoducks (non-transformed data) were

2.0. 1.9, 1.7, 0.6, and 0.2/nr in South Sound, Hood

Canal, Central Sound. Strait of Juan de Fuca. and North

Sound, respectively.

A one-way ANOVA of transformed and trimmed den-

sity data demonstrated a significant difference between

geographic areas (F = 529.2, P < .001). The Newman-

Keuls test of the same data gave significant differences be-

tween all areas tested except Hood Canal and Central

Sound.

Density Versus Latitude

A regression analysis was completed to discover if geo-

duck density is related to latitude (Fig. 8). The regression

analysis revealed a significant inverse linear relationship (F

= 341, P < 0.001). Geoduck density decreases signifi-

cantly along a south to north gradient.

Density Versus Water Depth

Geoduck density was examined in three different depth

categories (<9.1 m, 9.1 m to 13.7 m, and >13.7 m). The
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descending order of the number of samples in which the

particular plant or animal was observed. The organisms

listed have been identified to the species level with ones

that are easily caught and identified, but others are listed by

major taxon.

Sixty-eight species or groups were observed, but only

the 12 taxa occurring in 100 samples or more are shown in

Table 2.

Flora and Fauna Versus Geoduck Density

Plants and animals that occurred in 100 samples or more

were examined further to see if geoduck density in samples
with these organisms is significantly different than in

samples without the organisms (Table 3). Because geoduck

density is not normally distributed and the associated

species are probably not normally distributed, the Mann-

Whitney nonparametric test was used in the analyses.

These tests showed that geoduck density was significantly

correlated with chaetopterid polychaetes, sea pens, horse

clams, red rock crabs, moon snails, and kelp.

Geoduck Quality

Geoduck Quality Frequency Distribution and Tests for Normality

A geoduck quality mdex was calculated by the following
formula: quality index = Log [(Nl x 1000) + N2 -(- (N3

X -1000) + 100,000] X 1000 where log
= natural loga-

rithm, Nl = number of grade 1 geoducks. N2 = number

of grade 2 geoducks, and N3 = number of grade 3 geo-

ducks. The histogram of all quality data showed that the

data was not normally distributed and could not easily be

normalized with transformations. All statistical tests used

on quality data were non-parametric.

Quality Versus Water Depth

The quality data from samples taken in the three pre-

viously used water depth categories (<9.1 m, 9.1 to 13.7

m, >13.7 m) were analyzed with a Kruskal-Walis test (Zar

1974) and the quality was found to be significantly dif-

ferent in the three depth ranges tested (Chi-square
= 5.99,

P < 0.005).

A Spearman correlation coefficient test was run on the

quality and water depth data and a significant positive cor-

relation (rs
= 0. 1 19, P < 0.002) was found. As the water

depth increases, the quality of geoducks measured as meat

color generally decreases.

An ANOVA conducted between mean water depth of

geoduck samples and four substrate categories discussed

earlier showed a significant difference in water depths be-

tween the categories (F = 3.12, P < 0.001). A Newman-

Keuls multiple range test showed that the average water

depth of mud substrates was 12.2 m and was significantly
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Figure 8. Geoduck density (Taylor-transformed and trimmed density based on 41.8 m^ quadrats) versus latitude in 6131 samples collected in

Puget Sound between 1969 and 1985. Regression line, geoduck density = 25.3 - 0.47 x latitude.

deeper than the depths of the other three substrate catego-

ries.

Quality Versus Substrate Type

The quality of geoducks in the four previously discussed

substrate types was tested with a Kruskal-Wallis test (Zar,

1974). No significant differences in quality were found at

the 95% probability level, but differences were present at

the 90% probability level. The robustness of the non-para-

metric test was insufficient to detect differences at the 95%

level. Unfortunately, there are no multiple range tests for

the Kruskal-Wallis test to determine where the differences

occur or, in this case, in which substrate the highest quality

was found. The averages of quality index in the four sub-

strate categories are given in Table 4. The highest quality

index was found in mud-sand, sand, and peagravel-gravel

and the lowest, in mud.

DISCUSSION

Geoduck Length and Weight

Many factors can affect the size of geoducks found in

any particular bed, including the productivity of the water,

the water depth and current flow, the substrate composi-

tion, and the geographic area.

The largest geoducks in Puget Sound are found in South

Sound even though primary productivity is less here than in

Central Sound (main basin, Strickland, 1983). Central

Sound is very high in primary production on a yearly basis;

however, the production comes in large blooms and is con-

centrated during the period April through August (86% of

the yearly 462 g of carbon fixed per m^). Production in the

South Sound, even though less than Central Sound, is

spread out over a longer time period and is not so heavily

concentrated in dense, short-lived blooms. The average

summer water temperature (July through August, to 20

meters) of the South Sound region is normally 2 to 3°C

higher than the main basin (Collias et al.). The South

Sound region, with wanner summer water and more even

plankton production may be more conducive to overall

growth of suspension feeders such as geoducks.

The inverse relationship of size with latitude is apparent

only in Puget Sound. Geoducks in British Columbia are

larger than those of Puget Sound even though the average

latitude of geoduck beds in British Columbia is much

higher than most of Puget Sound. Geoducks from five lo-

cations in the Strait of Georgia and the west side of Van-

couver Island range from 134.0 to 163.9 mm of shell length

(Breen and Shields 1983). In another study 1774 geoducks

were obtained from commercial processors. The clams had

been taken from 10 different locations in British Columbia.

The average length was 150 mm and the range was 90 to
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195 mm (Harbo et al. 1983). Although geoducks are larger

in British Columbia than in Puget Sound, the largest indi-

vidual measured was found in Puget Sound (212 mm shell

length and 3250 g whole wet weight).

Geoducks which grow in compact sediment such as pea

gravel-gravel or shell substrates are often small and mis-

shapen from being confined among the relatively large,

hard materials. The substrate itself can reduce the size to

which clams would grow if they were in less compact mate-

rial. Clams occurring on top of layers in the substrate which

they cannot penetrate to assume their normal burial depth

TABLE 1.

Percentage of transects with geoducks present in six regions

of Puget Sound.
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TABLE 2.

Occurrence of plants and animals in quadrats taken between

1982 and I 985.

Plant or animal

Number of quadrats

witb species or )>roup

Chaeloplond polychactes

Sphiocluwlopienis caslarum

Phyllochaetopterus prolifica

Sea Cucumber

Parasuchoptis califoniicus

Sea pen

Ptilosarcus gurneyi

Kelp
Laniinaria sp.

Horse clams

Tresiis sp.

Large red algae

Phylum Rhodophyta
Small red algae

Phylum Rhodophyta
Suntlower star

Pycnopodia helicmlhoides

Red rock crab

Cancer producnis

Short spined starfish

Pisaster brevispinus

Moonsnail (and/or egg cases)

Potinices lewisii

Ample panomya
Panom\Li ampla

529

429

321

257

215

177

162

124

123

118

114

103

crease in juvenile survival next to adults. No relationship

was found between geoduck density and size. Fyfe (1984)

also found this to be true in British Columbia.

The contagious distribution may be due to the patchy
distribution of preferred substrates, attraction of adult con-

specifics for settled larvae, or the presence or absence of

other plants or animals. Cooper and Pease (1987) have

shown that tubes of two chaetopterid polychaetes will elicit

a significant metamorphosis response in larval geoducks.
The density of geoducks is positively correlated with the

presence of these polychaete worm tubes. Differential set-

ting and/or survival in the patches of worm tubes could ex-

plain the patchiness in adult geoducks. Other positive cor-

relations are probably coincidental, i.e., geoducks and the

other organisms co-occur simply because they both prefer

the same habitat with little or no biological interaction. The

association of starfish, crabs, soles, flounders, and moon
snails with geoducks could be due to attraction of these

animals to geoducks as a food source because all are known
to be predators of geoducks.

The average geoduck density of our transects was 1.7

clams/m^. The range in density was to 22.5 geoducks/m-.
The average weight of these geoducks was 872.2 g. There-

fore, the average standing stock was 1483 g/m^. The

highest standing stock was 19,630.7 g/m^. Very frequently

geoducks dominate the benthic biomass (weight per unit

TABLE 3.

List of species where geoduck density was .significantly different than

in samples without those species (non-transformed or trimmed data).
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TABLE 5.

Geoducks observed by underwater T.V. in Case Inlet.

Water

depth (m)

6-12

13-18

19-24

25-30

31-36

37-42

43-48

49-55

56-6!

Average geoduck
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.ABSTRACT There was little seasonal trend in any condition index calculated for specimens of Arclica isluiulica collected off New

Jersey monthly from November 1988 through October 1984, Tissue weights calculated for standard-sized (45 mm shell length)

individuals each month also had no clear seasonal variation. Total calculated monthly wet tissue weights varied from 37,9 to 51,3 g,

or 15% below and above the annual mean (44 g). Total calculated monthly dry tissue weights varied from 8,4 to 13,6 g. or approxi-

mately 25% below and above the mean (10,7 g). Almost all variation m computed dry tissue weight between months was due to

variation in weight of the viscera (which included the gonad), while there was little month-to-nionth change in somatic tissue weight.

It is suggested that site-specific differences in growth rate and reproductive cycling, and/or lack of synchrony of reproductive cycles of

individuals at a given site contributed to the observed annual index pattern

Males had greater mean condition index values (based on total dry tissue weight divided by internal shell volume) in spring and

summer, and higher visceral index values (visceral dry tissue weight divided by total dry tissue weight) throughout the entire year than

females. Males (n = 168) were outnumbered by females (n = 218) 44<7t to 56'7(. yielding a male;female ratio of 0,77;1; no

hermaphrodites were found Mean shell length of females was larger than for males each month, A canonical discriminant function

based on shell height and the natural log of shell weight estimated sex correctly in 257 of 386 individuals (67% ). or only slightly better

than chance (50% ), Results of growth line analyses of a sub-sample of quahogs suggest that females may live longer and have a larger

asymptotic size than males,

KEY WORDS: Anlicci islcuuiica. ocean quahogs. condition, shell morphometries, growth, sex ratio

INTRODUCTION

The ocean quahog, Arctica islandica L, is harvested in

large quantities off the east coast of the United States. In

1989, U,S. landings were approximately 23,000 metric

tons of meat with an estimated dock-side value exceeding

$16 million (NOAA 1990). Little is known of seasonal

changes in condition (the ratio of tissue weight to shell

weight or volume) in the mid-Atlantic Bight, where the

fishery for the species is concentrated (NOAA 1988).

Ropes (1971) determined shell length-meat weight relation-

ships for quahogs collected at two locations in the mid-At-

lantic Bight in June. Murawski and Serchuk (1979) sug-

gested a latitudinal gradient in shell length-meat weight in

samples obtained in February -March, in which size-spe-

cific meat weight increased with decreasing latitude. In

their samples, however, individuals at different latitudes

may have been at different stages in their reproductive de-

velopment which could have affected their conclusions.

Murawski et al. (1982) reported that size-specific meat

weights of quahogs from a single location were lower in

August 1979 than in February 1980, but differences in meat

weight were small and only two samples were used in the

study. The present study was initiated to examine monthly

changes in condition of A. islandica off New Jersey using

samples obtained from a commercial processor. Another

objective of the study was to determine the similarity be-

'Send repnnt requests to: LWF, NMFS/REFM. Alaska Fisheries Science

Center. 7600 Sand Point Way NE. Seattle. WA 98115,

tween female and male ocean quahogs in their shell mor-

phometry and seasonal condition cycles.

MATERIALS AND METHODS

Samples of ocean quahogs were obtained once each

month from November 1988 through October 1989 from a

clam processor in Wildwood, NJ. A sample consisted of

approximately 40 individuals selected from the catch of a

single vessel. Catch location was available for only four of

the twelve samples. Two samples (November 1988 and

June 1989) were collected approxiinately 56 km SE of the

mouth of Cape May Harbor (38°35.05'N, 74°22.68'W;

38°34.45'N, 74°20.35'W, respectively). Another two

samples (May and September 1989) were collected farther

north and east, at approximately 80 km ESE and 61 km E,

respectively, of the mouth of Cape May Harbor

(38°43.04'N, 73°50.92'W; 38°50.5rN, 74°03.56'W, re-

spectively). Depth at each of the known collection sites was

between 40-45 m. Based on interviews with personnel at

the processing plant, there was no reason to suspect that the

other eight samples were collected from areas far-removed

from those listed above.

Quahogs were transported to the lab on ice where they

were sacrificed within 24-48 h. Time intervals from when

the clams were caught until they were collected from the

plant ranged from 4-24 h. Several shell morphometric and

tissue weight measurements were obtained (Table 1). Soft

tissues were removed and dissected to measure drained wet

and dried (at 60-70°C for between 6-8 d) somatic, vis-
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ceral and total tissue weights to the nearest 0.01 g on a

top-loading balance. Dry tissue weights of between 28-30

individuals were measured each month (total N = 357).

Sex of either 30 or 40 individuals each month was deter-

mined by gonad biopsy (total N = 386). A pipette was

inserted in the gonad through the body wall and a small

quantity of gonadal tissue was withdrawn, placed on a mi-

croscope slide and examined at lOOx for the presence of

eggs or sperm.

Three indices of condition were calculated for each indi-

vidual specimen (Table 1 ). Means of the individual arcsin

Vp transformed condition and visceral index values

(± standard error) were calculated separately for females,

males and the total sample each month (Sokal and Rohlf

198 1). Reported condition and visceral index values are

back-transformed to percent. Separate least-squares linear

regressions were calculated for females, males and the total

sample each month relating shell length and SDW, VDW,
TDW and TWW (Table 1). In each case, the natural log of

the tissue weight was regressed against the untransformed

shell length, yielding an equation which was used to calcu-

late the tissue weight (±95% confidence intervals) of a

standard-sized (95 mm SL, approximate mean SL of all

specimens; Table 1) specimen. Various linear regressions

comparing morphometric and tissue measurements were

calculated to distinguish any statistical morphometric dif-

ferences between females and males. Step-wise and canon-

ical discriminant analyses (SAS 1988) using the five shell

morphometric variables and one tissue weight variable

(VDW) were used to generate a function to discriminate

between males and females using shell morphometry and

visceral tissue weight. Step-wise procedures were used to

determine which morphometric parameters were most pow-
erful in discriminating between the sexes. Canonical dis-

criminant analysis using two classes (sexes) is a dimen-

sion-reduction technique in which a new variable is com-

puted which should be negative for one class, in this case

males, and positive for the other.

Growth line analyses were conducted using the left

valves of 22 females and 25 males collected in May and

June 1989. Methods of embedding, polishing and acetate

peel preparation were those of Ropes (1985). Prismatic

sublayers within the inner complex-crossed lamellar layer

and/or the cardinal tooth were counted on a single specimen

(at 40 and 100 x on a compound microscope; Ropes et al.

1984a) until three counts (by the same reader) were within

10% of one another. Best-fit equations relating SL and the

mean of the three growth line counts were generated sepa-

rately for females and males. Data for females had a strong

linear component and an equation was fit using least-

squares linear regression. Data for males had a strong cur-

vilinear component and a nonlinear regression model of the

form ,

SL = B + Ce^^fGL),

(where SL = shell length, B = an estimate of asymptotic

shell length, e = the base of the natural logarithm, GL =

number of growth lines, and C and K = constants) was

used. Loss functions were computed using a SIMPLEX

procedure (Wilkinson 1988). Starting values of 100. - 10

and -0.01 were used for estimating the coefficients B, C
and K, respectively. Loss functions were minimized within

13 iterations. Several unsuccessful attempts were made to

fit the female data to this model; after 30 or more iterations,

estimates of coefficients had not converged.

RESULTS

Condition by Month and Season

Plots of CSV and VI (based on dry weight) by month

revealed no clear seasonal trend for either females or males

(Fig. lA & B). However, the patterns of monthly CSV and

TABLE \.

Shell morphometric and tissue weight measurements, and condition indices calculated for each specimen oi Arctica islandica. Abbreviations

for each measurement and index used in the text are in parentheses.

A. Shell Morphometric Measurements

1. Length (SL); greatest antero-postenor distance (to 0, 1 mm)
2. Height (SH): greatest distance from umbo to ventral shell margin (not perpendicular to SL; to 0. 1 mm)

3. Width (W): greatest distance through both valves (to 0.1 mm)

4. Volume (SV): total internal volume measured by filling each valve with water and measuring to the nearest 1 ml; if one of the two valves was

broken, the volume of the intact valve was multiplied by two to obtain total volume

5. Weight (SW)— total air-dried (at least 24 h) weight of both valves measured to the nearest 0. 1 g

B. Tissue Weight Measurements

1. Somatic tissue wet (SWW) and dry weight (SDW)— includes mantle, gill, foot and adductor muscles

2. Visceral tissue wet (VWW) and dry weight (VDW)— all remaining tissue after soma removed, including gonad, digestive tract, etc.

3. Total wet (TWW) and dry weight (TDWl— summation of SWW and VWW, and SDW and VDW, respectively

C. Condition Indices

1. Shell weight basis. CSW = |(TDW or TWW)/SW| x 100

2. Shell volume basis, CSV = |(TDW or TWW)/SV1 x 100

3. Visceral index, VI = (VDW/TDW) or (VWW/TWW) x 100
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TABLE 3.

Correlation coefficients for each pair of morphometric, tissue weight

or condition index parameters, r = correlation coefficient, N =

number of data pairs, p = probability: if p > 0.05, cannot reject

null hypothesis that parameters are uncorrelated. See Table 1 for key

to parameter abbreviations.
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ES3 FEMALES (N=218)^ MALES (N=168)

100 105 110 115 125

SHELL LENGTH (mm)
Figure 3. Percent length-frequency (A) and cumulative percent

length-frequency (B) by 5 mm shell length category of male and fe-

male specimens of Arctica islandica collected throughout the course of

the study. Bars and symbols are plotted at the mid-point of each shell

length category.

(regression coefficient), only one. VDW vs. SV. yielded a

significant difference between males and females; for a

given VDW. males had significantly smaller SV than fe-

males. This is also revealed in the test of estimated Y for

this pair of parameters. These results are supported by the

significantly greater VI for males than females revealed in

the two-way ANOVA and runs-test. Males also had smaller

SV for given values of TWW and TDW over the course of

the entire study, as well as lower SDW for given values of

SL than females. Males had significantly greater values of

VDW with respect to SL than females, which corresponds

with the results with respect to SV. Thus, seasonal differ-

ences in CSV between males and females may have re-

sulted from greater VDW in males than females (with re-

spect to SL and SV) throughout the year, but especially in

spring and summer. With respect to shell morphometry,
males had significantly smaller height and greater weight

for given lengths than females. The paired comparison
which yielded the greatest difference between males and

females was that relating shell height and weight, with

males having significantly heavier shells than females

(Table 4; Fig. 4; Y-intercept test, F = 24.37, p < 0.001).

Results of the series of regressions of morphometric pa-

rameters suggested that a function could be generated to

discriminate between males and females based on shell

morphometric characteristics. Using a canonical discrimi-

nant procedure (CANDISC, SAS 1988) and all five shell

morphometric parameters (SL. SH and W; In SW and In

SV), a discriminant variable, Y, was generated. When this

function was applied to the data (Table 5), it was correct

for 67.1% (257 of 383) of the sexed individuals on which

all five shell morphometric characteristics were measured.

Inclusion of VDW did not increase the sex-discriminating

power of the generated canonical variable. Results of a

step-wise discriminant procedure (STEPDISC. SAS 1988)

suggested that most of the sex discriminating power of shell

morphometry was contained in the parameters height and

weight. The discriminant variable Z (Table 5; Fig. 5).

based on only two variables, had 92% of the discriminating

power of Y (ratio of squared distances between means) and

was correct for 66.6% (257 of 386) of the sexed indi-

viduals. The distributions of Y and Z were similar to one

another (that for Z is shown in Fig. 5). with approximately

70% of the male values negative and 65% of the female

values positive. With an average discriminating power of

approximately 67%. the probability of a correct sex deter-

mination using either Y or Z was only slightly greater than

chance alone (50%).

Growth line analysis of a sub-sample of 22 female and

25 male quahogs suggests that female quahogs may have

greater longevity, faster growth rates and a larger asymp-

totic size than males, if growth lines are deposited at the

same periodicity by both sexes (Table 6; Fig. 6). The lack

of a curvi-linear component to the female growth equation

could have been due to the small number of females ana-

lyzed that had fewer than 60 growth lines and were smaller

than 90 mm SL. Using the best-fit equations, shell lengths

of females and males at 100 growth lines were not dissim-

ilar. However, after 100 growth lines had been deposited,

males had a negligible increase in SL while females con-

tinued to grow at approximately the same rate with respect

to growth line deposition.

DISCUSSION

The close coupling of visceral and total dry weights

strongly suggests that observed differences in TDW (and

thus. CSW. CSV and VI) resulted from changes in size-

specific visceral weight between months. By comparison,

size-specific somatic weight changed little from month-to-

month. It is assumed that most of the difference in VDW
among samples was due to changes in weight of the gonad,

which reflected the reproductive cycle. In the present

study, ocean quahogs generally had higher computed VDW
in spring and summer than in fall and winter. This result

agrees well with those of Jones (1981). Mann (1982) and

Rowell et al. (1990), all of whom reported finding greater

numbers of quahogs with developing gonads in spring and
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TABLE 4.

Analysis of covariance (comparisons of slope and estimated Y) of thirteen different least-squares linear regressions relating X and Y of male

and female specimens of Arctica islandica. Covariates were linear over the range of values examined in each case. See Table 1 for key to

abbreviations of X and Y. NM and NF = number of males and females, respectively, used in regression, ns—cannot reject null hypothesis

that there is no difference between males (M) and females (P) in regression statistic (p > 0.05); significant differences: * - p < 0.05;
** - p < 0.01; *** - p < 0.001. Result indicates the direction of significant differences between the sexes in Y for a given value of X.

X
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TABLE 5.

Results of two canonical discriminant analyses of shell niorphometric parameters of male and female Arclica islandica (SL = shell length, SH
= shell height, \V = shell width, SVV = shell weight. SV = shell volume). In hoth cases, the F-stalistic suggests signiHcant discriminating

power of the derived function, but each yielded only approximately 67*7^ correct sex determinations.

(1) Canonical Vanable Y = -0.104 (SL) + 0.-145 (SH) + 0.064 (W)

-5.612 (In SW) + 1.139 (In SV) - 2.370

Likelihood Ratio = 0.832; F = 15 159; p
= 0.0001

Squared Distance Between Male and Female Means = 0.812
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DISEASES AND PARASITES OF MUSSELS (MYTILUS EDULIS, LINNEAUS, 1758) FROM TWO
SITES ON THE EAST COAST OF THE UNITED STATES
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ABSTRACT Samples of blue mussels were collected from New Jersey and Maine, on the east coast of the United States, and

exammed for histopathology and parasites. Samples were collected every 3 months and several previously unreported parasites were

observed: a microcell-like (Apicomplexa) parasite and a haplospondian-like (Ascetospora); and an intracellular ciliate of the digestive

tubules. The only parasite which elicited a marked host hemocyte response was the microcell-like parasite, which occurred in a single

animal collected from New Jersey.

KEY WORDS: mussel, histopathology. parasite, disease

INTRODUCTION

Although mussel populations are not documented as

having experienced the number and severity of mass mor-

talities recorded for various oyster species, there are several

records citing major die-offs of cultured and wild popula-

tions (Komnga 1951,Lietal. 1979, Munford et al, 1981).

In most of these cases, knowledge of the disease and para-

site status prior to the disease outbreak is negligible. This

lack of information can make interpretation of the cause of

the disease outbreak and subsequent control, or reversal of

the spread of the disease, very difficult. Since aquaculture

of blue mussels in the northeastern waters of the US and

Canada has developed rapidly over the last 10 years (Lutz

et al. 1989) and is now a multi-million dollar industry,

there is a paralleled increase in concern over the lack of

base-line information about which parasites are already

present, where they are distributed and their pathological

significance. In 1985 and 1986, therefore, we initiated such

a survey and the summary of our findings are presented in

this research note. This is an intensive histological evalua-

tion of a small number of mussels collected from two

survey sites and is not intended to be an exhaustive survey.

It is hoped, however, that these initial findings will be of

use to future larger-scale sampling programs.

\fATERIALS AND METHODS

Between June 1985 and February 1986 a total of 201

blue mussel, Mytilus edulis, were collected from subtidal

populations at Boothbay Harbor, Maine (106), and Manas-

quan Sea Port, New Jersey (93). Samples of 21-33 an-

imals from Maine and samples of 17-26 animals from

New Jersey were collected every three months (Table 1).

The sizes of the samples ranged from 3.5 to 6.5 cm in total

length. All animals were processed within 24 hours of re-

moval from the water. Transverse tissue sections, including

digestive gland, mantle, gills, gonad and foot were fixed in

Davidson's fixative (Shaw and Battle 1957) for 24 hours.

The fixed tissues were infiltrated with paraffin wax and 5

|i.m sections stained with iron hematoxylin, acid fuschin

and aniline blue (Gray 1954). Microscopic analysis was

carried out at low and high dry magnification, as well as

under oil immersion and approximately one half hour was

devoted to each slide. Observations were analysed using a

two way ANOVA for comparison of the frequency of ap-

pearance of each parasite with sample site and date of col-

lection.

RESULTS

A summary of the histological observations collected

from the mussel samples is presented in Tables 2A and 2B.

Hemocyte infiltration of the connective tissue appeared
to increase in frequency in both Maine and New Jersey lo-

cations, with consistently higher frequencies in Maine.

The infiltrating hemocytes had large nuclei and a promi-

nent nucleolus. In the spring sample from Maine a mussel

was found with abnormally large hemocytes. These hemo-

cytes had a dense cytoplasm, large nucleus and nucleoli

(Fig. 1) and frequently included mitotic figures. These he-

mocytes are identical to those observed in blue mussels

from the Baltic Sea (Figueras unpublished data). These he-

mocytes also resemble those described as being neoplastic

in blue mussels from the United Kingdom (Green and Al-

derman 1983) and the western coast of the United States

(Elston et al. 1988).

Rickettsiae-like inclusions were found in the epithelial

cells of the digestive tubules in all samples collected. These

appear to cause a small increase in the size of the cell, but

there does not appear to be a marked host cell response to

the infection.

Another common parasite of the digestive tubule epi-

thelia was a ciliate protozoan (Fig. 2). These ciliates were
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TABLE 1.

Date, location and sample-sizes used for this investigation.

Dale

1985 1986

Place June 7 August 28 Nov. 18 Feb. 28

Boolhbay
Harbor

Maine

Manasquan
Sea Pon

New Jersey

21

17

26

26

26

26

33

26

consistently found within the tubule epithehal cells, which

is a highly unusual infection site for bivalve ciliates which

are most commonly found extracellularly or on the surface

of the gills and mantle (Fenchel 1965). Similar parasites

have been observed in blue mussels from eastern Canada

(McGladdery,' personal communication). Despite their in-

tracellular location, these ciliates do not appear to provoke
a specific host response. The frequency of these ciliates in

the histological sections was greatest in the June samples
(Table 2A and 2B), with no significant difference between

sample sites.

Sieinhausia mytilovum was found in two samples at each

TABLE 2A.

Prevalences (%) of the different parasites and lesions from Maine.

place. The maximum value of the prevalence was 20% in

Maine. In the New Jersey samples only 4% of the females

were infected in each sample.

Proctoeces maculatus was the only trematode found,

and occurred in the August sample collected from New
Jersey. It appears to be located predominantly within the

digestive gland, however, in a heavier infection it was ob-

served in gill tissue (Fig. 3), kidney, mantle and between

the follicles of the gonad. The degree of hemocytic re-

sponse to the sjxjrocyst infection was highly variable in the

samples examined. P. maculatus was the only parasite

which showed a significant difference (F = 9.77, df =
I)

between frequencies at each sampling location.

A haplosporidian-like protozoan was found in the

sample collected in August at the Maine location. The Plas-

modia were detected in the connective tissue between the

digestive tubules (Fig. 4a), on the tips of the gills and in the

external epithelium of the mantle (Fig. 4b). The plasmodia
measured from 18 ixm of mean diameter (n = 20 S.D. ±
1 ) and contained from 5 to 60 nuclei. There was no detect-

able host response to this parasite.

A microcell-like organism which closely resembles

Bonamia in histological section was found in a single

mussel from New Jersey, collected in February. What ap-

pear to be single-cell as well as plasmodial stages were

TABLE 2B.

Prevalences (%) of the different parasites and lesions from

New Jersey.





Figure I. "Neoplastic" blood cells.

' :>;.:?/
Figure 2. Small protozoan parasite uf the cells of the digestive tubules.
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Figure 3. Trematodes were found in several organs such as the gills.

found (Fig. 5). A very intense hemocyte response appeared

to be elicited by this infection. The average dimensions of

these microcell organisms were (n = 20) 2 ixm for the

single cells and 10 \im for the plasmodial stage. The ultra-

structure and monoclonal antibody characteristics of this

"mussel microcell"" are currently being investigated.

The most consistent parasite found in the mussel survey

was the gill ciliate Ancistriim mytili. which was present in

all the samples examined. The frequencies were greatest in

August at the Maine site, while mussels from New Jersey

showed the highest frequency in June. Both locations

showed a decline in gill-ciliate frequency in the November

and Februar}' samples, which may indicate a seasonal in-

festation pattern. There was no marked host-response to

these gill ciliates, even in the more heavily infested

summer samples. It does not appear, therefore, that these

ciliates were causing any irritation of the gill surface.

DISCUSSION

This type of base-line study is a preliminary overview of

what is present in small samples taken from two mussel

populations were no mass mortalities were detected.

Bearing in mind the small sample size, it is interesting to

note that several previously unreported parasites in these

areas, were observed, at least two of which may be related

to known shellfish pathogens (namely the microcell-like

protozoan and the haplosporidian-like protozoan). Farley

(pers. comm) found a Mimhima in mussels from Damari-

scotta River (Maine). These observations are worth noting

for several reasons: firstly, the detection of these parasites

both in small samples and using histology as the monitoring

tool, means that they can be present in greater numbers

than reported here. The fact that they have not been pre-

viously reported also indicates that routine histological ob-

servations of several minutes a slide may not be sufficient

to detect the smaller parasites, such as microcells. Such

observations, although appreciably tedious, are required in

order to get an accurate picture of what is present in a

healthy population. Parasites are far easier to detect in dis-

eased animals when, more often than not, the disease-or-

ganism is beyond control. A detailed survey of healthy

populations, starting small, and covenng the annual devel-

opment cycle of the shellfish, is highly recommended to

provide accurate information which may be invaluable in

the analysis of any future disease problem.
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Figure 5. An organism similar to Bonamia was found in a mussel from .Ne« Jersey.
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EFFECTS OF IMMERSION TIME AND TIDAL POSITION ON IN SITU GROWTH RATES OF
NATURALLY SETTLED EASTERN OYSTERS, CRASSOSTREA VIRGINICA (GMELIN, 1791)

MICHAEL P. CROSBY', CYNTHIA F. ROBERTS AND
PAUL I). kp:nny
Biinich Marine Field Lahoratoiy
Belle W . Banich Institute for Marine Biology and Coastal Research

University of South Carolina

P.O. Bo.x 1630

Georgetown. South Carolina 29442

ABSTRACT in order lor an intcnidul suspL'nsion-tccding tiivalvc species to maintain equal (or greaterl rates of growth as Iheir

sublidal siblings, al some degree of adaptive metabolic capacity must exist in the interlidal populations to compensate for shorter

feeding periods and/or bl some selective disadvantage, such as predalion or disease, must exist in the subtidal populations. The

purpose of this study was to determine the effects of immersion time on juvenile in situ growth rates of Crassoslrea virginica which

underwent natural metamorphosis in tidal creeks of a South Carolina sail marsh. Results indicate differential rates of growth within

and between intertidal and subtidal oysters over time. The critical point of differential growth rates between subtidal and intertidal spat

began immediately post-metamorphosis and is likely due, initially, to the greater immersion time and. thus, greater time for energy

acquisition by the subtidal spat. This relationship did not remain constant throughout our study, however. Subtidal spat appear to have

an early advantage of greater energy acquisition which is manifested in the achievement of greater size in less days, although a

significant controlling factor for growth during this early postnielamorphosis stage was immersion time. A shift in relative growth
rates between intertidal and subtidal spat occurs at -S,5(l h of post-settlement immersion, when intertidal rates surpass those of the

subtidal population. Intertidal spat were able to compensate for an initially lower growth rate by steadily increasing it over time. A
dramatic shift from a rapid rate of growth in the early/mid juvenile stage to a much slower rate of growth requires less days to occur

for subtidal than intertidal spat, with subtidal populations exhibiting a plateau in growth at ~ 1 320 h of post-settlement immersion. No

significant difference in size between populations remained at this point. We hypothesize that this shift in growth rale occurs at some

genetically pre-determined size and is due to fluctuations in anabolic processes resulting in temporary reallocation of production from

pnncipally shell growth to primarily soft tissue growth. The significant increase in intertidal growth rate with time may be due to

natural .selection for survival of individuals capable of greater assimilation efficiency than generally found in subtidal spat. Calcula-

tions demonstrate that differences in feeding time alone were insufficient to explain completely the reduced intertidal growth. Analysis
of mean maximum age of spat indicated significantly greater mortality in intertidal versus subtidal spat. Our results led us to hypothe-
size that intertidal spat surviving to -7 wk post-settlement possessed some genetically pre-determined compensatory capability for

reduced feeding time.

KEY WORDS: bivalve, compensation, Cn/.v.vo.sV/ci; viri;iima. growth rate, immersion time, intertidal. spat, subtidal

INTRODUCTION conducted with respect to bivalve growth rates as a function

In South Carolina, approximately 95% of the natural of subtidal culturing (Shaw 1966, Shaw and Merrill 1966,

oyster(Cra.wo,yrr<'av;>^(/»(;rt) grounds are intertidal (Dame Manz' et al. 1977, Singarajah 1980, MacDonald and

1979). The success of intertidal oysters in the South At- Bourne 1989, Grant et al. 1990), distance from shore (Am-

lantic United States and the lack of subtidal oysters may be brose et al. 1980, Dayton et al. 1989), salinity (Shaw

due to predators, boring sponges, and annelid worms which '966), subtidal water column depth (Duggan 1973), and

can cause considerable damage to subtidal oysters (Burrell genetic make-up (Losee 1979; Paynter and Dimichele

1986). Intertidal zones may also offer more suitable sub- '990). There also are a number of studies dealing with in-

strates, more abundant food, higher recruitment and less tertidal vs. subtidal bivalve growth rates (Eldridge et al.

turbidity along with greater current velocities and less silta- '979, Breed-Willeke and Hancock 1980).

tion. Oyster growth is continuous throughout the year in the 'f an intertidal suspension-feeding bivalve species is

southeast U.S. and is most rapid in the summer (Ingle
at^'e to maintain equal (or greater) rates of growth as their

1950), although it slows during midwinter in South Caro- subtidal siblings, a) some degree of adaptive metabolic ca-

lina (Burrell et al. 1981). The ability to determine the op- pacity must exist in the intertidal populations to compen-

timal combination of environmental parameters that will sate for shorter feeding periods and/or b) some selective

yield the highest rate of growth is of paramount importance disadvantage, such as predation, disease or lower food

to the industrial culturing of bivalves. A great deal is al- quality/quantity, must exist in the subtidal populations,

ready known about bivalve dietary requirements (i.e.. Possible adaptive metabolic activities may be broadly

Pruder et al. 1982). A number of studies have also been grouped as energy-conserving or energy-supplementing

(Gillmor 1982). Although numerous combinations of spe-

'Con^esponding author cific metabolic adaptations and selective disadvantages are

Baruch Institute Contribution #x50. possible. One need only study rates of growth in inter-
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versus subtidal suspension-feeding sibling bivalve popula-
tions under the same environmental conditions (other than

immersion time) to demonstrate whether such adaptive
metabolic capacities or selective disadvantages exists for a

given species. Growth has been reported to be greater in

subtidal Crassostrea virginica than for intertidal beds in

South Carolina (Burrell 1982). Growth rates for Crassos-

trea gigas (initial 2-4 cm height) have been reported to be

greater in subtidal than intertidal culture, despite excessive

fouling of subtidal trays (Michael and Chew 1976). How-
ever, Gillmor (1982) found that C. virginica growth was

better per unit immersion time at depths below mean high
water in the intertidal than in subtidal beds. The equivocal
nature of conclusions from studies such as these, con-

cerning growth rates of intertidal vs. subtidal oysters, led to

the implementation of our research. The purpose of our

study was to determine the effects of immersion time on

juvenile //; situ growth rates of C. virginica which meta-

morphosed naturally in tidal creeks of a South Carolina salt

marsh.

MATERIALS AND METHODS

Asbestos spat collecting plates (~13- cm) were sus-

pended horizontally at a site in a tidal creek of the North

Inlet salt marsh estuary, near Georgetown, South Carolina,

in 1987 and 1989. The suspension apparatus consisted of

four replicate rope harnesses hung from poles driven into

the bottom of a creek ~2 m from the creek bank where

abundant oyster reefs exist. Each harness line was anchored

with a large cement block and held a collecting plate at

both 30 cm above and below mean low tide. The average
annual tidal range in North Inlet is

-- 1.4 m. At the begin-

ning of each year's study (early June), clean plates were

allowed to remain in the field harnesses at their respective

tidal elevations for 7 and 14 days (in 1987 and 1989, re-

spectively) in order for newly metamorphosed ('"spat")

Crassostrea virginica to attach. At the end of the initial

settling periods, each plate was removed and observed with

a dissecting microscope. The location of several spat,

widely spaced from each other across the bottom surface of

each plate, was marked on a transparent overlay. Any epi-

bionts near one of these spat were removed. The heights

(maximum dorsal to ventral distance) of individual spat

were measured via an ocular micrometer and the plate re-

placed to its original tidal position. All measurements of

spat occurred at the field site so that the plates were out of

their harnesses for only ~1 to 1.5 h. Once the spat had

grown to —20 mm, measurements were made macroscopic-

ally with a small flexible ruler. Measurements were made
from June through September at 6 to 9 day intervals, with

the exception of the final interval of 1989 which was 13

days. Daily immersion times for the intertidal plates were

calculated using a computer simulated tidal model derived

from data gathered as part of the ongoing NSF sponsored

long-term ecological research that has been conducted in

North Inlet for the last 10 years (Sklar and Childers, unpbl.

data). Intertidal spat were exposed -20% of the tidal cycle.

Average monthly water temperatures range from -26 to

28°C during June to September, while average monthly air

temperatures range from -22 to 32°C.

All statistical analyses were performed with a Macintosh

SE computer using the StatView 512-1- statistical package

(Gagnon and Feldman 1986). with level of significance set

at p ^ 0.05. Analyses of variance (ANOVAs) were per-

formed to ascertain differences between subtidal and inter-

tidal instantaneous cumulative rate of growth (RATE^,
eq-1), instantaneous periodic rate of growth (RATEp,
eq-2), and square root-transformed height.

RATEj.
=

HT„^^)
-

HT|,^o/Total days measured (I)

RATEp
=

HT|,^^,
-

HT„^, /Period days measured (2)

where

HT,,^^,
=

spat height (mm) at the end of a given

time period,

HT„^Qi
= initial spat height (mm) at beginning of

study, and

HT,, = ,)
= initial height (nmi) at beginning of a given

time period.

Kendall's coefficient of rank analyses were employed to

detect any significant (p ss ().05) correlations of spat shell

height, cumulative growth rate (Equation 1 ) and periodic

growth rate (Equation 2) with total cumulative hours of

post-settlement immersion (HRS,) and the hours of immer-

sion for a given growth period (HRSp). usually 6 to 9 days.
Linear and polynomial regression analyses were then car-

ried out to further elucidate the nature of any significant

relationships. Mann-Whitney U analysis was utilized to de-

termine differences in survival between subtidal and inter-

tidal spat. Due to the manner in which spat were allowed to

initially settle on the collecting plates (see above), the max-

imum age of spat at the time of initial measurement ranged
from a minimum of 1 to a maximum of 13 days. Thus,

maximum estimated age of any given spat at the time of

each measurement was the sum of its maximum initial age

plus the number of days subsequent to its initial measure-

ment. Since it was not possible to calculate mortality from

initial setting of spat to our initial measurement time, all

mortality rates were calculated only for spat which initially

survived 2 wks (based on maximum estimated age) on the

collecting plates. Mortality rates were calculated for sub-

tidal and intertidal spat as given in Equation 3. Total initial

numbers of subtidal and intertidal spat for mortality calcu-

lations was 33 and 19. respectively.

Cumulative % mortality
=

|(spat,.o
-

(.spat,. ,))/spat,.ol 100

(3)

where

(spatj^o)
= # of spat al the mitial measurement period, and

(spat,,! 2,3 z'
= * "f ""P'" '" 'he end of a given time period.
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RESULTS

Significant positive correlations (via Kendall's coeffi-

cient of rank) were found to exist for both spat height (t =

0.74, p < 0.001) and cumulative growth rate (t = 0.24. p

< 0.001) with HRS,. The spat periodic growth rate was

significantly correlated with URSp (t = 0.20, p < 0.001).

Analysis of variance (ANOVA) detected no significant dif-

ference for square root of spat height on the initial day of

measurements, nor for mean spat periodic growth rate, be-

tween intertidal and subtidal plates. However, ANOVA did

yield a significant (p
= 0.0001) difference between the

mean square root of spat height of all intertidal (mean =

2.72 mm, SE = 0. 18) versus subtidal (mean = 3.84 mm,
SE = 0.13) measurements. A significant (p

= 0.0001)

difference was also found (via ANOVA) between the mean

cumulative growth rate of intertidal (mean = 0.27 mm
day"', SE = 0.02) versus subtidal (mean = 0.51, SE =

0.02) spat. When cumulative growth rates of intertidal and

subtidal spat were separately regressed on HRS, no signifi-

cant relationship was found for subtidal spat. Linear re-

gression of intertidal cumulative growth rate, however, was

significantly (r = 0.65, p
= 0.0001 ) correlated with HRS,.

Further analysis via third order polynomial regression (Fig.

1 ) demonstrated a plateau in the increase of intertidal cu-

mulative growth rate with increased HRS,. Additional

ANOVA also demonstrated no significant differences be-

tween subtidal and intertidal cumulative growth rates at

3^850 HRS,. When periodic growth rate was examined at

«850 HRS,, subtidal spat (mean = 0.47 mm day ', SE =

0.04) were significantly greater (p
= 0.0003) than inter-

tidal spat (mean = 0.28 mm day"'. SE = 0.04). At ^850

HRS,, intertidal spat (mean 0.63 mm day ', SE = 0.10)

had a significantly greater (p
= 0.0079) periodic growth

rate than subtidal (mean = 0.36 mm day"', SE = 0.04).

Separate regression analyses of square root of intertidal

and subtidal spat heights with days measured both yielded

significant (p
= 0.0001) relationships (Fig. 2a and b).

Analysis by the GT2-method for testing slopes (Sokal and

Rohlf 1981) demonstrated no significant difference be-

tween the slopes of these two regression lines. However,

T-test analysis of intercepts (Kleinbaum and Kupper 1978)

indicated a significantly (p < 0.001) greater intercept for

the subtidal (1.886 mm) than the intertidal (1.187 mm)
model. Graphical illustration (Fig. 2b) indicated that the

relationship between square root of height and days mea-

sured may be better explained by curvilinear rather than

linear regression for subtidal spat. The resulting second

order polynomial regression (Fig. 3) explains a greater

amount of the size variability (86%) compared to the pre-

vious linear model (79%). Regression line slope of square

root of subtidal spat height with days measured was signifi-

cantly greater (p < 0.001; sqrtHT = 0.107 |days] -l-

1 .463) than the intertidal model (sqrtHT
= 0.026 (days) -I-

4.249) when data was restricted to s=850 HRS,, but signifi-

cantly less (p < 0.001; sqrtHT
= 0.069 |days] + 1.161)

than the intertidal model (sqrtHT
= 0.064 [days] -I- 1.264)

when data was restricted to 5:850 HRS,. When restricted to

s;850 HRS,, the intercepts of the subtidal and intertidal re-

gression models were not significantly different (T-test for

RATE,

0.6-
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sqrtHT{mm)

sqrt HT(mm) 4 -

DAYS MEASURED

DAYS MEASURED
Figure 2. al Linear regression of square root of intertidal spat height (sqrtH 1) as a function of days measured. Regression equation is as

follows: sqrtHT(mm) = 1.18 + (6.68 x lO-^Xdays); p = 0.0001; r = 0.968. b) Linear regression of square root of subtidal spat height (sqrtHT)

as a function of days measured. Regression equation is as follows: sqrtHT(mm) = 1.87 + (7.06 x 10-^)(days(; p = 0.0001; r = 0.890.

intercepts). When restricted to &850 HRS,, the intercept

was significantly greater (p < 0.05) for the subtidal model.

Mann-Whitney U analyses indicated that a significantly

(z, corrected for ties = 2.902, 0.01 > p > 0.001) greater

mean maximum estimated age was attained by subtidal

(mean = 45.4 days, SE = 1.8) versus intertidal (mean =

36.6 days, SE = 2.6) spat. Mortality of intertidal spat pla-

teaued at 79% and maximum estimated age of 7 wks, while

subtidal mortality plateaued at 54.5% and 8 wks maximum

estimated age (Fig. 4). Mann-Whitney U analysis also in-

dicated a significantly (z, corrected for ties = -3.09, p <
0.001) greater .spat height per hour immersed (HT/HR) for

subtidal (mean = 0.029 mm, SE = 0.001) than intertidal

oysters (mean = 0.023 mm, SE = 0.001 ). At s=850 HRS,,
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JUVENILE EARLY ADULT AGED ADULT

Figure 5. Graphical illustration of the theoretical relationship be-

tween shell height and age in bivalves. (See text for details).

and different life stages of post-metamorphosed bivalves.

Our study dealt with the period from metamorphosis to

mid/late juvenile stage. Although intertidal and subtidal

spat height increased at equal rates during this period when

linearly regressed with days measured, and mean height of

the two spat populations was not significantly different on

the initial days of measurement, the intercept of the height

with days measured model was significantly greater for

subtidal than intertidal spat (Fig. 2a and b). In addition, the

overall mean of subtidal spat height was significantly

greater than that for intertidal spat. These results are indica-

tive of differential rates of growth within and between in-

tertidal and subtidal oysters, over time. When analyzed to-

gether, cumulative growth rate is significantly and posi-

tively related with HRS,. However, since mean cumulative

growth rate is significantly greater for subtidal than inter-

tidal spat, any relationships between cumulative growth

rate and other variables must be independently analyzed for

the subtidal and intertidal populations. When such indepen-

dent analyses were carried out. no significant relationship

existed for subtidal cumulative growth rate with HRS,.

The critical point of differential cumulative growth rate

between subtidal and intertidal spat began immediately

post-metamorphosis and is likely due, initially, to the

greater time of immersion and, thus, greater time for en-

ergy acquisition by the subtidal spat. Adult intertidal Cras-

sosirea giiicis growth has been reported to be negatively

related with tidal height (Woeike 1959). This relationship

did not remain constant throughout our study, however.

Prior to —850 HRS,, subtidal spat grew at a significantly

greater cumulative and periodic growth rate than intertidal

populations, although subtidal spat growth rates did not

significantly increase with increasing HRS,. The initially

lower intertidal cumulative growth rate did significantly in-

crease with HRS, until —850 HRS,. at which time a) inter-

tidal cumulative growth rate was no longer significantly

correlated with HRS, and b) periodic growth rate became

greater for the intertidal versus subtidal population. Our

data indicated that this was due to an increase in intertidal

periodic growth rate rather than a decrease in subtidal rates.

Floating food particles (i.e.. pollen grains) that were not

available to the subtidal spat and were initially too large for

either spat population to ingest, may have provided a sup-

plemental source of nutrition to intertidal spat as they grew

larger. At ^850 HRS,. subtidal and intertidal cumulative

growth rate and square root of height were no longer signif-

icantly different. When regressed with days measured at

«850 HRS,, square root of subtidal spat height had a sig-

nificantly greater slope than intertidal spat, although the

sub- and intertidal intercepts were equal. At s=850 HRS,,

however, the subtidal slope was significantly less, yet the

subtidal intercept was significantly greater than the inter-

tidal equation. It is clear (Fig. 3). that the increase in sub-

tidal spat height begins to plateau at —55 days. This corre-

sponds to -1320 HRS, for the subtidal spat. The intertidal

spat, however, had only been submerged for —900 HRS, at

55 days. At 77 days (the final measurement), the intertidal

spat had been submerged a similar number of hours and had

attained similar size as the subtidal spat had at 55 days.

These results indicate that a) intertidal spat were initially

at some selective disadvantage that was manifested in a re-

duced cumulative growth rate and periodic growth rate,

and/or b) subtidal spat were initially at some selective ad-

vantage that was manifested in an accelerated cumulative

growth rate and periodic growth rate. The fact that with

increasing HRS,, the intertidal cumulative growth rate in-

creased while the subtidal cumulative growth rate remained

constant would indicate that the intertidal spat were, ini-

tially, at some selective disadvantage. However, the signif-

icantly greater increase in subtidal height with HRS, before,

versus after, 850 HRS, would indicate that subtidal spat

may also have had a selective advantage in the earlier post-

metamorphosis stage. This data is strong evidence that im-

mersion time has a significant influence on oyster spat

growth during the early post-metamorphosis stage, and that

intertidal spat were able to compensate for an initially"

lower cumulative growth rate by steadily increasing it over

time.

The second order polynomial relationship of square root

of height with HRS, for intertidal and subtidal spat is graph-

ically illustrated in Figure 6. At <850 HRS,. the intertidal

spat almost all fall below the regression line; a manifesta-

tion of lower intertidal cumulative growth rate and periodic

growth rate. Due to the significant positive relationship be-

tween intertidal cumulative growth rate and HRS,. how-

ever, the intertidal population was able to make-up for their

earlier deficient rate of growth and achieve similar size as

their subtidal siblings by -850 HRS,. One must keep in

mind that 850 HRS, corresponds to -52 days for intertidal

and —35 days for subtidal spat.

The question then arises as to how intertidal spat are

able to catch up to subtidal spat and why subtidal spat

growth rates shift dramatically at -1320 HRS,. We hy-

pothesize that oyster spat exhibit a rapid rate of growth in

the early/mid juvenile stage which dramatically shifts to a

much slower rate of growth at some genetically pre-deter-

mined size. The metabolic cause for such a shift may be the

initiation of energy reallocation from totally somatic
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Mann-Whitney U analysis of mean maximum age of

spat in our study indicated significantly greater mortality in

intertidal versus subtidal spat. It is possible that spat mor-

tality observed on our collecting plates may not be repre-

sentative of mortality in reef conditions where mud and

shading may aid spat survival. Relative comparison of in-

tertidal versus subtidal spat mortality observed in our study

is. nevertheless, valid due to identical substrate conditions

(i.e., both populations were on plates, not reefs). Graphical

illustration of mortality (Fig. 4) demonstrates a plateau of

intertidal spat mortality (
—79% of the initial intertidal ex-

perimental population) at 7 weeks (
— 810 HRS,). Intertidal

spat surviving to this period may have possessed a geneti-

cally pre-determined compensatory capability that allowed

them to achieve the same cumulative growth rate, for our

study period, as subtidal spat by increasing periodic growth

rate with HRS,. Hence at s=85() HRS,. no significant differ-

ence was observed between subtidal and intertidal spat

height or cumulative growth rate. Unfortunately, intertidal

spat growth was only measured for —1320 HRS, in our

study. Had the study been for a longer time period and in-

tertidal periodic growth rate continued to be greater than

subtidal periodic growth rate, intertidal oysters may have

eventually acquired both greater cumulative growth rate

and size. From the eighth week until the end of this study

(13 wk). no mortality was observed for either intertidal or

subtidal spat. In a review of oyster ecology in the South

Atlantic United States, Burrell (1986) found that although

heaviest spatfall tended to occur below mean low water,

survival is much greater at just above mean low water due

to greater subtidal predation and fouling. The studies on

which Burrell based his statements dealt with benthic spat.

The subtidal spat in our study were suspended, thus would

likely have been subjected to much less pressure from

benthic predators (i.e.. crabs and snails) and have enjoyed

greater current velocities resulting in less siltation. It

should also be remembered that biofouling was eliminated

and the undersides of collecting plates were used in our

study. Manzi et al. (1977) compared growth of seed oysters

(—44 mm) set subtidally that were replaced to floating and

bottom culture. They found significantly greater growth in

the floating versus bottom trays. It is quite likely that

greater fouling and predation. as well as food limitation in

the benthic boundary layer (Frechette and Bourget 1985)

prevented the benthic population from achieving as great a

growth rate as their suspended siblings. It is unlikely that

two populations of spat in our study experienced any signif-

icant difference in food quality or quantity 1

"
' due to their

close horizontal positioning (—60 cm) relative to each other

and both populations being —2m above the bottom, as well

as the homogeneous nature of the water column discussed

earlier.

Gillmor ( 1982) found that oyster growth was greater per

unit immersion time at depths below mean high water in the

intertidal than in subtidal populations. The results of our

study would seem, on preliminary observation, to contra-

dict those of Gillmor. His study concluded that oyster

growth was best at low intertidal (—20% aerial exposure).

The intertidal spat in our study were also exposed —20% of

the tidal cycle yet the data presented here indicate a greater

subtidal cumulative growth rate. We also found signifi-

cantly greater spat growth per unit immersion time in sub-

tidal versus intertidal oysters until each population was im-

mersed for 850 h. At 5=850 HRS,, inter- and subtidal

growth per unit immersion time was no longer significantly

different. There are. however, major differences between

these two studies which warrant discussion. The spat popu-

lation that we studied settled and underwent metamorphosis

in the field and had initial measurements of —1.5 mm.
Gillmor's populations were hatchery reared and had initial

heights an order of magnitude greater than ours. The water

temperatures in our study site were — 27°C versus 14°C for

the earlier study. While water and air temperatures were

very similar for our study, intertidal spat in the earlier study

likely experienced a doubling in temperature when aerially

exposed, which would in turn increase the activity of di-

gestive enzymes in intertidal spat and possibly yield greater

available energy for growth than their colder subtidal sib-

lings. We measured growth essentially from metamor-

phosis and at weekly intervals, whereas Gillmor's study

began measurements on oysters at —2 months of age and at

monthly intervals. Hence, instead of contradicting results,

our study serves to elucidate the natural selection which

occurs in the first 2 months of an intertidal spat existence

and which may well have led to metabolic differences

which were manifested to yield the results obtained by

Gillmor. Perhaps the most significant difference between

the two studies was the methods for assessing growth.

Gillmor utilized dry meat weight, while we measured shell

height. Rather than yielding contradicting results, the dif-

ferent methods of measuring growth in the two studies to-

gether lend support to our hypothesis of differential rates of

growth for soft tissues and shell in oysters. In order to de-

finitively determine if differential rates for tissue growth

exist in oysters and how this rate may fluctuate with age

and immersion time, the methods of these two studies need

to be combined m a future project.
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ABSTRACT The potential for depurating indicator bactena and pathogenic Vibrio sp. from oysters, Crassoslrea virginica (Gmelin,
1791). was evaluated at a commercial controlled punficalion (CP) facility in Maine. Oysters from restricted Maine waters were

analyzed for total coliforms (TO. fecal coliforms (FC). total vibrios (TV), and pathogenic vibrios (PV = Vibrio vulnificus. V.

parahaemolylicus) before and after 48 hours of CP. The purification plant efficiently removed FC from oyster samples during a 27
week summer- late autumn penod that spanned a wide range of temperature and salinity conditions. Depuration was less effective at

reducing TC. while TV and PV did not respond to depuration. PV were detected in seven of eleven oyster samples collected between

July and October. PV became undetectable from both estuanne water and oysters after October while TV remained detectable until

December

KEY WORDS: Crassoslrea virginica. Escherichia coli. Vibrio sp.. controlled purification, coliforms

INTRODUCTION

Coastal areas of the U.S. have witnessed incredible pop-
ulation increases and accompanying development pressure
in the last 20 years. Pollution problems and conflicts be-

tween user groups of coastal waters have had great impacts
on the shellfishing industry. Guidelines and standards have

been developed for microbial contamination levels that

protect the public health, and regulation of shellfish har-

vesting is based on sanitary surveys and routine monitoring
of overlying waters for standard indicator bacteria. How-
ever, this process has not been completely effective, as

outbreaks of shellfish-related illnesses occur frequently and

with regulanty (Richards 1985. Rippey 1989). With de-

creasing area open to shellfishing. activities such as illegal

harvesting from polluted, prohibited areas, wet storage of

harvested shellfish in polluted waters, and other violations

of existing regulations become more problematic (DuPont

1986). The negative publicity that has accompanied recent

occurrences of food poisoning from consumption of raw or

undercooked shellfish contaminated with microbial

pathogens has alarmed consumers and depressed the shell-

fishing industry.

Commercial harvesting of shellfish from moderately

tContribution No. 230 from the Jackson Estuanne Laboratory and the

Center for Marine Biology.

•Author to whom all correspondence should be addressed.

polluted, restricted areas is permitted when shellfish un-

dergo depuration, or controlled purification (CP). The pro-

cess of CP theoretically removes pathogenic microor-

ganisms from edible shellfish meats, resulting in deconta-

minated shellfish that can be marketed for direct

consumption, raw or cooked. The final product can be

sealed and marketed in ways that give distributors and ulti-

mately the consumer confidence that the oysters have been

certified as safe for consumption, similar to the pasteuriza-

tion programs instituted for milk years ago. In practice,

controlled purification has been shown to be both effective

(Metcalf et al. 1979. Son and Fleet 1980, Timoney and

Abston 1984. Kelly and Dinuzzo 1985), and ineffective

(Canzonier 1971, Rowse and Fleet 1984. Power and

Collins 1989) in removing different types of microbial con-

taminants from shellfish.

Besides differences in experimental factors such as de-

sign and scale of the test facilities, other factors, including

whether shellfish are seeded or naturally contaminated, the

physiological condition of the shellfish, and the level of

initial microbial contamination, can influence the effective-

ness of the CP process. In addition, different microor-

ganisms respond differently to CP. Enteric bacteria such as

Escherichia coli. fecal coliforms. Salmonella sp., etc., are

usually effectively purged from shellfish by CP (Barrow

and Miller 1969. Son and Fleet 1980, Jones et al. 1991).

Other microorganisms such as viruses (Metcalf et al. 1979,

Richards 1988, Power and Collins 1989), and the indige-
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nous, estuarine Vibrio sp. (Greenberg et al. 1982, Jones et

al. 1991) respond inconsistently to CP. Viruses and patho-

genic Vibrio sp. are presently of great concern because of

the continued incidence of serious diseases and fatalities

associated with consumption of shellfish contaminated by

these organisms (Richards 1988). In the best case, CP facil-

ities that successfully depurate enteric bacterial pathogens,

i.e., pathogens typically associated with more common,

less serious gastrointestinal diseases, should be as effective

in removing pathogenic viruses and vibrios. Comprehen-
sive epidemiological studies are needed to determine the

actual health risks associated with consumption of shellfish

contaminated with pathogenic vibrios, as well as depurated

and relayed shellfish. However, the CP process has great

potential as a means of purging shellfish of all microbial

pathogens, and more detailed studies are needed to deter-

mine what could be modified to enhance elimination of

these pathogens.

Vibrio sp. are common, natural inhabitants of marine

and estuarine environments (Oliver et al. 1983). Pathogenic

vibrios are especially common in the wanner waters of the

Gulf of Mexico and the southern coastal U.S. (Kelly 1982,

Oliver et al. 1982), although they are also routinely de-

tected in Chesapeake Bay. Long Island Sound, and Boston

Harbor on the east coast (Oliver et al. 1983) and from

southern California to British Columbia on the west coast

(Kaysner et al. 1987, Kelly and Dan Stroh 1988). In

northern New England, vibrios are not detected in estuarine

waters until the water warms during late spring, and the

pathogenic vibrios are only detected for about four months

from July to October (O'Neill et al. 1990. Jones et al.

1991). Vibrios are sensitive to certain environmental

factors, including temperature and salinity conditions

(Kelly 1982. Singleton et al. 1982). and can be elimmated

from oysters relayed to uncontaminated waters in Maine

and NH (Jones and Howell, unpublished results). The pur-

pose of this study was to evaluate the relative effectiveness

of an operating, commercial CP facility in Maine to depu-

rate pathogenic Vibrio sp. and col i form bacteria, under a

range of environmental conditions, from oysters harvested

from restricted Maine waters.

MATERIALS AND METHODS

Sampling Procedures

Oysters were harvested from the conditionally-restricted

waters of the Piscataqua River in Maine during 1989.

Water samples were collected from the harvest site at low

tide on the same day that oysters were harvested. Tempera-

ture and salinity of the harvest waters were measured on

site with a thermometer and a calibrated refractometer, re-

spectively. Oyster and water samples were refrigerated and

transported to the Jackson Estuarine Laboratory (JED.

Durham, New Hampshire. Water and oyster samples were

processed for analysis within two hours of collection. Bac-

teriological analyses were performed on water samples, and

both freshly harvested and depurated (48 h CP) oysters

from the Spinney Creek Oyster Company (SCOC) CP fa-

cility located on Spinney Creek in Eliot. Maine. For further

details of the design and operation of this facility, see Ho-

well and Howell (1989).

Bacteriological Methods

Twelve to sixteen individual shellfish from freshly-har-

vested and depurated samples of each weekly harvest of

shellfish were processed for bacteriological analysis. Shell-

fish were aseptically shucked and the contents homoge-
nized with equal parts of buffered peptone water. The

MPN, multiple tube fermentation method used for the de-

tection of total and fecal coliforms (APHA 1985), was car-

ried through confirmed and completed tests in accordance

with recommended procedures. EC tubes that produced gas

were considered positive for fecal coliforms. and a portion

of these tubes were streaked for colony isolation onto EMB
agar. Dark colonies with metallic sheens or other represen-

tative colony types were transferred to nutrient agar slants

and further analyzed to confirm the presence of Escherichia

coli using routine IMViCs procedures, oxidase, and Gram

stain tests.

Vibrio analysis involved decimal dilution of samples in

alkaline peptone water as a three-tube MPN assay. Turbid

dilution broth tubes were streaked onto thiosulfate-citrate-

bile-sucrose (TCBS) agar and all different resultant colony

types transferred to peptone broth containing 0% and 3%
NaCl. Isolates that did not grow in 0% NaCl were further

characterized to determine if they were vibrios. Isolates

which formed blue-green colonies on TCBS. and thus sus-

pected V. vulnificus or V. parahaemolyticus. were further

characterized using growth in 6%, 8%, and 10% NaCl, or-

nithine and lysine decarboxylase, arginine dehydrogenase,

and cellobiose fermentation tests, the API 20E identifica-

tion system, and a latex-bound antigen specific for V. vul-

nificus.

RESULTS

Fecal coliforms were present in freshly-harvested

oysters at levels ranging from 50 to 50,000 per 100 g meat

(Fig. 1). EC were consistently and efficiently purged from

oyster tissue during 48 hour CP processing on each of the

14 sample dates. FC levels ranged from <2 to 46 per 100 g

in depurated oysters, well under the market maximum of

230 per 100 g. Target endpoint FC levels were often

achieved after only 24 hours of CP (data not shown), al-

though the purification process became less rapid as water

temperatures decreased below 10°C. The efficiency of FC

removal by CP was most dramatic from July to September,

and diminished on an absolute scale during December,

when water temperatures dropped to 0°C. However, even

during December FC levels were ^34 per 100 g in depur-

ated oysters.
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Figure 1. Fecal coliforms in oysters liefore and after controlled puriflcation.

Total coliforms are a group of bacteria that include

many more bacterial species than fecal coliforms (Grimes

1987). TC levels in oysters were greater than FC levels for

each sample, yet responded to CP in a fashion similar to the

FC response (Fig. 2). TC levels in freshly harvested oysters

ranged from 240 to 160.000 per 100 g oyster meat, and

decreased in response to CP to between <2 and 1800 per

100 g meat. The efficiency with which CP removed TC
from oysters was, like the FC response, most dramatic

during July, August, and September, and least efficient in

December. However. TC levels increased foUowins 48

hour CP in oysters on December 1 8 from 900 to 1800 per g
meat.

Indigenous, estuarine vibrios are not coincident with

fecal-borne bacteria in the estuarine environment, and thus

may not be expected to respond to CP like coliforms.

Levels of TV were relatively high in oysters throughout the

study period, ranging from 230 to >2.400,000 per 100 g

freshly harvested oysters (Fig. 3). TV levels remained high

in oysters despite decreasing in overlying waters during late

autumn, where they became undetectable in December

(Table 1). Significant removal of TV from oysters fol-
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Figure 2. Total coliforms in oysters before and after controlled purification.
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Figure 3. Total vibrios in oysters before and after controlled purification.

lowing CP did not occur in any samples. Significant differ-

ences between fresh and processed oysters were apparent

on only two dates, when TV levels increased following CP.

For example. TV increased from 2300 per 100 g fresh

oysters to 2,200,000 per 100 g depurated oysters on Sep-

tember 22, 1989.

Two pathogenic vibrios, V. vulnificus and V. parahae-

molyticus. were also detected in oysters during the last half

of 1989. Either one or the other was detected in seven out

of the 14 sample dates (Fig. 4). The response of PV to CP
was inconsistent, with dramatic decreases in levels on two

dates, no detection in fresh oysters followed by detection of

significant levels in depurated oysters on two other dates,

and essentially no response to CP for samples on the other

TABLE 1.

Low tide temperature and salinity, and concentrations of coliform

and vibrio bacteria in the Piscataqua River during autumn, 1989.
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Figure 4. Pathogenic vibrios {Vibrio vulnificus and V . parahaemolyticus) in oysters before and after controlled purification.

means of assessing potential risks associated with con-

suming depurated shellfish, especially because laboratory-

contaminated oysters may purge contaminants at faster

rates than naturally-contaminated shellfish (Heffeman and

Cabelli 1971). Simultaneous measurement of fecal bacteria

with vibrios allowed for evaluation of the effect of CP on

vibrios with confirmation that CP was functioning by

causing the effective removal of FC. Healthy oysters are

critical for CP studies because stressful conditions can dra-

matically affect the elimination of microorganisms, espe-

cially E. coli. from shellfish during controlled purification

(Fleet 1978, Power and Collins 1989).

The total coliform test is still accepted by the U.S. FDA
(NSSP 1988) and used by the State of New Hampshire as

the bacteriological standard for shellfish sanitation. Total

coliforms constitute a broad range of different bacteria, and

are generally perceived as poor mdicators of fecal contami-

nation (Grimes 1987). The response of total coliforms to

CP was not as dramatic as the response for FC. In fact,

levels of TC apparently increased during CP in one sample.

This could be attributed to regrowth of the TC in the shell-

fish accompanying more effective attachment mechanisms

to oyster tissue by some TC and/or sequestering of TC in

tissues other than the GI tract which are not responsive to

CP. Bacteria isolated as total coliforms from estuarine

waters probably include non-fecal, indigenous estuarine

bacteria. The differential responses of fecal and total coli-

forms to CP suggest that the more fecal-specific fecal coli-

forms may be more easily eliminated from shellfish com-

pared to the total coliforms. Others (Son and Fleet 1980,

Vasconcelos and Lee 1972) reported total plate counts for

depurated oysters to be around 10'* cells per g, which is

consistent with our observations that oysters may retain

some bacteria while selectively eliminating others. These

observations have profound public health implications re-

lated to depuration of shellfish and the bacteriological indi-

cator used to assess elimination of all microbial pathogens.

Vibrio sp. are common, natural inhabitants of marine

and estuarine environments (Oliver et al. 1983), includmg

the surfaces and the intestinal contents of marine animals

(Baumann et al. 1984). The response to CP by these bac-

teria, which are constituents of the natural microflora of

oysters (Colwell and Liston 1960). may be expected to be

different from the response of microbial contaminants of

fecal origin. In fact, neither total vibrios (TV) or patho-

genic vibrios (PV) were removed from oysters by CP in this

study. Vibrios may have evolved survival characteristics

that allow them to remain associated with oysters even

when the oysters are actively filtering water (Colwell and

Liston 1960). This may be advantageous to oysters, as

"blooms'" of bacteria such as vibrios may serve as impor-

tant sources of nutrition for oysters and other estuarine

filter-feeders dunng the spring and summer when shellfish

are most active (Langdon and Newell 1990). Conversely, it

has also been suggested that elevated levels of vibrios may
be associated with oyster mortality in shellfish finishing

systems (Raymond 1990).

The lack of response to CP by vibrios may be caused by
their ability to remain attached to oyster tissue under CP

conditions, to colonize oyster tissue previously inhabited

by fecal-borne contaminants, or to simply grow at rates that

exceed their depletion rates. Greenberg et al. (1982) sug-

gested that vibrios may persist in depurated clams because

of their close association with clam tissue and their ability

to multiply and colonize clam tissues as other organisms

are eliminated. We have found that V. vulnificus can be
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eliminated from oysters that have been relayed to uncon-

taminated waters both in southern Maine and in New

Hampshire (Jones and Howell unpublished results). Factors

that may enhance removal of vibrios from shellfish should

be investigated. Raymond (1990) suggested that higher sa-

linities could be used in the processing of shellfish to re-

move vibrios. Suggestions such as depurating shellfish

longer than 48 hours to remove vibrios (Kelly and Dinuzzo

1985, Greenberg et al. 1982) must be weighed against the

likelihood that the palatability and quality of shellfish will

be reduced upon exposure to extended periods of CP, and

the negative economic factors associated with delayed mar-

keting.

The public health significance of the lack of reduction in

pathogenic vibrio levels in depurated oysters is difficult to

assess, as shellfish-borne disease incidence often goes

unreported, may not be linked to specific foods or sources

of the food, and the epidemiological studies needed to de-

termine risks have not been done (Richards 1988). Patho-

genic Vibrio sp. are a concern because they can multiply

during commercial handling operations (Son and Fleet

1980, Cook and Ruple 1989), and because of disease inci-

dence associated with consumption, generally by immuno-

compromised individuals, of PV-contaminated shellfish in

the southern U.S. (Tacket et al. 1984, Johnston et al. 1985,

Rippey 1989). However, very little is known about the epi-

demiology or infective dose of V. vulnificus for immuno-

compromised or uncompromised individuals (Janda et al.

1988), and there have been no reported cases of V. vulni-

ficus infections in northern New England (Rippey 1989).

In the late autumn, water temperatures in the Great Bay

Estuary. NH, decline to below 0°C, causing a significant

reduction in the physiological activities of shellfish and the

disappearance of culturabie vibrios. Problems associated

with the use of traditional culture techniques for detecting

vibrios aside, the inability to detect vibrios in cold oysters

may reflect their inability to survive at low temperatures, as

suggested by Oliver (1981). Potentially, depuration at tem-

peratures low enough to kill vibrios yet high enough to

allow for maintenance of shellfish metabolic activity could

be exploited for removing vibrios from shellfish. However,

vibrios can persist for extended periods of time in shellfish

stored at low temperatures (Cook and Ruple 1989. Kaysner
et al. 1989). Others have resuscitated culturabie vibrios in

shellfish, harvested from cold water, that are exposed to

warmer water for 24 h (Tamplin et al. 1990, O'Neill and

Jones, unpublished). Further work is needed to determine

what happens to vibrio populations in estuaries of the

northeastern U.S. during winter months.

The successful removal of fecal coliforms from shellfish

during CP, as required by law, is fortunate, yet cannot be

used as evidence for removal of other potential pathogens
such as pathogenic vibrios. Development of better stan-

dards for shellfish sanitation or improved detection

methods for specific pathogens is needed to provide the

means to detect the presence of all pathogens of concern.

The inconsistent detection of PV during summer months in

this study illustrates the shortcomings of existing, culture-

requiring methods for detecting these bacteria. Vibrios and

pathogens of fecal origin have been shown to exhibit a re-

sponse to unfavorable environmental conditions that results

in the inability to culture the organisms, even though they

may remain viable and pathogenic (Xu et al. 1982). Thus,

actual levels of any of these bacteria may be completely

different, especially in cold water (Oliver 1981, Linder and

Oliver 1989) than what is measured by traditional culture

techniques. Modifications of gene probe (Wright et al.

1985, Morris et al. 1987, Gerba et al. 1989) and poly-

merase chain reaction (Bej et al. 1990) techniques are

needed that will allow rapid, safe, sensitive, and inexpen-

sive detection of bacterial and viral pathogens without re-

quiring culture of the target organism.

Controlled purification has been proven to be effective

for eliminating bacterial enteric pathogens from shellfish

and improving the quality of a valuable food resource. Fur-

ther investigation is necessary to determine if the CP pro-

cess can be modified for elimination of more recalcitrant

viruses and non-enteric bacterial pathogens like pathogenic

vibrios. Development of better detection methods for these

pathogens is a crucial need for studying this problem. Ulti-

mately, studies that implement these improved detection

methods will be needed to determine the public health sig-

nificance of the incidence of pathogenic vibrios and viruses

in shellfish and what impact modified CP and/or relaying

can have on minimizing the potential health risks deter-

mined from these studies.
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ABSTRACT Mussels and clams sampled from Brandy Cove and Chamcook Harbour in the Bay of Fundy, New Brunswick during

August -October. 198X had domoic acid concentrations from 1.2-38.0 p-g/g wet weight of whole tissue. %..'i7( of the donioic acid in

the mussels was in the digestive gland. Domoie acid was not detected in shelltlsh from Deadmans Harbour in the Bay of Fundy dunng

the above period or from all three sites during the summer-fall of 1989. When domoic acid was delectable in shellfish, domoic acid

was detectable in plankton tows (0.8-3.5 p,g/g wet weight), and the dominant species was Nilzschia pseiijojelicatissima.

KEY WORDS: domoic acid. Nilzschia pseudodelicaii.^sima. Mxlilus ediilis. mussels, M\a areiuina. clams

INTRODUCTION

In November 1987. a serious outbreak of food poisoning

occurred in eastern Canada. The symptoms observed in the

patients included nausea, vomiting, and diarrhea. In some

cases, particularly elderly patients, these were followed by

neurological effects including confusion, disorientation,

and loss of short-term memory (Addison and Stewart

1989). Epidemiological studies implicated the consumption

of mussels cultured in Cardigan Bay, Prince Edward Island

(Fig. 1). Amnesic shellfish poisoning (ASP) was proposed

as a name for this illness. During routine mouse bioassay of

these mussels for paralytic shellfish toxins (PSP), neurolog-

ical symptoms and mechanisms of lethality observed dif-

fered from those associated with PSP. The symptomology

of ASP in mice has been described (Bose et al. 1989).

In mid-December 1987, the toxin in the mussels was

identified as domoic acid (Wright et al. 1989). Domoic

acid is a potent neuroexcitatory amino acid. The neurolog-

ical and toxic effects of domoic acid are due to its agonistic

action at kainic acid receptors located in specific areas of

the brain (Debonnel et al. 1989a: Debonnel et al. 1989b).

Subsequently, 107 cases of ASP, including three deaths

(possibly five), have been confirmed (Todd 1990).

The pennate diatom, Nilzschia piaigens forma multi-

series, was the dominant plankton in Cardigan Bay water

sampled in December 1987 (Bates et al. 1989) and pro-

duces domoic acid in culture (Subba Rao et al. 1988) in

quantities/cell commensurate with those found in blooms.

A much less abundant pennate species. Amphora cojfeae-

formis. that was isolated from toxic mussels sampled

during the 1987 incident, also produced domoic acid (Ma-

randaet al. 1990).

During late summer to early winter of 1988, domoic

acid was detected in shellfish sampled from the Bay of

Fundy in New Brunswick and Nova Scotia, and Cardigan

Bay in Prince Edward Island (Gilgan et al. 1990). Several

areas of the Bay of Fundy were closed to shellfish har-

vesting as the concentration of domoic acid in mussels ex-

ceeded the acceptable limit (20 |jt,g/g wet weight) initially

established by the Department of Health and Welfare.

The objective of this study was to identify the most

likely plankton species producing domoic acid in the Bay
of Fundy. and to increase the predictability of the occur-

rence of domoic acid in shellfish. We attempted to follow

the kinetics of the production of domoic acid in plankton

from the surface layer and the accumulation and distribu-

tion of domoic acid in mussels. Mytilus edulis, from the

Bay of Fundy in southwestern New Brunswick.

METHODS

In .4pril of 1988 and 1989. blue mussels. Mytilus edulis,

were purchased from Corkuni's Island mussel farm. Nova

Scotia. The socked mussels (cultured) were suspended

(maximum depth
= 3 m) from longlines in Brandy Cove

and Deadmans Harbour (Fig. 1). Wild blue mussels were

sampled from the intertidal zone in Brandy Cove and

Chamcook Harbour. Soft-shell clams. Mya arenaria. were

also sampled from Chamcook Harbour. Frozen blue

mussels, soft-shell clams, and scallop, Placopecten magel-

lanicus. were received from the Cardigan River area.

Prince Edward Island through the Department of Fisheries

and Oceans, Inspection Branch, during December 1987.

The shellfish from the Cardigan River area were stored at

- 15°C until July 1988. prepared for HPLC analysis,

stored at -SOT. and analyzed in March 1989.

The shellfish were shucked, drained for 5 min, and ho-

mogenized using a Brinkman Polytron homogenizer. An

113
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Figure 1. Shellflsh and plankton sampling sites in the Bay of Fundy, New Brunswick, Canada.

aliquot of the homogenate (20 g) was mixed with an equal

volume of distilled water, boiled for 5 min, cooled, and

centnfuged at 3000 x G for 15 min in an IEC-B20A re-

frigerated centrifuge. Duplicate aliquots of the supernatant

was passed through a Centrifree'" 10 micropartition system

(30,000 MW cut-off; Amicon) by centrifugation at 2500 x

G for 60 min. The domoic acid concentration in the filtrate

was determined by HPLC. A minimum of 100 g of drained

tissue was homogenized. For the determination of domoic

acid distribution in mussels, 200 mussels were dissected

into foot, mantle, gill, gonad, digestive gland, and the re-

maining tissue (this included adductor muscle and varying

amounts of the tissues above that could not be dissected

cleanly).

Phytoplankton were collected with a 20-micron Nitex

net (Vz m diameter) towed at less than I knot at the surface.

Tow contents were kept on ice during the 1- to 2-h trip to

the laboratory. Seawater was removed by aspiration and

centrifugation (750 x G; 15 min). The plankton was

weighed and resuspended in a minimum amount of distilled

water. The slurry was sonicated with a Sonifier"' cell

disruptor (Branson) until microscopic examination indi-

cated 90% of the cells were ruptured. Samples were centri-

fuged and ultrafiltered as above. Domoic acid concentra-

tion in the filtrate was determined by HPLC.

Surface water was collected by bucket for determination

of plankton abundance. A 200-mL sample was immediately

preserved by addition of either 5 mL formalin:acetic acid

(1:1) or 2 mL LugoLs iodine solution. A 50-mL aliquot

was settled in a settling chamber and the plankton were

counted with an inverted microscope.

Domoic acid concentrations were determined by the

HPLC method of Lawrence et al. (1989) with the following

conditions: Whatman Partisil 11 ODS-10 250 x 4.6 mm
C18 column; Altex Model UOA pump delivering 12.5%

acetonitrile in distilled water (pH adjusted to 3 with H,P04)

at 1 mL/min; 20 jjlL Altex injection loop; UV detection

using a Schoeffel SF 770 variable wavelength detector set

at 242 nm. Detector response was captured by an Apple lie

computer running Chromatochart"' (Interactive Microware

Inc.). The eftluent was fed into a tlow-through cell of an

HP 8452 diode array UV-VIS spectrophotometer, set to

scan between 200 and 300 nm. The diode array data were

collected on a Vectra computer running HP software. The

calibration curve (20 ixL injection, 0.4-9.5 p-g/mL) was

prepared with domoic acid (Diagnostic Chemicals, Char-

lottetown. Prince Edward Island), which was standardized

with aliquots of an instrument calibration solution,

DACS-1 (89 (xg/mL; National Research Council of

Canada, Halifax, Nova Scotia) diluted with distilled water.
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RESULTS AND DISCUSSION

Confirmation of domoic acid was by coincident reten-

tion time on the HPLC and by UV spectrum of tiie HPLC
effluent. Under the HPLC conditions used in the present

study (see Methods), domoic acid eiuted as a symmetrical

peak with a retention time between 11.8-12.2 min (Fig.

2). The detection limit for quantitative analysis of domoic

acid was 0.008 (xg in a 20-p.L injection. Typical chromato-

grams for mussel and plankton extracts are shown in Figure

2. The mussel extracts contained an unknown compound
which eiuted just prior to the domoic acid (probably trypto-

phan; under our conditions R,
= 9.8 min; (Wright et al.

1989)). but it did not significantly interfere with the quanti-

tative analysis of domoic acid.

Examples of UV spectra obtained are shown in Figure 3.

Figure 2. HPLC chromatogram.s of: a) domoic acid standard (3.5

(i,g/mL); b) and c) digestive gland extracts of Brandy Cove mussels,

domoic acid concentration of 4.4 ^Jl.g/mL) and not detectable, respec-

tively: d) and e) Chamcook Harbour plankton tow extracts, domoic

acid concentration of 2.8 jig/ml, and not detectable, respectively.

Conditions as described in Methods, full scale absorbance = 0.01 ab-

sorbance units.

The detection limit for obtaining the spectra was 0.04 |jLg of

domoic acid in the 20 (xL injected into the HPLC, i.e.. for

concentrations of domoic acid >4 jjig/g wet weight of

mussel. For plankton extracts, spectra could be obtained

for concentrations >2 fig of domoic acid/g wet weight of

plankton. Greater sensitivity was obtainable with plankton

extracts compared to mussel extracts because, with the

former, there were fewer co-elutants. At concentrations of

domoic acid below 4 jjig/g wet weight of mussel, the do-

moic acid peak was obscured. Some interference is evident

in the UV scan of the HPLC peak corresponding to domoic

acid in a mussel extract shown in Fig. 3.

The concentrations of domoic acid found in shellfish

from our sampling sites (Fig. 1 ) during the summer of 1988

are given in Table 1 . No domoic acid was found in shellfish

from Deadmans Harbour in 1988 or from all sites during

summer and fall of 1989. In Chamcook Harbour, the

highest concentration of domoic acid observed was 38 |jLg/g

wet weight of whole mussel. These were wild mussels

sampled from the intertidal zone on September 7. 1988.

Similar concentrations were reported by Gilgan et al.

(1990) for mussels from the same area (Bar Road). Con-

centrations of domoic acid in cultured mussels (suspended
from longlines. therefore constantly submerged in sea-

water) from Brandy Cove probably peaked around Sep-
tember 19. 1988, based on the concentrations (maximum of

160 |xg/g wet weight) found in the digestive gland. Domoic

acid was also found in clams sampled from Chamcook
Harbour in 1988. but at lower concentrations in whole

tissue (2.6 |JLg/g wet weight) than in the wild mussels (26

|jLg/g wet weight) from the same area and day (September

14). However, by September 26. the concentrations of do-

moic acid in the digestive glands of the two shellfish were

not significantly different.

In mussels sampled from Brandy Cove on September

19. most of the domoic acid (96.5'7f ) was present in the

digestive gland (Table 2). Small amounts were found in the

gills (1.1%) and remainder (2.8%; some may be due to di-

gestive gland tissue that could not be completely separated

from other tissues). Domoic acid was not detected in the

mantle, foot, or gonad.

The concentrations of domoic acid found in shellfish

sampled from Prince Edward Island during the winter of

1987/88 were considerably higher than in shellfish from the

Bay of Fundy in 1988 (Table 3). The highest concentration

of domoic acid (345 (xg/g wet weight) was found in whole

mussel tissues originating in produce returned from com-

mercial outlets on December 4. 1987. Domoic acid con-

centrations were even higher in the digestive gland extracts

than in the extracts of whole mussel tissues. The highest

concentration found in the digestive gland was 428 |i,g/g

wet weight. By February 1988, domoic acid was not de-

tectable in the cultured mussels. Wild mussels sampled 1

km upstream from the mussel culture site had lower con-

centrations of domoic acid than cultured mussels sampled
on the same day (50 and 262 fxg/g wet weight, respec-
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Figure 3. UV spectrum of HPLC effluent corresponding to the domoic acid peak for: a) domoic acid standard; b) Brandy Cove mussel digestive

gland extract; and c) Chamcook Harbour plankton extract. Conditions as described in Methods, full scale absorbance = 0.007. 0.007 and 0.070

absorbance units for al, b) and c), respectively.

tively). The concentrations of domoic acid in our samples
were comparable to those reported by other investigators

for shellfish from Prince Edward Island (Lawrence et al.

1989, Wright et al. 1989). Extremely high concentrations

of domoic acid (4180 |xg/g wet weight) were found in the

digestive gland of some Prince Edward Island scallops

(Table 3).

The dominant plankton species in the surface water

whenever domoic acid was detected in shellfish from the

Bay of Fundy was Nitzschia pseudodelicatissima (Table 1)

(Martin et al. 1990). Plankton tows from Brandy Cove and

Chamcook Harbour obtained when domoic acid was de-

tected in shellfish also had measurable levels of domoic

acid (Table 4). The highest concentration of domoic acid

observed in plankton tows was 3.5 ji-g/g wet weight.

There was no direct quantitative relationship between

TABLE 1.

Domoic acid concentrations in shellfish sampled from Bay of Fundy in southwest New Brunswick, Canada, in the summer of 1988.

Domoic Acid ((Jig/g wet wt)

Sample Date Whole Digestive Gland
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TABLE 2.

Domoic acid conccntratiuns in ti>isues of mussels cultured in Brandy

Cove, New Brunswick. Canada, and sampled on September 19, 1988.

TABLE 4.

Domoic acid concentrations in phytuplankton sampled from the

surface in Brandy Cove, Chamciiok Harbour, and Deadmans

Harbour, New Brunswick, Canada, during the summer of 1988.
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Figure 4. Abundance of Nitzschia pseudodelicatissima in surface water samples from Brandy Cove, Deadmans Harbour, and Chamcook Har-

bour during the summer of 1988.

The occurrence of domoic acid in shellfish is probably
not new; we have simply become aware of it. For example,
N. pseudodeliciitissima has been observed in the Bay of

Fundy since 1976 (Martin, unpubl.) and by others in the

1930's (Martin et al. 1990). It is probable that domoic acid

will be seen as a problem similar to PSP toxins— haz-

ardous and worldwide in occurrence, but manageable.
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ABSTRACT Paralytic shellfish poisoning (PSPl was made a reportable condition in California in 1927. Since then. 510 cases,

including 32 deaths, have been reported to California health authorities. Expansion of California's commercial shellfishing industry
and growing numbers of people involved in sport shellfishing activities in recent years have heightened concerns about PSP and

prompted the authors to review the State's PSP Prevention Program.

The California PSP Prevention Program is the oldest such program in the United States and is currently compnsed of: (1) a

mandatory reporting requirement for PSP. (2) an annual quarantine on sport-harvested mussels. (3) a coastal shellfish monitoring

program. (4) PSP testing requirements for commercial shellfish harvesters, and (5) a public information program. Overall, the

program appears to have been successful m controlling the occurrence of PSP in California, but it is challenged bv the seemingly

changing pattern of dinoflagellate blooms along California's coast and a substantial migration to California of persons unfamiliar with

PSP or accustomed to harvesting shellfish in areas where PSP is not a problem.

This report presents information on the seasonal occurrence, geographic distribution, and types of shellfish involved in PSP
illnesses in California. In addition, data from the coastal shellfish monitonng program are used to describe the frequency, intensity,

seasonal occurrence, geography, and dynamics of toxic dinoHagellate blooms along the California coast. Also noted are differences in

toxin levels in mussels, oysters, and other types of shellfish exposed to the same bloom conditions. Toxic bloom characteristics and

changes in commercial and sport shellfishing activities are discussed in relation to PSP risks and the State's PSP Prevention Program.

KEY WORDS: PSP. Protogonyaulax. Gonyaulax. oysters. Cnissosirea. mussels. Mxtilus. shellfish.

INTRODUCTION ulation growth (Dale and Yentsch 1978, Anderson 1984).

Paralytic shellfish poisoning (PSP) is an acute, some- ^"''"§ ^^^^^ P^""''' °f proliferation, or dinofiagellate

times fatal form of food poisoning that has been a public
'blooms.'- coastal shellfish may become toxic.

health concern in California for many decades. The syn-
Because most marine dinotlagellates possess brown or

drome is caused by eating mussels, clams, oysters, and
"^'^'^"^'^ pigments, dense populations in bloom areas may

other filter-feeding marine bivalve mollusks that have be-
'^^"^'^ ^^^ o^'^^" ^'^ '^'^'^ ^" ^ '™''^'' ^°'°''' F™"^ '^'^ ^P"

come poisonous from ingestina certain marine dinoflagel-
Pearance has developed the popular association of poi-

lates that contain saxitoxin and related biotoxins. The dino-
s°"°"^ shellfish with so-called "red tides." However,

flagellate of concern along California's coast is Protogon-
'"^"y '^"^ '"^^^ ^'^ ^^""^'l ^^ nontoxic dinotlagellates, and

yaulax catenella (Whedon and Kofoid 1936. Taylor 1979),
'" California water P. catenella may be abundant enough to

formerly known as Gonxaulax catenella.
^^^^^ toxicity problems in shellfish without causing notice-

P. catenella normally exists in the marine environment
^'''^ discoloration of the water (Carlisle 1968. Price 1989).

as dormant cysts in bottom sediments or as motile cells
Saxitoxin and the related compounds causing PSP are

composing a minor part of the plankton community. Under ^""""g ^^e most potent poisons known (Shimizu 1979, Hall

certain conditions, however, the dormant cysts may germi-
^""^ Reichardt 1984). The oral LD.o of saxitoxin for mice is

nate, and the resulting motile forms, or active cells already
^"^o"' -^^ ^^'^?> <^HO 1984). A fatal oral dose for

present in low concentration, undergo periods of rapid pop-
h^^ans is only a few milligrams. Like tetrodotoxin, saxi-

toxin blocks the sodium channels of nerve membranes, and

thereby inhibits neuronal transmission (Evans 1975,
Present address: 2445 West Dry Creek Road. Healdsburg. CA 95448 SchantZ 1986; WHO 1984).
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Symptoms of PSP usually begin within 15 to 90 minutes

after ingesting toxic mollusks and most often consist of

paresthesia and numbness of the tongue, lips, and fin-

gertips. If the dose is sufficient, this may be followed by

muscular incoordination, a "floating" sensation, diplopia,

dysarthria, and, in advanced cases, ascending paralysis.

Death may result from diaphragmatic paralysis and respira-

tory failure within 2 to 12 hours (CDHS 1983, Halstead and

Schantz 1984).

The clinical manifestations of PSP and the severity of

symptoms depend upon the concentration of the toxin in the

shellfish and the amount of shellfish consumed. There also

appears to be substantial individual variation in suscepti-

bility to the toxin. However, available data do not support

the belief (McFarren et al. 1960) that persons who com-

monly eat shellfish in affected areas may develop resistance

to the toxin (Halstead and Schantz 1984).

According to Tennant et al. (1955), severe symptoms
have occurred following ingestion of as little as 124 |xg of

toxin, and death has resulted from the ingestion of about

456 (Ag. Bond and Medcof (1957) cite a case of a two-

year-old child suffering serious poisoning after ingestion of

clams containing only 96 |xg. In the same incident, two

adults had mild symptoms after consuming an estimated

340 and 344 |xg each, and a severe poisoning resulted from

ingestion of about 880 p.g. Evans (1975) states that

symptoms usually are not felt by adults unless more than

360 (jLg (2.000 mouse units) are ingested, while serious ill-

ness is likely following ingestion of more than 900 jig

(5,000 mouse units). Schantz et al. ( 1975) propose that se-

vere illness, and even death, may occur after ingestion of

500 to 1,000 |jLg. At the more conservative end. Dale and

Yentsch (1978) suggest that moderate symptoms should

appear upon the ingestion of 1,000 (xg of toxin, with the

lethal range beginning at about 10,000 |xg.

Although the literature offers a range of opinions re-

garding the clinical implications of ingesting various levels

of PSP toxin, and while there seem to be wide differences

in human susceptibility to the toxin, it is reasonable to ex-

trapolate that ingestion of 200 to 500 jjug is likely to cause

at least mild symptoms; ingestion of 500 to 2,000 jjig is

likely to cause moderate to severe symptoms; and con-

sumption of more than 2.000 ixg is likely to produce se-

rious, and possibly lethal, consequences.

CDHS recognizes that dose-response studies tend to

concentrate on average dosages required to produce

symptoms of various severities, rather than on minimum

dosages which may affect highly susceptible persons. As

stated by Bond and Medcof (1957): ". . . such averages

can hold only academic interest in the minds of those re-

sponsible for preserving public health. They must concern

themselves not merely with protecting the average person,

but also those who are more susceptible to the poison than

average."

All testing for PSP in California is done by the Cali-

fornia Department of Health Services, with toxin levels

being determined by the standard mouse bioassay method

(AOAC 1984).

The detection level for PSP toxins, using the mouse

bioassay, is about 40 |xg per 100 grams of shellfish meat.

The U.S. Food and Drug Administration "alert level" for

PSP toxin in commercial shellfish is set at 80 fxg. That is,

shellfish having levels of toxin at or above 80 |jLg/100 g are

considered unsafe and not allowed for sale (Clem 1975,

NSSP 1988). This alert level is purposefully conservative

to allow time to implement regulatory actions (e.g., closure

of commercial shellfishing beds or recall of product from

the marketplace) before toxin levels increase to more dan-

gerous concentrations.

Historical Background

PSP has been recognized as a health risk to consumers

of bivalve shellfish in the temperate zones of North

America and Europe for many centuries. Reports dating

back to the eighteenth century describe numerous human

illnesses resembling PSP following consumption of shell-

fish in Northern Europe and Great Britain (Halstead 1965).

In North America, Indians of the Pacific Coast appar-

ently were aware of the relationship between red tides and

bioluminescence in ocean waters and toxicity in shellfish.

They would not eat shellfish when these conditions ap-

peared (Meyer et al. 1928). Illustrative of this, in 1928,

Meyer et al. wrote:

"From time immemorial it has been the custom among
coast tribes of Indians, particularly the Poma, to place sen-

tnes on watch for Kal ko-o (mussel poison). Luminescence

of the waves, which appeared rarely and then only during

very hot weather, caused shellfishing to be forbidden tor

two days; those eating shellfish caught at such times suf-

fered sickness and death. . . , According to a report a band

of Indians died about fifty years ago from eating mussels

gathered on the Mendocino coast during the month of Au-

gust."

The first seemingly documented case of PSP in North

America occurred in 1793. when five members of Captain

George Vancouver's crew became ill after eating mussels

collected near Fitzhugh Sound in what is now British Co-

lumbia (Quayle 1969). One of the five died. Vancouver's

account of this event appears to be the first detailed written

description of the symptoms and progression of paralytic

shellfish poisoning (Vancouver 1801).

In 1799. it is reported that 100 Aleut hunters accompa-

nying the Russian Baranoff Expedition died after eating a

meal of mussels collected near present-day Sitka. Alaska

(Halstead 1965). This event is not well documented, and

some have suggested that the descriptions given are not

sufficiently detailed to exclude other possible causes

(McFarren et al. 1960). If this outbreak actually was PSP,

it represents, by far, the greatest number of fatalities ever

known to have resulted from a single PSP outbreak. Al-

though there are no official reports of PSP incidents in Cali-
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fornia during the early years of European settlement,

Meyer et al. (1928) and Sommer and Meyer (1937) state

that PSP cases were not uncommon during the latter half of

the nineteenth century in California. Sommer and Meyer
(1937) wrote:

"In order to visualize Ihe sii;niticanee of shellfish poi-

sonint; as a problem of heallh on the Paelfie Coast, it is well

to remember the lollowini; faets: During and following the

investigation of the outbreak that oeeurred in 1927. nu-

merous eommunieations from physieians and other persons

brought out the fact that mussel poisoning along Ihe

northern coast of California is a rather common phenom-
enon. Besides those recorded previously, numerous single

and group intoxications are recalled by the inhabitants.

Mass intoxications in Indians and single ones in white

settlers which occurred about fifty years ago are also well

remembered."

The first PSP outbreak recorded in California, and for

the United States outside Alaska, involved 12 persons who
ate mussels from Timber Cove, Sonoma County, in 1903

(Meyer et al. 1928). Five of these persons died. Subse-

quently. 4 cases were reported from Santa Cruz County in

1915, and 12 cases, including 2 deaths, in 1917. An addi-

tional case in San Diego County was reported in 1918.

It was not until 1927, however, that health officials in

California fully recognized the serious potential of PSP. In

that year, a major outbreak occurred along the San Fran-

cisco coast, extending from Sonoma to Monterey Counties.

In total, 102 cases were reported, including 6 deaths

(Meyer et al. 1928). t As a result of this outbreak, PSP was

made a mandatorily reportable condition in California.

Since the 1927 California epidemic, interest in PSP in

the United States and worldwide, has waxed and waned,

with periodic reports being made of PSP incidents (Meyer
et al. 1928, McFarren et al. 1960, Halstead 1965, and

Rippey and Verber 1986). On reviewing the worldwide

data, it is clear that the California coast is a region of espe-

cially high risk for PSP. It is an area which ranks high in

the number of reported PSP cases and deaths (Table 1).

Despite this, and the fact that California's PSP Prevention

Program is the oldest such program in the United States,

California's experience in preventing this public health

problem has not been previously reported.

CALIFORNIA PSP PREVENTION PROGRAM

Since its inception over sixty years ago, the California

Department of Health Services (CDHS) PSP Prevention

Program has incrementally evolved into its current five-

pronged approach, consisting of a mandatory reporting re-

quirement for PSP cases, an annual mussel quarantine, a

TABLE I.

Number of reported incidents of PSP in North America during the

period 1900 through 1989.'

tMeyer et al. 1928. and Sommer & Meyer. 1937. both give 102 as the

total numb)er of cases in the 1927 outbreak. Some time later, a single

additional case was attributed to this year, giving a total of 103. As noted

by Meyer et al. 1928. the total of 102 "is only approximate" and "it is

not unlikely that only the severe and moderately severe forms of illness

have been recognized and tabulated."

Area PSP Illnesses (Deaths)

Alaska

British Columbia

Washington

Oregon
California

Mexico'

Guatemala-

Rhode Island

Ma.ssachusetts

New Hampshire
Maine

Nova Scotia and New Brunswick

Quebec
New Foundland

174
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TABLE 2.

Reported human cases of paralytic shellfish poisoning in California, 1927-89.

Year
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censed commercial operators in California are subject to a

separate PSP testing program, as descrihed below. Com-
mercial shellfish entering California from other states are

subject to similar controls.

3. Coastal Shellfish .Monitoring

Although blooms of P. catemllu in California's coastal

waters generally occur during the warmer months of the

year, there is insufficient understanding of the environ-

mental and biological factors affecting P. catcueUa popula-

tions to adequately predict bloom occurrences (Yentsch

1984). Available information only confirms that toxic

blooms along the California coast are very irregular, both

with respect to place and time. Because their appearance

cannot now be predicted, nor their presence detected by
other means. California, like most other states with PSP

problems, relies on a coastal shellfish monitoring program
to detect bloom developments (Nishitani and Chew 1988.

Chiane 1988. Shumwav et al. 1988).

Figures 1 and 2 show the locations of the 15 coastal

counties of California, the principal commercial shellfish

harvesting areas, and selected coastal sampling sites re-

ferred to in this report.

During the period 1927-36, a shellfish sampling pro-

gram using the newly developed mouse bioassay was con-

ducted by the G. W. Hooper Foundation of the University

of California, San Francisco, as part of the pioneering
studies of PSP. The results of this sampling effort were

described by Sommer and Meyer (1937).

Records of shellfish testing for PSP during the 1940s

and 1950s are incomplete and difficult to interpret. It ap-

pears that during these two decades little or no PSP testing

was performed in a number of years. It was not until 1962

that the coastal monitoring program became an ongoing an-

nual activity. Similarly, it was not until 1962 that PSP
levels were expressed in micrograms (|jLg) of toxin per 100

grams of shellfish tissue, rather than the earlier "liver

units" and "mouse units." For these reasons, this report

OREGON

Crescent City

Trinidad

Humboldt Bay

Cape Mendocino—

Shelter Cove

DEL NORTE COUNTY (40)

HUMBOLDT COUNTY (112)

Brutiel Point— I

Fort Bragg
— '

Point Arena''

Anchor Bay

Salt Point State Park

MENDOCINO COUNTY (89)

Bodega Head
Tomales Bay

Point Reyes-
Drakes Estero/*

Stinson Beach

Rockav^oy Beach-(
Moss Beach"

Pescadero Beach

Natural Bridges State Beach'"

Eikhorn Slough

SONOMA COUNTY (45)

MARIN COUNTY (54)

SAN FRANCISCO (7)

SAN MATEO COUNTY (46)

SANTA CRUZ COUNTY (36)

Figure I. Central and Northern Califurnia coastal counties Troni Del Nurte to Santa Cruz, with coastal mileages (in parentheses), commercial

shellfish growing areas (underlined), and selected geographic locations and sampling sites.
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— MONTEREY COUNTY (97)

Pfeitfer Beach—^

Moonstone Beach, Cambria

Morro Bay -i

SAN LUIS OBISPO COUNTY (77)

SANTA BARBARA COUNTY (110)

VENTURA COUNTY (46)

Vandenberg AFB-

Point Conception -
Santa Barbara

Santa Barbara Chanjiel Point

Ballona Creek -

Portuguese Bend

Huntington Beach

\\ San
T5i TCIemente

Agua Hedlonda Lagoo

Point Loma -

LOS ANGELES COUNTY (60)

ORANGE COUNTY (39)

SAN DIEGO COUNTY (71)

MEXICO

Figure 2. Central and Southern California coastal counties from Monterey to San Diego, with coastal mileages (in parentheses), commercial

shellfish growing areas (underlined), and selected geographic locations and sampling sites.

summaiizes and focuses primarily on the findings of the

shellfish sampling program that began in 1962.

The monitoring program began as an informal agree-

ment between the CDHS and several coastal county health

departments. The latter would collect and submit shellfish

samples to CDHS for PSP testing; CDHS would then ana-

lyze the samples and report the results back to the counties.

The coastal counties did not all become a part of the moni-

toring effort at the same time. The program first involved

the northern counties, and it later grew to include southern

counties.

As the CDHS PSP Prevention Program evolved, a sam-

pling protocol was formulated which suggested that each

county select two sampling locations, and that a sample
from each site be submitted at biweekly intervals during the

quarantine period and at monthly intervals during the non-

quarantine period. The guideline, if followed, would have

provided for relatively regular and unifomi geographic cov-

erage of the coast. However, for various reasons, some
coastal county health departments have not been able to

participate in the sampling effort as fully as initially antici-

pated. As a result, the number of samples submitted by
these local agencies varies widely, a fact which contributes

to the uneven sampling patterns which have characterized

the monitoring program, especially in its early years. The

total number of samples submitted for PSP analyses each

year since 1962 is shown in Figure 3.

Monitoring by the coastal counties is augmented in some

areas by samples collected by CDHS, the California De-

partment of Fish and Game (CDFG). the University of Cal-

ifornia. Vandenberg Air Force Base, and various other pro-

gram participants. In addition, samples are submitted by
commercial shellfish harvesters as part of their peniiit re-

quirements.

The number of samples submitted by various program

participants during each of the past five years is shown in

Table 4. The average number of samples submitted an-

nually from each of the 15 coastal counties during the same

time period is shown in Figure 4. The wide range in

numbers of samples submitted from each county reflects, in

part, the length of the coastline, the involvement of local

health agencies, the presence or absence of commercial

shellfishing operations, and the size and nature of shellfish

resource. Also, some areas, for example parts of Monterey.

Mendocino, and Humboldt counties, are relatively remote

and inaccessible for routine sampling activities.
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Figure 3. Total number of shellfish samples submitted annually to the California Department of Health Services for paralytic shelinsh poison

(PSP) analysis during the period 1962-1989

Because toxic dinoflagellate blooms in California begin

in ocean waters and secondarily are carried into bays and

estuaries through currents and tidal action, shellfish toxin

levels in bays and estuaries generally are lower than those

in adjacent open-coastal locations. It follows, therefore,

that samples from the open coast have greater value in an

early warning system for toxic bloom detection than do

those from protected waters. This is why sampling has been

targeted to open coastal locations.

In 1988, the CDHS adopted a sampling technique in

which mussels or other shellfish are placed in retrievable

nylon mesh bags hung into ocean waters from piers or other

suitable structures. These so-called sentinel stations offer

safety advantages to the sampler in that the bags can be

retrieved at any time independent of the need for low tides

or suitable weather and surf conditions. Use of this proce-

dure is limited because most of the open coast lacks piers or

other structures overhanging the water from which bags can

be hung.

Primary sentinel stations are located at Trinidad. Hum-

boldt County; the U.S. Coast Guard Station in Humboldt

Bay; Lawson's Landing in Tomales Bay; and at the Old

Coast Guard Station near Chimney Rock. Drakes Bay.

4. Shellfish Sampling from Commercial Harvesting Areas

The coastal shellfish monitoring program was expanded
in 1981 when CDHS required that commercial shellfish

growers submit samples from their shellfishing beds at

weekly intervals, year-round, during all harvesting periods.

This requirement was imposed as a consequence of a PSP

outbreak in 1980 during which 61 people became ill from

eating commercially grown oysters. Even before 1981,

TABLE 4.

Number of PSP samples submitted annually during the period

1985-1989 by commercial shellfish growers, government agencies,

research institutions, and other program participants.
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California
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100 200

Average Number of Samples per Year

300

Figure 4. Average number of sample!< submitted for paralytic shellfish poison (PSP) analysis from each California coastal county during the

period 1985-1989

however, samples commonly were sent to CDHS for

testing by shellfish growers, particularly from Humboldt

Bay, Tomales Bay, and Drakes Estero. Although not man-

datory, sampling was done voluntarily to ensure product

safety. In recent years, about one-half of all samples re-

ceived for PSP testing have been submitted by commercial

shellfishing companies (Table 4).

Year-round testing of commercially grown shellfish not

only helps to protect the consumer, but is essential for the

development and economic success of the State's ex-

panding shellfishing industry. PSP outbreaks, such as oc-

curred in New England in 1972 and California in 1980, can

have protean untoward impacts on shellfish markets, as

well as on the general fisheries industry (Jensen 1975,

Conte 1984). An overview of the economic effects of PSP
and costs of PSP prevention programs on the North Amer-

ican shellfishing industry is given by Lutz and Incze

(1979). The cost of the California PSP Prevention Program
is borne, in part by the State's general fund as a public

health protection program, and, in part, by license fees paid

to the Department of Fish and Game.

5. Public Education

The public education effort is directed primarily toward

sport shellfish harvesters and is closely linked to the annual

mussel quarantine. Opening of the annual quarantine period

is widely announced in the media by means of CDHS press

advisories. These news releases contain a statement of the

quarantine, the reasons for it. and background information

on PSP. Extensions of the quarantine beyond the normal

closing date, inclusion of shellfish other than mussels, and

all other emergency actions are also announced by press

advisories and public notices.

CDHS keeps all local health agencies, the CDFG, the

California Department of Parks and Recreation, and other

relevant entities infomied about coastal PSP activity and

the status of all quarantines so they can assist in enforce-

ment and public education activities.

As part of the public information effort, quarantine

warning signs are prepared and posted in shellfishing areas

by local health departments. Since 1980, in addition to

being printed in English and Spanish, signs also have been

printed in Vietnamese, Cambodian, Laotian, Ilocano, and

Tagalog. Special effort is made to reach recent immigrants
from the Philippines and Southeast Asia, since these groups

have accounted for a disproportionate number of PSP cases

in California in recent outbreaks. For example, in 1980, 13

of 36 cases due to the consumption of mussels were Fili-

pinos (Sharpe 1981 ). Also, of the 13 reported cases in each

of the outbreaks of 1969 and 1971, 12 in each were Fili-
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pinos. The high incidence among Filipinos, and to a lesser

extent among immigrants from Southeast Asian countries,

may be explained by a cultural dietary penchant for mussels

and other shellfish and untaniiliarity v\ith PSP, which

rarely occurs in that part of the world.

In addition to CDHS public education efforts, the Uni-

versity of California Sea Grant Extension Program pub-

lishes an informational bulletin on PSP for the general

public (Price 1989).

FINDINGS OF THE COASTAL MONITORING PROGRAM

In spite of the high level of PSP activity along the Cali-

fornia coast, there has been almost no academic research on

this problem in the State since the early studies by Meyer,

Sommer, and their co-workers in the late 1920s and 1930s.

Instead, recent advances in the understanding of this phe-

nomenon in California have come primarily from the

CDHS coastal shellfish monitoring program and other

health protection activities.

Although, as already noted, the monitoring effort has

been somewhat sporadic since being initiated in 1962. the

sampling data from recent years are yielding important new

information on the frequency, intensity, seasonal occur-

rence, geographic distribution, dimensions, and other re-

lated aspects of toxic dinollagellate blooms and toxification

of shellfish along the California coast. Eventually, these

data may permit correlation of toxic blooms with climatic

and hydrographic conditions which, in turn, might lead to

prediction capabilities. Until then, however, the monitoring

data are providing useful clues concerning the ecology and

dynamics of toxic blooms- information essential in devel-

oping optimal sampling strategies, predicting the course of

bloom expansion and decline, and, in general, providing a

more effective public health protection program. Some of

these findings are described below.

Frequency of PSP Blooms in California

A "bloom"" may be defined as a discrete proliferation of

toxic dinoflagellates which causes PSP toxin levels in ex-

posed shellfish to rise above some detectable level. Be-

cause a bloom is detected indirectly (i.e.. by measuring
toxin in shellfish), our knowledge of bloom frequencies is

limited by the number and distribution of sampling sites

along the coast and the frequency of sampling. Although

limited, data available since 1962 permit an estimate of this

aspect of bloom occurrences.

A review of sampling data from California reveals that

for most years samples measuring 80 |jLg/100 g (the federal

FDA alert level) or more are very common, occurring too

frequently to provide meaningful information on toxic

bloom frequencies. For that reason. CDHS has operation-

ally defined a bloom as occurring at levels of 160 ^JLg/l00 g

or more. Also, a discrete bloom is defined as one which is

separate from other similar events, both in location and

time of occurrence. In some years, because of spatial and

temporal gaps in sampling data, it is not possible to deter-

mine if elevated toxin levels in coastal shellfish are the re-

sult of a single large bloom or of smaller discrete blooms.

Table 5 shows the number of discrete toxic blooms, as de-

fined here, detected along the California coast from 1962

through 1989, along with the location of the bloom, the

months of occurrence, and the highest toxin level obtained

for each county involved in the bloom.

It is clear from the data in Table 5 that toxic dinofiagel-

late blooms commonly occur off the California coast,

having recorded 34 distinct blooms between January 1962

and December 1989, inclusive. In only 6 of 28 years was

no bloom identified. In 10 years, 2 or more toxic blooms

were detected. However, because of limited sampling,

especially in the years prior to 1980. it is likely that many
blooms went undetected.

Intensity of PSP Blooms in California

Sampling data (Table 5) have shown that toxic dinofla-

gellate blooms not only are relatively common along the

California coast, but that shellfish toxicity also frequently

reaches levels that could cause serious health problems if it

were consumed. Table 5 shows that of 34 identified

blooms, 31 (91 percent) yielded shellfish with toxin levels

of 200 fjLg/100 g or higher; 17 (50 percent) yielded samples

of 500 |xg/100 g or higher; and 8 (24 percent) yielded spec-

imens having levels of 2,000 |xg/100 g or higher.

Bloom intensities also may be described by the highest

shellfish toxin levels encountered. As shown in Table 6.

the federal alert level of 80 (jig/lOO g has been exceeded in

one or more locations in 26 of the past 28 years (93 per-

cent). Levels have equaled or exceeded 200 |jig/100 g in 21

of the past 28 years (75 percent), 500 jjLg/lOO g in 14 years

(50 percent), and 2.000 |xg/IOO g in 8 years (29 percent). It

is also of interest that levels have exceeded 1 .000 |jLg/100 g

in 6 of the past 10 years. The reason for detecting higher

toxin levels during recent years is unclear. It is possible that

this is an artifact of more intense sampling, rather than of

any real increase in high-level toxic blooms.

Seasonal Occurrence of PSP Blooms in California

As previously noted, the annual mussel quarantine pe-

riod evolved during the 1930s to encompass those months

having the highest PSP risks. The period chosen in 1942,

May I through October 31 . has included over 99 percent of

all reported PSP cases in California since 1927. The only

exceptions were two cases in March 1931, and one case

(fatal) in April 1932 (Sharpe 1981). The two largest PSP

outbreaks in California, in 1927 and 1980. began during

the month of July. As can be seen from Table 7, the over-

whelming majority of PSP cases from other years (94 per-

cent) have occurred during the 4-month period June

through September, with July being the peak single month

(58 percent) (Sommer and Meyer 1937; Sharpe 1981).

June, July, and August also lead in the number of PSP
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TABLE 5.

Toxic dinoflagellate blooms along the California coast, 1962-89.'

Year Counties Involved

Highest
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TABLE 5.

continued

Year Counties Involved

Highest

1'oxin Level' Location Date

1984
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TABLE 6.

Highest PSP toxin levels detected in the California shellflsh

monitoring program by year, 1962-89.

TABLE 7.

Incidence of PSP illnesses by month, California, 1927-89.
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TABLE 9.

Mussel samples with PSP toxin levels of 80 or more |j.g/100 g of

shellfish meal from southern California, 1970-88.
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Figure 5. Highest level of PSP toxin per year reported from Santa Barbara County during the period 1970-1989

correlations between periods of high or low PSP activity

and various climatic and oceanographic conditions, e.g.. El

Nifio events, might be useful in development of bloom pre-

diction capabilities.

Table 12 shows the distribution of PSP cases according

to the source of the shellfish causing the illness. It is of

interest that Santa Cruz and Monterey counties, although

relatively quiet in terms of toxic dinoflagellate activity

since the monitoring program began in 1962, have had a

high number of PSP illnesses and deaths. All of these inci-

dents occurred before 1962, suggesting that there may have

been some changes in toxic bloom phenomena along the

coast during the past 60 years.

County. t Also, in the 1927 outbreak, all cases occurred

within the short time period July 14-17, indicating high

levels of toxicity in shellfish along this entire section of

coastline. Tests conducted at the time confirmed elevated

toxin levels in mussels from numerous sites along the

coast, as well as from the Farallone Islands 25 miles west

of the coast. Studies of the 1927 outbreak provided the first

indication that toxic blooms in California may encompass
extensive sections of the coast.

Table 13 shows the northern and southern limits of ten

major toxic blooms that occurred between 1962 and 1989.

All of these blooms yielded toxin levels in shellfish in ex-

Dimensions of Toxic Blooms in California

In their description of the 1927 PSP outbreak, Meyer et

al. (1928) noted that human cases occurred at various loca-

tions along a 150-mile section of coast, i.e., from Wright's

Beach in Sonoma County to Pacific Grove in Monterey

tThe text of the 1928 paper stales thai the southernmost PSP case was due

to mussels collected al Pescadero. San Maleo County. However, a single

case from Pacific Grove, Monterey County, is indicated on the map in-

cluded as Figure 1 Because (hat case also is included in the later paper

by Sonimcr and Meyer (14.^7), we have used Pacific Grove as the

southern limit of (he 1427 bloiim.
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Figure 6. Highest level of PSP toxin per year reported from San Luis Obispo County during the period 1962-1989

cess of 1 ,000 fjLg/100 g. The geographic limits are based on

the apparent northern and southern points at which toxin

levels in shellfish equaled or exceeded 100 (xg/100 g. Al-

though the true dimensions are. of necessity, only esti-

mated, information in Table 13 supports the observations

of Meyer and Sommer (1937) that major blooms of toxic

dinoflagellates along California's coast may extend for long

distances.

Toxic Bloom Development

California data are insufficient to determine if major
blooms grow from single locations, develop through co-

alescence of smaller discrete blooms (i.e., resulting from

similar favorable conditions along the coast), or both. An

alternative explanation is that toxic blooms develop off-

shore and move toward land in an already advanced stage,

thereby causing rapid increases in shellfish toxicity. There

is no specific evidence of this occurring from the California

data, although this absence of data may be an artifact re-

sulting from almost all sampling stations being located

along the shoreline.

Better understanding of bloom development and ex-

pected variation in shellfish toxicity along sections of

coastline is needed to design a more effective monitoring

program. One needs to know the degree to which toxicity

from one location provides information about toxin levels

at nearby and distant locations along the coast. Clearly, the

monitoring program should minimize the chance of blooms

reaching dangerous levels without detection because sam-

pling sites are too widely spaced.

California sampling data, to date, provide little informa-

tion on variations in toxicity between adjacent sampling

sites, especially during the early stages of bloom develop-

ment. Nonetheless, the large size of toxic blooms which

appear to be characteristic of California's coast suggest that

detection should occur even with widely separated sam-

pling sites (e.g., 10 to 20 miles) by the time a bloom has

reached levels which pose a public health threat. However,

as discussed later under "Dynamics of Shellfish Toxifica-

tion," early detection of a developing bloom-before dan-

gerous levels of toxin accumulate in coastal shellfish-re-

quires an immediate increase in monitoring activities when-

ever low but rising levels of PSP are encountered.
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Figure 7. Highest level of PSP toxin per year reported from Marin County during the period 1962-1989

Duration of Toxic Blooms in California

Monitoring data associated with individual blooms not

only provide information on bloom dimensions, but also on

their duration. The latter, of course, is a measure of both

the duration of the bloom itself and the retention time of

toxin within the shellfish.

Because mussels and oysters appear to clear themselves

of toxin fairly rapidly as a bloom fades, these are the best

measures of bloom duration. Clams, and especially Wash-

ington clams, Sa.xidomu.s niiltulli (Conrad), may retain the

toxin for considerable periods of time and. therefore, ele-

vated toxin levels in clams do not necessarily indicate that a

bloom is in progress.

Table 14 shows the apparent duration of the ten toxic

blooms listed in Table 13 based on toxin levels in oysters

and mussels. The duration of the 10 separate blooms

ranged from 36 to 85 days, averaging 56 days. Of note,

however, only samples with toxicity levels at or above the

100 ixg level were used and. therefore, the time intervals

are conservative. Also, in many cases, the amount of sam-

pling decreased abruptly as the bloom subsided, so the time

required for shellfish to drop below the 100 p,g level was

not always exactly determined.

Dynamics of Shellflsh ToxiPication in California

Various investigators have noted that toxicity in bi-

valves can increase from safe to dangerous levels within a

few days (McFarren et al. I%0). For example, Sommer
and Meyer (1937) reported that toxicity in mussels from the

Salmon Creek area of Sonoma County in 1932 showed a

100-fold increase in 12 days. Similarly, a study in Quebec.

Canada, showed that toxicity of softshell clams (.Myci are-

naria Linnaeus) increased from 542 mouse units (—98 fjig)

to 26.180 mouse units (—4.712 |xg) per 100 g within 6

days (Tennant et al. 1955). Further, studies in Maine

showed that the blue mussel (Mytilus cdidis Linnaeus) can

increase in toxicity under optimum conditions at a rate of

about 500 ^JLg/IOO g per day (Hurst and Gilfillan 1977). In

the same study, the softshell clam {.Myci circnaria) showed a

maximum gain of 116 (xg/lOO g per day. with a daily

average toxin gain of about 77 |j,g.

The rate of toxification is a critical factor in determining
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Figure 8. Highest level of PSP toxin per year reported from Sonoma County during the period 1952-1989

table 12.

PSP cases in California bv county, 1927-1989.'

County
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TABLE 13.

Boundaries of selected toxic dinoflagellate blooms in California, 1962-89.

Year Months Involved Northern Boundary Southern Boundarv

Approximate
Distance

(Miles)'

1962 July-August

1969 September- December

1970 June -August
1971 July- September
1980 July-August

1981 September-October
1984 February- March

1985 March -April

1986 June-August
1989 August- November

Jenner. Sonoma County

Shelter Cove. Humboldt County

Mussel Point. Bodega Marine Lab, Sonoma County

Bodega Head, Sonoma County

Timber Cove, Sonoma County (Rock Scallop)

Shelter Cove. Humboldt County

Mussel Pomt. Bodega Manne Lab.. Sonoma County

Moonstone Beach, Cambria. San Luis Obispo County

Mussel Pomt. Bodega Marine Lab.. Sonoma County

Trinidad Harbor, Humboldt County

Piegon Point, San Mateo County 113

Salt Point. Sonoma County 108

Pescadero Beach. San Mateo County 98

Natural Bridges State Park, Santa Cruz County 128

Rockaway Beach (Pacifica). San Mateo County 92

Rodeo Cove, Marin County 189

Natural Bridges State Park, Santa Cruz County 130

Ventura Beach, Ventura County 184

Pescadero, San Mateo County 98

Pacific Grove. Monterey County 384

' Distances are straight-line measurements following major coastal contours.

toxin levels pass the 80-100 |xg/100 level, rapid increases

in shellfish toxicity follow.

Toxicity data from California do not reveal such lag pe-

riods. In fact, currently available data from the CDHS
monitoring program indicate that toxin levels can increase

rapidly, e,g., from barely detectable levels to those capable

of causing serious illness in from seven to ten days. Illus-

trative of this, mussels in the Santa Barbara Channel went

from 43 fjLg/lOO g on March 25, 1985. to 450 |xg/100 g on

Apnl 1, to 770 ji.g/100 g on April 4, and finally to 4,100

^J^.g/100 g on April 10, 1985. This represented a roughly
10-fold increase in 7 days and a 100-fold increase in 16

days. Similarly, mussels from shoreline stations at Goleta

increased from 65 jjig on April 1 to 2,900 on April 9; and at

Gaviota, from 49 jjig on April 1 to 1,800 \xg on April 9,

Although increases in toxicity probably are not linear, the

change at the Goleta site reflected an increase of approxi-

mately 350 fjLg/100 g per day for eight consecutive days, A

profile of the 1985 Santa Barbara bloom is shown in Fig-

ure 9,

The 1989 bloom in Northern California also provided

interesting data on rates of toxification in affected shellfish.

The speed at which mussels can acquire the toxin was

shown dramatically in Humboldt Bay during August when

samples from the Eureka-Samoa Bridge increased from un-

detectable levels to 5,300 p.g in only 7 days, an increase of

757 |xg per day. The onset and course of the bloom within

Humboldt Bay is shown graphically in Figure 10.

Because of the rate at which toxin concentrations can

increase in shellfish, as a bloom intensifies, it is extremely

important for health officials to be alert to potential

problems, and to increase sampling frequency and geo-

graphic coverage, whenever the toxin reaches detectable

levels. This alert state should occur even at locations many

TABLE 14.

Duration of nine selected toxic dinoflagellate blooms in California, 1962-89.*

Year Date Started Location Date Ended Location

Duration

in Days

1962 July 20

1969
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Figure 10. PSP toxin levels in mussel samples taken at the Eureka-Samoa Bridge and the Indian Island Channel, Humboldt Bay, California,

during the period from August through December, 1989

icity after the peak is reached, although the drop is not as

abrupt as the rise. The drop in toxicity is seen also in

Figures 9 and 10 depicting the 1989 bloom in Humboldt

Bay and the 1985 Santa Barbara bloom. For a public health

protection program, it is important to recognize that once

toxin levels begin to decline, the trend seems always to

continue in a downward direction. This was true in 1989.

as well as for all the major blooms in California since 1962.

It would appear, therefore, that health officials need not be

overly concerned that shellfish toxicity will rebound sud-

denly after special quarantines and public warnings are

lifted.

Species Differences in Toxification and Detoxification

Differences in toxicity among different kinds of shellfish

living in the same locality and exposed equally to toxic

blooms reflect the ability to acquire, concentrate, and/or

retain the toxin. In general, the rate of toxin uptake is

higher than its rate of loss; that is. toxicity can increase

from low to dangerous levels in a few days, while it may
take two or three weeks for the shellfish to return to safe

levels after the bloom subsides. Also, detoxification rates

under natural conditions (i.e., in which the bloom itself is

fading) are slower than when toxic shellfish are held in di-

noflagellate-free water in depuration-type tanks.

The rate of toxin loss also varies among species of shell-

fish. In a study of detoxification in the blue mussel (M.

edulis). the horse mussel {Modiolus modiolus Linnaeus),

and the softshell clam {M\a areiiaria). Hurst and Gilfillan

(1977) calculated the time required for each species to drop

from 1 .000 |xg/100 g to less than 80 |xg/100 g to be 15 days

for the blue mussel. 25 days for the softshell clam, and 35

days for the horse mussel.

Sommer and Meyer (1937) noted that California sea

mussels \Mytitus ccdifornianus (Conrad)] held in water free

of dinoflagellates lost about 50 percent of their toxicity in

10 days.

Notable examples of toxin retention are found in the

Alaskan butter clam. [Saxidomus giganieus (Deshayes)]

and the Washington clam \Saxidomus matalli (Conrad)]

(Shantz and Magnusson 1964; Quayle 1969). Because of

this characteristic, butter clams are considered permanently

toxic in some areas of the Pacific Northwest and Alaska. In

these areas, the toxin is retained primarily in the neck

tissues, or siphon, leading some health agencies to advise

that the siphon, especially the black tip. along with the vis-

cera, be discarded before cooking.

Washington clams, including the siphon, are generally

considered safe to eat in California. However, long-term

retention of the toxin was demonstrated followint; the 1980
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Figure 12. PSP toxin levels in mussel samples from the Northern California coast, Santa Cruz to Humboldt County, during the toxic dinofla-

gellate bloom of 1989

toxic bloom in Marin and Sonoma Counties. A special

quarantine on the taking of Washington clams in these

counties was imposed for two years, until December 1982.

In order to monitor toxin levels in Washington clams,

numerous samples were taken from Bodega Harbor

(Sonoma County) and Tomales Bay (Marin County) during

the two-year period following the 1980 PSP outbreak.

Some of these samples were divided so that the clam siphon

was tested separately from the rest of the body. Results of

these tests (Tables 15 and 16) confirm the persistence of the

toxin and its concentration in the siphon tissues. Horseneck

or gaper clams (Schizothaerus nuttalli (Conrad)) taken from

the same sites in Bodega Harbor and Tomales Bay lost their

toxicity soon after the 1980 bloom subsided (Table 17).

Data from the monitoring program also permit a com-

parison of toxin levels in the Pacific oyster [Crassostrca

gigas (Thunberg)] and the bay mussel {Mytilius editlis)

taken from the same beds in Drakes Estero, Marin County.

A comparison was made of 31 samples taken from 1984

through 1988 in which either the mussels or oysters equaled

or exceeded the 80 |xg level. Of these, only one sample

yielded toxin levels in oysters higher than in mussels (Table

18). In most other cases, the mussels greatly exceeded the

oysters, with some mussels being five times more toxic

than oysters. A similar difference between oysters and

mussels was found during the 1989 toxic bloom, as shown

in Table 19. These data confimi earlier observations on the

propensity of mussels to acquire and concentrate the PSP

toxin-an attribute which makes them the preferred indi-

cator animal for toxic bkioms and health hazard (Shumway
and Hurst 1991). The wide differences in toxin levels be-

tween oysters and mus.sels from the same location suggest

that the former may respond to concentrations of P. cute-

lU'lla by ceasing to feed or in some other manner which
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TABLE 15.

PSP toxin levels in ^^ ashington clams from Bodega Harbor during and following the toxic dinoflagellate bloom of July-August 1980.*
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TABLE 17.

PSP toxin levels in horseneck or gaper clams from Bodega Harbor

and Tomales Bay during and following the toxic dinoflagellate bloom

of July-August 1980."
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TABLE 19.

PSP toxin levels in Pacific oysters and bay mussels taken from area

12, Drakes Eslero, Marin ('ount>, at the same time during August
and September 1989.'
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Detection of these early blooms, as well as several

which occurred during the quarantine period, enabled

CDHS and local health agencies to issue special quaran-

tines, close commercial harvesting areas, alert the sport

shellfishing public, and take other public health protection

measures. As a consequence of these actions, it is believed

that numerous PSP illnesses were prevented.

The monitoring program also provides information

which expands our understanding of the geography, dimen-

sions, duration, and dynamics of toxic blooms and the toxi-

fication of affected shellfish. This information provides a

foundation upon which improvements in sampling strate-

gies and more efficient deployment of field and laboratory

resources during the course of toxic blooms can be based.

Experience in monitoring for PSP over the past several

decades underscores the fact that this is a problem which

cannot be neglected by public health agencies. In Cali-

fornia, a sustained effort, particularly in the early detection

of toxic dinotlagellate blooms, is required to ensure protec-

tion of shellfish consumers. In addition, that effort ensures

the safety of the State's expanding maricultural industry.

Indeed, experience in other seafood industries has made

clear the economically devastating effects that toxic

problems can cause to such industries, and especially when

they are nascent industries such as commercial shellfishing

is in California at this time.

In sum, we believe the California PSP Prevention Pro-

gram has been effective and has provided expanded in-

sights into this unusual malady. We think the experience

gained from the California program, especially in recent

years, should be useful to other states and countries con-

fronting similar circumstances.
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CHANGES IN THE BLOOD CHEMISTRY OF THE AMERICAN LOBSTER, HOMARUS
AMERICANUS, H. MILNE EDWARDS, 1837, OVER THE MOLT CYCLE

RENEE MERCALDO-ALLEN
National Oceanic and Atmospheric Adniinistiation

National Marine Fisheries Senice

Northeast Fisheries Center

Milford Lahoratorx

Milford. Connecticut 06460

ABSTRACT The blood chcniistn,- of the Amencan lobster. Homanis iimfncunus Milne Edwards, was measured over the individual

stages of the molt cyele. Physiological change accompanying the molt caused a significant increa.se in most blood constituents over the

course of premolt, with a significant decline dunng poslmolt. and followed by a gradual return to intermolt levels. The postmolt
concentrations of calcium, chlonde. inorganic phosphorus, magnesium, potassium, sodium, total protein, as well as osmolality, were

significantly lower than dunng premolt. Variations in glucose could not be correlated with ecdysis. These findings, added to the

already published data on lobster blood chemistry, document hemolymph constituent levels throughout the molt cycle of the American
lobster.

KEY WORDS: lobster. Homanis amciicumis. molt cycle, blood chemistry

INTRODUCTION

The Amencan lobster. Homarus amcncanus. is an im-

portant commercial resource along the northeast coast of

the United States and is often found in coastal waters adja-

cent to heavily industrialized areas. It is important, there-

fore, to determine how environmentally-induced stress af-

fects this species. Such research requires knowledge of

normal physiological parameters of lobsters.

One important measure of physiological well-being is

the study of blood constituents. Physiological adaptations
of fish to environmental stress are reflected in serum com-

position (Warner and Williams 1977, Wedemeyer and Ya-

sutake 1977): both serum osmolality and blood ion profiles

have been useful indicators of sublethal stress in marine

invertebrates (Thurberg et al. 1973, Pritchard 1979). Some
confusion has arisen, however, over the wide range of

values reported over the last 50 years for blood ion concen-

trations in the American lobster (Mercaldo-Allen 1990).

Normal crustacean physiology is dominated by the molt

cycle and each stage is associated with changes in the com-

position of the blood (Bursey and Lane 1971. Guderley
1977), However, research on lobster physiology, including

blood studies, has suffered from uncertainty regarding the

molt stage of experimental animals: many early studies re-

lied on molt-staging methods that were both inaccurate and

inconvenient. Aiken has developed precise premolt-staging

techniques for the American lobster that allow the accurate

identification of each stage (Aiken 1973. 1980). Blood

samples drawn over the molting period can be used to show
how hemolymph composition changes with molt physi-

ology.

The development of computer-assisted automated blood

'The use of trade names does not imply endorsement by NMFS/NOAA.

analyzers for hospital use has modernized blood chemistry
research. It is now possible to conduct many different tests

rapidly and efficiently on a large number of samples, using
small quantities of serum (Ellsaesser and Clem 1987).

Precise methods for accurate determination of molt

stage, then, combined with updated technology for blood

chemistry analysis now allow molt-related changes in the

hemolymph of lobsters to be carefully documented. These

techniques, together with a review of the existing literature,

provide valuable background information for future studies

of lobster physiology including studies to examine effects

of pollutants and environmental degradation on the health

of lobster populations.

MATERIALS AND METHODS

Animal Collection

Adult American lobsters (67.2-92.7 mm carapace

length) were collected by lobster pot or otter trawl from the

Charies Island (lat. 41° 11.5 N long. 73° 03.1 W) and

Momingside (lat. 41° 12,0 N long, 73° 01.1 W) waters off

Milford, Connecticut. The lobsters were returned to the

laboratory, marked with a sphyrion tag for identification

and their length and sex recorded. The animals were held in

the laboratory in ambient running seawater and fed a diet of

chopped fish, clam, or crab daily. During the study period

(March to December, 1988) salinity ranged from 24.3 to

28.6 ppt and ambient temperature varied from 3.3 to

25.5°C. The animals were exposed to a normal photoperiod
for the season.

Molt-staging Criteria

The lobsters were examined several times a week to de-

termine their molt stage using the staging methods de-

scribed by Aiken (1973, 1980). Premolt stages (DO

147
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1.0-D3 5.5) were determined by microscopic examination

of the pleopods, and postmolt stages (A1-C3) by carapace

ciiaracteristics. Aiken (1980) provides detailed descriptions

and photographs of these molt stages. Determination of the

molt stage using these techniques is accomplished rapidly

and inflicts little harm to the animal, even after repeated

sampling. Intermolt (C4) is distinguished by using a combi-

nation of both the carapace characteristics and pleopod ob-

servations. In the Results and Discussion following, the

Aiken molt stages will be found in parentheses following

the terms premolt, postmolt and intermolt as appropriate.

Sampling Procedure

A 1-ml sample of hemolymph was obtained by inserting

a glass Pasteur pipette into the sinus at the base of one of

the walking legs. To insure the health of the animals,

samples were taken no more frequently than every four

days (Cole 1941). Since the lobsters passed through the

molt cycle at varying rates, not all individuals could be

sampled at each molt stage. Clots form rapidly in lobster

hemolymph (Donahue 1953), and were broken up using a

pipette tip before centrifuging. The samples were spun at

13,600 X g in a micro-centrifuge for 15 minutes and the

serum drawn off. Any remaining clots were again broken

up, the samples recentrifuged and the rest of the serum col-

lected. Samples were frozen at
- 12°C until the analyses

were conducted.

Chemical Analysis

Osmolality was measured with an Advanced Instruments

Cryomatic Osmometer' calibrated using Advanced

Freezing-Point calibration standards. Sodium and potas-

sium levels were determined with a Perkin Elmer Flame

Photometer and Primary Calibrators for serum. A Baker

Centrifichem blood analyzer with automated Pipettor 1000

and an Apple 11 computer were used to measure serum con-

centrations of calcium, chloride, glucose, inorganic phos-

phorus, magnesium, and total protein.

Calcium, glucose, inorganic phosphorus and total pro-

tein were determined using Baker Instruments Centrifichem

reagent kits. Magnesium was measured using a Rapid Stat

Diagnostic kit made by the Lancer Division of Sherwood

Medical. A reagent kit produced by Data Medical Asso-

ciates was used to determine chloride levels.

The protein-based reference materials. Standardize I and

11, manufactured by American Monitor Corporation, were

used to calibrate the blood analyzer for calcium, inorganic

phosphorus, and total protein measurements. Standards for

the glucose test were obtained from Baker Instruments. The

magnesium and chloride kits provide standards. The reli-

ability of the analyzer's results was monitored using

Beckman's Decision product, a three level liquid compre-
hensive chemistry control serum.

Statistical Analysis

A mean, standard deviation and standard error was cal-

culated for each individual molt stage and these values are

displayed in Figures 1 -9 for each of the blood parameters.

In order to demonstrate differences in blood ion concentra-

tion before and after the molt, the blood samples for each

parameter were grouped by premolt (DO 1.0-D3 5.5) and

postmolt (AI-C3) and compared by analysis of variance.

A mean of the individual premolt stages was calculated and

compared to a mean of the individual postmolt stages (N =

premolt 189; postmolt 83). The C4 intermolt was omitted

since it falls into neither of these categories. The analysis of

variance was conducted using SAS (Statistical Application

System) computer software (SAS Institute Inc.. 1985).

RESULTS AND DISCUSSION

Crustaceans display certain predictable physiological

variations that can be correlated directly with molt stage

(McWhinnie and Mohrherr 1970, Chamiantier et al. 1984a,

Thuet et al. 1988). During premolt, a resorption of the exo-

skeleton occurs with a corresponding increase in the ion

content of the blood, which provides a temporary storage

site for these materials (Florkin 1960, Robertson 1960, Ya-

maoka and Scheer 1970, Mantel and Farmer 1983). A pri-

mary function of the blood is likely one of transport be-

tween the primary ion reservoirs, the integument and hepa-

topancreas (Passano 1960, Johnston and Davies 1972).

The postmolt period shows a decline in hemolymph ion

concentrations as substances are withdrawn and accumu-

lated in the cuticle and hardening exoskeleton (Florkin

1960, Hayes 1961. Price Sheets and Dendinger 1983). Up-
take of water at molt increases the hemolymph volume and

rapidly dilutes blood constituents (Mykles 1980, Mantel

and Fanner 1983. Chamiantier et al. 1984b). Water uptake

occurs through the gills and body surface once the old exo-

skeleton begins to detach from the newly formed cuticle

underneath (Mantel and Farmer 1983). Fluid absorption

into the hemolymph takes place primarily through the

midgut. In juvenile lobsters, seawater uptake begins an

hour before molting and is completed within two hours of

molt. This results in an increase in hemolymph volume

from late premolt through postmolt stage Al which de-

creases substantially through the remainder of postmolt

(Mykles 1980).

The restoration of normal blood plasma composition at

the end of postmolt requires an effective system of ionic

regulation. This regulation is responsible for the observed

differences in blood inorganic ions as compared to sea-

water and the body fluids of other marine invertebrates

(Florkin I960).

CALCIUM

In this study, hemolymph calcium content changed over

the molt cycle of Honiarii.'i amcricanus (Fig. I). Premolt
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Figure I. Hemulymph calcium (meq/l) concentration measured at the

individual stages of the molt cycle from DO 1.0-D3 5.5 (premolt) to

AI-C4 (postmolt). The remaining figures use the same numerical

staging system. Each point is the mean value of 7-31 lobsters; bars

represent standard error.

calcium levels rose from 40.4 meq/l (DO 1.0) to a max-
imum of 46.7 (D3' 5.5). just prior to ecdysis (molt). Post-

molt concentrations dropped off sharply to 30.9 (Al) and

remained low through intemiojt. The difference between

premolt (42.4 meq/l) and postmolt (23.3 meq/l) was statis-

tically significant at p < .0001 (F value = 193.86. D.F. =

271).

Earlier studies, although lacking Aiken's precise pre-

molt-staging techniques (1980), observed the connection

between serum calcium and the lobster molt cycle. Don-
ahue (1953) reported a distinct and rapid premolt rise in

serum calcium concentrations in Homarus umerkanus: cal-

cium increased ten hours prior to molt and reached its

highest level two hours before molt. These premolt values

were far in excess of those found during hardshell C4. Cal-

cium values remained high through molting, but declined

within two hours postmolt, reaching normal hardshell

values within thirty-six hours. In another study, Castell and

Hudson ( 1974) observed that serum calcium levels reached

35 meq/l premolt and dropped to 25 meq/l postmolt. Char-

mantier et al. (1984b) also found calcium regulation in the

American lobster to be affected strongly by molt stage.

Homarus vulgaris, the European lobster, undergoes sim-

ilar molt-related changes. Glynn (1968) found serum cal-

cium to increase markedly during early proecdysis, drop-

ping slightly in concentration by late premolt. At molt,

serum calcium reached a maximum, 20% above that of

normal intermolt. Immediately following molt, calcium de-

clined for ten days to a minimum value less than 50% of the

intermolt level.

Travis (1955a, b) examined molting in the spmy lobster,

Panulirus argus. A large amount of calcium was removed
from the old skeleton before the molt, resulting in a marked

rise in total blood calcium. Concentrations peaked three

days before ecdysis during late premolt. Travis found that

blood calcium doubled from intermolt (22 meq/l) to pre-

molt (41 meq/l). Following molt, blood calcium returned to

normal mtemiolt levels.

Greenaway ( 1974a. 1985) observed that calcium transfer

between exoskeleton and hemolymph in crustaceans varies

seasonally because of changes in metabolism caused by the

molting cycle. The premolt period in lobsters is character-

ized by increased serum calcium (Donahue 1953, Travis

1955b, Glynn 1968). In crustaceans, this increase results

from resorption of considerable quantities of calcium from

the exoskeleton (Travis 1955b, Bursey and Lane 1977,

Mantel and Farmer 1983). Calcium is transferred into the

hemolymph where it may be stored through bmding with

proteins produced during the molt cycle (Colvocoresses et

al. 1974) or may be excreted (Passano 1960, Greenaway
1974b).

It has been suggested that elevated blood calcium late in

premolt can be related to increased uptake of seawater just

prior to and at molt (Donahue 1953, Travis 1955b), or

could be a dehydration effect (Sather 1967). Although he-

molymph is one of the major tissues involved in the

molting process (Passano 1960), its role may be more one

of calcium tran.sport than storage (Fieber and Lutz 1985), a

role that would account for the variably elevated calcium

levels found in the blood prior to molt (Adams et al. 1982).

After ecdysis, the concentration of stored calcium ions

in the hemolymph decreases rapidly as they are mobilized

to harden the new exoskeleton (Robertson 1960, Lockwood
1967, Glynn 1968, Guderiey 1977, Greenaway 1985). Cal-

cium for the new exoskeleton comes from the old shell and

from stores in the animal's tissues (Scheer 1948) and he-

molymph. Uptake of calcium from the water in postmojt

aquatic Crustacea has been documented (Greenaway 1972).

Simple diffusion through the soft integument or the gills

may take place since the concentration gradient between

seawater and blood calcium is favorable upon molting
(Robertson 1941. Sather 1967).

Dilution by water uptake accounts for low calcium

values in the blood at the time of ecdysis (Robertson 1960,

Haefner 1964, Adams et al. 1982). In many crustaceans, a

considerable time period is necessary to replenish blood

calcium levels after molt (Henry and Kormanik 1985).

During intermolt, calcium losses from the body are

matched by the uptake of calcium from the water or food

and the concentration of the hemolymph is relatively con-

stant (Greenaway 1985).

TOTAL PROTEIN

Protein levels also changed significantly over the

molting cycle (Fig. 2). During premolt, values rose gradu-

ally, with an unexplained decline to 7.5 g/dl (DO 2.5), be-

fore peaking at 11.4 g/dl (Dl 4.0). Thereafter, levels
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GLUCOSE AS A FUNCTION OF MOLT STAGE
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Figure 3. Hemolymph gluco.se Img/dll concentration measured at the

individual stages of the molt cycle. Each point is the mean value of

7-31 lobsters; bars represent standard error.

postmolt mean value of 6.6 mg/dl (F value = 0.26, D.F.
= 271).

Telford (1968a) found similar differences in glucose
levels between molt stages in adult American lobsters.

Mean glucose during intermolt (C4) was measured at 7.7

mg/dl. During premolt (D0-D4). levels increased to 10.5

mg/dl. 35% higher than intermolt concentrations. Fol-

lowing molt, glucose dropped off to 4.8 mg/dl, 30% below

intermolt levels. Later in postmolt (C1-C3). glucose levels

returned to normal intermolt (C4) values.

Many factors other than molt stage influence glucose
levels including handling stress, hyperglycemic hormone,

diet, season, temperature, circadian or tidal rhythm, stage

of the reproductive cycle, physiological condition, collec-

tion, or population differences and time of sampling
(Florkin 1960. Dean and Vernberg 1965a. b. Telford

1968a. b. Dall 1974. Spindler-Barth 1976, Chang and

O'Connor 1983). Perhaps these factors attributed to the

variability in glucose values observed in this study. Dis-

crepancies in the literature may also be attributed to the

failure of investigators to identify molt stage correctly, to

the influence of ecological factors and to the diversity of

analytical methods used (Jeuniaux 1970).

Variations in glucose concentration over the molt cycle

are related to the changing carbohydrate needs of the an-

imal (Telford 1968a). Glucose is a major component of cir-

culating blood carbohydrates in crustaceans (Hohnke and

Scheer 1970, Chang and O'Connor 1983). Normal blood

glucose levels can be depleted through expenditure of large

amounts of sugars for synthesis of new chitin and resorp-

tion of constituents from the old cuticle prior to ecdysis.

Blood glucose may represent a form of transport between

the glycogen of the hepatopancreas and other tissues and

the sites of chitin formation (Florkin 1960). Elevated blood

sugar levels are accompanied by increases in organic acids

and other intermediates of glycolytic metabolism, all of

which contribute to increased osmotic pressure and facili-

tate water uptake during and following molt (Travis

1955a).

INORGANIC PHOSPHORUS

Molt-related fluctuations in hemolymph inorganic phos-

phorus are shown in Figure 4. Concentrations increased

gradually from 1.9 mg/dl (DO 1.0) to 2.9 mg/dl (DO 2.0)

with an unexplained decline to 1.9 mg/dl (DO 2.5). Inor-

ganic phosphorus reached a maximum of 3.4 mg/dl during

midpremolt (Dl 4.0), before dropping steadily to 1.4 mg/dl

postmolt (Al). Values remained low until returning to an

intermolt (C4) level of 1.7 mg/dl. Mean values for premolt
at 2.6 mg/dl were significantly higher (p < .0001) than

postmolt at 1.3 mg/dl (F value = 38.24, D.F. = 271).

In early studies with the American lobster, Hollett

(1943) found that inorganic phosphorus levels increased

steadily from eariy premolt (4.3 mg/dl) through mid-pre-
molt (range 6.2-8.3 mg/dl) to a high (13.0 mg/dl) just

prior to molt. The postmolt serum concentration decreased,

with the lowest values obtained just after ecdysis from

papershell" animals (range 0.7-0.9). Slightly higher
concentrations were detected in "rubbershell" lobsters

(range 1.2-3.6). Intermolt concentrations showed some

variability between animals (range 1.7-6.4).

Travis (1955b) found inorganic phosphorus levels

highest during premolt in the spiny lobster, Paniilirus

ar^us. with a decline at the time of molt. Postmolt concen-

trations increased slightly (B) and then declined to inter-

molt values. In the \obsteT Homarus vulgaris. Glynn ( 1968)

found a significant rise during premolt with a gradual re-

duction at the time of molt. Immediately after molt there

was a decline, after which the concentration leveled off.

High inorganic phosphorus concentrations during pre-

molt may result from the removal of phosphates from the

old shell preparatory to molting. Inorganic phosphorus

INORGANIC PHOSPHORUS AS A FUNCTION OF MOLT STAGE
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Figure 4. Hemolymph inorganic phosphorus (mg/dl) concentration

measured at the individual stages of the molt cycle. Each point is the

mean value of 7-31 lobsters; bars represent standard error.
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levels in the blood decline through postmolt as the exoskel-

eton hardens (Travis 1955b). The blood is believed to fur-

nish at least part of the phosphate necessary for the forma-

tion of the new shell (Hollett 1943). a function that would

explain the low serum phosphorus concentrations after

molting. The postmolt decline has also been attributed to

dilution of the blood by seawater uptake (Sather 1967).

Phosphate concentrations return to normal only after hard-

ening of the exoskeleton has been completed and food con-

sumption resumed (Travis 1955b, Sather 1967, Glynn
1968). Food is considered to be an important source of this

element, and starvation can significantly decrease blood

concentrations (Travis 1955b).

MAGNESIUM

Magnesium is removed from the exoskeleton during

premolt and stored in several tissues, including the hemo-

lymph (Mantel and Farmer 1983). The role of the hemo-

lymph in this case may be one of magnesium transport

rather than storage (Price Sheets and Dendinger 1983,

Fieber and Lutz 1985). Increases in magnesium during pre-

molt are associated with resorption of salts from the cuticle

in preparation for ecdysis (Robertson I960, De Leersynder

1967).

Changes in the magnesium composition of lobster he-

molymph in this study can be followed in Figure 5. Values

rose gradually through premolt peaking at 26.8 meq/1 (D3

5.5). This ion remained high through early postmolt (A2)

before declining to an mtemiolt value of 13.4. A statisti-

cally significant difference at p < .0188 could be shown

between mean values for premolt of 19.5 meq/l and post-

molt of 21 .4 meq/l (F value = 5.58, D.F. = 271).

Elevated magnesium concentrations through early post-

molt have been observed in other crab and lobster species

(Hagerman 1973, Spaziani et al. 1981, Towle and Mangum
1985, Wheatly 1985). In a related lobster species, Ho-

marus vulgaris. Glynn (1968) found similarly increased

levels of magnesium prior to molt. During early postmolt

(A), concentrations peaked (30 meq/l) before declining to a

minimum value (B) (10 meq/l), followed by a return to in-

termolt values.

Molting in marine crustaceans occurs under conditions

of elevated magnesium (Fieber and Lutz 1985). These

maximal levels of serum magnesium prior to and immedi-

ately after ecdysis could be either a decrease in the effi-

ciency of magnesium excretion from the hemolymph or an

increased uptake of water during late premolt (Glynn 1968,

Hagerman 1973). High levels of magnesium and calcium

during premolt and early postmolt may subdue muscular

activity by depressing nerve and muscle excitability. The

increase in the levels of these and other blood constituents

may thus contribute to the decline in activity commonly
associated with the molt (Lockwood 1967, Hagerman
1973, Haefner and Van Engel 1975).

The late postmolt decline in magnesium is probably re-

lated to hardening of the exoskeleton (De Leersynder 1967)

and deposition of this ion in the cuticle (Towle and

Mangum 1985, Price Sheets and Dendinger 1983).

OSMOLALITY

Hemolymph osmotic pressure in the American lobster is

affected by the molt cycle (Charmantier et al. 1984b), as

was observed in this study (Fig. 6). Although there was a

minor decline early in premolt (DO 1.5), values changed

very little over the period, reaching a maximum level of

800 mOsm/kg (D3' 5.5). The osmolality dropped at molt,

then fluctuated before returning to 735 mOsm/kg at inter-

molt. Mean values for premolt (768.4 mOsm/kg) were sig-

nificantly higher than postmolt (743.7 mOsm/kg) at p <
,0001 (F value = 15.23, D.F. = 271).

The ionic composition of lobster blood confomis to that

of the environment during intermolt, except under condi-
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tions of low salinity (Phillips ct al. 1980); this results from

limited ability to osmoregulate (Dall 1970). During inler-

niolt. the blood is maintained hyperosmotic to seawater

over a salinity range of 24-26 ppt (Dall 1970. Thurberg et

al. 1977, Charmantier et al. 1981 ) as was confirmed in this

study in which the salinity ranged from 24.3 to 28.6 ppt.

In Mykles's study (1980) of juvenile American lobsters,

he detected no increase from intermolt C4 (991.4 mOsm/

kg) to premolt (D3) (993.7 mOsm/kg) but found a signifi-

cant decline in osmolality by postmolt (A) (980.5 mOsm/

kg), as was also seen in this study of adult lobsters. The

postmolt decrease in osmotic pressure in Homanis ameri-

canus was also observed by Chaimantier et al. (1988).

The slight rise in osmotic pressure during premolt can be

attributed to increases in blood ionic constituents (Passano

1960. Robertson 1960. Hagerman 1973. Haefner and Van

Engel 1975). This increase in internal ionic concentration

establishes a gradient between the external medium and the

biologically active tissues (Haefner and Van Engel 1975).

An increase in free amino acid concentration may bring

about a passive rise in the osmotic concentration of the

blood (Robertson 1960). Conversion of hepatopancreas

glycogen to glucose, known to occur during the molting

cycle, could also increase osmotic pressure (Baumberger

and Dill 1928. Baumberger and Olmstead 1928. Scheer

1948). The process of ecdysis. with resulting breakdown of

glucose to lactic acid, could also increase the osmotic pres-

sure (Baumberger and Olmstead 1928).

Whatever the origin, increased blood osmotic pressure is

followed abruptly by an augmented water uptake into the

hemolymph (Lockwood 1967. Haefner and Van Engel

1975). probably through the midgut (Mykles 1980). A hy-

perosmotic internal medium would favor this uptake of

water at molt (Charmantier et al. 1988). Dilution of the

hemolymph results in decreased osmolality following ec-

dysis (Travis 1955b. Glynn 1968. Mykles 1980. Charman-

tier et al. 1988. dePur et al. 1988). Postmolt post-larval

lobsters demonstrated a lower ability to hyper-regulate than

did intermolt animals (Charmantier et al. 1988).

POTASSIUM

Changes in hemolymph potassium over the molt cycle

have not been widely studied because preliminary studies

of crustacean hemolymph have revealed little or no molt-

related changes (Bursey and Lane 1971. Guderiey 1977.

Towle and Mangum 1985). The study presented here, how-

ever, suggests that potassium metabolism over the molt

cycle may be similar to that of other blood constituents.

Figure 7 shows that premolt serum potassium (6 meq/1)

was significantly higher (p < .0001) than postmolt levels

(4.8 meq/1) (F value = 88.04, D.F. = 271). Potassium

levels remained fairiy steady over premolt, peaking slightly

at 6.5 meq/1 (D2 4.5). Values declined slowly through molt

to a low of 4.5 meq/l in postmolt (A2), remaining low

thereafter until the rise in intermolt value to 5.5 meq/l.

POTASSIUM AS A FUNCTION OF MOLT STAGE
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CHLORIDE AS A FUNCTION OF MOLT STAGE
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Figure 9. Hemolymph chloride (meq/1) concentration measured at the

individual stages of the molt cycle. Each point is the mean value of

7-31 lobsters; bars represent standard error.

dium observed in this study may correspond to water up-

take as a prelude to ecdysis (Hagerman 1973). Sodium ex-

changes between the blood and tissues can occur rapidly in

crustaceans (Bryan 1960). In this study, sodium levels de-

creased in concentration during ecdysis. possibly a result of

increased permeability and swelling due to water uptake

(Hagerman 1973).

Studies have indicated neuroendocrine control of a so-

dium regulating hormone in the American lobster than can

increase hemolymph sodium concentration (Charmantier et

al. 1984c). Perhaps this plays a role in molt-related sodium

fluctuations.

CHLORIDE

Chloride is one of the main osmotic effectors and is reg-

ulated in much the same way as sodium and osmotic pres-

sure (Charmantier et al. 1984a. b). Blood chloride concen-

tration may passively follow changes in sodium level

(Lockwood 1967). Figure 9 shows hemolymph chloride

concentrations throughout the molt cycle. Premolt levels

fluctuated initially (DO 1.0 to Dl 3.5) before stabilizing at

about 611 meq/1 for midpremolt (Dl 4.0) through early

postmolt (Al). Chloride levels then dropped to 540 (A2),

remaining low through the duration of postmolt and rising

to 562 meq/1 by intermolt. The premolt mean value of 589

meq/1 was significantly higher (p < .0002) than the post-

molt mean of 531.9 meq/1 (F value = 13.86. D.F. = 271).

Similar observations were made by Glynn (1968) for the

lobster Homarus vulgaris who found serum chloride to

vary by 2.5% from intermolt values over the molting pe-

riod. Chloride concentration decreases during postmolt as a

result of increased permeability and swelling. The function

of chloride may differ from ecdysis to intermolt. and ion

ratios during absorption and secretion can change from one

molt stage to another (Ferraris et al. 1987).

SUMMARY

Although many researchers have investigated lobster

molt physiology, the role of blood chemistry has not been

sufficiently examined (Mercaldo-Allen 1990). The wide

range of ion concentrations reported for the American lob-

ster in previous studies may be attributed to natural varia-

tions resulting from the molt cycle, and to less-than-precise

molt staging methods. From the very nature of the dynamic

equilibrium between crustacean blood and seawater. some

variation in blood composition within a single species is to

be expected, particularly during the molt period (Robertson

1939). The use of refined staging methods (Aiken 1980)

and updated analytical methodology has greatly enhanced

both the precision and quantity of tests that can be con-

ducted. Since only a small amount of blood is sufficient to

make many different analyses, frequent withdrawal of

fluids from study lobsters is possible. Such improved tech-

nology makes feasible a wide variety of measurements in

which close monitoring of an individual animal is required.

Data presented here show an increase in hemolymph
concentrations of calcium, chloride, inorganic phosphorus,

magnesium, potassium, sodium, total protein, and osmo-

lality over the premolt period with a decline following ec-

dysis. Changes in blood glucose could not be correlated

with the molt cycle.

An understanding of how lobster blood physiology is af-

fected by preparation for and recovery from ecdysis can

contribute to studies of the animal's health. The study of

lobster blood chemistry and the review of the literature on

lobster blood studies presented here clarifies some of the

complex changes associated with the molt cycle.
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.ABSTRACT The size at which Bering Sea red [Panilithodes camlschaticus) and blue (P. pUilypus) king crab produced spcrmato-

phores was examined. Over 90% of male red king crab with carapace lengths (CD of 90-99 and 70-79 mm from Bristol Bay and

Norton Sound populations respectively had spcmiatophores in their vas deferens. Blue king crab produced spermatophores at smaller

sizes than red king crab. Over 90% of 60-69 mm CL male blue king crab from the Pnbilof Islands and .50-59 mm CL males from the

St, Matthew Island collections carried spermatophores.

The spermatophores from males under 100- 105 mm CL from Bristol Bay red king crab and St, Matthew Island blue king crab

were smaller than those of larger specimens. As males grew from 55 to = 105 mm CL spermatophore diameters increased in a linear

manner, but spermatophores from males 105 mm CL to the largest individuals had similar diameters.

Based on the presence of spermatophores. male red and blue king crabs reach .sexual mutunty at smaller sizes than those based on

chela morphometry. They also reach matunty at smaller sizes than females.

KEY WORDS: anomura. Iithodidae. spermatophore. reproduction, maturation

INTRODUCTION

Red. Paralithodes camtschaticiis (Tilesius). and blue,

P. platypus Brandt, king crab are harvested commercially

in the eastern Bering Sea and the Gulf of Alaska. Current

regulations prohibit harvesting females and those males

below a minimum size limit and also include guideline har-

vest quotas. Minimum legal sizes are generally set to insure

that males have at least one opportunity to mate before they

are harvested (North Pacific Fishery Management Council

1989). Quotas are set according to a fixed proportion of the

estimated abundance of ""mature" males (see Schmidt and

Pengilly 1990 for an example).

The size at maturity (120 mm) is less than legal size and,

for management purposes, has been estimated from the

size-frequency of male red king crab found to be grasping

females in a precopulatory embrace from Kodiak Island in

the Gulf of Alaska (GOA). The current management plan

assumes that eastern Bering Sea (EBS) male red king crab

mature at 120 mm just like GOA crab. Female king crab

exhibit geographically related variations in size at maturity

and it is likely that males follow the same pattern. In the

EBS, size at maturity also has been based on chela allom-

etry (Wallace et al. 1949, Somerlon 1980, Somerton and

Macintosh 1983). Use of captive GOA red king crab in

mating experiments has provided information on the min-

imum size at which males can fertilize females (Powell and

Nickerson 1965, Powell et al. 1973, 1974, Paul and Paul

1990a). However, similar mating studies have not been

done with either red or blue king crab from the EBS.

Various measures of the size at maturity are shown in com-

parison to legal size in Table 1 .

This report supplements existing information on EBS

king crab size of maturity by examining males for the pres-

ence of spermatophores. Presence of spermatophores in the

vas deferens is a good indication that a male crab is sex-

ually mature (Watson 1970), although it does not neces-

sarily imply that an individual crab is sexually active.

During mating, king crab pass bands of spermatophores,

distinct pedunculate capsules containing non-motile sperm,

through an opening in the coxopodite of the 5th pereiopod

to the females (Marukawa 1933, Sasakawa 1971 ). External

egg fertilization occurs in the female brood pouch formed

by the broad apron like abdomen. Adiyodi (1985) fol-

lowing Greenwood (1972) describes the formation of sper-

matophores in the anomuran Pagurus as occurring in the

anterior portion of the vas deferens with the formation of

the peduncle occurring last in a T shaped groove. Peduncu-

late spermatophores are hence fully formed sexual

products. In this report we consider the spermatozoa con-

tained in pedunculate spermatophores as viable and crabs

containing them to be sexually mature.

METHODS

Blue king crabs were collected from the Pribilof and St.

Matthew Island populations and red king crab from Bristol

157
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TABLE 1.

Legal carapace length (CL mm) estimates of size at maturity for red

and blue king crab males.
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TABLE 2.

The percentage of blue king crab Faralithodes platypus from the Pribilof and St. Matthew Islands in the Bering Sea with spermatophores

present in their vas deferens.

Carapace

Length (mm)

Pribilof Islands
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Figure 2. The relationship of mean spermatuphore diameter to carapace length in Paralithodes platypus collected from the St. Matthew Island

area.

larger males had similar spermatophore diameters (x =

99,15 ixm, SE = 1.76, n = 39; Fig. 3).

At sizes above 105 mm CL Bristol Bay red king crab

had slightly larger (t
= 2.8, P < 0.01) spermatophores

than St. Matthew Island blue king crabs, but we can not

ascribe any importance to this result. Blue king crab males

from St. Matthew and Pribilof populations apparently ma-

ture at smaller sizes than Bristol Bay or Norton Sound red

king crab based on the percent of crabs having spermato-

phores. Maximum spermatophore size in St. Matthew Is-

land blue king crab is approached more quickly with re-

spect to carapace length than it is in Bristol Bay red king

crab (slopes differ by 0.48, t
= -3.26. P < O.OI; Figs. 2

& 3).

DISCUSSION

The size at maturity estimate based on the presence of

spermatophores is smaller than previously published
values. Based on chela morphometry, estimates of the size

at which 50% of male blue king crab were mature was 108

mm CL (95% confidence interval = 83-133 mm CL) and

77 mm CL (95% confidence interval = 58-96 mm CL) for

Pribilof and St. Matthew Islands respectively (Somerton

and Macintosh 1983). Although the precision of these esti-

mates was questioned by the authors, we note that almost

all males within their confidence intervals had spermato-

phores (Table 2).

Blue king crab males produce spermatophores at smaller

sizes than that at which females first extrude eggs. Females

from the Pribilof Islands and St. Matthew Island mature at

96 and 81 mm CL respectively (Somerton and Macintosh

1983). All males above 80 mm CL carry spennatophores

(Table 2) and 85% or more of the 50-59 mm CL spec-

imens (Table 2) had spermatophores.

In the St. Matthew Island collection, maximum sper-

matophore diameter is reached by 100 mm CL. At smaller

sizes, mean spermatophore diameter increases linearly with

carapace length. Coupled with visual observations showing

a paucity of spermatophores in small males (Fig. 4), the

gradual increase in spennatophore size may indicate that

small blue king crab males are less capable of repetitive

mating as is true of red king crab (Paul and Paul 1990a).

Mating experiments could address this theory and also ex-

plore the consequences of biennial spawning in females

(Somerton and Macintosh 1985, Jensen and Armstrong

1989).

The size at maturity for red king crab based on sper-

matophore presence is smaller than previously published

values. Based on "proliferation and hypertrophy of cells

lining the ductus deferens" Wallace et al. (1949) stated that

most Bristol Bay male red king crab become mature at 85

to 90 mm CL. They also present data suggesting that the

morphometrically based size at maturity is approximately

100 mm CL. Somerton's (1980) analysis of their data re-
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breeding experiments (Paul and Paul 1990a). In the GOA
males in grasping pairs are typically larger than 120 mm
CL (Powell and Nickerson 1965, Powell et al. 1972.

Powell et al. 1974, Eldridge 1975). Females were larger

than their mates in only 1 of 106 (Powell and Nickerson

1965) and 4% of 3402 (Powell et al. 1972) grasping pairs

observed by SCUBA divers. Perhaps behavioral mecha-

nisms preclude small mature males from breeding.

The measurement of spermatophores has not commonly
been related to male size. This study showed that the diam-

eter of spermatophores increased with crab size until about

105 mm which is close to the size of maturity estimated by
chela morphometry. This coincidence poses the question is

this simply fortuitous, or is there a relationship between the

two measures of size of maturity that should be studied?

Perhaps reproductive potential is determined by some crit-

ical mass of spermatophore material rather than simply the

presence of sperm. In red king crab from Soviet waters,

Sapelkin and Fedoseev (1986) demonstrated that there are

regional variations in spermatophore size and abundance.

Based on spermatophore presence, they speculated that

males up to = 1 14 mm CL are more active breeders than are

larger crab. They also noted that not all mature males breed

every season. These observations suggest that there is more

that can be learned about the male role in population repro-

duction by the study of spermatophores.

There appear to be some seasonal aspects to sperm pro-

duction with maximum spermatophore abundance occur-

ring just before spawning (Sapelkin and Fedoseev, 1986).

The seasonality of collections for our study caused some

concern since Sapelkin and Fedoseev (1986) report that

spermatogenesis is seasonally synchronized. Comparison
of spermatophore diameters from Bristol Bay males larger

than 105 mm CL did not, however, show differences be-

tween winter (January and February, x = 99.7, SE = 2.0,

n = 31) and summer (x = 97.1. SE = 3.9, n = 8) col-

lections. But, future comparisons of spermatophore size or

abundance should be carried out with specimens captured

during the period just prior to spawning.

Obviously deciding on the size of maturity for males

based solely on spermatophore presence would be impru-

dent. In some brachyurans, spermatophores are present in

the vas deferens prior to the molt of puberty. Hartnoll

(1963, 1965, 1969) and Johnson (1980) notes their occur-

rence in crabs smaller than those normally considered to be

sexually active. But, another study of the brachyuran crab

Chionoecetes hairdi showed that ability to produce sper-

matophores and to fertilize females occurred at similar

sizes (Paul and Paul, 1990b). However, spermatogenesis in^

male king crabs may occur at a smaller size than the size of

males able to mate as is true of the American lobster Ho-

inarus amerkanus (Aiken and Waddy 1980). Spermato-

phore presence indicates physiological maturity but perhaps
not the ability to service females which may be defined as

functional maturity. Experiments need to be done to see if

the smaller spermatophore producing king crab can breed.

The relative abundance of mature males by size group,

differential distribution of males and females and behav-

ioral factors all probably affect the size frequency of males

that actually breed in a given spawning season. Controlled

experiments and more in situ observations are necessary to

fully understand maturity in these two species.
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MALE SNOW CRAB, CHIONOECETES OPILIO (FABRICIUS, 1788), WEIGHT-WIDTH
RELATIONSHIPS: AN EXERCISE IN MULTI-SOURCE REGRESSION

D. M. TAYLOR AND W. G. WARREN
Science Branch

Departmeni of Fisheries and Oceans

P.O. Bo.x 5667

St. John's. Newfoundland
Canada AlC 5X1

ABSTRACT From August to October 1989. 710 legal-sized male snow crab, Chionoecetes opilio. from the east coast of New-

foundland were sampled to determine what effect shell condition had on live weight and by inference, yield. Results demonstrate that

m undamaged, live individuals shell condition has little effect on weight. The implication of this information to the processing and

harvesting sectors of the industry in Newfoundland is that carefully handled soft-shell crabs can be sold for the same price as

hard-shelled individuals, despite reduced meat yield and quality attendant with processing soft-shelled crabs. An alternative harvesting

strategy aimed at avoiding soft-shelled crabs would involve changing the supplementary fishing season from fall to spring, thereby

avoiding the penod of highest soft-shell crab abundance.

KEY WORDS: snow crab, Chionoecetes opilio. weighl-width relationships

INTRODUCTION

The snow crab. Chionoecetes opilio fishery began on the

northeast cost of Newfoundland in 1968. As in any opera-

tion relying on labour-intensive processing methodologies,

profitability is dependent on price, productivity, and yield

from the raw product.

In most areas of Newfoundland the snow crab fishery is

prosecuted from mid-April until either area quotas have

been caught, or until the end of November when the fishing

season ends.

In most commercial fishing areas the fishery is divided

into two components: a "full-time"" fleet, and a "supple-

mentary"" fleet. While the full-time tleet consists of large

vessels (15-20 m) fishing 800 "Japanese-style" conical

traps, the supplementary fleet consists of vessels ranging

from 9.5-20 m restricted to 150 traps. While fulltimc

vessels are restricted to offshore areas, supplementary ones

are limited to designated inshore areas. A further division

of the two fleets is accomplished by the imposition of stag-

gered fishing seasons. While the fulltime quota is usually

completely harvested by late June, supplementary fisheries

in most management areas do not begin until mid-Sep-

tember.

During July-October most areas along the coast have a

high incidence of newly-molted, soft-shelled snow crab in

commercial catches. Until 1986, this constituted a serious

nuisance effect but a strictly enforced regulation prohibiting

the landing of soft-shelled crabs, effectively prevented the

problem from developing into a major concern to the pro-

cessing sector.

In 1986 the regulation that had effectively prevented the

landing of soft-shelled crab was struck down due to the

subjective nature of the legal definition of soft-shelled crab.

Although an attempt to devise a tool that will provide an

objective means of distinguishing between hard and soft-

shelled has had promising results, (Foyle et al. 1989) there

is at present no regulatory means of preventing the landing

of this low-yield poor-quality product. This lack of en-

forced quality control has been particularly evident in the

supplementary fisheries which coincide with the period of

peak abundance of soft-shelled crabs. At-sea culling of

soft-shell crabs often results in discard rate in excess of

70% with attendant high mortality, while dumping of dead

crabs by processors frequently accounts for 50-60% of in-

dividual fishermen"s landings (Taylor and 0"Keefe 1989).

The severity of the soft-shell problem can be demon-

strated from late-season plant sampling conducted during

the fall of 1989. Catches of 5 fishermen landing at 3 pro-

cessing facilities were chosen randomly and sampled for

shell hardness and size composition. Percentage soft ranged

from 9-29%, despite a so-called ban on soft-shell imposed

by the processors and years of educational workshops out-

lining the disadvantages in landing these animals.

During the 1990 supplementary fishery, fishermen were

accompanied by departmental Fishery Protection Officers

who observed fishing operations in order to ascertain the

severity of the soft shell discard problem. Seventeen crab

fishing vessels from four management areas were sampled
on September 20, 1990. Soft shell discards ranged from 5

to 60% on individual vessels. In terms of soft shell inci-

dence by area, the mean ranged from 5 to 47% (G. Kel-

land. Acting District Protection Officer, Dept. of Fisheries

and Oceans, Fisheries and Habitat Management Branch,

St. John's, Newfoundland).

Processors who ultimately must bear the responsibility

and indeed the cost of harvesting soft-shell crab, have long

maintained that it was in the fishermen's interest to return

soft-shell crab to the water. It was reasoned that fishermen

165
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would enjoy increased benefits by harvesting these animals

after they had recovered to a hard-shelled condition and the

round weight per individual increased as the water ab-

sorbed following ecdysis was replaced by muscle, a period

of from 2-3 months duration (Taylor et al. 1989).

Deregulation on the landing of soft-shell crab coincided

with a sharp decline in resource availability (Taylor and

O'Keefe 1987). Resource shortfalls, combined with high

prices resulted in large quantities of soft-shell crab being

accepted by processors at many Newfoundland ports

(Taylor and O'Keefe 1988). This study was undertaken to

determine by examining the relationship between weight

and size for the different shell conditions, what effect, if

any, the harvesting of soft-shell crab has on the whole

weight of fishermen's landings.

METHODS

Sampling Procedure

During August, September and October of 1989, com-

mercial-sized (s^95 mm carapace width (CW)) male snow

crab were sampled from commercial catches held at several

processing plants along the northeast coast of Newfound-

land and from a research cruise in Bonavista Bay.

During plant sampling, crabs were measured from ran-

domly selected tote boxes that had been iced and stored in

the facility's holding shed. The CW and degree of shell

hardness (Taylor et al. 1989) were determined for all sam-

pled animals, while animals with all limbs intact were

weighed to the nearest 0. 1 gm on a Sartorius Model U3600

balanced equipped with the MP 8-4 data input option de-

signed to enhance accuracy in weighing live specimens.

At-sea sampling was directed exclusively at soft-shelled

individuals. Specimens were obtained by means of baited

traps fished during the annual time-series research cruise

conducted in Bonavista Bay. Soft-shelled crabs were care-

fully placed in tote boxes, covered with a tarpaulin and

transported to the crab processing plant in nearby Bonavista

for detailed sampling and weighing.

710 legal-sized male snow crabs were sampled during

the course of this study. Crabs were separated into groups

based on shell condition and weight plotted against CW by

group (Fig. 1). Widths ranged from 95 to 129 mm. while

weights ranged from 275.0 to 1078.4 gms (Table 1).

Statistical Analysis

The question is, then, whether the weight-carapace

width relationship is independent of shell condition. The

role of statistical analysis is to test whether the regression

of weight on carapace width is the same for each of the

three shell-condition groups, soft-shell, new/hard old/hard.

This situation is, perhaps, best described as multisource re-

gression. Recently, particularly in computer software

package documentation, this has been referred to as anal-

ysis of covariance. but it differs from the analysis of covari-

ance described in such classical statistical texts as Cochran

and Cox (1957), Ostle (1963) and Snedecor and Cochran

(1967). Consequently, there has been some misunder-

standing and incorrect application of statistical software

packages in this context. Accordingly, the logic behind the

methodology and the analysis of the data are here given in

some detail.

Let
x,j

and
y,j

denote, respectively, the carapace width

and the weight of the jth crab of the ith category, the cate-

gories being 1
— soft-shell. 2-new/hard and 3— old/hard..

Of the models relating weight to carapace width the two

leading competitors appear to be

(Model 1)

and

yij
=

a,
+

bjXy
+

Cy

y.j
=

a,x,jTiy"
(Model 2)

or, equivalently,

log(yy)
=

log(ai) +
bjlogtXy)

-I-
e,j

where
log(Tiy)

=
e,j

and the
e,j

are assumed to be indepen-

dent random variables with zero mean and constant vari-

ance. These will be referred to as Model 1 and Model 2,

respectively. It is sometimes convenient to think of
tiy

as

equal to 1 -I-
e,j

with the e^ small, so that
log(Ti,j)

=
e,j.

To differentiate between the two models, the residual

sums of squares from each was partitioned into two compo-

nents, one representing the pure error, the other the lack-

of-fit (see, e.g. Draper and Smith 1981). Specifically, for

any value of carapace width, there is a range of weights.

Regressing weight on carapace widths cannot do anything

to reduce the variations between individual weights at a

given width. This is the "pure error." The best tracking of

the weights that can be made with carapace width as the

single independent, or predictor, variable (including trans-

formations) would pass through the mean values of the

weight at each of the values of carapace width. The depar-

ture of the fitted line from these defines the "lack of fit." If

the fit is good, the measure of the lack of fit should be

comparable to that of the pure error. A lack of fit substan-

tially less than the pure error is suggestive of a fit that is

"too good to be true." For example, the lack of fit can be

made zero by use of a sufficiently high-order polynomial in

the independent variable, but such would almost certainly

be meaningless.
To determine whether the data could be represented by a

single regression the hypothesis that the lines were parallel

(b,
=

bj
=

bj) was first tested. If this hypothesis can be

accepted, one may then test the hypothesis of a common

intercept (a, =32 =
a,, given b,

=
bj

=
b,). If either

hypothesis is rejected, other subhypotheses may be tested

to determine the most parsimonious acceptable model (see

e.g. Warren 1974).

RESULTS

Under Model 1 the lack of fit. although not large, was

formally significant at the \% level (F = 1.70 on 80 and
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Figure I. Plot of snow crab, Chionoeceles opilio, whole weight Igm log,) ver.su.s carapace width (mm log,). Solid circles (solid line)—soft-shelled;

open circles (dashed line)—new/hard; solid triangles (dotted lines)—old/hard.

624 d.f. ) while there was no indication of laci< of fit under The hypothesis, clearly, should be rejected. The equa-
Model 2 (F = 0.93 on 80 and 624 d.f.). Accordingly, tions of the three separate lines are;

Model 2 was judged to be the more appropriate for the en-

suing analysis. Soft Shell: log(y)
= -9.2030 + 3.2949x

The residual sums ot squares under each hypothesis are New/Hard Shell: log(y)
= -8.5610 + 3.1649x

given in Table 2.
Old/Hard Shell: log(y)

= -6.7029 + 2.771 Ix
A test of the hypothesis b,

=
bj

=
b, is given by

F = [(4.5731
- 4.5151 )/2]/(4. 5141/7041

11.7 on 2 and 704 d.f.

This suggests the possibility that the lines for Categories 1

and 2 might be parallel, or even coincident. Accordingly

TABLE 1.

Width-weight-shell condition for snow crabs, Chionoeceles opilio, collected from the northeast coast of Newfoundland, August-October, 1989.

Shell

Condition
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we may test the hypothesis bj
=

bj but with bj possibly

distinct. The test statistic is

F = 1(4.5254- 4. 514I)/|4. 5141/704]
= 1.7 on 1 and 704 d.f.

which is clearly not significant at conventional levels.

Some caution must be exercised here since the hypothesis

being tested has been suggested by the data. Nevertheless,

we may now test the hypothesis a,
=

aj, given b,
=

bj,

thus

F = [(4.6927
-

4.5254)/|4.5254/705J
= 26.1 on 1 and 705 d.f.

Clearly, this latter hypothesis must be rejected.

TABLE 2.

Residual sums of squares and degrees of freedom after fitting for

prescribed models.
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SEINE HARVESTING AND FEEDING OF FORMULATED FEEDS AS NEW MANAGEMENT
PRACTICES FOR POND CULTURE OF RED SWAMP CRAWFISH, PROCAMBARUS CLARKII
(GIRARD, 1852), AND WHITE RIVER CRAWFISH, P. ACUTUS ACUTUS (GIRARD, 1852)'

LOUIS R. D'ABRAMO AND DANIEL J. NIQUETTE^
Department of Wildlife and Fisheries

Mississippi State Universiti'

P.O. Drawer LW
Mississippi State. Mississippi 39762

ABSTRACT Earthen ponds ((1,04 ha) were initially stocked with a 1:1 ratio of male and female broodstock oi Procamhanis clarkii

and P. acinus aculu.s at either 5(i kg/ha or 84 kg/ha in June. 1987. No forage was planted, ponds remained filled throughout the year,
and a pelleted feed was used as the pnmary source of nutntion. Crawfish 3=75 mm (total length! were either seine harvested (April-
July) or trap hanested (April- August) dunng 1988 and 1989.

Yields dunng Ihe first year ranged from .'>58 to 1.165 kg/ha. Second year yields substantially increased and ranged from 1122 to

2942 kg/ha. Between 75 and W7c of the total annual harvest occurred during April. May and June. Batch harvesting was successfully
achieved with seining. Total yields from trap harvested ponds were approximately 1.9 x those of seme harvested ponds. During the

first harvest season mean tail meat yields ranged from 15.4 to 23.3%. Feed conversion ratios for the two production seasons ranged
from 0.81 to 3.84.

KEY WORDS: crawfish. Procamharus clarkii, P aciilus. harvesting, feeding, management

INTRODICTION

Currently crawfish culture in tlie southern United States

almost exclusively involves two species, the red swamp
crawfish Procamharus clarkii and the white river crawfish

P. acutus acutus. Traditional culture practices accommo-
date the life history of these species which inhibit regions
where flooding and drought conditions alternate. In Loui-

siana, where most crawfish culture m the United States is

practiced, initial stocking of shallow earthen ponds aver-

aging 30 to 45 cm in depth occurs during the late spring.

Ponds are then drained m late May or early June, rice

Oryza sativa or some other forage is planted, and the pond
bottom remains dry throughout the summer. The forage

may or may not be harvested. Ponds are refilled during

mid-September or October and the typical growing season

for crawfish occurs during late fall, winter, and spring.

Crawfish are trap harvested from November through June

and harvests in subsequent years are generally based upon

maintaining self-sustaining populations. Crawfish yields

can vary from year to year and are influenced by specific

environmental conditions within a particular pond, seasonal

weather conditions, and management practices followed by
the farmer. Annual yields in Louisiana range from approxi-

mately 560 to 1678 kg/ha (Huner 1987).

Future improvement of crawfish aquaculture is con-

strained by existing management techniques. For example,

trap harvesting may account for 40-60% of the gross pro-

duction costs of a commercial crawfish enterprise (Cook
1981, Lawson and Wheaton 1983. Huner and Barr 1984).

In addition, planting and reliance upon forage as a source

of nutrition severely limits the expansion of the growing
and harvest seasons.

Huner ( 1978) investigated the effect of food provision to

supplement planted forage and interest in the evaluation of

other non-traditional management practices has continued.

Management practices that forego the draining of ponds
and the planting of forage in favor of crawfish being exclu-

sively fed a pelleted feed have yet to be evaluated. In labo-

ratory and pond trials, crawfish readily eat feeds formu-

lated specifically for crustaceans or catfish and generally

respond with favorable growth (Huner and Barr 1984). Pe-

riodic batch harvesting by seine has yet to be practiced but

may be a practical alternative to traditional trapping re-

gimes.

This investigation was designed as a preliminary evalua-

tion of the potential of new management techniques, spe-

cifically ponds filled year round, the use of pelleted feeds,

and seine harvest as alternatives to draining, planting

forage, and trapping, respectively. Product quality, specifi-

cally tail meat yield, tail muscle texture, and shell hard-

ness, associated with these new practices, was monitored

during a harvest season.

METHODS

Sites

'Mississippi Agricultural and Forestry Experiment Station (MAFES) Pub-

lication Number J-7748.

^Present Address: 1 134 Fleetwood Dr . Manitowoc. Wl 54220

Two independent study sites were used in this investiga-

tion. Study site SFARU was located at the South Farm

Aquaculture Research Unit of the Mississippi Agricultural
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and Forestry Experiment Station (MAFES) on the campus
of Mississippi State University, Starkville, Mississippi. At

this site nine earthen ponds ranging in size from 0.04 to

0.06 ha were stocked on 16 June 1987 with 91-100% P.

clarkii and 0-9% P. acutus aciitiis broodstock using a 1:1

male to female ratio (Table 1). Six ponds were randomly
selected for stocking at 56 kg/ha and three at 84 kg/ha. No

forage was planted. Ponds were supplied with well water

and depths ranged from 0.61 to 1.22 m. After initial

stocking, a YSI Model 57 Dissolved Oxygen Meter

(Yellow Springs Instrument Company, Yellow Springs,

OH) was used to determine dissolved oxygen and bottom

temperature three times per day (0630, 1530, and 2400 h)

from 16 May through 15 November in 1987, 1988, and

1989, and twice daily (0630, and 1530 h) from 16 No-

vember 1987 and 1988 through 15 May 1988 and 1989,

respectively. Emergency aeration was provided by one '/s

horsepower Air-0-Lator (Air-O-Lator. Kansas City, Mis-

souri) in each of the nine ponds whenever the dissolved

oxygen content of the pond water decreased or was ex-

pected to decrease below 3 ppm. Water pH in each pond
was measured daily (1500-1600 h) and ponds were par-

tially flushed whenever values reached or exceeded 10.

Cracked com (23 kg) was added to each pond on 18 May
1988 and 25 May 1989 to serve as a means to control rapid

increases in pH levels. Diesel fuel was applied to all nine

ponds on 26 May 1988 and again on 9 September 1988 at a

rate of 46.7 1/ha in order to control air-breathing aquatic

insects that might prey upon newly hatched juvenile craw-

fish.

TABLE 1.

Stocking of crayfish by pond at SFARU. R = red swamp crayfish,

Procambarus clarkii, W = white river crayfish, P. acutus acutus.
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TABLE 2.

Percent composition of experimental feed for pond aquaculture
of crayHsh.

Ingredient Percent composition

Menhaden Meal

Rice Bran

Com Meal

Soybean Meal

Wheat Midds

Bkxid Meal

Menhaden Oil

Aquabind
Vitamin and Mineral Premix

15

13

12

22

8

1

4

3

Mean of re^ult^ of proximate analysis (percent as is weight) from two

independent laboratoiies: moisture = 10.9. crude protein
= 31.6, crude

fat = 11.4, ash = 8.2. crude fiber = 4.9, nitrogen-free extract (as dif-

ference) = 33.0.

Trap Harvest

Traps were three funnel, open top, pyramid style, con-

structed with 1.9 cm plastic mesh (NAD Brokerage, St.

Martinville. LA). These traps had an added feature of elon-

gated necks to compensate for additional water depth not

generally encountered in traditional crawfish ponds. The

necks extended above the water surface and were fitted

with PVC plastic retaining rings to prevent escape of craw-

fish over the top. Traps were set at a density equivalent to

75/ha.

AT SFARU, gizzard shad, Dorosoma ccpcilianum. was

used as bait (0.23 kg/trap) from 1 April 1988 until 18 April

1988 when pond water temperatures were often below 17.0

C. Thereafter, Acadiana choice jumbo style bait was used.

Bait was replaced either daily or every other day. In 1988.

trap harvest was conducted and catch recorded from 1 April

until I August. All trap-harvested ponds were harvested

and rebaited once daily until the week ending on 28 May.
Thereafter, harvest was conducted twice per week with

traps set the previous day. Trapping effort was reduced in

response to a decline in total weekly catch and to conserve

labor. Trap harvesting was terminated on I August due to a

consistently low catch. Trapping and the collection of pop-

ulation data continued but all crawfish were returned to the

ponds except those females removed for ovary analysis. In

1989 trap harvest was conducted daily from 28 March to 17

July and thereafter, twice per week until 28 August. Aca-

diana choice jumbo style bait was used exclusively. At

DELTA, crawfish were harvested three times each week

(Thursday through Saturday) from 8 April 1988 until 1 Au-

gust 1988. Traps were baited with one piece of Acadiana

choice jumbo style crawfish bait. Harvest and sampling

were suspended due to a substantial decrease in catch, low

water level in the pond, and poor water quality conditions

(elevated water temperature and low dissolved oxygen
levels) caused by a watcrlinc break.

.Seine Harvest

Seine harvest during 1988 was conducted at SFARU
every other week from 1 April until 1 July with a 1.6 cm
mesh seine (Memphis Net and Twine, Memphis, TN)

having a weighted lead line. A total of six harvests per

pond was conducted. Each harvest consisted of the amount

of crawfish removed with one seine haul. Seine harvest was

terminated during early July because of substantial declines

in catch and to insure that sufficient egg-carrying females

remained for sufficient fall recruitment. In 1989, seine har-

vest was conducted weekly from the first week of April to

the first week of July.

Yield

Production data were collected from a total of 7 and 6

ponds for the 1988 and 1989 harvest seasons, respectively.

Total harvested yield for each pond was calculated from the

sum of all harvest efforts whether daily (trap), weekly

(seine) or biweekly (seine). Feed conversion ratios, calcu-

lated as the ratio of the weight (as is) of feed to bioinass

harvested (wet weight) were determined for each produc-
tion pond based upon the amount of feed provided from 17

June 1987 to 31 August 1988 (year 1) and from I Sep-
tember 1988 to 31 August 1989 (year 2).

Tail Meat Yield

Every other week from 18 April until II July 1988, a

sample of 50 harvested crawfish representing several ponds
was collected for analysis of tail meat yield. Crawfish were

boiled for 10 min in unseasoned water and then stored

overnight at 3.3°C. Thereafter, each crawfish was identi-

fied according to species, sex, and male reproductive state.

Total length (TL) and whole cooked animal weight were

also determined. The tail meat (abdominal muscle) was

then removed and its weight, defined as the peeled

(shelled) tail minus any adhering intestine or hepatopan-

creas, was determined. The percentage of whole animal

body weight that was tail meat was calculated.

Texture

Samples of 6 crawfish harvested from each of 4 different

ponds at SFARU (total = 24) and from the one pond at

DELTA were taken once every 2 weeks during the period

May I through July 15, 1988. No sample for DELTA was

available for July. For each month the two monthly

samples from each pond were combined for a total of 12

individuals/pond/month. Sixteen crawfish from each

month's collection (four from each pond) were subjected to

a penetration test and the remaining 32 (8 from each pond)
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were subjected to a stress-relaxation test. The DELTA

sample consisted of 12 animals, 4 and 8 being submitted to

the penetration and stress relaxation tests, respectively.

Comparisons were made between crawfish collected from

SFARU and DELTA.
Texture measurements were performed with an Instron

Model 1011 University Testing Machine (Instron Corp.,

Canton, MA). Test values recorded were mean values of

duplicate samples. The first part of the texture test, the

penetration test (Bourne, 1982), determined the peak pene-

tration force in grams force (gf) necessary for a 2 mm diam-

eter probe to pierce through the shell of a crawfish. Peak

penetration force was recorded as the highest point on the

curve. Instron crosshead speed was 20 mm/min, with the

recorder speed proportional to the crosshead speed.

The second test, a stress relaxation test was similar to

the test conducted by Weinburg and Angel (1985). In this

test a peeled raw crawfish was placed on a solid support

surface and an anvil compressed the sample to a 50% defor-

mation level (Abide, 1988). The force required to compress
the sample was recorded as stress force (gf). As the sample
was held at this position, the time (seconds) required for

this force to return to a level of 65% of its original position

was recorded as the relaxation time (T65). Instron cross-

head speed was 20 mm/min and recorder speed was 50

mm/min.

Statistical Analyses

One-way analysis of variance (ANOVA) was performed

(SAS Institute, 1982) to identify if significant differences

relative to tail meat yield existed during the harvest season

at each site. All values expressed as a percent were arc sine

transformed prior to analysis. If significance was indicated,

a Least Significant Difference (LSD) multiple comparison
test was used to identify significant pairwise comparisons.

Possible differences in shell hardness or relaxation time re-

lated to the two geographical locations or time of year of

harvest were investigated through a two-way analysis of

variance using a 2 x 2 factorial design. Differences were

considered significant at the 0.05 level.

RESULTS

Daily pH and Harvest—SFARU

No more than 10% of the daily pH levels recorded for all

production ponds during the 1988 (Sept. I. 1987- Aug. 31,

1989) and 1989 (Sept. 1. 1988 -Aug. 31, 1989) seasons

exceeded 9.5. These high pH readings were neither con-

fined to an particular month nor occurred for any extended

period of time during periods of recruitment, growth, and

harvest. No relationship between the magnitude and inci-

dence of high pH nd yield for the harvest seasons of 1988

and 1989 was app;;rent.

For the 1988 harvest, the mean cumulative yield of all

trap harvested ponds (926 kg/ha, n = 5) exceeded that of

seine-harvested ponds (525 kg/ha, n = 2) (Table 3). Trap-

harvested ponds stocked at 56 kg/ha (n = 3) had a greater

mean cumulative yield than seine-harvested ponds (n = 2)

stocked at the same density. The greatest production

achieved in 1988 was 1,365 kg/ha. Feed conversion ratios

ranged from 1.45 to 3.84 (x ± SE = 2.70 ± 0.38). For

the 1989 harvest yields associated with a total of 6 pond?

notably increased and ranged from 1122 to 2942 kg/ha.

Conversion ratios ranged from 0.81 to 2.41 (x ± SE =

1.48 ± 0.24). Yields from trap harvested ponds averaged

approximately 1.9 x those of seine harvested ponds for

both harvest years.

During the period 1 April through 1 August 1988, total

yield from daily trap harvest increased dramatically from

the middle of April until the end of May and then leveled

off (Fig. 1 ). After the third week of April, ponds stocked at

56 kg/ha consistently had a greater mean cumulative yield

than those stocked at 84 kg/ha.

During 1988 the peak of the harvest season occurred

during April and May (Fig. 2). For those ponds stocked at

56 kg/ha the mean monthly yield from trap harvest ex-

ceeded that from seine harvest except for May. The 1989

harvest showed a similar trend. In each of the ponds har-

vested in 1989, 75 to 90%i of the total harvest occurred

during the three month period of April, May, and June. At

biweekly intervals throughout the 1988 study, the cumula-

tive mean yield of trap harvest ponds exceeded that of seine

harvest ponds with the lower stocking density (56 kg/ha)

(Fig. 3). However, when a comparison on a single day

basis could be made, the total yield of crawfish from two

seine harvested ponds was between 2-8 x the combined

yield from all six trap-harvested ponds (Fig. 4). In addi-

tion, the results suggest that a yield equivalent to that de-

rived from one 20-min seine harvest in one pond would

require the daily harvest of 72 traps located within a total of

24 different ponds. A similar relationship was also ob-

served in 1989.

Harvest—DELTA Pond

The total harvest of 316 kg/ha was less than the total

harvest from any of the ponds at SFARU. However, the

number of trap days per week at DELTA was only 43%
that for ponds at SFARU. A comparison of the proportional

amounts of total yield according to month for the two study

sites is provided in Figure 5.

Tail Meat Yield

The mean tail meat yields of P. chirkii collected from

SFARU ponds on 18 April and 2 May 1988 were 23.3%

and 21.8%, respectively, and were significantly greater

than those for all other sample dates (Table 4). For the re-

mainder of the sampling period, the yield ranged from 18.0
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TABLK i.

Total yield (kg/ha) from individual ponds harvested by either trap or seine during 1988 and 1989 at SFARU.

Harvest

Procedure

Pond'

^ear AI4 A15 A16 B13 B14 B15 B16

Seine

Trap

1988

1989

1988

1989

558
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Figure 2. Mean monthly yield during 1988 at SFARU from two seine harvested ponds stocked at 56 kg/ha and each of two groups of three trap

harvested ponds stocked at 56 kg/ha and 84 kg/ha, respectively.
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Figure 4. Total yield from two seine harvested ponds and six trap harvested ponds at SFARU stocked at 56 kg/ha on dates when comparison

was possible.

APR MAY JUN JUL
Figure 5. Proportion of total 1988 harvest for each month at the two study sites.
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TABLE 4.

Mean percent tail meat yield by species, sex and maturity for biweekly samples collected at SFARU and the Delta site, (n) = number of

observations per sample of 50 individuals.
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tified in this study can actually be discerned by consumers

and thus become a important component of product quality.

The management approach used in this study was not

successful in extending the growing and harvesting season.

Huner et al. (1983) observed a decline in crawfish numbers

through the summer in ponds that remained flooded in the

summer. Our sampling revealed no summer recruitment

(Niquette and D'Abramo 1991). Summer recruitment of P.

clarkii is known to occur within roadside ditches (Huner

1975) and young-of-the-year released in August -Sep-
tember can mature by November- December ( Avault et al.

1975, Huner and Avault 1976). Huner (1978) emphasized

the importance of successful multiple recruitment in order

to achieve maximum production. Extended, or off-season,

pond production may be achieved through the spring re-

cruitment of crawfish or supplemental stocking of juveniles

in late spring or early summer derived from an hatchery

operation (Trimble and Gaude 1988). Using this manage-

ment approach 2 and possibly 3 crops per year might be

realized. Recently, a delay in the normal management rou-

tine for pond culture of crawfish succeeded in extending the

length of the harvest season (Eversole 1990). Other past

research efforts devoted to "off-season" production have

demonstrated biological feasibility but the prospects of eco-

nomic success were reported as being unattractive (Ro-

maire and de la Bretonne 1987). Recent efforts have dem-

onstrated that summer crops of 560 to 1678 kg/ha may be

achieved (Huner 1987, Culley 1987, Romaire and de la

Bretonne 1987). Year-round supply of crawfish could be-

come an important factor in the successful development

and expansion of domestic and foreign markets.

Seine harvest and the provision of formulated feed will

introduce needed control in the management of crawfish

production ponds. Another logical step toward achieving

reliable production relative to a size is the stocking of juve-

niles combined with an effective seine harvest schedule.

This approach may be the most effective toward increasing

revenue rather than merely increasing production by in-

creasing the stocking density of broodstock as suggested by

Chien and Avault (1980).

This study has provided fundamental information that is

critical to achieving progress toward the intensification of

commercial crawfish culture. Additionally, new avenues of

research that include controlled stocking density and batch

culture, use of a formulated feed, and alternative harvesting

methods have been identified. Results indicate that goals of

an extended growing season, greater yields, and a quality

crop do have the potential of being realized if some or all of

these management practices are successfully introduced.
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POPULATION DYNAMICS OF RED SWAMP CRAWFISH, PROCAMBARVS CLARKU
(GIRARD, 1852) AND WHITE RIVER CRAWFISH, P. ACUTUS ACUTUS (GIRARD, 1852),

CULTURED IN EARTHEN PONDS'

DANIEL J. NIQUETTE^ AND LOUIS R. D'ABRAMO^
DcfHirrmcnl of Wildlife and Fisheries

Mississippi Skile University

P.O. Drawer LW
Mississippi State, Mississippi 39762

ABSTR.ACT An evaluation of populalion characteristics associated with the culture of crawfish Procumhani.s ckirkii and P acinus

aciiuis in experimental earthen ponds and a commercial pond was conducted. The experimental ponds were not drained, permitting

assessment throughout the calendar year. Crawfish in these ponds were fed a formulated feed. The commercial pond was managed

according to traditional practices (draining, planting of forage, filling). From September l^HV through August 1989 groups of craw-

fish were either permanently removed (harvested) from or returned to experimental production ponds. Crawfish s=75 mm total length

were harvested either by trap or seine. Species composition, sex, reproductive stale, and juvenile presence were monitored.

Seine harvest provided a different and presumably more accurate assessment of the percentages of females and form 1 and form II

males, and mean length of individuals from pond populations. In April, non-reproductive (Form II) males predominated while

reproductively mature (Form I) males increased proportionately in May and thereafter. As the ovarian development of females

collectively advanced their presence in traps declined. A gonadosomatic index (GSI) was developed for females and found to be an

excellent indicator of the reproductive capacity and lime of egg-laying. The largest pulse of juveniles occurred approximately one

month subsequent to the peak in GSI. Juveniles were not part of the pond population from June through August.

KEY WORDS: crawfish. Procamhani.s liurkii. P tniilii.s umni.s. population dynamics

INTRODUCTION

Existing practices for the culture of red swamp crawfish

Procamharus clarkii and white river crawfish P. acutus

acutus in ponds as described by A vault and Huner (1985)

are primitive, unreliable, and not conducive to achieving

either maximum production or control of the size or quality

of the product. A major problem associated with continued

expansion of the industry has been lack of control of yield

and population density (Romaire et al. 1978). No univer-

sally accepted method for determining population densities

has been developed and information concerning population

dynamics in ponds where crawfish are cultured is not well

documented.

To maximize revenue from commercial pond produc-

tion, departure from traditional practices in favor of more

controlled culture is needed. Implementation of highly con-

trolled culture, however, will require a thorough knowl-

edge of population dynamics to maintain optimum condi-

tions for growth, survival, and reproduction. This study

was conducted to derive information concerning the dy-

namics of pond populations of crawfish throughout an en-

tire calendar year and to compare assessment procedures.

'Mississippi Agricultural and Forestry Experiment Station (MAFES) Pub-

lication Number J-7747.

^ftesent Address: 1134 Fleetwood Dr. Manitowoc. Wl .S4220

'Corresponding Author

METHODS

Collection of Population Data

A description of pond sites, SFARU and DELTA, as

well as pond management practices, and experimental de-

sign has been reported by D"Abramo and Niquette (1991).

At SFARU, population data were collected once weekly
from each trap-harvest pond for 33 weeks (last week of

March through the last week of November, 1988). Indi-

viduals were collected by seine every other week from the

second week of April through the last week in November.

Seine collection of individuals was not successful during

September and October. All crawfish collected from each

pond on the sample day were included in the sample. How-

ever, if more than 100 individuals were collected from a

pond a random sample of 75 was used to record population

data. At DELTA, population data were collected 3 days/

week for 17 weeks (8 April 1988-28 July 1988) and in-

cluded either all those collected or a random sample of 100

if the total catch exceeded 150 individuals.

Each crawfish was externally identified according to

species, sex, and reproductive state (males only), and total

length (TL) were recorded. Form I (mature) males were

identified by the presence of comified gonadopods and dis-

tinct hooks on the ischial segment of their third and fourth

walking legs. TL (mm) was measured from the distal tip of

the rostrum to the distal point of the telson. Wet weight of

individual crawfish was determined to the nearest O.I g.

179
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At both sites, a weekly sample of 10-15 P. clarkii and

P. acutus acutus females >100 mm TL were selected

during the period 18 April-26 July 1988 from a combined

daily collection from all ponds. Additional samples were

taken during the months of August and November at the

SFARU site. Females of this size were selected to increase

the likelihood of encountering ovarian development and

were then stored at approximately 3.0°C for 24 h. There-

after, weight and TL were recorded and the ovaries were

removed and weighed. Color of the ovary for each female

crawfish was recorded as either white (WH), yellow (YW),

tan (TN), brown (BR), or black (BL). Ovaries without eggs

were classified undeveloped (UD). Percentage occurrences

of ovarian colors were calculated for each weekly sample

and mean monthly percentages were also calculated for

each study site. A gonadosomatic index (GSl) defined as

the ovary wet weight divided by the whole crawfish wet

weight and multiplied by 100 was used to quantify the de-

gree of ovarian maturation. A range of GSI values for each

color was developed by plotting all the GSI values in each

color group. Values shared by two color groups were as-

signed to the group having the lower range of values.

Juvenile crawfish (^75 mm TL and >10 mm TL) were

sampled weekly (final week of March 1988 through the last

week in January. 1989) using one three-funnel, open top.

pyramid trap set for one day. The trap was constructed with

3.2 mm plastic mesh and a PVC plastic retaining ring. An-

other technique for sampling the juvenile population used a

35.5 cm by 28.0 cm dip net with 3.2 mm nylon mesh. Four

1 m sweeps were performed around the periphery of each

pond (center of each side) once a week. All juveniles were

counted, measured and then returned to their respective

pond .

Statistical Analyses

One-way analysis of variance was used (SAS Institute

1982) to identify if significant differences over time existed

relative to either the percentage of type I males or GSI. All

values expressed as percentages were arc sine transformed

prior to analysis to normalize distribution. If a significant

difference was indicated, a LSD multiple comparison test

was used to make pairwise comparisons. Differences were

considered significant at the 0.05 level.

RESULTS

Ovarian Maturation

Crawfish ovaries were initially observed as white and

undeveloped. As development continued the size increased

and color progressed through various shades of yellow, tan,

brown, and eventually black (Fig. I). According to the

color designation, ovaries of females harvested from both

sites were in at least three stages of development during the

mid-May through July period. Data collected at SFARU
indicate two waves of ovarian maturity: one in July, and

one during late winter as indicated from females obtained

in November (0.155). The relative percentages of ovary
colors from April -July suggest that ovarian development at

SFARU was less rapid than that of crawfish from DELTA.
Females with brown ovaries were observed as early as

April at DELTA and May at SFARU. Black ovaries in fe-

males from the DELTA pond were first observed in July

when the mean monthly water temperature was 29. TC.

Black ovaries at SFARU were not observed until August
when the mean monthly water temperature had increased to

29.0°C. By then all ovaries of all sampled females were

either brown or black.

A range of calculated GSI of female crawfish, in con-

junction with the observed color of the ovaries, proved to

serve as an excellent index of reproductive state. The range

of values and corresponding ovarian color were 0-0.9

(white). 0.1-0.24 (yellow). 0.25-0.34 (tan). 0.35-0.69

(brown) and 0.70-2.0 (black). There was no apparent rela-

tionship between size (weight or length) and the degree of

ovarian maturity.

Mean monthly GSI values at SFARU and DELTA along

with the corresponding average water temperature are

shown in Figure 2. At SFARU, the GSI value in August
was significantly greater than that of July. Both July and

August values were significantly greater than all other

months (April, May, and June). At DELTA, the GSI value

in July was significantly greater than that of April, May,
and June. There was no significant difference for compar-
isons between June and April and between April and May.

Although 11% of the females harvested from DELTA
during July had black ovaries and no ovaries of females at

SFARU were in this advanced state of development (Fig.

1), females at SFARU had a significantly higher mean GSI

indicating either a larger number of eggs or larger size

eggs, both suggestive of greater reproductive potential. No
collections were made beyond July at DELTA thereby pre-

cluding a determination of whether the GSI had actually

reached its peak. The final recorded GSI value of 0.548 at

DELTA in July was less than the peak value of 1.941 at

SFARU (recorded in August) suggesting that the maximum
value had yet to be observed.

Population Parameters

Juveniles. Monthly percentage of P. clarkii collected by
either dipnet or juvenile trap always exceeded 88%. P.

acutus acutus was captured only in the early spring and late

fall. The mean TL of Juveniles caught with "juvenile"

traps was consistently greater than that obtained with dip

netting. Traps also caught more juveniles than the dip net

(Fig. 3). By June, juveniles were no longer evident, sug-

gesting that young of the year (y-o-y) had achieved a har-

vest TL of 75 mm. In September, juveniles began reap-
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APRIL MAY

SFARU(i9.i c)

BR
10%

DELTA (22.1 c)

WH
19% YW

37%

UD TN

41% 13%

SFARU(23.o c) DELTA (25.2 c)

JUNE JULY

TN BR
40% 51%

SFARU (27.0 c) DELTA (27.0 c)

BR BR
63% 38%

SFARU (28.0 c) DELTA

Figure 1. Monthly percentages of ovarian color and mean monthly pond water temperatures at SFARU and DELTA in 1988. ND
oped. WH = white, VW = yellow, TN = tan, BR = brown, BL = black.

(29.1 C)

non-devel-

pearing in the collections, approximately one month after

egg laying (GSI peak in August). The number of juveniles

in the pond populations had mcreased dramatically in No-

vember and remained comparatively high in December and

January, indicating recruitment for the following year. The

decline of young sampled in December and January sug-

gested that the initial pulse of juveniles (September) had

reached a harvest length.

Male Maturity. Monthly percentage of Form 1 males that

were trapped peaked at 98 in July (Fig. 4). Percentage of

Form 1 males from the seine-harvested population was 80%

at this time and peaked at 89% during August. Form II

males predominated in the April collections. In May, the

proportion of Form I males substantially increased and by
June exceeded 80% of the males collected. From April

through August, a greater mean percentage of Form II

males was collected from seine than from trap harvest. The

percentage of Form I males harvested by seine was signifi-

cantly greater in June, July, and August when compared to

April. In July and August percentages of Form I males har-

vested by trap at SFARU were significantly greater than the

percentage of Form I males in April, May, and November.
There were no significant differences in the percentage of

Form I males in June, July, August, September, and Oc-
tober. The highest percentage of Form I males occurred in

June at DELTA, approximately one month earlier than in

the ponds at site SFARU. At both locations, the highest

monthly GSI value was recorded one month subsequent to

the highest monthly percentage of Form I males obtained

from trap harvests.

Male/Female Ratios. Sample size was dependent upon
the total number of crawfish harvested weekly from April-

September and ranged from 38 to 1738 and from 342 to

1497 for SFARU and DELTA, respectively. The propor-
tion of males caught at the DELTA site increased during
the first three weeks of April. A decline began in late April
and continued until June when the percentage stabilized at

50%. In contrast, the percentage of males trapped from

ponds at SFARU increased from late March until the be-

ginning of June, then essentially plateaued at 60%- until

August. During August, the percentage of males increased

and then began a sharp decline in mid-September. At
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SFARU, the overall percentage of females declined slightly

from 49% in April to 42% in July with a low of 33% re-

corded in August. This distinct reduction in females in Au-

gust corresponded with a peak in the GSI. At DELTA, the

monthly percentage of females and the GSI value increased

from 33% and 0. 141 in May, to 54% and 0.548 in July.

Throughout the entire harvest period, more males than

females were caught in traps and the ratio approached 1 : 1

during May. June, July and October for the seine-harvest

ponds (Fig. 5). During August and September, the per-

centage of females collected by seining was approximately
two times greater than that collected by trapping.

Species Composition. The relative proportion of har-

vested P. clarkii generally reflected that of the initial

stocking population. P. clarkii dominated harvests from

SFARU composing an average of 94.0, 98.6, 99.0 and

96.9% of the total number of individuals harvested during

April (n = 2069), May (n = 1179), June (n = 603) and

July (n = 255), respectively. Small intermittent increases

in the percentage of P . ocutus aciitus were observed in

weekly samples collected during August (26%, n = 43),

September (27%, n = 15) and October ( 17%, n = 36) but

the overall percentage of P. clarkii caught during these

months ranged from 90.2 to 96.7%. The presence of P.

acutus acutus was attributed to an overall decrease in

sample size as well as decreases in water temperatures oc-

curring at this time. At DELTA, the percentage of P.

clarkii never exceeded 90% and P. acutus acutus com-

prised 25-75% of the harvest through mid-May. The orig-

inal stocking population at DELTA had a greater propor-

tion off. acutus acutus than that of site SFARU. Trapping
of P. acutus acutus was most effective during the early

spring season.

Change in Mean Length. During April and May mean

weekly total length (TL) of trapped crawfish ranged from

85 to 92 mm with monthly averages of 87 ± 0.21 mm and

88 ± 0.35 mm, respectively, at SFARU (Fig. 6). Seine

harvested crawfish had mean TLs ranging from 88 to 97

mm during April and May. At DELTA mean TL for the

months of April and May were 92 ± 0.34 mm and 100 ±
0.28 mm, respectively. No increase in length of crawfish

harvested from site DELTA occurred from May through

July with a substantial decrease in size seen during the last

week of July. From May through the end of August

monthly increases in mean TL of approximately 6-7 mm
were observed in both trapped and seine harvested popula-

tions. Seine harvested crawfish were consistently larger

than trap-harvested crawfish at SFARU during May, June,

and July. Mean monthly TL peaked in July (104 ± 0.28

mm) and in September (104 ± 1.1 1 mm) for seine har-
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vested and trap harvested populations, respectively. A

gradual and consistent increase in TL of crawfish harvested

from ponds at SFARU throughout the study suggests that a

balanced population structure existed. Growth rates could

not be determined because a mixture of cohorts were being

removed without replacement.

DISCUSSION

Although sampling at the DELTA site was not as fre-

quent as that at the SFARU site, the population information

derived provides for a comparison between the traditionally

managed crawfish culture pond at the DELTA site with the

SFARU site ponds that were under an unconventional man-

agement scheme. Nevertheless poor overall pond manage-
ment at the DELTA site was probably the principal reason

for low recruitment as indicated by the sampling. At this

location the majority of crawfish caught in April probably

were hold-over Juveniles while those caught in May, June,

and July were predominately hold-over adults because the

mean TL barely changed. Poor recruitment was supported

by the total lack of juveniles caught either by small mesh

traps or dip net until November when only a few were

found. Poor reproduction and juvenile survival would be

conducive to a reduction in population levels and a low

yield. Active sampling (seine) and passive sampling (trap)

provide different pictures of the dynamics of crawfish pop-

ulations. It appears that seine sampling would provide a

more accurate estimate of certain population parameters.

For example, seine samplmg indicated that two times

the number of females collected by trapping were actually

present during and just prior to the egg laying period in

August and September as determined by a maximum GSI

value. The distinct absence of females in traps during this

time confirmed previous speculation that females in an ad-

vanced reproductive state are less likely to enter traps. Ap-

parently, females are more seclusive and may be building

burrows during this time. These results are supported by

previous observations with other species of crawfish.

Bayrak (1985) found that the percentage of female Astacus

leptodactylus caught with traps in a Turkish lake dropped

markedly during the egg-laying period. After hatching, the

ratio of females again represented almost 50% of the total

catch. The disappearance was attributed to ovigerous fe-

males becoming secretive or avoiding traps prior to the

hatching of young. Lake and Sokol (1986) found that a sex

ratio of the Australian yabbie, Cherax destructor, was not

significantly different from 1:1 in seine harvests whereas

the ratio associated with trapping significantly favored

males.

Traditionally managed crawfish ponds arc drained
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reflects the avoidance of shallow water by juveniles during

the day, especially when cover is lacking. In ponds where

forage is not planted and volunteer aquatic vegetation is

essentially absent, small mesh traps would appear to be

most suitable for monitoring of juvenile populations, par-

ticularly if sampling is conducted during daylight hours. In

the absence of cover young crawfish tend either to remain

in deeper water or congregate in isolated patches of cover

such as algae. Experience gained from this study suggests

that both collection techniques should be used to obtain a

representative sample. However, using small mesh traps

and dip nets to obtain accurate estimates of population den-

sity of juveniles does not appear practical.

Estimations of mean growth rate were not possible in

this study because proportions of certain length classes

were regularly harvested from the population. Moreover,

growth rates are probably density dependent, as demon-

strated in juveniles of Astacus cisituus (Ackefors et al.

1989), and based upon the management employed in this

study, the number and total biomass of crawfish in a pond

at any particular time cannot be confidently estimated. An
accurate determination of growth rates might be achieved

from analysis of two consecutive seine harvests within a

short period of time (7-10 days). Alternatively the con-

trolled stocking of juveniles followed by routine monitoring

of TL of individuals from samples taken during the

growing season could be used.

The same population parameters were monitored in

ponds at the SFARU site for an additional year (August

1988-August 1989). using the materials and methods al-

ready outlined. Relationships and trends depicted for 1988

pond populations were similarly observed the following

year (November 1988 through November 1989). Collection

of fundamental and accurate biological information is crit-

ical to achieving progress toward the intensification of

commercial crawfish culture. The results of this investiga-

tion should assist in the development of new management

practices that will be conducive to achieving future goals of

an extended growing season, greater yields, and a product

that meets the demand of the consumer.
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ABSTRACT Observations ot well-established, non-expanding Aslcuus astacus populations in eentral Finland show that males and

feinales mature at sizes of 7-8 cm total length at 4-6 years of age. Though mature males are sexually competent each year, most

mature females spawn in alternate years. Mature males grow larger than mature females because they may molt twice during each

summer while mature females molt only once. Mortality is high in both .sexes above 9 cm with more males than females reaching the

legal size limit of 10 cm. Most females spawn twice by the time they reach the 9- 10 cm size range and disappear from the population.

Therefore, the 10 cm size limit should be reconsidered
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INTRODUCTION

The noble crayfish, Astacus astacus. is the dominant

macrobenthic invertebrate in many Finnish freshwater eco-

systems (Huner and Lindqvist 1986 1988, Westman and

Pursiainen 1982). Its presence in or absence from suitable

littoral substrates are largely dictated by the virulent cray-

fish fungus plague, Aphanomyces astaci. which first ap-

peared in the country in 1893 (Westman 1973). However,

changes such as stream channelization can be locally im-

portant in eliminating habitat (Niemi 1977). Noble crayfish

are much more common in smaller water bodies than larger

interconnected lakes because these apparently provide

refuges from continuous exposure to A. astaci (Huner and

Lindqvist 1988). It should be noted, however, that no one

has yet explained the mechanism(s) by which /4. astaci per-

sists despite the apparent total elimination of its only
known host during plague episodes (Alderman and Polglase

1988).

The noble crayfish is an especially important fishery re-

source in Scandinavia (Westmen et al. 1990). It is an im-

portant component of the traditional late summer crayfish

parties held throughout the region. Scarcity and demand

generate high prices. As a result, the fishery for this species

is the most valuable freshwater fishery in the region. De-

mand is so great, in fact, that large volumes of cooked,

frozen freshwater crayfishes are imported from around the

world.

The commercial availability of A. astacus in Finland is

affected by a minimum size limit of 10 cm total. This limit

was established in the 1890s apparently on the basis of

purely commercial considerations. This size limit can be

compared to and is higher than size limits of 9.0 cm and

9.5 cm total length, respectively, in neighboring Sweden

and Norway (Westman et al. 1990).

Noble crayfish mature after 4-6 summers at sizes of

7-8 cm in Scandinavia (Svardson 1949, Abrahamsson

1966, 1972, Westman and Pursiainen 1982, Huner and

Lindqvist 1986, Skurdal and Qvenild 1986, Westman et al.

1986. Taugb0l et al. 1988, Lahti 1988, Pursiainen et al.

1988a, b, Westin and Gydemo 1988, Huner et al. 1990).

Mating and spawning occur in early autumn. At Finnish

latitudes, females brood young well into the following

summer. Most brooding females molt well after males, im-

mature females and non-reproductive, but mature, females.

As a consequence, these females have insufficient time to

accumulate energy reserves to both persist through the fol-

lowing winter and to regenerate ovaries and spawn before

winter comes. Therefore, in Scandinavian countries at sim-

ilar latitudes, reproductive activity of females commonly
occurs in alternate years (Huner and Lindqvist 1988, Pur-

siainen et al. 1988b, Huner et al. 1990).

A review of A. astacus population structures and growth
increment per molt based on modal length frequencies in

Scandinavia (Svardson 1949, Abrahamsson 1966, 1972,

Westman and Pursiainen 1982, Huner and Lindqvist 1986,

1988, Skurdal and Qvenild 1986, Westman et al. 1986,

Pursiainen et al. 1988a, b, Taugb0l et al. 1988, Huner et

al. 1990) shows that mature female A. astacus of 7.5-8.0

cm will have spawned twice upon reaching 9.0-9.5 cm

provided the fishing seasons begin in mid-late summer. We
present here data summarizing our observations of several

A. astacus populations in central Finland during the 1980s.

These strongly indicate that mortality between 9 and 10 cm
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is extensive in well-established, non expanding popula-

tions. This supports, then, the need to reconsider the cur-

rent 10 cm size limit.

MATERIAL AND METHODS

We have collected crayfish with baited folding traps, 0.9

cm square mesh, or from commercial fishermen who used

baited traps, 1.7 cm square mesh from summer 1987 into

mid-summer 1990. Most of the crayfish were collected

during July-September after the summer molt. Descriptive

data on study sites including locations and limnological

considerations are presented in Table 1 . Sites ranged in size

from South Valkealampi Pond, approximately 5 ha to Lake

Suur-Lauasjarvi, approximately 603 ha in size. All sites

were ponds or lakes with the exception of River Kutujoki.

Waters in the study sites have a wide range in conductivity

ranging from about 30 ohms/square centimeter in the two

large lakes to near 200 ohms/square centimeter in the

smaller ponds near Kuopio. This was reflected in total al-

kalinities and total hardness levels. July and August tem-

peratures in littoral habitats favored by crayfish have been

in the 17-22 C range depending on the weather during a

particular year. Late winter temperatures are 1-2 C. Ox-

ygen levels have been near saturation in the littoral zone

and water clarity is at least 2 m. All sites are located within

a 70 km radius of the City of Kuopio, Kuopio District,

central Finland, 62 degrees 53 minutes, 32 seconds north

latitude and 27 degrees 40 minutes, 56 seconds east longi-

tude.

Crayfish populations can be characterized as sparse in

the three ponds and the River Kutujoki, 0-20 crayfish per

trap per night with average number closer to 5 in July and

August, and abundant in Lakes Liesjiirvi and Suur-Lauas-

jarvi, where average catch exceeded 40 crayfish per trap

except for molting periods. Crayfish from sites with higher

conductivities, alkalinities and hardness levels were clearly

harder, with more intensively mineralized exoskeletons,

than those with lower conductivities.

Weight was measured by placing live crayfish on absor-

bant paper for several minutes before weighing them to the

nearest 0.1 g. Length measurements included: total length— distance from tip of rostrum to tip of telson with the

crayfish placed on its back, nearest 1 .0 mm and carapace

length
—

tip of rostrum to posterio-medial point at the distal

end of the carapace, nearest 0.1 mm. Data were consoli-

dated with an Apple Mackintosh Plus personal computer

using Cricket Graphic and Cricket Statistical programs.
These programs permitted comparisons of data sets using

student's "t" test.

RESULTS AND DISCUSSION

Population Structure

Composite total length frequency diagrams for trap

caught male and female crayfish, 1987-1989, are pre-

sented in figures la and lb. Size range is 7-12 cm. Very
few crayfish larger than 12 cm or smaller than 7 cm were

recorded from trap catches. Individual data for Lake Suur-

Lauasjarvi, Lake Liesjiirvi, and North Valkealampi Pond

are presented in figures 2a and 2b, 3a and 3b, and 4a and

4b, respectively. Very few crayfish reach the legal size of

10 cm and more males than females exceed 10 cm. Cray-

fish are most abundant around 9 cm and their numbers de-

cline precipitously thereafter. Modal lengths generally sug-

gest molt increments in the 5-7 mm range. Our own re-

TABLE I.

Study Sites and Characteristics for Population Studies of Noble Crayfish Populations in Central Finland.
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Figures la, lb, 2a, 2b, 3a, 3b, 4a, and 4b. Length-Frequency Data for Astacus astacus Caught in Traps in Various Water Bodies in Central

Finland, la. Composite, All Males, 1987-89; lb. Composite, All Females, 1987-89: 2a. Lake Suur-Lauasjarvi, All Males, 1988-89; 2b. Lake

Suur-Lauasjarvi, All Females, 1988-89; 3a. Lake Liesjarvi. All Males, 1987; 3b. Lake Liesjarvi, All Females, 1987; 4a. North Valkealampi

Pond, All Males, 1987-88-89: and 4b. North Valkealampi Pond, All Females, 1987-88-89.
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TABLE 2.

Characterization of Trap Caught Noble Crayfish from Various Populations in Central Finland.

Site

mm Years No.

Weight

g

Total

Length
cm

Carapace

Length
mm

Overall

Male

Female

1^87, 88, 89

1437

1448

24.1 (10,71

20.9 (8.6)

8.7 (1.1)

8.8 (1.1)

45.9 (6.4)

44.6(5.8

Lake

Suur-Lauasjarvi

Male

Female

1988, 89

372

44!

19.7 (6.7)

14 (5 4)

8.4 (0.8)

8.6 (0.8)

44.4 (4.6)

44 4 (4.1)

Lake

Liesjarvi

Male

Female

1987

321

316

28.6 (6.4)

25 I (4 7i

9.3 (0.6)

9.3 (5.0)

48.9 (3.2)

47.2 (2.8)

North

Valkealampi Pond

Male

Female

1987, 88. 89

41 I

.^67

23.2 (10.0)

20.3 (6.3)

8.8 (1.0)

8.8 (8.7)

45.5 (5.71

*

44.4 (4.6)

South

Valkealampi Pond

Male

Female

1987. 88

80

I.15

21.5 (7.5)

8.7(5.4)

8.6 (0.9)

8.6(0.8)

44.9 (5.1)

43.4 (4.2)

Theater

Pond

Male

Female

1987, 88. 89

173

92

29.1 (13,11

23.8 (8.91

9.1 (I.I)

9,0 (III

47.7 (6.3)

*

45.8 (5,4)

River

Kutujoki

Male

Female

1989. 90

58

39

46.3 (16 4)

47.8 (19.0)

10 7 (I 01

11.4 (1.5)

56.2 (6.1)

57.6(7.7)

* Differences significant, P < 0.05— student's "t" test; Means and standard deviations in paren(heses.

cordings of molts of field caught and laboratory reared

crayfish from these populations agree with this conclusion.

Although not presented here, consolidation of total length

frequency data for 1990 through 31 August follows the

same trends from the 1987-89 period both in general and

within individual populations.

Summary data on mean weights, total lengths and cara-

pace lengths are presented in Table 2. Mean total lengths

range from 8.4 cm for males in Lake Suur-Lauasjiirvi to

11.4 cm for females in River Kutuoki. Mean carapace

lengths range from 43.4 mm in females from South Val-

kealampi Pond to 57.6 mm for females from River Kutu-

joki. Weights range from 18.7 g for females in South Val-

kealampi Pond to 47.8 g for females from River Kutujoki.

Although the lengths of males and females are generally

similar, sexual dimorphism is clear with males weighing

significantly more with the exceptions of Lake Suur-Lauas-

jarvi where the difference approached significance (P =

0.106) and River Kutuoki where there was no significant

difference in weight even though females were significantly

larger than males, 1 1.4 cm versus 10.7 cm. This differen-

tial in weight is to be expected based on the well known

weight difference between mature male and female A. as-

kiciis (Lindqvist and Lahti 1983). Largest crayfish (weight

and length) were collected in River Kutuoki whose crayfish

population is atypical of the situation in central Finland

with a very few, very large crayfish.

The Lake Liesjarvi data fit the general pattern for com-

posite data and specific cases of Lake Suur-Lauasjiirvi and

North Valkealampi Pond but the existence of various

modes ("year classes") is not so apparent. We have, in

fact, data for only one season, 1987, from Lake Liesjarvi.
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This lake had an expanding population of crayfish that ap-

peared about 10 years after an .4. astaci plague episode de-

stroyed a formerly thriving commercial fishery. Ironically,

a reoccurrence of .4. astaci plague in August 1987 again

destroyed the population preventing us from obtaining fur-

ther data from this lake. No crayfish have captured in test

trappings in 1988. 1989. or 1990 with the exception of a

few crayfish stocked to re-establish the population.

We are uncertain about the status of the Lake Lie.sjiirvi

crayfish in 1987. it may represent a relatively young popu-
lation that could be exf)ected to continue to survive and

grow in significant numbers to sizes over 10 cm. Con-

versely, it could be a relatively old population about to ex-

perience significant mortality. The total length frequency

graph for males fits the general high mortality pattern more

so than does the one for females. This is due. in part, to

sale of males larger than 10 cm prior to our access to

samples, but it must be emphasized that absolute numbers

of legal size crayfish was not high. The generally larger

sizes of Lake Liesjarvi crayfish compared to other popula-
tions (Table 2) can be accounted for by the fact that the

crayfish were caught with regular commercial traps. These

have a larger mesh than our test traps or those used by fish-

erman in Lake Suur-Lauasjarvi.

Based on our data, we feel that natural mortality over

the 9- 10 cm size interval is high. Noble crayfish mature in

the 7-8 cm size range at ages of 4-6 summers (see refer-

ences in introduction). Males may then molt twice in a

summer if it is particularly warm in central Finland while

females rarely molt more than once. Because the size in-

crease per molt is 5-7 mm in the populations with which

we are working, an 8 cm 4th or 5th summer female crayfish

would have completed the summer molt in its 6th or 7th

summer upon reaching or exceeding 9 cm. This female

would spawn at 8 cm. rest the following summer at a size

of 8.5 cm and spawn again by the beginning of the 6th or

7th summer when she reaches or exceeds 9 cm after re-

leasing young in early-mid summer. Maturation occurs

over sizes of 7-8 cm (smallest egg bearing female col-

lected being 6.8 cm). When coupled with favorable unfa-

vorable environmental conditions, this would generate the

multiple modal sizes seen in our data.

Male noble craytlsh also mature at sizes as small as 7 cm
and all mature by 8 cm. They are reproductively active

each year. The energ\ requirements for generating spcrma-

tophores are certainly much less intense than those required

by females to generate viable ova. The 5-7 mm molt size

increases for males maturing over a 7-8 cm size range and

in multiple summer molts account for both observed modal

groupings in the 8-9 cm size range and the presence of

more males than females greater than 10 cm.

We believe that the disappearance of male and female

crayfish over the 9-10 cm size range is the result of age

related senility. Both males and females have engaged in

reproductive activities at least twice, perhaps more times.

over the 7-9 cm size range. We have observed mid-winter

mortality of summer caught male and female. 9-11 cm

crayfish from North Valkealampi Pond and Lake Suur-

Lauasjarvi held in our laboratory under simulated field

conditions on several occasions. This could not be ex-

plained by lack of food or poor water quality. We dis-

missed this originally as stress related mortality but. in ret-

rospect, it may have been associated with a senility re-

sponse.

The disappearance of crayfish after they have repro-

duced once, rather than twice, is the rule rather than the

exception in both warm and cool/water cambarid and as-

tacid crayfishes in North America (see Payne 1978 and

Hogger 1988 for reviews of crayfish life histories). Like-

wise, review of data presented by Svardson (1949) and

Abrahamsson (1966) for Swedish A. astacus populations

can lead to the same conclusion. Longer life at high lati-

tudes, at least in A. astacus. is apparently the result of

long, very cold quiescent periods. Noble crayfish experi-

ence temperatures in the 1-4 C range from October into

May of each year and relatively low temperatures e\en in

many summers.

The disappearance of crayfish in the 9-10 cm range

cannot be attributed to intense fishing pressure as has been

suggested for Norwegian noble crayfish populations

(Qvenild and Skurdal 1988) or predators. Observations by
SCUBA divers in Lake Suur-Lauasjarvi and North Valkea-

lampi Pond show no areas with large crayfish that do not

enter traps. There is no illegal market for crayfish smaller

than 10 cm in Finland. Legal markets for restocking small

craytlsh into other waters are not significant relative to the

crayfish populations affected. An underground cottage

fishery for smaller crayfish may exist but is not known to

the authonties even on an unofficial basis. Furthermore,

predators, if they were a significant factor, would more

likely prey on smaller than larger crayfish (Stein and Mag-
nuson 1976).

We did not distinguish between fishing and natural mor-

tality in our study. Fishing mortality, however, is very lim-

ited at all study sites. Few crayfish reach the 10 cm legal

size limit and. while smaller crayfish may. b) permit, be

sold for restocking purposes, their value is ZO'vf that of

legal crayfish reducing the incentive to catch them. We
have seen no dramatic increase or decrease in legal crayfish

over the 3-8 seasons that we have studied the populations

in question.

Crayfish smaller than 9 cm are not well represented in

our samples. That is. the greatest number of crayfish

caught are around 9 cm. This suggests that our gear is se-

lective with larger crawfish inhibiting smaller crayfish from

entering traps. This seems to be the rule rather than the

exception in crayfish populations (Abrahamsson 1966,

Westin and Gydemo 1988).

Morgan and Momot (1988). building on earlier studies

and reviews of crayfish life histories and energetics by
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Momot et al. (1978) and Momot ( 1984), are of the opinion

that size limits for north temperate crayfishes are needless

if females are permitted to spawn at least once and are not

harvested before they have released their young in the year

of harvest. Furthermore, they have presented data to show

that unexpioited crayfish populations become dominated by

large numbers of maturing males that prey on young re-

ducing their survival and recruitment to the reproductive

pool. As a result, production of useable crayfish, albeit at a

size smaller than maximum for the specific habitat, is fur-

ther reduced. They also speculate that a male directed

fishery with a size limit, such as that favored in Scandi-

navia, will lower recruitment and yield because of the time

delay negative feedback on hatching survival. These factors

determine the maximal limit of the next year's recruitment

potential to the exploitable stock. Maturing males inhibit

the survival of both young-of-the-year males and females.

Removal of males would favor females but only because it

is a male-only fishery. Thus, some increase in the female

population as a proportion of the total population would

occur.

MANAGEMENT CONSIDERATIONS

Based on the data that we have presented and our review

of pertinent literature, we feel that it would be prudent to

reconsider and change the existing crayfish size limit in

Finland from 10 to 9 cm for well-established, non-ex-

panding populations. An argument that this would lead to

stock collapse appears groundless because all females

would have spawned young before becoming vulnerable to

the fishery. Survival of those young should increase rather

than decrease as a consequence of reduction of predation

pressure by large males. While we do not advocate the

elimination of all size limits on noble crayfish populations,

it seems unlikely that consumers would accept crayfish

smaller than 9 cm. Thus, first and/or second spawners
would probably be protected by convention rather than by
statute if size limits were eliminated. Finally, in the case of

rapidly expanding populations recovering from plague epi-

sodes such as the Lake Liesjarvi population (?), females

would certainly spawn once before reaching 9 cm. Fish-

ermen would then have two options, harvest crayfish or

allow them to grow to a larger size. Because many of the

relatively
"

"young"" crayfish might reach 10 cm, the fish-

ermen could voluntarily wait until that cohort was larger

and, presumably more valuable, before harvesting it. How-

ever, the ever present risk of crayfish plague episodes

might be considered to be too great to wait for later profits.

Market forces resulting from increases in supply from the

smaller size limit would weigh heavily when such decisions

were made. Fishermen could opt to harvest and sell more,

lower value crayfish or risk loss of crayfish to a plague

episode and harvest fewer, high value large crayfish in later

summers.

The North American signal crayfish, Pacifasiaciis leniu-

sculits, has been established in some areas of southern Fm-

land because it is a cold water species that is normally re-

sistant io A. aslaci (Westman et al. 1990, Westman 1975).

This species grows rapidly in favorable habitats and fe-

males may exceed 9 cm before spawning. Thus, it might be

argued that broodstock would be overfished in new popula-

tions if the size limit for crayfish were reduced to 9 cm.

However, the two species differ significantly in appearance

and may be managed independently, if necessary. Further-

more, stabilized populations of P. Icniusculus in Sweden

are beginning to exhibit slower growth and maturation at

smaller sizes (A. Fjalling, personal communication. Insti-

tute for Freshwater Research. Drottningholm. Sweden).

Some populations of Finnish A. astacus produce sus-

tained catches of 10 cm crayfish of 8-21% of all crayfish

larger than 7 cm (Westman and Pursiainen 1982). How-

ever, fewer females than males reach the legal size in such

populations emphasizing that growth is slower and mor-

tality higher for females, regardless of population condi-

tion.
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ABSTR.ACT Consolidated regression equations for length-length and length-weight relationships for noble crayfish from several

populations are presented. Sexual dimorphism is apparent in mature crayfish. Males are heavier because chelae are much larger.

Females have much broader abdomens to facilitate egg incubation.

KEY WORDS: freshwater crayfish, length-length and length-weight relationships, Aslacu.'i ti.'^lacus. Finland

INTRODUCTION

The noble crayfish. Astacus astacus L.. is the dominant

macrobenthic invertebrate in many Finnish freshwater eco-

systems and is the subject of significant sports and com-

mercial fisheries (Huner et al. 1991 ). We have studied sev-

eral noble crayfish populations in central Finland for 2-8

years. We report here consolidated regression equations

characterizing the length-length and length-weight relation-

ships for these populations. These should prove useful to

field workers without access to sophisticated measuring

equipment.

MATERIALS AND METHODS

Crayfish were collected in the vicinity of Kuopio, Fin-

land. Descriptions of the study sites and population dy-

namics is presented elsewhere (Huner et al. 1991 ).

The overall size range for the crayfish measured was

4-13 cm total length (TL). The majority of the crayfish

were mature. 7- 1 1 cm TL.

Weight was measured by placing live crayfish on absor-

bant paper for several minutes and then weighing them to

the nearest 0.1 g. Length measurements included: total

length
— distance from tip of rostrum to tip of telson with

the crayfish placed on its back, nearest 1.0 mm; carapace

length
—

tip of rostrum to posterio-medial point at the distal

end of the carapace, nearest 0.1 mm; postorbital carapace

length
—

posterior margin of the orbit to the posterio-me-

dial point at the distal end of the carapace, nearest 0. 1 mm;

carapace width— widest lateral distance across the cara-

pace taken dorsally, nearest 0.1 mm; and abdominal width

— lateral distance across the second abdominal segment,

taken dorsally. nearest 0.1 mm.
Data sets for total length-weight and carapace length-

weight regressions are strongest in terms of total numbers,

over 1 ,000; however, all regression equations are based on

data sets of a minimum of 150 observations over the entire

size range considered and most individual populations.

Male and female data were taken separately and are pre-

sented in that manner. Over 98% of the crayfish weighed
and measured were intact. We included crayfish missing

chelae or with small, regenerating chelae in our data sets

because we wanted to provide a picture of the overall noble

crayfish population in central Finland as it exists, not as it

might exist if all crayfish were intact with symmetrical

chelae, a biologically unrealistic situation. Total and cara-

pace lengths were not taken from crayfish with rostrums

that were broken or were obviously regenerating.

Data were consolidated with an Apple Mackintosh Plus

personal computer using Cricket Graphic and Cricket Sta-

tistic programs.

RESULTS AND DISCUSSION

Length-length and length-weight regressions are pre-

sented in Table 1 . All R-values exceed 0.95 with the ex-

ceptions of the various abdominal width regressions for fe-

male crayfish. Length-length relationships have slightly

higher R-values than length-weight relationships as would

be expected because of the inclusion of crayfish with

missing and/or small chelae as well as crayfish having dif-

ferent condition coeficients from different populations

(Lahti and Lindqvist 1983. Lahti 1988). Both carapace

width and abdominal width can be used to predict weight

with a high degree of confidence. We collected postorbital

carapace-carapace length data to permit conversion of post-

orbital carapace length, albeit somewhat indirectly, to

weight. This was an unfortunate after thought as we had

simply not collected postorbital carapace length-weight

data routinely. Note that length-length relationships are

best described by simple, linear regressions while length-
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TABLE I.

Selected composite length-length and length-weight relationship for

noble crayfish from central Finland, size range 4-13 cm total length.

1. Carapace Length mm (x)
- Total Length mm (y)

Male (N = 1442) y
= 6.4803 + L7614x; R = 0.98

Female (N = 1448) y
= 2.606 + l.902lx; R = 0.98

2. Postorbital Carapace Length mm (x)
-

Carapace Length mm (y)

Male (N = 169) y
= 2.9223 + 1.2541x; R = 1.00

Female (N = 162) y = 3.1915 + l.248x; R = 1.00

3. Carapace Width mm (x)
- Total Length mm (y)

Male(N = 427) y
= 17.9337 + 3.037lx; R = 0.98

Female (N = 365) y
= 13.0805 + 3.3338x; R = 0.98

4. Carapace Width mm (x)
—

Carapace Length mm (y)

Male (N = 420) y
= 7.4987 -I- l.7089x; R = 0.97

Female (N = 365) y
= 6.1721 + l.7529x; R = 0.97

5. Abdominal Width mm (x)
- total Length mm (y)

Male (N = 332) y
= 11.3652 + 3.9088x; R = 0.98

Female (N = 273) y
= 22.0617 -I- 2.9043x; R = 0.95

(over 70 mm TL)

Female (N = 54) y
= 13.4222 + 3.5777x; R = 0.97

(under 70 mm TL)

6. Abdommal Width mm (x)
-

Carapace Length mm (y)

Male(N = 332) y
= 3.7132 + 2.2236x; R = 0.98

Female (N = 273) y
= 10.4884 + 1.5504x; R = 0.95

(Over 70 mm TL)

7. Total Length mm (x)
-

Weight g (y)

Male (N = 1442) y
= 0.4976 * 10' (O.OI87x); R = 0.98

Female (N = 1448) y
= 0.6159 * 10' (O.OI7lx); R = 0.97

8. Carapace Length mm (x)
-

Weight g (y)

Male (N = 1442) y
= 0.6297 * 10' (0.0328x); R = 0.97

Female (N = 1448) y
= 0.6601 * 10' (0.0328x); R = 0.96

9. Carapace Width mm (x) -
Weight g (y)

Male (N = 420) y
= 0.881 * 10' (0.0609x); R = 0.97

Female (N = 370) y = 0.7224 * 10' (0.064lx); R = 0.98

10. Abdom.inal Width mm (x)
-

Weight g (y)

Male (N = 377) y
= 0.6227 * 10' (0.0795x); R = 0.98

Female (N = 335) y
= 1.0493 * 10' (0.0564x); R = 0.97

weight relationships are better described by exponential re-

gressions.

Our length-length and length-weight regression equa-

tions are generally in agreement with our earlier individual

reports for one of our study populations in North Valkea-

lampi Pond (Huner et al. 1988) and other literature avail-

able for A. astacus from central Finland (Lindqvist and

Lahti 1983). Note that our data provide information over a

broader size range. 4-13 cm, than previously published.

A clear distinction could be demonstrated between ab-

dominal width of females less than 7 cm total length and

those above it as a consequence of the widening of the ab-

domen at maturation to permit incubation of fertilized eggs.

The ratio of carapace width to abdomen width was 1.112

(SD = 0.042, N = 54) for females smaller than 7 cm and'

0.997 (SD = 0.048, N = 281) for larger females (t
=

16.485, P < 0.001). Likewise, the width of female ab-

domens was much greater than those of males, ratio of car-

apace length to abdominal width being 1.016 (SD =

0.063, N = 335) and 1.173 (SD = 0.048, N = 337) (t
=

36.273, P = 0.001). The ratio of carapace length to cara-

pace width was 2.078, (SD = 0.097, N = 332) m males

and 2.065 (SD = 0.090, N = 327) in females (t
= 1.714;

P = 0.087). This is indicative of a narrower carapace in

males. The ratio of total length to carapace length was

1.905 (SD = 0.051, N = 1437) for males and 1.964 (SD
= 0.052, N = 1448) (t

= -30.059, P = 0.001 ) showing

that male carapace length was greater than that of females.

While we could provide individual population regres-

sions, we feel that composite regressions would be of

greater value to those working with A. astacus populations

where it is impractical to weigh crayfish. Furthermore,

total length, although not an appropriate measure for taxo-

nomic purposes can certainly be used to project crayfish

weights with reasonable accuracy and can be related to

other, more stable body measurements.
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ABSTRACT F, offspring of wildstock Mercenaria mercenarla from Georgia were subjected (o truncation selection (16% Intensity

level). Larval (Fjl progeny of M. mercenaria selected for rapid growth rate were significantly smaller (shell length) than larval

progeny of control parents at both 10 and 18 days of age in two expenmental tnals. Survival rates were similar for both progeny lines

from 2 to 18 days of age. Eariier studies by our group have demonstrated significantly higher embryonic mortality rales (2 days) in the

progeny of parents selected for rapid growth Control line progeny in both expenments set earlier (10- 14 days) than those of the select

line parents ( 14- 18 days). This negative larval response for increased growth rate (in 3 year old adults) bnngs into question the merits

of hatchery culling practices for smaller larvae. A long term approach to the study of the reproductive potential of bivalve brood-stock

lines selected for increased rate of growth is called for on the basis of these results.

KEY WORDS: Mercenaria mercenaria. selection, larvae, aquaculture

INTRODUCTION

The relatively limited utilization of genetic selection

techniques in moUuscan mariculture have been reviewed

recently (Humphrey and Crenshaw 1989). Early efforts

studied the heritability for increased growth in larval and

spat stages, e.g., Longwell (1976), Newkirk et al. (1977),

Losee (1979), and more recently Stromgren and Nielsen

( 1989). Newkirk and Haley ( 1982) reported a lack of corre-

lation between length of larval period (and larval size) and

size of juvenile and older European oysters, Ostrea edulis

and concluded that selection for growth to marketable size

for bivalves should be conducted on stocks of at least two

years of age. Wada ( 1986) has reported on the realized her-

itabilities for selection for shell traits in the Japanese pearl

oyster. Toro and Newkirk (1990) have recently reported

heritability estimates for their efforts utilizing divergent se-

lection (full sib families) with the European oyster. The

study reported herein is the first to examine the viability

and growth dynamics of larval stages propagated from F,

select (and control) bivalve stocks. Truncation selection for

shell length was carried out on two separate lines of Mer-

cenaria mercenaria, with a selection intensity of approxi-

mately 16% in both cases. Preliminary mass culture experi-

ence during 1988 with Group A select lines (AS) and wild-

stock control brood stocks suggested lower viability and

growth rates among the selected line's progeny. On the

basis of these experiences, the current study was designed
to evaluate specifically the larval survival and growth rate

dynamics of select and control lines of M. mercenaria. A

separate study by this group evaluated similar dynamics for

the embryonic phase (48 hours), and will be reported sepa-

rately. This genetic selection program is part of a long term

developmental program for M. mercenaria mariculture in

Georgia.

MATERIALS AND METHODS

Two cohorts of Mercenaria mercenaria were established

from separate mass spawnings of wild stock clams from

House Creek, Little Tybee Island, Wassaw Sound,

Georgia, USA, on April 4 (Group A) and May 8 (Group B)

1986. Post settlement (juvenile) stages were reared in

downwelling nursery systems following standard nursery

culture procedures for bivalve molluscs (Castagna and

Kraueter 1981, Heffeman et al. 1988). However, following
the principles of quantitative genetic selection (see Falconer

1981), these cohorts were never subjected to size

screening, as is the common practice in commercial hatch-

eries (Castagna and Kraueter 1981). During December

1986, both cohorts were transferred to field growout cages
in a sheltered intertidal creek (House Creek) in Wassaw

Sound, Georgia (Crenshaw et al. 1988). Selection was car-

ried out for Group A on March 16, 1988. while Group B
selection was delayed until May 3, 1989, due to their rela-

tively small size. Select and Control lines for rate of growth
were established using shell length (SL) measurements for

each group with the top 16% approximately in each group

serving as the cut off point for selection purposes. The

mean sizes of the selected parental arrays were 1.506 and

1 .526 standard deviation (a) above their population means.

These figures represent the standardized intensity of selec-

tion (i) for the two groups.

The Group B F, Control and Select line broodstock (N
= 128 each line) were mass spawned on June 13 and 14,

1989, respectively, while Group A Control and Select line

broodstock (N = 162) were similarly induced to spawn on
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July 6 and 7, 1989, respectively, using thermal stimulation

(Castagna and Kraueter 1981). The number, sex and SL of

parents spawning during each mass spawning event were

recorded. Fertilized eggs were collected by filtering (20

jjim) the water from the spawning table and egg suspen-

sions were established in 10 L of filtered seawater. Drain-

down procedures were handled similarly for all four

spawnings. Five samples (1 ml) were obtained from each

spawning event's egg suspension following standard

mixing techniques (Castagna and Kraueter 1981). These

samples were immediately counted with a compound mi-

croscope (lOOx ) and a mean egg density was calculated

for each suspension. These eggs were then added to indi-

vidual culture tanks at similar densities (20/ml) and main-

tained at 26°C for approximately 48 hours. After 48 hours a

similar enumeration procedure for individual group larval

density levels were conducted, as described above (fixed

samples). A similar experimental design was subsequently

employed to evaluate larval survival and growth rates for

the four treatments [i.e.. Group A Select (AS), Group A
Control (AC), Group B Select (BS), Group B Control (BC)

Fj cohorts].

One L flask replicates (N = 30 per treatment) were es-

tablished and appropriate volumes were added from each

larval suspension to create an initial stocking density of

1/ml (1000 larvae/1 L flask). The seawater in each experi-

mental flask was filtered at 1 |xm and maintained under

relatively constant temperatures (25° ± TO and salinity

(28-30 ppt) in a temperature control room. In order to vali-

date initial stocking densities, five replicates were sacri-

ficed immediately, washed onto 20 |xm mesh sieves, then

concentrated into a small volume of filtered seawater

(20-30ml) and fixed (v:v) with 10% neutral buffered for-

malin. Fixed samples were subsequently stained with Rose

Bengal. On days 6, 10, 14, 16, and 18, five additional rep-

licates per treatment were similarly sacrificed and pro-

cessed for analysis. All replicates were examined by stereo-

microscope (40 X ) for evidence of metamorphosis/setting

prior to fixation. Initial plans to evaluate survival on the

basis of subsampling (N — 3) fixed replicate suspensions

were discarded due to their inaccuracy level, especially

with metamorphic stages. Survival data were gathered on

the basis of total counts for each sampling day. Shell length

measurements were obtained (using an occular micrometer,

100 X ) for 30 fixed larvae in each sacrificed flask on days

2, 10 and 18 (i.e., 150 individuals each in AS; AC; BS and

BC per sampling date). Seawater (1 fim filtered) was

changed in each larval flask every second day. A daily food

ration of 40,000 cells/ml of Isochrysis ^alhana (Strain

T.ISO) was added to each larval flask [algal cell concentra-

tions were detennined fluorometically having previously

established the relationship between fluorescence level (Y)

and cell concentration (X); Y = -2.7298 ^ 3.50361X:

R^ = 0.9576|. Data analysis included the use of t-tests for

initial stocking density comparisons and 2— sample

ANOVA's for pooled SL data comparisons on days 2, 10

and 18 using SPSS software.

RESULTS

Detected spawners per F, treatment group ranged in

number from 20 to 57, with males outnumbering females in

three of the four events (Table I). Mean sizes for the^

various parental lines (i.e., spawners) ranged from 43.7

mm SL (BC) to 52.7 mm SL (AS) (Table 1 ). Initial (mean)

stocking density levels in the larval trials were as follows:

AC = 801.0 ± 69.4 (2SE); AS = 616.8 ± 198.9; BC =

579.4 ± 142.6; BS = 1265.8 ± 191.6 (Figs. 1, 2). Dif-

ferences between AC and AS initial stocking densities were

not significant (t-test, p
= 0.131), whereas those between

BC and BS were (t-test, p
= 0.0021 ). Apart from the day 2

to 6 period in BC and BS, survival rates were similar

among the Select and Control treatments in both lines, with

no significant differences detected among mean number of

survivors from days 6 to 18 (Figs. 1, 2).

Metamorphosis took place earlier in the Controls, AC
and BC larvae set between days 10-14, whereas AS and

BS larvae did not do so until days 14-18. Larval SL means

at the start of the experiments are portrayed in Table 2,

showing AS (x = 99.6 |xm) were significantly larger (p <
0.001) than AC (x = 95.1 (xm) and BC (x = 98.1 |xm)

were significantly larger than BS (x = 93.9 |xm) (p <
0.006). Despite the contradictory size relationships at the

commencement, a clear trend in larval growth rates was

established during the course of the experiments, with the

Controls outgrowing the Selects in both trials (Table 2).

AC (X = 205.8 M-m) and BC (x = 206.7 jjim) were signifi-

cantly larger than AS (x = 192. 1 |xm) and BS (x = 183.5

|xm), respectively, at day 10 (p < 0.0001 in both cases)

(Table 2). By day 18 the size differences had increased

with AC (X = 397.1 ixm) and BC (x = 375 (xm) again

highly significantly larger than AS (x = 314.7 jim) and BS

(X = 265.8 ixm). respectively, (p < 0.0001 in both cases)

(Table 2). The Controls (Fj) progeny were 26.1% and

41.1% larger than those Selects (F,) at 18 days in Groups A
and B, respectively.

TABLE \.

Mercenaria mercenaria F, brood stock spawners.
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Figure 1. Survival data for Group A larval progeny (F^) from day
2-18. Solid arrovvs indicate metamorphosis-setting; broken arrows in-

dicate partial metamorphosis-setting.

DISCUSSION

In their early studies of the potential for genetic selec-

tion studies with commercial bivalves, Newkirk et al.

(1977) and Losee (1979) reported positive correlations be-

tween larval and subsequent spat growth rates. However,

these studies were limited to relatively short term analyses

of the spat stages (about eight months post settlement in

both cases) and as Newkirk and Haley (1982) subsequently

reported, the correlation between length of larval period

and size of later stages is lost with time. In contrast to these

earlier reports, the results presented herein display a nega-

tive correlation between adult (commercial size) growth
rates and the growth rates of their larval progeny (to 18

days). This interpretation stems from our rejection of the

1500-1

1000-

500-

100-

Group B

Vcrni.al bars- = 2SE

Select

Days

Figure 2. Survival data for Group B larval progeny ((Fj) from day
2-18. Solid arrov«s indicate metamorphosis-setting; broken arrows in-

dicate partial metamorphosis-setting.

null hypothesis that there is no difference between the

growth rates of select and control line F, larval progeny,
with the latter exhibiting greater growth rates than the

former. Clams selected for faster growth rates were shown
to produce slower growing larvae than their control line

partners when both were spawned at approximately three

years of age. It is the hypothesis of the authors that the

observed difference in progeny growth rates is primarily
due to genetic differences between the treatments, as both

Select and Control lines were treated equally throughout
their respective larval, nursery, field grow out and condi-

tioning periods. Lannan et al. 1980 reported on the impor-
tance of the conditioning regimen and subsequent larval re-

turns for commercial hatcheries.

It would appear from the results of this study that there

were no significant differences in the survival rates among
the larval progeny of Select and Control line stages. The

only survival differences detected during this study (i.e.,

among BS and BC from days 2 to 6) may have been due to

the significantly higher initial stocking density in BS; how-

ever, this is thought to be unlikely as both densities were

below those recommended for commercial culture (Cas-

tagna and Kraueter 1981 ). Another possible explanation for

this difference may be that it is an extension of the embry-
onic stage (48 hours post fertilization) survival differences.

Select line progeny had significantly lower survival rates

than Controls in both Groups A and B (Heffeman et al. in

prep.).

As this study has demonstrated, a negative correlation

between larval and subsequent growth rates to market size

exists iox Mercenaria mercenarict. Assuming that this trend

proves to be consistent among other cultured bivalve

species, it is reasonable to question the merits of the larval

culling practices carried out worldwide in bivalve hatch-

eries. It is likely, on the basis of the results presented
herein and those of Newkirk and Haley ( 1982). that a sub-

stantial proportion of the larvae routinely discarded during

hatchery cullings would turn out to be individuals which

would have grown to a market size more rapidly than many
of those retained by the culling practice. Of course, this

theoretical discourse demands substantiation by commer-
cial scale evaluations with several species.

The ecological implications of the results of this study
are consistent with the principle of genetic homeostasis as

proposed by Lemer (1954), and later discussed by Falconer

(1981), "if we change any metric character by artificial

selection we must expect a reduction of fitness as a corre-

lated response. The higher mortality rates of Select line

progeny during the embryonic phase (Heffeman el al. in

prep. ) are consistent with this principle. One may postulate

that in the natural environment the Select line progeny
would also suffer fitness trait reductions in the form of

slower larval growth rates, longer time to metamorphosis,
and smaller size at metamorphosis, all of which would

probably contribute to higher susceptibility to predation.
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TABLE 2.

Larval shell length (SL) data from two experimental trials comparing the otTspring (Fj) of Select and Control Groups. Group A Control and

Select lines (F,) spawned July 6 and 7, 1989, respectively. Group B Control and Select lines (F,) spawned June 13 and 14, 1989, respectively.

SL {p.ml Analysis of Variance

Mean Range df

Day 2

Group A
Select

Control

Group B

Select

Control

Day 10

Group A
Select

Control

Group B

Select

Control

Day 18

Group A
Select

Control

Group B

Select

Control

99.6
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ABSTRACT Eggs were isolated from Ihe ovaries of Crassoslrea virf^inica and Mercenaria mercenaria. The major materials in the

eggs were protem (40-50% of the dry weight), lipid (14-21%) and carbohydrate (7-9%|. C. vir^inua eggs had more lipid (21%)

than M. mercenaria (14%) due to a higher concentration of lipid droplets. These lipid droplets were pnmanly composed of triglyc-

endes. The major water-soluble protein in the eggs of both bivalve species was a very high density lipoprotein containing a 56,000

dalton peptide and phospholipid. These lipovilellins may play an important role in the developing embryo.

KEY WORDS: lipids, Crassoslrea virj>inica. Mercenaria mercenaria. lipoproteins, bivalves, proteins, eggs

INTRODUCTION

The protein, lipid and carbohydrates in bivalve eggs are

important in providing energy and nutrients for the devel-

oping embryo. Egg storage lipids also play a major role in

the growth and survival of bivalve larvae (Holland 1978,

Chu and Webb 1984, Gallager and Mann 1986. Epp et al.

1988), Lipids within invertebrate eggs are distributed

among membranes, lipid droplets and water-soluble lipo-

proteins. The membrane lipids have a structural function

and are predominantly phospholipids and sterols. Lipid

droplets have a storage function and are composed pri-

marily of triglycerides. The water-soluble lipoproteins,

which are supramolecular complexes of lipids and polypep-

tides, have a role in the transport of lipids between their

sites of synthesis, storage and utilization. The major water

soluble proteins of invertebrate eggs are referred to as vi-

tellins, Wallace et al, (1967) used the term "lipovitellin"
for the high density lipoproteins found in invertebrate eggs.
These are often the major water soluble protein of the eggs.
The lipovitellins of crustacean eggs are composed of phos-

pholipids, cholesterol, and high molecular weight peptides

(Wallace et al. 1967, Lee and Puppione 1988, Lee 1991).

While several studies have investigated the lipids of bivalve

eggs (Bayne et al. 1975, Holland 1978, Gallager and Mann
1986, Gallager et al. 1986), there have been few studies to

characterize the lipoproteins and other proteins of bivalve

eggs. Egg lipoproteins isolated from the eggs of the scallop
(Pecten maximus) had phospholipid as the primary lipid

class
(Zagalsky et al. 1967).

Our studies determined the amount of different lipid

classes among lipid droplets, bivalve membranes and lipo-

proteins within the eggs of the eastern oyster (Crassoslrea

^fginica) and hard clam (Mercenaria mercenaria). The

major water-soluble proteins, including lipoproteins, were

characterized as to their molecular masses.

MATERIALS AND METHODS

Mercenaria mercenaria and Crassostrea virginica were

collected in coastal Georgia during their peak spawning pe-

riods which were April-May for M. mercenaria (Hef-

feman et al. 1989a) and June- July for C. virginica (Hef-

feman et al. 1989b). Eggs were washed out of sliced go-

nadal tissues with filtered seawater. Nylon filters were used

to purify the egg preparations. A prefilter of 110 \xm was

used to remove material larger than the eggs followed by a

40 fim filter for M. mercenaria eggs and a 20 {tm filter for

C. virginica eggs. Eggs were rinsed several times with fil-

tered seawater. A portion of the eggs were taken for

counting and dry weight determination. The rest of the eggs

were homogenized in 100 mM TRIS buffer (pH 8.0). Por-

tions of the homogenate were removed for protein, lipid

and carbohydrate determinations. The remainder of the ho-

mogenate was centrifuged at 13,000 x g. Floating lipid

droplets were removed and washed twice followed by ex-

traction of lipids. The 13,000 x g supernatant was centri-

fuged at 100,000 X g for one hour to sediment micro-

somes. Lipoproteins were isolated from the 100,000 x g

supernatant (cytosol). Cytosol lipoproteins were separated

from other proteins by adjusting the cytosol density with

solid KBr and ultracentrifugation at 117,000 x g at 17°C

in a Beckman L5-40 equipped with a 40.3 rotor. All salt

solutions used to adjust the solution density were prepared

according to the methods outlined by Lindgren ( 1975). So-

lution densities were verified by refractometry using a

Bausch and Lomb Abbe Refractometer. Prior to electro-

phoresis or analysis, isolated lipoprotein fractions were
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TABLK 1.

Composition of eggs of Crassoslrea virginica and

Mercenaria mercenaria.
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composed almost entirely of triglycerides (98%) with traces

of sterols, phospholipids and protein. The relative oil

droplet content was higher in C. virginica than in M. iner-

cenaria and thus, triglycerides accounted for 76% of the

lipid in C. virginica eggs and only 30% in M. mercenaria

eggs (Tables 1 and 2). The predominant lipid of the mem-

brane fraction and lipoproteins were phospholipids (=80%)
with small amounts of sterols and steryl esters. Thus, most

phospholipids were associated with various membranes

within the egg.

Proteins associated with the cytosol, which was the su-

pernatant from 100,000 x g centrifugation, accounted for

approximately 80% of the total egg protein. The major

water-soluble peptide, i.e., cytosolic proteins, of both C.

virginica and M. mercenaria was a peptide with a molec-

ular mass of 56,000 daltons (Fig. 1). Other important egg

peptides in C. virginica had molecular masses of 76,000,

50,000, 48,000, 18,000, and 17,000 daltons. The major

egg peptides of M. mercenaria, besides the 56,000 dalton

band, had masses of 98,000, 87,000, 68,000, 60,000,

36.000 and 19,000 daltons. The 56.000 dalton band ac-

counted for 85% and 60% of the water-soluble proteins in

M. mercenaria and C. virginica, respectively. The 56,(X)0

dalton peptide was associated with a very high density lipo-

protein (density; 1.21-1.31 g/ml). The lipoprotein was

80% protein, 17% lipid and 2% carbohydrate.

DISCUSSION

Bivalve eggs are characterized by numerous lipid

droplets (Gallager and Mann 1986). As shown by our

studies, these lipid droplets were predominantly triglyc-

erides and are possibly similar in structure to the triglyc-

eride-rich chylomicrons found in vertebrate blood. The

amount of lipid and the type of lipids we found in C. vir-

ginica and M. mercenaria are similar to those reported for

these same species by Gallager et al. (1986). The higher

concentration of triglyceride in C. virginica compared with

A/, mercenaria suggests that C. virginica larvae can sur-

vive longer after hatching before feeding is required for

survival. The relative amount of protein (40-50%), lipid

(14-21%), and carbohydrate (7-9%) we found in C. vir-

ginica and M. mercenaria were similar to the relative

amounts of these materials in the eggs of other bivalve

species (Bayne et al. 1975, Holland 1978, Whyte et al.

1987).

The predominant water-soluble protein of both oysters

and clams was a very high density lipoprotein characterized

by phospholipid and a 56.000 dalton peptide. Recently, we
found that the major protein of the bay scallop, Argopecten
irradius concentricus, was also a 56.000 dalton peptide

(Lee. unpublished data). We are not aware of other studies

which have characterized the major protein of bivalve eggs.

The primary peptide in crab and lobster ovaries had a

molecular mass of approximately 100.000 daltons while a

second peptide, which was often present, was approxi-

mately 80.000 daltons (Lee and Puppione 1988, Lee 1991).

Crustacean egg lipoproteins are much higher in lipid con-

tent (40-50%) than bivalve egg lipoprotein. Thus, it ap-

pears that the lipovitellin of crustacean and bivalve eggs are

quite different in composition and size. Further studies

should be carried out to determine the importance of bi-

valve lipovitellin for the developing embryo. We are pres-

ently carrying out studies to further characterize the 56,000

dalton peptide found in bivalve eggs.

The sequence of events which take place in the female to

form the lipids and lipoproteins found in the eggs and how
these compounds are utilized by the developing embryo
should help in the development of bivalve aquaculture. For

example, if culture conditions are not optimal, then insuffi-

cient lipovitellin may be transferred to the eggs resulting in

poor viability after hatching.
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ABSTRACT This study was designed to evaluate site of deployment and bag rotation as antifouling (oyster spat) methods to be used

in conjunction with oyster bag culture. In addition to monitoring spattall per oyster, growth and survival rates of cultured oysters were

recorded. Replicate growing bags (n = 3), each containing 75 oysters (\ shell length (SL) = 41.9 ± 1 min/rcplicate), were deployed

subtidally (on the river bottom and off-bottom on a trestle) and intertidally (on the bottom) in December 1988. Bags were rotated

either seasonally, once monthly, or twice monthly. Oyster spat settlement was significantly higher on oysters placed subtidally

off-bottom (X = 26.7 spat/oyster) than on those placed on intertidal (x = 0.9 spal/oysler) or subtidal (x = 0.2 spat/oyster) bottoms.

Final SL (Sept 1989) was significantly greater for oysters grown subtidally off-bottom (x SL = 64.5 mm). Subtidal bottom oysters (x

SL = 58.8 mm) exhibited a larger final shell length than those oy.sters placed intertidally on the bottom (x SL = 54.2 mm). Subtidal

off-bottom oysters exhibited the greatest amount of survival (x % survival = 68.0), and subtidal bottom treatments tended to have the

lowest survival rales (x "7? survival = 26.0). Bag rotation had no effect on spat settlement, growth, or survival rates of the cultured

oysters. Fouling by oyster spat on oysters being cultured in a field grow out system can be effectively eliminated by placing oysters on

the intenidal bottom during the spawning season (May-Nov), and maximum growth rates maintained by placing the oysters subtidally

off-bottom during the non-spawning season.

KEY WORDS: oysters, spat settlement

INTRODUCTION

Culture of the oyster Crassostrea virginica (Gmelin

1791) in the coastal waters of Georgia exhibits advantages
over similar culture in more northern latitudes of the

eastern United States. Continuous growth of oysters oc-

curred in Georgia during winter months (Heffernan and

Walker 1988), when oysters in the more northern areas

normally exhibited no growth (Shaw 1968, Matthiessen

and Toner 1966). Southern areas also tended to promote

greater instantaneous growth rates for oysters than northern

regions. An 18 month growth period was postulated for a

market sized (76.2 mm SL) oyster grown off-bottom in

Georgia (Heffernan and Walker 1988) compared to 3 years

in Maryland (Beaven 1953) and Martha's Vineyard, Mas-

sachusetts (Matthiessen and Toner 1966) and 2.5 years in

Chatham, Massachusetts (Shaw 1968) for raft grown
oysters.

The spawning season of oysters in Georgia ranges from

May to October/November (Heffernan et al. 1989), with

the peak occurring from July to September. Presently no

studies exist which delineate oyster spat settlement patterns

within the intertidal zone for the coastal waters of Georgia,
where the majority of oyster beds are found (Harris 1980);

however, in South Carolina, McNulty (1953) found spat

settlement to be heaviest 0.3 m above the mean low water

mark for inshore areas, whereas heaviest settlement oc-

curred below the mean low water mark in waters nearer the

Atlantic Ocean.

The state of Georgia has the potential to be a leading

producer of C. virginica. which is evident by the fact that

Georgia led the nation in oyster production in 1908 with

over 3.5 million kgs of oyster meats being harvested

TABLE I.

Rotational regimen and area of deployment of oysters which were

placed in 13 mm mesh growing bags (n = 75/bag) and deployed into

Skidaway River, Georgia.

Area Rotation

Intertidal bottom

Intertidal bottom

Intertidal bottom

Subtidal bottom

Subtidal bottom

Subtidal bottom

Subtidal off-bottom

Subtidal off-bottom

Seasonally

Once monthly

Twice monthly

Seasonally

Once monthly

Twice monthly

Seasonally

Twice monthly

*
Seasonally

= Tnmonthly

207
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TABLE 2.

Mean number of spat settled on oysters placed in 13 mm mesh oyster growing bags (75/bag when deployed initially in Dec 1988) in Skidaway
River, Georgia and rotated at various times. Subsets (N = 30/bag) were examined trimonthly and no spat were detected until the June 1989

sampling date. Mean number of spat are given ± one standard error (SE).

Area/Monthly
Rotation

.June 1989 September 1989

Inleriidcil Bottom

Seasonal

1

2

3

Once

I

2

3

Twice

1

2

3

Suhtidal Bottom

Seasonal

1

2

3

Once

1

2

3

Twice

1

2

3

Suhtidal Off Bottom

Seasonal

1

2

3

Twice

1

2

3

3.5
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table 3.

Mean size of oysters placed in 13 mm mesh oyster growing hags (75/hag when deployed in Dec I9K8) in Skidaway River, Georgia and rotated

at various times. Subsets (N = 30/bag) were measured trimonthly. Mean shell length (SLI is given in mm ± one standard error (SEl.

Arpa/Nlonthlv
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TABLE 4.

Survival of oysters placed in 13 mm mesh oyster growing bags (75/

bag when deployed in Dec 1988) in Skidaway River and rotated

at various times.

Area/Monthly
Rotation

Inlertidul Botuim

Seasonal

1

2

3

Once

1

2

3

Twice

1

2

3

Siihtidal Bottom

Seasonal

1

2

3

Once

1

2

3

Twice

1

2

3

Suhlidat Off Bottom

Seasonal

1

2

3

Twice

1

2

3

Mar 1989

% Survival

Jun 1989

% Survival

90.7

85.3

90,7

84.0

73.3

84.0

77.3

76.0

85.3

57.3

60.0

56.0

72.0

52.0

57.3

70.7

41 3

60.0

82.7

84.0

96.0

90.7

85.3

86.7

78.7

74.7

84.0

68.0

66.7

84.0

65.3

65.3

76.0

54.7

54.7

45.3

Lost

Lost

Lost

68.0

32.0

56.0

78.7

66.7

92.0

76.0

82.7

84.0

Sept 1989

% Survival

65.3

61.3

62.7

50.7

52.0

61.3

50.7

48.0

65.3

21.3

22.7

16.0

Lost

Lost

Lost

41.3

21.3

36.0

65.3

56.0

78.7

61.3

72.0

74.6

TABLE 5B.

Results of the Tukey multiple range tests (P < 0.05; mean number
of spat/oyster by area) for oysters which were placed in 13 mm mesh

oyster growing bags in Skidaway River, Georgia and rotated at

various times.

June I9H9
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TABLE 6A.

Results of the nested Analysis of Variance (ANOVA) tests (P < 0.05) for mean oyster shell length (SL in mm) when placed in 13 mm mesh

oyster growing bags and rotated at various times.

Factor df Mean Squares F Ratio FProb

December I9HS

Nested ANOVA
Area

Treatment

Replicate

Within Groups
March I9S9

Nested ANOVA
Area

Treatment

Replicate

Within Groups
June 1989

Nested ANOVA
Area

Treatment

Replicate

Within Groups

September I9S9

Nested ANOVA
Area

Treatment

Replicate

Within Groups

2

5

16

1776

2

5

16

696

2

4

14

603

2

4

14

538

849.406
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TABLE 7A.

Results of the nested Analysis of Variance (ANOVA) tests (P < 0.05) for arcsine transformed survival data of oysters which were placed in 13

mm mesh oyster growing bags in Sliidaway River, Georgia and rotated at various times.

Factor df Mean Squares F Ratio F Prob

March J 989

Nested ANOVA
Area

Treatment

Within Groups
June 1989

Nested ANOVA
Area

Treatment

Within Groups

September 1989

Nested ANOVA
Area

Treatment

Within Groups

2

5

16

2

4

14

2

4

14

0.449

0,112

0.013

0.249

0.009

0.020

0.379

0.012

0.009

,^7.417

0.923

27.667

0.450

31..583

1.333

<0.001

NS

0.001 < p < 0.005

NS

0.001 < p < 0.005

NS

bottom area (Sept, x % survival = 57.5) had higher sur-

vival rates (Table 4) than the subtidal bottom area (Sept. x

% survival = 26.4). The subtidal bottom oysters suffered

particularly high mortalities between June and September

(Tables 4, 7a) during the height of the spawning season

when this area exhibited 25% mortality (Tables 4, 7b).

DISCUSSION

This study was designed to determine the feasibility of

eliminating or controlling oyster spat settlement in the field

by oyster bag rotation and/or site of deployment of oysters

cultured within bags. Although rotation had no effects, the

results herein clearly show that deployment of oyster bags

TABLE 7B.

Results of the Tukey multiple range tests (P < 0.05) for percent

survival data of oysters placed in 13 mm mesh oyster growing bags

in Skidaway River, Georgia and rotated at various times.

March 1989
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had a larger increase in SL during the period encompassing
the spawning season (June to Sept) than in the previous

period from March to June (Tables 3, 6b); however this

area had the lowest survival rates throughout the study,

possibly due to predation losses. Oysters grown intertidally

on bottom were exposed during low tides and therefore

were less accessible to predators during those times. The

oysters cultured subtidally off-bottom were placed on

trestles approximately 0.3 m off the river bottom which

may have deterred predation. Perkinsus marinus (Dermo)
could also have been a factor causing decreased survival

rates; however, it is expected that the combination of dis-

ease and physiological stress on oysters in the intertidal

bottom area would have caused greater mortality than dis-

ease alone in either of the subtidal areas.

Further study comparing growth and survival rates of

oysters deployed on intertidal versus subtidal bottoms ex-

clusively during the spawning season might delineate the

advantages and disadvantages of the two areas. Further-

more, studies of growth and survival of oysters planted at

various intertidal heights may reveal an optimum area of

oyster deployment in terms of both growth and survival.

mariculture recommendations

An important finding of this study is that oyster spat

settlement can be managed by oyster bag deployment. This

overcomes one of the major problems which had prohibited

oyster mariculture to date. It creates the possibility of pro-

ducing single oysters which would represent an important

commercial commodity in comparison to currently avail-

able natural oyster stocks. Cultivation of oysters in bags
should be carried out subtidally off-bottom in Georgia

during the non-spawning season (Nov -May) in order to

maintain maximum growth rates. Further studies on settle-

ment dynamics may lengthen this period. Oysters should

also be transferred to an intertidal bottom site during the

spawning season to eliminate fouling by oyster spat.
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ABSTRACT The 5-HT receptor site-selective agonists. 8-OH-DPAT (S-HT,^). and a-methyl5-HT (5-HT,) induced maturation of

Spisula oocytes in vitro. The 5-HT antagonists, mianserin (S-HT,, 5-HT,) and ketanserin (5-HT2) were the most effective inhibitors of

5-HT-induced GVBD in Spisula oocytes. Mianserin also blocked oocyte maturation induced with 8-OH-DPAT and a-methyl-5-HT.

Ketanserin inhibited maturation induced with a-methyl-5-HT but not with 8-OH-DPAT. BMY 7378 (S-HT.a), on the other hand,

inhibited maturation induced with 8-OH-DPAT but not with a-methyl-5-HT. The present results suggest that Spisula oocytes possess

5-HT receptors sensitive to S-HT.^ and 5-HT; site-selective analogs.

The 5-HT agonists. 8-OH-DPAT. a-methyl-5-HT and 2-methyl-5-HT. stimulated the motility of cold-imniobilized Spisula sperm.

The 5-HT antagonists, miansenn. kelansenn. ICS 250-').30 and OR .^80.^2F. blocked Spisula sperm motility stimulated with 5-HT.

8-OH-DPAT and a-niethyl-5HT, The present results demonstrate that the 5-HT receptor of Spisula sperm is sensitive to 5-HT, a.

5-HT2 and 5-HT, site-selective analogs. We hypothesize that the 5-HT receptor associated wilh Spisula gametes may be a complex

structure composed of multiple ligand binding sites.

KEY WORDS: sperm motility, oocyte maturation, serotonin, 5-hydroxytryptamine. receptor sites, neurotransmitter

INTRODUCTION

Serotonin (5-hydroxytryptamine. 5-HT) induces

spawning of gametes when injected directly into the gonads

of bivalve taxa, including Patinopecten yessoensis. Tri-

dacna, and Spisula solidissima (Matsutani and Nomura

1982, Gibbons and Castagna 1984. Braley 1985. Hirai et

al. 1988). 5-HT triggers in vitro maturation of bivalve oo-

cytes, including Crassostrea gigas. Tapes. Philippinarum

and S. solidissima (Osanai and Kuraishi 1988. Hirai et al.

1988). The physiological relevance of these findings is

supported by the identification of 5-HT in the body fluid

and ganglion cells of the surf clam (Welsh and Moorhead

1960, Kadam and Koide 1989a).

Immunoreactivity for 5-HT was localized to a large

number of perikarya of the cerebral, pedal and accessory

ganglia of the scallop (Matsutani and Nomura 1986). In the

gonadal region, immunoreactive fibers were located around

the gonoduct and along the germinal epithelium, indicating

that 5-HT plays a role in spawning. In previous studies, we

have demonstrated that 8-OH-DPAT. a 5-HT|a receptor

site agonist (Middlemiss and Fozard 1983), induces oocyte

*Send all correspondence to: S. S. Koide. Center for Biomedical Re-

search. The Population Council. 1230 York Avenue. New York. NY

10021.

maturation (Kadam and Koide 1989b) and 5-HT stimulates

the motility of cold-immobilized Spisula sperm (Kadam

and Koide 1990).

In the present study, receptor site-selective 5-HT ago-

nists and antagonists (Bradley et al. 1986. Gothert 1986,

Petroutka 1988) were used to characterize the 5-HT re-

ceptor types on Spisula oocytes and sperm. Data are pre-

sented showing that the receptor on Spisula oocytes and

sperm is sensitive to 5-HTia and 5-HT2 site-selecting an-

alogs, and in addition, that the sperm receptor is activated

by 5-HT3 analogs.

MATERIALS AND METHODS
Chemicals

PAPP (LY-165, 163), 8-OH-DPAT. a-methyl-5-HT,

CGS 12066B dimaleate, a-methyl-5-HT. quipazine ma-

leate. ICS-205-930. ketanserin. MDL 7222. mianserin.

(

-
)-propranolol hydrochloride and 5-HT creatinine sulfate

were purchased from Research Biochemicals. Inc. The fol-

lowing compounds were obtained as gifts: methysergide

maleate from Sandoz Pharmaceutical; GR 38032F from

Glaxo; and BMY 7378 from Bristol-Myers.

Assay for Oocyte Maturation

Female surf clams were obtained from the Marine Re-

sources Dept., Marine Biological Laboratory, Woods

215



216 Kadam et al.

Hole, Massachusetts. The ovaries were dissected, placed in

artificial sea water (ASW). cut into small pieces with a pair

of scissors and the freed oocytes collected by sedimentation

at unit gravity. Oocytes were washed several times by set-

tling. Stock solutions of the agonists and antagonists were

prepared according to their solubility in ASW or ethanol

and were added to a suspension of oocytes (2000 ml"') at

varying final concentrations ranging from 1 to 50 |j.M. In

testing the antagonists the oocytes were incubated with

each compound for 10 min, and maturation was then in-

duced with 5-HT at a concentration of 5 |jlM. The oocytes

were examined by light microscopy 15 and 30 min after the

addition of 5-HT, for the presence or absence of a germinal

vesicle (GV). The incidence of spontaneous maturation

among the isolated oocytes was less than 5%.

Collection of Sperm

Testes were excised from male surf clams and the milky

semen collected with a Pasteur pipet. The semen was di-

luted 1:500 with ASW. The sperm suspension was centri-

fuged at 300g for 5 min to remove debris. The supernatant

was centrifuged at lOOOg for 10 min at 4°C. The pellet

containing sperm was suspended in ASW equivalent to the

original volume. The sperm suspension was stored over-

TABLE 1.

Induction of maturation of Spisula oocytes with 5-HT agoni.sts.

Compounds'

Receptor

Selective

Type

Concentration GVBD

8-OH-DPAT

a-methyl-5-HT

5-HT,^

5-HT,

PAPP
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ASW. were added to make a final concentratidii of 5 jjlM.

Percent sperm motility was assessed iinniediatcly. as de-

scribed above.

RESULTS

Receptor site-selective 5-HT agonists were assayed for

oocyte maturation-inducing activity. 8-OH-DPAT (5-

HT,^) and a-methyi-5-HT (5-HT2) were the only active

compounds among eight agonists tested (Table 1). They
were effective at 2 ixM. The agonists, PAPP (3-HT|a) and

5-CT (5-HT|). were inactive at concentrations as high as

50 (jiM.

Several receptor site-selective 5-HT antagonists were

tested for their capacity to block 5-HT-induced maturation

(Table 2). Mianserin (5-HT,. S-HTj) and ketanserin

(5-HT,) were the most effective inhibitors. To validate that

Spisula oocytes are responsive to 5-HT,a and 5-HT2 re-

ceptor site-selective compounds. 8-OH-DPAT and a-

methyl-5-HT were used to induce dissolution of the GV.

designated as GV breakdown (GVBD) and the corre-

sponding receptor selective antagonists were administered

to block their actions. BMY 7378 (5-HT, a) inhibited

8-OH-DPAT-induced maturation, but did not influence the

action of a-methyl-5-HT (5-HT2). and mianserin (5-HT,
and 5-HT2) blocked the inducing activity of both agonists

(Table 3). Ketanserin (S-HT,) effectively blocked only a-

methyl-5-HT (5-HT2) induction.

Various 5-HT receptor site-selective agonists and antag-

onists were assayed for their capacity to stimulate and to

block motility of cold-immobilized Spisula sperm, respec-

tively (Tables 4. 5). The most effective agonists were

8-OH-DPAT (5-HT,a) and a-methyl-5-HT (5-HT2). They
were effective at 1 |j.M. 5-CT (5-HT,) was active at a

higher concentration (50 |j.M). and 2-methyl-5-HT (5-HT,)

at 50 |jlM induced slight stimulation. On the other hand.

PAPP (5-HT, a). CGS-12066(3 (5-HT,b). m-CPP-HCl

(5HT|. 5-HT2). and 1 -phenyl biguanide (5-HT,) were inac-

tive. The most effective blocker was mianserin (5-HT,.

5-HT2). The 5-HT3 receptor site-selective antagonists. ICS

205-930 and GR 38032F. were effective blockers at higher

concentration (50 fiM). whereas the 5-HT2 antagonist, ke-

tanserin, showed moderate inhibitory activity. On the other

TABLE 4.

Stimulation of Spisula sperm mutilit.v bj 5-HT agonists.
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TABLE 5.

Inhibition of S-HT-induced stimulation of Spisula sperm motility by
5-HT antagonists.
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GAMETOGENIC CYCLE OF SEA SCALLOPS {PLACOPECTEN MAGELLANICUS (GMELIN,
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ABSTRACT Gametogenesis of the sea scallop, Placopecten magellanicus (Gmelin), from three areas within the mid- Atlantic Bight
was examined from January to December 1988. Histological and morphometric quantification of gonadal tissue concluded that a

semiannual gametogenic cycle was characteristic of sea scallops from the mid-Atlantic Bight. The maiority of spawning occurred in

May and November. Gonadal devclopmenl in spring compnsed a longer period of time and resulted in greater fecundity than in fall.

Differences were found in the timing and magnitude of the semiannual gametogenic processes between sex, area, and water depth
within the study area. Varying temperature patterns between the mid-Atlantic Bight and more northerly resource areas may be partially

responsible for the observed difference in gametogenic cycles. Semiannual spawning has potential implications for management
strategies which are currently based on the assumption of annual spawning and recruitment events.

KEY WORDS: gametogenic cycle, sea scallop, Pliuupcctin magellanicus. gonad weight

INTRODUCTION

The sea scallop, Placopecten magellanicus (Gmelin),

supports a valuable commercial fishery throughout much of

its entire distnbution in the northwestern Atlantic, from the

Strait of Belle Isle, Newfoundland, to Cape Hatteras, N.C.

(MacKenzie et al, 1978). The United States sea scallop

fishery had a catch of over 33,700.000 pounds valued in

excess of $132,000,000 in 1989 (National Marine Fishery

Service). Landings from Georges Bank have historically

accounted for most of the United States harvests. The im-

portance of the mid-Atlantic sea scallop fishery to the

United States total commercial harvest has increased since

the mid 1960s. This is primarily a result of an expanded

fishery with numerous successful year classes and concom-

mittant increases in fishing effort (New England Fishery

Management Council et al. 1982),

Regulation and management of the sea scallop fishery is

based, in part, on knowledge of the reproductive cycle of

the species and the presumption that there is one stock dis-

tributed over several resource areas. On Georges Bank and

in the Gulf of Maine, sea scallops undergo an annual ga-

metogenic cycle with a single spawning period in the fall

(MacKenzie et al. 1978. Robinson et al. 1982). Sea scallop

harvesting in the United States is currently regulated by a

minimum shell size restriction for scallops that are landed

whole and a maximum average meat count (number of ad-

ductor muscles per pound) for scallops which are shucked

at sea. In addition, there is a single temporary seasonal ad-

*Contribution No. 1630 from the Virginia Institute of Marine Science

'Present address: 27 Seaside Avenue, Key Largo. Florida 33037

justment in the size restrictions to compensate for adductor

muscle weight changes attributed to spawning in the fall.

The seasonal adjustment was based on biological data from

the Georges Bank area and the assumption that a similar

reproductive pattern occurred in all scallop resource areas.

In the mid-Atlantic Bight, however, scallops appear to

spawn twice a year (DuPaul et al. 1989). Given the rela-

tionship between adductor muscle weight and gameto-

genesis (Barber and Blake 1981, Robinson et al. 1981), the

existence of a semiannual spawning event in the mid-At-

lantic region implies that alternative regulatory strategies

for each resource area may need to be considered. A de-

tailed examination of gametogenic processes in this region

is thus important for the management and regulation of the

sea scallop fishery and for improving the utilization of the

resource by commercial fishermen. This study examines

gametogenesis of scallops within the mid-Atlantic Bight.

MATERIALS AND METHODS
Whole fresh sea scallops, Placopecten magellanicus,

were obtained from commercial fishing vessels operating in

the mid-Atlantic Bight from January through December,
1988. Sample locations ranged from south of Long Island

(40°00'N 73°00'W) to north of Cape Hatteras (37°30'N

74°30'W). This includes a rectangular area of approxi-

mately 28.000 km- running northeast to southwest in water

depths of 40 to 74 m. Three areas within this range were

sampled on a monthly basis. Consistent spatial-temporal

sampling was not possible because of the commercial na-

ture of the samples. The three areas included a site off the

Virginia coast (37°15'-37°45'N). a site off the Delaware-

Maryland penninsula (38°00'-38°30'N) and a site off the

221
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New Jersey coast (39°00'-40°00'N). These three sites were

believed to adequately represent distinct geographical areas

and be consistent with the requirements of stratified

random sampling (Zar 1984).

At the time of sample collection, the date, time, Loran C
coordinates, water depth (m), and surface water tempera-

ture (C) were recorded. Four to fifteen samples were col-

lected monthly. Each sample consisted of 100 unshucked

scallops randomly selected from 1.5 to 3.0 bushels of

shellstock. The adductor muscle and gonad were resected

from each animal. Wet weight of the gonad, including the

crystalline style and foot, was measured to the nearest 0. 1

gram. The maximum distance between dorsal and ventral

margins (shell height) was measured to the nearest milli-

meter using a standard fish measuring board. One sub-

sample was selected each month from the Delaware-Mary-
land area for estimation of dry gonad weights. Ten gonads,

with crystalline style and foot removed, were dried to a

constant weight in a drying oven (90°C) and reweighed.

Four to six subsamples were selected each month for

histological examination. Twelve gonads of each sex, when

sex could be visually determined, were used from each

subsample. Pieces of gonad tissue (I to 2 cm-) were cut

from the middle anterior of the gonad. The tissue was pre-

served in Davidson's fixative, dehydrated, embedded in

paraffin, cut 6 |xm thick, mounted on slides, and stained

with Harris' hematoxylin and eosin.

Volume fractions were determined for mature, devel-

oping, and resorbing gametes and nonreproductive matter

following the methods of Weibel et al. (1966) and Mac-

Donald and Thompson ( 1986). Five random fields of gonad
tissue were examined with a compound microscope ( 150 x )

equipped with an eyepiece reticle. The reticle had a 10 mm
square grid containing 61 points of intersecting lines.

Volume fractions were calculated as the percentage of

points occupied by each structure for each gonad section. A
total of 1,326 gonads were examined histologically. Re-

sults are presented by individual areas, depths, and sex so

that differences in reproductive processes can be examined

and related to environmental conditions.

Mature gamete volume fractions for the three sample

areas and depths were statistically examined to evaluate ga-

metogenic processes within the mid-Atlantic Bight. The

shallowest and deepest samples which were collected each

month from the Virginia area were selected for water depth

analysis. Volume fractions of mature gametes were se-

lected for testing since this entity represents the potentially

viable sexual products. The nonparametric Wilcoxon

paired sample test was used to exanunc differences. Ex-

treme heteroscadasticity precluded use of parametric tests

(Steel andTorrie 1960).

Temporal changes in gonad weight were examined as an

alternative monitoring method of gametogenesis. Scallops

were grouped into five shell height intervals: 85-89 mm (N
= 1,438), 90-94 mm (N = 1,859), 100-104 mm (N =

1,908), and 110-114 mm (N = 1,365). Mean gonad wet

weight for each size interval was determined for each

month with data pooled over sex and sample area. Gonad

dry weight was estimated to compare the use of wet versus

dry gonad weights as indicators of gametogenesis. Esti-

mates of gonad dry weight were calculated as the product

of individual gonad wet weight and the mean percentage of

gonad dry weight, as determined from the representative

monthly sample.

Fecundity was estimated by calculating the weight of

mature gametes released upon spawning following the

methods of Langton et al. (1987). Gamete weight of indi-

vidual female scallops was estimated by the following re-

gression model:

In G = In Po + Pi In S -h p, S -h e

where G = gamete weight, S =
height, and e = the

random error term, assuming N(0, a-). The equation is

well suited for estimating the relationship between gonad

weight and shell height. It allows for maximum weights

and inflection points. The equation was estimated by ordi-

nary least squares for the months characterized by max-
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imum and minimum values of the spawning cycle. Esti-

mated weight loss was converted into ova numbers hy di-

viding gamete wet weight loss by 1.6 x 10~' g. the

weight previously determined for wet mature ova (Langton
etal. 1987).

Discrete bottom temperature data for the areas and

months sampled during this study were not available.

Bottom temperatures were therefore estimated with a com-

puter program available from the Northeast Fisheries

Center. National Marine Fisheries Service (NMFS) (Moun-

tain 1989). The mean latitude and longitude coordinates

from samples collected within the three areas were used to

estimate temperatures. Coordinates were 37°3rN,
74°42'W (Virginia); 38°15'N, 74°irw (Delaware-Mary-

land); 39°25'N. 73°08'W (New Jersey).

RESULTS

During the study period, sea scallops from the mid-At-

lantic Bight exhibited semiannual gametogenic cycles (Fig.

1). Within each sampling area, the majority of spawning of

male and female scallops occurred during the same months.

In spring, however, female scallops from the Delaware-

Maryland area initiated spawning one month earlier than

scallops from the New Jersey and Virginia areas, and were

more completely spent by June. Unlike females, the per-

centage of mature gametes for males during this period

showed little variation between areas prior to spring

spawning. From April to August, mature gamete volume

fractions in male and female gonads from Virginia and

New Jersey areas gradually declined to minimal values in

August. However, both sexes of Delaware-Maryland

scallops exhibited a small increase in mature gamete
volume fractions during July. During the fall gametogenic

cycle, development and spawning occurred in a shorter

time period and in a more simultaneous manner than in the

spring. It was not possible to verify spawning for New

Jersey scallops in the fall due to the lack of samples from

that area in November, when spawning was likely to have

occurred.

While the timing of gametogenic processes within each

sampling area was very similar for both sexes, significant

differences in mature gamete volume fractions were de-

tected between sex in all three areas (Wilcoxon paired

sample test: Virginia, z = -7.3338. p < 0.0001; Dela-

ware-Maryland, z = -3.9653. p < 0.0001; New Jersey, z

= -3.8760, p < 0.0001). Male scallops generally had

larger volume fractions of mature gametes when ripe than

females. Statistically significant differences were detected

between mature gamete volume fractions for female

scallops from the Delaware-Maryland and Virginia areas

(Wilcoxon paired sample test, z = -4.5301. p < 0.0001).

Significant differences were not detected in male scallops

from the two sampling areas (Wilcoxon paired sample test.

z = -1.7152. p < 0.0863).

Resorbed gametes comprised a small portion of the
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TABLE 1.

Monthly mean mature gamete volume fraction (X) and standard deviation (<rl for P. magellanicux from the Virginia (Va), Delaware-

Maryland (De-Md), and New Jersey sampling areas.
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and 23,188,000 eggs in the fall. The magnitude of fecun-

dity for spring and fail spawning cycles v\as more consis-

tent in the Delaware-Maryland area and was estimated to

produce a greater number of eggs annually than in the Vir-

ginia area.

Scallops from shallow and deep water exhibited game-

togenic development and spawning in spring and fall (Fig.

3). In spring, deep water scallops lagged one month behind

shallow water scallops in the timing of gametogenic pro-

cesses. In fall, the timing of gametogenic processes was

very similar between water depths for both sexes. The rela-

tive fecundity of scallops, in terms of net difference in ma-

ture gamete volume fractions did not differ with depth, for

either male or female scallops. A major depth related dif-

ference was that summer gametogenic activity was detected

in the shallow water scallops of both sexes, but was absent

from the deep water scallops (Table 3). Statistically signifi-

cant differences were detected between mature gamete
volume fractions of shallow and deep water samples for

both sexes at the 0.05 a level, but not at the 0.01 a level

(Wilcoxon paired sample test, males, z = -2.3368, p <
0.0194; females, z = -2.4581. p < 0.0140).

Estimated bottom water temperatures for the three sam-

pling areas indicate similar annual cycles (Fig. 4). Water

temperatures were generally warmest in winter months

(November to January) at approximately 12-I4°C and

coolest in summer months (May to July) at approximately

7-8°C. Gamete development and spawning coincided with

decreasing and stable temperatures in winter and spring and

increasing temperatures in fall. No major deviation in ma-

ture gamete volume fractions was associated with the large

decrease in temperature which occurred between January

and February.

DISCUSSION

Histological examination and quantitative analysis of

gonadal tissue confirmed that P. mageUctnicus from the

TABLE i.

Samples included in the Wilcoxan paired sample test comparing

gametogenic cycles of shallow and deep water scallops.
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uted to morphometric differences between sex rather than

temporal differences in gametogenesis.

Spring and fall gametogenic cycles differed in magni-

tude and duration, with the spring cycle encompassing a

greater amount of time and exhibited in greater estimated

fecundity. Such inequality is typical of semiannual repro-

ductive cycles (Comely 1974). Temperature has often been

implicated as a primary environmental factor controlling

the duration and timing of gametogenic events (Sastry

1966, Giese and Pearse 1974). The low unifomi tempera-

tures in spring relative to fall could therefore be responsible

for the differing durations of the gametogenic cycle.

Greater and more consistent fecundity in spring relative to

fall may be an indication that environmental conditions in

the mid-Atlantic Bight are more favorable for reproduction

at that time (Newell et al. 1982, Rodhouse et al. 1984).

There was no quiescent period between the two gameto-

genic cycles, unlike sea scallops examined from New-

foundland (MacDonald and Thompson 1986). In addition

to the two major spawnings, a small amount of gamete de-

velopment and spawning in July and August as detected in

Delaware-Maryland scallops. A small percentage of mature

gametes were also released from New Jersey scallops in

February prior to the major spawning period. The small

release of spermatozoa has been referred to as dribble

spawning by Newell et al. (1982) and MacDonald and

Thompson (1988). The premature release of gametes may
be a necessary sloughing mechanism for an animal that is

reproductively mature for a prolonged period.

^SHALLOW

Many of the observed differences between the gameto-

genic cycle of P. mugellanicus in the mid- Atlantic and

those from more northerly regions support established zoo-

geographic principles. As latitude decreases, there may be

a shift from annual to semiannual spawning cycles, initia-

tion of gametogenesis and spawning later in the year, less

synchronous spawning, or a difference in relative fecundity

(Pfitzenmeyer 1965, Barber and Blake 1983, Newell et al.

1982). Sea scallops located off the coast of Newfoundland

spawn annually from late August to early September (Mac-

Donald and Thompson 1986). Sea scallops from Georges
Bank also spawn annually from late September to early Oc-

tober (MacKenzie et al. 1978). Results from this study in-

dicate that at the southern extent of the species range, P.

magellaniciis shifts to semiannual spawning and initiates

fall gametogenesis and spawning later in the year.

In this study, the estimated fecundity of each seasonal

cycle, with the exception of the Virginia fall spawn, was

similar to values reported by Langton et al. (1987) and

MacDonald and Thompson ( 1986) for sea scallops from the

Gulf of Maine and Newfoundland, respectively. Since

there were two spawning events per year in the mid-At-

lantic Bight, however, estimated fecundity was actually

much greater on an annual basis at the more southerly loca-

tion. MacDonald and Thompson (1988). when comparing
sea scallops from Newfoundland and New Jersey waters,

also concluded that relative fecundity was greater in the

southern location.

Lack of a distinct quiescent period between cycles,

dribble spawning in males, and resorption of oocytes in fe-

male scallops contributed to increased variability of mature

gamete volume fractions. The standard deviation of female

mature gamete volume fractions in this study were larger

than in the Newfoundland study (MacDonald and Thomp-
.son 1986). Thus, there appears to be less synchrony of ga-

metogenic processes at the southern extreme of P. magel-

laniciis' range. Estimated water temperatures in the mid-

Atlantic Bight differ from other scallop resource areas and

may be responsible for the observed deviations in the ga-

metogenic cycle between geographic locations. High water
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temperatures in fall and winter in the niid-Allantie Bight

are caused by slope water intrusion (()Keiile\ et al. 1987.

Mountain, personal communication). Ai the southern re-

gion of the shelf, slope water extends onto the shell to at

least the 60 m line in tall and w inter, causing an increase in

bottom water temperature at that time despite the cooling

and mixing of surface waters. Presence of the wami ni-

trate-rich slope water subsequently elevates primary pro-

duction. The elevated productivity could provide the en-

ergy necessary to sustain gonadal development from De-

cember through April. Scallops on Georges Bank, without

access to this energy source and subjected to cooler water

temperatures, may not be energetically capable of under-

going gonadal development in the winter.

Although histological quantification of gonad tissue pro-

vides very accurate information on reproduction, it is costly

and labor intensive, and thus, may be prohibitive to fishery

management agencies desiring a long-temi monitoring pro-

gram. Morphometric changes in reproductive organs offer

an accurate alternative approach. The similarity of results

from morphometric measurements and histological quanti-

fication of gonadal material verified that future monitoring

of gonadal development could be accurately conducted

through measurement of wet or dry gonad weights.

Sea scallop management strategies that consider recruit-

ment models or seasonal meat count adjustments related to

annual spawning event may not be consistent when a sig-

nificant part of the commercially harvcstable resource ex-

hibit biannual spawning. Meat count adjustments to com-

pensate for spawning induced changes in meat yield should

follow documented seasonal reproductive patterns to be ef-

fective. However, the critical issue for management will

center around whether or not both spawning events con-

tribute to the recruitment of commercially harvestable

scallops.
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MANAGEMENT AND STOCK ASSESSMENT OF THE
RED SEA URCHIN (STRO.\GYLOCE.\TROTCS FRASCIS-

CA\LS) IN WASHINGTON STATE: PERIODIC ROTA-
TION OF THE FISHING GROUNDS. Alex Bradbury, Wash

ington Dept. of Fisheries, Point Whitney Shellfish Laboratory,

1000 Point Whitney Road, Brinnon. WA 98320.

Red sea urchins (Slron^ylocenrrotus francisconn.s) support a

long-established commercial fishery in Washington State. During

the 1988/89 season, divers landed 8.1 million pounds worth US

$2.4 million at the dock.

Red urchins exhibit several peculiar life history traits which we

have attempted to address in managing this rapidly-growing

fishery: they are semi-sessile and thus easily harvested at shallow

depths: they distribute themselves contagiously: urchins in deep,

unharvestable waters move to shallow depths near the kelp (Ne-

reocystis) line, particularly when this shallow zone has been left

barren by divers: large (>120 mm) red urchins shelter conspecific

recruits from predation beneath their protective "spine canopy";

overall recruitment is low (approximately 6.5%). but varies sig-

nificantly between areas: growth and size frequency distribution

also varies significantly between areas.

These peculiarities in urchin life history
—

coupled with pecu-

liarities of diver behavior— have prompted us to discard several

traditional management methods. Catch-per-unit-effort analyses.

for example, can be misleading (at least over the short term) due

to divers" fishing tactics and in-season urchin immigration. Life

history and diver behavior considerations have led to a fishery

managed via rotation of the fishing grounds on a three-year basis.

Other features include a restricted season and both upper and

lower size limits: these vary by area and exclude approximately

40% of the total population from harvest.

Since 1984. repeated dive surveys at 146 commercially-har-

vested sites have allowed us to follow the effects of the fishery

and rotational management on subtidal urchin populations. Pre-

liminary results in one area closed to fishing for 30 months indi-

cate that repopulations to 1984 density and size-frequency levels

has occurred after an intensive fishery.

EPIZOOTIOLOGV OF HEMIC NEOPLASIA IN MYTILUS

TROSSULUS IN WASHINGTON STATE. PART II. Kenneth

M. Brooks* and Ralph \. Elston, Battelle Marine Research

Laboratory, 439 West Scquim Bay Road, Sequim, WA 98382.

The epizootiology of hemic neoplasia (HCN) in the bay mussel

is examined with field, laboratory and electrophoretic evaluations

of HCN resistant populations. Challenge experiments examine the

selection for resistance to this disease in an HCN enzootic area.

An observed correlation between the prevalence and intensity of

HCN and (mussel population density)/(water circulation) indices

is examined in controlled laboratory experiments.

Field and laboratory studies have affirmed the resistance of

southern California and east coast populations of the bay mussel to

HCN. Populations with Mytilus edulis or Mylilus f>allopro\inciaUs

isozyme affinities suffered fewer than ten percent mortality during

a one year field trial while populations of Mytilus trossulus experi-

enced mortalities between 30 and 60 percent. Histology and he-

mocytology confirm that a significant proportion of the observed

mortality is associated with HCN. Growth of all field tested popu-

lations was similar.

These studies further support the thesis that HCN is an eco-

nomically important disease in Washington State and is the cause

of significant mortality from settlement of plantigrades through

the second year of life. Whole hemocyte challenge experiments

demonstrate selection for resistance to HCN. Two and three year

old mussels from an HCN enzootic area are more resistant to

challenge than O-l- mussels from the enzootic area or any year

class of Mylilus rrossulus from a disease free area.

This research is supported by grants from the National Cancer

Institute and the U.S. Department of Agriculture.

GONADAL AND RELATIVE MOVEMENT DIFFERENCES
WITH DEPTH OF RED SEA URCHINS STRONGYLOCEN-
TROTUS FRANCISCAMUS IN SOUTHEAST ALASKA.
Diane Carney, Department of Marine Science, University of Cal-

ifornia. Santa Cruz 95064.

Gonads of red sea urchins Slrongylocentrotus franciscanus in

Southeast Alaska taken during the summer from shallow subtidal

sites below a surge-induced kelp fringe were found to differ from

gonads of S. franciscanus from the same sites but at deeper

depths. Gonad index was significantly higher in urchins taken

from the shallows. Color and texture also differed. Urchins from

the shallows tended to be brighter yellow or orange and creamy

textured compared to their darker, stringier counterparts from the

depths. Gonadal histological examination showed a difference in

reproductive status between urchins from the two depth strata.

Shallow urchins appeared to be in more active stages of gameto-

genesis. Deeper urchins showed a higher percentage of reproduc-

tive inactivity or degeneration.

Urchins were tagged and tracked to compare relative move-

ments. Shallow urchins tended to be more sedentary whereas

deeper urchins roamed more widely. Food availability, size, age

and depth in relationship to gonadal development and relative

movement are discussed,

FEEDING JUVENILE GEODUCKS (PANOPE ABRUPTA)
IN A SAND SUBSTRATE NURSERY: KILL A LOT.
LEARN A LITTLE. Lauran R. Cole.*' J. H. Beattie,^ and

D. E. Velasquez,' 'University of Washington School of Fish-

eries. WH-10, Seattle. WA 98195: ^Washington Department of

Fisheries. Pt. Whitney Shellfish Laboratory, 1000 Point Whitney

Road. Brinnon, WA 98320.

Survival and growth of early post-larval geoducks in the WDF
Geoduck Enhancement Projects sand substrate nurseries varies
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substantially with site and season. The mobile plantigrades appar-

ently feed from benthic diatoms, detritus and bacteria from the

sand surface for several weeks after the onset of metamorphosis.

At the Dabob Bay and Budd Inlet nurseries, the geoducks grow on

sand with only wild algae as a food source, but food availability

has only been suspected as a limiting factor in survival and

growth.

Experiments during 1990 compared survival and growth in

plantigrade geoducks raised on wild algae, to those grown in fil-

tered sea water with supplemental feeding, and to nonfed controls.

Supplemental food treatments included adding dried Tetniselmis

suecica (Celsys Algal 161) in a slurry to the substrate, and sus-

pending either Tetniselmis or live cultured Chaeloceios muelleii

in the water column. Preliminary results show significant differ-

ences in growth between treatments with food available to the

substrate and those with food added only to the water column.

FEDERAL MOU'S ALLOWING IMPORTATION OF LIVE

SHELLFISH: PUBLIC HEALTH, NATURAL RESOURCE,
AND INTERSTATE SHELLFISH SANITATION CONFER-

ENCE IMPLICATIONS. F. S. Conte, Department of Animal

Science, University of California, Davis, CA 95616-8521.

The Western Regional Aquaculture Consortium (WRAC)

sponsored a shellfish sanitation forum in South San Francisco,

California in late 1989. Participants included a national selection

of shellfish sanitation scientists, federal shellfish sanitation admin-

istrators (mcluding FDA and NMFS observers), and representa-

tives from state health agencies and the shellfish industry from the

Pacific Coast. The primary charge of the participants was to de-

fine the current status of shellfish sanitation research, define re-

search priorities for shellfish sanitation, and address 17 Issues of

significance to the health service agencies and the shellfish in-

dustry.

The WRAC Shellfish Sanitation Forum addressed the Memo-

randum of Understanding (MOU) established between the FDA
and Chile that allows importation of live fresh shellstock from

Chile into U.S. markets. From this was developed Issue #1.

which addresses the MOU's with foreign governments in a

broader context. Issue #1 was examined in the context of: shell

fish sanitation and health safety; potential impact on domestic nat-

ural resources; and impact on the relationships between the ISSC,

federal and state health service agencies, and the industry.

The agency, industry and science sections of the forum con-

cluded that risks to public health and the natural resource do exist

under the present importation protocol and that federal policy and

mechanisms that established the protocol have produced a level of

dissatisfaction among western industry and state agency personnel

that impinges on their relationship within the Interstate Shellfish

Sanitation Conference. The philosophies behind these conclusions

are discussed. Also included is the series of recommendations and

actions that were developed and implemented by the industry,

agency, and science sections of the forum.

GROW-OUT ASPECTS FOR THE CULTURE OF THE
JAPANESE SCALLOP, PATINOPECTEN YESSOENSIS:

IMPLICATIONS FOR THE COMMERCIAL PRODUC-
TION ALONG THE NORTHWEST COAST OF NORTH
AMERICA. Stephen F. Cross, Aquametrix Research Ltd.,

204-2527 Beacon Ave., Sidney, B.C., V8L lYl.

Hatchery seed (1-2 cm & 3-4 cm) produced at the Pacific

Biological Station (Nanaimo) were deployed at a grow-out site

located off the northwest coast of Vancouver Island on two occa-

sions (March, 1989 and March. 1990). Growth and survival of the

Japanese scallop seed were monitored monthly through to market

size. Design of this program permitted assessment of growth

characteristics influenced through biotic factors (stocking den-

sities, plankton availability, fouling, infection), by abiotic factors

(physical and chemical oceanographic conditions), and by culture

method (pearl/lantern nets; ear-hanging).

Stratified sampling at depths of 5, 10, 15, 20, and 25 metres

indicated a decrease m both survival and growth rates below 15

metres. Significant difference in growth rates with depth were not

observed, however, until the animals exceeded 45-50 mm. Phy-

toplankton community structure (cell size/abundance) within the

water column was related to the differential growth pattern.

Size of seed and timing of deployment also reflected signifi-

cant differences in growth and survival. Seasonal availability of

plankton and ingestion capability were attributed to the observed

differences.

Water column stability, including high salinity (over 30 ppt),

low temperatures (6- 10°C), slow currents, and minimal wave ac-

tion affecting the overlying longline system were considered im-

portant factors contributing to the minimal effects noted in the

density-dependent aspects of this study. With lantern net densities

as high as 50 animals/layer significant monality was not observed

until animals exceeded 65-70 mm. Growth rates were also

slightly depressed once this size was attained.

Proper site selection, in conjunction with the demonstrated

hardiness of the Japanese scallop (overall grow-out mortality to

market size of less than 10%; growth of 6- 10 mm/month), makes

culture opportunities for this species very attractive for the Pacific

northwest.

MANAGEMENT OF CALIFORNIA'S SEA URCHIN
FISHERY. Christopher M. Dewees. Department of Wildlife

and Fisheries Biology, Sea Grant Extension Program, University

of California, Davis, CA 95616-8751.

The fishery for red sea urchins, Slnwi^yliiicnlroliis fnincis-

ccinus. began in 1972 in southern California and landmgs ranged

from 10 to 24 million pounds from 1976 through 1984. Fishery

management was minimal. During 1985 the fishery expanded to

northern California. Landings and the number of divers quickly

doubled. Concern about the resource led to legislation establishing

a $0,005 per pound landing tax to fund management, research,

and enhancement projects. Cooperative fishery management deci-
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sion making by the industry' and California Department of Fish

and Game led to a series of increasingly restrictive management

measures including limited entry, minimum size limits, and time

closures. Statewide landings continued to increase in 1989 to 51

million pounds despite drops in catch per unit effort in northern

California and increased regulation. More restrictive regulations

began in June 1990. It is unclear how effective these measures

will be. Increased research on urchin population dynamics and

implementation of innovative cooperative management schemes

will be needed to sustain a healthy fishery.

SHELLFISH AND MARINE PLANT AQUACULTURE IN

BRITISH COLUMBIA. CONFLICTS AND SOLUTIONS.

Frances V. Dickson,* Department of Fisheries and Oceans. Van-

couver, B.C. V6B 5G3; R. K. Cox, R.P. Bio.. Ministry of Agn-

culture and Fishenes, Victoria, B.C. V8V 2Z7; N. Bourne, De-

partment of Fisheries and Oceans, Nanaimo, B.C. V9R 5K6.

The shellfish aquaculture industry in British Columbia is domi-

nated by production of Pacific oysters [Cnissostrea i^iaas). There

is growing participation in intertidal manila clam (Tapes phillipi-

tiarum) culture due to diminishing supplies of wild clams and in

development of Japanese scallop (Pcitinopecpen yessoensis) off-

bottom culture. Marine plant culture continues to develop slowly

with recent interest shown in culturing Nori (Parphym spp).

Development of these culture operations has been hampered by

siting conflicts particularly for clam culturists due to impacts on

commercial and recreational fishermen who wish to harvest wild

clams on the same beaches and for scallop and nori farmers due to

conflicts over anchorages, fishing grounds or navigational routes.

Joint government programs have been developed to provide

special reserves for recreational clam fishermen. A co-operative

federal/provincial government program is being finalized allowing

for structured development of clam culture to complement the

wild clam fishery.

Coastal Resources Information Studies initiated by the govern-

ment of British Columbia have been completed for five zones in

the province. Following consultation with user groups and gov-

ernment agencies, the maps produced identify conflict areas such

as critical fish habitats, underwater archaeological sites, parks,

Indian Reserves, anchorages, navigation channels and important

fishing grounds where initiation of aquaculture activities will be

limited or prohibited.

CONTROLLING BURROWING SHRIMP IN WASH-
INGTON COASTAL ESTUARIES: A NEW APPROACH.
Brett R. Dumbauld,* David A. Armstrong, and Robert F.

Donnelly, School of Fisheries. University of Washington. Seattle,

WA 98195.

An investigation into the ecology of the mud shrimp Upo^ehia

pugettensis and ghost shrimp Callianassa califonuensis in Wil-

lapa Bay. Washington was initiated in 1988. Previous and on-

going studies have focused on the effects of the in.secticide car-

baryl, which is applied to oyster culture grounds to kill these bur-

rowing shrimp. Alternatively, we chose to investigate the life

history and ecology of the shrimp and its interaction with oyster

culture practices and control procedures, hoping to find an alter-

native control measure or at least optimize the existing pesticide

program to best manage the problem with the fewest environ-

mental impacts.

While the current practice of spraying carbaryl to kill adult and

juvenile shrimp on affected oyster beds may solve the problem in

a given oyster growing cycle (2 to 3 years), we have found newly

settled juveniles of at least one species of shrimp, Callianassa

calijorniensis, back in the sprayed area within 2 weeks of spray.

Thus, factors affecting recruitment and seasonal timing of settle-

ment are critical, and ultimately the ability to apply the control

measure more than once during the oyster growing cycle would be

desirable. We collected temporal life history information on both

species of shrimp and carried out recruitment experiments in 1989

and 1990. In addition, we have initiated a study on the possibility

of using electrofishing gear to control the shrimp, a technique that

has the potential of eliminating some of the seasonal and environ-

mental time constraints currently imposed by pesticide restric-

tions.

GROWTH AND STATUS OF ABALONE AQUACULTURE
IN CALIFORNIA. Earl E. Ebert, California Department of

Fish and Game, 2201 Garden Rd., Monterey, CA 93940.

The impetus to cultivate abalone. Haliotis, spp., endemic to

California began in 1964 at Morro Bay. located in Central Cali-

fornia. Four years later the first commercial abalone hatchery in

California, designed specifically for that purpose, became opera-

tional. The ensuing years witnessed a high level of interest in cul-

tivation of abalone, prompted largely by a declining commercial

fishery, high market demand and value. Presently two hatcheries

are operating at full capacity, with a profit margin, and under-

going further expansion. At least four other hatcheries are in

various production stages, while a number of companies are in the

research and development phase. Three species are under cultiva-

tion and being marketed: the red. Haliotis nifescens. green H.

fulgens and pink, H. corruf>ata abalone. H. nifescens constitutes

the bulk of production, exceeding 95%. Much of the progress of

the expanding abalone aquaculture industry in California is attrib-

utable to determined private entrepreneurship, comprised of indi-

viduals possessing a true pioneering spirit. University researchers,

supported by California Sea Grant, have made important contri-

butions to the science of abalone cultivation. Also, the California

Department of Fish and Game's Marine Resources Laboratory

contributed to the overall development of technological as well as

biological procedures for abalone cultivation. Hatchery produced

abalone are grown-out in either land-based tanks or in-the-sea

barrels that are suspended from a raft or wharf. Animals in the

barrel culture system are harvested at about 6-7 cm shell lengths.
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Those produced in the land-based tanks are harvested at about 8

cm shell lengths. These abalone are approximately IVi years old.

POPULATION STUDIES OF RED AND PURPLE SEA UR-

CHINS (STRONGYLOCENTROTUS FRANCISCANUS AND
S. PURPURATUS) ALONG THE CALIFORNIA COAST.
Thomas A. Ebert,* S. C. Schroeter, and J. D. Dixon, Depart-

ment of Biology. San Diego State University, San Diego, CA
92182-0057.

A standing stock is a function of settlement, growth and sur-

vival. We are attempting to measure these important life history

attributes in red and purple sea urchins along the California coast

to provide information that is needed for resource management.

Settlement of sea urchins on scrub brush collectors has been

monitored at selected sites along the California coast starting in

late February 1990. A major settlement event was observed m

April 1990 and since this event, settlement has been from very

low to zero. More settlement occurred in the San Diego area than

elsewhere in California.

Growth of intertidal populations of both red and purple sea

urchins was determined using tetracycline tagging, which pro-

vides good estimates for animals that have test diameters greater

than about one centimeter. Red sea urchins at San Nicolas Island

require about 10 years to grow to 8 cm. Purple sea urchins at

Arena Cove grow to about 5. 1 cm in 10 years. Growth combined

with size data can be used to estimate natural mortality rates,

which are about 10 to \5'7c per year.

COCCIDIOSIS OF CALIFORNIA ABALONE, HAUOTIS
SPP. Carolyn S. Friedman, California Department of Fish and

Game, Fish Disease Laboratory, 21 1 1 Nimbus Rd., Rancho Cor-

dova, CA 95670.

During an investigation of mass mortality of black abalone.

Haliotis crucherodii. in central and southern California, coccidian

parasites were observed in nephridia of moribund and clinically

normal animals. Microscopic examination of 5 spp. of abalone

from California (red, pink, green, black and flat) and I spp. of

abalone from Washington state and British Columbia, Canada

(pinto) revealed that the coccidians occur in all spp. (>l.9 cm

maximum length) throughout California. However, the parasites

were not observed in pinto abalone from Washington state or

B.C., Canada. Coccidian parasites were observed in both the left

and/or right kidneys and did not elicit an inflammatory response in

most abalone examined in our survey.

Regression analysis revealed no correlation (r < 0.27) between

intensity of coccidian infection and condition of the host ((total

wt. -shell wt.)/total wt.) of both apparently normal and moribund

(shrunken and weak) abalone from California. Thus, the parasites

do not appear to adversely affect the abalone from California.

Elevated temperature appears to accelerate black abalone mor-

tality more than starvation as evidenced by laboratory studies.

Controlled laboratory challenges of pinto abalone with coccidian

parasites by injection and cohabitation are currently in progress.

PRODUCTION OF TETRAPLOID EMBRYOS IN THE PA-

CIFIC OYSTER, CRASSOSTREA GIGAS. COMPARISON
AMONG DIFFERENT APPROACHES. Ximing Guo.* Ken

Cooper,' William K. Hershberger, and Kenneth Chew, School

of Fisheries WH-IO, University of Washington, Seattle, WA
98195. 'Coast Oyster Company, Quilcene, WA 98102.

Tetraploid induction in the Pacific oyster, Crassostrea gigas.

is being studied in our laboratory. Methods to produce tetraploids

tested so far include cell fusion, polar body I blocking, mitosis I

blocking, and gynogenetic activation.

Zygote-zygote fusion was achieved, but its feasibility in tetra-

ploid induction is greatly limited by technical complexity and low

fusion efficiency. Polar body I blocking produced variable levels

of triploids, tetraploids and aneuploids. Cytogenetic analysis re-

vealed that polar body 1 blocking resulted in an abnormal tripolar

segregation of chromosomes at meiosis II. Moderate levels of tet-

raploid embryos (8-44%) were obtained with blastomere fusion

at the 2-cell stage and heat shock induced blocking of mitosis 1.

Very high levels (80- 100% ) of tetraploid embryos were produced

by blocking the release of both polar body 1 and polary body II in

eggs fertilized with sperm which were genetically inactivated with

ultraviolet irradiation. Preliminary data indicated that all induced

tetraploids had very limited viability.

DEVELOPMENTAL ACTIVATION OF PACIFIC
OYSTER, CRASSOSTREA GIGAS, EGGS. Ximing Guo,*

William K. Hershberger, Ken Cooper.' and Kenneth Chew,

School of Fisheries WH-IO. University of Washington. Seattle,

WA 98195. 'Coast Oyster Company, Quilcene, WA 98102.

Developmental activation of Pacific oyster. Crassostrea gigas,

eggs was studied using parlhcnogenetic and gynogenetic tech-

niques. Parthenogenetic activation was tested with ammonium

hydroxide, calcium chloride, and hypotonic seawatcr All treat-

ments except calcium chloride induced some activation of eggs.

High proportions (up to 84%) of egg activation were more often

obtained using combinations of ammonium hydroxide and hypo-

tonic seawater. Development of activated eggs usually stopped

after the release of the two polar bodies. The reproducibility of all

parthenogenetic techniques was low. and egg quality might be a

major factor.

Gynogenetic activation was tested with toluidine blue and ul-

traviolet (UV) treated sperm. Complete inactivation of the sperm

chromosomes was observed in both toluidine blue and UV treat-

ment, but results from toluidine blue treatment were less consis-

tent than that from UV treatment. UV irradiation of sperm pro-

duced a clear 'Hertwig effect' as measured by survival of larvae to

D-stage. Eggs fertilized with inactivated sperm developed uni-

formly as haploids. Among the approaches tested in this study.
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UV irradiation of sperm appears to be tlie most et't'ective method

for developmental activation of Pacific oyster eggs.

DOES VARIANCE IN REPRODUCTIVE SUCCESS LIMIT

EFFECTIVE POPULATION SIZES OF MARINE OR-

GANISMS? A PROPOSED TEST IN THE DABOB BAY
POPULATION OF PACIFIC OYSTERS. USING ENZY-

MATIC AMPLIFICATION OF MITOCHONDRIAL DNA.

Dennis Hedgecock,* Keith Nelson, and Michael A. Banks, Bo-

dega Marine Laboratory. University of California. Bodega Bay.

CA 94923.

Estimates of long-term effective population sizes iN^) derived

from studies of biochemical genetic variation are several orders of

magnitude less than actual population sizes for most organisms,

including marine fish and shellfish species. Two mdepcndcnt esti-

mates of yVj for the American oyster Crassoslieo virtiinica. for

example, are on the order of 10'. in contrast to annual landings of

10"^ individuals. Large variance in reproductive success (number

of offspring per parent contributed to subsequent breeding popula-

tions), made possible by great fecundity and mediated by sweep-

stakes recruitment success of broods, would explain such discrep-

ancies. This hypothesis predicts (1) lower genetic diversity in co-

horts of larvae or spat than exists in the adult breeding population

and (2) temporal vanance in allelic frequencies owing to random

genetic drift.

Drift of allozyme frequencies and a lO'-fold discrepancy be-

tween effective and actual population sizes have been observed for

Pacific oysters C. gigas in Dabob Bay. WA. We have now used

the polymerase chain reaction (PCR) to amplify maternally inher-

ited mitochondrial DNA sequences from single larvae, spat and

adult Pacific oysters. We are currently sequencing these genes to

determine polymorphic nucleotide sites suitable for typing using

sequence-specific oligonucleotide probes. With these PCR-based

techniques we propose to obtain the information on genetic diver-

sity of larval and adult Pacific oysters in Dabob Bay that is critical

to testing the hypothesis that variance in reproductive success is

large in this natural bivalve population.

BODY SIZE AT HARVEST AND SEX RATIO OF PEDI-

GREED PACIFIC OYSTERS CRASSOSTREA GIGAS
FROM CONTROLLED CROSSES. Dennis Hedgecock,* Bo

dega Marine Laboratory. University of California, Bodega Bay.

CA 94923; Ken Cooper, Coast Oyster Co.. Quilcene. WA
98376; Bill Hershberger, and Ximing Guo, School of Fisheries.

University of Washington. Seattle. WA 98195.

A collaborative project of the USDA's Western Regional

Aquaculture Consortium (WRAC) has made a series of 8 experi-

mental crosses of Pacific oysters, two 8(5 x 39 factorial and six

8d X 39 hierarchical, yielding a total of nearly 192 families.

Progeny have been set on clutch, randomized on long lines and

deployed to growout areas in Puget Sound. WA. and Humboldt

Bay, CA. Data on wet and dry body weights and sex ratios at 16

mos. age for 22 families from the first cross reveal substantial

variation in all traits. Full-sibs grown on different cultch can vary

significantly in body size; after pooling family data across cultch.

the sire, dam and interaction components of variance in body size

are all highly significant. Fitting of log-lincar models to data on

family sex ratios indicates that sex ratio depends on sire. Similar

data for other crosses being harvested in June 1990 will be pre-

sented.

These data suggest that there is substantial additive genetic

variation for body size at harvest, thus a high heritability for

growth and a reasonable expectation for response to selection for

increased growth rate. Estimates of genetic components of vari-

ance and heritability from the present data are. nevertheless, fairly

imprecise owing to the limited number of families in each experi-

mental cross. The data on sex ratio support previous published

studies suggesting that sex is determined by a relatively small

number of autosomally inherited genes having male- and female-

determinine alleles.

GROWTH OF JUVENILE ABALONE, MUSSELS. AND
SPOT PRAWNS IN AN EXPERIMENTAL POLYCUL-
TURE. John W, Hunt. Institute of Marine Sciences, University

of California, Santa Cruz, CA 95064.

Juvenile red abalone (Haliotis rufescens). mussels (Mylilus

californianus). and spot prawns {Pandalus plotyceros) were cul-

tured in monocultures and in polyculture. All groups were fed

three diet rations; unfiltered seawater only; unfiltered seawater

plus additions of benthic diatoms, phytoplankton, and shrimp

meat; and unfiltered seawater plus a larger ration of the three

foods.

Growth of abalone and prawns was significantly greater in

monoculture treatments (0.48 g and 0.72 g mean weight increase,

respectively) than in polyculture (0.28 g and 0.41 g mean weight

increase, respectively). Growth increased significantly with

amount of food supplied (0. 15 g vs 0.60 g mean abalone weight

increase for lowest and highest rations, respectively; and 0.21 g vs

0.88 g mean prawn weight increase for lowest and highest rations,

respectively). Mussels grew slowly (0.04 g mean weight increase)

in all treatments due to insufficient supply of algal food, and their

growth was not significantly affected by any experimental manip-

ulations. Food quantity and culture treatment produced a signifi-

cant interactive effect on shellfish growth (ANOVA p < 0.001).

Despite presumed differences in feeding strategies among the

three species, overlap in the utilization of food was suggested as

the reason for decreased growth of abalone and prawns in poly-

culture relative to monocultures. Abalone were found to be ca-

pable of ingesting and assimilating shrimp meat that was intended

as food for prawns in the polyculture system.
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OVERWINTERING GROWTH OF JUVENILE JAPANESE
SCALLOPS PATINOPECTEN YESSOENSIS IN PEARL
NETS; EFFECTS OF DENSITY AND WAVE EXPOSURE.
Brian C. Kingzett* and N. Bourne, Pacific Biological Station,

Nanaimo, B.C. V9R 5K6.

Japanese scallop (Potinopecten yessoensis) seed greater than

25 mm were placed into 30 cm- pearl nets for secondary nursery

culture during October. Nets were loaded at 25. 50. 100, and 150

scallops per net and placed out in Departure Bay, Nanaimo. B.C.

Pearl nets were suspended at a depth of four meters in two sepa-

rate locations, one stable and one subject to wave exposure. Sa-

linity, temperature and secchi depth were measured and recorded

daily. Scallops were sampled every two months for a six month

period until such time as seed are normally moved into final

grow-out culture in lantern nets or earhanging. Shell height, mor-

tality and shell deformity were meaured.

Growth was inversely related to density. Growth rates in repli-

cates exposed to wave action were depressed. High survival was

experienced in all replicates (>95%) regardless of density until

the final sampling period (March-April). At this time maximum

mortality and deformity appeared only in the nets exposed to wave

action and with the highest density of scallops ( 100- 150).

COMPARISON OF SURVEY METHODS FOR SAMPLING

POPULATIONS OF NORTHERN ABALONE, HALIOTIS

KAMTSCHATKANA. Gretchen O. Kruse, Huxley College,

Western Washington University, Bellingham, WA 98225.

Numerous abalone population surveys used to date have been

unable to determine the degree of population fluctuations over

time. For this reason a population of Northern abalone, Haliotis

kamtsihatkana (Jonas), was sampled using three different survey

methods over a period of three months during the spring of 1990.

The three different survey methods were tested in order to deter-

mine variability and accuracy of each method. Methods tested

were random daytime search, daytime grid search and random

night-time search. Quadrats sampled were in known abalone hab-

itat on level seabed consisting of large boulders interspersed with

gravel. Counts and shell length measurements of all abalone found

within the quadrats were recorded.

The three survey methods yielded significant differences in

density of abalone during different months. Density ranged from

0.54 abalone/m^ to 0.63 abalone/nr. Utilization of daytime

random search when surveying this type of abalone habitat not

only seems to provide representative data on population densities

but is also the most convenient and least expensive survey

method.

DEVELOPMENT OF THE COMMERCIAL AQUACUL-
TURE OF THE SUMINOE OYSTER {CRASSOSTREA RI-

VULARIS). Chris J. Langdon* and Anya M. Robinson, Hat

field Marine Science Center. Oregon State University. Newport,

OR 97265.

The Suminoe oyster has been introduced from Japan in several

localities on the West coast, USA. The species is not widely culti-

vated, despite its reported high growth rate in the Yaquina Bay,

Oregon. We have examined the potential value of the Suminoe

oyster as a commercial species on the West coast, USA.

In the Yaquina Bay, female Suminoe oysters became sexually

mature in late summer with peak gonadal maturation occurring in

October. In contrast, female Pacific oysters were mature in May
with peak gonadal maturation occurring in September. Sexual

maturation of adult Suminoe oysters could be successfully accel-

erated by collecting broodstock oysters from the Yaquina Bay in

mid-March and holding them in flowing seawater at 20°C for 4 to

6 weeks. Conditioned broodstock oysters were spawned by sub-

jecting them to 1-2 hours aerial exposure followed by submer-

gence and a water temperature increase from 20°C to 30°C.

Larvae were successfully raised to setting and metamorphosis

by culturing them for three weeks in 0.7 jim-filtered seawater (20

ppt and 25°C) on a mixed diet of the flagellate Pseudoisochrysis

panidoxa and the diatom Chaetoceros calcitrans. Growth of

planted hatchery-raised Suminoe spat was suprior to that of same-

age Pacific oyster spat in several localities on the West coast.

Comparative tests indicated that the appearance of the Su-

minoe oyster on the half-shell was preferred to that of the Pacific

oyster; furthermore, the taste and texture of Suminoe oysters

stewed in milk or broiled were rated equal or superior to that of

Pacific oysters.

POTENTIAL AND LIMITATIONS OF ABALONE {HA-

LIOTIS SPP.) CULTURE IN THE PACIFIC NORTHWEST.

Amy Leitman, Washington Department of Fisheries, Pt. Whitney

Shellfish Laboratory, I0(K) Point Whitney Road, Brinnon, WA
98320.

Major advances have been made in the last two decades in

abalone {Haliotis spp.) cultivation. Several California facilities

have succeeded in making red abalone {H . rufesceiis) aquaculture

a profitable industry, however, they cannot sufficiently supply the

avid market. With limited amount of suitable locations in Cali-

fornia for additional facilities, alternative sites in other states or

countries are imperative for expansion. Washington and British

Columbia. Canada offer suitable locations for abalone hatcheries

and grow-out facilities for both the red abalone and the more

northerly pinto abalone. {H. kamtschalkana) . A culture product

from the Pacific Northwest, could help supply the high demand

world market.

Pressing questions are addressed about the introduction of the

red abalone into Washington versus the utilization of the indige-

nous pinto abalone for aquaculture. the feasibility of culturing the

red abalone in colder temperatures, the availability of a contin-

uous food supply, and the political obstacles that are presently

detering culture.
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DUNGENESS CRAB, CA^CER MAGISTER. RECRUIT-
MENT VARIABILITY AND EKMAN TRANSPORT
DURING THE PELAGIC LARVAL PHASE. Robert A.

McConnaughey* and David A. Armstrong, School of Fisheries,

University ot Washington, Seattle. WA 98195; B. H. Hickey.

School ot Oceanography. University of Washington. Seattle. WA
98195.

Commercial stocks of the Dungeness crab. Cancer mti^ister.

fluctuate widely along the Pacific Coast of the United States. Pre-

vious attempts to explain this interannual variability have relied on

time-lagged relationships between physical features of the envi-

ronment during the planktonic larval phase and subsequent com-

mercial landings. These efforts have been largely unsuccessful, in

part, because the multi-year class composition of the catch is not

accounted for by a simple time lag (typically 3 or 4 years).

We examine the influence of environmental variability on spa-

tial patterns and year class strength measured at the time of settle-

ment to the benthos using six years of trawl survey data collected

along the coast of Washington state. August estimates of early

instar abundance within two coastal estuaries and the adjacent

nearshore arc compared with cross-shelf transport during the pre-

ceding 3- to 4-month pelagic larval phase. Inferences are based on

time series of corrected Ekman transport vectors obtained from

calculated pressure fields for the survey area. Results indicate that

high levels of Dungeness crab settlement are associated with per-

sistent landward transport during the final months of the larval

period. This condition will tend to minimize cross-shelf advective

loss of larvae while promoting retention near suitable juvenile and

adult habitat. Relatively low levels of recruitment followed sus-

tained northward transport during the pelagic larval phase. Inter-

mediate levels of settlement occurred when sustained northward

transport was moderated by a persistent landward drift. We find

no evidence for sustained westward Ekman transport to account

for progressive offshore transport through ontogeny and suggest a

reevaluation of the prevailing, albeit problematic, model for

Dungeness crab recruitment is in order.

the various viewpoints, obstacles, and accomplishments encoun-

tered that led to the present solution. Some economic consider-

ations are also provided.

SPORE ULTRASTRUCTURE OF A HAPLOSPORIDAN
PARASITE OF RAZOR CLAMS. SILIQVA PATULA. James

D. Moore* and Ralph A. Elston, Battelle Marine Sciences Labo-

ratory. 439 West Sequim Bay Road. Sequim. WA 98382.

A moribund razor clam collected in 1986 from Mocrocks

Beach, Jefferson County, Washington was found to harbor a mas-

sive systemic infection of an unidentified haplosporidan parasite.

Recent concern regarding the occurrence and spread of haplospor-

idan parasites associated with commercial Pacific bivalves

prompted ultrastructural descriptions of. and taxonomic studies on

preserved spores from this animal.

Transmission electron microscopy demonstrated spore charac-

teristics unique to the family Haplosporidiidae. including the pres-

ence of an operculum and haplosporosomes. For scanning elec-

tron microscopy (SEM). intact spores were isolated by both tryp-

sinization and mechanical disruption of clam neck tissue. Average

spore size by SEM was 5.8 x 2.6 |j.m. Two long filaments, one

extending from each end of the spore, appear to be extensions of

epispore cytoplasm rather than derivations of the spore wall.

which is devoid of protruding ornamentation. These character-

istics allow tentative assignment in the genus Minchinia. The

spore dimensions and novel host suggest that the parasite repre-

sents a new species of the genus. A unique structural configura-

tion was observed in some sporocysts in which epispore cyto-

plasm filaments appeared to wrap around the perimeter of the ag-

gregation of individual spores.

Approximately 20 additional razor clams with undescribed

protozoan infections may represent earlier ontogenetic stages of

the same haplosporidan parasite.

This work was supported by the Washington State Department

of Fisheries.

AN OVERVIEW OF CRAB MITIGATION IN GRAYS
HARBOR, WASHINGTON. Kay A. McGraw,* Fred C.

Weinmann,^ and David A. Armstrong'. 'School of Fisheries.

University of Washington, Seattle, WA. -Environmental Protec-

tion Agency. Region 10, Seattle, WA.

Mitigation for dredging impacts to Dungeness crabs in Grays

Harbor, WA began in April 1990 after several years of planning,

negotiation, and discussion among the U.S. Army Corps of Engi-

neers, state and federal agencies, scientists, and crab fishermen.

The process leading to mitigation involved basic research on crab

biology and life history, crab entrainment studies, dredge modifi-

cation, site evaluation, implementation and interpretation of envi-

ronmental regulations and policies, and many other components.

A perspective of the process is presented, along with some of

STATUS AND TRENDS OF SCALLOP AQUACULTURE
ON THE WEST COAST (NORTH AMERICA). Yun-Wook

Rhee, School of Fisheries. University of Washington, Seattle,

WA 98195.

At least four species of scallops: Weathervane {Pecten

caurinus). rock (Crassadoma gigantea). spiny {Chhimys hastata).

and pink (Chlamys rubida) exist for potential aquaculture on the

West coast of North America. Research on natural spat collection

culture has been active in the 70"s and 80"s in California, Wash-

ington, and Alaska. In Canada, research on hatchery based culture

has been completed on the four species as well as the imported

Japanese scallop {Palinopeclen yessoensis) in the 80's. However,

in spite of the extensive research in the past, there are no active
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commercial scallop farmers on the West coast. The reasons for

slow technology transfer, current status, and future prospect of

scallop fanning on the West coast is presented.

SURVIVAL AND GROWTH OF GEODUCK, (PANOPE
ABRUPTA) JUVENILES IN A SAND SUBSTRATE
NURSERY, BUDD INLET. WASHINTON. Dean E. Richard-

son*' and J. H. Beattie.^ 'The Evergreen State College,

Olympia, WA 98502: -Washington State Department of Fisheries,

Point Whitney Laboratory, Brinnon, WA 98320.

We transported plantigrade geoducks from the Point Whitney

Shellfish Hatchery to a pilot nursery site at the Department of

Natural Resources pier, Budd Inlet, WA. We planted approxi-

mately 4 million plantigrades in each of 4, 10 foot (3 meter) diam-

eter sand based nursery modules. We took quantitative replicate

random samples, and used microscopic examination in order to

estimate survival and growth. Growth rates averaged 0.39 mm per

week over the first two months in the nursery; survival during this

same period was 31.6%.

The survival data from this pilot nursery indicate superior re-

sults compared with the nursery at Point Whitney; growth rates

remained comparable between the two sites. Budd Inlet would

make an excellent location for an expansion nursery.

located in Central California. Recent increases in API's produc-

tion capacity have resulted in the need to replace production pro-

cedures relying on hand harvesting and counting, with more effi-

cient methods for mass harvest and counting of juvenile abalone.

The production system employed at API includes a hatchery oper-

ation and a grow-out system. In the hatchery, post larvae are

reared to 8 mm and selectively harvested by size for grow-out.

The mass harvest method developed by API consists of four

phases; inventory harvest, size sorting, quantification of harvest,

and redistribution by size class. To allow mass harvest abalone in

the production tanks are anesthetized in situ to mmimize handling

stress. The abalone are harvested usmg salt water spray and col-

lected for sorting. The harvest is sorted into discrete size classes

using 2 mm graduated sizing screens. The quantification of the

harvest is achieved by weight extrapolation from a 1% subsamplc.

To achieve the required accuracy, the critical step in the quantifi-

cation process is the removal of excess water without damaging

the inventory. The inventory size classes are either redistributed to

hatchery tanks or transferred to grow-out tanks. The implementa-

tion of this method on a large scale has retained a count accuracy

of ±2% with an increase in harvest productivity, from an average

of 800 abalone per man-hour in 1988, to 3,000 per-man hour in

1989.

RESEARCH AND DEVELOPMENT INITIATIVES SUP-

PORTING A MANILA CLAM CULTURE INDUSTRY IN

BRITISH COLUMBIA. W. G. Roland* and P. Gubbels, Min

istry of Agriculture and Pisheries. Aquaculture and Commercial

Pisheries Branch, Parliament Buildings, Victoria, B.C. V8W
2Z7.

Recent industry interest in the culture of Japanese littlenecks

has resulted in a need for information on site assessment, produc-

tion, and economic aspects of a clam farming enterprise. Recent

ministry initiatives are; I. pilot-scale investigations of growout on

a variety of beach sites, comparing several husbandry methods.

Siting information is gained from an initial survey of the substrate,

predators and existing stocks. Production data are compared as

effected by tide heights, seeding densities, and predator exclu-

sion, and 2. an estimated costs and returns study for a clam gro-

wout enterprise. Variables considered arc the farm resource base,

production and harvesting practices. A best estimate scenario is

used as a basis for comparing the effects on farm income of

varying clam prices, seed survival and harvesting costs.

PROCEDURES FOR MASS HARVEST AND QUANTIFI-
CATION OF JUVENILE HALIOTIS RUFESCENS. Debra J.

Sommerville.* David L. Eagle, and Joan M. Ford, The Aba-

lone Parm, Inc., Cayucos, CA 93430.

The Abalone Farm. Inc. (AFl) is a commercial abalone grower

DEVELOPMENT OF JAPANESE LITTLENECK {TAPES

PHILIPPINARUM) HABITAT BY BEACH GRAVELING.

Doug Thompson* and W. Cooke, Washington Department of

Fisheries. Point Whitney Shellfish Laboratory. 1000 Point

Whitney Road, Brinnon, WA 98320.

The Washington Department of Fisheries (WDF) is using a

process known as beach graveling to create new clam habitat on

mud and combination mud/sand beaches. Previously graveled

plots, established between 1973 and 1983 have demonstrated rela-

tively low levels of clam production (9.0 clams/m-/yr). Limiting

factors are silt deposition and erosion of gravel plots, predation by

crab, fish and moon snail, and thick layers of gravel (>15 cm)

producing hydrogen sulfide gas. Methods used to reduce the im-

pact of these factors on clam production are discussed.

In 1989, six 0.3 acre gravel plots were established at Oakland

Bay, near Shelton, WA. Treatments of 100% gravel and a 50/50

ratio of gravel to crushed oyster shell at layer depths of 2.5 to 10,0

cm are being tested to determine the best combination for clam

settlement, growth and survival. In 1990 similar treatments will

be tested on nine 500 m^ experimental plots. Temporal changes in

species composition and abundance will be dctemiincd for all bi-

valve species. The impact of graveling will also be determined for

other marine invertebrates that are important prey for juvenile ma-

rine fish communities.
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THE EFFECTS OF ADDING CRUSHED OYSTER SHELL

TO A GRAVEL BEACH ON NATURAL RECRUITMENT
OF MANILA CLAMS. VENERVPIS JAPONICA. Derrick R.

Toba* and K. K. Chew, University of Washington. School of

Fisheries WH-10. Seattle. WA. 98195; D. Thompson, Wash-

ington Department of Fisheries, Point Whitney Shellfish Lab,

1000 Point Whitney Road. Brinnon, WA 98320.

A site at Bywater Bay. Hood Canal was constructed to test

whether the addition of crushed oyster shell to a previously grav-

elled plot would increase the production of Japanese littlenecks

(Venerupis japonka) . The purpose of adding crushed oyster shell

is to neutralize the sediment pH, counter the effects of gravel

compaction and increase the surface area for settlement of clam

larvae. Macroalgae was removed from the surface of eighteen 2

X 4 meter plots and three replicates of the following treatment

were established: 1) control, no substrate alteration beyond algae

removal; 2) no substrate alteration beyond algae removal with

5.000 seed clams added; 3) substrate rototilled to a 10.0 cm depth;

4) substrate rototilled to a 10.0 cm depth with 5.000 seed clams

added; 5) a 5.0 cm layer of crushed oyster shell rototilled into the

substrate to a 10.0 cm depth; 6) a 5.0 cm layer of crushed oyster

shell rototilled into the substrate to a 10.0 cm depth with 5.000

seed clams added. Rototilling a 5.0 cm layer of shell to 10.0 cm

results in a 50/50 ratio of shell to existing gravel. The seed clams

planted in this study ranged from 6-8 mm in size and planted at a

density of 600-800 juveniles/m-. One half of each plot was cov-

ered with 7x14 mm predator exclusion netting. At three month

intervals, five core samples (800 cm-^) will be randomly sampled

on each half of the plot to measure the rate of natural recruitment,

and growth and survival of clam seed. This paper will present

preliminary results of rates of natural recruitment to each of the

treatments.

IMPROVING OYSTER SPAT SURVIVAL. Paul S. Wil-

liams* and K. K. Chew, Department of Aquaculture. School of

Fishenes. University of Washington. Seattle. WA 98195; R. N.

Steele, Rock Point Oyster Company. Quilcene. WA 98376.

In a series of ongoing experiments initiated in May 1990, tech-

niques used to increase survival of pacific oyster Crassostrea

gigas spat set in remote setting operations were evaluated. The

techniques and factors affecting spat survival chosen for the study

include: season, length of tmie in the setting tanks, tidal height,

sprinkling with water, shading, and submersion from floats. Spat

were set in commercial remote setting tanks at 25°C and fed cul-

tured algae throughout the setting period. Survival of spat was

monitored from 3 days after setting to 60 days. Preliminary results

suggest that survival of spat was greater for those kept in setting

tanks for 6 days before transfer to long lines compared to those

kept in the tanks for 3 days; however, a setting period of "
days

yielded no further increase in survival and may even letri-

mental. Further tests to be reported here will determine if the in-

crease in survival for those held for 6 days can be expected year

round or if the duration of setting time should vary seasonally. In

addition, the results of studies investigating postsetting survival

will be presented.

CRABBY PREDATORS: SCOURGE OF THE INTER-

TIDAL BEHRENS. Sylvia Yamada.* Zoology Department.

Oregon State University, Corvallis. OR 97331; Elizabeth G.

Boulding, Department of Biological Sciences, Simon Fraser Uni-

versity, Bumaby, B.C. V5A IS6.

The potential impact of crab predators in the intertidal was

examined by setting up field and laboratory experiments at the

University of Washington, Friday Harbor Laboratories. A range

of sizes of the grazing snail. Uuorimi sitkanu was offered to sim-

ilar sized Hemigrapsus midiis. Lophopanopeus bellus. Cancer

oregonensis and Cancer productus. Vertical intertidal distribu-

tions of snails and crabs were plotted for three beaches varying in

wave exposure. Tethered snails were set out at various tidal levels

on the same three beaches and the number of live, peeled and

crushed snails noted. Peeled shells, consisting of intact columellas

with attached whori remnants, are diagnostic of crab predation.

The ubiquitous shore crabs. Hemigrapsus nudiis and Hemi-

grapsus oregonensis. coexist with Lillonna silkana in the midtidal

zone. These crabs will selectively feed on small snails (<7 mm in

length), but are ineffective predators when compared to the other

three primarily subtidal species. Even though Lophopanopeus

bellus and Cancer oregonensis are small crabs (<40 mm carapace

width) they are voracious predators on Lillorina sitkana up to 12

mm in length.

The red rock crab. Cancer productus, attains an adult size of

over 150 mm in carapace width and has powerful claws adapted

for crushing barnacles, bivalves and gastropods. Even the largest

Lillorina sitkana (17 mm in length) are susceptible to Cancer pro-

ductus. This mobile predator moves up the shore with the in-

coming tide. Predation rates on tethered snails were as high as

35% and 60% per day at the 4 ft. tidal level at the two most

sheltered sites. This study, together with work done by Carlos

Robles. suggests that Cancer productus is a keystone predator in

structuring sheltered intertidal communities.

HOW DOES LARVAL REARING TEMPERATURE AF-

FECT SHELL GROWTH AND SURVIVAL OF JUVENILE

CRASSOSTREA GIGAS? Kerry M. Zimmerman* and D.

Thompson, Washington Department of Fisheries. Point Whitney

Shellfish Laboratory, 10(K) Point Whitney Road, Brinnon, WA
98376.

The Washington Department of Fisheries (WDF) is investi-

gating the potential for using oyster larvae to enhance oyster popu-



242 Abstracts, 1990 Annual Meeting, September 27— 29. 1990 National Shellfisheries Association, Portland, Oregon

lations on public tidelands. Oyster larvae are usually reared at

high temperatures (^21°C). then set and reared as juveniles at

cooler temperatures (=£22°C). Past field experiments have shown

that such larvae set successfully m the field only when ambient

water temperatures are greater than 20°C. We conducted a series

of experiments to see how rearing temperature affects the setting

of larvae, and the survival and shell growth of juveniles.

Larvae of Crassoslrea aifiiis were reared at 22°C and 27°C.

Once larvae became fully eyed and exhibited pedal activity, we

exposed the larvae to 1 .0 x lO"" M L-DOPA (Coast Oyster Co.)

to induce searching behavior and metamorphosis. Following

metamorphosis, we maintained juveniles at 22°C and 18°C. The

percentage of larvae mduced to metamorphose and their shell

lengths were determined 6 days (d) after exposure to L-DOPA;

We also measured shell lengths and determined survivorship of

the juveniles 13 d following exposure to L-DOPA. Preliminary

data mdicate that juveniles reared at 22°C as larvae have greater

survival and shell growth than juveniles reared at 27°C as larvae.
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INTERNATIONAL ZEBRA MUSSEL RESEARCH CONFERENCE

The Ohio Sea Grant College Program and The Ohio State University are very pleased to welcome you to our campus and

host this outstanding conference for the six Sea Grant Programs in the Great Lakes Sea Grant Network. We have selected

this late fall date to allow research scientists to present their results from the current sampling year and to foster coopera-

tion and collaboration on research projects planned for next year.

Lake Erie is one of Ohio's greatest natural resources and the Great Lakes represent one of the region's greatest natural

resources. Every day over 1 1 million people get their drinking water from Lake Erie and many more receive electricity

from power plants located on its shoreline. Our ability to use Lake Erie water for these purposes is now hampered by zebra

mussels which are also threatening the recreation/tourism industry and a naturally reproducing walleye population with an

annual economic value in excess of $500 million. The Ohio sport harvest of walleye has grown from 1 12.000 in 1976 to

the point that we frequently approach or surpass five million. A rapidly growing charter fishing industry (34 captains in

1976 to over 1200 last year) has bolstered this fishery, but it too is being adversely affected by zebra mussels.

Scientists believe zebra mussels were introduced into the Great Lakes in Lake St. Clair in 1985 or 1986. The first

official siting in Lake Erie appears to have been by Dr. David Garton at Stone Laboratory in October 1988. By the autumn

of 1989. one year later, densities in the western basin had reached 70,000 per square meter. This year densities almost ten

times that large have been reported at water intakes.

At this point in time, the future seems uncertain. While some predict that zebra mussels will not be as much of a

problem in the other Great Lakes as they are in Lake Erie because biologically these lakes are not as productive, as the

mussels move inland, the impact in our inland lakes and streams could be much more severe.

The research results presented in the abstracts contained in this document represent a huge step forward in our under-

standing of the entire zebra mussel problem. 1 believe it is important that we recognize that these important results have

been obtained by outstanding and dedicated scientists most of whom have operated with severe budget constraints. Next

year's conference will be hosted by New York Sea Grant College Program, and. with funds recently appropriated by the

U.S. Congress. I anticipate even more significant advances to address this issue.

Sincerely,

Jeffrey M. Reutter. Ph.D.

Director
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KEYNOTE PRESENTATION

PRESENT STATUS OF DREISSENA POLYMORPHA IN

CENTRAL EUROPE. Anna Stariczykowska-Piotrowka, De-

partment of Ecology and Environment Protection. Institute of Bi-

ology: Agricultural-Pedagogical University, 08-110 Siedlce. B.

Prusa 12.

Information on the ecology oi Dreisscna polymorplni Pall, has

been collected in my own long-term studies and from the litera-

ture. Dreissena polymorpha has spread throughout the freshwater

lakes in Europe during the past 200 years. This process is still

occurring, as for instance in the si.xties and seventies in Swiss and

Italian lakes. The character of occurrence, population density,

biomass and production are different in various ecosystems and

changes with time, as seen in lakes in North-Eastem Poland, in

the Firth of Szczecin (Poland), Balaton Lake (Hungary) and in

Uchinsk Man-Made Lake (USSR). Drcissemi polymorphu shows

several different patterns of population dynamics, due for many

possible reasons. As a consequence, the role of zebra mussels in

food chains in different freshwaters and in different years varies

widely.

SEASONAL PATTERNS OF REPRODUCTION AND
LARVAL ABUNDANCE OF DREISSENA IN WESTERN
LAKE ERIE: WHAT A DIFFERENCE A YEAR MAKES.
David W. Carton and Wendell R. Hagg, The Ohio State Uni-

versity. Department of Zoology. 1735 Neil Avenue, Columbus.

OH 43210.

Seasonal patterns of gametogenesis, planktonic veliger abun-

dance and larval settlement were monitored at Stone Laboratory in

western Lake Erie during 1989 and 1990. Samples of adult Dreis-

sena were collected biweekly and fixed for histological examina-

tion of gonad maturation. Veliger larvae were collected in weekly

quantitative vertical plankton hauls (net mesh A5 and 64 |ji.m).

Recently settled larvae were enumerated on glass slides using a

stereomicroscope and settling plates were examined every five to

seven days during summer months.

For both years veliger larvae were present in plankton samples

from mid-June to mid-October. In 1989, abundance of veligers in

the plankton and settling on glass plates exhibited a distinct bi-

modal pattern, with peak abundances occurring in late July and

late August. However, histological analyses of gonad condition

revealed highly synchronous spawning activity in the local popu-

lation, with spawning occurring only once, in late August. These

temporal differences between histological data and abundance of

veligers in the plankton can be explained by asynchronous

spawning among disjunct populations of Dreissena in western

Lake Erie, probably resulting from heterogeneous hydrological

environments.

In contrast to the bimodal pattern in 1989. in 1990 ihere was

only a single peak in planktonic veliger abundance anJ larval set-

tling at Stone Laboratory. Peak veliger abundance occurred in late

July, with peak larval settling occurring several weeks later in

August. Overall, fewer larvae settled during the summer of 1990

than 1989 (17,390 m- versus 31,600 m'^ respectively), al-

though peak settling intensities were nearly identical (1,650

versus 1,890 larvae day"' m"-, respectively). Histological anal-

yses of gametic development for 1 990 samples are not yet com-

plete, therefore it is not known when the local population

spawned, or if spawning was synchronous as in 1989.

Several factors may explain the difference in larval abundance

and settling patterns between 1989 and 1990. Peak summer tem-

peratures were 5°C cooler in 1989 than 1990 (25 versus 30°C.

respectively), and many cold fronts moved across Lake Erie

during the summer of 1990, resulting in higher rainfall, storm

surges and sediment inputs than during summer of 1989. The den-

sity of resident Dreissena may also have been a factor. Initial

density oi Dreissena in early 1989 was approximately 400 m"'.

which rose to over 30.(X)() m"- following recruitment. Differ-

ences in adult density (and concomitant grazing on phyto-

planklon). coupled with less-than-optimum environmental condi-

tions, are possible mechanisms responsible for annual variation in

spawning and recruitment of Dreissena in western Lake Erie.

DISTRIBUTION OF ZEBRA MUSSEL VELIGERS IN

EASTERN LAKE ERIE DURING THE FIRST YEAR OF
COLONIZATION. Howard P. Riessen, T. A. Ferro, and

R. A. Kamman, SUNY College at Buffalo. Department of Bi-

ology, 1300 Elmwood Avenue, Buffalo, NY 14222.

We investigated the seasonal and spatial distribution of zebra

mussel veligers during the first year of colonization of this species

(1989-1990) in the far eastern end of Lake Erie (Silver Creek.

N.Y. to Buffalo, N.Y.). Veligers were first observed in this re-

gion of the lake in mid-August 1989 in very low densities (70/m-').

By mid-September densities increased to 300-3.000/m\ with

higher densities at western stations (closer to the population

source) and lower densities to the east. Densities declined rapidly

during October, and veligers were absent from the water column

by early November.

During 1990. veliger larvae were absent during May and June,

but densities increased rapidly during July and August, reaching

peaks at some stations in excess of 100.000/m' in August. Den-

sities decreased very rapidly during September to less than 500/m^

by the end of the month. Inshore stations (9- 10 meters deep) had

considerably higher densities than offshore stations (15-22

meters deep) in the lake. The delay in veliger production until

early July in 1990 appears to be related to the age structure of the

population. The first mussels settled in this region of Lake Erie

during mid to late summer 1989. and probably did not mature and

begin producing veligers until mid-summer 1990 at about one year

of age. Veliger larvae were distributed fairly evenly throughout

most of the water column, with somewhat lower densities near the
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surface and higher densities near the bottom. During the first year

of colonization of zebra mussels in this region of Lake Erie, ve-

liger densities increased by one to two orders of magnitude. This

rate of increase is similar to that experienced during the first year

of invasion in the western basin of the lake.

SPATIAL DISTRIBUTION AND DISPERSAL MECHA-
NISMS OF ZEBRA MUSSELS IN THE GREAT LAKES

BASIN. Ronald W. Griffiths, Ministry of the Environment. 985

Adelaide Street South. London, Ontario N6E IV3.

Dreissena polymorpha (Pallus), a small mussel common

throughout most of Europe, was discovered in June of 1988 in the

southwestern comer of Lake St. Clair. Length frequency analyses

of populations from the lower Great Lakes and review of historical

benthic studies suggest that the mussel was introduced to Lake St.

Clair in late 1986. Following the 1989 reproductive season.

Dreissena was found from the lower half of the St. Clair River,

through Lake St. Clair, the Detroit River. Lake Erie, the Welland

Canal, the Niagara River and into the western basin of Lake On-

tario. Isolated populations were also observed in the St. Lawrence

River, three harbors in Lake Huron and Lake Superior and inland

lakes of Ohio, Pennsylvania and New York. The rapid dispersal of

this organism is a result of its high fecundity, pelagic larval stage,

bysso-pelagic drifting ability of juveniles and human activities as-

sociated with commercial shipping, fishing and boating (research

and pleasure). Virtually any waterbody that can be reached by

boaters and fishermen within a few days travel of Lake Erie are at

risk of invasion from this nuisance species.

COMPARISON OF THE ZEBRA MUSSEL INVASION IN

WESTERN LAKE ERIE. NORTH AMERICA AND LAKE

BALATON, HUNGARY. Don W. Schloesser. US Fish and

Wildlife Service. 1451 Green Road. Ann Arbor. Ml 48105; Wil-

liam P. Kovalak, Detroit Edison Company. 2(X)0 Second Av-

enue, Detroit, Ml 48226-1279; Thomas F. Nalepa. Great Lakes

Environmental Research Lab, 2205 Commonwealth Boulevard.

Ann Arbor. MI 48105.

The zebra mussel. Dreissena polymorpha, was first discovered

in the Great Lakes in 1988. By the tall of 1989. the mussel was

recognized as a potential ecological and economic disaster for

North America. Extensive reviews of the European literature.

where over 1500 articles have been published concemmg zebra

mussels, revealed important information about the impacts ot the

zebra mussel on water withdrawal. However, no case histories ot

zebra mussel invasion in Europe seemed to parallel the speed and

magnitude with which the mussels invaded North America. In ad-

dition, the observable ecological impacts in Lake Erie were not

found in the European literature, except For the work of Olga Se-

bestycn. This work partially summarizes the invasion of zebra

mussels in the \9%)s in Lake Balaton. Hungary. Lake Balaton is

central Europe's largest lake and has many characteristics similar

to western Lake Erie. The Lake Balaton experience confirms that

the speed and magnitude of the invasion of zebra mussels into

North America is uncommon but not unique. Based on the Lake

Balaton and other European experiences, the extremely high den-

sities of zebra mussels in western Lake Erie likely will begin to
'

decline. However, the rate of decline will be difficult to predict

and. therefore, continued research and monitoring will be required

to document and manage; as much as practical, the impacts of the

zebra mussels on water withdrawal and indigenous species in

western Lake Erie.

TEMPORAL CHANGES IN ZEBRA MUSSEL {DREISSENA

POLYMORPHA PALL.) VELIGER DENSITIES AND VE-

LIGER SETTLING RATES IN WESTERN LAKE ERIE

NEAR MAUMEE BAY. Peter C. Fraleigh and Paul L. Klerks,

University of Toledo. Biology Department. 2801 W. Bancroft

Street. Toledo, OH 43606; Robert C. Stevenson, City of Toledo,

Division of Water, Toledo, OH.

From May I. 1990, weekly sampling for zebra mussel veligers

has been done in western Lake Erie near the Toledo Water Intake

(41°42.0' N. 83°15.6' W. water depth
— seven meters) and from

the surge well at the Toledo Low Service Pump Station, on the

shore at the end of a three-mile (5-km). 108-in {2.7-nieters) diam-

eter pipe from the water intake. Planktonic veligers were collected

by vertical haul to the surface, from 5 meters at the intake and

from 3 to 5 meters in the surge well, with an 80-|JLm mesh Wis-

consin style plankton net. Settled veligers were collected near the

water intake on I x 3 inch glass slides mounted on a rack in the

hole of a cinder block. Planktonic veligers were not found on May

25. and first appeared on May 31 ( 100/L) when water temperature

was 16.7°C. Between May 31 and August 28. the geometric mean

density was 72/L. and veliger densities ranged from lows of

around 20/L on July 2. 16 and August 9 to highs of 250/L on July

24 and August 2. 150/L on August 21, and 140/L on June 12.

Maximum water temperature during this period was 24°C. Since

August 28. veligcr densities have declined. Geometric mean ve-

liger density in the surge well was 22 percent that in the lake

(16/L). Feeding by hydra and filtering by mussels attached in the

pipe may have been contributory. It does not appear that the re-

duction in veliger densities in the pipe is due to settling of the

veligers. since the loss also occurred prior to the period that the

mussels started settling in the lake. Settled veligers were first

found on July 16 (0.01/m^/week. water temperature 2rC). Be-

tween July 16 and September 20. when the lake was warmest for

the year, the geometric mean settling rate was l7()0/m-/week.

Thus, in Lake Erie near Maumee Bay. settling with attachment

began about 45 days after planktonic veligers were first observed.

Most settling occuiTcd when water temperatures were at max-

imum values for the year. In October, settling continued at a

lower rate as the water temperature declined.
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TEMPERATURE-DEPENDENT METABOLISM OF
ZEBRA MUSSELS: SEASONAL AND SHORT-TERM AC-

CLIMATION EXPERIMENTS. David W. Garton and Ann

M. Stoeckmann, The Ohio State University. Department of Zo-

ology. 173? Neil Avenue. Columbus. OH 43210.

The metabolic response of zebra mussels. Dreissena poly-

morpha. to seasonal change of ambient water temperature was

measured weekly between June 26 and October 16, 1990. Oxygen

consumption was measured using a Gilson Differential Rcspirom-

eter and nitrogen excretion was measured simultaneously by spec-

trophotometric determination of ammonia (phenol-hypochlorite

method). Mussels (N = 33-38) were separated from their sub-

strate by gently severing byssal threads and acclimated in the labo-

ratory for 24 hours at ambient temperature prior to measuring met-

abolic rates. Metabolic rates were standardized to the overall

mean dry weight. 19.6 mg (range 1.0-64.6 mg. N = 427) using

analysis of covariance. Oxygen consumption (VOt) was expressed

as \i.\ O2 hr^' per standard mussel at STP: ammonia excretion

(VNH4) as nM ammonia hr" '

per standard mussel. All work was

conducted by F. T. Stone Laboratory, located in western Lake

Erie. Ambient water temperature ranged from 15-25X.

Both VO, and VNH4 showed similar seasonal patterns, with

metabolic rate peaking on July 5. and remaining essentially un-

changed during the remainder of the summer and fall. The peak in

metabolic rate occurred two weeks prior to the peak in veliger

abundance in plankton samples, indicating a possible correlation

with mussel spawning activity and metabolic rates. Analysis of

histological samples will confirm this relationship. Reduced phy-

toplankton populations following a mid-July clear-water phase

may also explam reduced metabolic rates after July 5. This hy-

pothesis is supported by the observation that mussels collected

after July 5 produced less feces in the laboratory than mussels

collected prior to this date. Although there was a statistically sig-

nificant positive relationship between metabolism and tempera-

ture, the correlation coefficients were quite small (VOj, r =

0.117,p< .018: VNH4. r = 0.262. p < .0001). In general, zebra

mussel metabolic rates were constant across seasonal temperature

gradients.

Short-term acclimation of VO, to rapid increases in tempera-

ture were also examined. VO2 was measured prior, immediately

following, and two and five days post-transfer to 3I°C (long-term

acclimation above this temperature was lethal). Oxygen consump-

tion increased three-fold with the increase in temperature, and

showed no decline (acclimation) toward pre-transfer levels by the

fifth day post-transfer. Although Dreissena can maintain constant

metabolic rates across seasonal water temperature gradients be-

tween 15-25°C. it loses this ability dramatically above 30°C.

POPULATION DYNAMICS OF DREISSENA POLY-

MORPHA IN THE GREAT LAKES: PREDICTIONS BASED
ON THE EUROPEAN EXPERIENCE. Charles W. Ram-

charan. University of Wisconsin. Department of Zoology, Birge

Hall. 430 Lincoln Drive. Madison, Wl 53706; Diana K. Padilla

and Stanley I. Dodson, University of Wisconsin. Department of

Zoology. Birge Hall, Madison. Wl 53706.

Populations of Dreissena polxmorplia exhibit a wide range of

population dynamics in European lakes. We have found that in

some lakes abundance of Dreissena is stable over time periods of

10-30 years, while In other lakes populations show interannual

fluctuations of more than an order of magnitude. If populations of

Dreissena in the Great Lakes show the latter boom-and-bust

cycle, the problems caused by this mussel, such as biofouling of

water intake pipes, ships' hulls, and fish spawning beds, and con-

sumption of algal productivity, would only be severe every few

years during population peaks. Long-term population sizes may
be lower than are now found in Lakes Erie and St. Clair. Predic-

tions of the ecological role of Dreissena in the Great Lakes would

have to consider the range over which populations might fluctuate

from year to year, and the mechanisms that cause fluctuations.

We construct a model to predict the potential population dy-

namics in Dreissena in the Great Lakes using data collected from

published European studies, using multivariate techniques. We
first divide European lakes into two categories (stable and un-

stable), based on interannual variations in the abundance of

Dreissena. We then use data on the morphometric. physical, and

chemical environments of these lakes in Discnminant Function

Analyses to find a multivariate model that best differentiates these

two lake types. Unstable populations of Dreissena tend to be

found in deep lakes that have high flushing rates and small surface

areas. Larger, shallower basins with low flushing rates tend to

have more stable populations.

COLONIZATION OF SOFT SUBSTRATA BY ZEBRA
MUSSELS: ROLE OF AND COST TO NATIVE BIVALVES.

R. Douglas Hunter and John F. Bailey, Oakland University,

Biological Sciences. Rochester. Ml 48309-4401.

Sites in the western, central and eastern part of southern Lake

St. Clair were surveyed, using SCUBA in late September. 1990,

for zebra mussels and hard substrata. Like much of the lake, the

bottom in this region mostly consists of silty clay overlain by a

thin layer of detritus. From west to east, zebra mussel density

increased: west. 213 individuals/m- (26. 1 g/m- live mass, shell +

soft tissues), central, 1907/m- (402.1 g/m'); east. 12.726/m^

(845.8 g/m^). Each site was significantly different from the other

two sites in terms of zebra mussel biomass/m^ (one-factor

ANOVA. P < 0.0001; Scheffe's F-test. P < 0.001), Both abun-

dance and biomass of live native bivalves decreased from west to

east: west. 2.3/m-^ (129.5 g/m-); central. 1.3/m- (73.4 g/m-). east,

O.l/m^ (16.6 g/m^). Solid substrata in this area are relatively

scarce and consist almost entirely of live or dead native bivalves.

Such surfaces are intensely settled by zebra mussels, so much so

that at the east site, a mat of zebra mussels extending from the
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more heavily colonized native bivalve shells was observed in sev-

eral of the more densely settled sample plots. Among the three

sites there was a strong negative correlation between zebra mussel

biomass and number of live native bivalves (r
= -

1 .0, p < 0.01 ,

N =
3). The ratio of live to dead native bivalves decreased from

west to east (west = 25:1; central = 0.9:1; east = 0.02:1). Many
of the more heavily colonized native bivalves (whether live or

dead) showed damage to the posterior valve edges, which is where

zebra mussel accumulations were heaviest. The general condition

of zebra mussels also appeared to worsen from west to east. At the

west site, the zebra mussel clusters were relatively uncrowded

(monolayer) with few empty shells and uneroded periostraca,

whereas at the east site, many individuals were dead, having been

on the bottom of extensive colonies. Further, the shells of live

animals often had sizable areas of periostracum eroded away. The

size/frequency distribution of zebra mussels at the three sites sug-

gested two generations were present: young of the year and one-

year-old individuals. There were few individuals over 20 mm
shell length. At the west site there was an obvious lack of newly

settled spat (i.e., <3 mm shell length). At the other two sites such

spat comprised the most abundant size classes.

In spite of a very extensive area of soft bottom, southern Lake

St. Clair supports a moderately high density of zebra mussels;

nearly 13,000/m- at some sites. In the areas sampled, native bi-

valves (both live and empty shells) were the most common hard

surface on which to settle, and were negatively correlated with

zebra mussel density. Direct field observations as well as the data

presented above, strongly suggest that the community of native

bivalves is being severely reduced as a direct result of zebra

mussel colonization.

GROWTH RATES OF DREISSENA POLYMORPHA IN THE
ST. CLAIR RIVER AND LAKES ST. CLAIR, ERIE AND
ONTARIO FROM JUNE TO NOVEMBER 1990. Susan Jer-

rine Nichols, U.S. Fish and Wildlife Service. 1451 Green Road.

Ann Arbor. Ml 4SI()5; Angela M. Bitterman. Michigan Dept. of

Natural Resources. 2463 Otter. Warren. Ml 48092; Fleur Ely.

Ontario Hydro, 700 University Avenue, Toronto. Ontario M5G
1X6.

In June, 1990, we began a study of growth rates of zebra

mussels (Dreissena polymorpha) at 6 sites in the Great Lakes. The

mussels were placed in individual compartments in plexiglass

cages, which were deployed at Marine City in the St. Clair River.

Clinton and Thames River areas of Lake St. Clair and at the Lake-

view, Monroe and Nanticoke power plants in Lake Erie and the

Lakeview power plant in Lake Ontario. Shell length and chloro-

phyll, current velocity, density and type of planktonic algae, dis-

solved calcium, Secchi depth, total and particulate carbon, and

water temperature were measured at either biweekly (Lake St.

Clair) or weekly (all other sites) intervals. This long-term study is

intended to provide data to enable us to determine changes in

growth rates across environmental gradients. It should be possible

to develop a model from this information that can be used to pre-

dict the ultimate spread and overall density of zebra mussels

across the country.

Preliminary data analysis indicates that growth rates varied '

considerably by site, date and length cohort. In general, growth

was highest at Monroe, with an average relative growth rate each

week of about 539^. and lowest at Nanticoke with less than 10%

weekly growth. The Thames River and Marine City were similar

in growth rates (30 to 35%) as were Clinton River and Lakeview

sites (20 to 25%). Growth rates at all sites varied significantly

from week to week. For example, at the Thames River site,

growth rates of the 2 mm size cohort ranged from 7 to 100% over

a 6 week period. The growth rate was consistently greater in the

smaller mussels (<4 mm) and gradually declined as mussels grew

larger. The relative small size of the cage compartment ( 13 mm in

diameter) restricted length of the shell as the mussels grew larger.

However, growth in width, height and weight were not con-

strained by the compartment size. Mussels were replaced with

smaller individuals or placed in larger compartments when they

reached 12 mm.

At this time, the most critical environmental parameter for pre-

dicting growth is total carbon. We have measured both particulate

and dissolved carbon, but our work indicates that dissolved or-

ganic carbon is not used by zebra mussels. Lower autumn and

winter water temperatures are expected to be reflected in growth

rates. Chlorophyll and algal data are very inconsistent and not

very useful.

PLANKTON DIATOMS IN HATCHERY BAY, WESTERN
LAKE ERIE, BEFORE AND AFTER THE INVASION OF
THE ZEBRA MUSSEL. Ruth E. Holland Beeton. University

of Michigan. Atmospheric. Oceanic & Space Science. 2761 Oak-

cleft Court. Ann Arbor. MI 48103.

Plankton diatoms from Hatchery Bay in the Bass Island region,

western Lake Erie, were compared for April-September of 1984.

1983 and 1986, prior to the invasion of Dreissena polymorpha

Pall, and 1990, when it had become firmly established. The mean

value of total frustules/ml in 1990 declined over 81% from mean

values in the 1980s. The abundance of all planktonic diatoms

which were major species in the "SOs had decreased by 1990, ex-

cept for Aidacoseira t^raiiulaia (Ehrenb.) Simonsen, whose

numbers increased slightly. Epiphytic species, absent or occa-

sional in the 1980s, sometimes made up over half the total number

of frustules in the 1990 samples: this was especially true in

summer for Coceoneis pUuenttda var. eiiglypta (Ehrenb.) Cleve

which accounted for up to 66'/< of the abundance of all species.

ALGAL HERBIVORY BY THE ZEBRA MUSSEL: FATE

OF ALGAE IN FECES AND PSEUDOFECES. Rex L. Lowe,

LouAnne Reich, and Jim Sierra, Bowling Green State Univer-
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sity. Department of Biological Sciences. Bowling Green. OH
43403.

This project was designed to determine the late (survivorship

and growth) of suspended algae in Lake Erie that have been fil-

tered by zebra mussels. Mussels were collected near Catawba Is-

land and transferred to the laboratory. Feeding experiments were

conducted in the laboratory at two week intervals from June

through September. 1990. Mussels were exposed to fresh Lake

Erie water and allowed to filter for four to eight hours. Five pseu-

dofecal pellets were collected during each feeding bout. Each was

washed serially in filtered Lake Erie water and then transferred

into 50 ml flasks containing filtered Lake Erie water and incubated

for two weeks in a growth chamber. Two fecal pellets were col-

lected and cultured similarly during the feeding bouts. Following

incubation, pellet cultures were preserved, homogenized and

quantified in a nannoplankton counting chamber at 400 x magni-

fication. Survival of algae following gut passage in fecal pellets is

minimal. Some benthic algae apparently survive but other fecal

pellets contained no viable algal cells. Algal growth from pseudo-

feces was dominated by green algae in June with Microspore!

dominating the algal community. In July, green algae diminished

in importance and diatoms (species of NavicuUi and Nilzschia)

increased in relative abundance. In late August and September

blue-green algae. Anahuena and OsciUatoria codominutcd with

green algae and diatoms. In general benthic algae appear to be

able to escape pseudofecal pelletization better than typically

planktonic species. This fact in concert with increased water trans-

parency may lead to a shift toward increased importance of

benthic algae in Lake Erie.

INTERACTIONS BETWEEN ZEBRA MUSSELS {DREIS-

SE^A POLYMORPHA) AND PELAGIC COMMUNITIES.
David A. Culver, Ruth A. Pontius, and Lin Wu. Fhc Ohio

State University, Department of Zoology. 1735 Neil Avenue. Co-

lumbus. OH 43210.

While zebra mussels might interact with pelagic communities

via altering availability of dissolved oxygen, excretion of nitrogen

and phosphorus, and sedimentation of silt and algae through the

formation of pseudofeces, an obvious way in which they might

impact pelagic communities would be through removal of phyto-

plankton that otherwise would be eaten by zooplankton. This ac-

tivity might also be reflected in increased clarity of the water

which would favor growth of algae, including benthic forms, at

depths where zebra mussels may be found. Such variations in

water clarity were found in 1988 in the western basin of Lake Erie

where zebra mussels were present, as compared to 1989 when

they were abundant. Maximum Secchi transparency in 1988 was

3.4 meters (26 June) at an offshore station, whereas the 1989

maximum transparency at the same station was over 6.5 on 4 July.

Estimation of grazing rates by Daphnia galeata mendolae and D.

retrocurva, however suggests that these differences could be ex-

plained by plankton grazing alone, which at 200 ml L"'d"' was

almost 4 times the grazing rate during the same period in 1988.

This was a result of both higher abundance oi Daphnia spp. and a

larger average size of these taxa. The impace of zebra mussels on

algal abundance during this period is unknown, but the high

grazing rates of freshwater Cladocera generates a condition unlike

that found in many marine environments where zooplankton were

found to have a relatively small impact on algal abundance com-

pared to bivalves. Changes in nutrient availability, N;P ratios, etc.

can also affect the relative abundance and species composition of

the phytoplankton.

To determine the impact of zebra mussel grazing, we propose

to model the hydrodynamics of mixing in the western basin of

Lake Erie as it pertains to the delivery of algae to the benthos. The

dimensions of the benthic boundary layer at various depths where

zebra mus.sels may be found will determine the rate at which algae

from the euphotie zone are mixed down to the zebra mussels, and

whether the final rate of intake is turbulent or is limited by algal

sinking rates within the boundary layer. This, along with distribu-

tion and abundance in the western basin, size-specific grazing

rates, and size-frequencies will enable us to compare the relative

impact of zebra mus.sels on the phytoplankton in the pelagic food

web of Lake Erie.

PHYSICO-CHEMICAL EFFECT OF ZEBRA MUSSEL,
DREISSENA POLYMORPHA. ON SPAWNING HABITAT
AND EGG HATCHABILITY OF WALLEYE, STIZOSTE-

DION VITREUM V/TREUM. Bruce Vondracek and Jeanette

Buenger, The Ohio Stale University. Ohio Cooperative Fish &
Wildlife. 1735 Neil Avenue. Columbus. OH 43210; Ruth A.

Pontius, The Ohio Stale University. Department of Zoology,

1735 Neil Avenue, Columbus, OH 43210.

Freshly fertilized walleye, Stizostedion vitreum vitreum eggs

(2.668 ± 131) were placed into 38 liter flow-ihrough aquaria

containing three densities of zebra mussel. Dreissena polymorpha

(0, 2.(X)0 and 20.000/m-). Seven replicates were used for each

treatment. In addition, two replicates containing three densities of

mussels but without walleye eggs were also monitored. Tempera-

ture, dissolved oxygen, pH and ammonia were monitored daily

while walleye eggs were incubating.

No eggs hatched. A fungal infection first noted two days after

eggs were introduced into the aquaria resulted in the death of most

eggs. Twenty days after eggs were introduced approximately 1 cm

of silt and organic matter was pumped into each aquarium, the

result of a storm. The silt resulted in the death of all remaining

eggs.

Several eggs were examined 8 days after eggs were introduced

into the aquarium. These eggs appeared to be developing nor-

mally; a head, body and tail were visible. Temperature in the

aquaria were within 0.5°C of lake water temperature and no dif-

ferences were noted across treatments. Dissolved oxygen was at
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or near saturation in all aquaria with no differences across treat-

ments and did not fall below 8.0 ppm. pH did not differ across

treatments and remained constant at 7.9 throughout the experi-

mental period. Ammonia weighed between 0.03 and 0.12 mg/

liter, and although more variable than other parameters, treat-

ments were not significantly different on most dates.

IMPACT OF DREISSENA ON FISHERIES POTENTIAL IN

LAKES ST. CLAIR AND ERIE. Ronald Dermott, Fisheries &
Oceans Canada—GLLFAS. Great Lakes Lab. P.O. Box 5050.

CCIW. Burlington. Ontario L7R 4A6; J. Leslie, J. Fitzslmmons.

and V. Cairns, Bayfield Institute. Fisheries and Oceans. P.O.

Box 5050. Burlington. Ontario L7R 4A6.

Fisheries & Oceans (Canada) has been examining the biolog-

ical impact of zebra mussels on fish habitat in Lakes St. Clair and

Erie. During spring 1990, we found no reduction in survival of

walleye eggs collected from mussel covered spawning shoals in

western Lake Erie. The number of walleye eggs lain on heavily

encrusted areas was equal to areas having no zebra mussels.

Larval fish populations in eastern Lake St. Clair were similar to

that during 1983-1984, prior to the invasion of the mussels. In

mid-July, there was no difference in mean weight or lipid content

of larval gizzard shad in Lake St. Clair as compared to a site in the

St. Clair delta without mussels. In early summer, mussel growth

averaged 3 mm month'' at a site in eastern Lake Erie where the

numbers increased from 385 to 54,000 m"- during 1990, repre-

senting an increase in dry shell biomass of 717 g m'-. Total wet

biomass excluding Dreissenci increased from 6 g m~- on bare rock

to over 124 g m~- in the mussel shoals. The majority of this is due

to a huge increase in Gammarus numbers under the mussels. Al-

though only 14% of the dry weight of Dieissena is soft tissue, the

meats are high in lipid, averaging 26%. This makes the mussels a

potential energy and contaminant source.

DIRECT SUPPRESSION OF LAKE ERIE ZOOPLANKTON
BY ZEBRA MUSSELS (DRE/SSENA POLYMORPHA). Hugh
J. Maclsaac and W. Gary Sprules, University of Toronto. De-

partment of Zoology. Erindale Campus. Mississauga. Ontario

L5L IC6.

We examined the potential of adult zebra mussels (Dreissfiui

polymorpha) to suppress co-occurring species of Lake Erie zoo-

plankton with in situ experiments conducted in 4 L glass bottles,

and in 50 ml laboratory containers. Susceptibility to suppression

was related primarily to body size; two small-bodied, common,

rotifer species (Keratelta cnissa. Polyurthni sp. ) were highly sup-

pressed (91 and 96%) by filtering mussels, while a larger rotifer

species (Trichocena inulticrinis) and zebra mussel veligers were

somewhat less suppressed (80% and 50% respectively). The small

cladocerans Scapholeheris kingi and Bosmina longirostris were

not susceptible to predation (<10% suppression); individuals en-

trained in the inhalant current of feeding mussels evaded the in-

current siphon by initiating rapid escape maneuvers. We propose

that the suppressive mechanism was predation and not exploitative

competition because populations of zooplankton in food-supple-

mented cultures exhibited similar patterns of suppression as those

incubated at ambient food levels. In addition, rotifers were ob-
'

served entrained in the inhalant current of filtering mussels, and

loricae (K. crassa) were found in dissected mussel digestive tracts

but not in pseudofeces following short-term incubations. Our

data, while preliminary, provide support for Mikheev's (1967)

contention that adult mussels can consume large particles, and

suggest that littoral populations of adult mussels may exert strong

selective pressure on the size-structure of near-shore zooplankton

communities.

THE ROLE OF ZEBRA MUSSELS IN CONTAMINANT
CYCLING IN THE GREAT LAKES. Peter F. Landrum,

Great Lakes Environmental Research Lab. 2205 Commonwealth

Boulevard, Ann Arbor, Mi 48105; Duane C. Gossiaux, Great

Lakes Environmental Research Lab, 2205 Commonwealth Boule-

vard, Ann Arbor. Ml 48U)5-1593; Susan W. Fisher, The Ohio

State University. Department of Entomology. 1735 Neil Avenue.

Columbus. OH 432 10; Kathleen A. Bruner, The Ohio State Uni-

versity. Department of Zoology. 1735 Neil Avenue, Columbus,

OH 43210.

Toxic contaminants, one of the major Great Lakes' problems,

exhibit high levels in shallow nearshore areas. Because the zebra

mussel will primarily populate these shallower regions of the

Great Lakes, they will likely be exposed to the relatively high

contaminant concentrations. Further, because of the high biomass

in the areas populated by zebra mussels, the organism could have

a significant impact on the contaminant cycling. Both toxicoki-

netic and physiological measures were made to examine the

movement and importance of contaminants passing through this

new portion of the Great Lakes' food web. The toxicokinetic

studies included measures of the uptake and elimination of se-

lected polychlorinated biphenyl (PCB) and polycyclic aromatic

hydrocarbon (PAH) congeners and DDT. The toxicokinetic pa-

rameters were evaluated with respect to the respiration of the or-

ganism, the efficiency of oxygen accumulation and the size of the

mussels.

The uptake clearance of the most non-polar compound
2,4,5, 2',4',5'-hexachlorobiphenyl (HCBP) is 800 ml/g/h at 20T.

This implies a filtration rate of at least 800 ml/g/h if the efficiency

of uptake from the water is 100%. Comparing this measurement

with the clearance of oxygen (33.6 ml/g/h) implies that the rela-

tive efficiency for oxygen accumulation is approximately 4% . The

qio for the organism is 2. 1; thus, the accumulation rate will drop

by a factor of two for each l()°C change in temperature.

The uptake is only half of the characteristics necessary for un-

derstanding net accumulation. The elimination rate coefficient for

HCBP is 0.004 per hour and results in a half life for HCBP of 173
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hours (7.3 days). Combining the two measures the resultant bio-

concentration factor (BCF) of 177,956 can be calculated. Thus,

these organisms can be expected to concentrate contaminants

about 100 times more than would be estimated for fish. The BCF
observed from laboratory studies depends on the hydrophobicity

of the contaminant as represented by the log of the octanol:water

partition coefficient (log Ko„) and the environmental temperature

[log BCF = 0.437 (0.015) log K„„
- 0.070 (0.006) Temperature

+ 3.696 (0.169), r^ = 0.996. n =
6]. This bioaccumulation is

for accumulation from water only. Since most of the important

contaminants reside primarily on particles, these filter feeders are

expected to have large additional contributions from ingesting

contaminated particles. The large BCF for these animals suggests

that organisms preying on zebra mussels will be exposed to large

contammant concentrations. Further, because of the large filtra-

tion rates suggested from the kinetics, the organisms are expected

to effect water clarity and particle transport within the local areas

of high population. Thus, these organisms should affect the cy-

cling and transport of contaminants in the Great Lakes.

EFFECTIVENESS OF MOLLUSCICIDES, ANTIATTACH-
MENT AND ANTIBIOFOULING AGENTS AGAINST THE
ZEBRA MUSSEL, DREISSENA POLYMORPHA: RESULTS
OF LABORATORY AND FIELD STUDIES. Susan W.

Fisher, The Ohio State University. Department of Entomology,

1735 Neil Avenue, Columbus, OH 43210.

The zebra mussel testing center was developed at The Ohio

State University to evaluate candidate chemicals for controlling

the zebra mussel in both laboratory and field settings, to explore

the development of specific compounds which inhibit byssal

thread secretion and to serve as a liaison between EPA and in-

dustry in developing standardized protocols for zebra mussel

testing. A variety of molluscicidal and molluscistatic products

were evaluated against the zebra mussel in laboratory and field

studies. Of particular interest is the finding that environmentally

innocuous chemicals can kill adult zebra mussels in short periods

of time at concentrations averaging 150 ppm. These chemicals

had no adverse effects on two nontarget organisms, the fish Gam-

busia ajfinis and snails belonging to Helisoma spp. These chem-

icals proved to be an effective molluscicide under a variety of

environmental conditions. Preliminary investigations into a mode

of action in the zebra mussel indicate that they work by destroying

gill membranes thereby disrupting respiration. Studies aided at

discerning why zebra mussels are apparently more sensitive to

these chemicals than other aquatic species are now underway.

They will be tested against zebra mussels in field trials at Lake

Erie during the summer of 1991.

The zebra mussel, like its marine counterpart macrofouling or-

ganisms, can rapidly attach to and metamorphose upon solid sub-

strata of amazing diversity. Differential persistence of this attach-

ment, especially in the presence of mechanical challenges like hy-

drodynamic shear, for different solid substrata represents a

potentially controllable, nonpolluting, fouling-suppression

strategy. Our investigations utilize zebra mussel adults harvested

from Lake Erie and maintained in (slowly reproducing) fresh

water laboratory colonies, together with surtace-quality-controlled

and carefully characterized test panels in both laboratory and field

settings. A major and primary goal is to identify the compositional

and configurational features of the exuded mussel adhesive sub-

stance that attaches the byssus discs to the substrata. A related,

secondary goal is to confirm prior observations made with mari-

time mussels, barnacles, tubeworms, hydroids. encrusting

bryozoa and algae that adjustment of a material's "critical suiface

tension'" to the bioadhesive zone between 20 and 30 dynes/cm

will also minimize retention strength of attached zebra mussels.

Regarding the first goal, spontaneous re-attachment of zebra

mussels to the optically smooth faces of germanium internal re-

flection prisms has allowed identification of the in-place bioadhe-

sive substance as a glycoprotein with a presumptively high content

of DOPA (dihydroxyphenylalanine). The comparison of this

freshwater "mussel-glue" to that obtained from Mytihts ediilis

and other adhesive organisms is currently being examined by bio-

chemical and histological methods, with generally similar early

findings. Demonstration of facile release from surface-controlled

substrata is routinely obtained using very thin-film coatings of

high-molecular-weight polydimethylsiloxane. functionally equiv-

alent to the medical-grade silicone veneers deliberately put in the

insides of "artificial hearts
"

to suppress their biofouling from

blood. Work in progress seeks to extend the field lifetimes of

these environmentally and ecologically safe coatings, while also

examining compatible nonpolluting alternatives including use of

fine-textured polymers and illumination with ultraviolet lamps.

Although entire avoidance of chlorine is desired, the use of low-

surt'ace-energy "fouling-release" coatings together with special

biofilm-removal agents based on surface chemical principles does

allow chlorine minimization by resuspending microorganisms into

the more susceptible planktonic phase.

Specially designed flow cells have been successfully utilized in

both laboratory and field settings for the study of biofouling under

known and controlled hydrodynamic conditions, allowing testing

of various control coatings and techniques. Equipment for unat-

tended, multiply-manifolded flow cell testing is now being assem-

bled for installation at field sites in New York State likely to have

high zebra mussel veliger populations in spring, 1991.

CONTROL OF BIOADHESION BY THE ZEBRA MUSSEL.

Robert E. Baier, State University of New York, Department of

Biophysical Sciences. Buffalo, NY 14214.

THE ACUTE AND CHRONIC EFFECTS OF A POLYQUA-
TERNARY AMMONIUM MOLLUSCICIDE POLY[OX-
YETHYLENE (DIMETHYLIMINIO)ETHYLENE-(DI-
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METHYLIMINIO)ETHYLENE DICHLORIDE] ON PIME-

PHALES PROMELAS AND CERIODAPHNIA DUBIA. John

H. Giltner. Jr., 1509 W. Sixth Avenue. Columbus, OH 43212:

Paul C. Baumann, The Ohio State University, U.S. Fish &
Wildlife Service, 2021 Coffey Road, 473 Kottman Hall, Co-

lumbus, OH 43210.

Various polyquatemary ammonium molluscicides are currently

being used to control zebra mussel (Dreissena polymorpha] .

Bioassays were conducted to gauge the acute and chronic effects

of one such compound on Ceriodaphnia dubia neonates and

larvae of the fathead minnow {Pimephales promelas). In the

forty-eight hour acute bioassays. lethal concentration (LC) 50 s of

218 ppb for the Ceriodaphnia dubia and 353 ppb for the Pime-

phales promelas were obtained. In the seven-day bioassays, the

test concentrations were reduced, and the organisms were fed lib-

erally. Although there was growth impairment in the Pimephales

promelas larvae and reproductive impairment in the Ceriodaphnia

dubia, these chronic effects were less than expected. This de-

crease in toxicity is due to the cationic properties of this mollusci-

cide and may warrant a change in the methods used to assess the

chronic effects of cationic polyclcclrolytes.

APPROACHES TO ZEBRA MUSSEL CONTROL
THROUGH INTERVENTION IN REPRODUCTION. Jef-

frey L. Ram, Wayne State University. Department of Physi-

ology, Detroit, Ml 48201; F. H. Nichols, US. Geological

Survey, MS 496, 345 Middlefield Road. Menlo Park. CA 94036.

Control methods for zebra mussels arc usually applied at im-

pacted sites using biologically nonspecific methods directed at

adults (e.g. chlorination) and often require large capital and labor

inputs (e.g. dual water intakes and mechanical removal of

mussels). Problems with these methods include lack of biological

specificity, corrosive chemicals that may damage the physical

plant, and, in the case of drinking water, bad taste, odor and re-

lease of biofiltered pollutants. An alternative approach is to inter-

vene in the zebra mussel life cycle at an earlier stage, when they

are spawning. Previous research with zebra mussels and related

bivalves indicate that spawning probably depends on specific

chemical environmental cues and a neurally mediated response

pathway. Each point along the chemically activated pathway rep-

resents a possible control point at which spawning cues or their

inhibitors may be employed to induce spawning at times inappro-

priate for zebra mussel survival or to block natural spawning.

A model for the control of bivalve spawning is that chemicals

released by phytoplankton induce males to spawn. Chemical cues

from ripe, spawning males induce females to spawn and female

chemical cues activate males, providing positive feedback. The

neural-gonad response pathway uses serotonin and prosta-

glandins as mediators, in support of this model in zebra mussels

are observations by Carton (oral comnuinication at 1990 AFS

meeting) of a correlation of phytoplankton blooms in Lake Eric

with the appearance of veligers. experiments by Walz (1978).

Sprung (1989) and Nichols (unpublished data) of female zebra

mussel spawning induced by male gonad extracts, and experi-

ments reported here on induction of zebra mussel spawning by

serotonin.

Zebra mussels were injected with serotonin (0. 1 ml of either

10"' M or 10"' M) or vehicle (0.1 ml), put into separate culture

tubes, and surrounding water was sampled for sperm and eggs

within 4 hours. After spawning observations were complete,

squash mounts of mussels were prepared to assess sex and repro-

ductive maturity. Serotonin induced spawning in 22/23 of ripe

(stage 4) males, whereas 0/10 ripe males responded to vehicle (p

< 0.001, Fisher exact test). In partially ripe males (stage 3) sero-

tonin induced spawning in 2/8 males v. 0/3 control males (not

significantly different). 1/6 intermediate immature males (stage 2)

responded to .serotonin v. 0/7 controls (not significantly different).

Among female recipients, eggs were found in water surrounding

both control and serotonin-injected animals (e.g. stage 4, 6/16

experimental and 3/7 controls), suggesting perhaps only a me-

chanical effect of the needle, and, in any case, the quantity of

eggs relea.sed was always much less than observed with natural

zebra mussel spawning. Serotonin injection provides a means of

identifying ripe males without the need for dissection. Further ex-

periments are needed to identify triggers for female spawning and

the environmental chemical triggers that can induce zebra mussel

spawning.

FIELD PERFORMANCE OF SELECTED COMMERCIAL
ANTI-FOULING COATINGS AGAINST THE ZEBRA
MUSSEL, DREISSENA POLYMORPHA. Fred L. Snyder,

The Ohio State University. Ohio Sea Grant College Program.

Building 3. Room 12. Camp Perry. Port Clinton. OH 43452:

David O. Kelch, fhe Ohio State University. Ohio Sea Grant Col-

lege Program, 421 10 Russia Road, Elyria, OH 44035; Frank R.

Lichtkoppler, The Ohio State University, Ohio Sea Grant Col-

lege Program. 99 East Erie Street. Painesville. OH 44077.

Four types of commercial anti-fouling coatings used by marine

industries were tested against zebra mussels in western Lake Erie.

Sets of three test strips made of wood, aluminum and marine fi-

berglass were suspended in boat harbors at the Toussaint River.

Beaver Creek and the Ashtabula River. Each strip was coated with

randomly arranged squares of commercial brush-on paints con-

taining copper and tnbutyltin ( TBT), a spray-on TBT engine

paint, a commercial non-toxic anti-fouling coating and an un-

painted control square. The strips were left in the harbors from

July through October, 1990. and were examined weekly. The

copper and brush-on IB T pamis provided complete, season-long

protection against fouling by zebra mussels. The spray-on TBT

paint provided complete protection for nine weeks, after which a

mmiiiial amount ol scttleiiicnl by mussels occurred. The non-toxic

anti-fouiing coating offered no reliable protection against settle-
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ment. and on the wooden strips was frequently more heavily col-

onized than the uncoated control squares While IBT-based spray

paints appeared to have limited periods ol effectiveness, applica-

tions in midsummer, prior to zebra mussel spawning should pro-

vide acceptable protection to marine engines.

ZEBRA MUSSEL INFESTATION AT MONROE POWER
PLANT: CHANGES DURING 1990. William P. Kovalak,

G. D. Longton, and R. D. Smithee, Detroit Edison Company.

2000 Second Avenue. Detroit. Ml 48226-1279.

Infestation of the inlet canal at Detroit Edison's Monroe Power

Plant during 1990 was less than 1989. In August 1989 densities

exceeded. 700,000/m- whereas in August 1990 densities were

only 150.000-20.000 nr. Lower densities were due to sloughing

of clusters (druses) from vertical surfaces (e.g.. sheetpiling) and

to lower recruitment attributed to lower water temperatures. Al-

though densities were lower, approximately 100 yd' of mussels

were hydroblasted from 6000 tV of concrete surface in the Unit 2

screenhouse in September 1990. This greater volume (approxi-

mately 2 X ) was due to greater size of age 1 -I- individuals.

Service water systems also were fouled by zebra mussels. In

September 1990 densities inside 30 inch diameter headers were as

high as 200.0(K)/m'. Heavy fouling extended to butterfly valves

ranging in size from 4 to 30 inches in diameter. Since December

1989, nearly 100 valves have been replaced. Presently, these

systems are being chlorinated at 3 ppm to mitigate existing infes-

tation.

PROBLEMS DURING 1990 AT WATER TREATMENT
PLANTS IN SOUTHWESTERN ONTARIO, AND POS-

SIBLE SOLUTIONS. Mike Auger, Mmistry of the Environ-

ment. 985 Adelaide Street South, London, Ontario N6E, 1V3.

This talk will discuss the problems experienced with zebra

mussel infestation at water plants, located in Southwestern On-

tario. In particular, the problems of continual plugging of the low

lift pumping station travelling screens with clusters of zebra

mussels during the high water demand period at the Union Water

Plant.

Also, the problem of loss of intake capacity (i.e.. 50'7( loss at

the Tilbury Water Treatment Plant) and the solutions including

chlorination and the use of intake infiltration sand filters will be

discussed.

ZEBRA MUSSEL VELIGER RESEARCH AT KIRTLAND
INTAKE SYSTEM. Gerald Gubanich, Cleveland Division of

Water, Crown Water Treatment Plant. 955 Claguc Road. West-

lake, OH 44145: Alan Greenberg, J. Giaccia. and W. Mucci,

Cleveland Division of Water, Utilities Building, 1201 Lakeside

Avenue, Cleveland, OH 441 14; Gerald Matisoff, Case Western

Reserve University, Department of Geological Sciences, 112

A. W. Smith Building, Cleveland, OH 44106.

A study comparing water from one of Cleveland's pump sta-

tions with water in the immediate vicinity of the intake was done

in the summer of 1990. The intake was chosen because it was the

only one of the city's four intakes with infestation signs.

Dreissena's veliger numbers and algal numbers were compared

within the pump building to a location just outside the intake's

crib. A depth profile was done in the lake using parameters such

as dissolved oxygen, temperature, veliger numbers, turbidity, and

algal numbers. Because water is entering the crib from two dif-

ferent depths, the profile was used to give an indication from

which depth most of the water is entering the crib The profile was

also used to compare the Central Basin of Lake Erie with both the

Western and Eastern Basins.

ZEBRA MUSSEL CONTROL PROGRAM AT CENTERIOR
ENERGY CORPORATION. Joe Szwejkowski and Louise

Barton, Centerior Energy. 6200 Oak Tree Boulevard. Room

1-216, Independence, OH 44131.

Zebra mussels present a significant threat to reduce or block

flow in power plant systems that use raw water. They were first

collected at Centerior at the Perry Nuclear Power Plant (PNPP) in

September, 1988. PNPP has developed a three part zebra mussel

program that includes monitoring, a chemical treatment program

for the 1990 mussel season, and several research projects.

Monitoring methods include the use of artificial substrates,

sidestream monitors, plankton nets, and scuba divers in addition

to visually inspecting raw water system components when open

for maintenance or repair.

PNPP has adopted a proactive approach to mussel control. As

a result, a chemical treatment program was established for 1990.

It required the use of a proprietary chemical for two treatments

during the season, in mid-July and late October.

PNPP has conducted studies on the effectiveness of various

applications of chlorine using the plant chlorination and dechlori-

nation systems. Results indicated that although intermittent appli-

cations are ineffective for control of adult mussels, continuous

chlorination can be effective. An additional study on the effective-

ness of intermittent chlorination for control of veligers was con-

ducted during the summer of 1990. as well as a study of the effec-

tiveness of pressure to control zebra mussels.

PNPP is also working in conjunction with the Electric Power

Research Institute (EPRl) to evaluate the performance of three

proprietary chemicals. The chemicals are being evaluated in

sidestream testing apparatus designed to simulate plant conditions.

The objectives of the project are focused on optimizing applica-

tions toward demonstrating environmental stewardship and cost

effectiveness.

Several of Centerior" s other facilities have also used a propri-

etary chemical to treat infested service water systems. These fossil

plants are also permitted to use chlorine intermittently as biofou-

lant treatment. The potential use of intermittent chlorination at
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these facilities is being investigated as a method of keeping raw

water systems free from future infestation, once they have been

"cleared" with the proprietary chemical. Although ineffective

against adult zebra mussels, intermittent chlorination of service

water systems is expected to be lethal to veligers.

EFFECTS OF LEMMATOXIN (ENDOD) ON ZEBRA
MUSSELS. Harold H. Lee and Akiilu Lemma, University of

Toledo, Department of Biology, Toledo, OH 43606.

Berries of the African soap berry, Phytolacca dodecandra,

commonly known as endod, contain a molluscicidal component,

Lemmatoxin, that has a lethal effect on zebra mussels as well as

snails. Earlier experiments using static system indicated that 10 to

20 ppm of the solution made from the powder of the dry berrries

could effectively kill almost lOO'/f of the mussels within 24 hours.

Those that were not killed could not attach themselves onto the

beakers or to each other. Based on these results, a recycling

system was used to test the effectiveness of endod. In one experi-

ment, 50 mussels were placed in the 800 ml cylindrical "pipe"

and allow them to acclimatize and to attach for 3 days before

treatment with endod. At approximately 50 to 100 ppm, which is

high enough to kill all animals in the static system, 36 of the 50

animals were killed within 24 hours and 8 more the next 24 hours.

Video tape record shows that the mussels did not close when

endod entered the system. Endod powder is now availble on de-

mand.

DIRECT COSTS OF ZEBRA MUSSEL DAMAGE TO FA-

CILITIES AND EQUIPMENT AT LAKE ERIE. Leroy J.

Hushak, The Ohio State University, Ohio Sea Grant College Pro-

gram, 232 Agricultural Administration, 2120 Fyffe Road, Co-

lumbus, OH 43210.

From May to November, several groups who use Lake Erie

water were surveyed for zebra mussel damage: commercial

shippers, establishments with water intakes (power plants, munic-

ipal water systems, industrial users), marinas, charter captains and

private boaters. In addition, several port authorities were con-

tacted but indicated no damages or problems.

All 12 of the commercial shippers in the Great Lakes Carriers

Association responded. Only $1,500 in zebra mussel related ex-

penses were reported. Regular maintenance and preventive actions

appear adequate for zebra mussel control.

Ohio EPA provided a list of firms with water intakes including

municipal water systems, power plants and industrial users in

northeast and northwest Ohio. Of nearly 200 establishments, 89

responded that they do not draw water from Lake Erie. Another

52 respondents (35 water systems, 9 power plants, 8 industrial

users) do draw water from Lake Erie. Ten stated they had

damages and/or cleaning and removal costs due to zebra mussels.

Five reported costs ranging from $250 to $50,000. Eight took pre-

ventive actions in 1989 and 16 as of Mav, 1990. Extra mainte-

nance and cleaning were the primary preventive actions. Total

expenses reported for zebra mussel damages for 1989 and to May.

1990 was $210,000, with one firm reporting $120,000 in research

to assess zebra mussel damage and preventive actions.

Of 91 marinas surveyed, 42 responded. Seven reported'

damages in 1989 and two in 1990. Total reported damages were

$4,600. Six of 42 marina operators in 1989 and 9 in 1990 reported

taking preventive actions which cost about $12,000 in total.

A total of 7 1 charter captins out of 96 responded to the charter

questionnaire. No captains reported zebra mussels causing

damage their boats. However, 38 took preventive actions during

1989 and 45 during 1990. Nearly all of these have used preventive

pamts, and about one-half reported extra maintenance. Mean ex-

penditures for preventive paints were $121 in 1989 and $160 in

1990. Extra maintenance expenditures average $63 in 1989 and

$74 m 1990.

A total of 262 private boaters were surveyed in October, 1990,

of which 139 responded. Fifty-one percent used their boat in Lake

Erie during 1990 as compared to 52 percent in 1989. One respon-

dent reported zebra mussel damage during 1990, and one during

1989. Fifteen respondents in 1989 and 25 in 1990 took actions to

reduce zebra mussel damage to their boats. In 1990, 15 used pro-

tective paints, 9 used extra maintenance and cleaning, 6 used on-

trailer storage, and 5 used dry rack storage. Mean expenditures for

protective paints were $149 in 1989 and $111 in 1990. Mean

maintenance and cleaning expenses were $83 in 1989 and SI 38 in

1990.

The zebra mussel does not appear to be a major problem for

operations of the six groups represented here. Sound maintenance

and prevention procedures appear adequate to keep zebra mussel

damages under control. However, several charter captains and

marina operators reported reduced business because of fear and

reduced expenditures by tourists which 13 attributed to the zebra

mussel.

ATTITUDES OF MID-AMERICA BOAT SHOW PATRONS
CONCERNING THE ZEBRA MUSSEL (DREISSENA
POLYMORPHA), LAKE ERIE AND GREAT LAKES POL-

LUTION. Frank R. Lichtkoppler. The Ohio State University,

Ohio Sea Grant College Program, 99 East Erie Street. Painesville,

OH 44077; David O. Kelch, The Ohio State University, Ohio Sea

Grant College Program, 421 10 Russia Road, Elyria. OH 44035.

Because public opinion influences the allocation of resources

to manage the Great Lakes it is important to quantify the attitudes

of Great Lakes resource users. Six hundred patrons of the 1990

Mid-America Boat Show were surveyed by mail on Great Lakes

issues including the invasion of the zebra mussel (Dreissena poly-

morplui). with a response rate of 85 percent. The average respon-

dent was 43.25 years old, male, employed in professional, highly

skilled or managerial positions, with household incomes in excess

of $30,000. Almost 78 percent were boat owners. Respondents
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agree that pollution by mdividuals does have an affect on the

Great Lakes. They believe that government should be doing more

to clean up the Great Lakes and that citizens should be involved in

the management of the Great Lakes. The zebra mussel is viewed

as a threat to the Lake Erie boating and sportfishing industry. Re-

spondents indicated that they would like to have some of their

current ta.x monies used for research on zebra mussels and that

public funding for research on zebra mussels is a wise investment.

DEVELOPMENT AND USE OF STANDARDIZED ZEBRA
MUSSEL MONITORING GUIDELINES. J. Ellen Marsden.

Illinois Natural History Survey, Lake Michigan Biological Sta-

tion. Box 634, Zion. IL 60099.

Information about the spread of zebra mussels is critical for

industries and public utilities concerned about water intake

systems, and for fisheries agencies concerned about managing the

Great Lakes ecosystem. Population density data can be used to

track the movement of zebra mussels, to determine what environ-

mental factors influence local population densities, and to deter-

mine the efficacy of control measures. Agencies and researchers

around the Great Lakes and inland lakes have already initiated a

variety of monitoring programs to track the zebra mussel infesta-

tion. However, unless a standardized monitoring protocol is used,

the information from monitoring stations will be difficult, at best,

to interpret. For example, equal numbers of spat settled on PVC

versus glass settlement plates may not retlect equal population

densities, due to substrate preferences of the spat. Criteria for a

standardized sampling protocol include; equipment that is inex-

pensive, readily obtainable, and simple to build and deploy; tech-

niques that can be used in a variety of field situations; straightfor-

ward data collection and analysis methods; and guidelines that can

be used by individuals with diverse training backgrounds. Be-

cause zebra mussels can be measured at three life stages (as

planktonic veligers. during larval settlement onto substrate, or as

settled adults), sampling techniques need to be described for each

stage. A survey of people involved in zebra mussel monitoring

indicated that most people measured veliger densities using

60-64 (j,m mesh plankton nets, but that sampling of settled spat

involved a range of different techniques. Guidelines are being

prepared that describe ( 1 ) how to sample and count veligers using

a plankton net. (2) a sampler for collecting settled spat, using

microscope slides as a uniform and readily obtainable substrate

and (3) how to count adults settled on natural substrates. The next

phase in this project will be the collection of data using the stan-

dard techniques in order to refine the techniques and report bench-

mark measurements of zebra mussel densities.

WATCHING FOR ZEBRA MUSSELS: WHY CAN'T WE
FIND THEM IF THEY'RE ALREADY HERE? Clifford

Kraft, Wisconsin Sea Grant Institute. University of Wisconsin.

ES-I05. Green Bay. WI 5431 1; Mary Balcer. University of Wis-

consin. Center for Lake Superior Studies. Barstow Hall. Superior.

WI 54880; Art Brooks, University of Wisconsin. Center for

Great Lakes Studies. 600 E. Greenfield Avenue. Milwaukee, WI

53204; Jory Jonas, University of Wisconsin. Sea Grant Office.

ES-105. Green Bay, WI 54311; Allen H. Miller, University of

Wisconsin. Wisconsin Sea Grant Institute. 1800 University Av-

enue. Madison. WI 53705; Hans Pearson, Silver Lake College.

2406 S. Alvemo Road. Manitowoc. WI 54220-9319; Charles W.

Ramcharan. University of Wisconsin. Department of Zoology.

Birgc Hall. 430 Lincoln Drive. Madison. WI 53706.

A coordinated sampling program to identify the presence of

zebra mussels in Wisconsin waters of Lakes Michigan and Supe-

rior was conducted from June through October. 1990. Three sam-

pling methods were used: ( I ) vertical plankton tows in harbor

areas. (2) water intake samples strained through plankton nets and

(3) substrate samplers placed in harbor areas. During 1990. the

following samples were analyzed as part of the Wisconsin Sea

Grant Zebra Mussel Watch: in Wisconsin waters of Lake Mich-

igan
— 214 harbor substrate samples, 176 harbor plankton tows

and 286 water intake samples; in Wisconsin waters of Lake Supe-

rior— 168 harbor substrate samples, 110 harbor plankton tows

and 58 water intake samples. No zebra mussels were found in any

of the samples collected from Wisconsin waters of Lake Mich-

igan. Zebra mussels were found in Superior Harbor plankton tows

on August 21 at densities of 46-51 per cubic meter, and August

28 at densities of 40 per cubic meter. Recently settled zebra

mussels were found on Superior harbor substrates on August 28 ( 1

mussel, 0.76 mm length). September 6 (3 mussels, 0.44-0.52

mm length), September 24 (5 mussels, 1.08-2.28 mm length)

and October 5 (10 mussels, 0.88-2.0 mm length).

Despite the regular observation of adult zebra mussels attached

to large boats— as well as observations of small mussel colonies

at several locations in the waters of southern Lake Michigan— no

zebra mussels were found in any Lake Michigan plankton

samples, including those from Green Bay. Our experience sug-

gests that a weekly plankton and substrate sampling program can

be used to identify the presence of a reproducing zebra mussel

population. Such early identification provides facilities managers

information on impending colonization, and provides the basis for

initiating remedial actions. However, isolated observations of

adult zebra mussels may often provide the first indication of their

presence at a particular location.

CHEMICAL OXIDANTS FOR THE CONTROL OF ZEBRA
MUSSEL VELIGERS. John E. Van Benschoten, James N.

Jensen, and Thomas J. Brady, SUNY at Buffalo, Center for

Hazardous Waste Mgmt.. 207 Jarvis Hall, Buffalo, NY 14260;

Donald P. Lewis and John Sferrazza, Aquatic Sciences Inc., St.

Catherines, Ontario.

Since their introduction into Lake St. Clair, zebra mussels

(Dreissena polymorpho) have spread throughout Lake Erie. The
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mussels are now being found in Lakes Ontario and Michigan and

it is expected that the mussel will eventually spread to many fresh-

water systems in North America. Pipelines appear to offer an idea

habitat for Dreissena and the prolific nature of the mussel has

resulted in restrictions in the hydraulic capacity of some water

intakes. For water systems that are not yet heavily infested.

methods that prevent veligers from attaching to pipe walls are of

interest.

The primary objective of the study was to examine the effec-

tiveness of chemical oxidants for inactivation of zebra mussel

larvae. The oxidants studies were chlorine, hydrogen peroxide

and ozone.

Experiments were conducted at the Erie County Water Au-

thority's Jerome Van de Water treatment plant located adjacent to

the Niagara River in the Town of Tonawanda. New York. The

experimental apparatus consisted of a series of baffled, plug flow

tanks. Each of the baffled tanks was supplied with a constant flow

of Niagara River Water from a constant head tank One of the

baffle tanks served as a control (no oxidant) while three were used

in the study, allowing three oxidant dose (three replicates and one

control per dose) to be tested simultaneously. Oxidant effective-

ness was determined by two methods. One method involved peri-

odic analysis of plexiglass substrates attached to the baffles to

assess if the applied oxidant dose was effective in preventing

mussel attachment. The second method involved concentration

and microscopic examination of suspended veligers to determine

oxidant effectiveness. Results obtained using the second method

will be presented.

Chlorine was applied continuously for several weeks at nom-

inal free residual concentrations of 0.2, 0.5 and 1.0 mg/L. For

each of the doses tested, chlorine was highly effective in killing

veligers. Percent kill data showed that a three log reduction (i.e.,

99.9 percent kill) was possible with the use of chlorine. Hydrogen

peroxide tests were conducted in a pulsed mode where peroxide

was added for a 30 minute jjeriod every 12 hours. Results indi-

cated that although peroxide was effective in killing veligers. the

2.3 log reduction (95.5% kill) was less than was achieved using

the lowest chlorine doses. Ozone experiments were conducted

with at applied doses of 0.1, 0.2, 0.5 and 1.0 mg/L. Short term

tests (3 to 4 hours) were conducted and it was found that removal

of veligers from the water column ranged from 50 to 100 percent.

Surprisingly, however, examination of veligers in the sediments

of the tanks revealed 30 to 50 percent survival rate. The implica-

tions of this finding in terms of practical application of ozone will

be discussed.

THE RANGE EXTENSION OF THE ZEBRA MUSSEL
{DREISSENA POLYMORPHA) INTO THE INLAND
WATERS OF NEW YORK STATE. Cameron L. Lange and

Roberta K. Cap, Acres International Corporation. 140 John

James Audubon Parkway, Amherst. NY 14228-1 180.

The possibility of a range extension of the zebra mussel

(Dreissena polymorpha) from the Great Lakes drainage into adja-

cent drainages is a major concern of raw water users. Likely

mechanisms for transport are by active transfer through human

activities or transfer through interconnecting canals. In New York,

State, the State Barge Canal was considered the most likely route

for a zebra mussel range extension, since in the spring the Canal is

filled with water from the Niagara River, where the mussels have

become well established. In April 1990 a monthly sampling

survey was initiated to determine the extent of the zebra mussel's

spread into the New York State inland waters. Nine sampling sta-

tions were set along the Barge Canal. Four stations were located

in the Cayaga-Seneca Canal/Finger Lakes System and one on the

Oswego Canal. A total of eight other stations were sampled on the

Susquehanna. Hudson River and Delaware River drainage

systems. In July, veligers and recently settled juveniles were col-

lected at Lockport and Albion on the State Barge Canal and on the

Genesee River in Rochester, New York, about one mile down-

stream from the confluence with the Canal. The Rochester station

is about 80 canal miles from the Niagara River. Veliger numbers

peak at 11.250/m- in the August sample collected in Lockport.

Settlement peaked at 64.900 juveniles/nr on a substrate collected

at Albion in August. Through November 1990. zebra mussels

were not found at any sampling station east of Rochester.

POTAMOCORBULA AMURENSIS, A RECENTLY INTRO-

DUCED ASIAN CLAM, HAS HAD DRAMATIC EFFECTS
ON THE PHYTOPLANKTON BIOMASS AND PRODUC-
TION IN NORTHERN SAN FRANCISCO BAY. James

Cloern and Andrea Alpine, U.S. Geological Survey. MS 496,

345 Middlefield Road. Menlo Park. CA 94025.

PotamiKorhulu amurensis. a benthic suspension feeding bi-

valve, accidently introduced in San Francisco Bay in 1986. spread

rapidly throughout the estuary with dramatic ecological conse-

quences. Field and laboratory evidence suggest that this species is

capable of consuming most of the phytoplankton produced in

northern San Francisco Bay. Prior to its introduction, the long-

term record of chlorophyll a showed a repeatable pattern of

summer maximum in phytoplankton biomass (30 to 40 mglm? in

Suisun Bay for two to three months). Beginning in 1987. P.

amurensis had become well established, the summer maximum in

biomass never appeared and chlorophyll a levels have remained at

their winter levels of less than 3 mg/m^ throughout 1988. 1989

and 1990.

To further define the effects of this invasion we initialed a

study in 1988 to examine rates of primary productivity and related

parameters to compare with pre-invasion levels. Daily rates of

primary productivity were much lower in 1988 compared to rates

measured in 1980. These lowered daily productivities led to a dra-

matic decline in annual production
— 1988 production was only
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20 g C/ni- compared with average annual production of 1 10 g

C/m^ during pre-invasion years.

We believe this decline in production is a consequence of the

consumption of phytoplankton by P . umurensis. Other factors ca-

pable of reducing productivity are not likely. Nutrients are abun-

dant at all times and could not be considered limiting. Maximum

rates of primary productivity per unit biomass were no different

from pre-invasion years, and as in pre-invasion years productivity

was highly correlated with biomass and available light. Prelimi-

nary measurements off. umurensis feeding rates and densities in

the field are sufficient to account for the reduction in phyto-

plankton biomass in northern San Francisco Bay during the past

four years.

AN ASIAN BIVALVE, POTAMOCORBULA AMURENSIS.
INVADES SAN FRANCISCO BAY WITH REMARKABLE
SPEED AND SUCCESS. Janet K. Thompson and L. E.

SchemeL U.S. Geological Survey, MS 496, 345 Middlefield

Road, Menlo Park, CA 94036; Susan Jerrine Nichols, U.S. Fish

and Wildlife Service, 1451 Green Road, Ann Arbor. Ml 48105.

San Francisco Bay has a long history of species introductions.

However, the recently introduced Asian bivalve, PoUimocorbula

amurensis. may be unlike previously introduced species in that it

has rapidly spread throughout the bay, irrespective of sediment

type, water depth, and salinity. In addition it seems to be altering

existing benthic and pelagic communities in ways not previously

seen in the bay. We have established the time (fall 1986) and

place of introduction (in northern bay) and have tracked its spread

within the bay. Within one year of its first sighting, the clam was

found in high abundances (>25,000 m-) at many sites and is now

found throughout the bay. Using long-term data collected near the

location where P. amurensis was first seen, we have documented

a major and rapid shift in benthic community structure. The pre-

vious community was one with variable species composition de-

pendent on seasonal and inter-annual patterns of river inflow (sa-

linity). Within one year of the clam's first sighting, this commu-

nity was nearly replaced by P. amurensis (now contributing

>95% of total individuals and biomass). P. amurensis has also

become established at many locations in the southern bay, an area

where the benthic communities are more temporally stable than

the pre-P. amurensis benthic communities in the northern bay.

P. amurensis is a suspension feeder that, in its present abun-

dances may consume a major fraction of the phytoplankton pro-

duced in this shallow estuary and, thereby, change the trophic

dynamics of part or all of the estuary. The successful encroach-

ment of this species into the existing benthic community, to the

point of displacing established species, may be cause for concern

if it spreads to nearby estuaries that support commercial shell-

fisheries.

DREISSE^A POLYMORPHA COLONIES ENCRUSTING
NATIVE UNIONID BIVALVES PRODUCE SPECIES-SPE-

CIFIC AND SEX-SPECIFIC EFFECTS. Wendell R. Haag,

David J. Berg, and David W. (larton. The Ohio State Univer-

sity. Department of Zoology. 1735 Neil Avenue. Columbus. OH
43210.

Dreissena polymorphu from large colonies on unionid bivalves

in areas where they are sympatric. The recent appearance of

Dreissena in North America has generated concern regarding the

possible effects of Dreissena on populations of native bivalves

already stressed by environmental degradation. We used experi-

mental and survey approaches to evaluate the effects of Dreissena

colonies on unionid species. In a field experiment. Amblema pli-

caia showed no difference in survival between Dreissena en-

crusted and unencrusted (control) treatments. In contrast, 83.3%

of encrusted female Lampsilis radiata died as opposed to 31.6%

mortality in male and female control animals (p < 0.0002). Mor-

tality in encrusted males was not different from control animals (p

= 0.37). suggesting that stresses related to brooding and release

of glochidia (occurring during the experiment) were compounded

by stresses incurred from Dreissena encrustation, producing lethal

effects.

A survey of three sites in the western basin of Lake Erie

showed that mortality was unevenly distributed among encrusted

animals of different species. Anodonta grandis and Leptodea fra-

gilis were present in higher proportions among recently dead un-

ionids than among living animals. Conversely. A. plicata and

Quadrula quadrula were present in lower proportions in dead an-

imals than live. Proportions of living and dead Potamihts alalus

and L. radiata were not significantly different at two sites.

We propose two possible mechanisms by which Dreissena

may affect survival of unionids: 1 ) colonies add substantial weight

to the unionid. increasing the metabolic cost of maintaining

feeding position in the substrate, or 2) the filtering activities of the

large number of Dreissena on a unionid interfere with feeding by

the unionid. Our initial results favor the former hypothesis be-

cause mortality is high in thin-shelled unionids (Anodonta. Lep-

todea). less severe in species of inermediate shell weight (Lamp-

silis. Potamilus) and low in heavy-shelled species (Amblema,

Quadrula). We are further testing these hypotheses by assessing

glycogen and lipid reserves as a measure of nutritive state in ex-

perimentally and naturally encrusted and unencrusted A. plicata

and L. radiata and are conducting an experimental analysis of the

effects of increased weight on unionid mortality.

This project was supported by Ohio Sea Grant.

ADHESION STRENGTH IN ZEBRA MUSSELS: PRELIMI-

NARY DATA USING A ROTATING DISK APPARATUS.

Joseph Daniel Ackerman, C. R. Ethier. D. G. Allen, and

J. K. Spelt, University of Toronto. Mechanical Engineering. 5

King's College Road, Toronto. Ontario M5S 1A4.
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The ability of zebra mussels (Dreissena polymorpha) to adhere

to hard surfaces is an important factor in the explosive population

growth of this species. The colonization of natural substrates such

as rocks, macrophytes, and the exoskeletons of ""large" inverte-

brates has created ecological problems. Moreover, there has been

a large economic impact associated with the colonization of artifi-

cial substrates such as boats, pilings, and municipal and industrial

water intake systems.

We have examined the strength of adhesion in zebra mussels

and related this parameter to residence lime of the mussel and to

the surface properties of the attachment substrate. This adhesion

strength cannot be easily tested using conventional mechanical

equipment, and we have, therefore, developed a rotating disk test

system. The adhesion strength is inferred from the fluid force re-

quired to detach (or remove) mussels, which have been grown on

disks of different materials. This method is effective, since the

fluid force varies with radial position on the disk, so that a single

experiment provides a range of fluid shearing forces.

We have successfully used the rotating disk to detach small

mussels (post-veligers; 500-1000 \i.m long) from plexiglass,

stainless steel, PVC and aluminum disks 20 cm in diameter. De-

tachment of post veligers at large radii (e.g. 70 mm) occurred at

rotation rates of 300 Rpm, corresponding to a shearing stress of 10

Pa. Shear stresses on the disk were calculated at different radial

locations and rotation rates using well known fluid mechanical

models. As expected, greater rotation rates were needed to detach

mussels that were located closer to the center of the disks. Prelim-

inary results indicate a great deal of variation in the strength of

adhesion; however, we note that the upper limit of 150 Pa was

sufficient to remove most mussels. This preliminary result could

serve as a minimum detachment criterion for mitigation guide-

lines.

BIOLOGICAL CONTROL OF ZEBRA MUSSELS: USE OF
PARASITES AND TOXIC MICROORGANISMS. Daniel P.

Molloy, NYS Museum— Biological Survey, Field Research Lab-

oratory, RD 1, Box 151, Cambridge, NY 12816.

A variety of control measures will have to be developed to

manage zebra mussels, and biological control— the use of other

organisms to reduce population densities of this mussel— cannot

be overlooked. The New York State Museum, following its devel-

opment of a biological method of black fly control in New York

State, is initiating two research projects against this new inverte-

brate pest.

One approach to developing a biological control method for

zebra mussels is the search for parasites which naturally kill them.

Zebra mussel populations in the Great Lakes may be harboring

parasites, and these and other North American mussel populations

will be examined. Parasites of any animal group, however, are

most likely to be found where the animal group has lived the

longest. Eastern Europe and Western Asian countries, therefore,

are the location most likely to contain zebra mussels dying of par-

asitic diseases since they have been in these regions for centuries.

To limit the parasite search to the Great Lakes and to exclude

these foreign regions would be a mistake. While some parasites

from these foreign regions have been reported, their zebra mussel

populations have not been comprehensively surveyed to date.

These foreign parasites need to be taxonomically identified, life

cycles elucidated, and their lack of infectivity to North America

nontarget fauna determined in rigorous laboratory tests. Once the

low nontarget nsk is established, these European/Asian parasites

of zebra mussels should be transferred into the Great Lakes. The

successful establishment of such parasites would act as a buffer to

the rapid population growth of zebra mussel populations in North

America.

Another approach is the laboratory screening of microor-

ganisms to find one that is lethal upon ingestion by zebra mussels,

but which is nontoxic to other Great Lakes fauna. These candidate

control microorganisms would not be "'natural'" parasites of zebra

mussels, but rather naturally occurring soil and water microbes,

which just by "'chance" happen to be highly toxic to zebra

mussels when the mussels are exposed to artificially high densities

of the microbe. Sound like impossible odds? Not really. This is

exactly the research approach that identified a soil microbe. Ba-

cillus thuringiensis var israelensis (BTI) as the safest and most

effective commercial method for the control of another aquatic

invertebrate— the black fly. BTI is now being used worldwide for

the control of these pest flies. Both zebra mussels and larval black

flics are similar in that they are filter-feeding invertebrates which

prefer lotic habitats. The microbe BTI, although a highly poi-

sonous bacterium to larval black flies, does not normally kill

them, since it lives in the soil in very low densities. When applied

in large numbers to waters where black fly larvae live, however,

they inadvertently ingest BTI and die within hours, virtually

leaving all other organisms undisturbed. BTI would be useless

against zebra mussels, but another nncroorganism which at artifi-

cially high densities is poisonous to zebra mussels undoubtedly

exists in nature; the task now is to beam the search for it.
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SCALLOPS

FOOD QUALITY, FEEDING ACTIVITY AND ENERGY
BALANCE IN THE SEA SCALLOP PLXCOPECTEN MA-
GELLANICUS. Gregory S. Bacon* and Bruce A. MacDonald,

Marine Sciences Research Laboratory, Ocean Sciences Centre.

Meinorial University of Newfoundland, St. John's, N.F.. Canada

A1C5S7.

The giant scallop Placopeclen mageUanicus. a bcnthic suspen-

sion-feeder, is exposed to a food supply that fluctuates unpredict-

ably in both quantity and quality. Many species of bivalves are

capable of maintaining the flow of energy into growth and repro-

duction by adjusting the efficiency of feeding or metabolic activity

but little is known about the ability of P. mageUanicus to exploit

its food resource. Mixtures of microalgae and silica were deliv-

ered to scallops held in flow through chambers in the laboratory at

concentrations ranging from 1 to 12 mg 1"' and organic fractions

ranging from 20 to 90'7c . The quantity and composition of diets

was similar to particle concentrations and ratios of organic to in-

organic components actually measured in the natural environment.

Scope for growth was estimated for juvenile scallops (40-50 mm
shell height) by determining energy gain through feeding and

losses associated with respiration and ammonia excretion under

these experimental food conditions. These results will be dis-

cussed in context of feeding strategies for this species.

TROPHIC SOURCES AND TRANSFER MECHANISMS TO
THE DEVELOPING GAMETES OF PECTEN MAXIMUS.
Peter G. Beninger, Departement de biologic, Universite de

Moncton. Moncton. N.B El A 3E9 Canada, Marcel Le Pennec,

Germaine Dorange, Yves-Marie Paulet, Laboratoire de Bio-

logic Marine. U.B.O. 29283 Brest Cedex France.

Ultrastructural, histological and histochemical studies were

performed on the gonad of adult Pecten maximus at various in-

tervals during the reproductive cycle in St. Brieuc Bay, France, in

order to better understand the sources and transfers of energy to

developing gametes in scallops. In addition to the well-known

pathways of energy aquisition through feeding and transfer of so-

matic reserves, a number of novel pathways were demonstrated.

These were grouped into two categories; atretic recycling and in-

testinal loop transfer. Evidence is presented for ( 1 ) the recovery of

lytic material (resulting from gamete atresia) in the gonad acini,

gonoducts, and integument; and (2) the direct transfer of metabo-

lites from the gonad intestinal loop to the developing gametes via

vesicular cell-haemocyte couples, which appear to follow fibrous

pathways within the loose connective tissue extending from the

base of the intestinal epithelium to the acini. A summary of the

sources and transfer mechanisms of the energy exchanges in-

volving the developing gametes is presented.

PREDATORY RISK OF JUVENILE BAY SCALLOPS, AR-

GOPECTEN IRRADIANS, IN EELGRASS HABITAT.
Monica Bricelj,* Zaul Garcia-Esquivel, and Max Strieb. Ma-

nne Sciences Research Center, SUNY Stony Brook, NY 1 1794-

5000.

Above-bottom attachment on eelgrass blades offers post-settle-

ment scallops partial refuge from benthic predators. To assess

predatory risk in relation to scallop size, temporal patterns in at-

tachment position on eelgrass were determined for natural postset

in two Long Island bays differing markedly in eelgrass density.

Once scallops attained 12 mm. the proportion of individuals at-

tached above-bottom decreased rapidly with increasing size over a

5 wk period. By early October nearly 100% of the population

(mean size = 30 mm) had moved to the bottom. The rate and

timing of relocation to the bottom was remarkably consistent be-

tween the two embayments. Whereas percent attachment was

highly size-dependent, there was no correlation between height

attained above-bottom and scallop size.

Size-specific losses of scallops due to emigration and/or preda-

tion were determined by both tethering and free release of two size

classes (12-14 and 20-22 mm) within contrasting eelgrass hab-

itat in Hallock Bay. L.I., where mud crabs, Dyspanopeus sayi.

were identified as the most abundant predator. There was a strong

seasonal effect on predation of the larger scallops; higher mortali-

ties in late summer-early fall are attributed to the appearance of

blue crabs, and/or increasing vulnerability to mud crabs, which

grew at a rate of 3 mm in carapace width per month. Recovery of

free planted scallops was significantly greater for 20 than 14 mm
size classes, but both suffered heavy losses in early fall (85 and

99% respectively over a 2 wk period). Field observations are con-

sistent with laboratory results indicating that only scallops larger

than 26 mm achieve complete size refuge from D. sayi. The sig-

nificance of these studies in assessing seasonal predatory risk of

natural scallop populations, as well as the probability of success of

reseeding efforts is discussed.

CONSIDERING A SEMIANNUAL REPRODUCTIVE
CYCLE FOR THE SEA SCALLOP iPLACOPECTEN MA-
GELLANICUS) ON GEORGES BANK. Claudio Dibacco, De

partment of Oceanography, Dalhousie University, Halifax, N.S.,

Canada B3H 4J 1 .

Considerable effort goes into managing the world's largest nat-

ural sea scallop (Placopecten mageUanicus) resource located on

Georges Bank. A prerequisite in attaining and maintaining a stable

fishery is an accurate age assessment of stocks, yet standard aging

methodology remains a point contention. The controversy lies in

the number and length of spawning periods characterizing sea

scallop reproduction in the course of a year. Initial studies report a

short synchronized fall spawning season for Georges Bank

scallops. Subsequent considerations suggest more protracted

spawning events with respect to changing environmental condi-
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tions, as well as the possibility of spring spawning in the areas of

Newfoundland. Maine and the mid-Atlantic region.

Gonado-somatic indices, determined for Georges Bank

scallops over the past four years, have revealed a bimoda! repro-

ductive strategy. Preliminary analysis of histological data col-

lected in late spring and early summer ( 1990) revealed a high per-

centage of individuals possessing developed gametes, further sup-

porting the possibility that sea scallops release viable gametes at

this time. Recognition of a semiannual reproductive strategy

would influence not only biological considerations, but also the

management and regulation of the commercial scallop fishery.

INTERACTIONS BETWEEN AT-SEA HANDLING PRAC-
TICES, REGULATORY CONSTRAINTS AND SEA
SCALLOP, P. MAGELLANICUS (GMELIN). MEAT
QUALITY AND VOLUME. William D. DupauL* James E.

Kirkley, and Robert A. Fisher, Virginia Institute of Marine Sci-

ence. School of Marine Science. College of William and Mary.
Gloucester Point, VA 23062.

Weight changes in shucked sea scallops during vessel stowage
was determined for three trips during the summer months of 1 989

and 1990. Bags (N = 576) of scallop meats (36-40 lbs.) were

weighed prior to stowage in ice holds and then reweighed at off-

loading. The holding (deck treatments) of shucked scallops on

deck from 1 -8 hours prior to bagging resulted in weight gains of

7.0-22% and had significant impact on the weight gain (or loss)

of scallop meats during stowage. Deck treatments or holding con-

ditions tested included ice:seawater (1:2), sea water, ice:fresh-

water and dry. Temperatures were determined for on-deck condi-

tions and for bag cooling rates during stowage. On deck thermal

abuse (greater than 72^) of scallop meats resulted in diminished

weight uptake during stowage and adverse product integrity.

Weight gains during deck treatments and stowage can allow a

modification of industry practices relative to the minimum size

scallop shucked on the harvesting vessel. The restrictive nature of

meat count regulations coupled with the current condition of the

sea scallop resource, necessitated that commercial practices

worked counter to desired regulatory control and preferred

product quality.

TEMPORAL VARIATIONS IN SPAWNING BEHAVIOR
OF SEA SCALLOPS, PLACOPECTEN MAGELLANICUS
(GMELIN), IN THE MID-ATLANTIC RESOURCE AREA.
James E. Kirkley* and William D. Dupaul, Virginia Institute of

Marine Science. School of Marine Science, College of William

and Mary. Gloucester Point. VA 23062.

Sea scallops. PUuopecten magi'lhinuiis, from the mid-Atlantic

resource area appear to spawn at least twice a year. There is.

however, considerable variation in spawning behavior between

years. Knowledge of this variation may be quite important to man-

agement agencies concerned with maximizing yield-per-recruit

via restrictions on meat counts or temporal restrictions on catch

and effort. In this paper, the temporal variations are identified by
conventional time-series analysis of monthly gonadal indices for

1987-1990. Seasonal and cyclical behavior are identified. It is

concluded that management agencies concerned with maximizing

yield-per-recruit need to closely monitor spawning behavior.

SHORT- AND LONG-TERM TEMPORAL PATTERNS IN

THE REPRODUCTIVE CYCLE OF THE SEA SCALLOP,
PLACOPECTEN MAGELLANICUS. FROM PASSAMA-
QUODDY BAY, N.B., CANADA. G. Jay Parsons,* Dept of

Zoology. University of Guelph, Guelph. Ont.. NIG 2W1; Shawn
M. C. Robinson, Ross A. Chandler, Dept of Fisheries and

Oceans. St Andrews, N.B., EGG 2X0; Leslie A. Davison, Mark

Lanteigne, Dept. of Fisheries and Oceans, P.O. Box 5030.

Moncton. N.B. EIC 9B6; and Michael J. Dadswell, Dept. of

Biology. Acadia University, Wolfville, N.S. BOP 1X0.

The reproductive cycle of the sea scallop, Placopecten ma-

gellanicus was examined over a 13 year period from 1978-1990

at several sites within Passamaquoddy Bay. New Brunswick.

Gonad weight and gono-somatic index (GSI) were obtained from

scallop samples collected on approximately a monthly basis. From

1985-1990 samples were collected weekly during the gonad rip-

ening and spawning period. The annual reproductive cycle in Pas-

samaquoddy Bay had one main spawning period from July to

September with peak spawning occurring during August.

Spawning lasted from 20 to 35 days. Within this period, spawning
was not a continuous process, but rather was intermittent, and was

manifested as 2-3 spawning events. Annual differences in GSI

maxima ranged from 16.6% in 1980 to 28.5% in 1985. The max-

imum reproductive level (highest observed GSI) for this popula-

tion was 43%. Onset, duration, and periodicity of spawning were

consistent between years and between sites within Passamaquoddy

Bay. Juvenile scallops initiated gonad development at 40 mm
(shell height) and the majority were fully mature by 60 mm. This

corresponded to an age of less than one to two years. Annually,

male adult scallops ripened at a faster rate and attained a higher

GSI than females. Gonad ripening and spawning were synchro-

nous between sexes.

SPATIAL PATTERNS OF SPAT SETTLEMENT IN THE
SEA SCALLOP, PLACOPECTEN MAGELLANICUS. COM-
PARED TO HYDROGRAPHIC CONDITIONS IN PASSA-

MAQUODDY BAY, NEW BRUNSWICK, CANADA. M. C.

Shawn Robinson,* James D. Martin, and Ross A. Chandler,

Dept. Fisheries and Oceans. Biological Station. St. Andrews.

New Brunswick. EOG 2X0, Canada. G. Jay Parsons, Dept. Zo-

ology. Univ. Guelph, Ont. NIG 2W1,

In 1989 and 1990. a survey was conducted to examine patterns

of spat settlement in the sea scallop, Placopecten magellankus.

Standard Japanese scallop spat collection bags were deployed in a

uniform grid pattern around Passamaquoddy Bay approximately 2

m above the bottom just prior to settlement of the spat in Sep-

tember. Temperature and salinity profiles were taken at each of
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the spat collection sites on a monthly basis to document tempera-

ture regimes and the extent of mixing of the water column. Re-

sults indicated that settlement patterns were nonuniform and that

the highest settlement densities were found in the upper part of

Passamaquoddy Bay. Areas of highest settlement had densities of

spat up to 3000 per bag, had the largest individuals, and were in

the areas with the highest water temperatures. There was a 2 to 3

fold increase m the numbers of scallop spat collected in 1990

compared to 1989. Observed patterns of spat distribution corre-

sponded very well to measured hydrographic properties and ap-

peared to relate to the cirulation of a known gyre and prevailing

wind patterns at the time of settlement.

PARTICLE SELECTION BY THREE SPECIES OF
SCALLOPS. Sandra E. Shumway,* Department of Marine Re-

sources. West Boothbay Harbor. Maine, 04575; T. L. Cucci, Bi-

gelow Laboratory for Ocean Sciences. West Boothbay Harbor.

Maine. 04575: M. P. Lesser, Bigelow Laboratory for Ocean Sci-

ences, West Boothbay Harbor. Maine. 04575; N. Bourne, Pacific

Biological Station, Nanaimo. British Columbia. V9R 5K6.

Canada; B. Bunting, Island Scallops Ltd.. West Island Highway.

RR 3, Site 327. Qualicum Beach. B.C.. Canada VOR 2T0.

Juvenile scallops (<2 mm shell height) of three species {Pla-

copecten mci^ellanicus. Patinopeden yessoensis. Argopeclen ir-

radians) were fed mixed, unialgal cultures. A total of six algal

clones were fed simultaneously and clearance rates monitored

using flow cytometric techniques. In addition, scallops were pre-

sented with natural assemblages of particulate matter as a food

source. Data are presented on differences in clearance rates for the

individual algal species as well as size-related differences and up-

take of chlorophyll vs. non-chlorophyll cells both within and be-

tween scallop species. Significant differences in clearance rates of

individual algal species have been found within and between

scallop species. Particle selection does not appear to be based

upon size alone and is apparently based on characteristics of the

algae other than size, or by pre-ingestive sorting by juvenile

scallops.

RESEEDING EFFORTS AND THE STATUS OF BAY
SCALLOP POPULATIONS IN NEW YORK FOLLOWING
THE APPEARANCE OF BROWN TIDE. Stephen T. Tettel-

bach,* Long Island University, Southampton. NV 1I96S; Peter

WenczeL Long Island Green Seal Committee, Southold. NY
11971.

Populations of the bay scallop {Argopecten irrodians irro-

dians) in Long Island. New York were decimated after extensive

blooms of Aureococciis cinophcigefferens ( "brown tide") occurred

between 1985-88. Scallop mortality in 1985 was most severe in

western Peconic Bays, but populations in eastern Peconic Bays

declined dramatically following poor recruitment between

1985-87. By the winter of 1987-88. virtually no native scallop

stock remained m the Peconic Bay system. A small, natural popu-

lation centered in Napeague Harbor, an area less impacted by Au-

reococciis blooms, persisted through this period.

Extensive reseeding of halchery-rcarcd scallops in the Peconic

Bays was initiated by the Long Island Green Seal Committee in

1986. Twenty-mm seed free-planted in late October/early No-

vember 1986 survived at one of three sites to spawn the following

July. Aureococcus bloom conditions which coincided with this

spawning apparently thwarted recruitment. Twenty-mm seed

planted in mid-September 1987 were wiped out within one month;

shell fragments implicated crabs as the primary cause of mortality.

In mid-October 1988. 30-mm scallops were seeded at six sites.

Mean survival until the following summr ranged from 0-12%.

Spawn of these surviving scallops is thought to have contributed

significantly to the scallop set which occurred throughout the

eastern Peconic Bays in 1989. Observations of a small scallop set

in the western Peconic Bays and very heavy recruitment farther

east suggest that Long Island bay scallop populations arc recov-

ering.

DOES THE BEHAVIOR OF SEA SCALLOP LARVAE IN-

FLUENCE THEIR DISPERSAL? M. John Tremblay, Halifax

Fisheries Research Laboratory. Biological Sciences Branch. Dept.

of Fisheries and Oceans. P.O. Box 550. Halifax. N.S. B3J 2S7.

Sea scallop {Placopecten magellanicus) larvae undertake a

small amplitude (ca 5 m) diel vertical migration in some parts of

their range, but such a migration was not detected on Georges

Bank, perhaps because of insufficient sampling resolution. In the

shallower, well mixed parts of Georges Bank, sea scallop larvae

are distributed evenly with depth, and estimates of vertical mixing

rates are greater than the estimates of larval swimming speed. In

those areas of Georges Bank with some density stratification,

larvae are often aggregated in the region of the pycnocline. Esti-

mated vertical mixing rates for these weakly stratified areas are

closer to the swimming speed of sea scallop larvae. The aggrega-

tion of sea scallop larvae near the pycnocline does not coincide

with increased biomass of potential food (small phytoplankton

measured by chl « < 15 p,m). and the aggregation may be the

result of lower turbulence in this part of the water column.

The mean centre of mass of sea scallop larvae in the weakly

stratified parts of Georges Bank was 24.3 m (N = 25. SD =

7.2). Current speeds at this depth are lower than in the upper

5- 10 m. and therefore transport via currents should be less than if

larvae were aggregated in the surface layer. From this perspective

then, the behavior of sea scallop larvae should reduce the rate of

dispersal on Georges Bank. However sea scallop larvae do not

appear to 'use' the circulation through complex vertical migra-

tions, and the role of behavior in larval dispersal is thus less than it

could be. Given that sea scallop larvae appear to be retained on

Georges Bank without complex swimming behavior, the physical
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retentiveness of Georges Bank may be the dominant feature deter-

mining the retention of stronger swimming zooplanklers as well.

SELF-FERTILIZATION IN THE BAY SCALLOP, ARGO-
PECTEN IRRADIANS. Ami E. Wilbur* and Patrick M.

Gaffney, College of Marine Studie.s. University of Delaware.

Lewes. DE 19958.

Self-fertilization in hermaphroditic bivalves is generally

thought to only occur in small, brooding species. Other her-

maphroditic species, which spawn eggs to be fertilized externally

are only thought to self-fertilize inadvertently, and selfed progeny

are presumed to be less fit. Preliminary work with the bay scallop,

Argopecten irradians, suggests that this may not be the case for

this species. A significant portion of the eggs collected immedi-

ately upon release from isolated spawning scallops were fertilized.

Selfed larval cultures were found to grow as well as outcrossed

larval cultures. This result, however, may be confounded by an

undetermined proportion of selfed larvae in outcrossed families.

Electrophoretic types at 7 months of age has revealed a significant

portion of an outcrossed family to be the products of self-fertiliza-

tion. Comparison of selfed and outcrossed progeny for shell di-

mensions (length, height and width) suggests a lack of significant

inbreeding depression.

in silt or clay, and faster in silt than in clay. These results will be

discussed in terms of clam age. length and implications for clam-

flat seeding.

A LIGHT AND SCANNING ELECTRON MICROSCOPE
STUDY OF THE KIDNEY OF THE NORTHERN
QUAHOG, MERCENARIA MERCENARIA. A. F. Eble* and

C. Ellison, Dept. Biology. Trenton State College. Trenton. NJ

08650-4700.

The shell-side epithelium is contiguous with the mantle and

has rugae-like folds over the lower half of its surface Deeper

portions of the folds are lined with cilia; crests lack cilia. This

epithelium is a simple, tall columnar containing vacuolated cells.

The gill-side epithelium faces the mantle cavitv and helps to an-

chor the antenor extremity of the gills; the epithelium is a simple,

low columnar covered with large cilia.

Renal tubules are arranged as a compound gland. Concretions

of various sizes can be seen occupying apical portions of tubule

cells. Concretions and cellular debris are frequently seen in tubule

lumina suggesting apocrine-type secretion by tubule cells. Main

ducts leading from kidney have been investigated using a variety

of histochemical procedures.

GENERAL BIOLOGY
OF BIVALVES

BIOTIC AND ABIOTIC FACTORS INFLUENCING THE
BURROWING OF THE SOFTSHELL CLAM, MYA ARE-

NARIA. Cal Baier-Anderson, University of Maine. Orono. ME
04469.

Clamflat seeding, using hatchery-reared softshell clams {Mya

arenaria) has the potential to increase clamflat productivity in

over-harvested areas. Seed clams must be capable of rapid bur-

rowing into the sediment to reduce losses to predation. Two labo-

ratory experiments, designed to characterize the burrowing ability

of softshell clams, were performed in 1989 at the BeaFs Island

Regional Shellfish Hatchery. In the first experiment, burrowing

times of hatchery-reared clams (x SL = II .36 mm. SE = 0.2 1 .

N = 96) were compared to clams from a local clamflat (e.g.

••natural" clams, xSL = 12.11mm. SE = 0.34. N = 38). The

second experiment compared burrowing times of hatchery clams

(x SL = 20.08 mm, SE = 0.10, N = 144) and natural clams (x

SL = 21.40 mm, SE = 0.19. N = 71) in three substrates: clay.

sand and silt.

All burrowing time data was analyzed using survivor analysis

(SAS Lifetest). In the first test, hatchery-reared clams burrowed

significantly faster than natural clams. In the second experiment,

general trends indicate that I ) hatchery clams burrow significantly

faster than natural clams, and 2) clams burrow (aster in sand than

LECTIN CONTENT AND SPECIFICITY IN SERUM AND
MUCUS OF OYSTERS. William S. Fisher.* US Environ-

mental Protection Agency, Gulf Breeze Environmental Research

Laboratory, Sabine Island, Gulf Breeze, PL 32561.

Lectins are protein complexes with carbohydrate-specific

binding properties that may function in marine invertebrates as

nonself recognition molecules and opsonins. Lectin activity has

been demonstrated in sera and/or homocytes of many marine in-

vertebrates including oysters Crassostiea virginica. Lectins can

be detected by agglutination of homologous particles; agglutina-

tion is dependent on the specific interaction of a lectin with sur-

face carbohydrates. Serum from C. virginica has been shown to

agglutinate a broad range of vertebrate erythrocytes and bacteria

while retaining a high degree of specificity. For example, one

oyster lectin strongly agglutinated Vibrio cholerae 01 but did not

recognize the non-Ol serotype. It is noteworthy that other Vibrio

species known to cause disease in humans and marine organisms

(V. alginohlicus. V. damsela. V. parahemolyticus and V. vulni-

ficus) were not agglutinated by oyster serum.

Mucus on the organ surfaces of oysters exhibited agglutinating

activity that was similar in specificity to .serum from the same

animal. Lectins appeared to be associated with homogenates of

mantle, gill and digestive gland, but not with adductor muscle.

Lectin presence in the mucus may function in external defense or

food selection. It has been generally accepted that leucocytes pro-

duce scrum lectins, yet this recent evidence implies that lectins

occur both externally and internally and may be secreted by sev-

eral tissues.
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A NEW METHOD FOR DIRECTLY MEASURING BI-

VALVE PUMPING VELOCITY. Elizabeth J. Turner, Insti

tute of Marine & Coastal Sciences. Rutgers LIniversity. New

Bninswick, NJ 08903.

A drawback to studies of bivalve filtration has been the lack of

a suitable method for directly measuring pumping velocity. Esti-

mates of filtration rates based on clearance of particles from sus-

pension, or O2 consumption, cannot be used in field situations or

in laboratory flows typical of a benthic environment. I present a

method of directly monitoring the velocity of water flowing

through a clam's valves, based upon a heated-bead thermistor

flowmeter. A heated-bead thermistor, connected to a nylon bolt,

can be inserted into the mantle cavity of a clam by drilling the

shell, puncturing the mantle and inserting the bead through the

hole. A nylon nut. cemented around the hole in the shell, keeps

the thermistor in place. Preliminary data from Mercenaha mer-

cenaria show no differences in average pumping velocity between

external flows of 20 cm/s and 30 cm/s Pseudofeces production is

easily monitored with the flowmeter, and is extremely regular in

still water and in both 20 cm/s and 30 cm/s flows. However, the

time elapsed between pseudofeces ejections is longer in the faster

flow. The development of this monitoring method allows separa-

tion of the effects of flow from the effects of susjjended particu-

lates on bivalve filtration rates.

ANALYSIS OF THE MICROSTRUCUTE AND FRAGILITY

OF THE SHELLS OF PACIFIC GEODUCK {PANOPEA

ABRUPTA) REARED IN ARTIFICIAL NURSERIES. Donald

E. Velasquez,* School of Fisheries. University of Washington,

SeatleWA 98195.

The state of Washington is currently involved in a program

aimed at artificial enhancement of harvestable stocks of geoduck

clams. With this goal in mind, three main problems have surfaced:

consistent production of sufficient plantable seed clams, shell fra-

gility in these clams, and very heavy predation mortality for the

first year after planting. Two nurseries were utilized and evaluated

during the spring and summer of 1990 in the Puget Sound area.

This research is primarily directed toward the problem of shell

fragility which has been apparent in some nursery-produced seed.

An experiment under artificial conditions is planned to assess if

shell breakage contributes to the subsequent problem of predation

mortality. Shell quality of seed clams taken from both nurseries

will be correlated to information obtained from scanning electron

micrographs of valve sections.

A secondary' goal of this research is to provide basic informa-

tion on geoduck shell structure. While current theory suggests that

periods of anaerobic respiration are recorded in microgrowth in-

crements of the bivalve shell, it is unclear to what extent these are

recorded in gaper clams. Natural subtidal and low intertidal

groups of geoduck are analyzed and compared via acetate peel

technique to determine whether exposure episodes are evident in

the shell record.

BIVALVE
EARLY LIFE HISTORY

ALTERNATIVES TO CLAMSHELL FOR OYSTER SPAT

PRODUCTION. Robert C. Broadhurst III, Thomas M.

Soniat,* and Edward L. Haywood III, Department of Biological

Sciences. University of New Orleans. New Orleans. LA 70148.

The effectiveness of clamshell, limestone, gravel, and concrete

as substrate for settlement of the Eastern oyster, Crassostrea

virginica (Gmelin. 1791). was compared in field and laboratory

experiments. A method to produce cultchless oysters using

gypsum was also investigated. Setting rates observed on limestone

in the field experiment were approximately 1.9 times those on

clamshell, and 8.2 those on gravel. In the laboratory experiment,

limestone caught approximately 1.9 times as many spat as con-

crete, and 7.4 times more than gravel. Setting rates on gypsum

matched those on clamshell in hatchery experiments. (All statis-

tical tests employed non-parametric, one-way analysis of vari-

ance; p < 0.05). Larvae metamorphosed and subsequently de-

tached from dissolving gypsum, thus providing cultchless spat.

EVALUATION OF NILE RED AS A FLUORESCENT,
LIPID SPECIFIC STAIN FOR USE WITH INTACT BI-

VALVE LARVAE. Laura L. Castell and Roger Mann,* Vir-

ginia Institute of Marine Science. College of William and Mary.

Gloucester Point. VA 23062.

Previous studies have demonstrated the value of lipid content

of bivalve larvae as an indicator of physiological condition. The

visual, lipid specific stain Oil Red O can be used as a convenient

qualitative indicator without complex instrumentation. Accurate

quantification can be effected using microphotometry but is te-

dious and time consuming, requiring six photometric readings at

three wavelengths per larvae. We present an evaluation of Nile

Red. a fluorescent lipid specific stain, as an alternative to Oil Red

O. Accurate quantification is available through microfluorometry

using only one reading per larvae; however, the method is very

sensitive to variation in larval fixation and staining protocols.

Long term storage of larvae prior to analysis does not appear fea-

sible, although some level of automation may facilitate rapid

sample analysis.

EELGRASS AS A LARVAL TRAP: THE "HONAMI" EF-

FECT. Heidi Hoven,* Dep't. of Plant Biology and Jackson Es-

tuarine Laboratory. University of New Hampshire. Durham. NH

03824; Ray Grizzle, Livingston University. Livingston. AL

35470; Frederick Short. Dep't. of Natural Resources and

Jackson Estuarine Laboratory/Center for Marine Biology, Univer-

sity of New Hampshire; Linda Kindblom, University of Maine.

Orono. ME 04469.

Our observations of the Zostera marina (eelgrass) canopy un-

dulating in response to rapid tidal currents ("honami"). and the

settlement patterns of Mytilus edulis (blue mussel) onto these
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blades of eelgrass suggest a potentially very important hydrody-

namical effect on larval settlement. Early post-larval and juvenile

mussels consistently occurred in substantially higher abundances

at the distal tips (top 30 cm) of eelgrass compared to the lower

portions of the blades. Larval settlement of this type is found ex-

tensively in eelgrass meadows near the mouth of the Jordan River,

Maine and elsewhere along the New England coast. Underwater

observations made while measuring tidal current profiles showed

a dramatic waving response of eelgrass which produces up to a

50'7f vanability in the midwater current speeds.

Because of the upper portion of eelgrass leaves moved through

more of the water column per unit time while undulating in high

current speeds than dunng times of low current speeds, we hy-

pothesize that this mechanism resulted in the greater recruitment

occumng on upper portions of the blades than on the lower por-

tions. The distal tips were more likely to encounter larvae. We

suggest that seagrass waving may affect hydrodynamical condi-

tions above the canopy such that greater larval numbers are di-

rected into the eelgrass bed than would arrive by other settlement

mechanisms. Our hypothesis has major implications for larval re-

cruitment in both field and flume studies.

EFFECT OF AERIAL EXPOSURE OF CRASSOSTREA
RHIZOPHORAE SPAT ON GROWTH AND SURVIVAL
DURING GROW OUT. Gary F. Newkirk* and K. Richards,

Biology Department, Dalhousie University. Halifax. N.S..

Canada B3H 4JI and Oyster Culture Project. Ministry of Agricul-

ture. Kingston 7. Jamaica.

The mangrove oyster. Crassoslrea rhizophorae . occurs natu-

rally in the intertidal zone in the Canbbean. In Cuba culture of this

species has been intertidal but in Jamaica subtidal culture has been

developing. There is evidence to suggest that C . rhizophorae is

physiologically adapted to the intertidal and that growth and sur-

vival IS enhanced by aerial exposure. Recently spat collection in

Jamaica has changed from intertidal collection to subtidal collec-

tion with a great increase in efficiency with respect to spat density

per cultch. In this expenment spat exposed to different penods of

intertidal exposure (4 hours per day, 1, 2, 4 and 6 days per fort-

night) and different lengths of time on the spat racks (2 to 8

weeks) were monitored for growth and survival in subtidal grow
out. There was an increase in mean size evident at 16 weeks as a

result of increased aenal exposure during the month subsequent to

set. Survival was not affected but yield of marketable oysters was

also increased.

TEMPORAL ANALYSIS OF THE RECRUIT-SETTLER
RELATIONSHIP IN OYSTERS. G. Curtis Roegner, Depart

ment of Oceanography. Dalhousie Universitv. Halifax. N.S..

Canada B3H 4J1

Hatchery-reared pediveliger larvae of the eastern oyster

Crassoslrea vir^inica (Gmelin) were used to evaluate temporal

aspects of the relationship between the density of settlers and the

subsequent mortality of recruits. Controlled settlement, frequent

photographic sampling of experimental substrates, and image

analysis techniques allowed for a clear distinction between settlers

and recruits over time. High initial mortality and variable re-

sponses to density attnbutable to the oyster growth form resulted
'

in density- independent mortality patterns throughout the sample

penod. Despite this, the results indicate that estimating densities

of settlers from densities of recruits using linear regression anal-

ysis IS inappropnate with this species because of changes in the

mortality rate (slope of the regression lines) with time.

PARASITES AND DISEASE

RECENT OBSERVATIONS ON THE SPORE STATE OF
HAPLOSPORIDIVM NELSOM i = MSX) IN THE EASTERN
OYSTER CRASSOSTREA VIRGINICA. Robert Barber,*

Sheila Kanaley, and Susan Ford, Haskin Shellfish Research

Laboratory. P.O. Box 687. Port Noms, NJ 08349

The spore stage of Haplospondium nelsoni has been rarely re-

ported (<0.01% of infected oysters) and a second host has been

postulated. Recent intensive sampling of spat (<1 year) in Dela-

ware Bay suggests that sporulation occurs regularly in this group.

In May 1988. 30-35% of 1987 year class spat were infected with

plasmodial stages of W. nelsoni. Infections became advanced and

by June 20. 83% of spat with advanced infections contained

spores. By July 5, prevalence was 10%, and the single advanced

infection was found in sporulation. Between October 21 and De-

cember 2, '/) of July spat settlement were found with spores, rep-

resenting 75% of advanced infections. In 1989, 6% of all spat

were infected, three were advanced, and one found in late August

had spores. In 1990, 10% of spat in June were infected and 75%

of advanced infections were found with spores.

We also report finding operculated spores in the digestive tract

lumina of fi.xed and stained sections of uninfected oysters, even in

archived slides of oysters collected in 1958, during the original

heavy epizootics of 1957-58 in Delaware Bay, and pre-dating the

finding of W. neisoni spores associated with plasmodial infections

by two years. Preliminary evidence suggests that these spores are

most prevalent in the months of July and September-October,

coincident with, or just after peak periods of H. nelsoni spore

production m infected spat. NJAES Publication No. K-32405-

1-91.

GULF OF MEXICO OYSTERS: HISTOPATHOLOGY,
PARASITES, AND HEAVY METALS. Stephanie A. Boyles.*

Eric N. Powell, and Robert Taylor, Dept of Oceanogr.. Texas

A&M Univ., College Station, TX 77843; Julie Gauthier, Mar.

Biomed. Inst . Univ. Texas Med. Branch, Galveston, TX 77550.

Oysters were collected in the Gulf of Mexico as part of the

Status and Trends 1989 Year V (Mussel Watch) program at 63

sites from Brownsville, TX to the Florida Everglades. Each was

analyzed for Perkinsus marinus prevalence and infection intensity
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by the thioglycoliate method, and examined histologically for the

presence of digestive gland atrophy IDGC). number of brown

bodies, and parasites including N('mat(>psi\ pniherchi. N . oslre-

arum. Bucephalus sp.. and cestodes, N. ostrearum was widely

distributed throughout the entire Gulf. A', prylhenhi was abundant

in oysters from most western Louisiana and Texas bays but the

species was rare in the eastern Gulf. DGA was common in Gulf

oysters: DGA had a Gulf-wide mean of 1 .84 on a scale of to 4

(0, no atrophy, to 4, heavily atrophied); 10 buys had menas

greater than 2.5. The abundance of brown bodies was higher in

the southern Gulf (both eastern and western coasts) than in the

northern Gulf. The body burdens of several heavy metals and

poly nuclear aromatic hydrocarbons (PAHs) were measured in the

same oysters. The body burden of arsenic was significantly corre-

lated with DGA, the number of brown bodies, and the abundance

of A*, prytherchi (P < 0.05). The degree of DGA was also corre-

lated with arsenic and copper (P < 0.05), and the abundance of A.

prytherchi was significantly related to selenium concentration (P

< 0.05). Combined with length, the histopathologies and para-

sites accounted for nearly 50% of the site-to-site variation in body

burden for these heavy metals.

CONCENTRATION OF VIBRO VULNIFICUS IN

OYSTERS, CRASSOSTREA VIRGINICA. GROWN IN

PONDS WITH PACIFIC WHITE SHRIMP, PENAEUS
VANNAMIE. Victor G. Burrell, Jr.,*' Jennifer Sample,^

Coley Batey,' and M. Yvonne Bobo,' S.C. Marine Resources

Research Insitute,' NMFS Southeastern Fisheries Center,

Charleston, SC^

Shrimp farmers are interested in growing molluscs with shrimp

in order to maximize profit and improve water quality. The pres-

ence of Vibrio vulnificus, a human pathogen, in southern waters

and the tendency of Vibrio to be associated with chitonous shelled

animals such as shrimp has raised public health questions about

this practice. In order to address the question of V. vulnificus in

oysters and the association of V. vulnificus with fecal coliforms in

a pond situation, oysters naturally infected with V. vulnificus were

grown in trays in ponds stocked with Pacific white shrimp. At the

end of 30 days no V. vulnificus was detected in the oysters in

ponds, however, in controls placed in the Colleton River V. vulni-

ficus in oysters had increased. No further infections were noted in

pond oysters while in the nver oysters Vibrio remained fairly con-

stant. Vibrio infection did not appear to be correlated with levels

of fecal coliform in oyster meats and water, nor with salinity and

temf>erature .

CHEMOTAXIS OF MERCENARIA MERCENARIA HEMO-
CYTES TO BACTERIA. Lynda B. Fawcett* and Marenes R.

Tripp, School of Life and Health Sciences University of Dela-

ware, Newark. DE 19716.

The internal defense system of molluscs consists of hemocytes

that migrate to and phagocytose foreign material in tissues. The

goal of this research was to identify mechanisms responsible for

migration of Mercenaria mercenaria hemocytes using as in vitro

assay (modified Boyden cambers). Responses to both gram posi-

tive (Staphylococcus aureus) and gram negative (Escherichia coli.

marine isolates) bacteria were measured. Hemocytes migrate to

live bacteria and culture supematent but not to heat killed bacteria.

The attractant is heat stable ( 100°C) and dialyzable. Treatment of

culture supernatant with protease reduces but does not abolish ac-

tivity suggesting that at least one attractant present in the superna-

tant is proteinaceous. N-acetyl glucosamine, N-acetyl muramic

acid (both major components of bacterial cell walls), and formyl-

methionyl-valine (a vertebrate leukocyte attractant) were not at-

tractive. Tissue extracts from gill and mantle were also ineffective

in inducing migration of hemocytes. M. mercenaria hemocytes

migrate towards bacteria only in a gradient of attractant suggesting

true chemotaxis (directed migration) vs chemokinesis (increased

non-specific motility). The results of these in vitro studies indicate

that chemotaxis of M. mercenaria hemocytes to bacteria may ac-

count for large accumulations of hemocytes at sites of infection in

vivo.

THE INCIDENCE AND ELMINATION OF VIBRIOS AND
FECAL-BORNE BACTERIA FROM NORTHERN NEW
ENGLAND OYSTERS. Stephen H. Jones,* Kathleen R.

O'Neill, Thomas L., HowelL Richard Langan, Aaron B. Mar-

golin, and D. Jay Grimes, University of New Hampshire,

Durham, NH 03824; Spinney Creek Oyster Co., Eliot, ME
03903.

The Great Bay/Piscataqua River Estuary in New Hampshire

and Maine has an abundant oyster resource. Spinney Creek Oyster

Company (SCOC) of Eliot, Maine, operates a depuration facility

and relay lagoons for oysters harvested from the Piscataqua River

in Maine. Following our recent discovery of Vibrio vulnificus in

the estuary, we were interested in determining factors that may
influence its incidence and elimination from oysters. Oysters har-

vested from 9 sites in the estuary, depurated and relayed oysters,

and water samples were analyzed for the presence of fecal coli-

forms (FC), Escherichia coli. V, vulnificus, and total vibrios

(TV). A polymerase chain reaction-based detection method for V.

vulnificus was also tested. Fecal indicators were always detected

at varying levels in water and oysters throughout the estuary. V.

vulnificus was detected consistently during July-October,

1989-90, in all of the major tributaries, but only twice in Great

Bay (GB). V. vulnificus was not detected during November- June,

and its incidence was closely correlated with temperature and sa-

linity. Depuration and relaying at SCOC resulted in drastic reduc-

tions in levels of fecal coliforms and E. coli in oysters TV and V.

vulnificus did not respond to depuration. Relaying oysters to

SCOC lagoons for 7 days had no effect on TV, but decreased

levels of FC and V. vulnificus. FC levels decreased within 1 week

and V. vulnificus was eliminated after 4 weeks in oysters relayed

from the Piscataqua River to GB. These results demonstrate the
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differences in incidence and the potential for elimination from

oysters between indigenous, estuarine and fecal-borne bacteria.

RECENT DEVELOPMENTS IN THE ANALYSIS OF DSP
TOXINS. J. C. Marr,* T. Hu, and L. McDowell, Fenwick

Laboratories Limited. Suite 200. 5395 Fenwick St.. Halifax,

N.S., Canada B3H 4M2: A. S. W. Defreitas and S. Pleasance,

(under contract from SCIEX. Inc.. Thomhill, Ontario), M. A.

Qullliam and J. L. C. Wright, Institute for Marine Biosciences,

National Research Council of Canada. 1411 Oxford St.. Halifax.

N.S.. Canada B3H 3Z1.

One group of marine toxins that is recognized as a threat in

both Europe and Japan is the family of diarrhetic shellfish poi-

soning (DSP) toxins. Okadaic acid (OA) and a methylated ho-

molog of OA known as dinophysistoxin-1, DTX-1. are the most

common. It has been reported that these toxins are produced by a

number of dinoflagellate species. One group, belonging to the

genus Dinophysis, has recently been found in eastern Canadian

waters. Currently no regulatory limits have been established for

DSP toxins in Canada. However, before limits can be realistically

applied, standards of the toxins must be available and methods to

analyze them must be in place.

In 1989. a collaborative research project between Fenwick

Laboratories and the National Research Council of Canada was

established. The research has focussed on the development of im-

proved methods for extraction and clean-up for the preparative

isolation of DSP toxins and for the routine analysis of trace levels

in shellfish tissue. A major effort has been devoted to the develop-

ment of improved HPLC methods, including the application of

LC/MS technology for identification of the toxins. This expertise

was used during a recent incident of DSP in Nova Scotia where a

local source of cultured mussels was shown to contain high levels

of DTX-I.

STRUGGLE FOR SURVIVAL—THE PACIFIC RAZOR
CLAM AND DISEASE. Donald D. Simons,* and Dan L.

Ayres, Washington State Department of Fisheries. 331 State

Highway 12. Montesano. WA 98563.

The Pacific razor clam (Siliqiia patulu Dixon) has long been

one of the most sought after shellfish resources m Washington

State. Beginning in the late I800"s as a commercial fishery, razor

clam digging evolved into a popular recreational fishery. By the

late 197()"s. over 300.000 clam diggers made almost a million

user trips a year. This tremendous effort resulted in a noticeable

decline in the harvestablc populations on all coastal beaches.

Management biologist attempted to balance the increasing effort

with the decreasing stocks. Then in 1983. during routine popula-

tion sampling, losses up to 95% of all razor clams were discov-

ered. All clam digging was suspended as studies were undertaken

to discover the cause of the losses. The dramatic decline of the

clams was from a previously unknown gill parasite labeled NIX

(Nuclear Inclusion Unknown). The discovery of the disease and

its effect on the razor clam resource has permanently altered pre-

vious methods of management. This article outlines the changes

and their effects on not only the resource but also on the users and

local economy.

HEMOLYMPH SERA FROM SARCOMATOUS AND
HEALTHY SOFTSHELL CLAMS (MYA ARENARIA L.):

DIFFERENT BIOCHEMICAL AND FUNCTIONAL MI-

LIEUS. Inke M. Sunila,* and Christopher F. Dungan, Mary-

land DNR, Cooperative, Oxford Laboratory, 904 S. Morris

Street, Oxford, MD 21654.

Serum-sarcoma cell interactions enhance transmission of sar-

coma in the soft shell clam (Mya arenaria L). Injection of sar-

coma hemolymph (sarcoma cells and serum) results in disease

transmission in recipient clams one month post injection. If sar-

coma cells are isolated and administered in artificial sea water, in

serum from healthy clams, in heat-treated sarcoma serum or in

sarcoma serum digested with proteolytic enzymes, there is a sim-

ilar lag period in all these groups. This suggests that tumor pro-

moting factors in serum are heat sensitive proteins. Hemolymph

samples from terminal stage or healthy clams, and repeated

samples from clams with progressing sarcoma were collected m
order to measure quantitative and qualitative differences in serum

proteins. Total serum protein concentrations were significantly

higher (1.7 x) and more variable in clams at terminal stage of

sarcoma than in healthy clams. The amount of serum proteins in

diseased clams increased with time. According to SDS PAGE,

different protein bands with more variability distinguished ter-

minal stage clams from healthy clams.

We propose that some proteins present in the serum of healthy

clams, but not in that of the sarcomatous clams, represent proteins

originating from hemocytes (lysosomal enzymes, hemolysins and

agglutinins), the lack of which explain, in part, impaired defense

mechanisms of sarcomatous clams. We further propose that some

proteins present in the serum of sarcomatous clams, but not in the

healthy clams, represent proteins originating from sarcoma cells

(growth factors, products of oncogenes), the functions of which

might include mitogenic activity towards sarcoma cells and cyto-

toxic activity towards healthy hemocytes.

DEFENSE MECHANISMS OF GEUKENSIA DEMISSA.
M. R. Tripp and K. Hackett, School of Life and Health Sci-

ences, University of Delaware. Newark, DE 19716.

The ribbed mussel. Geukensia demissa. is not of commercial

importance but is an important inhabitant of intertidal marshes.

This is a preliminary report on its defense mechanisms. Micro-

scopic examination shows hemolymph to contain granular and

agranular amebocytes. fibroblast-likc cells and a few cells with

distinctive inclusions. The most prominent cell is a distinctive

granulocyte that readily phagocytoses red blood cells, yeast and

bacteria. Hemolymph is not required for phagocytosis even

though it contains lectins that agglutinate various biological par-
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tides. Cross-absoiT)tion experiments suggest that a complex

family of lectins exists in normal hcmolymph. In addition, an he-

molysin of broad specificity is present in normal hcmolymph. The

importance of these factors for defense of G. demissa tissues will

be discussed.

OYSTERS

EFFECTS OF LOW OXYGEN ON SURVIVAL AND

GROWTH OF TWO SIZES OF THE EASTERN OYSTER

CRASSOSTREA VIRGINICA IN CHESAPEAKE BAY.

George R. Abbe,* Richard W. Osman. and Denise L. Breit-

burg, The Academy of Natural Sciences, Benedict Estuarine Re-

search Laboratory, Benedict, MD 20612.

Some of the large decrease in oyster production in Chesapeake

Bay over the last few decades has been due to habitat loss from

anoxic or near anoxic water spreading from deep areas toward

shore during summer. Older oysters are able to withstand periodic

low-oxygen conditions, but newly set oysters may not have this

ability. To investigate the effects of oxygen-depleted water on

various sizes, two age classes of oysters were placed in the field

during 1989 and 1990 in water depths of 2, 5, and 9 m. Frequency

and duration of low oxygen episodes during this time increased

with depth. In each of three experiments 100 cm- panels, each

with at least 100 spat (1- to 3-days old), were suspended 0.5 m

above the bottom. Panels were retrieved after 1. 2, and 4 weeks,

and surviving spat were counted and measured; panels were re-

trieved monthly thereafter. Trays of 1 -year-old oysters were also

deployed at the same sites with some 0.5 m off bottom and some

directly on bottom: these oysters were measured monthly. After 1

month all oysters were photographed and growth was determined

by analysis of digitized photographs.

During the first week at 2, 5, and 9 m, mean survivorship of

spat was 36, 35, and 31%, respectively, and during the second

week it was 56, 33, and 26'7f . Mean sizes after 1 week at 2, 5. and

9 m were 1.8, 1.5. and 1.0 mm, respectively, and after 2 weeks

they were 4.8, 4.0, and 2.6 mm. Almost no mortality occurred

among 1 -year-old oysters, and growth differences were much less

evident than for spat, but significantly lower meat conditions at

the 9-m site indicated that they were also adversely affected by

low-oxygen water.

APPLICATION OF AN IMMUNOLOGICAL PROBE IN

MEASURING INSTANTANEOUS REPRODUCTIVE RATE

OF FEMALE EASTERN OYSTERS. CRASSOSTREA VIR-

GINICA. K.-S. Choi and E. N. Powell, Dept Occangr ; D. H.

Lewis, Dept. Veterinary Pathobiology. Texas A&M Univ., Col-

lege Station. TX 77843; S. M. Ray, Dept. Marine Biology,

Texas A&M Univ. at Galveston, Galveston, TX 77550.

A radio-immunological precipitation assay using a rabbit anti-

oyster egg IgG as the primary antibody and Staphylococcus

aureus (Cowan I strain) cell suspension (Protein A) as an antibody

adsorbent was developed for measuring instantaneous reproduc-

tive rate of oysters. Oysters were injected with '"C-leucine via the

adductor muscle and incubated in situ for 1 to 30 hr. The gonadal

material was separated from other somatic tissues and homoge-

nized in phosphate-buffered saline using a glass syringe homoge-

nizer and an ultrasonicator. The quantity of gonadal protein was

measured by an immunological ring diffusion test using rabbit

anti-oyster egg serum in agarose gel coated on a glass plate. C-

labeled gonadal protein was precipitated from the homogenate

using rabbit anti-oyster egg IgG. The antigen-antibody complex

was further punfied using Staphylococcal Protein A. Specific ac-

tivity of '"C-leucine was determined after separation on an amino

acid analyzer. ''C-leucinc incorporation reached a maximum be-

tween 5 and 10 hr after injection. Between 20 and 30 hr, some

loss of incorporated ''C-leucine was observed. Instantaneous re-

productive rates determined from the radio-immunological precip-

itation were found to be highest during August (of the months

Aug.-Jan.) when oysters are actively investing their resources

into egg synthesis for the upcoming fall spawning peak.

EFFECTS OF IMMERSION TIME AND TIDAL POSITION

ON THE IN SITU GROWTH RATES OF A NATURALLY

SETTLED BIVALVE. Michael P. Crosby,* Cynthia F.

Roberts, and Paul D. Kenny, Baruch Marine Lab, University of

South Carolina, Georgetown, SC.

If intertidal populations of suspension-feeding bivalves are

able to maintain equal (or greater) rates of growth as their subtidal

siblings, a) adaptive metabolic capacities must exist in the inter-

tidal populations to compensate for shorter feeding periods or b)

selective disadvantages, such as predation or disease, must exist

in the subtidal populations. Studying rates of growth in inter-

versus subtidal suspension-feeding sibling bivalve populations

under the same environmental conditions (other than immersion

time) will demonstrate if such adaptations or selective disadvan-

tages exists for a given species. We examined the effects of im-

mersion time on in situ growth rates (from metamorphosis to mid/

late juvenile state) of juvenile oysters which metamorphosed natu-

rally in tidal creeks of a South Carolina salt marsh. Although spat

height (ht) increased at equal rates dunng this penod when re-

gressed with days measured, and ht of inter- and subtidal spat was

not significantly different on the initial days of measurement, the

intercept of the ht with days measured model was significantly

greater for sub- than intertidal spat. In addition, the overall mean

of subtidal spat ht was significantly greater than that for intertidal

spat. These results are indicative of differential rates of growth

within and between inter- and subtidal oysters. The critical point

of differential daily growth rate (RATEJ between sub- and

intertidal spat began immediately post-metamorphosis and con-

tinued until each population had been immersed for a total of

-850 h. Prior to -850 h of immersion, subtidal spat grew at a
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significantly greater RATE^ than intertidal populations, although

subtidal spat RATE^ did not significantly increase with increasing

total hours submerged (HRSj). The initially lower intertidal

RATE, did significantly increase with HRS^ until -850 HRS-f, at

which time RATE, platcaued. At >850 HRSj, sub- and intertidal

RATE, were no longer significantly different.

SURVIVAL AND GROWTH OF EASTERN OYSTERS
HELD IN TRAYS IN CORPUS CHRISTI BAY, TEXAS.

J. D. Gray,* T. L. King, W. B. Kehoe, G. C. Matlock, and

R. L. Colura, Perry R. Bass Marine Fisheries Research St..

Texas Parks and Wildlife Dept.. Star Route Box 385, Palacios,

TX 77465.

The eastern oyster {Crassostrea virginUii) was commercially

harvested from Corpus Christi Bay until 1959, after which most

reefs were non-productive. Reasons for the demise of oyster popu-

lations in Corpus Christi Bay have been attributed in-part to per-

sistent high salinities. The re-establishment of an eastern oyster

fishery in Corpus Christi Bay may be possible by stocking oysters

preadapted to conditions similar to those found in Corpus Christi

Bay. Populations of eastern oysters in South Bay, Texas are re-

ported to survive, spawn and achieve rapid growth in salinities

>40%f . The purpose of this study was to compare growth and

survival of Eastern oysters from South and Corpus Christi bays

held in Corpus Christi Bay. Eastern oysters were collected from

South and Corpus Christi bays and maintained in trays for 12

months. There were no significant differences in mean total length

between bay systems. However South Bay oysters had a signifi-

cantly higher growth rate and survival percentage suggesting they

may be better adapted to prevailing conditions within the bay.

A COMPARISON OF HEMOLYMPH TO EXTRAPALLIAL
FLUID OF THE EASTERN OYSTER, CRASSOSTREA VIR-

GINICA. Andrew S. Mount* and Alfred P. Wheeler, Clemson

University. Department of Biological Sciences, Room 132 Long

Hall. Clemson. SC 29631.

The total calcium content of pooled mantle fluid (shell liquor),

hemolymph. and extrapallial fluid was determined from oysters

collected from North Inlet. South Carolina. Total calcium values

among the compartments were found to have seasonal variability.

Free calcium levels, determined by specific ion electrode, re-

vealed approximately 30% of the total extrapallial tluid calcium

was bound.

Proteins and free aminos acids in the hemolymph and extrapal-

lial fluid of the oyster appear to have different roles in the physi-

ology of the organism. Specifically, the extrapallial tluid proteins

were found to be similar to soluble, shell matrix proteins that have

been extracted from oyster shell.

The free amino acid content of the tluids diflercd significantly

among hemolymph and extrapallial fluid. Free amino acids de-

tected in the extrapallial tluid bound nominal amounts of calcium

at physiologically relevant concentrations of magnesium. It was

concluded that the complement of free amino acids detected in the

extrapallial fluid do not have a direct role in nucleation events by

an equilibrium or transport mechanism and therefore have little to

do directly with shell formation. It is possible that free amino

acids in the fluid may act in concert with other organic substances

(such as organic acids) to form coordination complexes that would

favor the formation of calcite in association with an organic matrix

at the ionic strength of seawater.

OYSTER CULTURE IN BON SECOUR BAY, ALABAMA.

Christopher L. Nelson,* Bon Secour Fisheries, Inc.. Bon Se-

cour, Alabama 3651 1; Richard K. Wallace, Auburn University

Marine Extension and Research Center. 4170 Commanders Drive,

Mobile. AL 36615.

Oyster culture along the Gulf of Mexico coast has not pro-

gressed much beyond providing substrate for spat despite de-

clining production from public waters. A pilot project was initi-

ated to investigate the feasibility of culturing the eastern oyster

{Crassostrea virginica) at three sites in Mobile Bay using three

variations of off-bottom, mesh bag culture.

Hatchery produced, cultchless spat ( 1 .6-5.4 millimeters (mm)

shell height) were held first in concrete raceways and later in a

fertilized pond. After 45 days (d) oysters in mesh bags were

moved to Bon Secour Bay and placed on a 2 meter vertical rack (7

levels), a horizontal belt suspended between pilings or on a belt

suspended under a raft. As the oysters grew they were restocked

into larger mesh bags at lower densities. After 60 d at the initial

site, a portion of the oysters was moved to each of two other sites.

In the Bay. oysters grew from a mean 14.6 mm ± 0.5 SE (n

= 100) to 42.8 mm ± 1.5 SE (n = 100) during the period 30

August 1990 through 31 January 1991 (156 d). Oysters on the

vertical rank at the middle and bottom levels were larger than the

suspended belt oysters. Oysters from the rank top level were

smaller (mean = 36.1 mm ± 1.6 SE. n = 33). than those from

the middle (mean = 48.3 mm ± 2.0 SE. n = 33). or bottom

(mean = 48.1 mm ± 1.7 SE. n = 33) level. Oysters were also

smaller on the top level of ranks at the other two sites. There do

not appear to be any important differences in growth among the

three sites at this time. Overall, the oysters have reached 60 per-

cent of harvestable length (75 mm) with negligible mortality in the

201 d of nursery and bay culture.

/A' VITRO ASSESSMENT OF GROWTH RATE ON
OYSTER TISSUES: THE EFFECTS OF VERTEBRATE
GROWTH HORMONE AND INSULIN. Kennedy T.

Paynter, The Johns Hopkins University. 4800 Atwcll Rd.. Shady

Side. MD 20764.

Molluscan growth appears to be regulated to some degree by a

hormonal system. For instance, bovine growth hormone and in-

sulin have both been shown to mcrease the growth rate of abalonc
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larvae, and rainbow trout growth hormone stimulated oyster

growth at low concentrations in seawater. In order to study the

cellular aspects of bivalve growth, a series of experiments were

conducted to examme the effects of trout growth hormone and

insulin on amino acid incorporation, thymidine incorporation and

oxygen consumption in oyster tissues.

Trout growth hormone and insulin stmiulaled oxygen con-

sumption in isolated oyster tissues. However, neither treatment

stimulated amino acid or thymidine incorporation in a variety of

incubation experiments. Many treatment regimes were tested m

which dose and incubation time were manipulated using both

whole animal and isolated tissues. None of the treatments resulted

in significantly increased incorporation rates.

In an effort to understand these confounding results, incorpora-

tion rates were measured in oyster populations that were known to

be growing at different rates by virtue of being cultured at dif-

ferent sites. Oysters cultured in Mobjack Bay. VA, grew nearly

twice as fast as animals grown in the Wye River, MD. however,

incorporation rates of amino acids or thymidine, measured under

ambient conditions during periods of active growth, were not dif-

ferent between the two groups.

Our results suggest that the biochemistry of bivalve growth is

complex and the assessment of growth in terms of protein or DNA

production may not be accurate. The results will be discussed in

the light of similar research performed in other laboratories and in

mammals.

MODELING OYSTER POPULATIONS: THE EFFECT OF
DENSITY AND FOOD SUPPLY ON PRODUCTION. Eric N.

Powell, Department of Oceanography. Texas A&M University.

College Station. TX 77843: Eileen E. Hofmann and John M.

Klinck, Department of Oceanography. Old Dommion University.

Norfolk, VA 23529.

A time-dependent model has been developed to assess the re-

sponse of oyster populations to environmental variables and the

importance of population density in optimizing yield under

varying climatic and hydrologic conditions. Food supply in a typ-

ical Gulf of Mexico bay. Galveston Bay. would appear to be just

adequate in most years to maintain a healthy, productive oyster

population. Any decline in food supply, by reduced food content,

lower current velocity, lower temperature or increased population

density, dramatically reduces yield and can eliminate reproductive

capacity. The effect of temperature on filtration rate exerts an

ovemding intluence. establishing, much more so than respiration.

the energy balance of the organism, whether or not the population

grows and reproduces, and to what extent current velocity and

food supply affect productivity. The effect of decreased food

supply, for any reason, is felt more strongly at higher latitudes.

Large adult oysters probably have a negative energy balance

during the winter in colder climes, except under the most favor-

able of food supply conditions. By contrast, higher temperatures

at lower latitudes reduces somatic growth and. consequently,

yield because more of the yearly net productivity is expended in

reproduction.

VIDEO SESSIONS

DIRECT OBSERVATIONS OF FEEDING IN PLACO-

PECTEN MAGELLANICUS. Peter G. Beninger.* Departement

de biologic. Universite de Moncton. Moncton. N.B.. Canada

El A 3E9. Evan J. Ward, Bruce A. MacDonald, and Raymond

J. Thompson, Marine Sciences Research Laboratory. St. John's.

N.F.. Canada A IC5S7.

The technique of endoscopic video observation was used to

study dynamic feeding processes of the gill of Placopecten ma-

geltanicus uner near-natural feeding conditions. Particle fate de-

pended on the extent of ingestive or handling capacity saturation.

Under low to medium particle concentrations, all particles were

initially directed to the dorsal ciliated tracts of the gill arch and

dorsal bends. At high particle concentrations or after prolonged

exposure to the lower particle concentrations, rejection progres-

sively increased. The ordinary filament plicae were responsible

for the ventral movement of rejected particles, counter to and

below the incoming pallial current maintained by the principal

filament cilia. Particle behavior suggested a probable mechanism

for the rejection process. As particle concentration or period of

exposure to lower particle concentrations increased, particle en-

trapment in mucus became increasingly evident, both on the

frontal (capture) surfaces and on the dorsal ciliated (transport)

tracts of the gill. The mucus-particle masses only formed discrete

strings of the ventral ciliated (rejection) tract. No selection against

inorganic polymer particles was observed. Results are discussed

in the context of proposed theories of bivalve suspension-feeding.

SUSPENDED SCALLOP CULTURE IN JAPAN—A VIDEO

SUMMARY. Cyr Couturier, Biological Station. St. Andrews.

N.B. Canada EOG 2X0.

Japan is a world leader in the cultivation of scallops. In recent

years, there has been a tendency towards bottom culture for final

growout although intermediate culture and some final growout

steps are accomplished in suspended culture. The video (13 min)

depicts recent practices in suspended scallop culture in Japan.

Methods of seed collection, intermediate, and final growout (ear

hanging) are described. Certain steps have been mechanized ("ear

piercing." grading, washing) and are also shown, but for the most

part the industry remains labour intensive. Underwater footage of

scallops in culture is provided. Finally, the "suitability" of Japa-

nese culture methods to the North American pectinid scene will be

discussed, time permitting.
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TRACKING LOBSTER MOVEMENT USING ULTRA-
SONIC TRANSMITTERS. R. E. Duggan* and J. D. Pringle,

Department of Fisheries and Oceans, P.O. Box 550, Halifax,

N.S., Canada B3J-2S7; D. M. Webber and R. K. O'Dor, De-

partment of Biology, Dalhousie University, Halifax, N.S.,

Canada B3H-4J1.

Fourteen ovigerous female lobsters, caught m the area of Jed-

dore Harbour, Nova Scotia, in June and July 1988, were fitted

with ultrasonic transmitters. Movements were determined by

using a portable ultrasonic receiver and a directional hydrophone

to periodically record positions as Loran-C coordinates. Lobsters

were regularly recovered by scuba divers using a hand-held un-

derwater ultrasonic receiver. For the first time it was observed that

late stage ovigerous females tended to move to a common area for

larval release and then to a shelter to molt. On two occasions large

males were observed with a molting female.

A second project was carried out in the same area in 1989. An

array of buoys, each containing an ultrasonic receiver, omnidirec-

tional hydrophone, radio transceiver, power supply and an ultra-

sonic transmitter was used to continuously track lobsters fitted

with ultrasonic transmitters. Signals received from the lobster

borne transmitters were relayed to a shore based receiver inter-

faced with a computer. Computer calculations permitted an as-

sessment of time differences in signals received from different

buoys to record individual lobster positions. Continuous moni-

toring over five days revealed nonoverlapping movement patterns

demonstrating territoriality and evidence that peak activity is as-

sociated with nocturnal low tides. One lobster was fitted with a

temperature sensitive transmitter which allowed the monitoring of

both temperature and movement.

HIGH-SPEED VIDEO ANALYSIS OF PARTICLE CAP-
TURE AND SELECTION BY MOLLUSC LARVAE. Scott

M. Gallager,' C. J. Langdon,^ L. Davis,' and D. Stoecker,'

'Woods Hole Oceanographic Institute. Woods Hole, MA 02543,

^Oregon State University, Hatfield Marine Station, Newport, OR.

We are using high-speed video microscopy to study how larvae

use cilia to capture food particles from suspension, and what phys-

ical and chemical characteristics of particles are important to cap-

ture efficiency and selection for ingestion. We now know that

larvae feed effectively on very small particles, including bacteria.

in addition to larger phytoplankton cells. The efficiency of particle

capture by cilia interception is a function of the magnitude and

polarity of the electrostatic charge on particles: charged particles

are intercepted and pushed mto the tbod groove more often than

particles with no net charge. Particle charge, in turn, is a function

of the ionic composition and the dissolved organic loading of sea-

water.

Once a particle has been captured and carried to the mouth, the

probability that it will be ingested or rejected is a function of its

surface hydrophobicity. The larva's rejection mechanism works

well on hydrophilic particles, and may detect and use the presence

of organic materials as an index of nutritional quality. The ca-

pacity for particle discrimination is lost, however, if the particle's

surface is hydrophobic. In this case, all particles are ingested re-

gardless of their composition.

Results will be discussed in relation to the size and composi-

tional spectra of particles available to suspension-feeding larvae.

Video tapes documenting these results will be presented.

LOBSTERS, CRABS, AND VIDEOTAPES. Peter Lawton,*

Fisheries and Oceans, Biological Station, St. Andrews, N.B.,

EOG 2X0, Canada: Kevin Taylor, Taylor Consulting and Ser-

vices, Box 61, St. Andrews, N.B. EOG 2X0.

Contemporary video technology facilitates the recording and

analysis of animal behaviour, both in laboratory contexts and, in-

creasingly, in the marine environment. This video presentation

reviews material from several laboratory studies in which the time

budgets, and in particular the foraging behaviours, of decapod

crustaceans were constructed using time-lapse video recording

techniques.

With the advent of the 8 mm video format, compact camcorder

systems, and low cost underwater housings, video monitoring of

animal behaviour in the marine environment is now more acces-

sible. A final video segment reveals how mature berried lobsters

use shallow water areas off Grand Manan. Canada, and illustrates

the diving survey approaches described in more detail by Lawton

and Robichaud (in a separate contribution to these proceedings).

A TIME-LAPSE VIDEO BENTHIC MONITORING (TLBM)
DEVICE TO ESTIMATE FEEDING ACTIVITY IN

MUSSELS: INITIAL FIELD RESULTS. Carter R. Newell,

Great Eastern Mussel Farms. Inc., Tenants Harbor, ME 04860

and Scott M. Gallager, Biology Department, Woods Hole

Oceanographic Institution. Woods Hole, MA 02543.

An instrument was developed to measure, in situ, the effects of

particle concentration on feeding activity in undisturbed mussels.

The tripod-mounted instrument uses time-lapse video technology

to monitor shell gape of mussels for periods exceeding two weeks.

Video tapes are analyzed field-by-field, either manually or by an

automated video processor, to obtain shell gape of up to 30

mussels at intervals of one min.

In the laboratory, mussel shell gape was calibrated to filtration

rate by measuring the decrease in chlorophyll with time following

pulsed additions of cultured algae to filtered seawater in a running

fiume. In a field experiment, current speed, direction, particulate

organic matter (POM), chlorophyll a, and filtration rate of

mussels were measured simultaneously and correlated with shell

gape of mussels recorded with the TLBM.

Results indicate a positive correlation between mussel shell

gape and maximum concentrations of POM and chlorophyll a on

the ebb tide, and a potential particle concentration threshold for
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the initiation of feeding by mussels. Use of the TLBM to monitor

predation, locomotory activity, and spawning events of benthic

fauna is discussed.

A VIDEO ASSESSMENT OF A LARGE MORTALITY
EVENT IN A POPULATION OF THE SEA SCALLOP.

PLACOPECTEN MAGELLANICUS, IN THE BAY OF
FUNDY. CANADA. Shawn M. C. Robinson.* James D.

Martin, and Ross A. Chandler. Dept. Fisheries and Oceans. Bi-

ological Station. St. Andrevvs. N.B. EOG 2X0. Canada; G.

Jay Parsons. Dept. Zoology. Univ.. Guelph. Ont. NIG 2W1.

There was a large recruitment pulse in 1983 and 1984 in the

Bay of Fundy to populations of the sea scallop. Phuopeclen

magelUmicus . The change in scallop densities was particularly no-

ticeable in the Cape Spencer area off Saint John. New Brunswick

and an intensive fishery quickly developed in 1988. However,

reports of high mortality rates (i.e. clappers) occurred in the fall of

1989 and throughout 1990. In response to this, an ROV survey of

the area was done in August 1989 to document the occurrence of

both live scallops and "clappers" on the bottom. A more traditional

survey was also done in the same area a month later using stan-

dard Digby scallop drags to sample the population. This video will

present footage of the ROV survey, some shots of scallop drags

under fishing conditions, and how the video assessment compared

to the traditional survey techniques.

THE STUDY OF THE NIX DISEASE AND THE PACIFIC

RAZOR CLAM. Donald D. Simons, Washington State Depart-

ment of Fisheries. 331 State Highway 12. Monlesano. WA
98563.

The Pacific razor clam (Siliqua palula Dixon) has long been

one of the most sought after shellfish resources in Washington

State. Beginning in the late 1800's as a commercial industry,

razor clam digging evolved into a popular recreational fishery. By

the late 1970"s. over 300.000 clam diggers made almost a million

user trips a year. Then in 1983, during routine population sam-

pling, losses up to 95% of all razor clams in Washington state

were discovered. The dramatic decline of the clams was from a

previously unknown gill parasite labeled NIX (Nuclear Inclusion

Unknown). This video outlines studies that began in July 1990 to

examine not only the disease NIX. but also razor clam population

dynamics, genetics, aging of clams and other research.

WASHINGTON RAZOR CLAMS—DIGGING. CLEANING.

"CONSERVING." Donald D. Simons* and Alan D. Rammer.

Washington State Department of Fisheries, 331 State Highway

12, Montesano, WA 98563.

The Pacific razor clam {Siliqua patiila Dixon) has long been

one of the most sought after shellfish resources in Washington

State. Increasing effort and decreasing stocks are a constant con-

cern for fishery managers. In 1979, legislation was passed to pro-

vide additional funding for increased enforcement, enhancement

and public education regarding the razor clam resource through a

razor clamming license. One educational effort was to provide

information to the clam digger through the use of a video, on how

to properly dig for, clean and utilize the razor clam resource. Im-

proper usage has led to wastage of millions of clams each year.

This video has been shown to hundreds of thousands of viewers. It

is a key component of our education program which plays an im-

portant role in the management of this species.

DIRECT OBSERVATIONS OF FEEDING STRUCTURES
AND MECHANISMS IN BIVALVE MOLLUSCS USING

ENDOSCOPIC EXAMINATION AND VIDEO IMAGE
ANALYSIS. J. Evan Ward.* Ocean Sciences Centre, Memonal

University of Newfoundland, St. John's, N.F., Canada, AlC

5S7: Peter G. Beninger. Department de biologie, Universite de

Moncton. Moncton, N.B.. Canada El A 3E9: Bruce A. Mac-

Donald and Ray J. Thompson. Ocean Sciences Centre. Memo-

rial University of Newfoundland. St. John's. N.F.. Canada AlC

5S7; Roger I. E. Newell, Horn Point Environmental Laborato-

ries. University of Maryland. Cambridge. MD. USA 21613.

A new technique is described for observing the structures and

mechanisms of feeding in bivalves using endoscopic examination

and video image analysis. This method permits direct in vivo ob-

servations of whole, intact structures of relatively undisturbed

specimens. Pallial organ activity can be recorded for future obser-

vations and analysis.

Using this technique we examined four bivalve species: Mya

arenaria. Mytilus edidis. Placopecten maf;ellanicus. and Cras-

sostrea virginica. Particle interception by the gills and transport of

material to the palps was observed, and velocities of particles

moving along gill filaments, and in dorsal and ventral ciliated

tracts were determined. Differences in the extent to which mate-

rial in food tracts was bound in mucus will be discussed. Ad-

vances in electronics have made the endoscopc-video-analysis

system an efficient and affordable technique which should prove

valuable in elucidating mechanisms of feeding, and in testing hy-

potheses concerning the physical and chemical factors that affect

pallial organ function.

LOBSTER BIOLOGY
AND ECOLOGY

JUVENILE HOMARUS AMERICANUS STUDIES FROM
MCNUTT ISLAND, NOVA SCOTIA. Alan Campbell,* De

partment of Fisheries and Oceans. Pacific Biological Station.

Nanaimo. B.C., Canada V9R 5K6.

A 4.5 ha study area off McNutt Island, Shelburne, Nova

Scotia, was surveyed annually during 1981-87. The substrate of

the area had small pebbles interspersed with large boulders. The

plant community changed from mostly crustose algae in the early

1980s to an increasing brown algal biomass during 1984-87. Al-

though lobster densities fluctuated from 0.1 to 0.3 per m^, the
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mean annual carapace length increased (29 to 47 mm CL) prob-

ably due to growth and immigration. The rock crab. Cancer ir-

roratus, was generally more abundant than H . americamis and the

Jonah crab, C. borealis. but there was a higher biomass per nr of

lobster than either of the two crab species.

ESTIMATION OF RECENT GROWTH OF FIELD-

CAUGHT POSTLARVAL LOBSTERS FROM RNA:DNA
RATIOS. J. Stanley Cobb,* Marie A. Juinio, and David A.

Bengtson, Department of Zoology. University of Rhode Island.

Kingston. Rl 02881.

Growth rates of postlarval (
=

stage IV) lobsters captured in the

field were estimated from RNA:DNA ratios and average sea sur-

face temperatures. Postlarvae (N = 358) m molt stages C and Dq

were collected at two sites in Block Island Sound during the

summers of 1988-1990. Earlier laboratory observations (Juinio et

al.. in preparation) on the relationship between nucleic acid ratios.

temperature and mean growth rate (measured as mg protein

day"') allowed us to develop the equation: Growth = - .778 +

.268 RNA:DNA ratio + .01 Temperature, which explained

86% of the observed variability in mean protein growth at molt

stages C and Dq for postlarvae reared at 18 and 2rC. This equa-

tion was used to estimate the recent growth rates of the field-cap-

tured postlarvae.

The mean protein growth per day in 1989 and 1990 was signif-

icantly higher in June than in July (p < .0002) suggesting that

postlarval lobsters grew better earlier in the summer than later in

the summer. There was no significant difference in mean protein

growth between June of 1 989 and 1 990 but there was a significant

difference between mean protein growth in July (p
= .018). Mean

protein growth in July of 1988 (.49 mg day"') was significantly

greater than that in July of 1989 (.39 mg day"') but neither were

significantly different from the mean protein growth in July of

1990 (.43 mg day"'). In all three years, the incidence of poorly

nourished postlarval lobsters (i.e. <.20 mg day"') was less than

5% of the total samples for each year. There was only one post-

larva collected in 1990 which indicated a starved condition. There

was no correlation between the estimated growth rates and post-

larval abundances in Block Island Sound during these three years

suggesting that food limitation is not a significant factor contrib-

uting to the interannual variability of postlarval recruitment in the

area.

COURTSHIP AND CHEMICAL SIGNALS IN THE AMER-

ICAN LOBSTER. D. F. Cowan, Boston University Marine Pro-

gram, Marine Biological Laboratory. Woods Hole. MA 02543.

Behavioral experiments reveal that a complex system of primer

and releaser pheromones may be involved in lobster courtship. It

is widely accepted that female lobsters produce releaser phero-

mones at or around the time of ecdysis. These pheromones have

been variously described as sex attractants. substances that reduce

male aggression and initiate courtship, or as signals necessary in

pair fomiation.

The male antennule has been cited as the organ for pheromone

reception. However, when male antennules were removed,

normal courtship behavior persisted. In contrast, when female an-

tennules were removed aberrant behaviors resulted including un-

successful couplings and death. Based on these results, male re--

leaser pheromones serving to attract females and facilitate pair

formation are more likely than vice versa. The role of female

pheromones must be reassessed.

Female lobsters stagger their molts throughout the breeding

season in order to pair bond and mate with the dominant male.

The timing of female molts in the absence of males and in various

sex ratios lend support to the primer pheromone hypothesis, which

states that female odors inhibit and male odors accelerate molting

by regulating the functioning of internal hormonal systems.

Chemical communication is obviously important to Homarus

americamis. but we are only beginning to understand how releaser

pheromones may function in courtship and primer pheromones in

the regulation of reproductive behavior.

EGG PRODUCTION AND RECRUITMENT IN A NEW-

FOUNDLAND LOBSTER POPULATION: IS THERE A RE-

LATIONSHIP? G. P. Ennis, Science Branch, Department of

Fisheries and Oceans. P.O. Box 5667. St. John's, N.F. AlC 5X1.

From 1975, tagging, biological sampling, fishery monitoring

and plankton sampling of larvae has been carried out annually in a

localized lobster population on the southeast coast of Newfound-

land. A 15-year series of estimates of annual standing stock, re-

cruitment, egg production, and larval abundance indices is pre-

sented.

Standing stock varied from 15.0 x 10' to 26.6 x 10' lobsters

of which 67.3 to 85.5% were recruits. Egg production varied from

5.7 X 10* to 86.8 X 10* eggs, and the mean number of stage I

larvae per tow from to 88. Variation in egg production and rela-

tive abundance of stage I larvae generally coincided although

there were some inconsistencies. Assuming a 9-year lag between

egg production and subsequent recruitment to the standing stock,

the 6-year overlap in the data series indicates increasing recruit-

ment with decreasing egg production. This result is inconsistent

with the belief that recruitment in lobster populations is limited by

low egg production and suggests the possibility of a dome-shaped

relationship between spawning stock and recruitment near the low

end of the potential egg production range.

OFFSHORE STUDIES OF LARVAL LOBSTERS {HO-

MARUS AMERICANUS) IN THE GEORGES AND BROWNS
BANKS REGION. Gareth C. Harding,* John D. Pringle,

Kenneth F. Drinkwater, Angus J. Eraser, Ian R. Perry, and

Peter W. Vass, Habitat Ecology Division. Biological Sciences

Branch. Department of Fisheries and Oceans. Bedford Institute of

Oceanography. P.O. Box 1006, Dartmouth. N.S. B2Y 4A2.

Our geographic coverage of the region between the Canadian

section of Georges Bank and Browns Bank illustrates that stage I
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lobster are released on the banks and together with stage II larvae

occur primarily on the banks. Stage III and IV lobster were col-

lected both on and off Georges Bank and at times stage IVs appear

more abundant off the bank. The higher lipid index, triacyl-

glyerol/sterol ratio, measured in stage IV lobster off the bank, in

both August 1988. and July 1989. is interpreted to indicate better

health.

Loran C dnfters drogued at 10 m depth travelled up to 30 km/

day off the northern edge of Georges Bank. Lobster larvae were

sampled with a Tucker trawl at least three times over a two-day

period while following three drifters off and three drifters on the

Bank. The lobster stage composition and abundance did not

change significantly around the three off-Bank drifters. The lob-

ster population on the Bank, with its predominance of stages I and

II and their more pronounced daily vertical migration must follow

the track of drifters drogued at 10 m depth less closely than the

more surface living stage 111 and IV lobster located off the Bank.

SEX RATIO DIFFERENCES BETWEEN ESTLARINE AND
COASTAL LOBSTER POPULATIONS. W. H. Howell and

W. H. Watson, III, Zoology Department. University of New

Hampshire. Durham. NJ 03824.

We are involved in a long-term investigation of the spatial and

temporal distribution of juvenile and adult lobsters in Great Bay

Estuary. N.H. One aspect of the study involves sampling the

subadult and adult population, using standard traps, at a number

of study sites ranging from the coast to the center of Great Bay. 14

miles inland. Smaller lobsters were sampled using traps covered

with 'A inch mesh and by N.H. Fish and Game divers The sex

ratio data reported here is based on 1.736 animals captured and

measured in 1989 and 5.186 in 1990.

One of the most interesting, and consistent patterns to emerge

from this study is that the population in the upper estuary is domi-

nated by males. In 1989. the ratio of males to females at the

Nannie Island study site, farthest from the coast, was 8.6:1 and in

1990 it was 4.5:1. As one moves from this site toward the coast.

the sex ratio gradually changes, approaching the more typical 1:1

ratio.

The sex ratio at each sampling site also changes during the

course of the year. In the spring, most estuarine locations are

dominated by males, with few females appearing in traps until late

June. During the remainder of the year, there are still more males

than females, but the ratio remains relatively constant.

In the estuary the sex ratio also differs between size classes.

There are about equal numbers of males and females in the

smaller size classes. However, in larger animals the ratio of males

to females gradually increases from 1.5:1 (70-80 mm CL an-

imals), to 12:1 in animals larger than 90 mm CL. In contrast, all

size classes of animals collected in coastal waters had sex ratios

approaching 1:1. Currently, our hypothesis is that differences in

the migratory behavior of mature male and female lobsters gives

rise to the observed sex ratio differences between coastal and es-

tuarine lobster populations. This research was supported in part by

a grant from NOAA (Sea Grant).

DEVELOPMENT AND DISTRIBUTION OF COASTAL
PLANKTONIC LOBSTERS (HOMARUS AMERICANVS) IN

THE WESTERN GULF OF MAINE. Lewis S. Incze* and

Terri Ainaire, Bigelow Laboratory for Ocean Sciences, West

Boothbay Harbor. ME 04575.

Larval and postlarval (PL) lobsters were collected with neuston

samplers for two seasons (July-September 1989-1990) in a

coastal embaymcnt. along outer coastal shorelines, around coastal

islands and at "offshore" sites up to 15 km from shore and >100

m deep. Data on larval stages I -III were used to assess develop-

ment of the larval population and make comparisons of relative

abundance nearshore vs. offshore; they were not used to estimate

absolute abundance because larvae occur mostly below the

neuston layer. The progress of development in the field followed

closely the predictions of laboratory work at corresponding sea

water temperatures; distributions indicated that most larvae origi-

nate from outside the coastal bay. PLs. which are mostly neus-

tonic, were sampled at most sites when they were abundant from

early to middle August. No consistent nearshore vs. offshore trend

in abundance was seen, and PLs were found at all sites within the

coastal bay. The development of PLs was followed through inter-

molt stages and was consistent with rates of change predicted from

laboratory work. Medium- and small-scale distribution patterns

and the role of advection in PL supply to shallow water recruit-

ment sites are discussed.

A FIELD COMPARISON OF THE RECAPTURE RATES
OF POLYETHYLENE STREAMER AND MODIFIED
SPHYRION TAGS THROUGH MOLTING OF LOBSTERS
(HOMARUS AMERICANVS). A. Wade Landsburg,* Depart

ment of Fisheries & Oceans. Invertebrates Division. Science

Branch. Gulf Region. P.O. Box 5030. Moncton. N.B. EIC 9B6,

This study compares the efficiency of modified sphynon and

polyethylene streamer tags. Modified sphyrion tags are considered

the standard for movement and growth studies of the American

lobster {Homarus americanus) . The polyethylene streamer tag

was initially developed for tagging of shrimp species and further

adapted to use on crustacean species but has never been reported

to be used on Homarus americanus . One thousand eight hundred

thirty-four (1.834) lobsters were tagged during the period July

3-7. 1989 in the Malpeque Bay. PEI area using polyethylene

streamer tags (905) and modified sphyrion tags (929). Tagged

lobsters were recaptured during the commercial fishery May 1 to

June 30, 1990. A high percentage (72.9'7f ) of recaptured lobsters

had molted during liberty as molting periods extend from late June

to mid-September. Recapture rates of lobsters tagged and released

using modified sphyrion tags and polyethylene streamer tags dif-

fered significanty ( 19.2 and 43.8'7f . respectively). Possible differ-

ences considered include initial tag loss, tag induced mortality,

loss during ecdysis and visibility of tags to fishermen at recapture.
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SUSPENSION FEEDING BY EARLY JUVENILE AMER-
ICAN LOBSTERS, HOMARUS AMERICANVS. Kari L. La-

valli,* B.U. Marine Programs. M.B.L.. Woods Hole. MA
02540.

Evidence to date suggests that early juvenile (<one year old)

American lobsters are highly vulnerable to predation by benthic

fishes and crabs. Remaining shelter-bound reduces the predation

threat to some degree, but then food acquisition becomes prob-

lematic. The ability to suspension feed would allow lobsters to

use a shelter-based food supply of plankton until such a size that

they were less susceptible to predators. This ability was investi-

gated using a laser backlighting system (as described in Strickler.

1985) and tethered Stage V and VI lobsters.

Lobsters use the exopodite current of the maxillipeds and the

pleopod current to draw zooplankton into the region of the mouth-

parts. Once positioned by currents and movements of the third

maxillipeds, the plankton is captured using one of several tech-

niques, depending upon its size. If small, the prey is typically

captured by a downward flexmg of the third maxillipeds, such that

the dactyl, propus, and carpus bend over the prey and sweep it

back toward the second maxillipeds. This motion effectively traps

the prey behind a mesh of serrate setae. Occasionally the prey is

directly captured by the cuspidate setae of the second maxilliped

dactyls. If the prey is large, it is either captured by the third max-

illipeds alone (as described above), by the chelate walking legs

alone, or by the walking legs working in tandem with the third

maxillipeds. The claws are used very rarely to capture zoo-

plankton and when used, the prey is transferred to the walking

legs and then to the third maxillipeds.

Once captured, the prey is passed back to the second maxil-

lipeds, which either accept or reject the item. If accepted, the item

is stabbed by the cuspidate setae of the dactyls and passed back

towards the esophagus. If rejected, the dactyl, propus, and carpus

flex outward to push the item back into the exopodite current.

This feeding technique demonstrates that early juveniles can

exploit different food sources from adolescent and adult lobsters

and can remain shelter-bound for much of their vulnerable first

year of life by suspension feeding.

SHALLOW WATER SPAWNING AND MOLTING AREAS
OF AMERICAN LOBSTERS. HOMARUS AMERICANVS,
OFF GRAND MANAN, BAY OF FUNDY, CANADA. Peter

Lawton* and David A. Robichaud, Fisheries and Oceans. Bio-

logical Station, St. Andrews. N.B., Canada EOG 2X0.

Between June and November, 1990, diving surveys in shallow

(<20 m water depth) inshore areas around Grand Manan docu

mented lobster population size and sex composition. Lobster den-

sity was recorded on 300 nr belt transects, with ;/; situ measure-

ment of carapace length, sex, molt status, and egg condition on

berried lobsters.

Lobster populations occupying Seal Cove and Flagg Cove

differ in size and sex composition, and in the proportion of an-

imals in soft shell condition. Different origins of lobsters partici-

pating in seasonal movements to these areas are suggested, as well

as contrasting functions; Seal Cove being used for molting pur-

poses, Flagg Cove representing a seasonal spawning area.

Surveying within Flagg Cove addressed fishermen's concern

over potential effects on lobster habitat use of recently expanded

salmon aquaculture activity. As compared with data from surveys

undertaken in 1982. 1983, and 1989. a population displacement,

away from the aquaculture site, is apparent in 1990.

As well as discussing the biological significance of these dis-

tribution patterns, a rationale is presented for the focus on spatial

and temporal distribution, rather than on cause;effect linkages in

addressing lobster;aquaculturc interaction.

MOLTING AND MOVEMENT OF LOBSTER, {HOMARUS
AMERICANUS), IN AND ADJACENT TO MALPEQUE
BAY, PRINCE EDWARD ISLAND, CANADA. Donald R.

Maynard,* Department of Fisheries and Oceans, Invertebrates

Division, Science Branch, Gulf Region, P.O. Box 5030,

Moncton, N.B. EIC 9B6.

Malpeque Bay is a semi-enclosed bay of a maximum depth of

12 meters on the north coast of Prince Edward Island, with an

active commercial lobster fishery. The lobster population inside

and adjacent to the bay was investigated through tagging and molt

monitoring to determine interactions between molting and move-

ment trends. In 1989 molt stage monitoring of trap caught lobsters

was conducted bi-monthly at six sites inside and outside the bay

during the ice free period of May to November. A total of 3156

polyethylene streamer tags were recovered at the moll monitoring

sites.

Four molting period peaks in the bay were observed on May
21st, June 8th, September lOth and October 22nd. This is the

greatest number of consecutive lobster molt periods observed

during one year. The highest percentage (60%) of advanced prc-

molt and early post molt lobsters was observed during the June

peak. Two molt periods outside the bay were observed to peak on

September 24th and October 22nd.

Lobsters outside Malpeque Bay begin migrating into the bay in

May. At the same time, some lobsters that over-winter in the bay

begin to move out. Approximately 37% of the lobsters tagged in

the bay remained as residents over a one year period. The rela-

tionship between lobster molting and migration is discussed in

context with observed temperature.

CHANGE IN LOBSTER SIZE AT MATURITY AMONG
YEARS AND LOCATIONS. R. J. Miller and F. L. Watson,

Halifax Fisheries Research Laboratory, P.O. Box 550, Halifax,

N.S. B3J 2S7.

Size at maturity strongly affects lobster egg production, and

possibly year class strength. The proportion mature over a large
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size range was measured in tour ports in eastern Nova Scotia in

four successive years. The biggest range in size at 50*7^ maturity

among years in one port was from 89 to 101 mm carapace length.

and among ports in one year was as great as 73 to 101 mm cara-

pace length. At the current minimum legal size and fishing inten-

sity, eggs per recruit varied 2-fold among years at a single port,

and 6-fold among ports within a year. Size at maturity and

summer water temperatures were not well correlated.

difference in duration of the dark phase. Although the percentage

molting in the dark was significantly different in the two groups

(56 and 79%). similar numbers (78 and 79%) molted within 10

hours of "lights-off. In short scotophases (LD 18:6 and 21:3),

56 and 52% of the larvae molted within six hours of
'

iights-off.

These results suggest there may be endogenous molting rhythm in

lobster larvae.

THE DEMOGRAPHIC CONSEQUENCES OF INTRASPE-
CIFIC COMPETITION AMONG LOBSTERS {HOMARUS
AMERICA.WS). Robert S. Steneck, Dept. of Oceanography.

Darling Marine Center, Univ. of Maine. Walpole. ME 04573.

Shelter characteristics affect the carrying capacity of benthic

habitats for lobsters 40-90 mm in carapace length. Field experi-

ments were conducted over three successive summers in which

shelter size and number were held constant but spacing was varied

(at six shelter densities). Lobster population density increased sig-

nificantly with increased shelter density. However, as population

density increased the proportion of occupied shelters declined.

Video observations revealed that agonistic encounters among lob-

sters >60 mm CL mediate direct intraspccific competition for

space when shelters are close to one another. Thus, there is a

measurable reduction in carrying capacity attributable to intraspc-

cific competition. Surprisingly, as lobster densities increased, the

proportion of large, competitively dominant, lobsters declined.

The demographic result is that larger lobsters diffuse from regions

of higher to regions of lower population density. This may effec-

tively segregate the reproductive population from juveniles. I hy-

pothesize that demographic diffusion is an adaptive solution for

larger lobsters that are hormonally "hard-wired" to agonistically

react to all conspecifics within a given range of detection.

SCOTOPHASE REGULATION OF THE DIEL TIMING OF
THE METAMORPHIC MOLT IN LARVAL AMERICAN
LOBSTERS. HOMARUS AMERICANVS. S. L. Waddy and

D. E. Aiken. Dept. Fisheries and Oceans. Biological Station. St.

Andrews. N.B.. Canada EGG 2X0.

When larvae of the American lobster are reared communally in

planktonkreisels at 20°C. the molt to fourth stage (metamorphic

molt) occurs predominately (70-98%) during the scotophase. The

diel timing of the molt is related to the timing of the scotophase.

Larvae adjust the timing of their molt when the light/dark cycle is

reversed and the scotophase is 12-h out of phase with that experi-

enced during embryonic development and the molt to first stage.

Diel timing of the molt does not vary significantly with changes in

scotophase length (LD 14:10. 12:12 or 10:14) or time of year the

experiments were conducted (January through August).

Results suggest that timing of the metamorphic molt is related

to the onset of darkness ("lights-off). LD 18:6 and 14:10 photo-

period regimes produced similar molting responses, despite the

IMPLICATIONS FOR LOBSTER FISHERY ENHANCE-
MENT FROM NATURAL BENTHIC RECRUITMENT,
HATCHERY-REARED BLUES." AND EXPERIMENTAL
COBBLES. Richard A. VVahle, Program in Ecology and Evolu-

tionary Biology. Brown University, Providence. RI 02912.

Attempts to artificially enhance the American lobster fishery

have been limited by the difficulty of demonstrating their efficacy.

Enhancement efforts have been aimed at boosting benthic recruit-

ment by either releasing hatchery-reared post-larvae in the wild or

by increasing the amount of suitable benthic habitat available to

new recruits. To date, larval releases have been most popular, but

the technique remains unproven because of the inability to track

the fate of lobsters after release. Here 1 describe patterns of

benthic recruitment of lobsters in New England which became the

spnng-board for field experiments on habitat enhancement and

releases of hatchery-reared blue lobsters that 1 have been able to

follow through time.

Diver operated airlift suction samples from cobble recruitment

habitat at sites in the northeast Gulf of Maine to Narragansett Bay

reveal fairly consistent benthic recruitment to outer coastal areas

from Penobscot Bay, ME south. Recruitment was more sparse

northeast of Penobscot Bay and in upper Narragansett Bay. but the

extent to which larval supply or physiological constraints may
limit recruitment in these areas is unclear. Nonetheless, identi-

fying areas with and without consistent recruitment is the first step

to determining where and what kind of enhancement may be war-

ranted.

The habitat enhancement experiment has been in place since

July 1989 and consists of an array of twenty-five 0.5 m- cobble

plots on a featureless sand bottom in a cove in Maine. Lobsters

(approx. 30-40 mm carapace length) travelling along the bottom

almost immediately occupied the plots increasing population den-

sity by more than a factor of ten (to approx. 6/m-). In addition,

post-larvae have settled in low densities.

Hatchery-reared blue lobsters were released in these plots in

1989 and 1990. Within a day or two of the release, population

densities stabilized at about '/sth the original number at 1-3 indi-

viduals/m^. An issue critical to the efficacy of this kind of en-

hancement will be to distinguish emigration losses from mortality

losses. As blue lobsters from both releases continue to be found in

the plots. I am accumulating previously unavailable data on the

growth of early benthic phase lobsters in nature.
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BIVALVE GROWTH
AND SURVIVAL

EFFECTS OF INTRASPECIFIC DENSITY ON THE SUR-

VIVAL 0¥ ARCTICA ISLANDICA (L.) WITHIN FIELD EN-

CLOSURES LOCATED IN EASTERN MAINE, USA. Brian

F. Beal,* and M. G. Kraus, Univ. of Maine at Machias, Ma-

chias, ME 04654.

In Maine, ocean quahogs. Arctica islandica (L.), support a

small fishery in the easternmost part of the state centering around

Machias Bay (Lat. 44°35'N; Long. 67°26'W). Approximately

sixty boats (=£12 m) operate from three coastal communities

where, in 1989, their reported dockside landings reached $2.4

million, an increase of 30% from the previous year. This fishery

has reached second in commercial importance Downcast sur-

passing softshell clams and behind only lobsters. To provide

shellfish managers with quantitative information about natural

mortality rates, we designed a field study to test the importance of

intraspecific density and predation on the fate of commercial-sized

individuals.

To test the interaction of initial density and predation, we

placed individually marked and measured animals (X SL = 48.7

mm ± 0.07 SE; n = 2325) into each of three types of vinyl-

coated mesh (12 mm aperture) 30.5 cm' enclosures (completely

open, completly enclosed, and partially enclosed! at each of three

stocking densities chosen to reflect natural conditions (130/m-,

323/m^, and 645/m'). The experiment was conducted at a depth of

20 m and was initiated during a two week period in September

1985. Five replicates of each combination of density and cagetype

were employed and the experiment lasted one year. In addition,

we tested the importance of transplant date and conducted a sim-

ilar one year test in the same area from April 1986 to 1987.

Independent of density or caging treatment, annual survival of

quahogs transplanted to field plots beginning in April 1986 was

significantly higher (95.2% ± 1.86 SE; n = 21) than those

placed into plots in September 1985 (89.3% ± 2.59 SE; n = 26;

P = 0.03). The effects of density and caging on survivorship

were consistent within and between the two experimental intervals

(P = 0.95 and P = 0.46, respectively) as quahogs at the interme-

diate density of 323/m- survived significantly better (97.9% ±

2.21 SE; n = 15) than those at either lowest and highest densities

(88.4% ± 2.13 SE; n = 32). No differences in survival rates

were detected between animals originally added to open or par-

tially enclosed plots (89.7%) which had a lower combined survi-

vorship than those quahogs completely protected from predators

(95.6%, P = 0.03). Altough mortality was low, the major

damage type observed was chipped and completely crushed

valves. In situ predator inclusion tests revealed that the lobster.

Homarus americanus, was the major predator of large quahogs.

To determine whether the influence of intraspecific density on

survival rates observed during the two year-long experiments was

typical, we conducted similar density tests for two and three

years, respectively. Beginning in September 1985. quahogs were

added to open 30.5 cm' enclosures at each of the stocking den-

sities referred to above. No differences in survivorship (P = 0.46)

were observed between years (2 yrs
= 87.6% ± 3.87 SE. n =

17; 3 yrs
= 83.1% ± 5.48 SE. n = 16). Although there was a

17% difference in survival ate between animals stocked at 130/m^

vs 645/m2 (92.9% vs 75.8%) this effect was not significant (P =

0.08) but was consistent between years (P = 0.10). These results

suggest that ocean quahogs effectively reach a size refuge from

predation and that thinning, by removal from fishing or other

means, should have no serious impact on individual survival rates

during that part of the year when lobsters are not abundant.

THE IMPORTANCE OF INITIAL SIZE AND DENSITY ON
THE SURVIVAL AND GROWTH OF HATCHERY-
REARED INDIVIDUALS OF MYA ARENARIA L. Brian F.

Beal* and M. Gayle Kraus, University of Maine at Machias. 5

O'Bnen Avenue. Machias. ME 04654.

During the period 1982 to 1989, softshell clam landings in

Maine declined 65% from 6.7 x lO" pounds of meat to 2.4 x 10"

pounds. Because traditional attempts to manage clamming habitat

have historically produced inconsistent results, ten Downcast

coastal communities have adopted an untraditional approach to

increasing local productivity: public aquaculture. Begmning in

1987, a regional shellfish hatchery, located on Beals Island, has

annually produced an average of ten million 8-12 mm juveniles

of Mya arenuria for seeding on public-owned clam flats in an

effort to enhace existing stocks. Because little published informa-

tion exists concerning the fate of hatchery-reared Mya in the field,

we conducted a series of manipulative studies to examine how

initial clam size and stocking density affects survival and growth.

The first test was conducted from 16 Sept to 10 Dec 1989 at

two mid-intertidal sites: Holmes Bay, Cutler and the Chandler

River. Jonesboro. Three clam sizes were chosen; small (X SL =

3.9 mm ± 0.08 SE; n = 37). intermediate (X SL = 1 1.2 mm ±

0.16 SE;n = 36) and large (X SL = 17.8 mm ± 0.26 SE; n =

48). Clams were added to 45 open field enclosures (15 cm diam

X 15 cm deep) at a density of 660/m^ at each site. The influence

of initial size varied between sites (P < .05). At Cutler, interme-

diate and large individuals had a higher survival rate than small

clams (92% vs. 81%; P = 0. 02). At Jonesboro. 63% of small and

intermediate size clams survived compared with 84% of the larger

clams. The boring gastropod, Lunatia heros. accounted for an

average 12.4% of all losses across all treatments at Jonesboro

compared with <1% at Cutler. Relative growth rates ((final length
-

initial lengthj/final length) also differed between sites (P <

.001). Individuals at Cutler grew twice as fast as those at Jones-

boro while small Mya at both sites grew nearly 3 times faster than

the larger ones.

In the second experiment, which was conducted at Cutler from
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23 July 1990 to 16 September 1990. Mya of two sizes (X SL =

8.7 mm ± 0.19SE.n = 100; XSL = 13.9 mm ± 0.21 SE. n =

100) at each of two densities (660/m- and 1320 m^) were added to

a total of 176 open field enclosures. After one month, one-half of

the enclosures were sampled. Survival rate of large clams (89%)

was significantly higher (P < .001) than smaller clams (65%).

Density had no influence on these rates (P = 0.55). By Sep-

tember, another 5% of the smaller clams were lost compared with

an average of 15% for the larger; however, this latter loss rate was

influenced by density (P < .05). Final survivorship for large

clams at 660/m- was 83% versus 64% for those at 1320/m-. Sev-

enty percent of the growth observed during the entire experiment

occurred during the first month. By August, small clams had at-

tained a mean size of 16.8 mm ± 0.11 SE (n = 513) and large

clams were 22.4 mm ± 0.11 SE (n = 662). These rates were

influenced by density as in both instances animals stocked at the

higher density grew significantly faster than those at the lower

density (-1-6.7% for small clams, P < .001; -h2.4% for large

clams. P = 0.04). By the September sampling, small clams had

added another 3.6 mm in SL whereas large clams had added 3.0

mm. No density effects were observed on relative groth rate.

These results sugest that communities participating in public stock

enhancement programs wishing to maximize their investment, de-

velop transplant strategies which take into account the effects of

site, transplant time, clam size and stocking density.

COMPLIANCE BEHAVIOR IN THE RHODE ISLAND

QUAHOG FISHERY. Casey E. Bean* and Jon G. Sutinen,

Department of Resource Economics, University of Rhode Island.

Kingston. Rl 02881.

Compliance behavior of Rhode Island shellfishermen has been

successfully measured for the first time in the hardshell clam

"quahog"" fishery (Mercenaria mercenaria). Over 400 shell-

fishermen responded to a mail survey in July 1988 which gathered

data on (1) respondent's contacts/experiences with the DEM's Di-

vision of Enforcement conservation officers. (2) their "percep-

tions" of violation activity m the industry, and (3) their percep-

tions of the effectiveness of enforcement's efforts. The goals of

this research were to measure the extent of noncompliance in the

fishery, and to test the effectiveness of a proxy suhjccl method-

ology where fishermen are asked to describe illegal behavior not

of themselves, but of anonymous fishermen.

Based on perceptions of the respondent's, it was estimated that

in the 12 months prior to July 1988, an average of 13 percent of

all commercial shellfishermen were responsible for taking

890.(X)0 pounds (shell weight) of uncertified clams valued at $1.5

million. These illegal landings represent five percent of the state's

reported landings. The typical violator described was 32 years

old. a full-time shellfishermen. and a fisherman for 10 years.

Two-stage ordinary least-squares estimation was used on the

data set to estimate how violation activitv is influenced bv the

probability of being detected and convicted, demographic charac-

teristics of the anonymous violator, their experiences with en-

forcement authorities, and the area of the Bay fished. Results in-

dicate that enforcement efforts such as water patrols do affect the

violation rate; however, most demographic factors are not signifi-

cantly related to changes in violation rates among individuals.

A similar study performed two years earlier in the Massachu-

setts' lobster fishery provided unique comparisons of the enforce-

ment programs. One finding was that Rhode Island shellfishermen

were four times more likely to be detected fishing illegally and

100 times more likely to be caught and convicted than Massachu-

setts' lobstermen.

The study demonstrated the effectiveness of the methodology

in measuring compliance behavior, and indicated to policy makers

and the industry that enforcement efforts are perceived by shell-

fishermen to produce a deterrent to illegal fishing.

PHYSIOLOGICAL ENERGETICS. GROWTH AND BIO-

MASS ALLOCATION OF MUSSELS ACROSS THE IN-

TERTIDAL ZONE. Francisco J. Borrero* and T. Jerry Hil-

bish. Department of Biological Sciences and Belle W. Baruch

Institute, University of South Carolina. Columbia, SC 29208.

High intertidal populations of suspension feeding bivalves ex-

hibit reductions in potential feeding time that result from reduced

periods of inundation. Current data on behavior and feeding phys-

iology of bivalve molluscs is not sufficient to assess whether indi-

viduals at high intertidal elevations exhibit compensatory mecha-

nisms for reduced feeding time. Determinations of growth and

physiological performance of populations of mid- and high inter-

tidal mussels (Gttekensia demissa) from salt marshes in South

Carolina can be used to address this question.

High intertidal mussels have considerably lesser somatic and

reproductive biomass. but maintain similar proportional allocation

of biomass to reproductive tissues than mussels from the mid-in-

tertidal zone. Reduced periods of inundation have a stronger effect

on growth of soft tissue than on shell growth. No consistent dif-

ferences in feeding, absorption or metabolic rates were observed

among mid- and high intertidal mussels, during periods of sub-

mergence or aerial exposure. Estimations of net energy balance

from physiological measurements suggest the absence of physio-

logical compensations for reduced feeding time by high intertidal

mussels. The energy budgets of these populations are dictated by

extrinsic conditions that result from length of submergence.

GEODUCK CLAM RESEARCH IN BRITISH COLUMBIA.
Alan Campbell* and Donald J. Noakes, Department of Fisheries

and Oceans, Pacific Biological Station. Nanaimo. B.C.. Canada

V9R 5K6.

The geoduck clam, Pcmopea abnipta (Conrad), the largest and

longest lived (up to 146 y) hiatellid in British Columbia, currently

supports the region's most valuable invertebrate fishery. Research
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on the population biology of geoducks has recently increased in

support of fisheries management of this species in B.C. One study

examining the annual growth rates of geoducks from Ladysmith

Harbour has related growth with environmental changes. Acetate

peels from cross sections of the right valve shell of each clam

were made and age and growth were estimated from the number

and distances between the annuli on the hinges. An average an-

nual standardized growth index of geoducks was calculated for

1907-1980. Changes in growth were observed around 1919 and

1962. Intervention analysis was used to quantify changes in mean

standardized growth for these two periods. Mean annual tempera-

ture increases around 1920 were coincident with an 8% increase in

geoduck growth. A 27% decrease in growth occurred soon after

1960 when log booming and storage started in Ladysmith Har-

bour. Geoduck shells may be useful in relating changes in the

marine environment over a 50- 100 y period.

GROWTH AND SURVIVORSHIP OF OCEAN QUAHOGS,
ARCTICA ISLANDICA (LINNAEUS) IN AN INTERTIDAL

MUDFLAT IN EASTERN MAINE. M. Gayle Kraus and

Brian F. BeaL Science/Math Div. Univ. of Maine at Machias,

Machias. ME 04654; Louanne, McMartin, Biology Dept..

Univ. of Southern Colorado, Pueblo. CO 81001.

Ocean quahogs have been assumed to be absent from intertidal

regions because of their sensitivity to cstuannc conditions. Based

on the results of a salinity/temperature tolerance test, which is

being presented separately, we designed a six month (April to Oc-

tober 1988) experiment to detemiine the feasibility of growing A.

islandica in an intertidal mudtlat. Five individually marked and

measured juveniles (SL X = 11.2 mm. SE ± 0.12; n = 445)

were added to each of 45 experimental units (12.4 cm diam x

12.6 cm deep) at each of 2 tidal levels (low & mid). At both tidal

heights, 15 replicates of each of three treatments were randomly

arrayed: open enclosures to allow access by predators and units

covered with one or two layers of 3.2 mm VEXAR mesh to ex-

clude predators. After six months, only 8 of the 225 quahogs

placed at midtide were alive. None had grown significantly. How-

ever, treatment had a significant (p > 0.(X)1) effect on survivor-

ship at low tide. Only 2.2% of the quahogs were recovered alive

in the open units and most of the pots contained small shell chips,

consistent with damage created by crustaceans. 93.3% survived in

the containers covered with one mesh, while only 62.2% survived

in the double-mesh units. Quahogs at low tide exhibited a mean

relative growth rate of 12.8% (final SLX = 13.1 mm SE ± 0.43;

n = 71), but some individuals, particularly those nearest the

water, had a relative growth rate >30%'. Again treatment had a

significant (p > 0.001) effect. Relative growth was highest (X =

19.7% SE ± 0.02; n = 42) for the units covered with a single

mesh and lower (X = 8.2'7c SE ± 0.02; n = 28) for those double

meshed. No growth occurred in the units open to predators.

Growth rates in this experiment did not approach those obtained in

laboratory-reared individuals, but the results confirm the need for

a predator-free, food-rich environment to maximize growth as

well as survivorship in juvenile ocean quahogs.

GROWTH RATES OF MERCENARIA MERCENARIA IN

PRINCE EDWARD ISLAND. Thomas Landry* and Thomas

W. Sephton, Department of Fisheries and Oceans. Mollusc

Aquaculture Section. P.O. Box 3050. Moncton. N.B. EIC 9B6.

Results from a preliminary survey on growth rates of quahaugs

(Merceiuiria merceiuiria) from Pownal Bay and West River,

P.E.I.. reveal significant differences between those two sites. A

reciprocal transfer experiment was used to determine if these dif-

ferent growth rates are due to genetical or environment differ-

ences.

A total of 120 quahaugs. ranging in size from 25 mm to 45 mm
in length, were collected from each site, and tagged. Half (60) of

these (quahaugs) were transplanted to the alternate site, while the

remaining 60 were replanted at their original sites. Temperature,

salinity, chlorophyll and seston were measured on a monthly

basis. Growth and mortality levels were determined at the end of a

four month period.

The growth increments of quahaugs in West River were 3.6

mm and 5.3 mm for quahaugs originating from Pownal Bay and

West River respectively, compared to 0.7 mm and 1.0 mm in

Pownal Bay. Mortality was higher in West River group at the

West River site (31 dead animals) compared to an average of 6.3

from the three remaining groups. These differences will be dis-

cussed in view of the results of the environmental parameters.

SUMMER MORTALITY OF CULTURED BLUE MUSSELS
IN PRINCE EDWARD ISLAND, CANADA. Thomas W.

Sephton* and Clair F. Bryan, Department of Fisheries and

Oceans. Science Branch. Gulf Region. P.O. Box 5030. Moncton.

N.B.. Canada EIC 9B6.

A recurring problem that effects a large proportion of the cul-

tured mussel industry in P.E.I, is the summer die-off of mussels

(Mytilus eclulis). Preliminary attempts by others to address this

problem, which is believed to be associated with post-spawning

stress, have been inconclusive.

A three year study is in progress to examine the influence of

genetic and environmental factors on summer mortality of P.E.L

mussels using a reciprocal transplant experiment with 6 study sites

(on mussel farms in New London Bay. Tracadie Bay. St. Peters

Bay, Boughton River. Cardigan River. Murray River). Mortality

(age. origin of seed), growth (shell) and animal condition (using

carbohydrate as an index) arc examined at seasonal intervals.

In the spring of 1990. a total of 18 pearl nets (3 horn each

study site, each containing 250 juvenile seed mussels) were placed

at each location (total of 108 pearl nets and 27.000 mussels). En-
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vironmental parameters (temperature, salinity, seston. chloro-

phyll, water currents) were monitored at all sites every 2 weeks

during the ice free season and periodically during winter. In mid

September, the entire experiment was sampled to determine rates

of mortality and growth over the summer interval and the mussel

densities standardized for the winter. There was an inverse rela-

tionship between mortality and growth of the different seed

sources which was consistent among sites: mortality ranging from

2.5% to 307f . with the average interval growth increment ranging

from 9.9 mm to 5.8 mm. Factors influencing mortality and growth

are discussed. The water temperature data showed that this past

summer was about 3°C warmer than that observed in the past 2

years. The hot, relatively dry summer conditions of the region in

1990 may explain some of the summer mussel mortalities reported

from various locations in P.E.I, and N.B.

EFFECTS OF SUBSTRATE MODIFICATION ON THE
GROWTH AND SURVIVAL OF PLANTED MANILA
CLAM SEED (VENERUPIS JAPONICA). Derrick R. Toba*

and Kenneth K. Chew, University of Washington, School of

Fisheries WH-10, Seattle, WA 98195; Doug Thompson, Wash-

ington Department of Fisheries, Point Whitney Shellfish Lab,

1000 Point Whitney Road. Brinnon, WA 98320.

In recent years, state-wide production of the Manila clam,

Venerupis japonica, has increased so greatly that Washington is

now the largest producer and exporter of Manila clams in the

United States. Despite its rapid growth, the industry cannot meet

market demand. Much of the optimal areas in Puget Sound are

already under cultivation. One method to increase production is

through increasing the amount of habitat by substrate modifica-

tion.

A site at Bywater Bay. Hood Canal, was constructed to test

whether the addition of crushed oyster shell to a previously grav-

elled plot would increase the growth and natural recruitment of

Manila clams. The purpose of adding crushed oyster shell was to

counter the effects of gravel compaction and increase the surface

area for settlement of clam larvae. Three replicates of the fol-

lowing treatments were established on 2 x 4 meter plots: 1 ) con-

trol, no substrate alteration; 2| substrate rototilled to a 10.0 cm

depth; 3) a 5.0 cm layer of crushed oyster shell rototilled to a 10.0

cm depth. Rototilling a 5.0 cm layer of crushed oyster shell to

10.0 cm would give a 50/50 ratio of shell to existing gravel. To

each of the plots, 5 to 6 mm Manila clam seed were added at a

density of 700 clams/m-. One half of each plot was covered with 7

X 14 mm predator exclusion netting. At four month intervals,

five core samples on each half of the plot are randomly sampled to

measure the growth and survival of the planted clam seed. Initial

results have shown higher survival on the half protected with net-

ting. Growth rate was highest on the plot in which crushed oyster

shell was added and was lowest in the controls.

FEEDING BY BIVALVES

MODIFYING NURSERY TECHNIQUES FOR PEDAL BY

FEEDING JUVENILE GEODUCKS {PANOPEA ABRUPTA)
IN A SAND SUBSTRATE NURSERY. Lauran R. Cole and J.

Harold Seattle, Washington State Department of Fisheries Shell-

fish Laboratory, 1000 Point Whitney Road, Brinnon, WA 98320.

The Washington Department of Fisheries (WDF) facility at

Point Whitney now produces 10 mm geoduck seed for reseeding

commercially harvested plots. Although hatchery techniques yield

consistent numbers of geoduck larvae, survival and quality of

early juveniles dunng the nursery stage has been variable.

Post-larval geoducks are mobile, and feed with their active feet

from benthic diatoms, detritus and bacteria for several weeks after

the onset of metamorphosis. At the WDF nursery sites, post-larval

geoducks grow in sand substrate raceways that pump water from a

fertilized sea water pond as the only source of food. Experiments

during 1990 used nursery microcosms to test survival and growth

of plantigrade geoducks raised in pond water with wild algae, to

those raised in filtered water with supplemental food. Supple-

mental food treatments included: I ) dried Tetraselmis suecica

added in a slurry to the substrate. 2) dried Tetraselmis suspended

in the water column. 3) live cultured Chaeloceros miielleri sus-

pended in the water column, and 4) non-fed controls. Preliminary

results show significant differences in growth between treatments

with food available to the substrate and those with food added

only to the water column.

MUSSEL FEEDING SELECTIVITY BELOW THE
PSEUODFECES THRESHOLD: THE IMPORTANCE OF
PARTICLE CONCENTRATION. Carter R. Newell,* Great

Eastern Mussel Farms. Inc., Tenants Harbor, ME 04860: Sandra

E. Shumway, Bigelow Laboratory for Ocean Sciences. W.

Boothbay Harbor. ME 04575.

In order to follow-up on earlier evidence of a feeding selec-

tivity threshold of mussels (Mrrilus edulis) feeding below the

pseudofeces threshold on natural particle assemblages (Newell et

al., 1989, JSR 8:187-196), feeding experiments were performed

in winter of 1989 and fall of 1990 using the flow cytometer ana-

lyzing particles 3-50 microns in diameter. Diets were composed

of natural seston with filtered seawater, mudflat silt or cultured

algae added to result in ranges of food quality of 18-36 percent

fluorescent particles at 7.6-10 million particles per liter, and

10-25 percent fluorescent particles at 16-22 million particles per

liter. Regardless of the food quality, mussels were able to feed

significantly faster on algae than on silt particles at low concentra-

tions. However, at seston concentrations above 17 million par-

ticles per liter, mussel feeding rates were not significantly dif-

ferent with respect to algae or silt, regardless of the quality of the

diet. Since this is just below the pseudofeces threshold, it appears

that mussels may be able to select particle types both in dilute
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suspensions (perhaps on the gills) and in dense suspensions (on

the palps) but in the transition between these two concentrations

they are indiscriminate feeders.

STIMULATORY EFFECTS OF MICROALGAL CHEM-
ICAL CUES ON THE CLEARANCE AND INGESTION

RATES OF PLACOPECTEN MAGELLAMCUS. J. Evan

Ward* and H. Keith Cassell, Ocean Sciences Centre, Memorial

University of Newfoundland, St. John's, NF, Canada AlC 5S7.

The feeding activity of bivalve molluscs is a dynamic process;

it is influenced by various physical and chemical factors in the

environment, as well as the quantity and quality of particles in the

surrounding media. Many previous workers have shown that

changes in temperature, salinity, pH, particulate load, panicle

size, and perhaps particle shape can affect pumping, clearance,

and ingestion rates. Few workers, however, have considered

chemical signals as important factors in mediating bivalve

feeding, even though chemically mediated feeding behavior in an-

other class of molluscs, the Gastropoda, has been shown to be

very important. In this study we demonstrate that the sea

scallop, Placopecten magelUmiciis. increases its clearance and in-

gestion rates in response to metabolites from the diatom Chaeto-

ceros muellerl. On average, clearance rates were 44% higher and

ingestion rates 46% higher when scallops were exposed to soluble

metabolites than when they were exposed to control media. Dose

response curves indicate that the stimulation saturates at a low

concentration of diatom extract (eq. to .S.OOtX) cells ml" '). To our

knowledge this is the first time this phenomenon has been demon-

strated in a marine bivalve, and we suggest that chemical cues

from microalgae are important factors which allow scallops to ad-

just feeding rates in nature.

IN SEARCH OF THE IDEAL ALGAL DIET FOR
OYSTERS: RECENT PROGRESS, WITH EMPHASIS ON
STEROLS. Gary H. Wikfors,* National Marine Fisheries Ser-

vice, Northeast Fisheries Center. Milford. CT 06460; Patricia K.

Gladu and Glenn W. Patterson, University of Maryland. De-

partment of Botany. College Park. MD 20742.

Differences in growth of bivalve mollusks on various algal

diets are related to phytoplankton biochemical composition
—

especially lipids. Oysters, Crassoslrca virt;iiiica. have a metabolic

requirement for cholesterol but are unable to synthesize choles-

terol from acetate, as do vertebrates. Most microalgae, including

species that support rapid growth of oysters, contain very little

cholesterol, per se, but do produce a number of other sterols.

some of which are similar to cholesterol. A study now in progress

is addressing the question of how various sterols present in mi-

croalgae affect the growth of oysters.

Thus far. sixteen algal strains have been evaluated for sterol

composition semi-quantitatively. with component sterols mea-

sured as percentages of total sterol. Appreciable differences in

sterol composition were found between algal species. Under con-

trolled laboratory conditions, for twelve weeks, young, post-set

oysters were fed known rations of axenically-cultured algae; live

weights of oysters were measured weekly. Two aspects of algal

sterol structure, 1) the presence of an ethyl rather than a methyl
-

group on carbon 24, and 2) the presence of a double bond at

carbon 5 (cholesterol is in this group), showed statistically-signifi-

cant positive effects upon oyster growth. A step-wise regression

model (p
= 0.025, R- = 0.68). using results from principal com-

ponents analysis, identified these two sterol attributes— along

with algal dry weight, protein, and carbohydrate rations— as ac-

counting for 90% of the differences in oyster growth on the 16

algal diets.

POSTER SESSIONS

MORPHOLOGICAL AND GENETIC VARIATION OF MY-

TILUS EDULIS IN NEWFOUNDLAND. J Bates* and D. J.

Innes, Dept. of Biology, Memorial University. St. John's. New-

foundland. Canada. A IB 3X9.

Koehn et al. in 1984 conducted an electrophoertic survey of

mussels from 5 sites along the Newfoundland coast and concluded

that there were two species of blue mussels present which they

called Myttliis edidis and M. trossidus. Work has been undertaken

to confirm the presence of the two species and study their relative

distributions. Eleven sites along the eastern coast of Newfound-

land were sampled. Nine of these were represented by a single

sample while two were sampled more extensively to examine mi-

crogeographic and size related trends. Four loci. Pgm Est Lap Ap,

were used as these have proven useful in discriminating these two

taxa in previous work. Two morphological criteria were also as-

sessed; shell shape and inner shell colour. Shell shape has been

previously shown to differ slightly between the two types. While

shell colour has not been used before there is a fairly extensive

body of literature indicating that shell colour in molluscs is likely

to be genetically controlled. The results show that shell colour and

enzyme genotype appear to be correlated, confirming the presence

of two reproductively isolated taxa in Newfoundland. Furthermore

the two taxa co-occur at almost all sites examined. However, mor-

phological and genetic information suggest that the situation may

be more complex than originally proposed.

THE FATE OF HATCHERY-REARED JUVENILES OF

MYA ARENARIA L. IN THE FIELD: HOW PREDATION

AND COMPETITION ARE AFFECTED BY INITIAL

CLAM SIZE AND STOCKING DENSITY. Brian F. Beal,*

University of Maine at Machias. 5 O'Brien Avenue. Machias. ME

04654.

Since 1987, ten Downcast Maine coastal communities have

participated in a unique shellfish management program based on

stock enhancement using hatchery-reared softshell juveniles

(8- 12 mm SL). This non-traditional attempt to increase local pro-
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ductivity has occurred at a time when Maine's clamming industry

has experienced a 65'7r decline in landings.

During the third week of May 1990. three separate sizes of

soft-shell clams (Small— X SL = 5.1 mm ± 0.07 SE, n = 217:

Medium—X SL = 8.3 mm ± 0.06 SE, n = 184; Large
— X SL

=
1 1.7 mm ± 0.18 SE, n = 130) produced at the Beals Island

Regional Shellfish Hatchery were added to 150 open field enclo-

sures ( 15 cm diam x 15 cm deep) at each of two stocking den-

sities (660 nr and 1320;m-) at each of three intcrtidal sites in

eastern Maine. Two sites were located in the Chandler River,

Jonesboro (a low intertidal area at the mouth of the river, and a

high intertidal area 1 km above first site) while the third was a low

intertidal area in Holmes Bay near the town of Cutler. During the

first week of October, thirty enclosures, representing five repli-

cates of each treatment combination, were randomly sampled

from both low intertidal sites. Sixty enclosures (10 replicates/

treatment) were sampled from the high intertidal site.

No differences in survivorship were detected between the two

low intertidal sites (P = 0.34). The effect of initial clam size on

survival acted similarly between these sites (P = 0.46) and was

highly significant (P < .001). Large clams had higher survival

rates (70.07r ± 3.05 SE, n = 20) than medium-size clams

(38.8% ± 6.35 SE, n = 20) (P < .001) which survived better

than small clams (15.3% ± 4.07 SE. n = 20) (P < .001). The

effect of stocking density on survival was unimportant at either

site (P = 0.38). Neither initial clam size (P = 0.70) nor stocking

density (P - 0.28) affected clam survival at the high intertidal

site where a rate of 43.5% ± 6.24 SE (n = 60) was observed.

Dead clams were found with either no visable shell damage, a

countersunk hole drilled near the umbo (presumably from Lunatia

spp.), chipped, or completely crushed (the latter two damage

types attributable to crustacean predators). Approximately 5% of

all clams recovered at the upper intertidal site had undamaged

shells. This rate was significantly higher than the other two sites,

and was unaffected by either clam size or stocking density. Mor-

tality caused by boring gastropods was important only at the high

intertidal site where 36.1% had been drilled. Lunatia spp. appar-

ently exhibited no functional response (P = 0.96) and was not

attracted to a certain clam size (P = 0.82). Crushed or chipped

shells were more common at the two lower intertidal sites as

26.7% of all clams recovered fell into this damage category at

Cutler compared with 1 1 .3% at Jonesboro. At Cutler, crustacean-

induced mortality was nearly three times greater on small and me-

dium size clams than larger ones (33.9% vs. 1 1 .9%; P =
.03). At

Jonesboro, small clams were attacked more frequently (28.8%)

than either large or medium clams (5.3%) by crustaceans (P <

.005). Initial density did not affect mortality rate at either low

intertidal site. These results suggest that communities partici-

pating in public stock enhancement programs will attain the

greatest return on their investment by transplanting the largest

hatchery-reared individuals they can obtain.

REPEATABILITY OF TRIPLOID INDUCTION IN CRAS-

SOSTREA VIRGINICA (GMELIN) USING STRIPPED GA-

METES. David Bushek* and Standish K. Allen. Jr., Haskin

Shellfish Research Laboratory, Rutgers University, P.O. Box

687, Port Nonns, NJ 08349.

Successful production of triploid oysters requires precise con-

trol of the timing of fertilization of eggs. Logistically, using

stripped gametes is the most practical method for producing trip-

loids because the time of fertilization can be easily controlled. We
examined several factors that may affect the survival and the yield

of triploid C. virginua from stripped gametes during large scale

spawns.

Triploidy was induced by inhibiting polar body II with cyto-

chalasin B. Variables examined included: time allowed for

stripped eggs to ripen, average female fecundity, egg density

during treatment, development rate, percent of eggs exhibiting

first polar body extrusion at treatment initiation, and treatment

order. Fourteen groups of 17 to 49 M eggs were treated. Survival

and percent tnploidy of 48 hour old larvae were not correlated:

mean survival was 22% and mean triploidy was 79%!. Survival to

the eyed stage was about 6%. A sample of 138 spat was 72%

triploid indicating that the triploid estimate from 48 hour larvae

was accurate. Overall, 400.8 M eggs yielded about 17.8 M trip-

loid spat, an efficiency of 4.4%. All linear regression models in-

corporating the measured variables were not significant. The vari-

ability observed in triploidy and survival appears to be random,

dependent upon egg quality or both.

NJAES Publication No. K-32 100-3-91.

DISTRIBUTION AND RETENTION OF VIBRIO VULNI-

FICUS BY TISSUES OF THE EASTERN OYSTER. CRAS-

SOSTREA VIRGINICA. Gesa M. Capers* and Mark L. Tam-

plin. U.S. FDA, Fishery Research Branch, Dauphin Island, Ala-

bama and University of Florida, Gainesville, Florida.

Vibrio vulnificus is a human pathogen often associated with

Crassostrea virginica. It was measured in individual tissues of

freshly harvested oysters and in oysters subjected to depuration by

ultraviolet light and filter-sterilized seawater. Vibrio vulnificus

was enumerated with the most probable number technique in ho-

mogenates of whole oyster tissues and in individual tissues, in-

cluding the hemolymph, digestive region, gills, mantle, and ad-

ductor muscle. Vibrio vulnificus was identified by enzyme immu-

noassay. In freshly harvested summer oysters, the digestive region

contained the highest concentration of V. vulnificus, with de-

creasing numbers in the adductor muscle, mantle, gills, and he-

molymph. Concentrations and distribution of V. vulnificus in

oyster tissues differed for wanner and colder months. Depuration

did not reduce V. vulnificus numbers in whole oysters, but

changed their distribution in tissues. Specifically, V. vulnificus

concentrations increased in the adductor muscle, mantle, and

gills. It replicated in tissues of oysters and was released at a rate of
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approximately 10' to 10^ V. vulnificus per oyster per hour. These

findings indicate that V. vulnificus is part of the microbial flora of

oysters.

EVALUATION OF A GENE PROBE ASSAY FOR THE DE-

TECTION OF ENTERIC VIRUSES IN GREAT BAY
SHELLFISH. Karen J. Chaput* and Aaron B. Margolin. De-

partment of Microbiology. University of New Hampshire.

Durham. NH 03824.

Due to inadequate sewage treatment systems, the shellfish

growing waters of the Great Bay estuary of New Hampshire are

becoming increasingly contaminated with fecal pollution. State

regulatory agencies monitor fecal pollution in growing waters by

the use of total and fecal coliform standards. Although these or-

ganisms readily detect bacterial contamination, the reliability of

these procedures to demonstrate the existence of viral contamina-

tion is doubtful. Viral associated illness, including Hepatitis A.

has occurred in individuals consuming shellfish from growing

areas meeting all standards for harvesting. Current accepted

methods to detect viral contamination, such as cell culture, can be

time consuming and lack the sensitivity needed to detect low

levels of enteric viruses found in shellfish. For example, hepatitis

A virus (HAV) takes up to 3 months to replicate in cell culture,

making monitoring by this method impractical. Gene probes are a

rapid and sensitive method which has been developed to evaluate

viral contamination by the detection of viral deoxyribonucleic acid

(DNA) and a ribonucleic acid (RNA).

Hepatitis A virus, strain HM175, was used to seed shellfish

eluents to evaluate the efficacy of a gene probe assay. Preliminary

results demonstrate the effectiveness of this assay to detect enteric

viruses in shellfish. To demonstrate the use of the assay with envi-

ronmental samples, oysters were collected from the Great Bay

estuary in areas opened and closed to shellfish harvesting.

Samples were taken monthly from October. 1989 to September.

1990. Shellfish samples were evaluated for poliovirus by gene

probes and cell culture. Samples were also evaluated for HAV by

gene probes.

treatment group including controls were examined. Prevalence

and intensity of Perkinsus infection was found to be correlated

with salinity; both factors increased with salinity. Heavy infec-

tions were found in both 10 and 20 ppt but not in 3 ppt groups.

Total hemocyte count in oysters maintained at 10 ppt was signifi-

cantly higher than at other salinities. Lysozyme concentrations

were significantly lower in the oysters maintained in 10 and 20 ppt

water than those maintained in 3 ppt water. There was a trend of

increasing hemagglutinin levels in oysters with increasing salinity.

At salinity higher than 3 ppt. hemagglutinins were lower in Per-

kinsus challenged than in control oysters.

SELECTIVE BREEDING FOR INCREASED GROWTH
RATE OF EASTERN OYSTERS {CRASSOSTREA VIR-

GINICA) IN A MAINE ESTUARY. Christopher V. Davis,*

Robert O. Hawes. and Herbert. Hidu. Department of Animal.

Veterinary and Aquatic Sciences. University of Maine. Orono.

ME 04469.

In response to a regional need for genetically improved lines of

hatchery reared oyster seed, a ten year initiative began in 1986 to

improve the cold water growth performance of eastern oysters

through selective breeding regimes. Three regionally distinct pa-

rental lines of brookstock, (Flowers, Milford and Rutgers), were

selected following eighteen months of growth trials under uniform

environmental conditions. Parental "select" lines of broodstock

were composed of individuals within the top 20% of the weight

distribution based on whole wet weight. "Control" lines were

composed of randomly chosen individuals from all weight classes

of the original population. Spawning occurred in 1988 and off-

spring were reared for two growing seasons in floating screened

trays in the Damariscotta River. Maine. In all three lines, off-

spring from selected parental stocks outgrew the controls when

measured in terms of whole wet weight after 21 months growth.

Whole wet weight differences of 6.8%. 13.1% and 56.6% were

observed between the select and control groups of the Milford,

Flowers and Rutgers lines respectively. All t-test differences were

significant at the p < .10 level or less.

EFFECT OF SALINITY OF PERKINSUS MARINUS SUS-

CEPTIBILITY AND DEFENSE-RELATED ACTIVITIES IN

EASTERN OYSTERS, CRASSOSTREA VIRGINICA. Fu-Lin

E Chu* and Jerome F. La Peyrc. Virginia Institute of Marine

Science, the College of William and Mary, Gloucester Point, VA
23062.

Infection caused by Perkinsus inariniis and defense-related ac-

tivities in eastern oysters mamtained under different salinity treat-

ments were determined. Oysters were injected with trophozoites

(10* trophozoites per oyster) of Perkinsus. incubated in a closed

system for six weeks in water of 3. 10 and 20 ppt. Oysters were

then sacrificed and assessed for Perkinsus mieclion. Simulta-

neously, defense-related activities of individual oysters from each

NATURAL SPAWNING VERSUS STRIP SPAWNING: A

PRELIMINARY EVALUATION OF SUCCESS BETWEEN
THE TWO METHODS IN CRASSOSTREA VIRGINICA.

(Gregory A. Debrosse* and Standish K. Allen. Jr., Rutgers Uni-

versity, Haskin Shellfish Laboratoiy, Port Noitis. NJ 08349.

In addition to naturally induced spawns, eggs and sperm may

be obtained by dissection, or strip spawning. Successful natural

spawns are dependent upon the oyster's willingness to spawn

when subjected to thermal or chemical stimulation, or both. When

the gatnetcs are to be used in controlled genetic crosses, natural

spawning can be problematic. Rarely does a significant portion of

oysters spawn on cue; almost never will specific individuals coop-

erate; and cross contamination of gametes is always a possibility.
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Conversely, stripping ripe oysters makes it possible to obtain the

desired number of gametes from specific individuals on cue,

without contamination. Do both methods result in comparable

larval survival?

Hatchery culture records for 1988- 1990 were used to evaluate

percent survival of larvae over the first 48 hours and subsequently,

up to the appearance of the first "eyed" larvae. Data from 14

natural and 12 strip spawns were included in the evaluation. Con-

trary to conventional dogma, we found that survival during the

first 48 hours was higher (mean = 41 .y/c) in larvae from stripped

eggs than from natural spawns (mean = 29.5%). However, the

reverse was true when comparing survival to the eyed stage. Sur-

vival to first eyed was 27.2% in larvae from natural spawns, but

11.0% in larvae from stripped eggs. Most of the natural spawning

took place during 1988-89. while strip spawning was the sole

method used during 1990; it is unclear whether the lower survival

of stripped cultures in this comparison is merely an artifact of

between-season culture conditions. Further comparisons are

planned during the 1991 season to resolve this question. NJAES

Publication no. K-32 1 00-2-9 1 .

MOVEMENT OF OFFSHORE LOBSTERS {HOMARUS
AMERICANUS) DISPLACED TO COASTAL AREAS OF
NOVA SCOTIA. David R. Duggan. Benthie Fisheries and

Aquaculture Division Biological Science Branch. Department of

Fisheries and Oceans. P.O. Box 550. Halifax, N.S.. Canada B3J

2S7.

A total of 593 berried female lobsters were displaced from

Georges Bank to three coastal locations along Nova Scotia's

southwestern shore. Of the total released, 106 (18%) were recap-

tured. Most (93%) recaptured lobsters had moved offshore in the

direction of original capture and were caught > 100 km from re-

lease sites. Mean days at large was 467 and the greatest time at

liberty was 1526 days. The mean distance travelled was 148 km

and mean change in depth was -I- 163 m. The greatest straight-line

distance was 264 km, recorded for a 128 mm lobster which tra-

velled from Pubnico, N.S. to the Corsair Canyon area on Georges

Bank in 350 days. Of the 106 recaptured lobsters, 12 (11%) were

recaptured a second time. Results of this ongoing study indicate

that displaced offshore lobsters exhibit a directed movement to-

ward the area of original capture. Further tagging studies are re-

quired to gain more insight into movement patterns of mature

coastal lobsters.

SEASONAL VARIATION IN RESPONSE TO LABORA-
TORY CONDITIONING IN MERCENARIA MERCENARIA
IN SOUTH CAROLINA. J. G. Goodsell* and A. G. Eversole,

Department of Aquaculture, Fisheries and Wildlife, Clemson Uni-

versity, Clemson, SC 29634-0362.

Hard clams, Mercenanu menenaria. (n = 3(K)) were col-

lected from a field population in August and November (Fall),

February (Spring) and May and June (Summer) in two consecu-

tive years and conditioned in the laboratory. Temperature in the

conditioning tank was maintained at 19°C ± 1°C, salinity varied

27-30 ppt, feeding rates were maintained at 1-2 X 10' cells/

clam/day of Isochrysis galbana (T-ISO) and/or Chaetoceros gra-

cilis. During each seasonal trial, attempts were made to induce

spawning (N = 40) at 0, 3, 4, 6, 8, 10 and 12 weeks after starting

conditioning. Spawning trials were rated on number of males and

females spawning, number of gametes produced, egg size and

larval survival to 48 hours. A random sample of clams (n =
10)

from each trial were saved for histological analysis. A principal

components analysis was used to create an index (Score =

0.480350% males spawning -I- 0.500924% females spawning -I-

0.513265 total % spawning -I- 0.260302 number of sperm pro-

duced -I- 0.112338 number of eggs produced
- 0.340781 egg

diameter - 0.241639% larval survival) for conditioning season

and for week within conditioning season. "Best" spawns were

ranked 6 and poorest were ranked 1 . Weeks in which no spawn

occurred were unranked. As expected, best conditioning season

was summer followed by spring and fall. This order coincided

with natural spawning pattern in South Carolina. In both years,

clams collected in summer required little or no conditioning be-

fore an adequate number of clams spawned (>30%) were pro-

ducing a large number of viable eggs (>I0'') and sperm (10').

When fertilized, these gametes yielded survival rates to straight

hinge stage >50%. Optimum conditioning time in summer was 10

weeks (Score = 6). During spring trials in year 1. males spawned

on weeks 8 and 12, and females spawned on week 12 only. In

year 2, spawning increased steadily through week 8, with 82%

spawning, (Score = 5) then decreased (week 12, Score = 2). In

fall year 1 (November), total number spawning never exceeded

10% and no females spawned. In fall year 2 (August), clams

began to spawn at week 6 (Score = 3) and continued, increasing

slightly through week 12 (Score = 4).

PHAGOCYTOSIS OF VIBRIO VULNIFICUS BY CRASSOS-

TREA VIRGINICA HEMOCYTES. Linda H. Hopkins.*

Mark L. Tamplin, and William S. Fisher. Jacksonville State

Univ., Jacksonville, AL and Univ. of Alabama in Birmingham.

Univ. of Florida. Gainesville, FL, and Univ. of Texas. Galves-

ton. TX.

Vibrio vulnificus is a naturally occurring marine bacterium

which can cause invasive human disease following consumption

of raw oysters. This bacterium is believed to be natural flora of the

Gulf Coast oyster. Crassostrea virginica. To better understand the

relationship between V. vulnificus and oyster tissues, we exam-

ined the phagocytic response of oyster hemocytes to temperature,

time, hemocyte:bactcrial ratios, serum concentration, and translu-

cent and opaque strains of V. vulnificus. The results showed that

the number of hemocytes binding bacteria increased with time,

ratio, and temperature. Greater than 60% of hemocytes bound
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translucent strains, whereas only 20% were associated with

opaque strains. This indicates that opaque strains of V. viihiificiis

may resist phagocytosis as previously described for mammalian

phagocytes. Preincubation of bacteria in serum or increased con-

centration of serum did not affect the rate of phagocytosis, indi-

cating a lack of opsonic effect. Understanding these cellular inter-

actions may explain how V. vulnificus is retained in oyster tissues

and its ecology in estuarine environments.

QUANTITATIVE RELATIONSHIPS BETWEEN POST-
LARVAL LOBSTERS AND NEW BENTHIC RECRUITS IN

THE BOOTHBAY REGION OF MAINE. Lewis S. Incze, Bi

gelow Laboratory for Ocean Sciences. West Boothbay Harbor.

ME 04575 and Richard A. Wahle, Brown University. Provi-

dence, RI 02912.

Lobsters recruit to the benthos from a planktonic, primarily

neustonic, postlarval (PL) stage. Along the coast of Maine, re-

cruits are found primarily in shallow subtidal cobble (<10 m
below MLW) which is patchily distributed and comprises a small

portion of total bottom area. We measured densities (No. m -) of

new recruits at six sites in a coastal bay and at two coastal island

sites in September 1989 and 1990 and compared these data to

densities of neustonic postlarvae sampled from late July to late

August of the same years. New recruits (carapace length =£10

mm) were more than two orders of magnitude more concentrated

than PLs. We develop a simple diagnostic model of the pelagic to

benthic transition in lobster recruitment that accounts for this in-

crease in density, and we use this model to suggest plausible rates

of PL diving and settlement that describe average and site-specific

recruitment in the two years. Advection criteria and implications

for import and mortality rates of PLs are evaluated.

THE EFFICACY OF BLUE COLORMORPHIC AMER-
ICAN LOBSTERS IN DETERMINING THE FEASIBILITY

OF HATCH AND RELEASE PROGRAMS. C. J. Irvine,* R.

Bayer, and B. BeaL Department of Animal. Veterinary, and

Aquatic Sciences. University of Maine, Orono, ME 04469. S.

Chapman, Ira C. Darling Center. University of Maine, Walpole,

ME 04573 and D. A. Stubbs, Department of Psychology, Uni-

versity of Maine, Orono, ME 04469.

The feasibility of lobster hatch and release programs is cur-

rently being evaluated by researchers at the University of Maine

via the release of blue colormorphic American lobsters, Homarus

americanus. Presently, the efficacy of using these blue lobsters as

biological markers is unknown due to the possibility of inherent

behavioral differences in comparison to normal American lob-

sters. The basic behaviors analyzed in this study are: swimming,

burrowing, walking, and lack of activity. At the Ira C. Darling

Center in Walpole, Maine blue and control (normal) post-larval

American lobsters, ranging in carapace length (CPL) from 4.5

mm to 6.5 mm. were filmed individually with a camcorder. Each

trial lasted for a minimum of 15 minutes and none exceeded 30

minutes. Six different substrates and three approximate carapace

lengths of 4. 5. and 6 mm were used. The substrates included:

mud. sand, eelgrass over mud. eelgrass over sand, pebble over

sand, and cobble over sand. Five trials per substrate per carapace

length were attempted for both blue and control animals. During

the summer of 1990, a total 76 trials were conducted. 47 with blue

lobsters and 29 with controls. The data was quantified by com-

puting the relative time the lobsters spent in each of the behaviors

in each trial. Of those trials analyzed to date no apparent behavior

differences exist.

ONTOGENETIC CHANGES IN SWIMMING ACTIVITY
OF NORTHERN SHRIMP IN NON-FLOWING AND
FLOWING WATER. Mary-Jane James,* Department of Zo-

ology. University of Rhode Island. Kingston RI 02881.

Swimming behavior of laboratory reared northern pink shrimp.

Pcmdalus horealis. zoeal stages I-V. was observed in a flume at

several water flow velocities (0. 0.1. 0.2 and 0.4 cm/sec). Swim-

ming speed and percent time swimming was measured, and

swimming postures of the five zoeal stages were noted. Swim-

ming speed increased in all water velocities for stage I to stage III

zoeae. Stage III and IV were similar in their swimming speeds. In

general, there was no difference in swimming speeds within zoeal

stage at the different flow rates. Earlier stages, I and II, were

weaker swimmers (approximately <0.05 cm/sec) than later

stages. Ill and IV (approximately >0.10 cm/sec). There was no

pattern in either flowing or non-flowing water in percent time

swimming for zoeal stages I-IV. Zoeae in stages I and II swam in

a vertical posture with the carapace below the telson. The pattern

of movement was a slight bobbing in the vertical plane, with little

or no displacement in the horizontal plane. On the other hand,

swimming posture of later stage zoeae. III and IV, was inclined,

the carapace below the telson. The direction of swimming was

primarily forward in the horizontal plane. Stage V did not exhibit

any swimming behavior and either sat or crawled on the bottom of

the flume, often holding the telson high off the flume floor. This

behavior suggests settlement occurs at this stage V.

Ontogenetic changes in swimming activity of Pimdulus ln>-

realis zoeae may influence the distribution of larvae in the

plankton, and therefore may be an important factor in the recruit-

ment dynamics of this species.

OYSTER GROW-OUT TPXHNIQUES FOR THE MID-AT-

LANTIC: A DELAWARE BAY MODEL. David R. Jones,*

Standish K. Allen Jr.. and Stephen R. Fegley, Rutgers Oyster

Research Laboratory. P.O. Box 687. Port Norris. NJ 08349.

A two-year project is currently underway to determine the eco-

nomic feasibility of intertidal cultchless oyster production in Dela-
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ware Bay. The first year of this project has just ended. Cullchless

spat were produced from Rutgers University's MSX-resistant lines

of Crassostrea virginica. Spat were reared in two upweller

nursery systems located on the Atlantic and Delaware Bay coasts

of New Jersey. When 8- 10 mm in size, these spat were placed in

plastic mesh cages and moved onto fiberglass racks at two inter-

tidal sites in Delaware Bay. Spat reared on racks experienced

30-40% aerial exposure.

Of approximately 200,000 oysters placed intertidally. 75%

survived the first growing season. There was considerable varia-

tion in growth and survival, with the fastest-growing oysters also

showing highest survival. The Atlantic coast nursery showed

slower growth than the Delaware Bay nursery. The middle Dela-

ware Bay growout site showed slower growth than the lower Dela-

ware Bay site. Harvesting of market-sized oysters is expected at

the end of the second growing season in 1991 . Detailed economic

analysis will be used to show commercial feasibility of the tech-

niques used. NJAES Publication Number K-32100-5-91 .

SALINITY AND TEMPERATURE TOLERANCE TESTS

ON OCEAN QUAHOGS, ARCTICA ISLANDICA (L.). M.

Gayle Kraus and Brian F. Seal. Science/Math Div. Univ. of

Maine at Machias, Machias. ME 04654. Louanne McMartin,

Biology Dept., Univ. of Southern Colorado. Pueblo. CO 81001.

The ocean quahog occurs predominately in deep water (^250

m) from Newfoundland to Cape Hatteras. This distribution has led

to a common assumption that these animals arc intolerant of low

salinities and high temperatures. Prior to the development of a

culture program, we wished to determine the feasibility of using

tidal flats as nursery sites.

The first phase of this investigation was to determine if juve-

nile quahogs (X = 10.6 mm SE ± 0. 10) were able to survive low

salinities for at least the length of a tidal cycle. Individuals used in

this study were collected from commercial beds in Machias Bay

(Lat. 40°35'N; Long. 67°26'W). Groups of ten juveniles were

placed in each of six salinities (5, 10, 15. 20, 25 & 309rr) at two

tempratures (6° & 19°C). Their behavior was recorded hourly for

the first eight hours and periodically after that for the next 26

days. Death was defined as lack of response when the mantle was

touched. Seawater was changed and quahogs were fed 5 ml of

cultured algae (T. Isocrysis galbana. 6-9 x lO*" cells/ml) daily

for the first 10 days and a minimum of five times a week there-

after. LDjo's at 19°C were 7 and I 1 hr for 59fr and 109;f. respec-

tively. Two of the ten individuals in lO^rr lived (periodically si-

phoning) for 20 days. LD5o's for the same salinities at 6°C were

11 and 24 hr, respectively. Except for a single individual in four

of the remaining eight treatments, all quahogs in salinities 55l5%c

at both temperatures survived for 27 days, when the experiment

was terminated. These quahogs remained active, periodically si-

phoning, during this time.

DESIGN OF A PC-COMPATABLE BIOECONOMIC PRO-

GRAM USED IN FORECASTING THE BARATARIA BAY
OYSTER FISHERY. Jimmy J. Landry,* Department of Engi

neering Technology, Nicholls State University. Thibodaux, LA

70310; Earl J. Melancon, Jr., Department of Biological Sci-

ences, Nicholls State University, Thibodaux, LA 70310.

The computer program, written in compiled BASIC, is based

on a bioeconomic model developed for the southeast coast of

Louisiana, a high salinity region.

Designed for use by individual oystermen or state agencies, the

program predicts the number of sacks that can be harvested and

the gross and vanable production cost.

Program features include: Data file management, graphical

display of results, user friendly menu driven, PC compatible

(CGA, EGA mode), print report on dot matrix printer, and new

models can be integrated with little effort.

COLLECTING JUVENILE SEA SCALLOPS {PLACO-

PECTEN MAGELLAMCUS) WITH ARTIFICIAL COL-

LECTORS, IN PORT AU PORT BAY, NEWFOUNDLAND
(CANADA). Marc Lanteigne, L.-A. Davidson, and J. An-

drews, Fisheries and Oceans, Gulf Fisheries Centre, Box 5030,

Moncton, New-Brunswick, Canada EIC 9B6.

The supply of seed (juvenile scallops) for aquaculture activities

is one of the major limiting factor for the advancement of the sea

scallop aquaculture in Atlantic Canada. Due to the cost of

hatchery produced seed, the industry has had to rely on collecting

wild seed, using artificial collectors (Japanese onion bags). Col-

lecting sea scallop seed from the wild has always been unpredict-

able, producing quantities of seed barely acceptable for commer-

cial activities (approx. 300 juveniles/collector).

In 1988, the Port au Port Bay became well known as an excel-

lent site for juvenile collection. With the improvement of the col-

lecting techniques and the particularities of the site, aquaculturists

were able to collect consistently more than 3000 juvenile scallop.s/

collector from 1988 to 1990.

In 1988, the Department of Fisheries and Oceans initiated a

project to study the recruitment mechanisms in Port au Port Bay.

The results of three (3) years of collecting juvenile scallop are

presented and discussed.

DEVELOPMENT OF A NUCLEIC ACID PROBE FOR HA-

PLOSPORIDWM NELSONI (MSX). D. T. J. Littlewood and

Susan E. Ford, Haskin Shellfish Lab., Rutgers University, P.O.

Box 687, Port Norris NJ 08349; Dunne Fong, Dept. of Biological

Sciences. Rutgers University, Piscataway, NJ 08855.

In order to detect the oyster parasite Haplosporidium nelsoni

(MSX), rapidly and sensitively, we are taking advantage of the
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species specific structure of ribosomal nucleic acids to develop a

molecular probe. Ribosomal nucleic acids are the most common

in any eukaryotic cell. After denaturation of each strand of these

double stranded molecules will reanneal specifically with their

complement or may hybridize with other complementary single

stranded molecules, such as a radioactively or non-radioactively

labelled probe. We are pursuing a non-radioactive probe which

will be used in the diagnosis of MSX and to complete details of

the MSX life cycle.

DNA was isolated from oyster sperm, uninfected oyster blood

and MSX infected blood samples. Small subunit ribosomal DNA
(SSrDNA) was amplified in each sample using the polymerase

chain reaction technique with primers that anneal to the termini of

SSrDNA. SSrDNA was cloned into suitable plasmid vectors

which, in turn, were transfected into competent host E. coli cells.

Purified recombinant plasmid DNA was sequenced using the di-

deoxy chain termination reaction. Complete sequences of oyster

and putative MSX rDNA indicate these genes to be 1 799 and 1 793

bp respectively. Computer aided analysis of these genes will en-

able us to synthesize sequences (<3() bp) that are species specific.

Preliminary probes will enable us to confirm that we have se-

quenced MSX, by in situ hybridization, before the probe and its

use are perfected. This is NJAES publication number K32901-

1-91.

SCANNING ELECTRON MICROSCOPY (SEM) OF MU-
GARDIA, FORMERLY ANOPHRYS, A PATHOGENIC
PROTOZOAN OF THE AMERICAN LOBSTER. M. B.

Loughlin* and R. C. Bayer. Department of Animal, Veterinary

and Aquatic Sciences, University of Maine, Orono. ME 04469.

During spring, 1990. several lobster pounds experienced high

mortalities caused by a ciliated protozoan. This study examined

infected lobsters from tidal lobster pounds in Maine. Previous lit-

erature referred to this organism as Anophrys. recently the Society

of Protozooligists reclassified this protozoan in the class Oligohy-

menophorea, subclass Hymenostomatia, order Scuticociliatida,

family Paranophryidae, genus Mugaidia. Miigardia is apparently

an opportunistic marine species, free living but infecting various

decapods through damaged and possibly diseased areas of the

shell. Mugardia infects nearly all tissue causing death in three

days to three weeks.

Live lobsters examined in this study showed weakness and

lethargy. Light microscopy of infected hemolymph revealed a

highly motile ciliate. Mugardia from an infected Maine pound

were collected, preserved with buffered formalin fixative, pre-

pared for SEM by ethanol/amyl acetate dehydration, CO2 critical

point drying and sputter coated with gold to 30 nm. SEM and

VHS Video revealed; MugurdUi cilia attached to lobster hemo-

cytes, oral groove, kineted and dikineted .structure and arrange-

ment.

RELEASE OF LARGE NUMBERS OF SMALL SYMBI-

OTIC CELLS BY THE SEA SCALLOP PLACOPECTEN
MAGELLANICUS IN NEWFOUNDLAND. Bruce A. Mac-

Donald, J. Evan Ward, and Cynthia H. McKenzie, Marine Sci-

ences Research Laboratory, Ocean Sciences Centre, Memorial'

University of Newfoundland, St. John's N.F., Canada AlC 5S7.

During routine feeding experiments in the field large numbers

of symbiotic cells were released into suspension from within the

mantle cavity of adult Pkwopecten magelluniciis . The individual

cells range in size from 6- 12 jim and to date they have only been

observed during summer months. Cells were recorded for approx-

imately 10-20% of the individuals monitored in late June 1989

while up to 100% of the individuals in one mid-August 1990

sample (n = 9, males and females) contained at least some of the

cells. Light microscopy and SEM were used to examine the ex-

ternal features of preserved cells which have not yet been identi-

fied.

EFFECTS OF TWO SPECIES OF DINOFLAGELLATES
ON THE NEW ZEALAND MUSSEL PERNA CANALI-
CULUS. Islay D. Marsden, Zoology Department, University of

Canterbury, Christchurch, New Zealand; Sandra E. Shumway,
Maine Department of Marine Resources, West Boothbay Harbor,

ME 04575 U.S.A.

New Zealand mussels were maintained in quarantine condi-

tions with low food availability. Opening behaviour and byssus

production over 24 h were measured at approximately 5 day in-

tervals over a 30 day experimental period. At 20°C mean byssus

production ranged from 3.43 to 6. 17 per day. Byssus production

decreased with time corresponding to changes in the dry weight

condition index. Individual P. canaliculus were exposed to 10'

cells/L red tide of Protogonyauiax tamarensis (GT429) and

(PLY173). There was no significant change in byssus production

or opening behaviour between experimental groups and mussels

produced normal faeces within 24 h. Oxygen uptake of individual

P. canaliculus (dry weight 54 to 127 g) was measured prior to

exposure to (GT429) and (PLY173). after I h exposure and fol-

lowing a 24 h recovery period. Oxygen uptake was similar for all

conditions, and time intervals. It is concluded that although the

New Zealand mussel actively feeds on toxic algae there is no sig-

nificant short term effect on its oxygen uptake. Like other mussels

however, continued exposure to GT429 results in the accumula-

tion of toxins to levels unsuitable for human consumption.

GROWTH, DISEASE RESISTANCE AND SURVIVORSHIP
OF DIPLOID AND TRIPLOID EASTERN OYSTERS IN AN
MSX ENVIRONMENT. George C. Matlhiessen, Ocean Pond

Corporation. Fishers Island. NY 06390; Jonathan P. Davis,*

Baywater. Inc., Bainbridge Island, WA 98110.

The purpose of this study was to evaluate the potential for

using triploid eastern oysters in a commercial oyster grow-out site
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having a history of MSX. Triploid oysters were produced in the

hatchery using standard induction methodologies in 1988 on

Fishers Island, NY, and again in 1990 in Dennis, MA. Parents (1

male and 1 female) used in 1990 were themselves individuals se-

lected for seven generations for resistance to MSX (parent stocks

were obtained originally from Rutgers University Research Labo-

ratory, strain designation R-BLA), while 1988 parental stocks (4

females and 7 males) were Ocean Pond (Fishers Island. NY) non-

resistant oysters. In both years, individual triploid and diploid

control oysters were placed for grow-out in Cotuit. MA. a com-

mercial site having a history of MSX infestations.

Growth rates of triploid oysters exceeded that of diploids in

both years, although the triploid yield in the 1988 group was very

low (3%): nonetheless triploid oysters were significantly larger

than their diploid siblings at fifteen months post set. The same

result was observed in the 1990 group at six months post set;

triploid oysters were significantly larger than their diploid con-

trols. The controls in this experiment were diploids originating

from the same broodstock population of seventh generation resis-

tant oysters.

The pattern of disease resistance and mortality in Cotuit Bay

diploid and triploid oysters was examined in August. September,

and October, 1990. Though incidence of infection was higher in

triploids throughout this period, mortalities attributed to MSX
were significantly higher in diploids. These results are discussed

within the context of utilizing triploid oysters for enhanced growth

and survivorship potential in commercially productive MSX envi-

ronments.

A BETTER USE OF STOCK-SITE COMBINATIONS TO
INCREASE BLUE MUSSEL PRODUCTION IN THE MAG-
DALEN ISLANDS (QUEBEC, CANADA). Bruno Myrand
and Jean Gaudreault.* Direction de la recherche scientifique et

technique, MAPAQ. C.P. 658, Cap-aux-Meules, Quebec,

Canada, GOB IBO.

Mussel {.Mytilus edulis) spat collected from 4 sites (
= stocks)

were transferred to 5 different growing site in November 1989 in

order to create 20 different stock-site combinations. All combina-

tions were then followed monthly from June to November 1990.

Length-flesh DW and length-shell weight regressions were estab-

lished for each combination. We estimated the commercial pro-

duction per cage using these regressions applied to the length dis-

tributions (mussels 3 50 mm). The condition index (flesh DW/

shell weight) was also calculated.

Mussels from the Amherst Lagoon (BHA) stock had a survival

rate of 92.8% whereas the stock from Great Entry Lagoon (GE)

exhibited a poor 22.8%. The survival rate had a strong impact on

the estimated commercial production per cage as the mean length

(47 to 51 mm) and the mean condition index (17.7 to 20.1%) of

the mussels in November showed little variation. The estimated

commercial production was 9.8 times higher for the BHA stock

(170.7 g/cage) than for GE stock ( 17.4 g/cage). The best site was

the House Harbour Lagoon with 105.7 g/cage and the worst was

the Great Entry Lagoon with 66.8 g/cage. The most interesting

fact is that the mussel industry in the Magdalen Islands is located

in Great Entry Lagoon and uses the local GE seed. In 1990, the

commercial production could have been multiplied by an order of

magnetude if mussel growers had merely used BHA mussels in-

stead of the local ones.

GROWTH PATTERNS OF FEMALE OFFSHORE LOB-

STERS. Douglas S. Pezzack,* Dept. Fisheries and Oceans,

Scotia-Fundy Region, P.O. Box 550, Halifax, N.S.. Canada, B3J

2S7.

Offshore lobsters iHonuinis a»n'ricaniis} inhabit the deep-

water basins of the Gulf of Maine, the offshore Banks of Georges

and Browns and the outer Scotian Shelf. Tagging studies con-

ducted 1983-1988 tagged over 16.000 female lobsters, most of

which were mature and over half were egg bearing at the time of

tagging. Over 30% of the tagged lobsters were recaptured and

\6% of these more then once. Growth increment per molt and the

proportion molting were determined for egg bearing and nonegg

bearing females. Though the standard pattern of alternating

molting and egg extrusion was observed in the majority of cases,

some mature females were observed to extrude eggs two succes-

sive years without an intervening molt; molt two successive years

without an intervening egg extrusion; and molt and extrude eggs

in the same season. These patterns may be the result of the warm

year round temperatures offshore and unique to that area or they

may represent the normal variability in growth strategies, not ob-

served in other tagging studies due to lower return rates and the

lack of large numbers of mature females.

EGG PRODUCTION OF LOBSTER {HOMARUS AMERI-

CANUS) IN THE GULF OF ST. LAWRENCE, CANADA.
Fernand Savoie* and Donald R. Maynard, Department of Fish-

eries and Oceans, Invertebrates Division. Science Branch, Gulf

Region, P.O. Box 5030. Moncton, N.B.. EIC 9B6.

The female population of Homarus americanus in the Gulf of

St. Lawrence was studied to detennine the geographic and sea-

sonal vanations in fecundity. A total of two hundred berried fe-

male lobsters ranging from 60 to 120 mm carapace length were

collected by trap during the fall and again in the spring at five

sample sites within the Gulf. The number of eggs on each female

was estimated and a regression of carapace length versus fecun-

dity plotted for each sample site per season. Samples collected in

the fall consisted of lobsters carrying newly extruded eggs while

spring samples coincide with lobsters carrying eggs which will

hatch within six to eight weeks. Percent egg loss between the two

seasons varies from 15 to 27%. Geographic variation of fecundity

and egg loss is discussed.
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OVERWINTERING SURVIVAL OF TRIPLOID EASTERN
OYSTERS. G. M. Shatkin,* Department of Animal. Veteri-

nary, and Aquatic Sciences. University of Maine. Orono, ME
04469 and Standish K. Allen, Jr., Haskin Shellfish Research

Laboratory, Rutgers University. Port Norris, NJ 08349.

We are presently engaged in experimental grow out of triploid

American oysters, Crassostrea virgiinca, in Maine in order to as-

sess commercial potential. In the Damariscotta River, oysters are

frequently grown in floating trays as juveniles. To avoid freezing

damage during winter, oysters are stored in one of several ways:

at high salinity oceanic sites, on bottom, or in cold humid air.

Triploid and diploid control oysters were overwintered at a high

salinity site at the Ira C. Darling Center, Walpole, Maine and

underground in cold, damp storage at Mook Sea Farm. Damaris-

cotta, Maine. As a control, replicates were held in a recirculating

seawater system at a constant temperature of 12°C. The oysters

ranged from 3-10 mm and were divided into 9 groups of 800

triploids and 9 groups of 800 diploids. Three replicates of each

genetic type were overwintered at each of the three locations.

Changes in total weight and percent moisture were calculated in

relation to method of storage. Shell length and mortality were de-

termined at the termination of winter storage and one month later.

These measurements allowed us to determine relative survival and

recovery from winter storage in triploids and diploids.

FLOW CYTOMETRIC ANALYSIS OF PURE-CULTURES
AND NATURAL PARTICLE ASSEMBLAGES—GOING
FROM THE SUBLIME TO THE RIDICULOUS? Sandra E.

Shumway*'^ and T. L. Cucci,^ 'Department of Marine Re-

sources and ^Bigelow Laboratory for Ocean Sciences, West

Boothbay Harbor, ME 04575 USA.

The introduction of flow cytometric techniques to marine sci-

ence has enabled researchers to study feeding habits of various

marine organisms. These studies were previously hampered by the

lack of techniques to distinguish quantitatively between different

particles of the same size. Flow cytometric techniques were first

applied to feeding studies in marine organisms in 1985 using bi-

valve molluscs. These studies utilized pure cultures fed to animals

in combination and we were able to estimate not only the clear-

ance rate of individual cell types, but also their proportional oc-

currence in the pseudofaeces and faeces. More recently we have

translated our laboratory studies into field studies and have fo-

cused on natural seston as a food source for filter-feeding or-

ganisms. Particles are analyzed for their fluorescing intensities as

well as particle size (measured as volume and/or forward angle

light scatter) and we have been able to monitor feeding rates as

functions of both particle size and organic content. Data are pre-

sented for various animals fed on pure cultures as well as natural

assemblages of particles.

PATTERNS OF DISTRIBUTION AND ABUNDANCE OF
LOBSTERS IN THE GULF OF MAINE: IDEAS ON THE
CARRYING CAPACITY OF THEIR ENVIRONMENT.
R. S. Steneck, Oceanography Department. University of Maine,

Orono, ME; R. A. Wahle, Program in Ecology and Evolutionary

Biology, Box G-W, Brown University. Providence. RI; L. S.

Incze, Bigelow Laboratory for Ocean Science, West Boothbay

Harbor. ME: D. F. Belknap, Geology Department. University of

Maine. Orono, ME.

Quantitative demographic censuses of the lobster Hoinarus

americcmus were conducted throughout the Gulf of Maine. Lob-

ster population densities and body size correspond to shelter avail-

ability which is controlled by the regional geology. Local carrying

capacity of lobster habitats changes ontogenetically in relation to

lobster size/shelter size scaling. Early Benthic Phase lobsters

(7-40 mm CD are virtually restricted to cobble habitats, whereas

Adolescent Phase lobsters (40-90 mm CL) are most abundant in

boulder fields. Reproductive Phase lobsters {>90 mm CL) are

rare in all shallow coastal habitats. Lobster landings (as mass per

length coastline) over the past two decades suggest that within the

Gulf of Maine the central Gulf has the highest carrying capacity

for lobsters. Population densities decline sharply at outer coastal

sites north of the Mt. Desert region of the Gulf of Maine. This

decline corresponds to the virtual absence of Early Benthic Phase

lobsters in cobbles despite our finding postlarvac in overlying

water at each area. We hypothesize that lower population densities

to the north result from cold water inhibition of lobster settlement.

The decline to the south may result from the increasing rarity of

suitable recruitment substrata.

THE ROLE OF EELGRASS (ZOSTERA MARINA) IN THE
RECRUITMENT OF THE BLUE MUSSEL (MYTILUS

EDULIS) IN MAINE. Frederick Short, Dept of Natural Re

sources and Jackson Estuarine Laboratory, University of New

Hampshire, Durham, NH 03824; Herbert Hidu, Dept. of An-

imal, Veterinary and Aquatic Science, University of Maine,

Orono, ME 04469; Heidi Hoven, Dept. of Plant Biology, Univer-

sity of New Hampshire; Linda Kindblum, Dept. of Oceanog-

raphy, University of Maine, Walpole, ME 04573; Carter Newell,

Great Eastern Mussel Farms, Tenants Harbor, ME 04860; Karen

Verny, Dept. of Zoology, University of New Hampshire; Authur

Mathieson, Dept. of Plant Biology and Jackson Estuarine Labo-

ratory, University of New Hampshire.

Jordon Cove, an estuarine system from Jordan River to Mt.

Desert Narrows on the central Maine coast, is a significant source

of seed mussel (Mytilus edtdis) for the '"on-bottom" mussel culti-

vation fishery. Preliminary studies have suggested that mussel

larvae and pelagic drifting juveniles are differentially transported

upstream towards the widened embayment of Jordan Cove; further

they suggest that primary larval settlement and subsequent juve-
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nile movement occurs on eelgrass meadows within this con-

fluence.

Our current studies are attempting to quantity the dynamics of

larval and juvenile mussels associations within one of the exten-

sive eelgrass meadows in Jordan Cove. Larval abundance shows

substantial spacial variability, being consistently more abundant

on flood than ebb tides. As of now. we have not shown larval

depletion from water mussels crossing these eelgrass meadows.

However, there is a high recruitment of larval mussels to eelgrass

shoots. As many as 32.(XK) juvenile mussels/0.1 nr of eelgrass

were found although mussel settlement is variable throughout the

entire bed. Predation of juvenile mussels on eelgrass appears to be

slight and the presence of juvenile seastars {Astenas vulgaris)

does not occur before the mussels begin to leave the eelgrass bed.

The stimulus for juvenile mussel departure from eelgrass blades

may be triggered by the appearance of A . vulgaris or by the re-

sponse of juveniles to chemical queue(s) from adult populations

inshore of the eelgrass.

Through modelling, spatial and temporal patterns of larval and

juvenile movement is being evaluated relative to eelgrass beds in

order to determine sources of mussel seed. We have pin-pointed

the timing and location of mussel spat efflux from eelgrass beds

and potential secondary settlement areas for seed collection. Ex-

perimental placement of live and shell mussel cultch resulted in

the capture of 1.000 to 20.000 mussels/m-. Recruitment rates

were high in August, followed by emigration in September and

October. Higher cultch densities of 15 to 20 liters per square

meter appear to be commercially feasible for mussel seed procur-

ement during years of high larval densities near eelgrass meadows

and could enhance and improve blue mussel production.

SEASONAL MOVEMENTS OF LOBSTERS IN THE
GREAY BAY ESTUARY. W. H. Watson, \\\ and W. H. Ho-

welL Zoology Department. University of New Hampshire.

Durham. NH 03824.

The Great Bay Estuary in New Hampshire is an atypical hab-

itat for lobsters in that it exhibits large temporal fluctuations in

temperature and salinity. In a typical late winter or early spring,

bottom salinity in the upper estuary often approaches lethal levels,

and during the summer bottom temperature in Great Bay is at least

10°C warmer than at the coast. We have been testing the hy-

pothesis that lobsters use behavioral mechanisms, such as sea-

sonal migrations up and down the estuary, to avoid low salinity

conditions in the late winter and spring, and to take advantage of

warmer waters during the remainder of the year.

For the past 3 years we have been using both tag/recapture

techniques and acoustic telemetry to measure the movements of

lobsters throughout the Great Bay Estuary system. Results re-

ported here are based on more than 10.000 animals we tagged

from January 1988 to December 1990. and 20 animals that were

equipped with sonar transmitters and tracked for periods ranging

from 2 weeks to more than 1 year.

In general, animals move into the estuary in the late spring and

early summer, remain relatively stationary or move down the es-

tuary dunng the summer, and then move further down the estuary

in the fall to their overwintering sites. While most lobsters moved

short distances, some traveled up to 40 miles. There is a year-

round population of lobsters in the estuary, and seasonal shifts in

its distribution are correlated with long-term fluctuations in tem-

perature and salinity. There also appears to be some exchange

between estuarine and coastal populations. This research was sup-

ported in part by a grant from NOAA (Sea Grant).

GENETICS/POLYPLOIDY

HYBRIDIZATION AMONG THREE SPECIES OF CRAS-

SOSTREA. Standish K. Allen, Jr., Rutgers University, Haskin

Shellfish Research Laboratory, Port Norris, NJ. 08349 and Pat-

rick M. Gaffney, University of Delaware, College of Marine

Studies. Lewes, DE 19958.

Our research has focussed on clarifying the ambiguities of hy-

bridization in the genus Crassostrea. Reciprocal crosses of C. vir-

ginica with C. rivularis and C. gigas were produced using single

females as replicates crossed with pooled sperm from two males.

Zygotes produced from these crosses were examined by epifluo-

rescent microscopy during meiosis and early mitosis to confirm

syngamy. Straight hinge (48 hr) larvae were analyzed by starch

gel electrophoresis and flow cytometry to confirm formation of

hybrid embryos. Growth and survival were monitored throughout

larval life. Cytogenetic and electrophoretic analysis revealed the

formation of hybrids zygotes and larvae, but larval survival was

limited to about 10 days. Larvae stopped growing at about day 4.

reaching a maximum length of about 80 \x.m. Studies on larval

feeding using fluorescent beads indicated that growth limitation

apparently was not caused by an inability to feed. Induced tri-

ploidy did not rescue hybrid failure. In only one replicate were

metamorphosed spat obtained; electrophoretic analysis revealed

that these were contaminants— not progeny derived from the

parents.

In contrast, hybrids between C . rivularis and C. gigas were

successfully produced. Fertilization rate and larval survival to 48

hrs were lower than parental crosses; subsequent larval survival of

hybrids was intermediate to that of parental crosses; larval growth

rate was about the same for all crosses, except rivularis (female)

X gigas (male) which was slower. Electrophoretic and flow cyto-

metric analysis confirmed hybridization. NJAES publication no.

K-32100-1-91.
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ELECTROPHORETIC COMPARISONS OF DEEP-SEA,
COLD-WATER SEEP MUSSELS IN THE GULF OF
MEXICO. Clark, Craddock,* Robert C. Vrijenhoek, and

Richard A. Lutz, Center for Theoretical and Applied Genetics

and Department of Marine and Coastal Sciences, Rutgers Univer-

sity, New Brunswick, NJ 08903-0231.

Mussels sampled from a cold-water methane/sulfide seep at the

base of the West Florida Escarpment and two cold-water hydro-

carbon seep sites in Alaminos Canyon, east of Galveston, Texas,

were compared electrophoretically at 24 loci. At the West Florida

Escarpment site (26°02.4'N, 84°54.0'W, 3314 m depth), the pop-

ulation is composed of a single species with the exception of one

individual which exhibited fixed differences at 6 of 24 presump-

tive gene loci. Electrophoretic analysis of mussels from the Ala-

minos Canyon sites (26°21.rN, 94°30.3'W. 2340 m depth and

26°21.3'N, 94°29.7'W. 2222m depth) revealed the presence of at

least two species which differed from each other at 16 of 24 loci.

Neither of the species encountered in Alaminos Canyon is found

at the West Florida Escarpment seep. The more common of the

Alaminos Canyon species differed from the West Florida Escarp-

ment species at 10 of the 24 loci, and the less common differed at

17 of the 24 loci. For comparative purposes, we examined spec-

imens of the mytilid Bathymodiolus ihennophilus from the Mussel

Bed hydrothermal vent site along the Galapagos Rift (0°47.894'N,

86°09.210'W. 2486 m depth). To date these analyses have re-

vealed distinctly different allozyme banding patterns for at least

12 of 15 loci from any of the mytilid species found at the Gulf of

Mexico cold-water seeps. The allozyme data obtamed permits use

of Nei's genetic distance and UPGMA to construct a species den-

dogram to further our understanding of taxonomic relationships

among mytilids at a variety of deep-sea hydrothermal vent and

cold-water seep environments.

REPRODUCTIVE ISOLATION BETWEEN NATURAL
POPULATIONS OF THE NORTHERN QUAHOG, MER-
CENARIA MERCENARIA AND SOUTHERN QUAHOG, M.

CAMPECHIENSIS, IN SOUTH CAROLINA. Robert T.

Dillon, Jr., Department of Biology. College of Charleston.

Charleston. SC 29424.

The Indian River of Florida has recently been designated a

"hybrid zone" between the two species of hard clams. But strictly

speaking, a region cannot be considered a hybrid zone until more

complete reproductive isolation is demonstrated between two

species when the co-occur elsewhere. Here I report the occurrence

of small numbers of M . ctinipcchicnsis in large M. mercciuiria

beds near Charleston. SC. A large sample of about 10.000 clams

contained 27 apparently pure M. ciimpechiensis and 6 hybrids,

judging from shell morphology and isozyme frequencies at four

diagnostic loci. So although reproductive isolation between the

two species is not complete, it is indeed much greater in South

Carolina than in the Indian River.

PHYSIOLOGICAL DIFFERENTIATION IN EASTERN
OYSTERS. Dawn E. Dittman* and Susan E. Ford, Haskin

Shellfish Research Laboratory. Rutgers University. P.O. Box

687. Port Noms, NJ 08349.

In species with large geographic ranges, local populations are -

often show physiological differentiation correlated with tempera-

ture clines. Organisms living in colder temperature regimes com-

pensate by increasing their metabolic rate at a given low tempera-

ture relative to those organisms living in warmer latitudes. This

type of adaptation maximizes the energy available for growth and

reproduction in a given thermal regime.

Strains of C . virginicu from different thermal regimes (Long

Island and Delaware Bay) have been maintained together in Dela-

ware Bay for multiple generations. The situation is ideal for the

separation of genetically based physiological variation from envi-

ronmentally intluenced differences (acclimatization). If geneti-

cally based physiological compensation has occurred, the popula-

tion from farther north will show faster physiological rate func-

tions at low temperatures, even after several generations.

We have analyzed growth data collected between 1977 and

1990. After up to seven generations in Delaware Bay. strains of

Long Island origm grow faster and are significantly larger at a

given age than oysters of Delaware Bay origin. An experiment on

1988 year class oysters showed that at low temperatures (
—

1°, 2°,

& 6°C) the cilia of the Long Island strain were significantly (p <
0.05) more active than the cilia of the Delaware Bay strain. At the

lowest temperature (

- T) the Long Island oyster cilia were 48%

more active than the Delaware Bay oyster cilia. This result is con-

sistent with the hypothesis that faster growth of Long Island

strains may be associated with remaining active at lower tempera-

tures than the Delaware Bay strains. Further experiments on the

variation of feeding, assimilation, and other physiological rate

functions with temperature will explore geographic differentiation

in these oyster populations. NJAES Publication No. K-32405-2-

91.

HYBRIDIZATION, TRIPLOIDY AND SALINITY EF-

FECTS ON CROSSES WITH CRASSOSTREA GIGAS AND
CRASSOSTREA VIRGINICA. Sandra L. Downing,* School of

Fisheries. WH-IO. University of Washington. Seattle. WA
98195.

With pollution and disease decimating the populations of

Cnissosticii virninica. a hybrid with the hardier Cnissostifa gigas

could be one answer for revitalizing the east coast industry.

During the spring of 1988, a complete factorial design was used to

produce moni)specific and interspecific, diploid and triploid

oysters. This design will be repeated during 1991. To induce tri-

ploidy. newly fertilized eggs were treated with cytochalasin B

from 20-35 min after insemination at 25 C. Salinity ( 18 to 30 ppt)

was tested to determine its effects on triploid induction and rearing

in general.
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During the 1988 trials, survival to 48 hours was higher in the

untreated diploid crosses (69%) than in the monospecific treated

groups (46%). Although below control levels. C. gigas spemi

readily fertilized C. virgiiiico eggs, and in fact, both VG and

VVG yielded good sets. However, in the reciprocal cross, fertil

ization was less successful; survival to 48 hours was <5% in GV

and <Wc in GGV crosses. Such low survival rates could possibly

indicate spontaneous gynogenetic development or mean that any

survivors might be contaminants. Therefore when the crosses are

repeated this year, electrophoresis or PCR techniques will be used

to confirm hybrid status of survivors. Similar to published results,

there was a large die off around 7 days for all groups with C.

virginica as the maternal parent.

When broodstock were conditioned at 28 or 30 ppt. larvae did

not survive when treated at 18 ppt. but did between 20 and 30 ppt.

Survival of triploid C. virginica groups was constant over the sa-

linity range while survival decreased directly with salinity for C.

gigas. During 1988. 100% triploid was induced in the 20VVV

group while only 84% in the 30 ppt group. When this was re-

peated using C. gigas during 1989. 100% triploid was induced in

all three salinity groups.

HYBRIDIZATION IN CRASSOSTREA: A CRITICAL RE-

VIEW. Patrick M. Gaffney.* College of Marine Studies.

Lewes. DE 19958: Standish K. Allen, Jr., Rutgers University.

Shellfish Research Laboratory. Port Norris. NJ 08349.

Numerous attempts at hybridization in the genus Crassostrea

have been reported. Most suffer from one or more ot the fol-

lowing: I ) ambiguities in the classification of oysters: 2) contami-

nation of experimental cultures by extraneous gametes or larvae:

3) the presence or absence of control experiments for assessing the

quality of gametes as well as larval viabilities: 41 the absence ot

genetic confirmation of hybrid status. We conclude that there is

virtually no unequivocal evidence for the formation of viable in-

terspecific hybrids among Crassostrea species.

Examples of taxonomic ambiguities that cloud interpretation ot

hybridization experiments include the frequent misclassification

of the Kumamoto oyster (C. sikamea) as the Pacific oyster (C.

gigas). the probably unjustified distinction between C. gigas and

the Portuguese oyster C. angulata. and the lumping of C. iredalei

with C. nvularis. Low-level contamination of cultures is a

common occurrence that may account for many reports of suc-

cessful hybridization. Experimental controls are essential to prop-

erly assess gamete quality and zygote growth and survival, yet are

often not included. Finally, the majority of reports provide no

genetic confirmation that the zygotes produced are actually hy-

brids. To date, most genetic analyses have demonstrated that pu-

tative interspecific hybnd oysters were not hybrids.

Use of adequate controls and genetic analysis of parents and

offspring are essential to hybridization experiments, and are dem-

onstrated in an accompanying paper (Allen and Gaffney. this

symposium).

DETERMINATION OF "BEST PARENTS" IN A

SPAWNING OF HARD CLAMS BY COMPARISON OF PA-

RENTAL AND PROGENY GENOTYPES AT SIX ENZYME

LOCI. Nancy H. Hadley,* Marine Resources Research Institute.

Charieston. SC: Robert T. Dillon. Jr., College of Chadeston.

Charleston. SC.

As part of a selective breeding program for hard clams, geno-

types of spawners and two year old progeny were compared to

determine the best parents. The spawners were the largest 107f ot

a population of two year old siblings. 150 clams were stimulated

to spawn in each of two experiments. In one experiment. 1 1 males

and 12 females spawned. In the other. 38 males and 21 females

spawned. Each spawner was marked with a unique code so they

could be distinguished later. At two years of age. progeny of each

experiment were segregated by size and approximately sixty each

of the largest and smallest were sacrificed for electrophoretic de-

termination of genotypes at 6 enzyme loci. Parental genotypes

were determined, using a non-destructive sampling technique. A

computer program was developed to determine the probability of

each offspring resulting from each possible parental combination.

Of the original 82 spawners. 16 died prior to sampling (6 females

and 10 males). Of the remaining 66 spawners, one had no identi-

fiable progeny among the two year old offspring. There were no

parental possibilities for 60 of the 207 progeny sampled, indi-

cating that one or both of their parents were among spawners

which had died. Mothers were positively identified for 22 indi-

viduals, fathers for 33 and both parents for 13. Ten of the 13

offspring whose parents were positively identified were in the

small group. Thirteen spawners were considered undesirable

parents, having a greater probability of producing small offspring

than of producing large. The remaining 52 (30 males, 22 females)

were ranked according to their overall probability of producing

large offspring. A respawning of these will be used to determine

the utility of this technique for producing rapidly growing hard

clams.

STUDIES OF EMBRYONIC AND LARVAL RESPONSE TO

SELECTION FOR INCREASED RATE OF GROWTH IN

ADULT BAY SCALLOPS. ARGOPECTEN IRRADIANS

CONCENTRICVS. Peter B. Heffernan,* Randal L. Walker,

and John W. Crenshaw, Jr., Shellfish Research Laboratory.

Manne Extension Service, University of Georgia. Savannah. GA

31416-0687.

F, brood stocks oi Argopecten irradians conceiuncus were ex-

amined for the effect of truncation selection for increased growth

rate in adults on the growth and survival rates of embryonic and

larval stages. Embryonic viability levels were significantly lower

(41-59%) in all (N = 3) selected groups tested when compared

to the control (unselected) cohort. Significantly higher shell length
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values were detected after 48 hours, in those groups which dis-

played the highest embryonic survival rates.

Larval progeny of the unselected brood stock had significantly

higher shell length values at 10 and 14 days when compared with

those from two selected brood stocks. Progeny of the unselected

line also metamorphosed/settled earlier than those of selected

lines. Larval phase survival levels appeared to be independent of

the selection pressure imposed on their parents. These results sup-

port similar findings reported by this group highlighting the nega-

tive larval response to selection for increased growth rate in Mer-

cenaria mercenaria.

ASSOCIATION OF ALLOZYME HETEROZYGOSITY
WITH LARVAL AND JUVENILE VIGOR IN AN EXTEN-

SIVELY SELECTED OYSTER {CRASSOSTREA VIR-

G/WCA ) STRAIN. Yaping Hu.* Institute of Marine and Coastal

Sciences, Rutger University. New Brunswick, NJ 08903.

To investigate the correlation between heterozygosity of allo-

zyme loci and fitness related traits, such as survival and growth in

the early development stages for a selectively bred (sixth genera-

tion) oyster strain from Delaware Bay, U.S.A., a standard mass

spawning was conducted. Individual eyed larvae (shell length, ap-

proximately 300 jxm) and juveniles (shell length, 3 to 15 mm)
were analyzed electrophoretically for the phosphoglucose isom-

erase (Pgi) locus. The first larvae reaching metamorphosis exhib-

ited a higher percentage of heterozygous individuals (88%) than

the last larvae (7 days later) reaching metamorphosis (58%). In the

subsequent juvenile stages, 65% of individuals in the fast growing

group were heterozygotes. whereas 54% of the slow growing

group were heterozygotes. The observed heterozygosity in both

early metamorphosing larvae and fast growing juveniles was sig-

nificantly higher than Hardy-Weinberg expectations (approxi-

mately 50%).

Consistent results also occurred in juvenile oysters from pair

matings of known genotypes. Heterozygosity ranged from 31 to

73% (average 64% ). significantly in excess of the expected Men-

delian ratio (50%). The mechanism by which heterozygosity

marked by Pgi affects the fitness traits remain unclear. The Pgi

locus itself may affect development and growth, or the entire

chromosomal region may be involved in such control. Neverthe-

less, this apparent heterosis might serve as a useful genetic indi-

cator for oyster breeding and hatchery programs, especially for

those selecting stocks with higher productivity.

SUSCEPTIBILITY OF DIPLOID AND TRIPLOID
OYSTERS, CRASSOSTREA GIGAS, TO PERhlNSUS
MARINUS. Judith A. Meyers,* Eugene M. Burreson, Bruce

J. Barber, and Roger Mann, Virginia Institute of Marine Sci-

ence, School of Marine Science. College of William and Mary.

Gloucester Point, VA 23062.

The susceptibility of Pacific oysters, Crassostrea i^ifiiis. to the

oyster parasite Perkinsus maiinus was compared with that of

eastern oysters, Crassostrea virginica. in two separate experi-

ments. Experiments were conducted in flow-through seawater

systems with quarantined effluent. Oysters were challenged by the

addition of infective P. marinus to the system. In the first experi-

ment, which used only diploid oysters, 40% of the C. gigas be-

came infected with P. marinus after 83 days, compared to 100% ..

of the C. virginica. In the second experiment, which examined the

susceptibility of diploid and triploid individuals of both species,

prevalence was high in all groups after 60 days. In C. virginica,

heavy and moderate infection intensities prevailed while C. gigas

exhibited only light infections. Cumulative mortality of C. vir-

ginica after 150 days was 100% for the diploid group and 97.7%

for the triploid group. Cumulative mortality of C. gigas after 150

days was 25.1% for the diploid group and 34.3%' for the triploid

group, but this mortality was not thought to be disease related.

Thus, C. gigas was consistently more tolerant off. marinus than

C. virginica, and triploidy provided no increased tolerance for

either species.

CRAB STUDIES

FUNCTIONAL ANATOMY OF THE COPULATORY AP-

PENDAGES OF THE SNOW CRAB. CHIONOECETES
OPILIO (O. FABRICIUS). Peter G. Beninger.* Dcpartement

de biologic, Univcrsitt: de Moncton, Moncton, N.B., Canada,

ElA 3E9; Robert W. Elner, Pacific Biological Station, Na-

naimo, B.C., Poussart. Yves, Department de biologic, Univer-

site de Moncton.

As part of ongoing studies of the reproductive processes in

snow crab, the first and second gonopods of adult specimens were

examined using scanning electron microscopy and histology. Sur-

face features and setal types are described for both gonopods. The

gonopods are highly modified compared to other brachyuran crabs

and lower crustaceans. Suggestions for setal function are pre-

sented, based on size, orientation, location, fine structure, and

cuticular insertion. Tubulation of the endopod is observed in both

the first and second gonopods. Rosette glands are present in the

basal half of the first gonopod but are absent in the second gon-

opod. A duct network from the rosette glands terminates in cutic-

ular pores which are restricted to the cjaculatory canal, indicating

that the rosette glands function in copulation, probably contrib-

uting to the seminal fluids. A mechanism for transfer of seminal

fluids is proposed, based on the relative sizes of the gonopods and

the morphology of the second gonopod.

ABUNDANCE OF CANCER CRAB MEGALOPAE AND
THE POTENTIAL RAMIFICATIONS TO POPULATION
REGULATION. Michael Clancy* and J. Stanley Cobb, De

partment of Zoology, University of Rhode Island, Kingston, Rl

02881.

The rock crab Cancer irroratus and Jonah crab Cancer ho-

realis, are dominant members of the decapod community in the

North Atlantic fri)ni Nova Scotia to the Mid Atlantic Bight. In this

area, there has been considerable locus on the entire life history of
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the American lobster. Homarus americaniis. but the biology of

Cancer larvae has been limited to only a few laboratory studies.

It appears that Cancer crab populations in Block Island Sound

Rhode Island, may operate under different constraints and use dif-

ferent recruitment strategies than other commercially important

crab species. Densities of Cancer ma^isier and Callinecles sa-

pidiis megalopae are typically reported as O.l/m'. We have rou-

tinely estimated Cancer megalopae in Block Island Sound to ex-

ceed hundreds/m^ in the plankton, at least three orders of magni-

tude greater. Evidently, either fecundity is much higher in the

North Atlantic Cancer sfwcies, or larval wastage (according to

Reilly 1983 and Jamieson 1986) at the zoeal stage is low. The

literature suggests that fecundity does not differ markedly among
these species. Thus, the observed abundances must be a result of

unequal larval mortality or some other physical or behavioral

mechanism. The ramifications of these differences relative to pop-

ulation regulation will be discussed. This system may possess

unique characteristics to allow us to assess the effects which vari-

able larval delivery may have on the future composition of benthic

populations.

USE OF ARTIFICIAL COLLECTORS TO STUDY
GROWTH OF SMALL RED KING CRAB. William E. Don-

aldson* and Susie Byersdorfer, and Forrest Blau, Alaska De-

partment of Fish and Game, Kodiak, AK 99615

Crab research biologists with the Alaska Department of Fish

and Game have developed a methodology for collecting postlarval

red king crab. Paralithodes camtschaticus, in their natural habitat.

This methodology employs the use of artificial collectors con-

structed of a 1.8 m long section of tubular polyethylene plastic

netting and stuffed with monofilament web. The collectors are set

on longlines on the ocean floor and provide habitat for larval crab

to settle on and metamorphose to a benthic existence. The primary

goal of this research is to develop a method of quantifying settle-

ment rates of red king crab and subsequent recruitment to the

commercial fishery. Secondary goals are to define time of settle-

ment and molt frequency and growth increments for small red

king crab. Temporal sampling of collector gear for a one year

period with the use of scuba divers, provided estimates of settling

dates, molt frequency and growth increments. Fourteen samples

of crab were collected from June 1 . 1990 including the last larval

stage (glaucothoe) and nine benthic instars.

AN OVERVIEW OF CRAB MITIGATION IN GRAYS
HARBOR, WASHINGTON. Kay A. McGraw* and David A.

Armstrong, Fisheries Research Institute. University of Wash-

ington, Seattle, WA 98195; Fred C. Weinmann, Environmental

Protection Agency, Region X, Seattle, WA; Walter H. Pearson,

Battelle Marine Research Laboratory. Sequim. WA 98382.

Dredging associated with a navigation improvement project in

Grays Harbor. WA resulted in the unavoidable mortalities of

Dungeness crab iCancer ma^isier DANA). The U.S. Army Corps

of Engineers judged the loss to constitute a significant impact and

began a small-scale mitigation program in April 1990. Oyster

shell is being used to create habitat for juvenile (0-t- ) crab, thus

increasing survival and, eventually, offsetting impacts. To our

knowledge the mitigation program is the first of its kind in the

country in that it is for a commercial invertebrate species. The

approach to mitigation was developed over several years and il-

lustrates coordination, cooperation, and controversy among re-

source agencies and user groups and the role of scientific studies

in the decision-making process. Although much data has been

amassed on Dungeness crab in Grays Harbor, agency perspective

on two other issues, the presence of eelgrass and possible dioxin

contamination on potential mitigation sites, has caused major

delays in full-scale mitigation and, possibly, increased costs. At

issue in these cases is whether placement of shell on the intertidal

impacts eelgrass (and to what extent shell constitutes habitat for a

diverse fauna), and whether certain proposed mitigation sites are

more likely to receive up-current contaminants than are other

sites. Limited research on the latter two topics presents an inter-

esting and difficult challenge for all concerned with the mitigation

program.

IMMIGRATION OF BLUE CRAB MEGALOPAE IN THE
YORK RIVER, VIRGINIA: PATTERNS AND PROCESSES.

Eugene J. Olmi, HI, The College of William and Mary, Virginia

Institute of Marine Science. Gloucester Point, VA, U.S.A.

23062.

Postlarvae (megalopae) of the blue crab (Callinecles sapidus)

reinvade Chesapeake Bay after larval (zoeal) development in

coastal waters. Proposed mechanisms for immigration include ti-

dally-timed vertical migration, occupation of landward-flowing

bottom water, transport by wind-induced water exchange between

Chesapeake Bay and the adjacent shelf, or transport in surface

slicks generated by internal waves. During three recruitment

seasons (Jul-Nov 1987-1989), nightly abundance of megalopae

in the plankton was highly variable, yet patterns of abundance

were associated with the neap-spring tidal cycle and with wind

events that affected transport near the mouth of Chesapeake Bay.

These data suggest that blue crab megalopae were not reliant on a

single transport process by which to gain entry to the estuary. In

the York River, blue crab megalopae migrated vertically in re-

sponse to light and tide, occupying surface waters during noc-

turnal flood tides. Thus, megalopae continued their migration up

the estuary via tidal transport.

PERKINSUS

SUSCEPTIBILITY OF MSX-RESISTANT STRAINS OF
THE EASTERN OYSTER. CRASSOSTREA VIRGINICA, TO
PERKINSUS MARINUS. Eugene M. Burreson, Virginia Insti-

tute of Marine Science, School of Marine Science, College of

William and Mary, Gloucester Point, VA 23062.

As the first step in a selective breeding program to attempt to

decrease the disease susceptibility of the eastern oyster, Crassos-



306 Abstracts. 1991 Annual Meeting, June 23— 27, 1991 National Shellfisherics Association. Portland. Maine

trea virginico. six strains were spawned and the progeny exposed

to Haplospondiiim nelsoni (MSX) and Pcrkinsus mariinis

(Dermo) in the lower Chesapeake Bay. Three strains, a Delaware

Bay MSX-resistant strain, a Delaware Bay native strain, and a

Mobjack Bay native strain (lower Chesapeake Bay) were exposed

for three summers; three other strains, a separate Delaware Bay

MSX-resistant strain, a lower James River native strain (lower

Chesapeake Bay) and a susceptible control strain were exposed for

two summers. Both strains of MSX-resistant oysters developed by

Rutgers University were highly susceptible to P. mahniis. Cumu-

lative mortality at the end of the study was 99% for both strains

and growth virtually stopped after acquisition of P . mariims.

Mean shell height did not reach market size in either MSX-resis-

tant strain. All native strains (Delaware Bay. Mobjack Bay and

James River) had about 80% cumulative mortality, mainly from

P. marinus. but the Mobjack Bay strain also experienced mod-

erate mortality from H. nelsoni. However, these strains grew well

and survivors reached market size during the study period. The

MSX-resistant strains offer little benefit in a selective breeding

program for the Chesapeake Bay oyster indu.stry because of their

high susceptibility to P. marinus and poor growth, but the three

native strains performed better and will be utilized, both as direct

lines and as intraspecific hybrids, in a continuing selective

breeding program to decrease the disease susceptibility of C. vir-

ginica stocks.

EFFECT OF TEMPERATURE ON PERKINSUS ^fARINUS

SUSCEPTIBILITY AND DEFENSE-RELATED ACTIVI-

TIES IN EASTERN OYSTERS. CRASSOSTREA VIR-

GINICA. Fu-Lin E. Chu,* Jerome F. La Peyre, and Carrie S.

Burreson, Virginia Institute of Marine Science. The College of

William and Mary. Gloucester Point. VA 23062.

Defense-related activities and infection of Pcrkinsus marinus

in eastern oysters were examined under 4 temperature regimes.

10, 15, 20 and 25°C. Oysters were inoculated with trophozoites

dO*" trophozoites oyster"') of Pcrkinsus and maintained in a

closed system. After six weeks, oysters were sacrificed and as-

sessed for Pcrkinsus infections. Simultaneously defense-related

activities of individual oysters from each test group including

controls were measured. Results indicated that Pcrkinsus preva-

lence and intensity were correlated with temperature. Prevalence

and intensity of Pcrkinsus infection was significantly lower in

oysters maintained at 10°C than at higher temperatures. Total hc-

mocyte count of oysters maintained at 25°C was significantly

higher than all other temperature treatments. No significant differ-

ence was observed in granulocyte percentage between temperature

treatments. At all temperature treatments, there was also a trend of

decreasing total hemocyte count and percentage of granulocytes in

oysters challenged by Pcrkinsus compared to controls. At 2.')"C.

hemagglutinin level in Pcrkinsus challenged oysters appeared to

be lower compared to control oysters.

SEROLOGICAL PROBES FOR DETECTION OF PER-

KI^SUS MARINUS: DEVELOPMENT AND APPLICA-
TIONS. Christopher F. Dungan, Maryland Department of Nat-

ural Resources. Cooperative Oxford Laboratory. Oxford. MD
21654.

Pcrkinsus marinus is currently the most destructive pathogen

of eastern oysters. Crassostrea virginica. in the Gulf of Mexico

and in Chesapeake Bay. Methods available for detection of this

nonculturable protozoan pathogen require induction of hypno-

spore formation by incubation of pathogen cells in Ray's Fluid

Thioglycollate medium (FTM). and are not applicable to detection

of dispersal stages in environmental water samples. Production of

antibody probes which recognize all pathogen cell types was un-

dertaken to enable the development of objective, rapid and quan-

titative diagnostic assays, and to permit definitive studies of dis-

ease epizootiology and pathogen life history.

Rabbits and mice were immunized with hypnospores harvested

from PTM-incubated hemolymph of infected oysters. Rabbits

produced high-titer specific antisera which recognized hypno-

spores bound to ELISA plates, and labeled all pathogen cell types

in histological sections of infected oyster tissues. Immortal murine

hybridomas secreting monoclonal antibodies which recognize

hypnospores in ELISA assays were produced and cloned. Infor-

mation on the binding specificities of serological probes, and on

development of specific applications for them in diagnostics, epi-

zootiology. and pathogen biology is presented.

CRASSOSTREA GIGAS DISEASE EXPOSURE TO HAPLO-

SPORIDIUM NELSONI AND PERKINSUS MARINUS IN

CHESAPEAKE BAY WATERS. C. Austin Farley, NCAA

Cooperative Oxford Laboratory; Donna L. Plutschak and

George E. Krantz,* Maryland DNR Cooperative Oxford Labora-

tory. Oxford. MD 21654.

A population of native Crassostrea virginua collected from a

low salinity habitat was diagnosed by hemanalysis to be free of

Haplosporidium nelsoni (MSX) and Pcrkinsus marinus in the

spring of 1989. A sample of 100 Japanese oysters. Crassostrea

gigas. ranging from 45 to 105 mm. was received from Puget

Sound. Washington, in May 1984 and diagnosed as above. Both

populations were placed in a quarantined running scawater system

at the Deal Island hatchery for natural exposure to both diseases

over the summer. Both MSX and Pcrkinsus developed, intensi-

fied, and killed most of the native oysters. Japanese oysters did

not show any MSX infections but did show low level infections of

Pcrkinsus which did not intensify. In 1990. three groups of C.

gigas seed produced by Rutgers University staff and a new popu-

lation of native oysters were added to the original C. gigas popu-

lation in the exposure system. By the fall of 1990. surviving na-

tive oysters were found to be 97% infected by P. marinus but

showed no MSX. Only 14 of the original C. gigas survived and 5

animals exhibited low level Pcrkinsus. Crassostrea gigas seed ex-
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perienced 90-99'7f mortality and did not grow in ambient salinity

that ranged from 10.5 to 18 ppt.

USE OF A HEMOLYMPH ASSAY TO DETERMINE SA-

LINITY EFFECTS ON THE PROGRESSION OF PER-

KINSUS MARINUS DISEASE IN OYSTERS CRASSOSTREA

VIRGISICA. Julie D. Gauthier,* Marine Biomedical Institute,

University of Texas Medical Branch. Galveston. TX 77550; Wil-

liam S. Fisher, EPA Environmental Research Laboratory. Gulf

Breeze, FL 3256L

The intensity of disease caused by the endoparasitic protozoan

Perkinsus marimis in oysters Crassostrea virginica can be diag-

nosed by hemolymph analysis. A completely quantitative hemo-

lymph assay exhibited a significant linear relationship between the

traditional semiquantitative tissue smear procedure in a recent

study. Since the hemolymph assay does not require that oysters be

sacrificed, disease progression within individuals oy.sters can be

determined.

Hemolymph was sampled at two week intervals from oysters

collected from ~25 ppt and maintained at 25 ± 2°C in 6. 12, 18,

24, 30, and 36 ppt salinity. Samples were assayed for disease

intensity, protein concentration, and lectin activity. Individual

oyster analysis revealed that disease intensity was significantly

positively correlated with time in 6, 30. and 36 ppt. Protein and

lectin activity decreased significantly with time but not directly in

relation to disease. Regression equations for the six disease pro-

gression curves are; 6 ppt y
= 2.57 + 0.09 x (r = 0.51 ), 12 ppt

y
= 3.14 -(- 0.11 X (r = 0.80). 18 ppt y

= 3.16 -I- 0.18 x (r
=

0.65), 24 ppt y
= 3.07 -I- 0. 12 x (r

= 0.77). 30 ppt y
= 3.22 -I-

0.19X (r = 0.77). and 36 ppt y
= 4.01 + 0.27 x (r = 0.94)

where x = time (weeks) and y
= average log^ hypnospore

number/mL hemolymph. Our results indicate that P inannus can

progress in as low as 6 ppt and that the rate of progression in-

creases with salinity.

CHEMICAL INHIBITION OF PERKINSUS MARINUS IN

AN IN VITRO TEST. George E. Krantz, Maryland Department

of Natural Resources, Cooperative Oxford Laboratory, Oxford.

MD 21654.

A rapid diagnostic test for oyster parasites, recently developed

at the Cooperative Oxford Laboratory, utilizes thioglycolate cul-

ture media in polystyrene tissue culture plates to detect Perkinsus

marinus cells in circulating oyster hemolymph. This test was

modified to serve as an in vitro assay system to detect compounds

that exhibit inhibitory activity toward the enlargement of P.

marinus cells in the thioglycolate media. The assay system de-

tected 14 organic chemicals and 2 inorganic salts that had inhibi-

tory activity. Cellular changes are described, and trypan blue vital

stain confirmed that certain cellular changes resulted in death of

the enlarging hypnospores.

EFFECTS OF PERKINSUS MARINUS INFECTION IN THE

EASTERN OYSTER, CRASSOSTREA VIRGINICA. DIS-

EASE DEVELOPMENT AND IMPACT ON GROWTH
RATE AT DIFFERENT SALINITIES. Kennedy T. Paynter,*

The Johns Hopkins University, Chesapeake Bay Institute, 4800

Atwell Rd.. Shady Side. Maryland 20764. and Eugene M. Bur-

reson. Virginia Institute of Marine Science. School of Marine

Science, The College of William and Mary, Gloucester Point, VA

23062.

In order to assess the impact of Perkinsus marinus infection on

oyster growth and mortality, juvenile oysters were raised in

floating rafts at six sites around Chesapeake Bay. The sites were

composed of two low salinity sites, two moderate salinity sites

and two high salinity sites. Oyster growth was monitored bi-

weekly along with various water qualities including temperature

and salinity. Condition index was measured monthly and disease

diagnosis was performed bimonthly. Oyster growth was more

rapid at higher salinities but was severely retarded by Perkinsus

infection in the higher salinities where the parasite was more prev-

alent. Comparison of pre-infection and post-infection growth rates

between sites showed that the reduction in growth rate was miti-

gated by lower salinity. Condition index was not related to salinity

or site but was significantly reduced by infection. Reduction in

condition, however, was not associated with increased mortality.

Mortality was also less related to salinity or temperature than it

was to previous infection. Groups which incurred heavy infection

prevalences and intensities during their first year exhibited low

mortality, while groups reinfected during the following year suf

fered heavy mortality. The results are discussed in relation to

management and aquacultural practices and their relation to ge-

netics and selective breeding of disease resistant oysters.

ECONOMIC ANALYSIS
FOR SHELLFISH
ENTERPRISES

SCALE ECONOMIES IN HARD CLAM AQUACULTURE.
Charles M. Adams, Food and Resource Economic Department,

University of Florida. Gainesville. FL 32611; Robert S. Po-

meroy, Department of Agricultural Economics and Rural Soci-

ology, Clemson University, Clemson, SC 29361.

Interest in commercial hard clam (Mercenaria mercenaria)

aquaculture has grown substantially during the past five years.

This is particularly true for potential investors in the Southeastern

U.S. Technological advances, as well as a growing domestic

market for seafood, has enhanced the economic feasibility of cul-

turing hard clams. Recent research funded by the National Coastal

Resources Institute (NCRI) has examined the economic feasibility

of culturing hard clams through the hatchery, nursery, and grow-

out phases of production. The NCRI study assessed the profit-
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ability of several methods of seed and market clam production, as

stand-alone and integrated systems. However, the NCRl analysis

failed to examine the effect scale economies have on the profit-

ability of hard clam production. This paper will examine how the

economic feasibility of hard clam culture is effected by changes in

scale of operation, particularly for the hatchery and nursery com-

ponents of the production process. The analysis will utilize basic

financial statements, as well as partial budgeting, break-even, and

sensitivity analyses, to assess the importance of scale economies

to commercial hard clam aquaculture.

WEST COAST GROUNDFISH-SHELLFISH FISHERY IN-

TERACTIONS: MANAGEMENT IMPLICATIONS, Susan

S. Hanna, Department of Agricultural and Resource Economics,

Oregon State University, Corvallis, Oregon 97331.

The dynamics of West Coast fisheries are complex and vari-

able. Interactions between fisheries are common. An important

multi-fishery interaction exists between groundfish. crab, and

shrimp fisheries. These interactions are complex and pose difficult

management questions related to the timing of seasons, state-fed-

eral interactions, market interactions, the impact of regulatory ac-

tions, and multi-fishery system management.

This paper first presents an historical overview of the develop-

ment of interactions in groundfish. crab, and shrimp fishing,

showing changes in the diversity of fishing activities over time.

The progress of management of these fisheries, including state-

federal interactions, in presented next. Key factors linking the

three fisheries are outlined, including market prices, investment

costs, fishing effort, and management actions. Current manage-

ment issues facing these three fisheries are discussed, with pro-

posals for rationalizmg a system approach for groundfish-shellfish

management.

DEVELOPMENT AND APPLICATION OF A BIOECO-
NOMIC MODEL FOR THE OYSTER SEED FISHERY OF
BARATARIA BAY, LOUISIANA. Earl J. Melancon, Jr.,*

Department of Biological Sciences. Nicholls State University,

Thibodaux, LA 70310; Richard Condrey, Coastal Fisheries In-

stitute, Louisiana State University, Baton Rouge, LA 70803.

A three year study of eight oystcrmcn bedding oyster seed on

19 leases determined the infiucnces of water temperature and sa-

linity on lease production. In turn, lease production influenced

fuel, labor and other operating expenses in the fishery. The data

was developed into a bioeconomic model of the Bay fishery.

Application of the model predicts that lease production can be

increased significanty if oystcrmcn wait until October to be bed

their seed instead of in September, their traditional time to begin.

Additionally, production increases significantly if all oysters are

harvested by the following mid-summer to nunimize predator and

disease problems.

The potential production advantage of bedding seed in late fall

and harvesting before the following late sunimer is not a new con-

cept. However, this bioeconomic model quantifies for the first

time the synergistic influences of environment and fishing

methods with an oysterman's costs to operate in a Louisiana

oyster fishery.

ECONOMIC FEASIBILITY OF FLOATING RAFT
OYSTER CULTURE IN CHESAPEAKE BAY. Kennedy T.

Paynter,* The Johns Hopkins University. 4800 Atwell Rd.,

Shady Side, MD 20764, and Samuel H. Shriver, Worid's End

Aquaculture, 2324 W. Joppa Rd.. Lutherville. MD 21093.

Previous research has shown that oysters grow very rapidly in

floating trays in Chesapeake Bay. In order to assess the economic

feasibility of floating raft culture in Chesapeake Bay, 400,000

cultchless spat (10 mm) were purchased from a local hatchery,

grown to market size (76 mm) and sold. Capital equipment, sup-

plies, hours and type of labor, and support equipment and activi-

ties were carefully recorded. This information provided a basis for

the estimation of the cost of oyster production using floating raft

culture.

The production site was located on the Wye River, MD. Pre-

vious research had shown that the site supported good growth

rates and had a history of low disease prevalence. The animals

were introduced in weekly batches of 1(X).(X)0 during September,

1989. Spat were initially maintained in closed 3 mm mesh cages

to protect them from mud crabs and moved into sequentially larger

mesh cages and trays as they grew. Twelve months later, when

the animals reached .'iO-60 mm in length, they were moved from

the Wye River to Mobjack Bay, VA where they were '"finished."

Finishing was comprised of a two to four month tray culture pe-

riod in which the animals grew an additional 2.*^ to 30 mm and

acquired a saltier taste for marketing. The animals were sent di-

rectly to market from Mobjack Bay.

Depending on the manner of capital expenditure treatment, the

cost of raising oysters in floating raft culture was estimated at

$0. 13-0.19/oyster. This estimate was calculated as the sum of

labor, capital, supply and ancillary expenditures necessary to

grow to market size an estimated I50,(X)0 oysters. The relative

costs of oyster production, alternative culture methods and the

market value of oysters cultured in floating rafts will be discussed.

OYSTERS LEASE TRANSFERS, AUCTIONS, AND
LENDING: ROLES IN REHABILITATION OF LOUI-

SIANA'S OYSTER INDUSTRY. Kenneth J. Roberts,* Office

of Sea Grant Development; L.S.U., Baton Rouge. LA 70803;

Walter R. Keithly, Coastal Fisheries Institute. L.S.U., Baton

Rouge. LA 70803.

U.S. oyster landings have been declining for the past .several

decades and the decline has been particularly pronounced since

the mid 198()'s. While much of the rehabilitation and expansion

emphasis, in both practice and theory, has been public ground

oriented, private grounds can also provide the catalyst for much of

the rehabilitation and expansion efforts. In states like Louisiana,



National Shellfisheries Association. Portland, Maine Abstracts. 1991 Annual Meeting. June 23— 27, 1991 309

where the majority ot production is derived from these private

grounds, it is logical to target this component of the harvesting

sector for rehabilitation effort. The infomiation void regarding

economic and financial aspects of the leasing situation in the pri-

mary leasing states is seen to be one of the major obstacles con-

fronting the oyster industry and management authorities in the

planning stages of rehabilitation and expansion projects. An anal-

ysis of the stability of lease-based businesses is a precursor to reef

rehabilitation efforts of privately owned grounds. While results

are specific to Louisiana, information contained in the report

should be of use to other states throughout the Southeast in plan-

ning their respective rehabilitation activities. The transfer of

oyster leases was shown to be increasing. This was shown to in-

volve increasing lease size during 1950-89. Aggregating adjacent

leases was discovered. This could facilitate economies for private

rehabilitation investments. Leases returned to the state for various

reasons have been auctioned since 1987. The acres, location,

minimum bid. and successfully bid acreage were depicted to iden-

tify the preferred locations for private rehabilitation efforts. The

lease length and renewal rights were found to be important in ob-

taining loans for rehabilitation.

ECONOMICS OF FRESHWATER CHERAX LOBSTER DE-

VELOPMENT. Michael C. Rubino, Bluewaters. Inc . 4350

East West Hwy. Suite 600. Bethesda. MD 20814.

Freshwater lobsters of giant crayfish of the genus Chercix, in-

digenous to Australia, are promising new aquaculture species.

Fast growth-semi-intensive pond culture, low feed costs, high

meat yield, and ready markets provide these species with the bio-

logical, physical, and market characteristics necessary for a profit-

able aquaculture venture. While culture of three Cherax species is

underway in Australia, adapting the culture to other environments

requires years of research and development. A variety of factors

such as Cherax biology, aquaculture methods, environmental con-

siderations, and production economics influence the direction of

the development process. This article examines the economic

factors and considerations in marron [Cherax tenuimaniis) and red

claw (Cherax quadricarinatus) research, pilot projects, and com-

mercialization in the United States and the Caribbean. A produc-

tion economics model that describes the relationships between

yield (growth and survival), market price, and fixed and variable

costs can help project managers make critical decisions about cul-

ture methods, research and development prionties. and scale of

commercial operation.

MARINE AQUACULTURE ENFORCEMENT: ARE
PUBLIC AGENCIES PASSING THE BUCK? Eric M. Thun-

berg. Food and Resource Economics Department. 1 170 McCarty

Hall, University of Florida, Gainesville, FL 3261 1 .

All states on the Eastern seaboard regulate aquaculture enter-

prises for several purposes. Similarly all states regulate their wild

fisheries as well. In some instances the regulatory authority over

aquaculture and wild fisheries overlap. Minimum size regulations

for harvested shellfish are one such example. In several states

aquaculture enterprises may be exempted from any harvest size

restrictions. However, in some states, Florida being one of them,

aquaculture enterprises are not exempted from harvest size restric-

tions under certain conditions. The principle argument supporting

maintenance of size restrictions for wild and cultured shellfish is

that marine enforcement cannot distinguish between wild and cul-

tured product. Thus, in the interest of protecting public resources,

a minimum size restnction is placed on all product regardless of

its origin.

Harvest restrictions may cause financial losses to aquaculture

entrepreneurs in terms of mortalities experienced while waiting

for the product to reach a legal size and in terms of increased

interest costs. Therefore, private entrepreneurs are forced to bear

the burden of the cost of enforcing harvest size limits that are

designed to protect public resources. This paper discusses this

issue in more detail and presents simulated estimates of financial

losses due to harvest size restrictions for a hypothetical oyster

aquaculture business. Estimates of reduced revenues, increased

capital costs, and aquaculture firm rates of return are presented

and alternative means for marine aquaculture enforcement are

suggested.

OYSTER RECRUITEMENT
IN THE MID-ATLANTIC STATES

SPATIAL VARIATION IN MAGNITUDE AND TIMING OF
SETTLEMENT OF LARVAL OYSTERS, CRASSOSTREA
VIRGINICA. Bruce J. Barber,* Virginia Institute of Marine

Science. College of William and Mary. Gloucester Point. VA
23062; S. R. Fegley, Shellfish Research Lab. Rutgers Univ..

P.O. Box 687. Port Norris. NJ 08349; R. I. E. Newell, Horn

Point Labs. Univ. of Maryland, P.O. Box 775. Cambridge. MD
21613.

The timing and magnitude of settlement of larval oysters. C .

virginica, on spat collectors were examined both within and be-

tween estuarine systems in Delaware Bay and upper and lower

Chesapeake Bay. Data collected between June and October of

1981 through 1990 from three stations representing the upper

(Deepwater Shoal), middle (Wreck Shoal), and lower (Naseway

Shoal) James River. VA. indicate that: 1) annual settlement totals

increased in a downriver direction and tended to be greater in al-

ternate (odd numbered years), with 1985 having the greatest set-

tlement; and 2) for the 10 year period, an average of 6l%-69% of

total annual settlement (increasing in a downriver direction) oc-

curred during the 5 week period from 13 July to 16 August. Com-

parable data from upper Chesapeake Bay (MD) and Delaware Bay

(NJ) are being similarly examined so that possible mechanisms

regulating the timing and magnitude of larval settlement both

within and between estuarine systems can be discussed.
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EFFECTS OF TIDAL POSITION AND SUBSTRATE ON
SPATFALL IN SOUTHEAST U.S. OYSTER POPULTIONS.
M. P. Crosby* and P. K. Kenny, Baruch Marine Lab. U of

South Carolina. Georgetown. SC; V. G. Burrell, Jr., Marine

Resources Research Institute. SCWMR. Charleston. SC

In an attempt to elucidate possible differences between inter-

and subtidal oyster spat availability, we analyzed spatfall data

from two independently conducted studies. The study area in-

cluded 16 total sites with 1 1 dominated by inter-, and 5 dominated

by subtidal adult oyster populations. Shell-string collectors used

from 1972-1975 at sites dominated by both inter- and subtidal

adult populations, while asbestos collecting plates were used from

1982-1990 at sites dominated by intertidal adult populations

only. Although the two studies were conducted at different times.

the same general temporal trends in spatfall were observed regard-

less of substrate or site. Although the majority of set ocurred from

May to September irrespective of site or collector substrate, shell-

string collectors picked up spatfall in all months except March and

December, while asbestos plate collectors had set from May

through November. Shell-string collectors also demonstrated con-

sistently greater subtidal than intertidal spat set. regardless of time

of .set or tidal height of the adult populations, and exhibited a

mono-modal annual peak in set occurring in mid-summer. Con-

versely, the asbestos plate collectors tended to demonstrate bi-

modal annual peaks in set occurring in late spring and late summer

with no clear preference demonstrated between subtidal and inter-

tidal positions. The atypical sites that have historically been domi-

nated by subtidal adult populations always exhibited an order of

magnitude lower set (<20 spat/M2/day) than areas dominated by

intertidal adult populations (>400 spat/M2/day). regardless of

spat collector tidal height. This low set may be a contributing

factor for subtidal adult populations being dominated by low den-

sity "singles" while intertidal adult populations occur as high

density "clumps." The dominance of intertidal populations of

adult oysters in the southeastern U.S. may also be influenced by

low availability of larvae in subtidal waters.

RELATIONSHIPS BETWEEN SPATIAL AND TEMPORAL
PATTERNS OF SUCCESSIVE LIFE-HISTORY STAGES IN

THE OYSTER CRASSOSTREA VIRGINICA. Stephen R.

Fegley,* Rutgers Shellfish Res. Lab.. FOB 687. Bivalve. NJ

08.349; R. I. E. Newell, HPEL. Univ. Md.. Cambridge. MD
21613; B. J. Barber, VIMS, Gloucester Point. VA 23062.

For 36 consecutive years the spatial and temporal patterns of

abundance of: 1) oyster larvae, 2) larval settlement (spatfall). and

3) oysters 3 mo. old and older have been followed in Delaware

Bay. The three types of samples were taken, respectively, by: I )

filtering water samples collected weekly I m below the water sur-

face and 1 m above the bottom. 2) counting spat that have settled

onto clean shell placed in the field weekly, and 3) oyster dredge

samples taken on the oyster reefs in the laic fall and winter ol the

year. Comparable records from the Chesapeake exist for several

years as well. We examine the annual trends m these data sets to

determine what relationships, if any, occur among successive life-

history stages. Preliminary inspection of the data reveals little as-

sociation between oyster success in one life-history stage and any'

preceeding stages. Possible explanations for the lack of spatial and

temporal connections of the data sets will be discussed. This work

was supported by NJDEP and NJAES funds and is Inst, of Mar. &
Coastal Sci. contribution #91-07 and NJAES publication

#K-32406-l-91.

LONG-TERM TRENDS IN OYSTER RECRUITMENT ON
NATURAL BARS IN THE MARYLAND PORTION OF THE
CHESAPEAKE BAY. George E. Krantz. Maryland Depart

ment of Natural Resources. Cooperative Oxford Laboratory. Ox-

ford. MD 21654.

A data set of spat counts on bottom material sampled in the fall

of each year from 1939 to 1989 provides a description of annual

variation, spatial differences, and long-term trends in oyster re-

cruitment on natural bars in the Maryland portion of the Chesa-

peake Bay. "Key bars" selected in 1975 have been monitored to

the present time for spatfall and compared to historical observa-

tions. The arithmetic mean and 5-year moving average depict a

central tendency, with major periods of depressed recruitment

from 1950 to 1960, 1969 to 1980, and from 1978 to the present.

Geographic distribution of recruitment varied widely, with a

strong indication that low salinity environments are now receiving

lighter spatfall than in the initial years of the data set. The number

of oyster bars that receive light spatfall have increased dispropor-

tionately over time.

VARIABILITY IN THE RELATIONSHIP BETWEEN
LARVAL SETTLEMENT AND RECRUITMENT IN POPU-

LATIONS OF THE OYSTER CRASSOSTREA VIRGINICA.

Roger I. E. Newell,* Horn Point Environmental Laboratories,

University of Maryland. Cambridge. MD 21613; B. J. Barber,

Virginia Institute of Marine Science, Gloucester Point, VA; S. R.

Fegley, Shellfish Research Laboratory. Port Norris, NJ 08349.

Various types of settlement substrates suspended off-bottom

have been used by numerous investigators to monitor the timing

and intensity of juvenile ( =spat) oyster settlement. Using histor-

ical data from the lower and upper portions of Chesapeake and

Dealware Bays we examine the utility of these off-bottom col-

lector substrates as a method of predicting the magnitude of spat

recruitment to natural oyster populations. Based on data from the

upper Chesapeake Bay it appears that spat abundance on natural

oyster beds in the Fall was up to 99.9% lower than predicted from

larval settlement on adjacent off-bottom collectors, integrated

over the entire reproductive season. Results from predator exclu-

sion cage work at this one location over two summers demon-

strated that this discrepancy was principally due to high predalion



National Shellfishcries Association. Portland. Maine Ahstrcwis. 1991 Annual Meeting. June 23— 27. 1991 311

rates on <7 mm spat by bcnthic mieropredators, such as flat-

wonns (Stylochus ellipticus) .

MEASURING OYSTER SPATFALL: A COMPARISON OF
METHODS. Sonia Ortega,* Duke University Marme Labora-

tory. Beaufort. NC 28516; Steve Feglcy, Shellfish Research Lab-

oratory. Rutgers University. P.O. Box 687. Port Norris. NJ

08349; Roger Newell, Horn Point Hnvironmcntal Laboratories.

P.O. Box 75. Cambridge. MD 21613; Bruce Barber, Virginia

Institute of Marine Sciences. Gloucester Point. VA 23062.

The above authors have been usmg dllfcrent methods to esti-

mate spatfall in the eastern oyster Cnissostrea virginini along

the East coast of the United States. In order to establish compar-

isons among regions and to plan future cooperative monitoring

efforts, it was necessary to deternnne which method provided the

most accurate data. During the summer of 1990. each author de-

ployed for different types of collectors at sites previously used for

spatfall studies. Sites were located in the eastern half of Delaware

Bay, upper and lower Chesapeake Bay and Core Sound. North

Carolina. Collectors used were oyster shells in bags, oyster shells

in strings, oyster shells tied to vexar mats and asbestos plates.

Spatfall was measured at weekly intervals for six weeks. Spatfall

was greater on the plates than on the other collectors, although the

efficiency of each collector varied in space and time. There was

no statistically significant difference in the amount of variation

within each collector type.
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REGINALD VAN TRUMP TRUITT

Dr. Reginald Van Trump Truitt. pioneering oyster biologist and founder of the Chesapeake Biological Laboratory, died on April 1 1 ,

1991 at the age of 100. He was bom on August 12, 1890 in Snow Hill, Maryland into a family of oyster planters. He received his BS

(1914) and MS (1924) degrees from the University of Maryland, and his Ph.D. ( 1929) from American University. In 1920, he joined

the faculty of the University of Maryland as an Assistant Professor, moving through the ranks to become Professor of Zoology and

Aquiculture [sic] in 1925. In 1942. he became Director of the Maryland Department of Research and Education, a position he held until

his retirement in 1954. He lived in retirement on Kent Island and devoted time to Maryland history, writing a number of accounts about

Kent Island, Maryland's coastal hurricanes, Assateague Island, the ospreys of Great Neck, etc. He also worked to have Assateague

Island recognized as a national seashore.

Dr. Truitt began his academic career as a student of insects, but turned his attention to oysters because of his concern about the decline

in oyster harvests in Chesapeake Bay. Beginning in 1918. he spent summers on Solomons Island where he began investigations into

oyster spawning and setting. He recognized the importance of environmental factors, so measured temperature, specific gravity, and pH
of the water while sampling oyster larvae over major producing areas in Maryland. This work entailed travel over 500 km of water on

a regular basis. He determined by 1927 that water quality was satisfactory for oyster production, but that only a few of the oyster beds

studied in 19 regions of Maryland harbored enough larvae to justify the effort and cost of shell planting. He also noted high inter-annual

and inter-regional variability of oyster larval abundances.

From 1927-1929, he and his colleagues concentrated on 10 oyster bars, making field trips nearly every week over 200 km of distance

to collect larvae and measure water quality variables. Effort centered on the relationship of broodstock abundance and larval abundance,

setting and spat survival, comparisons of settlement on different kinds of cultch, the appropriate time to plant shells, and the physical

nature of formerly productive oyster beds. He demonstrated that oyster shell was more attractive to settling oyster larvae than glass,

wood, bricks, cinders, and pebbles. He found correlations between broodstock abundance on an oyster bed and larval abundance in the

overlying water column, noting however that high numbers of broodstock alone did not assure high incidences of spat settlement in all

regions of the Bay. His recommendations that the minimum harvestable size of oysters be increased from V/i to 3" and that shell and

brood oysters be used to rehabilitate depleted oyster grounds were enacted into Maryland law in 1927. Thus, in that year, a shell planting

program partly financed by a gas tax on work boats and a requirement that 10% of shucked shell be made available by oyster packing

houses to the State as cultch were implemented.

Ever the practical biologist. Dr. Truitt established an experimental "oyster farm" in 1931 on a lOOO-acre reserve in the Honga River,

an estuarine tributary in central Chesapeake Bay. He had found the region to have numerous larvae in the water although the oyster
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grounds had been badly overfished, with Hmited shell available. Over a three-year period he had 212,000 bushels of shell planted on

one 50-acrc section. About 4,000 bushels of seed oysters were harvested in autumn 1934 from a four-acre patch within the planted area.

He estimated that about 50,000 bushels had set where oysters had not been produced for years, demonstrating nearly 60 years ago the

aquacultural potential of properly managed shell planting in Maryland.

Much of Dr. Truitt's research was not supported by outside funds until the I930"s, and depended on his own resources, and on

donated sampling gear, chemicals, work space, and laboratory assistance (Maryland's Conservation Department did provide manned

boats and supported the field program in later years). Nevertheless, he produced many technical reports in the Annual Reports of

Maryland's Conservation Department, as well as an illustrated guide to oyster biology and Maryland's oyster industry. Initially, Dr.

Truitt's summer work was performed in the Episcopalian parish hall on Solomons Island. In 1925, he established the Chesapeake

Biological Laboratory, with construction of its first building begun in 1931 with the assistance of the Conservation Department.

Cooperating institutions at its inception were the Carnegie Institution, the University of Maryland and the Johns Hopkins University,

and Goucher, St. John's, Washington, and Western Maryland Colleges. Thus began what is now the oldest state-supported marine

laboratory in continuous operation on the eastern seaboard. In 1929, five students (three men, two women) were admitted to the

laboratory to study and perform research, four from the U.S. and one from Columbia, South America. This tradition of summer interns

working at CBL (and later at its sister laboratory Horn Point Environmental Laboratory) has continued to this day.

Dr. Truitt was active in many scientific societies, including AAAS, AFS, ASLO, and ASZ. He was Vice-President of the Ecological

Society of America in 1950-51, and was made a Fellow of the Maryland Academy of Sciences. Of significance to meinbers of the

National Shellfisheries Association are his serving as President of NSA in 1935 and 1936, and his recognition as an Honorary Life

Member in 1959. As noted earlier. Dr. Truitt had a strong interest in historical matters. From 1952 to 1962 he founded four county

historical societies in Maryland (Worcester, Calvert, Queen Anne's and Charles counties). Always an athletic man, he represented the

University of Maryland in lacrosse as an undergraduate (playing against Jim Thorpe in 1913) and coached the University's team to its

first National Championship in 1925. He entered the Lacrosse Hall of Fame in 1960 and the University of Maryland Athletic Hall of

Fame in 1984.

Although the oyster harvests in Chesapeake Bay have continued their decline (mainly due to politically influenced management,

overfishing, pollution and. most recently, disease), many shellfish biologists have long believed that, had Dr. Truitt's recommendations

of 60 years ago been applied rigorously by the State, harvests wiiuld now be higher, and oyster farming rather than oyster hunting might

be a present reality in Maryland. In 1981, Dr. Truitt received the Rachel Carson Award for his work to preserve the Chesapeake Bay
and its environment. His life work and accomplishments point to a significant lesson. Dedicated individuals must struggle to get their

scientific and conservation messages across to politicians, managers, and the lay public, and must often be disappointed by the inertia

of the system. Yet they persist, to the benefit of future researchers and society. If we can make a fraction of the contribution to science

and society that Dr. Truitt made in his time, we will have done well.

Victor S. Kennedy
Horn Point Environmental

Laboratory

Cambridge, Maryland
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MORTALITIES OF IMPOUNDED AND FERAL MAINE LOBSTERS, HOMARVS AMERICANUS
H. MILNE-EDWARDS, 1837, CAUSED BY THE PROTOZOAN CILIATE MUGARDIA

(FORMERLY ANOPHRYS = PARANOPHRYS), WITH INITIAL PREVALENCE DATA FROM
TEN LOCATIONS ALONG THE MAINE COAST AND ONE OFFSHORE AREA.

STUART W. SHERBURNE AND LAURIE L. BEAN
State of Maine

Department of Marine Resources

Fisheries Research Station

West Boothbay Harbor, Maine 04575

ABSTRACT The first recognition that the ciliate Mugardia was a potential pathogen in lobsters from U.S. waters was on April 9,

1990 when a recently dead 88 mm female lobster, received for examination from a holding pound on Southport Island, Maine, was

negative for gaftVemia [Aerococcus viridaiis). but showed numerous ciliates in stained hemolymph and hepatopancreas preparations.

Further submittals from this pound and from a pound at Small Point. Me. showed that ciliates were responsible for serious lobster

mortalities at these two facilities. Two transmission experiments were conducted, one commencing April 13, 1990, the other May 8,

1990. In both instances, when hemolymph from ciliate-infected lobsters was injected into uninfected lobsters, the lobsters became

positive for ciliate disease and the disease progressed in severity to death of the lobsters. Review of lobster hemolymph and

hepatopancreas slides from past years revealed that Mugardia was present in lobster hepatopancreas but unrecognized as a potential

pathogen in Maine lobsters dating back to 1980. Ciliates were found to be endemic to feral lobster populations and during this study

were responsible for mortalities of freshly-caught lobsters from the Pemaquid, Maine fishery. Prevalence data and intensity of

infections in individual lobsters are given for ten locations along the Maine coast and one offshore area. Histological sections revealed

that ciliates were responsible for tissue destruction, especially of the intestine,

KEY WORDS: lobsters, Homarus americaiuis. protozoan ciliate Mugardia (formeriy Anophrys
=

Paranophrys), mortalities, Maine.

INTRODUCTION

Holotriehous ciliates of the genus Anophrys (now Mugardia)

have been associated with mortahties of various species of both

laboratory-held and feral crustaceans since first described by Cat-

taneo ( 1888) in the hemolymph of the green crab, Carcinus mae-

nas Linnaeus, from Venice, Italy.

.Additional reports of Mugardia in crabs and an isopod have

been from France and the West Coast of the United States; Poisson

(1930) in Carcinus maenas from France; Bang et al. (1972) in

Cancer pagurus Linnaeus from commercial holding tanks in Brit-

tany, France; Armstrong et al. (1981) in laboratory-held dunge-

ness crabs. Cancer magister Dana from Newport, Oregon; Sparks

et al. (1982) in a laboratory-held and a feral dungeness crab.

Cancer magister from Washington and Hibbits and Sparks (1983),

in feral isopods, Gnorimosphaeroma oregonensis Dana, from the

Kodiak region of Alaska. These microscopic ciliates can be lethal

to their hosts, multiplying by binary fission to massive numbers

and destroying not only hemocytes but their hosts' tissues (Arm-

strong et al. 1981).

There have been two published reports of these ciliates occur-

ring in American lobsters, Homarus americanus H. Milne-

Edwards, both from Atlantic Canada. Aiken et al. ( 1973), reported

a ciliate, presumed to be an Anophrys species, to be responsible

for causing significant mortalities of Homarus americanus from

the Canadian fishery being held in flow-through holding tanks at

St. Andrews, New Brunswick in the winters of 1971-1972 and

1972-1973. Lobsters died within six weeks as a result of the

ciliates reaching high densities in the hemolymph and destroying

the hemocytes. Aiken and Waddy (1986) reported finding this

blood ciliate in wild lobster stocks three times in 14 years, all cases

also occurring during the winter.

Armstrong et al. ( 1981 ), stated that holotriehous ciliates found in

crustaceans which have been historically assigned to the genus

Anophrys are now placed in the genus Paranophrys. This lobster

ciliate, considered to belong to the genus Anophrys by Aiken et al,

(1973), Aiken and Waddy (1986) and to the genus Paranophrys by

Sindermann (1990), has recently been reclassified by the Society

of Protozoologists to the class Oligohymenophorea, subclass Hy-

menostomatia, order Scuticociliatida, family Paranophryidae and

genus Mugardia (Loughlin and Bayer 1991).

This is the first report of these ciliates inhabiting lobster livers

(hepatopancreas). This report shows that Mugardia was responsi-

ble for serious mortalities in Maine holding pounds, that it was

present in lobster hepatopancreas but unrecognized as a potential

pathogen in Maine lobsters dating back to 1980, that it can be

found in the hepatopancreas when it is not evident in the he-

molymph, that it can be transferred from lobster to lobster, that

ciliates are endemic to feral lobster populations and during this

study were responsible for mortalities of freshly-caught lobsters

from the Pemaquid, Maine fishery.

Prevalence data and intensity of infections in individual lob-

sters are given for ten locations along the Maine coast and one

offshore area.

We also provide evidence to suggest that these ciliates occur in

feral rock crab. Cancer irroralus Say, populations.

MATERIALS AND METHODS

All lobsters included in this study were from the Maine fishery.

Wild lobsters used in this study were obtained from another project

within the Department of Marine Resources. A total of 89 feral

lobsters, ranging in carapace length from 81.6-124.8 mm were

received between November 7 and December 8, 1990 from ten

locations along the Maine coast and one offshore area. These

locations included Scarboro, Phippsburg, Pemaquid, Tenants Har-

bor, Stonington, Jonesport, an area south of Little Machias Bay,
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Cutler (in the channel near Machias Seal Island). Cutler (near

shore), Lubec-Trescott and the NE portion of Jordan Basin (75

miles offshore, SSE of Jonesport. Maine in 117 fathoms).

Industry members experiencing mortalities in their holding

pounds submitted 20 market-size lobsters, ranging in carapace

length from 82-102 mm, between April 9 and May 23, 1990. In

addition, industry submitted two juvenile lobsters of 20 and 31

mm carapace length and one rock crab. Cancer irroralus, of 91

mm carapace width on May 10. On May 16 seven green crabs,

Carcimis maenas Linnaeus, ranging in carapace width from 55-79

mm and seven rock crabs ranging in carapace width from 90-1 15

mm were submitted.

Captive lobsters used in transmission experiments were do-

nated by DMR's lobster project.

Lobsters were measured for carapace length, sexed and gross

examined for evidence of recent or old wounds, shell disease,

external parasites or other abnormalities. A piece of gill and swim-

meret were removed and examined at 100 x and 200 x for evi-

dence of live ciliates within the vascular spaces of the gill or

swimmeret.

Hemolymph samples were obtained from the ventral seg-

mented abdomen via a sterile, disposable hypodermic syringe and

a 21 gauge needle. A drop of hemolymph was placed upon a

culture slide, covered with a cover glass and examined at lOOx ,

200x, and lOOOx for evidence of live ciliates and bacteria. In

addition, a drop of hemolymph was placed on a standard 3 x 1

inch microscope slide and, with the aid of a second slide, the

smear was made and allowed to air-dry. The hemolymph smear

was then fixed for three minutes in absolute methanol and stained

with a giemsa solution containing one part stock giemsa to ten

parts of distilled water for seven minutes. Microscopic examina-

tions of stained hemolymph slides were made at 40x . l(X)x , 2(X)x ,

and lOOOx for evidence of ciliates, gaffkemia or other entities.

Hepatopancreas samples were obtained by dissecting a small

piece of tissue from several areas of the organ, placing the excised

pieces on a microscope slide and spreading the tissue into a thin

film. Smears were fixed, stained and examined in the same man-

ner as the hemolymph smears. In some instances portions of he-

patopancreas remained intact on the slide and upon microscopic

examination ciliates were seen in clusters rather than evenly dis-

tributed.

Live ciliates were demonstrated in hepatopancreas tissue by

excising a small piece of hepatopancreas, teasing it into a culture

slide, adding several drops of water and examining the resulting

slurry at I00x,200x and lOOOx.

Hemolymph samples were drawn from a leg of rock and green

crabs via sterile disposable hypodermic syringes and needles. Live

and stained hemolymph preparations were made in the same man-

ner as for lobsters.

Lobsters used in transmission experiments were held in a tank

with a flow-through water system. Short lengths of PVC pipe were

placed in the tank for shelter for the lobsters. Captive animals were

fed crushed soft-shell clams and previously frozen herring. Donor

hemolymph for transmission experiments was withdrawn from the

ventral segmented abdomen, recipients were injected just below

the carapace in the area of the pericardial sinus.

Selected tissues were removed, fixed in Davidson's solution

and processed using routine histological methods. Tissues were

embedded in paraffin, sectioned on the microtome at 7|jim and

stained with hematoxylin and cosin stains. Following coverslip-

ping, examinations were made at 40x, lOOx, 200 x, 400 x and

1000 X.

RESULTS

Southport Island, Maine

Our first indication that ciliates were a potential pathogen in

Maine lobsters was on April 9. 1990 when a recently dead 88 mm
female lobster, received for examination from a holding pound on

Southport Island, Maine was negative for gaffkemia, iAerococcus

viridans), but showed numerous ciliates in stained hemolymph
(blood) and hepatopancreas (liver) preparations (Figs. 1, 2). This

pound, with a rated capacity of 100,000 pounds of lobsters and

reportedly stocked with 1 10,000 pounds, had been experiencing

serious mortalities and lobsters were not transporting well, even to

distances as close as 60 miles.

Further submittals of lobsters from this pound on April 11(2

live, 1 moribund, 2 dead), April 12(2 live), April 13 (4 dead) and

May 10 (2 live, 1 dead) were all negative for gaffkemia but

showed ciliates in unstained fresh hemolymph preparations from

nine of fourteen lobsters, and in stained hemolymph preparations

from ten of fifteen lobsters and in both lobsters from which he-

patopancreas smears were prepared. The one stained hepatopan-

creas preparation from #2 (97 mm male) dead lobster of April 13

not only showed ciliates of the same general form, but more de-

generated forms than in the hepatopancreas smear of the dead

lobster submitted on April 9 (Fig. 3). Concentrations of ciliates in

these further submittals ranged from moderate to numerous in

fresh unstained hemolymph and in the hepatopancreas prepara-

tions and few to numerous in stained hemolymph preparations

(Table 1). Hemolymph containing numerous ciliates sometimes

appeared milky white in color and blood cells (hemocytes) were

scarce, similar to that reported by Bang et al. (1972) in Cancer

crabs from commercial holding tanks in France and Aiken et al.

(1973) in Homarus americanus from holding tanks at St. An-

drews. N.B.. Canada.

Live ciliates varied in size and were generally elongate to py-

riform in shape with a rounded posterior end and a bluntly tapered

anterior end. but they would frequently change shape as they

moved through the hemolymph and negotiated among themselves.

A posterior contractile vacuole was apparent in many instances
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Figure 2. Ciliates in the stained hepatopancreas smear from the re-

cently dead 88 mm female lobster submitted April 9, 1990 from the

impounding facility on Southport Island, Maine, showing forms sim-

ilar to those found in the hemolymph.

(Fig. 4). The cilia propelling these parasites were readily seen at

200x. These ciliates were apparently of the Anophrys (now

Mugardia) type, reported by Aiken et al. (1973) to have caused

severe mortalities in lobsters being held in flow-through holding

tanks at St. Andrews. New Brunswick during the winters of 1971-

72 and 1972-73.

Eight rock crabs. Cancer irroratus. and 7 green crabs. Carci-

nus maenas. were trapped in the Southport Island pound and ex-

amined for evidence of ciliates. On May 10, one rock crab. 91 mm
in carapace width, was negative for ciliates. However, on May 16.

a 95 mm male, one of seven rock crabs 90-1 13 mm in carapace

width sampled, showed a ciliate in a fresh hemolymph prepara-

tion, but not in the stained hemolymph smear. Seven green crabs.

55-79 mm in carapace width, trapped on May 16. were negative

for ciliates in fresh and stained hemolymph preparations.

Figure i. Ciliates in the stained hepatopancreas smear from #2 dead

lobster (97 mm male) submitted April 13, 1990 from the Southport

Island, Maine impounding facility showing more degenerated forms

present than in the hepatopancreas of the recently dead lobster sub-

mitted on April 9, 1990. Included in this photo is an oval shaped ciliate

that was apparently alive when the smear was prepared, two ciliates

containing vacuolated areas and a rounded, swollen, degenerated cil-

iate. Hyman (1940) stated that protozoa tend to become highly vacu-

olated when aging, dying, starving, or under other adverse conditions.

Small Point, Maine

On May 23. 1990 a Small Point. Maine pound reported mor-

talities of lobsters that had been stocked prior to December. 1989.

From the final 38 crates (approximately 3800 pounds) of lobsters

removed from the pound, which had been floating for one week,

600 pounds were received dead following transport. Stained he-

molymph slides from seven lobsters were negative for gaffkemia
but numerous ciliates were present in the hemolymph of five lob-

sters, a moderate number of ciliates were present in one lobster,

while the remaining lobster was negative for ciliates. Live ciliates

were readily detectable in these infections by removing a section

of gill or swimmeret and examining the vascular spaces within

these structures at lOOx (Fig. 5). Bang (1983) stated that the

ability of Anophrys (now Mugardia) to bend, twist, and push

through narrow spaces is an adaptation to internal parasitism. He-

patopancreas smears were not prepared from these lobsters.

Transmission Experiments

Two experiments were conducted, one commencing April 13.

1990. the second May 8. 1990. In both instances, when he-

molymph from ciliate-infected lobsters was injected into unin-

fected lobsters, the lobsters became positive for ciliate disease and

the disease progressed in severity to death of the lobsters.

In the first experiment 0.5 ml of hemolymph from #2 lobster

(97 mm male) of April 13. 1990. submitted from the Southport
Island pound and containing numerous ciliates, was injected into

an 85 mm male (#1 recipient) and into an 84 mm male (#2

recipient). Both recipients were obtained from DMR lobster pro-

ject's holding tanks and tested negative for ciliates and gaffkemia.

Subsequent hemolymph samples revealed a progressive increase in

the number of ciliates in both recipients. #1 recipient died at 25

days post-injection. #2 recipient died 33 days post-injection (Ta-

ble 2). Ciliate-infected lobsters became lethargic and weak before

death. At the time of death, both recipients contained numerous

ciliates in fresh hemolymph. stained hemolymph and stained he-

patopancreas preparations. Recipient #1 had several small nodular

growths on the intestinal wall. Giemsa-stained squashes of these

growths revealed that the nodules contained tightly packed masses

of degenerated ciliates. Ciliates in these masses appeared aggluti-

nated and many ciliates had lost their individual identities

(Fig. 6).

In the second experiment. Table 3A. on May 8. 1990 #1

recipient (83 mm male) received 0.2 ml of ciliate-infected he-

molymph. while #2 recipient (89 mm female) received 0.4 ml of

ciliate-infected hemolymph. The donor was the #1 recipient (85

mm male) of the first experiment that had died from ciliate disease

on May 8. 1990. The recipients were again lobsters from the

lobster project's holding tanks that tested negative for ciliates and

gaffkemia. Hemolymph samples taken at intervals in this second

experiment revealed a progressive increase in the number of cili-

ates in both recipient lobsters, but apparent differences in infection

rates existed between the two. On day 27 post-injection #1 recip-

ient, which had received 0.2 ml of ciliate-infected hemolymph.
had only a few ciliates present, while #2 recipient, which had

received 0.4 ml of ciliate-infected blood had hemolymph which

was swarming with ciliates. Recipient #2 died 30 days post-

injection and had numerous ciliates in its fresh and stained he-

molymph and stained hepatopancreas preparations at the time of

death. Recipient #1. on days 37 and 58 post-injection, showed
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TABLE 1.

Occurrence of the parasitic ciliate Mugardia, (formerly Anophrys-Paranophrys), in lobsters, Homarus americanus, from a Southport Island,

Maine impounding facility.
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TABLE 2.

Transmission Experiment #!. 0.5 ml of ciliate-infected liemolymph from the same donor was iixjected into the pericardial sinuses of two
uninfected lobsters.

Donor: 97 mm male submitted April 13, 1990 from a Southport Island, Maine impounding facility.
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TABLE 3A.

Transmission Experiment #2. 0.2 ml and 0.4 ml of ciliate-infected hemolymph from the same donor were injected, respectively, into the

pericardial sinuses of two uninfected lobsters.

Donor: #1 recipient (85 mm male) of #1 experiment.
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Figure 7. Photomicrograph of live ciliates in the hemoiyinph of #1

recipient (83 mm male) on July 5, 1990 (day 58 post-injection) in the

second transmission experiment. In addition to the numerous ciliates

present, larger adult forms and a greatly increased number of very

small, young ciliates are evident, apparently having resulted from

binary fission of adult forms since the last bleeding on June 14. Ac-

companying this increase in young ciliates was an increase in the num-

ber of hemocytes of the lobster. The seawater temperature from which

this lobster was taken was 13.9°C (57°F).

molymph of seven other Belfast lobsters but heavy gaffkemia in-

fections were present in the hemolymph of four of these seven

lobsters. Another case was from the Boothbay sample (5 lobsters)

where a hepatopancreas slide showed 1.150 ciliates present (Fig.

9) but no gaffkemia; the hemolymph slide was negative for ciliates

and gaffkemia. Four other lobsters in the Boothbay sample also

had hepatopancreas ciliates. ranging from 42 to 31 1 ciliates on the

slides; there was no evidence of gaffkemia in the hemolymph or

hepatopancreas slides. In the Bucks Harbor sample (6 lobsters),

ciliates were evident in hepatopancreas slides from five of si.x

lobsters, ranging from 65 to 1600 ciliates per slide. All six lobsters

were negative for hepatopancreas gaffkemia and no gaffkemia or

ciliates were evident in the only lobster from which hemolymph
was drawn.

In the Beals Island sample (6 lobsters), hepatopancreas slides

from two of three lobsters had ciliates, one slide had 143 ciliates.

f^ ^

Figure 8. Pyriform to round-shaped ciliates in the stained hepatopan-

creas smear from a lobster submitted from a Belfast, Maine pound on

September 8, 1980. At least 4,270 ciliates were present on the slide.

Figure 9. Ciliates in the stained hepatopancreas smear from a lobster

submitted from a Boothbay, Maine impounding facility on November

3. 1987.

the other 322. Ciliates were not evident in hemolymph from these

three lobsters from which hepatopancreas slides were prepared or

in hemolymph from two other lobsters. Gaffkemia was not de-

tected in hemolymph from five lobsters or in hepatopancreas prep-

arations from three lobsters. In the Kittery sample ciliates were not

evident in the hemolymph from the three lobsters examined or in

the only hepatopancreas preparation that we have on file. Gaffke-

mia was not detected in the hemolymph or hepatopancreas from

one lobster, one other lobster had light gaffkemia in the he-

molymph. while the remaining lobster had heavy gaffkemia in the

hemolymph.

Examination of Fresh Unstained Hemolymph, Giemsa-stained

Hemolymph and Giemsa-stained Hepatopancreas Smears from

Freshly-Caught Lobsters from Ten Locations Along the Maine Coast

and One Offshore Area for Evidence of Gaffkemia and Ciliates

Gaffkemia

Gaffkemia was not evident in fresh unstained hemolymph or in

stained hepatopancreas preparations from the 89 freshly-caught

lobsters sampled, or in stained hemolymph smears that were pre-

pared from 61 of these lobsters.

Ciliates in Fresh Unstained Hemolymph

Ciliates were present in the fresh hemolymph of one of 89

freshly-caught lobsters- in an 88.1 mm female from Pemaquid
examined on November 30, 1990. This lobster, trapped on No-

vember 29. was dead-on-arrival at the DMR laboratory and its

hemolymph contained numerous live ciliates and few hemocytes.

Ciliates in Stained Hemolymph

Ciliates were present in the stained hemolymph of two of 61

freshly-caught lobsters. Both lobsters were from a Pemaquid sam-

ple of seven received on November 30, 1990. The first lobster was

the aforementioned 88. 1 mm female which also showed numerous
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ciliates in the stained hemolympli (Fig. 10) and the second was a

83.4 mm female with just a few (38) ciliates in the stained he-

molymph-this lobster was also dead-on-arrival at the lab and had
few hemocytes remaining.

Ciliates in Stained Hepatopancreas

Ciliates were present in various concentrations in the stained

hepatopancreas smears of all 89 lobsters sampled, from nearshore

to 75 miles offshore in 1 17 fathoms at Jordan Basin. Thus, ciliates

can be present in the hepatopancreas when they are not detected in

tresh or stained hemolymph preparations.

As in lobsters previously examined, stained hepatopancreas
smears contained ciliates that were apparently alive when the

smear was made and others that were apparently dead when the

smear was prepared. The "live" ciliates were generally well-

formed, i.e. elongate to pyriform in shape, stained a deep blue

color, and the macronucleus and contractile vacuole were usually

evident; "dead" ciliates had a swollen appearance, did not stain

well and showed processes of degeneration (Figs. 1 1 , 12).

Overall, the average number of ciliates in these hepatopancreas
smears was quite variable, ranging from 0.02 ciliates to 56.0 cil-

iates per low power (lOOx) field per lobster (50 fields/lobster).

Considering that there are approximately 360 low power (lOOx)
fields in a typical hepatopancreas smear, there would be from 7.2

to 20,160 ciliates on a microscope slide made from a very small

piece of tissue; the number of these microscopic ciliates present in

the total mass of a lobster hepatopancreas can be tremendous.

There were substantial differences between geographic areas

and between individual lobsters in the number of ciliates present in

the hepatopancreas smears. Of the I I areas sampled, Stonington
lobsters had the lowest average number of ciliates/ 1 00 x field per
lobster with 0.5 ± 0.35 and the least variability in the range of

ciliates/lOOx field per lobster with 0.02-1.1, while Pemaquid
lobsters had the highest average number and the most variability

with 12.9 ± 19.6 (0.4-56.0) ciliates/lOOx field per lobster (Table

4). Pemaquid's high average was due to the two lobsters that were

dead-on-arrival with averages of 14.4 and 56.0 ciliates/lOOx

field. Without these two lobsters, Pemaquid would have had a 3.9

average with a range of 0.4-9.1 ciliates/lOOx field per lobster,

which is within the values found for other areas. Second to Pe-

maquid, Scarboro lobsters had the highest average number of cil-
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Figure II. Ciliates in (he stained hepatopancreas smear of the 88.1

mm female lobster (#7) trapped off Pemaquid, Maine on November
29, 1990 that was dead-on-arrival at the DMR laboratory on Novem-
ber 30. 1990. Note the swollen appearance of the degenerated
("dead") ciliates.

iates with 6.2/lOOx field per lobster. Two lobsters in the Scarboro

sample ranked third and fifth of 89 lobsters sampled in ciliate

infection- a 91.6 mm female had 12.1 ciliates/IOOx field and a

85.3 mm female had 12.6 ciliates/lOOx field. The fourth largest

concentration of ciliates occurred in a 103 mm male Jordan Basin

lobster with 12.2 ciliates/lOOx field.

Lobsters caught 9.0 miles offshore from Cutler in the channel

near Seal Island and 75 miles offshore in 1 17 fathoms at Jordan

Basin had as many ciliates in their hepatopancreas smears as near-

shore lobsters (Fig. 13).

Larger (older) lobsters did not have a greater number of cili-

ates. For example, the smallest lobster of 89 sampled, from Cutler

(in the channel near Seal Is), an 81 .6 mm female, had 5.9 ciliates/

lOOx field; the largest lobster sampled, from Jordan Basin, a

124.8 mm female, had 0.3 ciliates/lOOx field.

The two most severely infected lobsters from Pemaquid had a

much higher ratio of live to dead ciliates in their hepatopancreas
smears than other lobsters in the Pemaquid sample and all other

freshly-caught lobsters, which might be expected if the ciliates are

proliferating and overtaking the lobster's system. In the recently
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Figure 10. Numerous ci'lales in the stained hemolymph smear of an
88.1 mm female lobster #7) trapped off Pemaquid. Maine on No-
vember 29, 1990 that was dead-on-arrival at the DMR laboratory on
November 30, 1990. Note rarity of hemocytes.
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Figure 12. Ciliates in the stained hepatopancreas smear of a 91.6 mm
female, freshly-caught lobster from Scarboro. Maine on November 27,

1990 showing ciliates that were apparently alive and others that were

apparently dead when the smear was prepared.
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TABLE 4.

Occurrence of the parasitic cKWaie Mugardia. (formerh Anophrys-Paranophrys), in giemsa-stained hepatopancreas smears from

freshly-caught Maine lohsters, Homarus americanus.
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were the size of ciliates. Ciliates were not evident in the heart

tissue or esophagus, one ciliate was recognized in the stomach

section and a few ciliates were evident in the gill section.

The ciliate infection in this lobster progressed very rapidly. On

April 23 (10 days post-injection) the blood was negative for cili-

ates, 15 days later numerous ciliates were present in the blood and

the lobster died. It is unknown whether the nodular growths on the

intestinal wall occurred within this time frame or if the lobster had

been successful in warding off ciliates by encapsulating them prior,

to our injecting it with ciliate-infected blood.

DISCUSSION

Figure 14. Histological section nl the intcsline of recently dead lobster

#2 (97 mm male) submitted from the Southport Island, Maine im-

pounding facility on April 13, 1990 showing numerous ciliates in the

walls of the intestine accompanied by marked tissue destruction.

patopancreas. Numerous degenerated ciliates were evident in the

wall of the intestine along with marked degeneration of muscle

tissue. The entire hepatopancreas showed deterioration with tu-

bules in some areas completely dissoluted. There were several

areas in the hepatopancreas where ciliates were associated with the

degenerated tissue. The heart contained a moderate number of

ciliates associated with necrosis of muscle tissue. The abdommal

muscle showed a ciliate in the muscle fibers.

Histological sections were prepared from tissues removed from

#1 recipient (85 mm male) of April 13, 1990 on the day of its

death. May 8, 1990. Gross examination had revealed nodular

growths on the intestinal wall which giemsa staining of a squash

preparation showed to be filled with degenerated ciliates (Refer to

Fig. 6). The histological section showed massive ciliate invasion

of the intestinal wall with marked destruction of muscle tissue.

Sections of several nodules revealed the interiors to be filled with

ciliates in various stages of degeneration. The hepatopancreas

showed only four ciliates. which did not appear viable, within the

tissue. Three small areas in the green gland, situated in close

proximity, contained round, necrotic unidentifiable bodies that
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Figure ! -.-".n ^<< uoii of the hepatopancreas of recently dead

lobster #1 (97 mm male) submitted from the Southport island, Maine

impounding facility on April 13, 1990 showing destruction of tissue by
ciliates.

The present study provides insight into the conjecture by Aiken

et al. (1973) that "the crucial question is whether this ciliate has

a long but unrecorded history of casual parasitism of Honuinis. or

whether it is in fact evolving into a major parasite of this species

and will become a serious problem for lobster impounding facil-

ities and aquaculture efforts." Wc have determined that this ciliate

was present in lobster hepatopancreas but unrecognized as a po-

tential pathogen in Maine lobsters dating back to 1980. In 1990,

this ciliate was responsible for serious mortalities at two Maine

impounding facilities, was present at various concentrations in the

hepatopancreas of all wild lobsters examined, and was responsible

for the deaths of two freshly-caught, market-size lobsters from a

sample of seven submitted from the commercial fishery off Pe-

maquid, Maine.

The method of natural infection is unknown, but detailed gross

examinations recorded for each lobster revealed that there were

a number of portals of entry for pathogens in nearly every lob-

ster, primarily from damaged antennae and walking legs, but

also from damaged uropods and puncture wounds that had yet to

heal.

The lobsters in the Southport impounding facility, which ex-

perienced severe mortalities in April, 1990, had been purchased

from September to November. 1989, within a 50 mile radius of the

pound. The pound owner thought he may have purchased a poor

lot of lobsters from a particular area and thus introduced the dis-

ease. Another contemplated source was from a resident population

of crabs in the pound area. Wc now know, from our examination

of wild lobsters from ten locations along the Maine coast and one

offshore area, that all these lobsters could have been carrying

ciliates, at least in their hepatopancreas, when they were pounded
and some may possibly have had ciliate infections in their he-

molymph. Lobsters in the worst condition characteristically have

had ciliates in their hemolymph, as well as their hepatopancreas.

Preliminary evidence suggests that there may be a relationship

between the number of hepatopancreas ciliates and the point at

which ciliates are found in the hemolymph. The two freshly caught

Pemaquid lobsters, that were received dead, and that had the great-

est number of hepatopancreas ciliates of 89 freshly-caught lob-

sters, at 14.4 and 56.0 ciliates/IOOx field, also had hemolymph
ciliates. while other wild lobsters and those reviewed from past

collections, with hepatopancreas ciliates below 14.4 ciliates/IOOx

field, did not have ciliates in their hemolymph smears.

Stewart (1980) stated that the lobster has a comprehensive set

of intrinsic defense mechanisms that include a bactericidal system,

an agglutinin and opsonin system, and phagocytosis, 'all of

which-when operatmg jointly-will effectively and quite specifi-

cally clear inost foreign objects from the system." Specifically, the
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hepatopancreas contains a wide variety of enzymes that can be

presumed to be active in the digestion of bacteria and exhibits

bactericidal activity at a concentration five times greater per unit of

tissue than in the circulatory system. It is also presumed that

complete elimination of foreign agents eventually occurs in the

hepatopancreas.

Healthy, feral lobsters in this study had a greater proportion of

degenerated or dead ciliates m their hepatopancreas smears than

the two wild lobsters which had recently died of massive ciliate

invasion of the hemolymph, suggesting that the liver may act as a

defense system against these parasites as well as bacteria. And,

perhaps, as in the case of Aerococciis viridans var. homori

(gaffkemia) disease, the lobster has not developed adequate de-

fenses of resistance to the organism once the ciliates enter the

hemolymph. That the lobster has some defense against these cil-

iates is evidenced by the finding of small nodular growths filled

with degenerated ciliates on the intestinal wall of our # I recipient

(85 mm male) in our first transmission experiment.

Aiken et al. (1973) reported that parasitism by this ciliate oc-

curred in water temperatures ranging from 0-10°C, appearing in

November and disappearing the following March or April in two

instances. Lobsters used for transmission experiments in the

present study were held in a flow-through tank at West Boothbay

Harbor, Maine from April to July, 1990. Ciliates were observed in

lobsters taken from water temperatures ranging from 5°C in April

to 13.9T in July.

Something that should be considered in the transmission ex-

periments of captive lobsters, where ciliate-infected hemolymph is

injected into negative recipients, is that an unknown number of

ciliates might already have been present in the hepatopancreas of

these recipients and how this might affect the results.

Aiken and Waddy ( 1986) stated that the natural incidence and

prevalence of this disease in lobsters was unknown, but appears to

be cyclic, having been found in wild stocks three times in 14

years. All their cases occurred during winter months at water

temperatures of 0-5°C, but further elaboration was not made. Our

samples of freshly-caught lobsters were taken from November 7 to

December 8, 1990, limiting our knowledge of ciliate presence in

wild lobster populations to these months and year. Sea water tem-

peratures for the locations from which lobsters were sampled were

not taken, however, the daily average sea bottom temperature

(-25.0 ft. MLW) for Boothbay Hbr., Maine for the month of

November, 1990 was 9.2T, with a range from 7.6-10.9°C (Smith

1991).

Maine lobsters are perhaps more severely infected with ciliates

now, to the point of causing mortalities, than in the past. We know

from this study that mortalities were associated with finding nu-

merous ciliates in the hemolymph. If this disease was as prevalent

in the past, then it would seem that investigators who routinely

examine lobster hemolymph for gaffkemia would have noticed the

ciliates in numbers great enough to question the reason for their

occurrence. Also, ciliates were not as numerous in the review of

our own past collections as in the present study.

In addition to the two lobster impounding facilities in this study

that experienced mortalities from ciliate disease in 1990, a lobster

submitted in January, 1991 from a Boothbay Harbor lobster hold-

ing pound showed numerous ciliates in its hemolymph. Other

lobsters submitted from this pound had died of severe gaffkemia

infections.

Losses can be substantial from any one or a combination of

these diseases, as in the Southport pound, where reportedly

$40,000 of losses occurred. The Boothbay Harbor pound was

emptied and lobsters marketed as soon as possible (at a loss)

before the entire contents succumbed to disease.

Aiken et al. ( 1973) reported that this parasite had been found in

large numbers inside the body cavity of dead lobster larvae, but

may have achieved entry post-mortem. The present study did not

include larval lobsters and only two juvenile lobsters were exam-

ined. Further examinations are warranted to determine the possible

effect of ciliate disease on natural mortality and recruitment of

these lobsters into the fishery.

Although gaffkemia [Aerococcus viridans) was not detected in

giemsa-stained hemolymph and hepatopancreas preparations from

feral lobsters in the present study, Vachon et al. (1981) confirmed

that 6.7% (27/399) of the feral Maine lobsters which they sampled
were infected with this bacteria.

The finding of a ciliate in the fresh hemolymph preparation of

one of eight rock crabs. Cancer irroratus. trapped in the Southport

pound suggests that these ciliates occur in the resident crab pop-

ulation. Further sampling is needed, not only of rock crabs but of

green crabs, Carcinus maenas. to determine to what extent this

occurs and to compare the ciliate burden in crabs living in pounds
where ciliate infected lobsters are or have been found with those

from populations at a distance from the pounds. This may tell us

whether resident crabs are likely to infect newly pounded lobsters,

perhaps from lobsters eating infected crabs or by ciliates being

released into the pound environment following the death of the

host crabs.

This ciliate disease may well affect the willingness of foreign

countries to import live Maine lobsters until more is learned about

the prevalence and significance of this disease. Maine officials are

currently searching for new markets overseas, particularly in Asia,

and are also trying to crack an Australian ban on importing live

North American lobsters. Dr. Sarah Kahn, the Australian embas-

sy's veterinary counsel, stated that in order to remove the ban,

Australian authorities would have to analyze the possible dangers

of diseases being spread to native lobsters from their North Amer-

ican counterparts (Associated Press 1991). The advent of this cil-

iate disease adds another dimension to the problem and should

provide impetus for further studies to determine its potential im-

pact on our commercial lobster fishery and lobster impounding
facilities.
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.ABSTRACT The reproductive cycle in periodically isolated populations of Pandalus borealis was determined from variations in the

relative frequencies of adult females in different reproductive stages and the presence of larvae in the plankton |in Gullmarsfjorden on
the Swedish west coast]. Spawning takes place in September-October and hatchmg commences m March-Apnl. Based on estimates

of mean durations of oogenesis made from the variations in frequency of female reproductive stages and mean ambient temperatures
from four different deep water stagnation penods in the fjord, an inverse relationship between temperature and time for oogenesis was
found. These results venfy laboratory findings concerning the temperature effect on the duration of oogenesis of the deep water prawn
from the Gulf of Maine.
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INTRODUCTION

Gullmarsfjorden on the Swedish west coast contains a small

stock of Pcindalus borealis Kroyer 1838 which, due to the com-

bined effect of a stratified water mass and bottom topography,
becomes isolated annually from the neighboring large Skagerrak

population. Most years the fjord population is strengthened

through immigration during the water renewal period, but during

deep water stagnation, shrimps are enclosed in the deep basin of

the fjord which has stable hydrographical conditions [during each

stagnation period] (Bergstrom 1991). This phenomenon, together

with inter-annual variations in temperature, gives unique possibil-

ities to test effects of temperature variations on the life cycle of this

economically important, deep-water species.

Knowledge about the environmental factors governing hatch-

ing time and duration of oogenesis is important for stock manage-
ment of shrimp and other crustaceans. Both factors ultimately

affect the timing of larval release which, when considered in re-

lation to the availability of planktonic food, may help explain

differences in larval abundance and thus differences in year class

strength (Stickney and Perkins 1981).

This paper describes the reproductive cycle of P. borealis in

Gullmarsfjorden based on seasonal variations in relative frequency
of female reproductive categories and occurrence of P. borealis

larvae. Further, the relationship between temperature and the du-

ration of oogenesis is investigated [based on estimates of popula-
tion mean duration of oogenesis and mean ambient temperatures [.

The only available information on this topic is reported by

Stickney and Perkins (1980) who found an inverse logarithmic

relationship between ambient temperature and the duration of oo-

genesis based on laboratory experiments which only covered ap-

proximately half of the period of oogenesis. The experiments in-

cluded 72 female specimens equally distributed between four tem-

peratures. The results indicated that the full term of oogenesis
follows the equation LOG,,, Y = 2.593-0.54 LOG,o X. where Y
is the number of days from the first post-partem moult to the first

egg extrusion and X is the temperature in °C. The assumption that

oogenesis starts at the time of the first post-partem moult is based

on results presented by Allen (1959) who showed that egg cell

growth coincided with the first moult within ca.l month after

hatching.

Worth noting in this context is the fact that the northern shrimp

is a stenoic, deep-living organism which does not readily lend

itself to laboratory experimentation, a condition that is illustrated

by a mortality of 10-28% during the 1-1.5 months that Stickney
and Perkins (1980) kept P. borealis in the laboratory.

To test the validity of the model presented by Stickney and

Perkins (1980) in the field, the enclosed fjord populations of P.

borealis in Gullmarsfjorden were sampled during four deep-water

stagnation periods (1984-1987).

General aspects of the reproductive cycle of Pandalus borealis

throughout its discontinuous circumboreal distribution have been

reviewed by Shumway et al. (1985). Female shrimp generally

spawn once a year. Eggs are usually extruded in late summer to

eariy autumn and are carried on the pleopods until spring. In the

northern part of the shrimp's geographical range, however, devi-

ations from this yearly pattern are common (Rasmussen 1953).

The reproductive cycle of P. borealis in the Gullmarsfjorden,
Sweden has been briefly treated by Jagersten (1936), who reported

mating and egg extrusion in September-October and hatching in

the spring. Distribution and occurrence of the larvae of P. borealis

have been studied in Kachemak Bay, Alaska, Sheepscot Bay,
Maine, and in the Norwegian and Barents Sea (Shumway et al.

1985).

MATERIALS AND METHODS

Study Area

The 120 meter deep Gullmarsfjorden is separated from the

deeper parts of Skagerrak by a sill with an effective depth of about

40 meters. The water in the fjord is stratified, normally in three

layers (Lindahl & Hemroth 1988). The two uppermost layers

show, compared with the water below sill depth, a high degree of

variation in salinity and temperature within each year. Below 50

meters of depth, during the 8-12 months following water renewal

each year, the hydrographical conditions are very stable. The sa-

linity of the deep water is relatively high ( >34 0/00) and temper-
atures only vary between 4 to 7°C between different stagnation

periods. The deep water in the fjord is normally exchanged each

year (Svansson 1984. Lindahl and Perisinotto 1987. Lindahl and

Hemroth 1988) in late winter or early spring.

A small stock of P. borealis found below sill depth seems to be

isolated from the neighbourmg Skagerrak population during most
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periods of deep water stagnation. These temporally enclosed

stocks can be viewed as well defined demes or populations. Dur-

ing periods of water renewal, however, immigration from the

Skagerrak may be substantial. In three ( 1984, 1985, and 1987) out

of four years studied, immigration of shrimp older than one year

occurred during the deep water renewal (Bergstrom 1991).

Hydrography

Temperature and salinity were measured at 70, 90 and 1 10 m
depths in the central parts of Gullmarsfjorden (Fig. 1 ) at least once

a month throughout the study period. These parameters were mea-

sured with an accuracy of ±0.05 degrees Celsius and ±0.05'K«i

respectively, either with reversing thermometers and laboratory

salinometer or with a CTD probe (Lindahl and Hernroth 1988,

Bergstrom 1991). Temperature data taken during the stagnation

periods were used to calculate mean temperatures and standard

deviations representative of the four different stagnation periods in

the deep basin of the fjord. Temperatures from the 70. 90 and 100

meter depths are shown in Figure 2. This figure also indicates the

water renewals and the stability of the water temperature at these

depths during deep water stagnation. Mean temperatures (Table 1 )

range from 4.33 ± 0.1 1 to 5.88 ± 0.1 1 during the four different

stagnation periods.

Biological Sampling

Adult shrimp were collected by bottom trawling at approxi-

mately monthly intervals at three sites in the Gullmarsfjorden (Fig.

1) as described by Bergstrom (1991).

GULLMARSFJORDEN

HaulB

I I
S-18-30 0;00 Q 5.30-34 0:00

Haul A

S" > 34 00

Figure I. Map and depth profile over Gullmarsfjorden. The positions

of the trawl hauls, the hydro)>raphical station, and the area .sampled
for shrimp larvae are indicated in the figure.
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Figure 2. Temperature variations at 70, 90, and 110 meters of depth
in Gullmarsfjorden during the studied period.

Information on abundance of shrimp larvae of different devel-

opmental stages was obtained from samples taken in the outer part

of the fjord (Fig. I ) with a bongo net (mesh size 300 and 500 |xni)

fitted with a flow meter during late winter- early spring 1 984- 1 987

(Table 2). Samples were taken approximately once a week. The

aim of this sampling program was first to obtain information on the

distribution and abundance of the ephyra larvae of Aiirelia aunta

(L.) (Grondahl 1988) but since shrimp larvae were caught simul-

taneously the samples were analysed with respect to these also.

This, together with the ice situation in the fjord, explains the lack

of deeper hauls in the spring 1984—1986.

Sampling was begun after the ice cover of the outer part of the

fjord had broken in 1984 and 1985. In 1986 two samples were

obtained in February before the ice prevented sampling and sam-

pling was resumed in early April. In 1987 no ice obstructed sam-

pling. In 1984—1986 two oblique hauls, one to 20 meters of depth

and another to 40 meters of depth were made at each sampling
time. In 1987 an additional haul down to 60 meters was added to

the sampling protocol.

Treatment of the Catch

Shrimp were mostly analyzed fresh, but occasionally the catch

was frozen on board, and thawed for analysis upon return to the

laboratory. Specimens were sexcd on the basis of the shape of the

cndopodite of the first pleopod according to Allen (1959). The

females were further sorted into four different categories according

to their reproductive status (Rasmussen 1953):

1 . Females without reproductive characteristics;

2. Females with ripe gonads visible through the carapace;

3. Berried females (females carrying eggs on the pleopods);

4. Females in breeding dress (long setae on the pleopods);
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TABLE 1.

Abundance of /'. borealis larvae in Bongu-net catches, Gullmarsfjorden 1984-1987.
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1986 1987
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Berried
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BreeOIng
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Date

Figure 3. Relative frequencies of different female reproductive stages

of northern slirimp, P. borealis, in samples taken in Gullmarsfjorden

the years 1984-1987.

berried females. In the 1987 data this date was adjusted to a date

10 days earlier based on the occurrence of females in brecdmg

dress (indicating spawning activity) in the earlier of the two sam-

ple. The time period in days between these estimated dates was

calculated for each of the studied stagnation periods.

After extracting ephyrae from the bongo hauls, shrimp larvae

were picked out under a magnifying glass. The shrimp larvae were

classified according to their development stage (Berkely 1930)

with the aid of a stereo microscope.

Statistics

The possible correlation between mean ambient temperature

and the estimated durations of oogenesis each of the studied years

was examined by correlation analyses. After correlation analysis,

linear, logarithmic and exponential regressions describing the re-

lationship between mean temperature and mean duration were cal-

culated using the least square method (Sokal and Rohlf 1969).

RESULTS

Female Reproductive Stages

Figure 3 illustrates the general reproductive cycle of female P.

horcalis in the fjord. In September, the relative frequencies of

berried females increase and the proportion of females with ripe

gonads decreases indicating the spawning period. Females carry

eggs over the winter until hatching commences in March-April as

shown by decreasing proportions of berried females and increasing

proportions of females with remaining breeding dress (Fig. 3).

During the latter part of the same period, larvae in stages 1,2. and

3 occurred in the bongo samples (Table 1 ). After losing the breed-

ing dress through moulting in April-May. the female shrimp

shows no reproductive characteristics during the early summer

months (Fig. 3). A few females of this category were also ob-

served in the winter and early spring catches, probably due to sex

change activity in the population. The proportion of females with

ripe gonads gradually increases [throughout the summer] until the

spawning period starts in September-October (Fig. 3, Table 2).

Temperature and the Duration of Oogenesis

Estimates of the durations of oogenesis, which ranged from

151 to 183 days in the four studied stagnation periods, are pre-

sented in Table 1 . There is a significant negative correlation (R =

-0.98 r^ = 0.95) between observed stagnation mean tempera-

tures and estimated durations of oogenesis (p > 0.05). Fitting of

logarithmic. Y = 339.61-245.99*LOG,„X (r" = 0.960). (Y =

duration in days. X = average temp in °C). exponential Y =

337.19*10'
""'--'*'-" "-'"

(r'
= 0.959) and linear Y = 302.94-

18.59 X. (r^ = 0.952) functions reveal that the logarithmic model

gives the best fit to the empirical data. Figure 4 shows the esti-

mated durations plotted versus mean temperatures and the fitted,

logarithmic function.

Larvae

Densities of larvae (Table 1) were low and variable in all anal-

ysed samples. Maximum abundance was found in late April 1984

witn 31 larvae/ 1 00 m\ Early stage larvae (stages 1-3) were most

abundant in March-April in the deeper hauls. Only in mid April

1985 a few stage 5 larvae were caught m a haul taken between 25

and 40 meters of depth.

DISCUSSION

The frequencies of female reproductive stages and occurrence

of larvae indicate that the period from spawning to hatching of P.

borealis in Gullmarsfjorden is late September- early October to

March-April. This duration of 6-7 months agrees with the general

information about the shrimp population in Gullmarsfjorden given

by Jagersten (1936) and with durations reported from southern

Norway (Rasmussen 1953). the Gulf of Maine (Haynes and Wig-

ley 1969) and the Gulf of Alaska and Kodiak area Shumway et al.

(1985).

Larvae occur dunng the hatching time (March-April) in the

LOGlO Y=2 593-0.54 LOGlO X,

Slickney & Perkins (1980 )

4.5 5.5

Mean Temperature ( C)

Figure 4. Plot showing logarithmic relationships between mean am-

bient temperature and the duration of oogenesis under laboratory

conditions (Stickncv and Perkins 1980) and in Gullmarsfjorden.
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fjord and seem to be most abundant in the 25-60 meters depth

interval. The observed peak densities in Gullmarsfjorden were

generally lower than densities (800-300 larvae/ 1000 m') reported

from the Gulf of Maine 1977-1979 by Sticl<ney and Perkins

(1981). Only in April 1985 did the abundance of larvae reach a

peak (306 larvae/ 1000 m') comparable with that of the year having

lowest abundance in the Gulf of Maine (1978); in the other years

studied, abundances were 10-20 times lower in Gullmarsfjorden

than in the Gulf of Maine Despite these low densities of larvae, P.

horealis is well established in the fjord, a fact that is illustrated by

the presence of a small commercial shrimp fishery established in

the beginning of the 20th century. With this background it seems

possible that the immigration of adult shrimp during the water

renewal period, which occurs most years (Bergstrom 1991) plays

the most important role in maintaining the fjord stock. The ob-

served variations in larval abundance between samples (Table 1 ) in

Gullmarsfjorden were probably caused by the highly dynamic hy-

drographical pattern of the water layers above sill depth in the

fjord. The topmost water layer has a maximum residence time of

12 days and the water just above sill depth has a maximum resi-

dence time of less than one month (Lindahl and Perisinotto 1987

and Lindahl and Hernroth 1988).

Temperature Effects on Oogenesis

The total duration of the reproductive cycle for female P. bo-

realis can be viewed as a function of time for somatic growth,

oogenesis and embryonic development. According to laboratory

findings by Stickney and Perkins (1980) both the duration of oo-

genesis and the embryonic development are inversely related to

ambient temperature. In the case of hatching time this can not be

tested on the temporarily enclosed populations of shrimp in Gull-

marsfjorden because of the recurrent but variable immigration of

older females to the fjord during the water renewal periods each

year. The effect of temperature on the duration of oogenesis can.

however, be assessed by correlating population average durations

of oogenesis with the average temperatures in deep part of the

fjord basin during the four studied stagnation periods. Thus the

temporarily enclosed shrimp populations in the fjord offer a unique

possibility to test the relationship between reproduction and tem-

perature outside the laboratory. The results indicate a strong cor-

relation between temperature and time for oogenesis and generally

verifies the findings of Stickney and Perkins (1980). The relation-

ship between temperature and time for oogenesis can be described

with logarithmic functions. |in both the laboratory experiments

and in the case of the stagnation populations from Gullmarsfjor-

den) although exponential and linear equations give almost as

good fit to the data from Gullmarsfjorden within the investigated

temperature interval. Stickney and Perkins (1980) gave the equa-

tion LOG,o Y = 2,593-0.54 LOG|„ X, where Y is the number of

days until extrusion and X is the temperature in °C based on

laboratory experiments. This model predicts a full term of oogen-

esis of 164 days at 5°C (Fig. 4). Based on the best fitting model (Y
= 339.61-245.99 LOG,o X) from Gullmarsfjorden, oogenesis at

5° C takes 168 days. Considering the possible inaccuracies both in

determining the duration of oogenesis from frequency data in trawl

catches and from extrapolations from 1-1.5 month long experi-

ments (Stickney and Perkins 1980) these results are surpnsingly

consistent.
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ABSTRACT Population differentiation of the pink shnmp iPandaliis horcalis) was investigated at four allozyme loci (Gpi, Pgm,
Mdh. Fdh) in samples from the Barents Sea. the Benng Sea and the Sea of Japan. Preliminary results for the Bering Sea and the Sea

of Japan have been reported (Kartavtsev et al. 1991a. 1991b). There was statistically high, significant heterogeneity of allele

frequencies among cohorts from different sea basins at all four loci. Within any sea. populations were homogeneous. Population

genetic differentiation was measured by D„,, Djy and f^-y. The level of gene exchange (Nm) between populations measured by Fs^
is discussed.
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INTRODUCTION

The pink shrimp {Pandalus horealis Kr0yer, 1838) is one of

the most abundant species of the family Pandalidae. It is commer-

cially harvested by otter trawl in the Pacific and Atlantic basins.

One region of Spits Bergen in the Barents Sea provided a total

catch of 128,000 metric tons per year in the middle 80-th alone

(Bull. Stat. ICES 1988).

Biology of the pink shrimp has been reviewed by Shumway et

al. 1985. The species has circumboreal distribution in the Northern

Hemisphere but occurs in subarctic waters as well. Like others of

the family, the pink shrimp is a protandric hermaphrodite: young
individuals are males and change to females at the age of 3-8 years

depending upon location. The planktonic stage exists for 3-4

months (Shumway et al. 1985), contributing to the high migratory

capacity of the species.

For the pink shrimp, as for most commercially exploited spe-

cies, definition of the number of reproductive units (populations)

in an area, and evaluation of the degree of their genetic differen-

tiation are important parameters. Until recently the population

structure of the pink shrimp has been little studied, and then only

by routine techniques of population biology and morphometries.
Past investigations were aimed only at shrimp from the Barents

Sea (Kuznetsov 1964, Bryazgin 1970, Bryazgin and Rusanova

1974, Berenboim 1978. 1982, Teigsmark 1983, Lysyi 1988), and

may reflect specific conditions at high latitudes. Our previous

paper (Kartavtsev et al. 1991a) has established that: 1) the local

shrimp collections within any given sea are genetically homoge-
neous and are apparently parts of one Mendelian population, and

2) the Sea of Japan and the Sea of Okhotsk on the one hand, and

the Sea of Japan and the Bering Sea on the other hand, are inhab-

ited by different populations possessing early differentiated gene

pools. Our morphometric investigation has shown that shrimps

obtained from the same sea are much more phenotypically homo-

geneous than those taken from different seas (Kartavtsev et al.

1991b). It is also of interest to ascertain how much the shrimps

taken from the Atlantic, Pacific and Arctic oceans differ genotyp-

ically and phenotypically.

In the present paper we: I ) estimate the degree of genetic

differentiation among shrimp in the Barents Sea; and 2) examine

the relative allozyme divergence of pink shrimp inhabiting the

Barents Sea from populations of the Bering Sea and the Sea of

Japan.

MATERIALS AND METHODS

Shrimp were obtained by bottom trawling from the research

vessel (RV) "Captain Shaitanov" in the Barents Sea (BR) and RV
"Professor Levanidov" in the Bering Sea (BS). Barents Sea sam-

ples were taken from the following locations:
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with the BMDP program package (Dixon 1977). Agreement be-

tween observed and expected genotype frequencies was tested

with the standard chi-square test. Homogeneity of allele frequen-

cies was estimated with different algorithms; all gave results sim-

ilar to the generally used Workman-Niswander's chi-squares test

(Workman and Niswander 1970). Cumulative differences in allelic

frequencies at the loci were estimated by the unbiased minimal

genetic distance D,^ (Nei 1978). Genetic differentiation among

populations of different size were measured by D^j and F'^^ sta-

tistics (Nei 1987). The extent of differences between samples and

the general level of differentiation were examined with the dis-

criminant analysis techniques included in the BMDP package.

RESULTS AND DISCUSSION

Several new rare alleles were observed. For statistical analysis

corresponding heterozygote genotypes were united with the near-

est ones from three common heterozygote genotype classes, as in

our previous paper (Kartavtsev et al. 1991a).

Alleles were numbered from anode to cathode (Table I). The

genotype distributions do not differ among males, females and

hermaphroditic individuals, thus it is possible to use the combined

data set, including all specimens examined.

We report here new results on allele frequencies at four allo-

zyme loci (Table 1). The average allele frequencies for the pop-

TABLE 1.

Allele frequencies at loci Gpi, Mdh, Pgm and Fdh in samples of the pink shrimp Pandalus borealis and results of chi-square test goodness of

fit between observed and expected genotype frequencies.
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TABLE 2.

Heterogeneity of frequencies of prevailing alleles among different

population units of the pink shrimp Pandalus borealis.

Population
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TABLE 3.

Estimations of population genetic differentiation in tlie shrimp Pandalus borealis.

Population

Unit D„±SE

JS

BS
BR

Totally

JS

BS
BR
Totally

JS

BS

BR
Totally

JS

BS

BR
Totally

JS

BS

BR
JS-BS

BS-BR
JS-BR

Within the seas

Between the seas

Totally

JS

BS
BR
JS-BS

BS-BR
JS-BR

Within the seas

Between the seas

Totally

.001603

.000427

.000025

.016382

.000166

.000017

.000008

.001126

.000982

.003151

.000036

.028277

.001908

.000219

.000173

.002926

.000917

.001198

.000023

.012644

.001612

.017975

.000963

.011156

.015262

.001097

.000954

.000060

.010619

.001254

.015005

.000931

.009208

.012773

Locus Pgm
.003772
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Figure 2. Values of relative gene pool difTerentiation in dilTerent pop-

ulation units of the pink shrimp Pandalus borealis.

The DsT. F'jj^, D„ ranges are marked on left scale. The abbrevia-

tions below designate as follows: I—JS, 2—BS, 3—BR, 4—JS-BS,
5—BS-BR, 6—JS-BR, 7—within seas, 8—between seas, 9—total

value.

Our conclusions are generally consistent with results published

elsewhere. Investigators of population structure of shrimp in the

Barents Sea (Berenboim 1982, Teigsniark 1983) suppose that

there is only one (or a few) independent populations there and

others show differing degrees of dependence. The whole set of

populations in the Barents Sea may be considered as one super-

population (Berenboim 1982). The results presented here and pre-

viously (Kartavtsev et al. 1991a) agree well with this notion. At

the same time, the gatherings within a sea can be rather distinctly

differentiated both morphologically and ecologically (Berenboim

25
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INTRODUCTION

The Inlemational Association of Astacology was founded in

Austria in 1972. The aims of the association are to encourage the

scientific study of crayfish for the benefit of manlcind, to provide

for dissemination of research findings, and to develop an interna-

tional forum for the free discussion of problems relevant to cray-

fish. Regular symposia are held and these are published as "Fresh-

water Crayfish
—A Journal of Astacology." Volumes l-VII con-

tain over 300 papers. Freshwater Crayfish I was published in 1973

and relates to the first symposium held in Hinterthal, Austria in

1972. It was edited by S. Abrahamsson. Information about sub-

sequent volumes follows: II— 1975, Baton Rouge, Louisiana,

USA 1974. ed. J. W. Avault, Jr.; Ill— 1977, Kuopio. Finland

1976, ed. O. V. Lindqvist; IV— 1979, Thonon-les-Bains, France

1978, ed, P. J. Laurent; V— 1983, Davis, California, USA, 1981,

ed. C. R. Goldman; VI— 1986, Lund, Sweden 1984, ed, P.

Brinck; and VII— 1988, Lausanne, Switzerland 1987. ed. P.

Goeldlin de Tiefcnau, Volume VIII relates to the symposium held

in Baton Rouge, Louisiana, USA 1990 and is currently being
edited by R. P. Romaire.

As these volumes contain such a wealth of information on

crayfish which has never been catalogued, it was decided to pub-
lish the information for the benefit of all crustacean biologists.

Currently, Volumes I and IV through VII are available for pur-

chase details of which can be obtained from Dr. J. V. Huner,

I. A. A. Secretariat, Crawfish Research Center. University of

Southwestern Louisiana, Lafayette. Louisiana, 70504, USA, as

can information about joining the I. A. A.

The ninth (IX) symposium of the I. A. A. will be held at Read-

ing University, England, from April 5-10 in 1992, further details

of which can be obtained from the author.
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EVALUATION OF TWO NEW TRAP TYPES AND AERATOR-INDUCED WATER CURRENTS

FOR HARVESTING PROCAMBARID CRAWFISH IN PONDS'

THOMAS B. LAWSON AND ROBERT P. ROMAIRE
Louisiana Agricultural Experiment Station

Louisiana State University Agricultural Center

Baton Rouge, Louisiana 70803

ABSTRACT Three 2-ha expenmental crawfish ponds were used lo evaluate water circulation and two new trap types to enhance

crawfish {Procamhanis s/).l harvesting efficiency, Paddlewheel aerators were placed in baffle channels to create water currents, and

hoop traps, box traps and conventional traps were evaluated and compared.

Un-baited hoop traps (x = 203 crawfish'trap and 7. 1 kg/trap) were more effective at harvesting than un-baited box traps (x = 58

crawfish, trap and 1.8 kg/trap) and baited conventional traps (x = 37 crawfish/trap and 1 .0 kg/trap). Hoop and box traps located inside

baffle channels (x = 115 crawfish,'trap and 3.2 kg/trap) caught 5.5 and 6.4 times, respectively, more crawfish than similar traps

located in open areas. Hoop traps set for 48-h caught significantly more crawfish than those set for 24-h. Crawfish catch was not

different in traps facing upstream vs facing downstream.

KEY WORDS: crawfish. Procamhanis. aquaculture. aquaculture engineering, harvest

INTRODUCTION

The methods used to harvest crawfish differ significantly from

those used for other cultivated aquatic species. Most cuhivated

aquatic animals are hai^ested from one to several times per pro-

duction cycle with nets or seines, by draining the pond, or with a

combination of both. In contrast, in the southern United States

crawfish of the genus Procambarus are cultivated in shallow, open

ponds in which vegetation is grown as a detrital forage for the

crawfish. The vegetation hinders harvest with seines or similar

devices, and batch harvest is not practiced. Rather, crawfish are

caught with small, baited wire traps which arc emptied from 60 to

150 days during the production cycle. They are typically harvested

from ponds beginning in late November, approximately 6-8 weeks

after the ponds arc flooded in September or October. Traps are

baited and emptied 4-6 days weekly, continuing through May or

June when the ponds are drained (Romaire 1989). An experienced

crew of two people can empty 150-300 traps per h depending on

the type of trap and boat used.

Current crawfish harvesting practices are inefficient, labor in-

tensive, and costly. Annual harvest expenses incurred by farmers

normally range from $1 .250-1 .500 per ha, and as much as 60-80

percent of total production costs are associated with harvest (Del-

lenbargeret al. 1987. Pomeroy and Kahl 1987). Improvements in

harvesting technology could increase crawfish production effi-

ciency and decrease costs. Ideally, crawfish should be harvested

with minimal use of traps, bait and labor. Methods of harvesting

cambarid crawfish and factors that influence harvest are reviewed

by Romaire (1989).

A harvest method using water currents generated by paddle-

wheel aerators to attract crawfish into swiftly moving water cur-

rents and trap them with hoop or box traps has been evaluated

experimentally and is the subject of this paper. The objectives of

this study were ( 1 ) to evaluate a recirculating pond configuration

wherein crawfish could be stimulated by water currents generated

by paddlewheel aerators to migrate into confined areas for ease of

harvest; and (2) to evaluate newly developed hoop and box traps

for harvesting crawfish and to compare them with a conventional

commercial crawfish trap.

METHODS AND MATERIALS

Pond Design and Management

Three crawfish ponds, each 1.8 to 2.0-ha in surface area, and

located at the Ben Hur Research Farm, Louisiana Agricultural

Experiment Station. Baton Rouge, Louisiana, were used in this

project. The ponds contained resident populations of red swamp

crawfish (Procambarus clarku). but broodstock was supplemented

with 75 kg/ha of mature crawfish in June 1988. Rice (Oryza sa-

liva. Mars variety) was planted in the ponds on 16 August 1988 as

forage for the crawfish, and the ponds were flooded to a mean

water depth of about 45 cm from 1-15 October to stimulate young-

of-the-year to emerge from burrows. Each pond was plumbed with

a water inlet and outlet for filling and draining, and cascade aer-

ators using three screens fabricated from 12.7-mm mesh expanded

metal were used to aerate well water as the ponds were filled

(Lawson et al. 1984). Crawfish cultivation practices followed

those recommended to commercial producers in Louisiana (de la

Bretonne and Romaire 1989),

The research pond design is illustrated in Figure 1 . Each pond

was constructed with an earthen baffle levee network for internal

recirculation of the water with aid of paddlewheel aerators. Aer-

ators were placed between parallel pairs of levees spaced 7.8-m

apart (S) which formed "channels" in interior sections of each

pond. The channels created were trapezoidal in shape with a mean

cross-sectional area of 3.1-m".

'Approved for publication by the Director of the Louisiana Agricultural

Expenment Station as publication number 91-07-53HH. Trade names are

used solely to provide specific information. Mention of a trade name does

not constitute a warranty by the Louisiana Agricultural Expenment Sta-

tion of the LSU Agncultural Center of the product nor an endorsement to

the exclusion of other products not mentioned.

Paddlewheel Aerators

Paddlewheel aerators (PA) were used to generate water cur-

rents because they have excellent ability to circulate water hori-

zontally in shallow ponds (Rogers 1990), and they are efficient in

oxygen transfer (Jensen and Bankston 1988). Two 2.2-kW, 115
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Figure 1. Pond configuration used in 2-ha experimental crawfish

ponds. Arrows indicate direction of water flow created by the paddle-
wheel aerators.

VAC single-phase Airoflo paddlewheel aerators (S & N Sprayer

Co., Inc., Greenwood, MS) were installed in each pond (Fig. 1).

For optimum water flow and oxygen transfer the aerators were

operated at the manufacturer-recommended paddle depth of 19-cm

and rotational speed of 83 rpm, and the units were operated con-

tinuously during the trials. A detailed description of the aerator

design is provided by Lawson et al. (1991). Water temperature and

dissolved oxygen concentration were determined between 0700-

0900 h with a polarographic oxygen meter with thermistor (YSI

Model 57 or 58, Yellow Springs, OH) during the harvest trials.

Trap Designs

The hoop trap (HT) design was modified from a commercial

hoop net used to harvest cambarid crawfish m Spain (Gaudet

1983). The experimental HT were rigid, cylindrical in shape and

built from 19-mm hexagonal mesh PVC-coated wire (Fig. 2).

They were 1 .8-m long, 0.5-m in diameter at the entrance, and had

three 23-cm long successively smaller internal funnels which ex-

tended inward from the trap walls at a 45° angle. The funnel

opening diameters were 13, 9 and 6-cm, respectively. The traps

were flattened slightly on one side so that they would lay flat when

placed horizontally on the pond bottom. The HT were 75-100

percent submerged when in use. The "cod end" of the trap could

be opened to remove the crawfish. Each HT weighed less than 2

kg and required only one person to lift and empty.

Experimental box traps (BT) were fabricated from 9.5-mm
diameter steel rod and measured 1.0-m long by 0.6-m deep. Trap

height tapered from 0.5-m at the upstream face to 0.3 m on the

downstream face (Fig. 3). PVC-coated wire (19-mm hexagonal
mesh) was attached to the outside of the frame with plastic tie-

wraps. A barrier on the upstream side extended from the top of the

trap to above the water surface to prevent crawfish from swimming
over the trap. Crawfish entered through a 0.6-m wide by 7.5-cm

high opening on the upstream face of the trap. The opening tapered
to 5-cm high on the inside. The bottom edge of the trap entrance

was located 7.5-cm up from the bottom of the trap. A "ramp" of

PVC-coated hex wire, placed on the pond bottom in front of the

trap, led crawfish upwards into the opening. Each box trap

weighed about 35-kg and required 2 persons to lift and empty.
The performance of the HT and BT was compared to a com-

mercial stand-up pillow trap (Fig. 4) The conventional traps (CT)
were oval-shaped, 36-cm diameter, and approximately 61-cm

high. They had two entrance funnels at the base for crawfish to

enter, and were open at the top to facilitate emptying and re-

baiting. A 7. 6-cm wide smooth aluminum band was attached

around the inside of the top opening to prevent crawfish from

escaping. To prevent the traps from tipping over by wind forces a

9.5-mm diameter steel rod attached to the side of the trap was

pushed into the soft pond bottom when the traps were set.

Trap and Aerator Placemen!

Four HT, 4 BT and 16 CT were placed in each of the three

ponds. In each pond 2 HT were placed back-to-back in one baffle

channel with one facing upstream and the other positioned down-

stream to the water current. Two BT were placed similarly in the

second baffle channel. The remaining 2 HT and 2 BT and the 16

CT were placed in open regions of the ponds (Fig. 1). No attrac-

tant (bait) was used in the HT and BT during the study but 150 g
of manufactured crawfish bait was added to each CT during trap

evaluations. Fresh bait was used on each sampling date. The craw-

fish trapping studies were conducted in May 1989.

Two paddlewheel aerators were operated in series in each pond

(Fig. 5). Water velocity in the channels and open areas was de-

termined with a velocity meter (Model 202, Marsh-McBimey,
Inc., Frederick, MD). Cross-sectional areas of the channels and

open pond sections were measured, and water flow rate, Q, was

Figure 2. Experimental hoop trap used In the study. .Size reference is

indicated by th-. 30.5-cm (12-in) rule placed alongside the trap. Figure 3. Experimental box trap used in the study.
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Figure 4. A commercial stand-up pill(i» trap used lor harvesting

crawflsh in ponds.

calculated from (Simon 1981): Q = A * V where Q = water flow

rate. m''/min; A = cross-sectional area, m"; and V =
velocity,

in/min.

Comparison of Three Trap Designs and Trap Set Time

Crawfish catch and size was evaluated for HT. BT, and CT in

both 24-h and 48-h trap-sets on 8 sampling dates in each of the

three ponds. Crawfish in each trap were counted, and the total

weight obtained. Trap-set time (i.e., trap-soak time) is the time

elapsed between setting the trap and removing the catch. Mean

size was determined by dividing total weight of crawfish per trap

by number caught per trap. After initial trials demonstrated that

BT were not as effective as HT in capturing and retaining crawfish

another trial was conducted to evaluate 24-h and 48-h set times

only with HT located in the channels where water velocity was

highest.

Trap Location and Trap Orientation

The catchability of crawfish in HT and BT in water of "high"

velocity versus "low" velocity, and the effect of HT and BT
orientation on crawfish harvest was evaluated on 7 sampling dates.

The crawfish captured in HT and BT located in the channels where

water velocity was high was compared to harvest in open areas of

the ponds where velocity was low. The HT and BT in both channel

and open areas were oriented so that the entrance of one trap of

each type faced upstream and the other downstream. Conventional

traps were not included in this experiment because they were not

designed to be placed in channels nor could the entrances on the

CT be positioned relative to current direction.

Crawfish Escapement

Twenty marked crawfish were placed inside eight HT and BT,

and the number of crawfish that escaped after 24 and 72-h was

determined.

Data Analysis

Statistical analysis of trapping data was conducted with the

Statistical Analysis Systems software using the General Linear

Models Test (GLM) Procedure (SAS Institute 1982). The exper-

imental design was a completely randomized block design with

pond as the block in the main effect of the model. Sampling date

was incorporated as a split-plot component (repeated measures

design) in the statistical model. The main treatment effects in the

statistical models included either trap design (HT, CT, BT), trap

location (open vs channels); trap orientation (upstream vs down-

stream), and trap-soak time (24-h vs 48-h), and the respective first

order and second order interactions of the main effects. Response
variables included number of crawfish caught per trap, weight of

crawfish per trap, and mean size of crawfish captured. Duncan's

New Multiple Range Test was used to determine if statistical dif-

ferences existed between treatment means for trap designs, and

differences in treatment means were declared to be significant at a
= 0.05.

RESULTS

Aerator Performance

Figure 5. One of the 2.2-l(W (3-hp) paddlewheel aerators used in the

study.

The mean water velocity generated by two aerators in series

during the harvest study was 0.08 m/s in the channels compared to

0.02 m/sec in open areas. Mean water circulation rate was 10.8

m^min, resulting in an average water recirculation rate (turnover)

of once every 15-h. The current generated by the aerators was

visually apparent in the channels but not so in the open areas.

Water temperature ranged between 26 and 32°C, and dissolved

oxygen concentrations remained above 3 mg/liter during the

course of the study.
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Trap Type and Trap-Set Time

The mean crawfish catch (number and weight/trap) by trap

types and set times is displayed in Table 1 . Catch was highest m

pond D2 (X = 145 crawfish and 6. 1 kg/trap) followed by Dl (x =

96 crawfish and 1.7 kg/trap). Mean catch was lowest in D4 (x =

67 crawfish and 2.3 kg/trap). The mean size of crawfish captured

averaged over the three trap types was 44.2-g in D2, 35. 1-g in D4

and 17. 1-g in Dl. Over 98% of the crawfish harvested were red

swamp crawfish, Procambanis chirkii, with the remainder being

white river crawfish, P. zonangulus. Data for the two species were

combined for analysis.

The number and total weight of crawfish caught per trap-set

were significantly higher in HT (P < 0.05). There were no dif-

ferences in catch between BT and CT (P > 0.05; Table 1 ). The HT

(x = 212 crawfish/trap and 7.1 kg/trap) captured 3.7 and 3.9

times more crawfish, by number and weight, respectively, than

BT (X = 58 crawfish/trap and 1.8 kg/trap) and 5.7 and 7.1 times

more than CT (x = 37 crawfish/trap and 1.0 kg/trap) P < 0.05).

Crawfish captured in HT and CT (x = 30.5 g) were smaller in

mean size than those captured in BT (x = 35.6 g) (P < 0.05). The

highest crawfish catch observed in any one trap on any sampling

date was as follows: HT = 28.0 kg/trap, BT = 11.5 kg/trap and

CT = 2.7 kg/trap.

A significant statistical interaction was present between pond,

trap type and trap-set time. In the ponds with the lowest crawfish

density IDI ) there was no difference in crawfish catch between the

24-h and 48-h trap sets (P > 0.05, Table 1). However, in the

ponds with higher populations of harvestable sized crawfish (D2,

D4), the catch of crawfish in HT increased significantly from 24-h

to 48-h trap sets (from 298 to 381 in D2 and from 139 to 186 in

D4). By comparison, the catch in BT decreased significantly with

48-h trap sets compared to a 24-h trap sets in both D2 and D4.

There was no difference between 24-h and 48-h sets for BT in

pond Dl (P > 0.05). In addition, there was no difference in

number caught or weight/trap for CT among ponds (P > 0.05).

Trap Location and Orientation

Catch data for HT and BT located in channels vs open areas

and traps facing upstream vs downstream are shown in Table 2.

Conventional traps were not used in channels and were, therefore,

not included in these comparisons. The combined mean catch for

HT and BT located inside baffle channels where water velocity

was higher (x = 115 crawfish/trap and 3.2 kg/trap) was signifi-

cantly higher (5.5 and 6.4 times, respectively) than those placed in

open pond areas (x = 21 crawfish/trap and 0.5 kg/trap; P < 0.05),

TABLE 2.

Mean (±SD) number and weight of crawfish harvested with hoop

traps (HT) and box traps (BT) in three experimental crawfish ponds
on 7 sampling dates.
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TABLE 3.

Mean number, weight, and size of crawHsh caught with hoop traps

(HT) in three experimental crawfish ponds on 5 sampling dates.
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pacity than a CT but even at its best the HT never captured more

than 10 times more crawfish (by weight) than the CT. We esti-

mated that two un-baited HT emptied twice per weelc over a 24-

weelc trapping season would have to be capable of replacing 20 CT

emptied 4 times weekly to be considered as an effective alternative

to present commercial trapping methods using baited CT. The HT
was five times more expensive to build (labor and material), and

it was logistically more difficult to lift and empty than the CT. The

HT concept must be improved if it is to be feasible on a commer-

cial scale. Additionally, ponds would have to be renovated at

significant cost to the producer in order to use HT.

The results of this study lead us to conclude that crawfish ponds

that are designed to recirculate water using paddlewheel aerators

are effective at enhancing crawfish catch regardless of the trap

design. The mean crawfish catch with CT (0.9 kg/trap) in the three

ponds was about 2-2.5 times higher than what is normally ob-

served in commercial ponds in late spring (de la Bretonne and

Romaire 1989). We believe that paddlewheel aerator-generated

water currents stimulated crawfish activity, dispersed attractants in

bait, and maintained water quality such that aerators had a positive

effect in increasing the effectiveness of CT. More activity by
crawfish increases the likelihood that a crawfish will come into

contact with a trap.
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ABSTRACT The infestation of unionid mollusks (Unionidae) hy the recently introduced zebra mussel. Dreissena pohmorpha. and

the age structure of the zebra mussel population were examined in February and August 1989 in a power plant intake canal located

in western Lake Erie. In February, unionids [Leptodea fragilis and Anodonta grandis) were infested with one- (2 to 6 mm long) and

two- (9 to 21 mm long) year-old mussels. Infestation intensity (i.e.. number of mussels/unionid) ranged between 7 and 48/unionid and

the mean intensity was 24. Between February and August, young zebra mussels were spawned and settled on uniomds and on zebra

mussels mfesting unionids. As a result, unionids (Z.. fragilis. A. grandis. and Proptera alara) were infested by young-of-the-year
(YOY; 1 to 12 mm long), one- (13 to 23 mm long), and two- (24 to 38 mm long) year-old mussels in August. Numbers of mussels

ranged between 2.491 and 10.732/unionid and the mean intensity was 6.777. In August, mean dry weights of mfestation were 44.8

g/unionid. representing about 74'7f of the weight of an average unionid. Mean weights of mussels/unionid by zebra mussel age group
were 15.4 g of YOY (34<7f of the total). 13.4 g of one-year-olds (3090. and 16.0 g of two-year-olds (36'7r). Infesting zebra mussels

may negatively affect uniomds by disrupting unionid locomotion, metabolic activities, food availability, growth, access to substrate

interface, and creating anaerobic habitat conditions. As a result, infesting zebra mussels may cause mortality of unionids in western

Lake Erie and throughout North America.

KEY WORDS: unionids, Dreissena. introductions, zebra mussel

INTRODUCTION

The zebra mussel. Dreissena pohmorpha (Palla.s 1771; Bi-

valvia: Dreissenidae), is believed to have been introduced into

Lake St. Clair of the Great Lakes in 1986 and was firmly estab-

lished (i.e., permanent population unlikely to be eliminated:

Shafland and Lewis 1984) in Lake St. Clair in 1988 (Hebert et al.

1989). By the fall of 1989, zebra mussels had spread throughout
Lake Erie and were covering all available firm substrate in the

western basin of the lake (Griffiths et al. 1989). In some areas of

western Lake Erie, high densities in excess of 700,000/m" have

been found (Griffiths et al. 1989). To date, the effects of zebra

mussels on raw water users in North America have been of major
concern because mussels have been identified as major biofoulers

(Clarke 1952, Griffiths et al. 1989, LePage 1990). However, the

environmental effects of mussels on the ecology of waters in North

America have received little study because the effects have gen-

erally been considered to be of secondary importance, and because

of the short period of time invading mussels have been in natural

systems (Griffiths et al. 1989, Hebert et al. 1989, Leach 1990).

Studies of the zebra mussel in Europe reveal that they have the

potential to substantially effect the ecology of aquatic systems,

indigenous populations of aquatic organisms, and some wildlife

(Lewandowski 1976, Stanczykowska 1975, deNie 1982. Draulans

1982. Borowiec 1975, Dvorak and Best 1982). In North America.

Hebert et al. (1989) noted concern about the interactions between

unionid mollusks (Bivalvia: Unionidae) and zebra mussels. Hebert

et al. (1989) suggested that zebra mussels may be an interference

competitor with unionids and cited instances of displacement of

gastropods by exotic gastropods (e.g.. Bithynia lentaculata and

Contribution 786 of the National Fisheries Research Center-Great Lakes.

U.S. Fish and Wildlife Service. 1451 Green Road. Ann Arbor, MI 48105.

Cipangopaludina chinensis) in the Great Lakes. The present study
documents the occurrence of a zebra mussel infestation on union-

ids in nearshore waters of western Lake Erie. These data will aid

in the evaluation of future effects of the zebra mussel on unionids

in the Great Lakes and elsewhere in North America as the geo-

graphic range of the zebra mussel increases (Strayer 1991).

METHODS

Unionids and infesting zebra mussels were collected in the

forebay of a power intake canal of the Monroe Power Plant on

February 15 and August 10, 1989 (Figure 1). The intake canal is

located on the Raisin River about 800 m upstream from Lake Erie.

The intake canal is 213 m long and 1 1 to 33 m wide. The canal

branches to supply water to two screen houses. The sampling area

was in that portion of the canal furthest from the Raisin River. At

capacity, water flow entering the canal is about 5,300 m-* (1.4

million gallons) per minute. Sediments in the sampled area were

primarily silt and clay.

Unionids infested with zebra mussels were collected by
SCUBA divers who located unionids by touch because water tur-

bidity prevented direct observations of unionid position in the

substrate. Samples were individually preserved in 59c buffered

(CaCO,) formalin.

In the laboratory, zebra mussels were removed from unionids

and washed over a U.S. Standard Number 60 sieve (0.25-mm
mesh openings). Unionids and mussels were counted and mea-

sured to the nearest whole millimeter. Zebra mussels smaller than

I mm long were grouped with 1 mm individuals.

Length-frequency distribution curves of zebra mussels col-

lected in February were constructed from a random group of about

one-half (i.e., 1 15 of 220 total) the mussels removed from union-

ids. Length-frequency curves of mussels collected in August were

355
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Figure 1. Monroe electric power plant along the shores of western

Lake Erie. Shaded area indicates intake canal where unionid mollusks

and infesting zebra mussels were collected February 15 and August 10,

1989.

based on a randomly selected sub-sample of 300 mussels ^ 10 mm
long per unionid and all mussels 5=11 mm long. In total. 3000

mussels of lengths =£ 10 mm and 585 mussels s 1 1 mm long were

measured from the August samples. Length-frequency distribu-

tions of unmeasured mussels =slO mm long were based on the

proportions of the 3000 measured mussels =slO mm long in each

whole millimeter size group. Age groups were based on the

lengths corresponding to the smallest number of mussels between

length-frequency distribution peaks and the known time zebra

mussels were in the canals as determined by annual spring and fall

SCUBA diver inspections since 1987. Age designations (e.g.,

young-of-the-year, one-year-old. etc.) were determined based on a

January I birthday. Dry weights (105°C for 48 h) of individual

unionids and infesting mussels were determined for samples col-

lected in August. Dry weights were determined for mussels 1 to 10

mm long as a group and for mussels 11 to 38 mm long as indi-

vidual whole millimeter intervals. Infestation is used to describe

the colonization of zebra mussels on unionids. This follows the

concept that mussels are ectoparasites as described by Margolis et

al. (1982). Unionid taxonomy follows Turgeon et al. (1988).

RESULTS

A total of 67.992 zebra mussels were removed and counted

from 19 live unionid mollusks (Table 1 ). Unionids ranged between

83 and 142 mm and zebra mussels between <1 and 38 mm in

length. In general, unionid species and size composition were

similar between sampling periods. In February, the intensity of

zebra mussel infestation was low with a mean of 24/unionid and a

range between 7 and 48/unionid (Figure 2). In August, the inten-

sity of infestation increased to a mean of 6,777/unionid and a

range between 2,491 and 10,732/unionid. The three highest inten-

sities were observed on individual specimens of Anodonta grandis

in February and on Leplodea fragiUs and Proptera akila in Au-

gust. No differences were observed between the length-frequency

distributions of mussels on individual unionid bivalves.

Increases in infestation intensity of unionids by zebra mussels

between February and August is attributed to increased numbers of

young-of-the-year (YOY), one-year-, and two-year-old mussels

(Figure 3). In February, one-year-old mussels (n = 25; 2 to 6 mm
in length) comprised about 22% and two-year-old mussels (n =

90: 9 to 21 mm in length) comprised about 78% of the infesting

population. Between February and August. YOY mussels (n =

67.106) entered the population and the mean number of one-year-

old mussels increased by a factor of 15 (n = 407) and the number

of two-year-old mussels increased by a factor of 2 (n = 178). In

August. YOY ( 1 to 12 mm in length) comprised 99. 1%. one-year-

old mussels (13 to 23 mm) 0.6%. and two-year-old mussels (24 to

38 mm in length) 0.3% of the population. The percent of YOY
mussels by length in August was 1 mm = 24. 2 mm = 26, 3 mm
= 17, 4 mm = 14. 5 mm = 9, 6 mm = 5. 7 mm = 2, 8 mm
=

1, and 9 to 12 mm mussels composed about 1% of the total

mussel infestation.

In August, mean dry weight of infesting zebra mussels was

equal to 74% of the mean unionid weight (Table 2). Dry weights

of unionids ranged between 12.6 and 1 19.2 g/unionid. and weights

of infesting mussels ranged between 30.0 and 54.9 g/unionid.

TABLE \.

Species and lengths of unionid mollusks, and total number of infesting zebra mussels, Dreissena polymorpha, collected from a power plant

intake canal located in western Lake Erie, February 15 and August 10, 1989.
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Figure 2. Uninnid mollusks. Anodonta grandis. and infesting zebra

mussels collected frum a power plant intake canal located in western

Lake Erie February 15 (top) and August 10 (bottoml. 1989. Infesta-

tions are typical of that found before (February) and after (August)

mussel spawning in summer 1989.

Weights of mussels ranged between 46 and 3799}^ of individual

unionid weights. Mean dry weights of YOY (15.4 g/unionid),

one-year-old (13.4 g/unionid). and two-year-old (16.0 g/unionid)

mussels each accounted for about one-third of the infesting mussel

biomass. One unionid (12.6 g) was infested by a relatively low

proportion (89 compared to 141 and 149%) of one-year-old mus-

sels and another (38.8 g) by a high proportion (5 1 vs 25 and 24% )

of YOY mussels. Five unionids were found to have infestations

that weighed about the same or more than the host bivalve. These

five were composed of three Anodonta gnmdis (87 to 121% of

host clam) and two Leplodea fragilis (99 to 379% of host).

DISCUSSION

Infestation intensities of unionids by zebra mussels in February

were similar to rates found in other studies, whereas in August,

intensities were much greater than in previous studies except in

Lake St. Clair in 1989 (Hebert et al. 1991 ). Maximum intensity in

February (48/unionid) was similar to that (38/unionid) found by
Hebert et al. (1989) in 1988 in Lake St. Clair, immediately up-

stream from Lake Erte. By 1989. Hebert et al. (1991) found siin-

ilar densities of zebra mussels infesting unionids in Lake St. Clair

as those found in the present study (i.e., in excess of 10,000

mussels/unionids). In Europe, infestation rates of unionids, as re-

viewed by Lewandowski (1976). were usually less than 50/unionid

with a maximum intensity of 186 mussels/unionid. The August
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TABLE 2.

Dry weights (g) of unionid mollusks and infesting zebra mussels in

western Lake Erie August 10, 1989. Numbers in parentheses are

percent dry weight of mussels (i.e., g mussels/g unionid x 100).
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ABSTRACT The invasion of zebra mussels into the Laurentian Great Lakes has resulted in biofouling of water intakes of public

utilities. Both static bioassays and assays using a recirculating-flow system with solutions of the Afncan soap berry Phytolacca

dodecandra. or Ended, were used to develop the experimental basis for mitigation and control methods. The molluscicides, Lem-

matoxins, in Endod were lethal to zebra mussels at concentrations higher than 20 mg/L while lower concentrations inhibited attachment

of adult mussels. Our results on the lethal effects of Endod, its inhibition of attachment, and its apparent biodegradability show Endod

to be a candidate for controlling zebra mussel populations in restncted localities such as water intake pipes of water works.

KEY WORDS: Endod, molluscicides, focal mitigation, Phytolacca dodecandra. Dreissena pohmorpha

INTRODUCTION

The zebra mussel Dreissena polymorplui (Pallas), a native of

Eastern Europe, has recently been introduced into the Great Lakes

of North America, presumably through the dumping of ballast

water from ocean going vessels. Since its discovery in 1988 in

Lake St. Clair (Hebert et al. 1989) the mussels have been found in

great quantities along lake shores and in water intakes of various

water works, especially on Lake Erie. The veligers, larvae, are

free swimming resulting in a wide distribution. After one to two

weeks, the veligers are able to attach themselves to almost any

solid surface and to each other, with their byssal threads, protein-

aceous fibers with adhesive at the ends. Their ability to cluster into

large aggregates, extensive proliferation and wide distribution,

combined with the possible lack of natural predators in the Great

Lakes may threaten fish spawning grounds as well as cause prob-

lematic fouling of utility pipes, screens etc. Existing chemical and

mechanical methods are being used to control the population

growth and at the same time the search for new methods has been

intensified.

The experimental approach taken in this investigation is in the

context of controlling zebra mussels by cost effective methods and

simple applications using natural substances. Pilot studies using

solutions prepared directly from powdered Phytolacca dodecan-

dra. commonly known as Endod, to control populations of the

snails [Bulmus and Biomphalaria) that are intermediate hosts for

the protozoan causing schistosomiasis in some African countries

(Mokhubu et al. 1987). indicate that Endod could also be used to

control populations of Dreissena.

P. dodecandra is an indigenous plant in Africa whose berries

have been used as soap for thousands of years. Lemma (1965,

"To whom all correspondence should be directed.

1970) found that the berries possessed moUuscicidal property, i.e.,

they were lethal to various species of snails that were intermediate

hosts for the spread of schistosomiasis. Chemical studies of ex-

tracts of these berries revealed that the active moUuscicidal com-

pounds, called Lemmatoxins, were triterpenoid saponins

(Parkhurst et al. 1973a and b, 1974). Using a bacterial system to

assay mutagenicity and carcinogenicity, it was found that powder

from dry berries was neither mutagenic nor carcinogenic (Lemma

and Ames 1975). A solution of Endod powder loses its moUusci-

cidal potency in two to three days presumably due to microbial

degradation or modification in streams (Lemma 1970, Lemma and

Yau 1974).

Laboratory experiments described in this paper demonstrate

that simple preparations from Endod powder (without removing

cellular debris and other biological materials) are effective toward

zebra mussels. Together with results on the non-toxic nature of

Lemmatoxins to mammals (Lambert et al, 1991), Endod appears

to be a potential candidate as a mitigation agent in the control of

zebra mussel populations.

MATERIALS AND METHODS

Endod powder of approximately 250 |jLm particle size of P.

dodecandra (type 44) was obtained from the Institute of Pathobi-

ology, Addis Ababa University, Ethiopia. Stock solutions of 1000

mg/L were prepared by dissolving the powder in aged and aerated

tap water (referred as water unless otherwise stated). Insoluble

cellular debris was not removed. Working solutions therefore also

contained insoluble materials. Endod-S, a reference standard, was

obtained from the Department of Pharmaceutical Technology and

Biopharmeceutics of the State University Groningen, The Neth-

erlands. Endod-S is hot-air dried powder prepared from the soluble

fraction of the type-44 Endod berries, therefore containing no

insoluble materials. Since both solutions of the raw powder and
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the Endod-S powder were not filtered nor clarified, they both

contain cellular components that are essential for the synthesis of

the Lemmatoxins (Parkhurst et al. 1973a and b). Freshly made

Endod solutions are not active unless they have been incubated at

37°C for one hour or at room temperature for 16 hours. Longer
incubation will lead to reduced moUuscicidal potency, presumably

due to microbial activity (Lemma 1970, Lemma and Yau 1974).

Endod stock solutions used in this study were incubated in either

manner and stored at 4°C until used. Although no potency tests

were done, stock solutions older than one month were not used.

To test biodegradability or modification of the moUuscicidal

activity of Endod. solutions of 25 mg/L were filter-sterilized

through 0.45 mm millipore filters and were stored in sterilized

bottles for three days at room temperature before being used.

Controls were not filtered.

Adult zebra mussels were collected between June and Septem-
ber 1990 at the shore of Lake Erie near the Toledo and Oregon

pump stations, where there is no public access or industrial activ-

ity. The animals were scraped off the rocks and brought to the

laboratory. The animals were then rinsed with water and placed in

half-gallon fish bowls which were immersed into an 80-gallon

recirculating aquarium (Living Stream, Frigid Unit, Inc. Toledo.

Ohio) at 10°C. They were fed every other day with the unicellular

alga Clamydomonas. Dead animals were removed daily. It was

estimated that at least 70% have survived.

Prior to using the mussels in experiments, the fish bowls con-

taining the animals were placed at room temperature with aeration

overnight. For all bioassays, the animals were separated from their

clusters. Unless stated otherwise, the mussels were placed in the

appropriate vessels and allowed to acclimate for at least 24 hours

before the addition of Endod. Animals of approximately 1 .0-1 .5

cm length were used. All experiments were done in water and

some in lake water as indicated. Unless otherwise indicated, En-

dod containing water was replaced with clean water at 24 hours

after treatment. Animals were not fed during exposures to Endod,

but were fed afterwards.

To assay the effect of Endod in a static system, animals were

placed in beakers, either 250 or 400 ml, depending on the number

of animals used. The solutions were aerated.

A diagram of the recirculating-flow system is presented in Fig.

1. The pump was a Minipus-ll (Gibson, Inc.) with a flow rate of

1.3 L/hr which was the sum of all four lines. 150 ml or 100 ml of

Endod solution at 1000 mg/L was delivered via one of these four

lines. Detailed mathematical analyses of the flow dynamics, the

precise Endod concentrations as a function of time and their rela-

tionship to the biological effects of Endod will be presented else-

where.

Animals were considered dead when they failed to close their

shells upon mechanical stimulation

A probit analysis was performed to determine the LCj,, and

LCgo values and their 95% confidence limits for the experiment in

which zebra mussels were exposed to Endod. The analysis was

done with the SAS/STAT PROBIT computer program using SAS
Version 5.18 (SAS Institute, Gary, NG) on '"log-transformed En-

dod concentrations.

RESULTS AND DISCUSSIONS

In one static bioassay done at room temperatures, the animals

were not acclimated prior to the addition of Endod, i.e., Endod

was added at the same time that the individual animals were placed
in the beakers. The results of this experiment are shown in Table

1. Even after only 7 hours of treatment, a clear dose-effect rela-

tionship is evident (Fig. 2). The 24-h LC^,, and LGs,, values (with

95% confidence limit) were 19 (14.5-33.9 mg/L) and 8.8 (6.4-

11.0 mg/L), respectively. Even though the animals were trans-

ferred to clean water after 24 hours of treatment with Endod,

mortality continued to occur. For example, mortalities at 54 hours

after treatment with 6.25 and 12.5 mg/L Endod reached respec-

tively 85 and 100%. Therefore, it appeared that there was an

effective exposure time during which no death occurred but which

resulted in subsequent mortality in the absence of Endod.

This hypothesis of an effective exposure time was tested with

a time course experiment. The Endod solutions were replaced with

clean water at intervals after the beginning of treatment. The re-

sults are shown in Table 2. It appears that treatment for 4—8 hours

was needed to yield a significant effect. The existence of the

effective exposure time indicates a latent physiological response of

the zebra mussels to Endod. This response was not investigated in

TABLE 1.

Mortality in Dreissena polymorpha exposed to various concentrations

of Endod solution. Endod solutions replaced with freshwater after

24 hours. Ten mussels per replicate.

Reservoir, 2 L

Endod, 1000 ppm

Figure \. A recirculating system in which mussels were treated with

Endod. Results of experiments using this system are shown in Tables

4 and 5.

Exposure
Concentr.
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Figure 2. A semi-log plot of the mortalities in zebra mus.sels, 7 hours

after being treated with Endod for 24 hours (data from Table 1 1.

the studies on the African snails. This result has significant im-

plications in that prolonged and continuous applications may not

be necessary to control mollusc populations.

In contrast to the exposure to the solution prepared directly

from the powdered berries, in which 7 of the 20 animals were dead

after 24 hours exposure to 6.25 mg/L (Table 1 ), a 22 hour expo-
sure to Endod-S solution at the same concentration resulted in a

mortality of 19 of 20 mussels (Table 3). Endod-S is more potent

than the solution prepared from dry powder in this laboratory.

Parkhurst et al. (1974) demonstrated that Lemmatoxins were

present in the soluble fraction (the cytosol). Since Endod-S con-

tains no insoluble materials, the concentrations of Lemmatoxins in

the Endod-S are therefore expected to be proportionally higher

than in the powder of the whole berries. Methods of isolation and

purification of Lemmatoxins have been achieved (Parkhurst et al.

1973a, 1974) and the procedures have been patented (U.S.A.

#3.813,383 and 3,886,272). The 24h-LC5„ for the toxicity of a

butanol extract of Endod to the snail Biomphalaria glahrata is less

than 3 mg/L (Stobaeus et al. 1990). However, the cost of produc-

ing Endod-S or purifying Lemmatoxins for large scale applications

may be prohibitively high. In spite of the lower effectiveness of

the powder of dry berries, their use may be cost-effective when a

TABLE 2.

Mortality in Dreissena polymorpha at 24 hours after start of

exposures of different durations, to 25 or 50 mg/L Endod solution.

Exposure
Duration Sample
(hours) 25 mg/L 50 me/L Size

1

2

4

8

24

Mortality (%)
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TABLE 5.

Effects of Endod (100 ml) on zebra mussels in a

recirculating system.

Percent Mortality

Hours of Endod Treatment
Hours Post

Treatment
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irritation, results were classified as either non-toxic or only

slightly toxic. Ecotoxicity tests indicated that Hndod is not any

more toxic than synthetic molluscicides such as niclosamide

(Monkiedje 1990). Because of these positively encouraging stud-

ies, Endod has been recommended for field trials in streams in

Ethiopia and other African countries (Lambert et al. 1991). In

addition to its molluscicidal activity. Endod also exhibits larvicidal

(mosquitos), hirudinicidal. treniatodicidal, spermicidal (human),

and fungicidal properties (Lemma 1971). The molluscicidal com-

ponent, the saponins, may or may not be responsible for the mul-

tiple actions of Endod. In addition, the biodegradability of Endod

clearly indicates its potential for control of schistomiasis as well as

for focal control of Dreissena. This notion is further strengthened

by the comprehensive study of Monkiedje ( 1990). This study in-

dicated that Endod could be used in the environment because of

results from US-EPA required tests including isotherm absorption

to carbon and soil in accordance with Freundlich parameters. New-

analytical procedures (thin layer chromatography and hemolytical

assays with red blood cells) have been worked out to determine

concentrations of Endod (Monkiedje 1990, Monkiedje et al.

1990). Monocultivation of Endod type-44 has been successful in

Ethiopia and other African nations. The berries of type-44 have the

highest molluscicidal saponin content among about 600 varieties

assayed, approximately 259^ by weight (Monkiedje 1990). That

large scale preparations of Endod powder can be available on

demand (Mokhubu et al, 1987) suggests that the use of Endod may
be a cost-effective means for zebra mussel mitigation.
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ABSTR.ACT The zebra mussel. Dreissena polymorpha. is causing great economic hardship among industries located on Lake Erie

because of its ability to colonize water intakes and thereby impede water tlow. The zebra mussel has also impacted commercial fishing

operations by filtering massive quantities of phyloplanklon which would otherwise be available to support the growth of game fish.

Currently there is great interest in devising methods to control the mussel in Lake Ene and in designing control programs to address

a spectrum of diverse needs.

Cntical to providing the information to support control programs is the generation of data that are of high quality and which were

denved through the use of standardized methods and are thus comparable. In addition, methods must be available to screen candidate

control agents in the laboratory as well as the field.

We report herein methods for measuring the acute toxicity of moUuscicides to zebra mussel adults. In addition, a protocol for

assessing efficacy of antibiofouling paints in the field is presented. Using these methods, a variety of molluscicidal and molluscistatic

products were evaluated for their activity against zebra mussels. In general, the data indicate that there is a potentially large number

of chemicals which will kill or repel the zebra mussel.

KEY WORDS: zebra mussel. Dreissena. molluscicide. molluscistat, standard protocols

INTRODUCTION

The zebra mussel. Dreissena polymorpha. is a nonindigenous

bivalve whose biofouling activity is causing profound economic

hardship in the Great Lakes. Since the mussel was first introduced

in North America, ostensibly in the ballast water from an ocean-

going vessel (Herbert et al. 1989. Mackie et al. 1989), the mussel

has spread to all of the Great Lakes (Roberts 1990) and has

reached densities in Lake Erie in excess of 70,000 per square

meter (McMahon and Tsou 1990). The mussel actively colonizes

pipes and other hard substrates by secreting byssal threads with

which it attaches to the surface. Frequently, the zebra mussels

accumulate in masses sufficient to reduce water tlow to critically

low levels (McMahon et al. 1990). In addition, an individual

mussel has the ability to filter a volume of one liter of water per

day. In so doing, the mussels collectively remove huge amounts of

phytoplankton from the water thus reducing zooplankton abun-

dance and depriving juvenile fish of an important food source. The

U.S. Fish and Wildlife Service has estimated that 3.7 billion dol-

lars in commercial fishing revenues will be lost due to the zebra

mussel (Mackie et al. 1989).

The seveiity of the zebra mussel problem has prompted con-

siderable interest in devising methods to control it. At present, a

variety of chemical control agents which include surfactants (Mc-

Mahon and Tsou 1990), heavy metals (Dudnikov and Mikheev

1968), chlorine (Jenner 1984, Morton 1969), ozone (Jenner and

Janssen-Mommen 1989) and ammonium nitrate (Shetsova et al.

1978) are being considered as zebra mussel control agents. While

all methods are potentially important, it is readily apparent that no

single method will satisfy the diverse array of needs for zebra

^To whom correspondence should be addressed.

mussel control. Approaches to controlling the zebra mussel must

mirtor the diversity of settings in which the mussels can be found.

In all cases, standardized methods must be available to provide a

systematic approach to screening candidate chemicals for a variety

of potential uses.

Of the various control methods available, two general ap-

proaches to chemical control appear viable. The first is the use of

molluscicides to kill the mussels. A diverse arsenal of moUusci-

cides has been developed in the Soviet Union and Europe in an

effort to control zebra mussels (McMahon and Tsou 1990). In

North America, compounds developed to control the biofouling

Asiatic clam. Corbie ula flummea may also be effective against

zebra mussels (McMahon and Tsou 1990). The second chemical

control strategy is to develop molluscistatic products which do not

kill the mussel but deter attachment. Chemicals which are irritat-

ing enough to deter attachment may be useful in preventing sec-

ondary infestation once the primary infestation has been removed.

Importantly, both molluscicidal and molluscistatic chemicals

could be incorporated into paints to protect solid supports from

zebra mussel attachment.

We describe herein protocols for measunng the acute toxicity

of molluscides to adults which take into consideration the biology

of the mussel. In addition, we describe methods for evaluating the

efficacy of molluscicidal and molluscistatic antibiofouling paints.

Using these methods, we have evaluated the effectiveness of a

variety of chemicals against the zebra mussel in both laboratory

and field settings.

MATERIALS AND METHODS

Measurement of Acute Toxicity in Adult Dreissena

Adult zebra mussels were obtained by scuba divers from the

bottom of Lake Erie. Adults were maintained in Lake Erie water
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with oxygenation during transport back to the laboratory. In the

lab, adult Dreissena were maintained in 55 gallon aquaria filled

with aged tap water from which chlorine had dissipated. Approx-

imately 2,000-3,000 mussels were maintained in each aquarium

under full aeration at 20°C. Cultures were maintained for three-

four months by feeding the colony every other day a slurry of

pelleted Chlorella suspended in 100 niL of water which was then

frozen. Frozen Chlorella cubes were suspended over the aquaria;

the water containing the alga dripped slowly into the water as the

cube melted; Chlorella was removed from water by the filtering

action of the mussels. The water in which the mussels were housed

was checked daily for accumulation of ammonia and was replaced

completely every 2 days to prevent ammonia intoxication. Culture

water was removed from the aquaria and treated with 3-5 mL 1 N

HCl to kill any veligers that may have been produced prior to

disposal.

Static acute toxicity tests with Dreissena adults were initiated

by putting 500 mL of aged tap water, pH 6.0 into 1 L beakers.

Thereafter, the water in each beaker received 1 mL of a given

concentration of test chemical dissolved in acetone (or appropriate

solvent); controls received 1 mL of solvent; three replicates of

each concentration were made. Range finding tests were con-

ducted initially to identify 5 concentrations projected to give

5-95% mortality.

Twenty-four hours prior to use in toxicity tests, adult zebra

mussels, approximately 1 .5-2.0 cm in size were removed from the

stock culture by cutting their byssal threads with a razor blade.

Groups of 12-13 mussels were then placed on the bottom half of

9 cm diameter glass petri dishes: the latter were immersed in fresh

tap water from which chlorine gas had been allowed to dissipate.

Mussels were allowed to reattach themselves to the petri dishes

over a 24 hour period. Those mussels which reattached to the petri

dish were considered healthy and acceptable for use in toxicity

tests. Mussels which did not attach to petri dishes within 24 hours

were discarded. A minimum of 10 adult zebra mussels was used

for each replicate. Into each of the previously prepared test bea-

kers, a petri dish containing attached zebra mussels was sub-

merged. Test beakers were then placed in a Forma Scientific

(Marietta, OH) #37422 environmental chamber set at the appro-

priate temperature on a photoperiod of 14; 10 hours. In most cases,

a standard temperature of 24°C was used. Selection of the mussels

as test subjects as well as the position of the test beakers in the

environmental chamber were randomly selected and placed into

the environmental chamber.

Mortality was assessed every 24 hours for the duration of the

toxicity tests. The criterion for mortality was failure to respond to

the touch of a probe. In most cases, dead mussels gaped open.

However, mussels with closed shells were examined by inserting

the probe between the two shells just above the incurrent siphon.

Mussels which showed no adductor activity were considered dead.

The test was invalidated if control mortality exceeded 20%. The

duration of the toxicity tests ranged from 24—96 hours.

The water in all beakers containing zebra mussels was adjusted

to pH 1 .0 with 0.5 mL 1 N HCl following the cessation of the test.

Beakers were held an additional 24 hours to ensure that survivors

of the toxicity test were killed by reduced pH before disposal.

To assure that test conditions were suitable for the mussels

during the toxicity tests, DO, pH, total alkalinity, total hardness

and temperature were monitored in controls and the highest con-

centration of toxicant at the beginning of each test and every 24 hr

thereafter.

For all toxicity tests , data were analyzed using Finney
'

s ( 1 97 1 )

probit analysis to estimate LC50 values and 95% confidence limits.

Mortalities of or 100% were not used in probit analyses; in every

case, at least 3 partial kill points were obtained. LC^q values were

considered to be significantly different where 95% confidence lim-

its did not overlap.

Field Tests of Antibiofouling Paints and Substrates

To test the effectiveness of a variety of chemicals in preventing

the attachment of the zebra mussels, 20 cm by 20 cm fiberglass

panels were coated with a given antibiofouling product according

to manufacturer's instructions. For each test, 9 treatment panels

and 3 unpainted control panels were assembled. Thereafter,

groups of 3 panels (either treatment or control) were attached at

one end to a I m wooden dowel rod using 50 lb fishing line. At the

opposite end, the panels were attached using 50 lb fishing line to

a 1 m metal tube which was filled with dry Quickrete* cement.

The assembly was then suspended in Lake Erie with the dowel rod

at the water surface to mark the position of the submerged panels

and the cement-filled metal tube as an anchor. The lengths of

fishing line were adjusted so that the panels were suspended equi-

distance from the dowel rod and the metal tube anchor. In general,

panels were anchored near Franz Theodore Stone Laboratory at

Put-in-Bay on Lake Erie at a depth of 4-5 feet. At this depth, the

panels were in contact with aquatic plants that had very high

densities of adult zebra mussels.

The panels remained in the lake for a 3 month period and were

withdrawn from the lake every 10-14 days to determine whether

any adult zebra mussels had attached. After the number of adults

attached to control and treated panels had been scored, the panels

were resuspended in Lake Erie. The data were expressed as the

number of adult zebra mussels attached to control and treated

panels. Statistical differences between treatments and controls

were analyzed using analysis of variance (ANOVA) (SAS 1982);

means were separated using Duncan's (1951) Multiple Range

Test.

Chemicals

The chemical control agents, both molluscicidal and mollusci-

static, which have been evaluated are listed in Table I. Also pro-

vided is information on chemical purity, formulation, source and

type of test performed.

RESULTS

Acute Toxicity Tests

The zebra mussel is susceptible to the toxic action of chemicals

belonging to diverse chemical classes. The toxicity of Buckman

6002, a polyquaternary ammonium derivative, was measured both

as a function of concentration and time. A dose-time-response was

clearly evident; the LC,„ for Buckman 6002 declined from 1670

|j.g/L at 24 hr to 830 jxg/L at 96 hr (Table 2). The moUuscicide,

2-(thiocyanomethylthio) benzothiazole (Buckman 6009) proved

to be even more toxic to adult zebra mussels with acute toxicity

values ranging from 794 p.g/L at 24 hr to 653 (ig/L at 96 hr.

The effect of temperature on toxicity was measured using Cal-

gon H-130 in acute toxicity tests with zebra mussel adults (Table

3). An increase in temperature from 24°C to 28°C generally lead to

an increase in the toxicity of H-130 although the differences were

not always statistically different. For instance, the marked de-
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TABLE 1.

Compounds used in laboratory and fleld tests against Dreissena polymorph.

Source Product Active Ingredient Test Type

Calgon
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TABLE 4.

Field evaluation of chlorothalonil as an antibiofouling paint.

Panel Type
Formulation
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by McMahon ct al. ( 1990) were performed at 20°C as opposed to

24°C used in the present study. The abihty of elevated temperature

to increase toxicity is evident with Calgon H- 1 30 (Table 3) and has

also been reported for chlorine (Jenner 1984. Greenshields and

Ridley 1957), heavy metals (Dudnikov and Mikhcev 1968. Luka-

nin 1968) and ammonium nitrate (Shevtsova et al. 1978). The

utility of combining a slightly elevated temperature with mollus-

cicide treatment in contamed settings such as pipes bears investi-

gation.

Just as a variety of chemicals have proven efficacious in killing

adult zebra mussels, so too are many chemicals effective in de-

terring attachment to solid surfaces. Heavy metals such as copper

and tributyltinoxide (TBT) have been used widely as marine an-

tibiofoulants (Jenner and Janssen-Mommen 1989). These same

chemicals appear to have application against the zebra mussel

(Table 5). However, because heavy metals have in general and

TBT in particular have been identified as significant pollutants

with undesirable nontarget effects (Friberg et al. 1979). the finding

that chlorothalonil prevents attachment of adult zebra mussels is

important (Table 4). Although chlorothalonil is toxic to fish (Da-

vies and White 1985). its halflife in nonsterile aqueous systems

containing sediments is less than 3 days (Walker et al. 1988).

Chlorothalonil appears to be useful in several paint formulations

and may prove to be effective in preventing zebra mussel attach-

ment.

In conclusion, it is clear from these data that a variety of

chemicals are effective in killing zebra mussels and preventing

attachment. The procedures described herein should facilitate

screening of a large number of candidate chemicals for determin-

ing efficacy in controlling Dreissena both in laboratory tests and in

the field. This, in turn, will promote the accumulation of a body of

data from which chemicals, having different merits, can be eval-

uated for use in zebra mussel control in a variety of different

settings.
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EXPERIMENTAL FISHING FOR THE FLYING SQUID, OMMASTREPHES BARTRAMI

(LESUELR, 1821), OFF BRITISH COLUMBIA

N. A. SLOAN
3249 W. 49th. Ave.

Vancouver. British Cohimbia

Canada V6N 3T5

ABSTRACT In July and August. 1983 approximately 329 t of the oceanic 'flying' squid, Ommastrephes hartrami (Lesueur). were

taken in 40 drift-gillnet sets from 100 to 400 km off the Bntish Columbia coast between 47°07' and 53°22' latitudes N, Dnft-gillnets

8.5 m deep were "set in waters with surface temperatures ranging from 13.9 to 16.3°C. Catch per unit effort increased when sampling

across sea surface thermal discontinuities and was correlated with a 14 day cycle, likely associated with phases of the moon. An

estimated 188.8 t of pomfret, Brama japonica Hilgendor, represented 72.4% of the by-catch of 19 fish species. By-catch of salmonids

was <0.6% of estimated total catch. Jigging for Hying squid on 41 nights yielded poor catches.

KEY WORDS: Oceanic squid; Ommastrephes. dnft-gillnet; British Columbia

INTRODUCTION

Recently, much has been published on the biology and distri-

bution of north Pacific oceanic squid (Osako and Murata 1983,

Jefferts 1986, Murata 1990), especially Todarodes pacifuus

Steenstrup, whose domination of the notihwestem region's squid

landings has been diminishing (Okutani 1983. Murata 1989). Due

largely to expansion of Japanese exploratory fishing, northern Pa-

cific oceanic squid in general have received more attention (Ku-

bodera et al. 1983, Murata 1990) although the northeast Pacific

remams relatively less explored (Sato and Hatanaka 1983). Rath-

jen ( 1983) reviewed North American squid fisheries. The only es-

tablished Pacific fishery is for the relatively inshore LoUgo

upalescens Berry (Recksiek and Frey 1978, Bernard 19801 and

there is little oceanic squid fishing (Jefferts 1986).

A Japanese jigging fishery for the oceanic "flying" squid,

Ommastrephes hartrami (Lesueur), began in 1974 in the north-

western Pacific in response to decreasing landings of T. pacificus.

and was followed in 1978 by a drift-gillnet fishery (Osako and

Murata 1983). The Japanese now consider O. hartrami second in

importance to T. pacificus in the northwestern Pacific squid fish-

eries (Araya 1983). Japanese exploratory drift-gillnetting for O.

Ixirtrami has been reported from east of 170°E longitude to I30°W

(Araya 1983. Kubodera et al. 1983). Stocks of O. hartrami west

of 170°E are declining because of over fishing (Araya 1983).

Distribution and abundance of the species is monitored often (Mu-

rata and Shimazu 1982. Murata elal. 1983, Kobayashi et al. 1986,

Nakamura 1988, Murata 1990).

Exploratory drift-gillnetting for O. hartrami off British Colum-

bia has occurred in the summers of 1979. 1980, 1983, 1985, 1986

and 1987 (Bernard 1980, 1981, Robinson and Jamieson 1984,

Sloan 1984. Jamieson and Heritage 1987, 1988). I report here on

the distribution of O. hartrami. influences on catch per unit effort

(CPUE) and by-catch in drift-gillnets off the British Columbia

coast in the summer of 1983.

MATERIALS AND METHODS

Between July 19 and August 31. 1983, 40 drift-gillnet sets

were completed up to 400 km off the west coasts of Queen Char-

lotte and Vancouver Islands (Figure 1). Fishing was cartied out by

a 50 m Japanese vessel. After continuous monitoring of sea sur-

face temperature, set locations were chosen between 14.0 to

16.0°C with a preference for closely situated isotherms. At the end

of each sampling day the catch was censused in relation to position

and temperature to enhance prediction of high squid abundance

sites.

Drift-gillnets consisted of buoyed panels approximately 50 m

long X 8.5 m deep, strung in lengths of either 6.25 or 12.5 km

depending, respectively, upon poor or good weather conditions.

Net groups had radio buoys on each end and drifted independently

of each other. These net groups comprised the day's set. Green

nylon monofilament netting with a stretch mesh of 1 18 to 121 mm
was used.

A mean of 34.4 km (7.5 km SD; 12.5 to 43.2 km range) of net

was deployed on a pre-determined course between approximately

1700 to 2130 h each fishing day. Inhauling began between 0400 to

0500 h the next day and required approximately 8 to 10 h. Position

and sea surface temperature, which varied between 13.9 to

I6.3°C, was recorded using a hull-mounted sensor at the start of

deployment and inhauling of each net group. Nets were inhauled

as quickly as possible because shark predation on the catch in-

creases greatly in daylight hours (Bernard 1981). Squid and fish

by-catch were removed by hand from the netting. A daily record

was kept of the exact weight of squid and number of salmonids.

The weight of all fish by-catch was estimated from mean weights

and an approximation of numbers per net group. Sloan (1984)

provides a detailed account of the fishing technique and the cir-

cumstances of each set.

From each of 34 of the sets, 30 O. hartrami were selected at

random and their dorsal mantle length (DML) measured. Dorsal

mantle length is a reliable convention used in squid studies (Araya

1983) and. in fiying squid, has a close relationship with body

weight, regardless of sex, over a wide size range (Ishii 1977).

Some individuals were weighed but ship movement enabled ap-

proximations only.

Six of seven days in the first week of the cruise were spent

jigging only. Jigging sites were generally too close to shore to

permit drift-gillnetting (Fig. I). Thereafter, on another 34 nights,

jigging was carried out from the drifting vessel after gillnet de-

ployment. Intense overhead illumination and automatic jigging

machines, each with two lines of 25 lures were used (Sloan 1984).

Jigging depth ranged between 45 to 60 m (mean = 52 m). On 6

nights hand-jigging was attempted using lines with pairs of large

lures.
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FLYING SOUID {Qmmastrepfies bortramn ) GILLNETTING

SIGHTS JULY/AUGUST. 1963

GILLNET SIGHTS

SEA MOUNT Of 1000 FATHOM LINE

LIMIT OF CANADIAN EXTENDED
FISHERIES JURISDICTION ZONE

138* 137' 136' 133* 134* IW Ii2*

RESULTS

Drift-gillnet Catch

Species or Group

Flying squid iOmmastrephes hartrami)

Pomfret {Brama jopanica)

Salmon shark {Lumiui dilropis)

Blue shark [Prionace glauca)

Albacore luna (Thunnus alahinj>a)

Salmonids (6 species)

Jack mackerel (Trachiini.s svmmelriciis)

Others (8 species)

55.72

31,93

5.56

4.94

0.95

0.59

0.18

0.13

Figure 1. Map of the 40 gillnet sets between July 19 and August 31,

1983 ofT British Columbia. The distances between set and haul posi-

tions are to scale. Locations of the first seven nights only of jigging

(July 16 to July 21 1 are given, thereafter jigging only occurred at

gillnet sites.

Sonar was not used by the Fishing Master as he felt that "weak"

acoustic target strength and non-schooling tendency of flying

squid decreased the effectiveness of detection by echo-sound-

ing. Ommastrephid squids do, however, produce echo-traces

(Kawaguchi and Nazumi 1972) and echo-sounding for squid is

considered reliable and widely used in the northwest Pacific by the

Japanese jigging fleet (Haniabe et al. 1982).

The 1376 km of drift-gillnet deployed yielded —590.2 t of

catch, of which —56.0% was O. bartrami (Table I ). Squid dom-

inated the catch of every set. The 19 species of fish by-catch was

dominated by pomfret, Brama japonica (
— 188.3 t) and two shark

species (-62.0 t). The 1329 salmonids taken comprised —0.59%
of the weight of total catch; among which 708 (53.2%) were Pink

salmon [Otuorhynchus gorhuscha). 319 (24.0%) were Sockeye

TABLE 1.

Contribution of the major species or groups to the drift-gillnet catch

taken off the British Columbia coast in July and August, 1983.

% of

Total Catch*

(O. nerka) and 198 (14.9%) were Steelhead (0. mykiss). Steel-

head were the most ubiquitous salmonid, occurring in 33 of the 40
sets. Approximately 65% (860) of all salmonids (66% of all O.

gorbuscha and 95%^ of all O. nerka) were taken in the first two sets

(001 and 002). The salmonid by-catch decreased strongly there-

after. Later in the season, set 040, which was about half-way
between the locations of sets 001 and 002, yielded 3 salmonids.

Daily CPUE of kg squid per km gillnet ranged between 23.3 to

659.2. The CPUE of each set locality is illustrated with sea surface

isotherms for that period in Figure 2. Fishing occurred in a tem-

perature range of 13.9 to 16.3°C (median daily range of 14.6 to

16.1°C). The scale of Canadian Weather Service isotherms is too

coarse to detect temperature-related patterns in CPUE. Within one

set, however, the yields of individual net groups could differ ac-

cording to temperature. The 6.25 km net group yields listed in

Table 2 for set 014 (Fig. 2A) show that they were deployed across

an unusually marked temperature discontinuity in which the squid

apparently concentrated in the cooler side of the front.

To test whether there was a cycle in the CPUE (Fig. 3), the

sample autocorrelation function at lag 'k' was calculated for the

first 20 lags (Box and Jenkins 1976). Only the sample autocorre-

lation for lag (day) 14 (0.428) was significant at the 5% level.

Peaks in CPUE occurred 1 to 3 days prior to full and new phases
of the moon. A sharp drop in CPUE occurred at new and full

moons, then a short-lived CPUE increase followed by low CPUE
values during first and last quarters of the moon. Cloud cover was

not recorded. There was no cross-correlation between CPUE and

median daily sea surface temperature.

Ommastrephes hartrami ranged from 345 to 505 mm in dorsal

mantle length (DML) with an approximate weight range of 1 .3 to

4.3 kg. Table 3 summarized the DML data taken from 1020 in-

dividuals. The Northern sets, sampled later in the season, from

August 18 to 27, yielded squid which were significantly larger

(Student's t-test; p < 0.05) than the Southern sets.

CPUE (KgKm-l) •>60l

* 590.175 kg.

Figure 2. Canadian Weather .Service sea surface isotherms

British Columbia and C.P.U.E. of Ommastrephes hartrami (

per km drift-gillnet) al fishing sites in July and August, 1983.

isotherm reports and relevant set numbers for that period
vided. The locality of set 014 is indicated in part A.

•<200

CO ofi"

kg squid

Dates of

are pro-
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TABLE 2.

Individual yield and sea surface temperature of the seven 6.25 km
drift-gillnet groups of set (114 (August 3, 1983) which yielded 11107

kg of Ommastrephes hartrami. For locality of set 014 see part A of

Figure 2.
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The large dorsal mantle lengths of O. bartrami taken in north-

em sets compared to those taken in southern sets may indicate an

older mean age, by weeks, of the northerly squid. O. bartrami

grow extremely rapidly on their northward summer migration

(Naito et al. 1977, Murakami et al. 1981. Araya 1983. Murata

1990) and latitudinal changes in size composition occur in the

northwest Pacific (Kubodera et al. 1983).

Although Kubodera and Yoshida ( 1981 ) reported that gill nets

between 42 to 157 mm stretch mesh are more efficient for O.

bartrami than salmonids, certainly the 1 18 to 121 mm mesh used

here readily caught salmon. The warm temperatures (14.0 to

14.7°C) did not preclude the pink and sockeye salmon by-catch

despite the latter's alleged preference for waters <12°C (Tabata

1984). The high salmonid by-catch in the first two days of gill-

netting could relate to relatively close proximity to shore (set 001 ),

or too far north (set 002). so early in the summer (mid-July). As

the summer progressed, salmonid by-catch decreased as fish en-

tered inshore waters, likely in preparation for migrating up rivers.

Sets more offshore and southerly in the early summer, would have

better avoided incoming salmonids from the central north Pacific.

Sets occurring progressively more northerly, and perhaps more

inshore, through August to October would likely decrease salmo-

nid interception.

By-catch of albacore. T. alalunga, was low despite the warm

water fishing. Canadian waters may be the northern limit of the

species (Ketchen 1980). Approximately 32% (or 188 t) of the total

catch was pomfret, B. japonica, which was discarded because of

its low market value compared to squid. This ubiquitous and abun-

dant species occurs throughout the north Pacific (Shimazaki and

Nakamura 1981) and is edible.

The nail squid. O. horealijaponica, was not taken in gillnets.

yet Kubodera et al. (19831 report this species as second in abun-

dance to O. bartrami in the north Pacific, Nail squid are generally

found in colder water (< 12°C) than O. bartrami and when the two

species co-occur they are often vertically stratified with O. bore-

atijaponica being deeper (Kubodera et al. 1983. Okutani and Mu-

rata 1983). Nail squid are smaller, usually <360 mm in dorsal

mantle length, and are more readily caught in the 48- to 157-mm

mesh range used by Kubodera et al. (1983); of which 70% was

<1I8 mm DML. Moreover. Bernard (1980) suggested that in

British Columbia waters nail squid are found more inshore than

flying squid and are more associated with continental shelf areas.

Although there is a well established northwestern Pacific jig-

ging fishery for O. bartrami with significant landings (Murata

1990). jigging was ineffective during this survey. Escapement
from lures during inhauling was probably a minor contributing

factor. The main reasons for low jigging catches remain unknown.

In summary. O. bartrami occurs in offshore British Columbia

waters which may relate to annual mass warm water movements.

There is. however, little biological data on northeast Pacific pop-

ulations and a better understanding of interannual variability in

abundance, growth, migration, and interrelations with fin fish

stocks is needed.
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ABSTRACT The Chesapeake Bay oyster fishery for Crassostrea virginica (Gmelin) is in a state of continuing decline. Two diseases.

Haplosporidium misiini and Perkinsiis marinus have effectively eliminated oysters from many sections of the Bay. Despite over 30

years of disease activity the native oysters have developed neither tolerance nor absolute resistance to these diseases, and do not exhibit

any recovery in disease endemic areas in Virginia. Repletion programs have completely failed to recover to permanent production areas

lost to disease. Present fishery management activities are limited to a controlled retreat away from the disease in an arena where disease

distribution is salinity and temperature (and hence climate) related and, therefore, beyond human influence. Disease resistance is the

pivotal issue. This commentary builds on the reality that without resistance to both diseases no recovery to sustained, stable production

on all formerly productive oyster bottom is possible. It is improbable that such resistance can be developed in Crassostrea virginica.

A consideration is made of the case for introduction of a non-endemic species. Crassostrea gigas (Thunberg) to assist in attaining this

goal.

KEY WORDS: Crassostrea gigas. oyster, introductions

INTRODUCTION

The premeditated movement of aquatic species for aquaculture

and fishery enhancement purposes has been an active component

of animal husbandry for over two thousand years. Present day

activity is essentially international in scope. Stimuli for such

movements are many and variable, from biological control to de-

velopment of local and national economies to revitalization of

depressed economies suffering from native species depletion

caused by disease, overexploitation. pollution or some combina-

tion thereof. Elton (1958). in his classic text on introduced spe-

cies, comments on the extensive movement of oysters around the

globe as part of commercial fishery activity. In this commentary

we examine arguments for introduction of the Pacific or Japanese

oyster. Crassostrea gigas (Thunberg). to Chesapeake Bay to sup-

plement production that is currently supported only by depleted

stocks of native Crassostrea virginica (Gmelin).

Comprehensive guidelines for consideration of and effecting

introductions have been developed independently by ICES (Inter-

national Council for the Exploration of the Seas). EIFAC (Euro-

pean Inland Fisheries Advisory Commission) and AFS (the Amer-

ican Fisheries Society). These guidelines emphasize the following:

(a) a clear rationale for introduction.

(b) selection of candidate species, including a consideration of

associated pests, parasites and diseases.

(c) testing, utilizing quarantine systems, before a decision to

proceed with introduction,

(d) introduction using quarantine procedures and monitoring

after release to provide data for subsequent considerations

for introductions.

Our commentary will focus on items (a) through (c) of the

above list, including a brief discussion of the legal climate in this

particular case, and conclude with a description of future efforts in

'Contribution number 1714 from the Virginia Institute of Marine Science.

School of Marine Science. College of William and Mary.

data collection to allow a balanced decision concerning large scale

fishery rejuvenation efforts in Virginia.

Developing the Rationale: Historical Perspective and Current Situation

Why should an attempt be made to restore or rejuvenate the

oyster resource of Chesapeake Bay? Although the initial, and per-

fectly defensible, response to this question would probably be

because it supports a commercially valuable industry we believe

that the direct commercial exploitation aspect is of quite secondary

importance. Benthic communities of Chesapeake Bay in precolo-

nial times were dominated by intertidal oyster reefs. Oyster reefs

were important geological as well as biological structures. Reefs

supported extensive communities that, in turn, provided the base

levels of food webs that eventually support comercially important

finfish and crab species, important trophic interactions that are

often underestimated in current attempts to "manage" finfish and

crab stocks on a species by species basis. Demise of this produc-

tive benthic community has perhaps resulted in comparable demise

of the commercial finfish and crab stocks. Limiting fishing effort

on other species will have only marginal positive impacts. Further,

the role of the oyster in harvesting primary productivity in Ches-

apeake Bay cannot be understated. The calculations offered by

Newell (1989) are illuminating
—a two order of magnitude de-

crease in filtration capacity compared to pre- 1870 oyster stocks!

Whereas the resident oyster population once had the capacity to

filter the waters of the bay in 3.3 days, the present stocks can only

manage the same task in approximately 325 days
—and the stocks

are still declining. A healthy and substantial oyster stock in Ches-

apeake Bay would probably be the single most effective mecha-

nism of simultaneously harvesting microplankton, reducing the

impact of eutrophication, sustaining a directly harvestable re-

source, improving water quality and maintaining a diverse and

stable food web. Unfortunately, four centuries of neglect, mis-

management and wholesale mining of the oyster resource (both

living and shell, the latter for industrial purposes
—see Haven.

Hargis and Kendall 1978, Kennedy and Breisch 1981) has resulted
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in the present scenario where sparse, disease ravaged populations

survive in disparate, low salinity sanctuaries as subtidal crusts of

living material overlaying a base of reef material. The importance

of the oyster as a cornerstone species in Chesapeake Bay surpasses

that of the directed fishery in both ecological and economic terms,

yet it is the latter that embodies a disproportionate political power

and which, by default, will eventually drive decision processes

concerning restoration and rejuvenation including possible intro-

ductions. With this political reality clearly stated we will proceed

with a greater focus on the directed commercial fishery aspect of

the discussion.

The oyster [Crassoslrea virginica) resource of Chesapeake Bay

has been in continuing decline since the turn of the century (Ha-

ven, Hargis and Kendall 1978, Kennedy and Breisch 1981, Hargis

and Haven 1988). Prior to 1960, average annual oyster production

was 3.5 million bushels in Virginia and 2,2 million bushels in

Maryland. Virginia oyster production in the 1980s decreased from

over 1.0 million bushels in 1981 to 209,000 bushels in 1989.

Current estimates for public fishery market oyster production in

Virginia in the 1990-91 season are at an all time low of 43,000

bushels. The continuing decline due to overfishing has been as-

sisted by the action of two diseases, Haplospondntm nelsoiu

(commonly known as MSX) and Perkimits mannus (commonly

known as "Dermo""). Haplosporidiuin nelsoni and P. marinus

were at record high levels of abundance during 1986 and 1987 as

a result of continuing drought conditions over the Chesapeake Bay

watershed (Burreson and Andrews 1988). During 1986 and 1987,

estimated overall mortality on public beds in Virginia was between

70 and 90% each year, the highest values recorded in 28 years of

continuous monitoring (E. M. Burreson. unpublished data). Dur-

ing 1988 P. marinus spread to all monitored oyster beds in the

Virginia portion of Chesapeake Bay. Since that time some abate-

ment has occurred in low salinity areas (Burreson, unpublished

data. May 1991 ) but the disease remains endemic to the majority

of formerly productive oyster bottom. The combined effect of both

oyster diseases has been the recent elimination of commercial

oyster production from essentially all waters in the Virginia por-

tion of the bay with the exception of three oyster bars in the upper

James River and very limited areas in the upper Rappahannock

River. Many oyster bars in the Maryland portion of the bay have

also been denuded by the diseases. The remaining locations in

Virginia, about 5% of the total public oyster grounds, are the

subject of continuing, intense fishing pressure. Between 1987 and

1989 approximately 90% of the entire Virginia harvest came from

the upper James River, although this declined to approximately

68% in the 1990-91 public oyster season. The magnitude of de-

struction and the economic implications are obvious.

In order to allow recolonization of formerly productive oyster

beds, the distribution of diseases must be forced in a downstream

direction by a decline in ambient salinity due to increased stream-

flow in the tributaries of Chesapeake Bay. Conditions typical of

the 1950-1980 period still result in large, salinity related disease

endemic areas and associated unproductive oyster bottom. Given

the drought conditions of the 1980s in the middle Atlantic region,

which exacerbated disease related losses, a marked and sustained

change to wetter climatic conditions in the watershed is needed.

Current, admittedly limited, understanding of the impacts of pre-

dicted global warming suggest this is unlikely. Furthermore, even

a temporary increase in rainfall would result in only a temporary

reduction in disease pressure. The life cycle and growth of the

native oyster are such that even colonization of a presently de-

nuded, high salinity oyster bed would require a minimum of three

years without serious disease losses before a single crop of mar-

ketable oysters would be attained. Clearly, management around

typical, rather than atypical, rainfall and streamtlow conditions is

unpredictable and imprudent.

The subject of natural disease resistance and the development
of disease resistance in cultured stocks of the native oyster, Cras-

soslrea virginica. has received considerable attention. Distinction

should be made between tolerance to a greater parasite burden,

wherein mortalities will eventually occur but at a decreased rate,

and resistance, where no parasite related losses are observed. The

notion that disease resistance would allow recolonization of pres-

ently barren areas, with the ensuing rejuvenation of the industry,

is untenable with respect to Chesapeake Bay for several reasons.

Natural populations, with their enormous fecundities, have failed

to produce extensive beds of tolerant, let alone resistant oysters

through natural selection as demonstrated by the continued and

almost total absence of oysters from high salinity areas of the bay.

This is probably due, at least in part, to the large gene pool of

unselected oysters, especially for H. nelsoni. in the upper reaches

of the major tributaries in Virginia and in the upper portion of the

bay in Maryland. Efforts at Rutgers University to select such

strains by manipulative breeding have resulted in some improve-

ment in survival in response to challenge by H. nelsoni after 25

years of research and over eight generations of selection ( Ford and

Haskin 1987). Improvement in survival in response to H. nelsoni

challenge is not correlated with the activity of a particular cellular

or humoral defense mechanism (Douglass 1977, Ford 1986), but

appears to be the result of an overall physiological superiority in

which tolerant oysters, by more efficiently utilizing available en-

ergy, are able to inhibit the development of the disease (Myhre

1973, Newell 1985, Barber, Ford and Haskin 1988a, b); however,

these strains are potentially useless in Chesapeake Bay because of

the presence of P. marinus as well as H. nelsoni. Resistance to

both diseases, as opposed to tolerance of a higher parasite number,

is essential to reestablishing stable oyster populations on all for-

merly productive oyster bottom in the Virginia portion of Chesa-

peake Bay. The unusual intensification of both diseases in recent

years and the resulting high oyster mortality dictate that the time

required to select native C. virginica for disease tolerance and,

eventually, resistance using traditional methods may not be ade-

quate to deal with current economic needs. Alternative approaches

to restore a productive resource and thereby rejuvenate the indus-

try must be considered. The introduction of a non-endemic oyster

species to reestablish productive bottom in currently denuded, dis-

ease endemic areas, is such an alternative.

Legal and Permitting Requirements Related to Introductions of

Non-endemic Species: Can Introductions Be Effected in Virginia?

Federal and state legislation applies in two related areas. These

are respectively: experimentation with non-endemic species, com-

pliance with ICES guidclmcs and U.S. Federal Law (the Lacey

Act); and permitting requirements for study of non-endemic spe-

cies in the Commonwealth of Virginia. U.S. Federal Law, in the

form of the Lacey Act Amendments of 1981, Public Law 97-79,

contains provisions for control of movement of non-endemic spe-

cies into the U.S.A. and across state lines. In essence the Lacey

Act is complied with if approval for possession is obtained at the

state level. The appropriate section of the "Laws of Virginia re-

lating to the Marine Resources of the Commonwealth; 1984 Edi-
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tion'" are found under section 28.1-183.2 entitled "Importing Fish

or Shellfish tor Introduction into Waters of the State." Such im-

poilations are unlawful unless written permission is obtained from

the Commissioner of the Virginia Marine Resources Commis-

sion—the designated state regulator, agency. A written request

containing all pertinent infomiation (i.e., species, origin, quanti-

ties, time period, etc.) must be submitted at least 30 days prior to

importation. The Director of the Virginia Institute of Marine Sci-

ence must approve all requests prior to approval by the Commis-

sioner. Provided appropriate permission is granted by the afore-

mentioned Director and Commissioner then the legal prerequisites

are fulfilled.

Neither the Lacey Act nor the Laws of Virginia address the

legal and moral obligations of either informing or even seeking

comment on proposed introductions from neighbouring legal ju-

risdictions if they are likely to be affected by such introductions.

Indeed, there appears to be no specific instructions requiring such

action. Formal interstate advisory and management bodies do exist

but their legal authorities on the issue of introductions appear

limited. Although the present discussion focusses on the Virginia

portion of the Chesapeake Bay. any introduction of reproductively

active, non-endemic species will potentially have impact in both

Maryland and North Carolina waters if pelagic larval stages are

widely dispersed and survive. Even wider geographical impact

may occur over time in the event of establishment in the recipient

environment. Clearly, the ability of neighbouring states to influ-

ence the permitting process through alternate legal challenges re-

mains untested.

Selection of Species for Introduction: Why Crassostrea gigas?

When considering the selection of species for introduction it is

important to effectively match the donor and recipient environ-

ments to insure greatest possibility of successful survival of the

introduced species. The Chesapeake Bay environment can be char-

acterized as having a continental climate with large air and water

temperature ranges; large temporal and spatial salinity variation; a

geologically young, sedimentary basin that has been extensively

dredged to facilitate past and current commercial shipping; a re-

gion where salinity related endemic diseases currently limit native

oyster distribution, and an irretrievably altered watershed that cur-

rently serves as home to over 14 million people. In summary, this

is a high stress environment that is drastically altered from that

prior to colonial settlement—the environment in which Crassos-

trea virginica flourished to form reefs that were major geological

features as well as dominant components of the benthic commu-

nity of Chesapeake Bay. The magnitude of change over the past

four centuries should be underscored. Despite continuing efforts to

improve water quality in the bay it must be realized that the cu-

mulative abuses of urban and agricultural development to the bay

watershed make the goal of restoration of the bay to its former

pristine condition (as described in Captain John Smith's logs) un-

tenable. Intertidal oyster reefs no longer exist in the bay, they have

been tonged and dredged to subtidal depths generally exceeding

one meter. The quantitative change in oyster reef structure asso-

ciated with their degradation from intertidal to subtidal features is

illustrated by the fact that present, immediate subsurface shell

deposits have been radiocarbon dated at several hundred years

before present (DeAlteris 1988).

It is appropriate to begin a search for an alternate species within

the genus Crassostrea—reef forming species tolerant of mid to

subtropical latitude, high stress environments. Tables 1-3 summa-

rize species in the genus Crassostrea. and compare published data

describing their temperature and salinity tolerances as both larval

and adult forms. Caution must be applied in literature review in

determining the geographic origin of C. virginica under examina-

tion (see comments in Hedgecock and Okazaki 1984. Reeb and

Avise 1990. concerning lack of genetic uniformity throughout the

zoogeographic range of this species), and. where possible, which

geographic type of C. gigas (there are four, named by prefecture

of origin. Hokkaido. Myagi. Hiroshima and Kumamoto, see com-

ments in Torigoe 1981. Quayle 1989. Kusuki 1990) is being de-

scribed. Geographic types of C. gigas are characterised by distinct

growth rates and forms (so much so that they serve quite different

commercial markets) that may have different temperature and sa-

linity optima and tolerances. Such information on geographic type

is rarely given, therefore data in tables 1-3 encompasses all types.

For the present comparative purpose this is acceptable in that it

may overestimate rather than underestimate possible ranges of C.

gigas in the Chesapeake Bay. In general, the Myagi strain has

been the focus of work in the hatchery based fishery of the Pacific

coast of North America; however, there has been much intentional

interbreeding of introduced stocks and precise pedigrees are lack-

ing. The predominant oyster of that and the European fisheries can

better be described as Myagi-like. Several other species lack ad-

equate documentation for complete comparison; however, it is

evident that strong similarities exist between C. virginica and C.

g'gas.

Crassostrea gigas is actively cultured elsewhere in the world,

especially so as an introduced species. Crassostrea gigas has been

extensively (both accidentally and intentionally) moved beyond its

native oriental range for culture purposes to locations in the Pacific

basin (Costa Rica through Alaska. Australia. New Zealand), and

the Atlantic basic (North Sea through Mediterranean and Atlantic

Coast of Morocco). Comprehensive summaries of these activities

are given in Mann ( 1979. 1981 ) and Menzel (1990). Crassostrea

gigas is the basis of the largest oyster fisheries in the world.

During 1987 the leading oyster producing countries in the world

were Korea and Japan with production of 303.233 and 258.776

metric tons respectively, this product being predominantly

TABLE I.

Crassostrea species: Distribution and Synonyms. Source material: I.

Ahmed, 1971; 2. Boffi, 1979; i. Carreon, 1969: 4, Chen, 1972; 5.

Dang, 1972; 6. Durve. 1967; 7. Kamara et al., 1976; 8. Kong and

Luh, 1977; 9. Mann, 1981: 10. Menzel, 1974; 11. Newball and

Carriker, 1983; 12. Shafee and Sabatie, 1986; 13. Tebble, 1966; 14.

Torigoe, 1981; 15. Zenkevitch. 1963.

Atlantic coast of North Amenca; virginica (
=

rhizophorael. 11.

Brasil: brasiliensis (
=

rhizophorae
=

virginica'). 2, 7

Western Europe, English Channel to Morocco (now rare); angulata. 10,

13.

Europe, North Sea through Mediterannean to Morocco: gigas, 9, 12.

Pacific coast of North America: gigas. 9. 12.

Japan. Korean Peninsula through Vietnam: gigas. araikensis

(= nvularis). nippona. 5, 14.

India: gryphoides. madrasensis. nvularis (= araikensis), 1. 6.

Thailand/Malaysia: belchen (= nippona?), 4, 8.

Philippines: iredali (
= madrasensis or even = rivularis?), 3.

West Afnca: gasar (
=

tulipa), 7.

Black Sea: taurica, 15.
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TABLE 2.

Temperature and salinity ranges of adults of Crassostrea species. Optimum ranges given in parentheses.

Temperature (C) Salinity (ppt)

Species
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proposed introduction. For the present discussion we will essen-

tially limit our consideration of source broodstock to that from the

state of Washington. Despite the fact that the pedigrees of these

stocks arc not dcfmitivcly documented, the stocks are mostly of

Myagi Prefecture origm but many years of hatchery breeding may
have resulted in some limited crossing with stocks from other

sources, they do have a known and documented history concerning

associated pests, parasites, and diseases. The listing below in-

cludes only those organisms reported from C.
>;(,i,'((.v

that are actual

or potential disease agents in oysters or other bivalve molluscs. It

does not include the numerous parasites, mostly metazoan, found

in oysters world-wide that have never been implicated in host

mortality.

1. Diseases of Unknown Etiology.

Hematopoietic Neoplasia. This disease results in a massive

tissue invasion of abnormal blood cells and is analogous to leu-

kemia in vertebrates. It has been implicated in large-scale mortal-

ities of mussels in the state of Washington and of soft-shell clams

in Chesapeake Bay. The syndrome has been reported in C. gigas,

C virginica. and O. luricla. but has not been associated with

mortality in these species. A virus has been suggested as the cause

for this disease, but the evidence is weak.

Potential implications: This syndrome is already present in

Chesapeake Bay and has been observed occasionally in C vir-

ginica.

2. Viral Diseases.

a. Oyster Velar Virus. This disease affects oyster larvae and

has been reported from two hatcheries in the state of Washington

(Elston and Wilkinson 1985). It has been observed occasionally in

hatcheries from March to August in larvae greater than 150 [x.m in

shell height. Infection results in loss of motility and death of

larvae. Measured losses of hatchery production up to 50% have

been recorded, but there is no established link between the disease

and mortality since it has not been experimentally transmitted.

There have been no reported outbreaks of the disease in recent

years (R. A. Elston, Battelle Center for Marine Disease Control.

Sequim. WA. personal communication).

Potential implications: This virus is primarily a hatchery

problem where larvae are held at high density in tanks, but even in

hatcheries the virus has never caused mortality over 50%. It is not

expected to be a problem in nature where density of larvae is much

lower than in hatcheries and transmission of viral particles be-

tween larvae is greatly reduced.

b. Hemocytic Infection Virus (HIV) and Gill Necrosis Virus

(GNV). These iridoviruses have been reported from C. gigas in

France. Both viruses were implicated in mass mortalities of the

Portuguese oyster C. angidata in France during the 1970s (Comps
and Bonami 1977). but neither virus causes mortality in C. gigas

in the same area (Comps 1988). In fact. Comps (1988) states that

the ability of C . gigas to resist mortality from these viruses re-

solved a very serious economic problem associated with the total

elimination of the Portuguese oyster.

There has been some speculation that C. gigas is a carrier for

these viruses and that one or both of them was introduced into

France with importations of C. gigas from Japan. According to

Henri Grizel. IFREMER. France, (personal communication. 12

March 1990) the lesions characteristic of the viral infections were

observed in C. angulata prior to introduction of C. gigas. which

suggests that the viruses were already present in France. Unfor-

tunately, no attempt was made to isolate viruses at that time, so we
will never know with certainty if the viruses were already present.

Potential implications: GNV and HIV have never been ob-

served in C. gigas from the Pacific Northwest. In addition, the

very characteristic gill lesion caused by GNV has never been ob-

served (R. A. Elston. personal communication. 14 March 1990).

There are many reports in the literature of other viruses in

oysters and other marine molluscs, including five different viruses

from the eastern oyster, C. virginica (Johnson 1984). There is no

firm evidence that any of these viruses (other than HIV and GNV)
can be pathogenic to their hosts.

3. Bacterial Diseases.

a. Bacillary Necrosis. Many species of bacteria in the genus
Vibrio are present naturally in seawater. They are not normally

pathogenic, but can become so because of adverse environmental

conditions, usually high temperature. These bacteria have been

implicated in often complete mortality of larvae in hatcheries from

various regions of the world. Juvenile oysters have also been re-

ported to be affected in hatcheries in Maine. Affected oyster spe-

cies include C. gigas. C. virginica and Oslrea edulis (Elston 1984.

Sindermann and Lightner 1988).

Potential implications: Vibnos and other bacteria that may
cause this problem are present naturally in seawater. Rigorous

hatchery sanitation measures usually are sufficient to prevent mor-

talities. The Virginia Institute of Marine Science oyster hatchery

has experienced no problem of this type.

b. Nocardiosis. This disease is caused by the actinomycete
bacterium Nocardia and often results in raised green to yellow

nodules on the mantle. It is apparently at least partially responsible

for the historically reported phenomenon of summer mortality in

adult C. gigas in the Pacific Northwest (see Friedman, Beattie,

Elston and Hedrick 1991). Similar nodules have been observed in

other oysters from other areas, including C. virginica (Elston.

Beattie, Friedman. Hedrick and Kent 1987). but the cause of the

nodules has not been determined in those cases.

Potential implications: This is a husbandry disease with local

environmental sources of the bacterium in Washington and British

Columbia which is restricted to certain embayments. It is not a

disease of major concern in those areas.

c. Rickettsiae. Rickettsiae are obligate intracellular organisms
and have been reported from digestive diverticula epithelial cells

in C. gigas. C. virginica. and many other bivalve molluscs (Kinne

1983). but are not known to be responsible for mortality.

Potential implications: Rickettsiae have already been reported

from C. virginica in Chesapeake Bay.

4. Protozoan Diseases.

a. Marteilia refringens. This parasite has been responsible for

massive mortality of the native oyster Oslrea edulis in France.

Marteilia refringens has also been reported in C. gigas in France

(Cahour 1979). but prevalence and intensity were low and only

early stages of development were observed. The infections were

considered to be transient and no mortality has been observed in C.

gigas.

Potential implications: This parasite is known only from Eu-

rope and does not develop normally in C. gigas. There is little

chance of importing this parasite if the broodstock is limited to C.
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gigas from the state of Washington, and ICES guidelines for quar-

antine of broodstock are followed.

b. Haplosporidium spp. A parasite that is morphologically

similar to Haplosporidium nelsoni (MSX) has been observed in C .

gigas in Korea (Kem 1976). Prevalence was very low. only 0.28%

in 1,438 oysters examined, and no mortality has been reported.

One of the four infected oysters contained spores and they were

restricted to epithelium of the digestive diverticula, as they are in

H. nelsoni. Another haplosporidan was reported in a single C .

gigas from California (Katkansky and Warner 1970). Spores were

observed throughout the connective tissue, similar to Haplospori-

dium costale (SSO) in C. virginica. but spore size was interme-

diate between H. nelsoni and H. coslale. Plasmodia! stages of a

haplosporidan were observed in a single C. gigas from Washing-

ton (Pereya 1964).

Potential implications: There has been speculation that the

two haplosporidans from Korea and California are H. nelsoni and

H. costale respectively and that they were introduced to Chesa-

peake Bay region with unauthorized private plantings of C. gigas

during the i950s; however, there is no direct evidence and it

remains only speculation. There is no danger of importing these,

or any other, parasites with C. gigas if initial broodstock are kept

in quarantine and only uninfected progeny from the hatchery are

used in susceptibility studies or possible introductions.

c. Marteilioides chungmuensis. This parasite infects eggs of

C. gigas in Japan and Korea (Comps. Park and Desportes 1986).

It is related taxonomically to important oyster pathogens such as

Marleilia refringens discussed above, but M. chungmuensis is not

known to cause mortality. This parasite may be what Becker and

Pauley (1968) observed in eggs of C. gigas in California. Less

than 10% of the eggs were infected in any one female oyster and

there was no evidence of oyster mortality.

Potential implications: Transmission studies have never been

attempted with this parasite and the life cycle is unknown; how-

ever, this parasite infects eggs suggesting that quarantine of brood-

stock may not provide sufficient control. This parasite is appar-

ently not pathogenic and it has never been reported from the Pa-

cific Northwest.

d. Mikrocytos mackini. This parasite infects vesicular connec-

tive tissue cells and causes abscess-type focal inflammatory le-

sions in the mantle and gonad of C. gigas. It is known only from

British Columbia. Canada although a similar parasite has been

observed in C. gigas from Hawaii (Farley. Wolf and Elston 1988).

Average mortality of 34% was observed during early occurrences

of the disease before growers learned proper management tech-

niques to avoid mortality (Bower 1988). Oysters less than two

years of age are not affected and mortality of older oysters is

reduced when held high in the intertidal zone.

Potential implications: This parasite is not known from the

state of Washington. Quarantine of broodstock and use of progeny

for field studies would prevent introduction of the parasite even if

it were present.

5. Metazoan Parasites.

Mytilicola orientalis. This highly modified copepod inhabits

the digestive tract of C. gigas in Japan. It was introduced to the

Pacific Northwest with early shipments of C. gigas seed from

Japan and is now endemic along the west coast of the United States

(Sindermanij and Lightner 1988). This parasite has been impli-

cated in sporadic mortalities of C . gigas, but the evidence has

never been very strong. A recent, thorough, ten year study (Davey

1989) on a related species in mussels found no evidence of host

mortality and the author argues forcefully that Mytilicola has been

wrongly indicted in previous mortalities.

Potential implications: This parasite infects adult oysters and

can be easily controlled by quarantine of broodstock in the hatch-

ery.

In summary, quarantine of broodstock in a hatchery and the use

of first generation offspring for any field studies, that is compli- -

ance with ICES guidelines for introduction of non-native organ-

isms, will prevent introduction of all disease agents listed above

except viruses, bacteria and the ovarian parasite Marteilioides

chungmuensis. which is not known to cause mortality. If brood-

stock were limited to one source, the state of Washington, such

problems could be minimized in that no pathogenic viruses are

known in adult C. gigas from Washington and M. chungmuensis
is absent from that area. There are no published reports of a serious

disease outbreak in C. gigas from Washington and there are no

documented disease introductions (that have resulted in measur-

able mortality) from the numerous introductions of C. gigas that

have occurred around the world. Some incidental parasites have

been introduced, but such introductions would not have occurred

if ICES guidelines had been followed.

Susceptibility of Crassostrea gigas to Diseases Endemic to Chesapeake

Bay: Perkinsus marinus and Haplosporidium nelsoni

Of the two diseases endemic to the bay Perkinsus marinus is

the only one amenable to laboratory experimentation. Haplos-

poridium nelsoni challenge can only be adequately effected by in

situ exposure in H. nelsoni endemic areas. All stages off. mari-

nus are infective and the addition of finely minced, infected oyster

tissue has been found to be very effective at initiating new infec-

tions in previously unexposed oysters in laboratory systems (Mey-

ers, et al. 1991).

The susceptibility of both C. virginica, originating from Mob-

jack Bay broodstock. and C. gigas. Fl animals cultured at

Gloucester Point, VA from a broodstock imported from Washing-
ton state in February 1989 and maintained in quarantine under

ICES guidelines throughout study, to P. marinus was examined in

two separate experiments by Meyers, el al. (1991). In the first

experiment of 83 days duration 40% of the C. gigas became in-

fected compared to 100% of the C. virginica. In the second ex-

periments prevalence was high in both species after 60 days, but

differed in intensity with moderate to high levels in C. virginica

but low levels in C. gigas. Cumulative mortality over a 150 day

period was 100% for C. virginica but only 25.1% for C. gigas.

Other evidence suggests that C. gigas mortalities were not disease

related. In summary. C. gigas consistently exhibited much higher

tolerance of P. marinus than did C. virginica.

Where non-endemic material is introduced to a quarantined

system for subsequent disease challenge the question arises as to

the status of the stock before challenge begins. The ICES proce-

dures are designed to preclude the possibility of vertical transmis-

sion of a disease from the introduced parent stock. Experience

with application of ICES guidelines with oyster movements else-

where, through the Conwy laboratory in the United Kingdom for

example, indicates their effectiveness. Given the continuing quar-

antine maintenance regime for C. gigas in our laboratory, where

sanitation procedures limit water and food availability and thereby

provide continuing stress on maintained animals, it is probable that
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disease, if present, would have already manifested itselt. however.

no evidence of disease organisms has been seen in histological

sections of sampled animals.

The Dilemma: Where to Now?

To this point we have presented arguments to support the fol-

lowing;

(1) Native oyster populations continue to be decimated by en-

demic diseases, leaving large areas of formerly productive

bottom unproductive in disease endemic areas.

(2) Current management practices have failed to reclaim to

permanent production areas lost to disease.

(3) Selected strains of native oysters, developed at Rutgers

University, have developed tolerance to H . nelsoiu: how-

ever, the surviving population in the Chesapeake Bay has

developed neither tolerance nor resistance to the two en-

demic diseases when they occur in combination as dem-

onstrated by their absence from disease endemic areas.

(4) It is timely to consider another oyster species that may have

improved tolerance or resistance to the endemic diseases to

assist in reclamation of currently unproductive bottom.

(5) A survey of the available literature, although limited, sug-

gests that Cra.ssostreci gigas has salinity and temperature

tolerances similar to the native oyster.

(6) Laboratory challenges of Crassostrea gigas with Perkinsiis

marinus strongly suggest that it is much more tolerant than

the native species of oyster.

From this basis we will proceed to present arguments in favor

of continuing examination of the proposed introduction and the

benefits that will accrue. It is important to underscore that any

further pursuit of this line of investigation in terms of disease

challenge will necessitate de facto introduction of Crassostrea

gigas into Chesapeake Bay waters. This is the only way to effect

meaningful challenge with H. netsoni. Despite the availability of

ICES protocols to insure practically minimal introduction of asso-

ciated pests, parasites and diseases, and triploid induction tech-

niques to minimize spawning (review by Beaumont and Fair-

brother 1991). there is no practical manner to absolutely insure

that no spawning of stock introduced for experimental purposes

will occur. A comprehensive examination of such issues as tem-

perature and salinity tolerances of the various life history stages of

C . gigas. and laboratory examination of susceptibility to local

predators and physical environment can only provide greater abil-

ity to evaluate possible establishment and range extension in Ches-

apeake Bay. They cannot provide an avenue to eliminate the pos-

sibility of spawning. In situ H. nelsoni challenge of C. gigas has

already been the subject of pointed debate among academics, reg-

ulatory bodies and industry at both an intra and interstate basis.

Effecting such a study cannot be accomplished without limited risk

of development of a self sustaining, resident population of C.

gigas in Chesapeake Bay. Proceeding with such H. nelsoni chal-

lenges are an integral and necessary component of identification of

disease tolerant or resistant stocks, be they of native or non-

endemic origin. Eventually, a balanced decision must be made by

regulatory agencies concerning the competing pressures to expe-

dite rejuvenation of an ailing industry and consider the unpredict-

able biological consequences of introduction of a non-endemic

species.

A major source of debate subsumed in the question of in situ

testing is the possible impact of a resident C. gigas population in

Chesapeake Bay and competitive interaction with the native spe-

cies, C. virginica. both within the bay and potentially outside the

bay if C. gigas were to spread to cither the north or the south of the

bay mouth. During the period 1940 through 1960 testing of C.

gigas was conducted in the lagoon systems of the Delmarva pen-
insula and Delaware Bay. Resident populations have not resulted

although these may have been precluded by the nature of the

introductions. Adequate documentation is unavailable. The Del-

marva coastal lagoons and intertidal flats still maintain consider-

able oyster resources. On the Atlantic seaboard north of the mouth

of Delaware Bay. where P marinus is absent, the native oyster

continues to exist as disjunct populations of various sizes, but

always at levels well below historical records. These regions have

again suffered variously from disease, including H. nelsoni, sus-

tained harvesting and degrees of environmental degradation. Re-

cent efforts to revive the Connecticut oyster industry through ex-

tensive shell planting and resource management are meeting with

some success. Limited, culture based production exists in New

England, and both cultured and wild caught oysters are available

from the Canadian Maritime provinces. Investigations at Rutgers

University, described earlier, concerning increased tolerance to H.

nelsoni offer some hope of expanded oyster production in this

geographic region but large scale production and reintroduction of

the native species remains an enormous task. With respect to pos-

sible establishment of C. gigas south of Chesapeake Bay. the data

of tables 2 and 3 are of limited use in estimating range extension

in that definitive temperature and salinity tolerance tests have not

been published for C. gigas. Such data are clearly desirable. Some
further information may be obtained from detailed examination of

current oriental culture practices within the native range of C.

gigas (see Kusuki 1990): however, caution must again be applied

in determining which geographic type of C. gigas is being de-

scribed.

Competitive interactions in a two species scenario in Chesa-

peake Bay with C. gigas in higher salinities and C. virginica in

lower salinities are difficult to predict because only a few mean-

ingful analogies exist. One such analogy is the Chinese culture of

C. gigas relative to that of the Suminoe oyster. Crassostrea rivu-

laris. The latter species is. like the Myagi type of C. gigas. fast

growing and often quite large; however, it is generally acknowl-

edged by Chinese workers (personal communication to Roger
Mann) to tolerate lower salinities. What limits the distribution of

each of the Crassostrea species in the Chinese fisheries? This is

not adequately documented, thus limiting our predictive capability

for Chesapeake Bay if a reproductively active population of C.

gigas is introduced. The second analogy is the estuarine environ-

ment of the Gironde on the Charente River in western France (the

major seed oyster producing area for C. gigas) and in south west

France where harvest pressure is comparatively light, allowing

greater densities of oysters to develop (Heral and Deslous-Paoli

1990). The former location can be used as an analogy to the James

River seed oyster beds and the latter location as an analogy to a

situation in Chesapeake Bay where C. gigas is introduced as a

reproductively active population to currently unproductive bottom

in disease endemic areas and allowed to proliferate without exces-

sive harvest pressure. Such a situation would obviously necessitate

several prerequisites including regulatory approval to effect in situ

disease challenge, a demonstrated resistance to H. nelsoni, and a

further regulatory decision to effect refurbishment by release of

reproductively active C. gigas cultured through ICES protocols.

The argument for a comprehensive examination of both the Chi-
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nese and French sites is compelling. The third and final region of

interest is Queensland. New South Wales and Victoria in Australia

where the introduced C. gigas is competing with the native and

highly prized Sydney rock oyster. Saccostrea (Crassostrea) com-

mercialis (review by Pollard and Hutchings 1990). Unlike the

French or Oriental situations, this Australian site allows a unique

opportunity to study a confrontation of an introduced and native

species in progress, where C. gigas is the introduced species of

interest. In this situation we can pointedly examine the predictive

value of temperature-salinity tolerances or similar physical data

relative to other biological variables such as spawning and settle-

ment periodicities. At present the further spread of C. gigos in

New South Wales is controlled by the management activity of

removing oyster settlement substrate shortly after settlement oc-

curs (P. H. Wolf, Dept. State Fisheries, N.S.W., Australia; per-

sonal communication to Roger Mann). Saccostrea commercialis is

more tolerant of exposure than C. gigas and selective mortality

occurs before the substrate is returned to the water. Whether or not

C. gigas and S. commercialis could eventually coexist if control

activity ceased remains unanswered, although it is relevant to note

that C. gigas is now cultured in preference to S. commercialis in

New Zealand due to its higher growth rate and comparable market

price, and a substantial fishery for C. gigas now exists in Tasma-

nia (Pollard and Hutchings 1990).

There is little question that the future of the Virginia oyster

industry in its present form is very bleak if a disease resistant

oyster is not identified. In addition to the biological impacts, the

sociological, political and economic impacts of a continuing de-

cline in oyster production are widespread and demand responsible

action in a viable time frame. Identification of a disease resistant

oyster is only the beginning of the solution, irrespective of whether

that be C. gigas or any other species of oyster. If disease resistance

is demonstrable and a decision to proceed with introduction is

forthcoming, then a hatchery based program functioning under

ICES protocols must be implemented on a sufficient scale to pro-

vide seed in a timely manner to maintain and rebuild the depressed

resource and the industry it supports. The present industry relies

upon a naturally reproducing resource and a critical decision

would relate to development and protection of actively spawning
broodstock regions, similar to that operated in the Gironde, rather

than the clearly untenable option of attempting to continually sup- ,

ply seed for extensive planting in the current "put and take" mode

of operation. Alternatively, utilization of triploid oysters, both

native and otherwise, in species specific, intensive culture opera-

tions may be economically attractive. Rejuvenation of the Virginia

oyster industry is a task of immense proportions and will require

revision and diversification of many current practices if formerly

unproductive bottom is to be reclaimed to stable production, and

production levels increased to allow continued competitiveness in

an international marketplace for the end product. Based on the

available information we believe that serious consideration should

be given to the utilization of an introduced species, C. gigas. as

part of that effort.
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ABSTRACT Inlerannual variation in spawning of Placopecten magellanicus (Gmelin) may be important to management agencies
concerned with maximizing yield-per-recruit via restnctions on meat counts or temporal restrictions on catch and effort. In this study,

temporal patterns in the spawning behavior of sea scallops in the Mid- Atlantic resource area for the period Apnl 1987-Apnl 1991 are

analyzed using conventional time-series methods. Biannual spawning was found to be charactenstic of sea scallops in the Mid-Atlantic

resource area but was also found to be erratic in the timing, duration, and magnitude. The spring spawning event was the more

predictable and dominant spawning event. The fall spawn was temporally-erratic; it did not occur in 1989. Longer time-series and

analyses of environmental factors are recommended to more precisely determine the gametogenic and spawning cycle of sea scallops

in the Mid-Atlantic resource area.

KEY WORDS: temporal spawning behavior. Piacopeclen magellanicus. gonadal weight

INTRODUCTION

The Mid-Atlantic resource area has become increasingly im-

portant to the United States sea scallop. Placopecten magellanicus

(Gmelin). commercial fishery. The Mid-Atlantic resource area ac-

counted for approximately 407f of the total reported U.S. landings

of sea scallops between 1980 and 1990 (National Marine Fisheries

Service 1989). Landings from the Mid-Atlantic area, however,

have varied widely; between 1980 and 1990. landings ranged from

a low of 1700 mt in 1982 to 7900 mt in 1987. In more recent years,

landings have exhibited less annual variation.

Reasons for the variation in production between 1980 and 1986

and the subsequent reduced variation since 1987 probably reflect

patterns in recruitment. The pre-recruitment and recruitment indi-

ces for the Mid-Atlantic resource area indicate considerable vari-

ation between 1980 and 1985 and consistently increasing levels

since 1986 (National Marine Fisheries Service 1990). Consistently

strong recruitment is thought to be a major reason why the Mid-

Atlantic resource has not dramatically declined given the high

level of landings in the past 5 years.

The occurrence of recruitment is not the only important con-

sideration in assessing the relationship between resource levels and

landings. DuPaul et al. (1989) and Schmitzer et al. (1991) dem-

onstrated a biannual spawning pattern for sea scallops in the Mid-

Atlantic resource area. Depending upon weather and other envi-

ronmental factors, biannual spawning could affect recruitment pat-

terns and the timing and magnitude of recruitment. DuPaul et al.

(1989) and Schmitzer et al. (1991). however, only examined the

1988 gametogenic cycle; thus, it is unknown whether biannual

spawning is a consistent characteristic of sea scallops in the Mid-

Atlantic resource area. In addition, it is not known if there is a

dominant spawning event.

Extensive studies on the gametogenic and spawning cycle of

the giant sea scallop have been conducted by other researchers

(Welch 1950, Posgay and Norman 1958. Naidu 1970. MacDonald

and Thompson 1986, 1988, Barber et al. 1988). Most of the stud-

'Contribution No 1709 from The Virginia Institute of Marine Science.
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ies have limited attention to the gametogenic cycle of sea scallops

in areas other than the Mid-Atlantic and over a relatively short

time period
— 1-2 years. Conclusions derived from these studies

may not apply to the Mid-Atlantic area or the long-run.

Naidu ( 1970) and other researchers (Sastry 1966. Newell et al.

1982. Rodhouse et al. 1984. MacDonald and Thompson 1988)

have suggested the gametogenic cycle and spawning pattern may
vary over time in response to environmental factors. As illustrated

in Schmitzer et al. ( 1991 ). variations in the gametogenic cycle and

spawning events have important ramifications for management of

the fishery. Given the limited knowledge available on spawning
behavior of scallops in the Mid-Atlantic area and the associated

implications for management, there is a need to better understand

the gametogenic cycle and spawning behavior over a longer period
of time than considered in previous studies.

In this paper, temporal or short and long-run patterns in the

gametogenic or gonadal cycle are examined. Analysis of variance

and Scheffe tests are used to characterize major and minor spawn-

ing events. Univariate time-series models of monthly mean values

of wet gonad weights between April 1987 and April 1991 are

estimated and used to analyze the timing, magnitude, duration,

and periodicity of spawning events.

MATERIALS AND METHODS

Since April 1987. data relating to growth and gametogenesis of

scallops m the Mid-Atlantic area have been collected on a weekly
basis; data collection activities and sampling procedures are de-

scribed in DuPaul et al. (1989). Kirkley and DuPaul (1989). and

Schmitzer et al. ( 1991 ). For this study, whole fresh or unshucked

scallops were obtained from commercial fishing vessels operating

from south of Long Island (40° 00' N 73° 00' W) to north of Cape
Hatteras (37° 30' N 74° 30' W) (Figure I).

A total of 449 samples comprised of 19.351 observations on

wet gonadal weight measured to the nearest 0. 1 g were examined

for this study. Data were pooled over sex and geographical areas

and subsequently over 4 shell-height groups (85-89 mm, n =

5698; 90-94 mm. n = 6145; 100-104 mm, n = 4463; 1 10-114

mm, n = 3045). Pooling over sex and area was necessary because

of the large number of observations and the inability to visually
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April. Spawning, as indicated by a large decrease in gonadal

weight from a peak value, occurred in June of both years. The fall

spawn, however, exhibited a different temporal pattern between

1987 and 1990. In 1988. all 4 shell-height groups appeared to

exhibit some level of spawning activity; in 1989. only the 1 10-1 14

mm scallops exhibited any fall spawning activity. .Spring and fall

gonadal patterns for 1987 closely resembled the patterns of 1990

but were quite different than the patterns of 1988 and 1989.

Equality of mean gonadal weights for 100-104 mm scallops

over 1987-1990 was rejected by ANOVA and Scheffe tests for all

three seasons at the 0.01 level of significance (Table I). Similar

results were obtained for the 3 other shell-size intervals. Maximum
mean values for spring were more consistent over the 4 years than

they were for fall or summer; differences were detected between

1988 and 1990 and 1989 and 1990. Fall and summer exhibited

considerable differences in mean values. Fall pairwise equalities

were rejected for all years except 1987 and 1990 and 1988 and

1990. Results of the Scheffe tests suggested that the gonadal cycle

did not follow a consistent long-run trend (e.g.. maximum mean

gonad weights for spring and fall did not consistently increase or

decrease from year-to-year).

Examination of the percentage distribution of gonads for 100-

104 mm shell height scallops exceeding the mean values also

suggested that the spring spawn dominated the fall spawn (Figure

3). Approximately 46% of the sample observations for spring ex-

ceeded the mean values, whereas, only 42% of the fall sample
observations exceeded the mean values (Table 2). Moreover, max-

imum spring gonadal weights were consistently higher than max-

imum fall gonadal weights and exhibited less variation. Similar

conclusions were obtained for the other three shell-height groups.

Data plotted in Figure 2 adequately depict seasonal patterns,

but normalized seasonal indices provide a more discernible general

pattern of seasonality for the gametogenic cycle (Table 3). Indices

suggested general seasonal spawns between April and June and

October and November. The indices also suggested possible dif-

TABLE 1.

Results of analysis of variance (ANOVA) and Scheffe tests of

equality of means for 100-104 mm scallops.

p
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TABLE 3.

Seasonal indices of mean values of gonadal weights for 85-89,

90-94, 100-104, and 110-114 mm scallops.
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fall indicated major tall spawns in 1987 and 1990 and minimal or

negligible spawns in 1988 and 1989. In contrast, the temporal

patterns tor spring were less erratic which is likely indicative of a

donunant or major spawning event. Seasonal indices suggested

more regularity in spawning events and greater fecundity per in-

dividual scallop in the spring; Schmitzeret al. (1991) obtained the

latter conclusion via histological analysis.

Although statistical results obtained in this study appear rea-

sonable, they may be biased because of pooling data over sc,\ and

area. Pooling may obfuscate patterns of the timing of spawning
events by different sexes and in different areas. A small change in

the mean value of gonadal weight may erroneously suggest minor

spawning events or changes in the reproductive cycle. Alterna-

tively, periods and magnitudes or duration of spawning events

determined from analyses of pooled gonadal weights may be im-

precise.

Unfortunately, analysis of the gonadal cycle of Pliuopecien

magellanicus by sex and area would be costly and difficult. The

laboratory work necessary to accurately determme sex would be

expensive and time consuming, and area-specific or spatial sub-

populations of scallops in the Mid-Atlantic resource area are not

defined. Moreover. Schmitzeret al. (1991) found that although a

detailed analysis provided a more accurate determination of the

reproductive cycle, analysis of gonadal weights pooled over sex

and areas was sufficient to determine the general gonadal cycle of

sea scallops in the Mid-Atlantic region.

Conclusions about the regularity and dominance of the sprmg

spawn in the Mid-Atlantic resource area differ from previously

accepted conclusions about the spawning pattern of Mid-Atlantic

and Georges Bank scallops (MacDonald and Thompson 1988,

Posgay and Norman 1958. MacKenzie et al. 1978. Robinson et al.

1981). Interestingly, temporal regularity in the fall spawn in the

Mid-Atlantic was rejected by analyses of data; the fall spawn

appeared to be erratic from year-to-year and nonexistent in 1989.

The absence of an observed 1989 fall spawn may be the result

of meterological events. Hurricane Hugo and several tropical

storms occurred in the Mid- Atlantic during October 1989; these

storms may have affected normal temporal-related spawning
events. Alternatively, the conclusion of no 1989 fall spawn may be

associated with possible biases of the data which may have oc-

curred because of the storms. Samples for all weeks of October,

however, were obtained, and geographical coverage of the sam-

ples remained unchanged relative to samples obtained in other

months. Interestingly, analysis of cyclical factors suggested a ma-

jor downward shift in 1989 fall spawning events (i.e.. a temporal

intervention).

Unfortunately, extensive time-series analyses of the data failed

to adequately characterize short and long-run patterns of the go-

nadal cycle. General or average seasonal patterns were detected

but lacked precision. There was no evidence of a consistent trend

in gonadal weight between 1987 and 1991. Cyclical intluences.

although contributing to variations in weight over the 4 years,

were not predictable. At best, the time-series analyses permitted

determination of basic patterns of the gonadal cycle; the analyses

and models, however, were inadequate for predicting future

spawning events.

Failure of the time series approaches to adequately predict fu-

ture spawning events does not imply, however, that these ap-

proaches lack merit. For one thing, the time-series approaches
facilitated determination of general seasonal and cyclical patterns

and demonstrated an absence of a long-run trend. More important,

associated analyses suggested that shocks or stochastic signals of

lag 5 substantially affected spawning events. It is not known why
stochastic shocks to the system 5 periods ago would affect the

current values. This result may be an anomaly caused by the

magnitude and duration of the spring cycle (January-May). The

time-series analyses also indicated that numerous interventions or

innovations affected the spawning pattern of Placopecien magel-
lanicus between 1987 and 1991; these interventions may be asso-

ciated with meterological events. Last, the time-series approaches
indicated a need for longer time series and continued routine mon-

itoring of the gonadal cycle in order to accurately determine the

occurrence and temporal pattern of spawning.

Based on the statistical and time-series analyses, the gonadal

cycle of sea scallops in the Mid-Atlantic resource area appears to

be best characterized as a series of interventions or shocks. There

are similarities over time, but for the most part, the timing, dura-

tion, and magnitude of spawning events appear to vary widely.

These conclusions are not particularly startling given that Naidu

( 1970) and Rodhouse et al. (1984) demonstrated that environmen-

tal factors play a large role in spawning behavior.

Although environmental factors were not considered in this

study, results of the time-series analyses indicated that influences

other than temporal factors affected spawning. After extracting all

temporal related patterns from the gonadal weight data. 25-30% of

the variation could not be explained. Considerable attention, thus,

needs to be given to examining other factors that may influence the

gametogenic cycle and spawning behavior.

The inability to determine the gametogenic cycle and spawning
behavior with a high degree of precision may be one reason why
it has been difficult to determine an adequate stock-recruitment

relationship for Placopecten magellanicus. Alternatively, the

spring spawn, although consistently occurring, varies widely in

magnitude, and the fall spawn varies in timing, magnitude, and

duration. Biannual spawning and irregular periodicity of spawning
events suggest recruitment may be erratic and occur more than

once a year. Empirically determined stock-recruitment relation-

ships that assume single-period, knife-edge recruitment, thus, may
be inadequate characterizations of the stock-recruitment relation-

ship of sea scallops in the Mid-Atlantic.
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.ABSTR.ACT The European oyster. Osrreu eJiilis is being cultivated in the Canadian province of Nova Scotia for the European
market. Demand is strong and the European supply is limited and declining, so Nova Scotia could profit from this market. While

cultivating oysters is technically viable, there is uncertainty over the financial feasibility of growing them in Nova Scotia, and then

air-freighting them to Europe. The financial analysis was examined using two scenanos, a purely commercial operation and a cottage

industry. Because of lower capital-labour (K/Ll ratios, the latter is more profitable, and support for this activity should be the focus

of government policies. If government assistance is required for this infant industry, an effective and equitable policy is subsidised credit,
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INTRODUCTION

In 1957 the European oyster. Ostrea edulis was introduced into

Atlantic Canada, but cultivation was handicapped by lack of seed.

With the establishment of the hatchery SFT Ventures in Bland-

ford, Nova Scotia, this deficiency was rectified, and now the

industry appears to have considerable growth potential. The op-

portunity lies in an existing market in Europe, which cannot be

serviced from traditional sources. Landings of Ostrea edulis in

Europe have declined dramatically in recent years, and by 1986

were one-fifth those of 1970, The principal cause of the decline

was a parasite, Bonamia, which has spread throughout the major

growing areas of Europe. By 1994 the shortage of locally supplied

oysters is projected to be severe, and result in increased prices.

With a disease-free stock of Ostrea edulis. the industry in Nova

Scotia is potentially able to satisfy much of the excess European

demand.

While technically viable, the financial feasibility of cultivating

Ostrea edulis and then shipping them to Europe, remains uncer-

tain. This paper provides some insights. We conclude that culti-

vating Ostrea edulis is not feasible for a specialised operation, but

that it is feasible for a cottage-industry.

The initial section of the paper describes the environment of the

infant industry in Nova Scotia, while the second section models

two farms and analyzes their profitability. The third section ex-

amines policies available to governments to promote oyster farm-

ing.

The Environment

In Atlantic Canada there appears to be one geographical area

which is suitable for the cultivation of Ostrea edulis. The species

requires high salinity and moderate water temperatures (Newkirk

1989). Only in Zone 2 of Figure 1 does this combination appear,

and Nova Scotia has been the focus of research and development

since the 1970s, Commercial cultivation of Ostrea edulis began in

1984 and output reached 10 tonnes by 1987 (Boghen 1989), Ini-

tially the industry was handicapped by lack of seed, but the 1988

establishment of a multi-million dollar hatchery at Blandford.

Nova Scotia, with Dutch capital, has rectified the problem. In

1989 the hatchery produced 4 million seed of Ostrea edulis: this

exceeded the total available from all other sources (Bronk et al.

1989). Total capacity is projected at 50 million seed a year.

Two techniques are currently being used for oyster production;

suspension and bottom culture. With suspended culture the oysters

are grown in nets (Japanese lantern nets) until harvesting begins at

the end of year 3. Most are harvested in the fourth year but har-

vesting continues into year 5 (Newkirk 1989). The quantity of

oysters per net is reduced each year, so the number of lines in-

creases from one in the initial year to ten by the grow-out year.

This has implications for operating costs, particularly labour and

nets. With bottom culture, the oysters are removed from nets at the

end of the second year, and left on the bottom. Labour costs are

less but mortality rates are higher. In addition appearance and

quality suffer.

Not only two techniques, but two systems of cultivation are

possible: 1 ) a commercial farm which maximises profits and relies

exclusively on hired labour; 2) a cottage fanner whose principal

activity is the capture fisheries. The essential characteristic of a

cottage farmer is that he employs no hired labour, thus the labour

used is either his own or that of his family. Whether output is sold

or consumed on the farm is less important than the dichotomy
between labour markets; in practice with oysters much of the out-

put will be sold. Labour on the hobby-farm therefore receives total

net output divided by the number of family members; or the value

of the average product. The payment of average product is an

integral component of family farms (Nakajima 1969). The com-

mercial farm, reliant on hired labour, pays labour a wage equal to

the contribution of the last work unit or marginal product. The

existence of dual-labour markets has been confirmed in other

aquaculture activities e.g, Norwegian salmon farming (Salvanes

1988).

The market for Ostrea edulis cultivated in Nova Scotia is pri-

marily Europe. There per capita consumption of shellfish is al-

ready high (and growing), ranging from 19.5 kg. per person in

Spain to 3.5 in the Netherlands. Net imports of shell fish into the

four European countries; Belgium, France, the Netherlands and

Spain, reached 150,(300 tonnes in 1986, Ostrea edulis as a gour-

met shellfish is particularly prized, and has a relatively high in-

come elasticity of demand. The European market could absorb

between 600.000 to 1.2 million Nova Scotian oysters a year

(Bronk et al. 1989). Because of its short shelf life (14 days).

Ostrea edulis, would have to be air-freighted; costs of this vary

according to bulk from $2.51 per kilo to $1.72 per kilo. This
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antic Ocean

Figure 1. Locations of environmental aquaculture zones I (Bay of

Fundy), 2 (Atlantic coast of Nova Scotia). 3 (Bras d'Or Lake), 4 (Gulf

of St. Lawrence, shallow region), and 5 (Atlantic coast of Newfound-

land). (Adapted from Cook et a!.. 1988.)

transport cost clearly puts a premium on keep operating costs to a

minimum.

Empirical Analysis

To test the feasibility of oyster cultivation under two different

regimes and using two different techniques, a number of assump-
tions are required. In the first place the paper makes the plausible

assumption that the cottagc-fanner"s land, trucks and boats have

zero opportunity cost. The rationale for the assumption is that

oyster farming in Atlantic Canada is a cottage industry, considered

by fishermen as a source of supplementary income (Lavoie 1989).

Oyster farming is ideally suitable as supplementary employment

by fishermen because of its seasonal nature. In the harvesting

period of oysters, from September onwards, the capture fisheries

are almost closed; hence land, boats and trucks are not being used

in the fisheries. With this assumption the capital expenditures for

cultivating Ostrea edidis are given in Table 1 .

The second assumption is the retail price of oysters. Presently

the wholesale price of Ostrea eduUs in Nova Scotia is C$0.35 to

$0.40 each, and what has been produced has been sold (Newkirk

1989, Muise et al. 1986). After 1994 when the present European

supply is reduced, the price is expected to increase sharply. The

initial price assumed is $0.40, although to be conservative results

are sensitized for $0.35. Other assumptions are an annual inflation

rate of 5% for both retail prices and mputs, a tax rate of 30'7c and

an investment tax credit of 20%. The time horizon is fifty years,

which accords with the longest-lived asset in Table 1 , thereby

equalising replications (Rashid et al. 1989). The production sta-,

tistics are given below, with a higher mortality rate assumed for

bottom culture, because of predation. The mortality is high, to err

on the side of caution (Muise et al. 1986). The farm, whether

cottage or commercial is assumed to start with 500,000 spat.

Using Tables I and 2 the potential profitability of cultivating

Ostrea edulis is estmiated from net cash flows. The after-tax net

operating cash flow is;

F,
=

(P, Q,
-

OC,
-

D,) (I
- T) -h D, (1)

where P = retail prices of oysters

Q =
quantity

OC =
operating costs excluding depreciation

D = tax depreciation (assumed linear)

T = tax rate

To discount a cost of capital must be determined. The cost

of capital is based on the assumption of SO'/f debt and 50% equity

financing. The cost of debt is assumed to be high (at 16%). This

is well above the Canadian Prime rate, but incorporates a premium
for risk. Also under the Canadian Bank Act underwater livestock

cannot be used as collateral against loans. The return on owner's

equity is based on the real return for T. bills, an allowance for risk

and an illiquidity premium and is 24% (Rashid et al. 1989). The

cost of capital is therefore

0.5 X 0.16 (1 0.3) -I- 0.5 X 0.24

which is 17.6%). This is the discount factor used in the Net Present

Value (NPV) calculations.

Using the above parameters. Table 3 illustrates the financial

forecasts of a cottage-farm using suspension culture.

As Table 3 shows, the cottage-farm has a negative cash flow

for its first three years of operation. The cumulative deficit is

TABLE \.

Capital expenditures for cultivating Ostrea edulis.

Asset Cost Life Yrs. Required Commercial Hobby

Land/Building

Bags

Boat

Truck

Scuba Gear

Floats

Buoys

Rope & hardware

Sorter

Work Shack

Anchors

100,000

2,694'

10,000

17.000

3,500

370'

70'

130'

12,000

4,000

70'

50

7

10

10

10

10

10

10

20

25

25

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

no

yes

no

no

yes

yes

yes

yes

yes

no

yes

TOTAL 149.834 18,834

Per line

Source: William Rodei ck: A financial Feasibility Study of Cultivating Oysters: Ostrea edidis. MBA Report 1990.
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TABLE 2.

Production statistics nf farms with 500,000 spat.

Year
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TABLE 4.

Net present value: cottage farm

(17.6% discount rate and P,
= $0.40).
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.ABSTRACT .\ laboratory test column for detcnnination of load-bearing capacity of alluvial sediments is descnbed as are methods

and procedures to conduct such tests. Two materials, fossil clamshells {Raiigia cuneata (Sowerby 1831)) and crushed limestone, were

evaluated in terms of effectiveness in enhancing load-bearing capacity of dredging-fluidized sediments to recover lost oyster habitat.

Using test column-predicted materials requirements, the reliability of the method was demonstrated satisfactorily for a full year on six

test plots established on a private oyster lease located in Plaquemines Parish, Louisiana. Both materials were found to be useful for

habitat recovery purposes. Similarly, there was little difference between the two materials relative to spat attraction,
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INTRODUCTION

Strata underlying water bottoms leased for culture of the Amer-

ican oyster, Crassostrea virginica (Gmelin 1791) in the estuaries

of Louisiana are rich in mineral resources such as petroleum,

natural gas, sulfur, and salt deposits, all of which have been ex-

tensively exploited. During the past 40 years, mineral resource

exploration and production activities have resulted in the dredging

of thousands of miles of deep-water access channels across shal-

low water bodies. Similarly, the marsh in these estuarine areas has

been transformed into a patchwork of canals, drilling locations

andyor pipeline right-of-ways.

Dredging of oilfield canals to the extent that has occurred in the

Louisiana coastal marshes is generally thought to be a contributing

factor in the erosion/subsidence loss of this habitat type (Johnson

and Gosselink 1982, Craig et al. 1979). Dredging of water bot-

toms typically results in loss of substrate firmness (load-bearing

capacity) such that dredged water bottoms are made unsuited to

oyster development. Without remediation, dredging-disturbed bot-

toms may require six years or longer to achieve reconsolidation to

the point that sufficient load-bearing capacity for oyster survival is

achieved (Demars et al. 1984). Additionally, silt and other sus-

pended solids introduced into the water column during and sub-

sequent to dredging (or propwashing) may smother existing oyster

populations over wide areas relative to the dredging (Hoese and

Ancelet 1987) and can cause oyster larvae mortality while in the

water column (Carriker 1986). Coating of shells with silt layers

also reduces the set of spat and thereby adversely impacts oyster

recruitment (Galtsoff 1964).

Cake (1983) developed a Habitat Suitability Index (HSI) model

for the American oyster (Crassostrea virginica) that includes sub-

strate firmness as one of six major habitat variables used in the

model. He reported that optimal substrate firmness for oyster hab-

itat was SI kg/cm". Standard geotechnical engineering practices

involving dredged sediments (Montgomery 1978) include methods

for determining substrate and/or spoil bank firmness but typically

in much higher quanta, i.e.. in terms of several kg/cm" relevant

only to bearing loads of structures and not the lesser requirements

of oyster culture. This paper describes equipment and methodol-

ogy appropriate to quantitative measurement of very low (e.g..

gm/cm') bearing pressures typical of dredged bottom sediments as

well as a means of tracking improvements in bearing pressures into

the kg/cm' range that result from the addition of surface layers of

clamshell [Rangia cuneata) as compared to the use of No. 57

crushed limestone.

MATERIALS AND METHODS

Load-Bearing Capacity Studies

A modified settling column device (Brodtmann et al. 1987).

illustrated in Figure I and referred to as a load-bearing test column

(LBTC) was fabricated and equipped with a loadable piston which

provided a means of determining the bearing pressure of settled

sediment slurries with very low load-bearing capacity (0 to <0. 1

kg/cm"). Two pistons were employed, one with a 5.08 cm x 5.08

cm pressure plate and one with a 2.54 cm x 2.54 cm pressure

plate. The former was used for very soft, unenhanced sediments

(load-bearing capacity <0.05 kg/cm"), whereas the latter was used

for "restored" sediments with much higher load-bearing capaci-

ties (S=l kg/cm") required to achieve failure.

Sediment characteristics in the study area were reported by
Barrett (1971) to be generally silt/clay. Sediment samples were

obtained monthly on four different occasions by ponar dredge
from the water bottoms of Bay Lanaux in an area known to have

been dredged within the last five years. Bay Lanaux is a small

brackish bay located in Plaquemines Parish, Louisiana about 130

km south of New Orleans. The sediments were placed in ice chests

and transported wet to the lab. Sufficient quantities of bay water

were obtained at the same time to enable slurry preparation for

each test thereby maintaining an "ambient" salinity relationship

for each experiment.

In an adaption of the methods reported by Thackston et al.

(1984) sediment slurries prepared by homogenizing 12 L of wet

silty/clayey sediments with 8 L of bay water were prepared and

then poured into the LBTC. A 1 .6 cm diameter air hose supplied

with an airflow of 0.2 to 0.4 m'/min. at 414 kPa was then lowered

into the column to ensure a homogeneous suspension by vigorous
air-lift mixing for 2 minutes.

Zone settling measurements (Palermo 1978) were then made

over a period of several days until such time as the sediment

settling/compaction rate had decreased to I mm or less per 24

hours. The LBTC piston fitted with a 5.08 cm (square) pressure

plate then was placed into the column while counterbalanced by an

external weight reservoir such that no pressure was applied to the

surface of the recently consolidated sediment. Small increments of
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Figure 1. Illustration of the load-bearing test column (LBTC) used in

laboratory determinations of materials requirements for sediment sur-

face enhancement.

weights (30 to 60 gms) were removed form the counterbalance

weight reservoir thereby applying approximately the same incre-

ment of pressure onto the sediment at the piston plate. The incre-

ments of weight removed were recorded. The piston plate was

allowed to settle for 1 5 minutes after each increment of weight was

removed. Piston height was recorded just before removal of the

next weight increment. The weight of the piston (530 gms) alone

without any counterbalance weights was found to exert a pressure

of about 0.02 kg/cm".

In classical engineering terms, load-bearing capacity of a sed-

iment or soil is defined as the pressure at which failure occurs

(Sowers 1979). For the purpose of this study, all tests were con-

sidered to have reached failure when piston settlement into the

recently consolidated sediment met or exceeded 4 cm. This is the

point at which an oyster sinking into the sediment would die.

In 1987 (prior to the start of this work) six side-by-side recom-

paction/load-bearing tests were run using sediment and water ac-

quired from the same area of Bay Lanaux. The procedures and

quantities used were identical to those reported here for the initial,

unenhanced recompaction tests. However, no attempts were made

at that time to enhance load-bearing capacity of recompacted sed-

iments as is reported here.

In later experiments, each conducted after sediment settling to

maximum consolidation, improvement in load-bearing capacity

resulting from the application of a layer of clamshell was deter-

mined. Shell layers of approximately 2.5 cm, 5 cm. 10 cm. 1 5 cm,

20 cm, and 25 cm thickness were tested. Sufficient quantities of

clamshells were measured volumetrically to achieve the desired

shell-layer thickness. The shells were then slowly poured into the

test columns with every effort made to ensure a uniform layer. The

same parameters and procedures were also employed for tests with

the No. 57 crushed limestone. Clamshells used in this study were

from the species Rciiii;ia cuneatii. The shells were obtained from a

commercial dredging operation from fossil deposits in Lake Pont-

chartrain. Louisiana. Shell height ranged from 15 to 45 nun.

Limestone used was No. 57 grade Kentucky limestone obtained

from a local materials supplier.

Material layers (shells or limestone) of 2.5 and 5 cm were

tested using a piston with a 5.08 cm (square) pressure plate

whereas material layers of 10 cm or more were tested with a 2.54

cm (square) pressure plate. In the latter cases the weight of the

piston alone was insufficient to cause settlement. Therefore, lead

weights were attached to the upper end of the piston shaft to

incrementally increase piston pressure. The weight increments

were recorded as added and the height of the piston was recorded

following settlement after each weight addition. Additional weight

increments were added until the piston settlement had reached or

exceeded the 4 cm limit. All consolidation rate tests and bearing

pressure tests (with and without shells or limestone) were con-

ducted in triplicate. Each of the replicates for a given enhancement

material thickness were conducted simultaneously (three columns

for each material) using fresh sediment and bay water in each

column replicate. After load-bearing capacity enhancement levels

had been determined sediments and bay water were discarded.

Enhancement materials (clamshells and crushed limestone) were

thoroughly washed on a screen and recovered for later reuse.

The relationship between the increase in load-bearing capacity

as a function of increasing thickness of the surface enhancement

layer was examined for both materials by means of cubic regres-

sion analysis which appeared to provide the best fit of the raw data

as compared to that provided by various other forms of regression

analysis attempted. These statistical analyses were kindly provided

by David Colby (NMFS), the study grant's Contracting Officer's

Technical Representative (COTR).

Field Demonstration

Six 3 m X 3 m demonstration plots were constructed on the soft

sediment of Bay Lanaux. Approximately, 1.4 m' of sediment

surface enhancement materials were spread by hand on each of the

test plots. Water depths in the study area ranged from about 0.75

m to 1.5 m which prevented visual observation of the test plots.

Three of the demonstration plots (Nos. 1,3,5) were treated with

about 15 cm thick layers of No. 57 crushed limestone and the other

three (Nos. 2. 4, 6) were treated with the same thickness of clam-

shells. This thickness of materials was selected on the basis that it

was the mean (and median) thickness used in the in-vitro column

tests. Further, the optimal load-bearing capacity value of 1 .0 kg/

cm- identified in the Oyster Habitat Suitability Index (Cake 1983)

appeared to be overly conservative and thus too costly to achieve.

Therefore, the demonstration plots were designed to achieve only

about 60 percent of the index value.

Approximately one week after installation of the test plots a

land survey of the plots was conducted to determine the starting

elevation of the respective plots. Plot elevations were determined

one year later shortly before the study was concluded.

On November 30, 1988, 15 sacks of oysters (approximately

3,000 live oysters), harvested, culled and sacked the same morn-

ing, were transported to the study area. About 500 mature, live
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oysters were then placed on each of the test plots to determine the

ability of the "reconstructed" water bottoms to support oysters.

All specimens were examined and the shell height of each was

recorded prior to "planting" on the test plots. Oysters used to

populate the test plots ranged in size (shell height) from about 60

mm to 150 mm with the majority of the specimens" shell height

falling with the narrower range of 60 mm to 90 mm.
From December 24 through December 26, 1989 a very un-

usual, hard freeze occurred over south Louisiana that killed 60 to

70 percent of the oysters that were placed on the test plots. There-

fore, beginning on January 26, 1990 all remaining live oysters

were picked up from the test plots, dead specimens were discarded

and the test plots were replanted with the remaining live oysters

along with new oysters obtained from a commercial oyster house.

As before, each oyster's shell height was measured and recorded

prior to "planting" on the respective test plots.

Test plot No. 2 was abandoned during the first three months

after it was overrun by an unknown vessel. The five remaining test

plots were monitored on May 15, August 20. and finally, on

December 26, 1990. In each monitoring event oysters were re-

moved by hand, tallied as to status (live or dead), measured (shell

height), and carefully replaced on the test plots from which they

had been collected. Dead specimens were discarded. No attempt

was made to determine the cause of mortalities observed. How-

ever, burial of oysters was not detected at any time as evidenced

by the fact that no specimen (dead or alive) on any of the test plots

were observed to have blackened valves.

This study was not designed or controlled to contrast the two

sediment enhancement m.aterials relative to spat attraction. Nev-

ertheless, during the first two population monitoring events, spat

found on the remediation materials and on the oysters introduced

to the test plots also were noted and tallied. All specimens re-

trieved for tallying were obtained by touch as the sampler's hands

were moved slowly over the test plots' surfaces. After the oysters

were removed from the respective plots at the end of the study

(December, 1990) the first 2 to 3 cm of enhancement material was

scraped up with shovels to be examined for spat. Spat counts for

those spat that set on shells of the introduced oyster populations

are not reported for that monitoring event. That is. only those spat

found to have set on either the clamshells or on the crushed lime-

stone media were reported.

RESULTS

Load-Bearing Capacity Studies

Load-bearing capacity data for recompacted sediment tests

conducted prior to this work were found to be almost identical to

current data (Table 1 ). Load-bearing data (Table 2) for sediment

TABLE 1.

Load-bearing capacity values (LBC) for prior and current studies

with settled sediment from Bay Lanaux

(no surface enhancement used).

TABLE 2.

Mean load-bearing capy. (LBC) for lab tests of settled sediment

with surface layer enhancement using clamshells or limestone.

Mean LBC of Sediment Standard

(kg/cm^, 6 reps.) Deviation
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TABLE 3.

Summary of oyster population data for three limestone (L) and two clamshell (C) test plots. S.E.M. values shown in parentheses.

January 1990 May 1990 August 1990 December 1990

Total no. live

Mean no. live

Percent dead

Mean no. spat (<45mm)

ISIO 981 1688 971 2943 1696

503(14) 490(28) 563(42) 485(30) 981(192) 848(164)

8 6 5 7

2(1) 4(3) 33(18) 42(21) 37(20) 40(19)

1743 1170

581 (183) 585 (52)

8 6 •

15 (6) II (5)

after placement. The ven,' firni plots easily supported the weight of

two 80 to 90 kg samplers during each population monitoring

event. Thus, it is liicely that the recovery technique likely would be

effective even if thinner layers of limestone, e.g., 5 to 8 cm, were

to be used for oyster habitat recovery.

Oyster abundance data for the respective test plots are sum-

marized, according to surface material used, in Table 3. The total

number of live oysters shown for the clamshells plots (981) re-

flect the loss of test plot No. 2. The population counts for both

materials given for the December, 1990 monitoring event reflect

the loss of oysters apparently stolen from test plots Nos. 5 and

6 sometime after August, 1990. This assumption was made on

the basis that sufficient dead oysters were not found on those

two plots to account for the total drop in number of live oysters

found.

For the three monitoring events after the January startup, the

difference in spat counts between clamshells and limestone arc

minimal. An average of 365 spat and young oysters were found on

the limestone plots and an average of 280 spat/young oysters were

found on the clamshell plots nine months after the test plots were

repopulated. These data suggest a limestone to clamshell spat re-

cniitment ratio of about 1 .3 to 1 .0. Chatry et al. ( 1986) reported a

limestone to clamshell spat set ratio of 2.1; 1.0. Broadhurst 111

(1990) effectively confirmed the latter spat recruitment ratio in

laboratory and field studies. The lower ratio reported here likely

reflects only the experimental design which did not place emphasis

on determination of spat recruitment throughout the course of the

study. Other factors, including, for example, site hydrographic

characteristics, would have to be taken into consideration in order

to properly segregate the relative merits of the two enhancement

materials in terms of spat recruitment effectiveness.

08SERVE0 CLAMSHELL

OBSEHVEO LIMESTONE
DATA

PREOICTED BV CUBIC

HEGHESSION MODEL

SUBSTflATE SUfiFACE ENHANCEMENT LAYER THICKNESS

Figure 2. Plot of cubic regression model of l.BTC data as compared to

raw data for clamshells and for limestone surface enhancement tests.

DISCUSSION

For unenhanced sediments tests the load-bearing test column

and methods were found to be reproducible with almost no vari-

ation seen among test results obtained in 1987 as compared to the

tests reported here. Similarly, little variation was seen among rep-

licates in load-bearing capacity enhancement tests run with clam-

shells and with limestones.

Chatry et al. ( 1986) and Broadhurst 111 ( 1990) found these two

materials to be effective in terms of spat recruitment, with similar

spat count ratios, i.e., 2.1;1 and 1. 9; 1, respectively. The long term

(9 months) comparison provided by this work showed that ratio

under normal field conditions to be more on the order of 1.3:1.

Moreover, this work is the first to report the equal effectiveness of

the two materials in terms of habitat recovery applications.

The latter finding is a fortuitous one in the sense that, during

the course of the field demonstration, the Louisiana Department of

Environmental Quality permanently halted all clamshell dredging

operations in the State. With the source of clamshells thus cur-

tailed, the findings pertaining to effectiveness of crushed lime-

stone for oyster habitat recovery has increased relevance.

The work reported here employed only a single sediment type

(silt/clay) throughout the course of the column testing phase. From

the standpoint of use by oyster habitat resource managers over a

wide geographic area, it is indicated that additional tests employ-

ing other sediment types (e.g., sand/silt) should be conducted to

determine post-dredging recovery requirements. With attention

being given to sediment types involved, the equipment and meth-

ods reported here can be employed by those resource managers to

better utilize limited cultch material resources for shell plants, and

to determine mitigation requirements for activities in coastal wa-

ters that may cause the destruction or diminution of oyster habitat.

Similarly, additional field studies are indicated to define the

lower load-bearing capacity limits of effective habitat recovery as

the quantities of limestone ( 15 cm thick) used in this study appear

to have provided more load-bearing capacity on the test plots than

is necessary for oyster culture.
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ALTERNATIVES TO CLAMSHELL AS CULTCH FOR OYSTERS, AND THE USE OF GYPSUM
FOR THE PRODUCTION OF CULTCHLESS OYSTERS

THOMAS M. SONIAT,' ROBERT C. BROADHURST. Ill, AND
EDWARD L. HAYWOOD, III

DepartweiU of Biological Sciences

University of New Orleans

New Orleans. Louisiana 70148 USA

ABSTRACT The effectiveness of clamshell (Rangia cuneala) (Gray 1831), limestone, gravel, and concrete as substrate for settle-
ment of the Amencan oyster. Crassostrea virginica (Gmelin 1791). was compared in field and laboratory expenments A method to
produce cultchless oysters using gypsum was also investigated. Oyster set on limestone in the field expenment was significantly (p< 0.05) greater than on clamshell; limestone, clamshell, and concrete attracted significantly more spat than did gravel In the
laboratory expenment. oyster set on clamshell and limestone was significantly greater than on concrete, and all substrates were
Significantly supenor to gravel. Limestone should prove to be an economically feasible, biologically acceptable, and environmentally
benign alternative to clamshell. Set on gypsum matched that on clamshell in hatchery experiments. Larvae metamorphosed and
subsequently detached from dissolving gypsum, thus providing cultchless spat.

*:£y WORDS: Crassostrea virgmica, Rangia cuneala. oysters, clamshell, cultch. cultchless oysters, gypsum

INTRODUCTION

Productive oyster grounds in Louisiana are being rapidly di-

minished by natural and manmade processes (Soniat and Dugas
1988). Increased salinities and sewage problems have shifted the

productive zone away from historically productive reefs into areas

that generally lack suitable substrate (Chatry et al. 1986).

The Louisiana Department of Wildlife and Fisheries deposits

large amounts of clamshell [Rangia cuneala) on seed grounds as

cultch for oyster larvae. Clamshell has been the preferred material

since the mid 1960"s due to low cost, availability, and suitability.
Areas with firm, stable bottoms and favorable salinities are chosen
as cultch plant sites (Dugas !988). The main source of clamshell

has been from vast deposits in Lake Pontchartrain. Dredging for

clamshell, however, was recently banned in the lake due to ad-

verse ecological impacts. Alternative cultch materials must now be

considered in light of the uncertain availability and the escalating
cost of clamshell.

Several alternatives to clamshell have previously been investi-

gated. Butler (1955) tested Plexiglas. frosted glass, and cement
board, whereas Shaw (1967) examined setting on asbestos-plate
collectors. Other materials have included stones, bamboo, tiles,

tarred ropes, paper, wood, ceramics, and many plastics. Tiles and

plastics with a lime coating have also been examined (Quayle and
Clark 1971). Asbestos-cement plates were used by Kennedy
(1980). Hidu et al. (1981) tested polished granite and polished
marble, and Mann et al. (1990) examined expanded shale and tire

chips. Crushed oyster shells from shucking houses are suitable,

but expensive and limited in availability (Chatry et al 1986), Reef

oyster shells were found to be suitable (St, Amant 1959). but the

adverse effects of extensive reef dredging limit their use (Bouma
1976). Limestone was found to catch about twice as many larvae

as clamshell (Chatry et al. 1986). but limestone is 40% more

expensive than clamshell by volume (as of May 1990). Coal ash is

now being investigated, and preliminary results from a Texas

'Present address: Department of Biological Sciences, Nicholls State Uni-

versity, Thibodaux, LA 70310, USA.

study indicate that it may prove to be an acceptable alternative

(Ray. personal communication).

Oyster larvae will set upon a variety of hard surfaces: however,
there appears to be some property associated with a molluscan
shell, perhaps calcium carbonate, which seems to enhance a

cultch's attractiveness to setting larvae (Hidu et al. 1975). Oyster
larvae are induced to initiate settlement behavior upon the detec-
tion of bacteria-associated chemicals (Coon et al. 1985). Larvae
will, during their characteristic crawling behavior across the sub-

strates, respond to factors such as light, texture, and chemical cues
which determine the suitability of the substrate. The larvae will

resume swimming and settle elsewhere if the substrate is unac-

ceptable (Coon et al. 1985). The presence of spat on cultch also

seems to stimulate setting (Crisp 1967, Hidu and Haskin 1971,
Keck et al. 1971), and there may be some substance secreted by
spat which leads to this gregarious induction (Crisp 1967 Hidu
1969).

Suitable substrates must be economically feasible, biologically

acceptable, and environmentally benign. Economic concerns in-

clude costs of materials, transportation, and planting. Limestone,
crushed road bed (concrete with some asphalt), and gravel were

among the available materials possibly meeting these criteria.

Gypsum also met the requirements of being available and in-

expensive; its solubility in seawater, however, prevents its use as

a substitute for clamshell in the field. However, this characteristic

might allow gypsum to be used to produce cultchless oysters in a

hatchery situation. Cultchless oysters have several advantages
over attached oysters, including uniform shape, ease of shipping
and shucking, and elimination of costs associated with cultch ma-
terials (Dupuy and Rivkin 1972). Cultchless oysters are also easily

manipulated and measured in laboratory studies (Coon et al.

1986). Previously published methods for producing cultchless spat
include dislodging newly set spat using specialized equipment,
such as flexible Mylar sheets, water jets (Dupuy and Rivkin 1972).
or lead sheets (Budge and Freeborn 1970). Other procedures use
small calcium carbonate particles, including tropical beach sand,
foraminiferal sand, marble chips, and mollusk shell chips as cultch
to produce "semi-cultchless" spat (Hidu et al. 1981), Coon et al.
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(1986) used epinephrine to induce metamonphosis without attach-

ment, producing cultchless spat. While these authors report induc-

tion rates of greater than 80%, other researchers report difficulties

in reaching similar results (Ray, personal communication). An-

other method uses a specialized substrate of compressed Portland

cement, lime, and gypsum which decomposes (Quayle and Clark

1971). The main drawback to this method is the cost of producing

a specialized substrate. Gypsum, without any of these disadvan-

tages, was therefore considered for use as cultch in the hatchery

production of cultchless oyster spat.

The purpose of this study was to test different cultch materials

for use in producing attached and cultchless oysters. Laboratory

experiments were performed to develop a method for producing

cultchless spat using gypsum. Field and laboratory experiments

were conducted to test the relative spat catching abilities of dif-

ferent cultch materials for use as alternatives to clamshell.

MATERIALS AND METHODS

Cultch Experiments

Field Experiment

Clamshell, concrete, gravel, and limestone were obtained from

New Orleans area materials companies and tested for their ability

to catch spat. Clamshell was dredged from Lake Pontchartrain,

crushed road bed (mostly concrete) was taken from Louisiana

highways, gravel was dredged from the Pearl River, and limestone

was quarried in the Tennessee valley. Clamshells were whole sin-

gle valves, ranging in size from 2-5 cm in diameter. Limestone

pieces were roughly rectangular in shape with multiple faces,

ranging in size from 1 x 2-3 x 6 cm. Chunks of crushed concrete

ranged in size from 2 x 2-5 x 7 cm. Gravel was rectangular to

oval, ranging in size from 1 x 1-3 x 5 cm. Open, plastic coated

wire mesh trays (50 x 50 cm; 1.27 x 1.54 cm mesh) filled with

5 cm of substrate were placed in random (Hollander and Wolf

1973; 40 replicates for each substrate) subplots in a 0.25 hectare

experimental pond at Grand Terre, Louisiana. Water from lower

Barataria Bay, which served as a source of larvae, was pumped
into the pond. The temperature (mercury thermometer), salinity

(refractometer; Behrens 1965), dissolved oxygen (Azide Winkler

modification; American Public Health Association 1971), and

flow (volume/time) of the water were monitored weekly, as were

test trays of each substrate. After 12 weeks, the trays were re-

moved, spat were counted, and the volume of material in each tray

was measured by displacement. (Spat volume represented no more

than 0. 16% of total cultch volume.) The number of spat per sub-

plot was converted to spat per liter and spat per cubic yard of

material for statistical and comparative purposes. Oyster settle-

ment as a function of substrate was examined using non-

parametric, one-way analysis of variance (NPARIWAY; SAS In-

stitute 1979).

Benthic Sinkage Experiment

Relative sinkage of each substrate was tested and recorded.

Mud (12 /) and seawater (8 /, 15 ppt) from a Grand Terre pond
were placed together into 5 Plexiglas containers each measuring

1.5 m high by 20 cm square. Each mixture was homogenized by

circulating the mixture with a 1.6 cm air hose (60 psig) for 90

seconds. .Sediment:water interface levels were measured daily un-

til a variation of less than a 1 mm per 24 hours was reached

(Brodtmann unpubl.). The mud/water interface of the control was

measured to insure that no independent settling of the mud had

taken place. Each substrate was placed in a container to a height of

3 cm above the interface. Sufficient substrate was added daily to

maintain this constant height. Weight and volume measurements

of each substrate were taken when settling slowed to less than 1

mm per day. The volume of material needed to cover one acre to

a height of 3 cm after accounting for benthic sinkage was deter-

mined from these measurements. By setting the sinkage value of

clamshell to 1.0, relative sinkage coefficients were calculated.

Particle size of the sediment was determined according to the

method of Folk (1980).

Cost Analysis

Material and transportation costs (obtained from area materials

companies) were combined with information on sinkage and spat

catch to determine the relative cost effectiveness of the cultches.

Dry weight, water volume displacement, and surface area (area of

coverage with aluminum foil) were determined for one dry liter of

each substrate. Material cost per acre was calculated from deliv-

ered cost and the amount needed to cover an acre. Sinkage into the

bottom was taken into account by multiplying cost per acre by the

appropriate sinkage coefficient. Cost per spat was calculated by

dividing mean values for spat per yd^ by cost of delivered mate-

rials.

Laboratory Experiment

A replication of the field experiment was conducted at the

Texas A&M oyster hatchery (Galveston. Texas) under more con-

trolled conditions and with a greater concentration of larvae. One

liter of each cultch was randomly assigned to each of 21 subplots

(Hollander and Wolf 1973), and placed in a 1 .8 m diameter fiber-

glass tank and filled to a depth of 0.3 m with seawater. In contrast

to the field experiment, there was no spacing between subplots.

Larvae were cultured and set according to methods of Dupuy et

al. (1978). Ripe oysters were induced to spawn by elevating the

water temperature to 29-30°C. Spawning occurred in separate

containers, after which time sperm and eggs were pooled. After

one hour, fertilized eggs were counted and stocked (16 eggs/ml)

into a 250 / fiberglass tank. The tank was drained every two days;

after the first and second drainings. larval concentrations were

reduced to 8 larvae/ml and 4 larvae/ml, respectively. The larvae

were fed Tahitian strain Isochrysis galbana at the rate of 1000

cells/larvae/day. Larvae reached the eyed-stage after about 10

days. Eyed larvae were held in refrigerated moist mesh bags to

insure vitality prior to setting. Approximately 400,000 larvae were

introduced into the setting tank.

Live spat were counted after 2 weeks and data were converted

to spat per cm" of cultch for comparison. Oyster settlement as a

function of substrate was examined using non-parametric, one-

way analysis of variance (NPARIWAY; SAS Institute 1979).

Cultchless Experiments

Solubility Experiments

The rate of loss of gypsum (calcium sulphate), was measured in

two flowing and two static ambient seawater systems at the
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TABLE 1.

Oyster set on clamshell, limestone, gravel, and concrete in Grand Terre. Louisiana fleld experiment as recorded in August 1990.

Clamshell Limestone Gravel Concrete

Average spat/subplot

Total spat/total subplots

Volume (/) of cultch/subplot .

Number of spat//—
ranges

—C.V.

Number of spat/yd'

Average spat/cm"—
ranges

—C.V.

L7

68

8.0

0.22

0-0.64

0,835

4.7

0.08

0-0.24

0.859

.vx
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TABLE 3.

Relative cost effectiveness of each cultch, based on set data from the Grand Terre field experiment and costs of materials delivered from

New Orleans, Louisiana. (Costs are inflated due to a poor set and are for comparative purposes only.)

Clamshell Limestone Gravel Concrete

Average number of spat/dollar

Dollars/spat

Dollars/spat (multiplied by sinkage coefficient) .

0,32

3.15

3.15

0.44

2.26

5.63

0.06

17.45

52.35

0.38

2.64

8.40

gravel, respectively (Table 3). Values were calculated from the

natural set numbers on cultches (Table I ) and material costs for

delivered cultch (Table 4). If sinkage coefficients (Table 2) are

taken into account, clamshell is the most cost effective being 1.8,

2.7. and 16.6 times more effective than limestone, concrete, and

gravel, respectively (Table 3).

Laboratory Experiment

Hatchery water temperature was 29.5°C, whereas salinity was

15 ppt. The means (and ranges) of spat per liter for clamshell.

limestone, concrete, and gravel were 1114 (range
= 725-2179;

C.V. = 0.31), 916 (range
= 323-1566; C.V. = 0.42). 462

(range
= 227-844; C.V. = 0.36). and 137 (range

= 30-350;

C.V. = 0.62). respectively (Table 5). Analysis of variance of spat

per liter of cultch for the laboratory experiment shows that there

was no significant difference in spatfall between clamshell and

limestone. All other possible two-way comparisons were found to

be significantly (P < 0.05) different with limestone and clamshell

being significantly greater in spat attracting ability than concrete

and gravel.

Cultchless Experiments

Solubility Experiments

The average temperatures of the two static systems and from

the two flowing systems were 20.0, 19.9, 23.8, and 2G.0°C, re-

spectively; likewise, salinity was 17, 8, 9, and 7 ppt, respectively.

Gypsum dissolved at a rate of T^/( a week in the static seawater

systems and 25% a week in the flowing systems.

Hatchery Experiments

Average number of spat per cm" was 3.27 (range
= 0.76-

12.92; C.V. = 0.80) for gypsum and 2.73 (range
= 0.07-11.57;

C.V. = 0.93) for clamshell. Thus, although spat set was 1.2 times

greater on gypsum than on clamshell, the analysis of variance

showed that there was no significant difference between the two.

Shell height measurements of 14 day old spat averaged 0.30 mm.
(Water temperature was 28.5°C and salinity was 18 ppt.)

DISCUSSION

Results from both field and laboratory experiments confirm

reports by Chatry et al. (1986) that limestone is a biologically

suitable cultch for oysters. A 1.0:1.9 ratio of clamshell to lime-

stone (oyster spat per liter of material) in the field experiment

corresponds closely with the 1.0:2.1 ratio observed by Chatry et

al. (1986). Clamshell attracted more spat than roadbed, is lighter

and thus is a superior cultch. Furthermore, crushed roadbed is a

heavy heterogeneous material of inconsistent quality and may con-

tain hydrocarbon and other pollutants. Gravel attracted relatively

few spat in field and hatchery experiments, indicating that it is not

a biologically acceptable alternative.

It is not known if the larvae are induced to settle in response to

the chemical composition of the substrate, substrate texture, or

chemicals associated with bacteria on the substrate. Gravel, be-

cause its chemical composition is similar to sand, may be inter-

preted by setting larvae as an unfavorable substrate, or its smooth

surface may also be unfavorable (Ray, personal communication).

Colonization by bacteria may be important in conditioning the

substrate for the subsequent settlement of various invertebrates

(Crisp 1967). Minimal setting of other invertebrates on gravel

corresponded with minimal setting of oyster larvae. Temporal re-

lationships of other invertebrates attaching to the other cultch ma-

terials were similar to those found by previous studies (Woods

Hole 1952. Shaw 1967. Kennedy 1980).

The problem of benthic sinkage must be considered for the

placement of cultch material on softer sediments. Results of the

sinkage experiment corresponded well with the density of the

cultches. These results indicate that clamshell, since it sinks least,

would be the preferred cultch on softer water bottoms. This pref-

erence may decrease, however, as availability of clamshell de-

creases and cost increases. Limestone is the most cost effective

cultch if benthic sinkage is not considered and thus the preferred

TABLE 4.

Purchase and transportation costs of cultch materials in May, 1990, based on purchase in New Orleans, Louisiana.

Clamshell Limestone Gravel Concrete

Dollars/yd'

Dollars/yd' delivered by barge in a 50 mile radius .

DoUars/bargeload'

Dollars/acre (to a height of 3 cm)

Dollars/acre (multiplied by sinkage coefficient)

" A bargeload Is about 1200 yd'.

12 75
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TABLE 5.

Oyster set on clamshell, limestone, gravel, and concrete in Texas A&M laboratory experiment as recorded in June 1990.

Clamshell Limestone Gravel Concrete

Number of spat'subplot .

Total spatyiotal subplots.

Average spatj/—
ranges

Number of spat/cm"—
ranges—C.V,

728.8
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A POLYCLONAL ANTIBODY DEVELOPED FROM PERKINSUS MARINUS HYPNOSPORES
FAILS TO CROSS REACT WITH OTHER LIFE STAGES OF P. MARINUS IN OYSTER

(CRASSOSTREA VIRGINICA) TISSUES
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ABSTRACT Polyclonal anliseruni was produced from Perkinsus imininis hypnospores harvested from oyster tissue cultivated in

fluid Ihioglycollate medium. The specificity of the antiserum for hypnospores was tested using indirect sandwich ELISA with alkaline

phosphatase-conjugated goat anti-rabbit IgG and indirect immunofluorescence. As little as 20 ng of hypnospore protein could be

detected by ELISA. Immunofluorescence assays suggested that the antigenic material was a component of the spore cell wall.

Cross-reactivity of the antiserum to other life stages of P. marinus present in oyster tissues could not be demonstrated by ELISA or

immunofluorescence indicating that a substantial change in the antigenic properties of the cell wall occurs during spore formation.

Hypnospore formation was also induced by placing P marmws-infected oyster tissues into an anaerobic chamber rather than fluid

thioglycollate. Spores were positively identified by ELISA. however little spore enlargement occurred suggesting that the tnggering

mechanism for spore formation is not the same as that for enlargement,

KEY WORDS: oyster. Crassostrea. Perkinsus, parasitism, antibody

INTRODUCTION

The protozoan pathogen. Perkinsus marinus. infects over 80%

of the oysters. Crassostrea virginica. in the Gulf of Mexico. An-

nual mortalities typically amount to SO^t of the adult oyster pop-

ulation. Oysters infected with P. marinus often exhibit reduced

growth and fecundity (Menzel and Hopkins 1955. Mackin 1962.

Wilson et al. 1988. Choi et al. 1989) and changes in biochemical

composition (Soniat and Koenig 1982. White et al. 1988. Wilson

et al. 1988). Transmission occurs through the water (Ray 1954.

Mackin 1962) or by ectoparasitic snails. Boonea impressa (White

etal. 1987. 1989).

Ray (1952. 1966) developed a method for diagnosis of the

infection using an anaerobic fluid thioglycollate medium (FTM)

fortified with antibiotics. During incubation in the medium. P.

marinus enlarges without reproduction to form hypnospores (Stein

and Mackin 1957, Mackin 1962). The enlarged spores are identi-

fied microscopically by treating them with LugoFs iodine which

stains the spores a dark blue or brown.

Mackin ( 1962) devised a semiquantitative numerical scale from

(uninfected) to 5 (heavily infected) for determination of the

infection intensity off. marinus based upon microscopic exami-

nation of the FTM-cultured oyster tissues. Most studies have used

this or a slightly modified method (e.g. Mackin 1962. Sparks

1985, Crosby and Roberts 1990). Choi et al. (1989) developed a

quantitative technique for determining infection intensity of P .

marinus. The hypnospores were extracted from parasitized oyster

tissues cultivated in FTM using 2 M sodium hydroxide. Oyster

tissues and other parasitic organisms in the oyster tissues such as

Nematopsis were completely dissolved in 2 M NaOH. The number

of P. marinus cells present was then directly counted microscop-

ically using a cell counter. Choi et al. (1989) reported that some

negatives (0 on Mackin's scale) actually contain hypnospores

when sufficient tissue was examined. The frequency of false neg-

atives has recently been addressed directly using incubated he-

molymph and hypnospore number quantitated in a way similar to

Choi et al. (1989) by Gauthier and Fisher ( 1990).

The potential value of immunological techniques for detecting

certain marine pathogens has been established (e.g. Bower et al.

1989. Lewis 1986). Antibody to the pathogen of interest can be

used to visualize or quantify infection intensity using various im-

munological techniques (Yentsch et al. 1988). The present report

describes a procedure for producing antibodies to P. marinus hyp-

nospores and its application to identification and quantification of

the parasite.

MATERIALS AND METHODS

Preparation of Antigen

Seven to 10 market-sized oysters were diced and transferred

into 100 ml of fluid thioglycollate medium (FTM) fortified with

antibiotics (Ray 1966). Hypnospores released from the oyster tis-

sue were found in the medium after two weeks incubation. The

medium containing hypnospores was filtered through cheese cloth

to remove oyster tissue debris. The filtrates were than centrifuged

at 1100 X g for 10 min. FTM and small oyster tissue particles

found at the top of the spore pellet were removed with a pasteur

pipette connected to a vacuum pump. The pellet was resuspended
in 40 ml PBS (.15 M NaCl. .003 M KCl. 0.01 M phosphate

buffer. pH 7.3) and spun at the same speed and time at least 4

times. Oyster tissue particles found over the spore pellet were

removed by pipette after each washing.

Percoll (Pharmacia, New Jersey) was used to separate the

spores from the remaining impurities. Five ml spore preparation

was added to 35 ml 807f Percoll (diluted with PBS) and centri-

fuged at 1200 X g for 10 min. P. marinus hypnospores adhering

to each other formed a 'float' at the top of the centrifuge tube. The

411
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spore layer was transferred into 35 ml 50% Percoll and centrifuged

at the same speed and time. Finally, the spore layer was mixed

with 35 ml 15% Percoll and spun again. The purified spores were

resuspended in PBS and the Percoll residue removed by a low

speed centnfugation (1000 x g for 10 min).

Five volumes of lysis buffer consisting of 0.5% NP-40 (a non-

ionic detergent), 0.15 M NaCl, and 0.01 M KH^POj were added

to the purified spore suspension. The cells were sonicated for 5

min in an ice-filled bucket using an Ultrasonic Cell Disrupter to

extract the cell protein. Including the detergent in the lysis buffer

greatly improved the efficiency of protein extraction compared to

simply rupturmg the cells with the sonicator. The protein extract

was dialyzed against PBS using a 6000-8000 molecular weight

dialysis membrane for 3 days with 2 changes (each of 3000 ml) of

PBS per day to remove the NP-40. After dialysis, total protein in

the extract was estimated using the BCA Protein Assay (Pierce.

Illinois).

Production of Antisera

An albino New Zealand rabbit initially received a 1 ml subcu-

taneous injection of hypnospore protein extract ( 1 mg protein

ml
~

'

) prepared as just described mixed with an equal volume of

Freund's complete adjuvant. After the initial injection, the rabbit

received 0.5 ml (500 fig) P. mannus hypnospore protein mixed

with 0.5 ml Freund's incomplete adjuvant on a weekly basis over

5 weeks. After the fourth week, 10 ml of blood was drawn from

the rabbit and the immune response assessed using a precipitin ring

test and a passive hemagglutination test with antigen-coated sheep

red blood cells (Garvey et al. 1977). Forty ml of blood was with-

drawn 14 days after the last injection to obtain the antiserum for

the study. The antiserum was absorbed with acetone-dried unin-

fected oyster tissue (1.0 g) and acetone-dried purified oyster egg

powder to remove the nonspecific antibody present in the serum.

Uninfected oyster tissue was obtained from the Mississippi River.

Tiger Pass site sampled by NOAA's Status and Trends "Mussel

Watch" Program (Powell et al. in press). This site has been com-

pletely free o{ P. mannus for at least 3 consecutive years. Rabbit

anti-P. mannus immunoglobulin G (IgG) was precipitated from

the serum using half-saturated ammonium sulfate precipitation ac-

cording to Garvey et al. (1977). The extracted IgG was resus-

pended into 40 ml of PBS and excess ammonium sulfate removed

by dialysis in PBS. The IgG was stored at -60"C until used.

Oyster Sample Preparation

Market-sized oysters were collected from Galveston Bay dur-

ing July-November 1988. After removing excess water, the wet

weight of each oyster was recorded. A piece of mantle tissue was

excised and added to 10 ml FTM fortified with antibiotics. After

two weeks of incubation. P . marinus infection intensity was rated

on the (uninfected) to 5 (heavily infected) point scale of Mackin

(1962) according to Craig et al. (1989). Oyster hemolymph was

also obtained from 5 oysters (5 ml total) and a 500
|jil aliquot

analyzed for the presence of P. marinus using the FTM technique.

The hemolymph P. marinus were ruptured using an Ultrasonic

Cell Disrupter to release P. marinus protein. Oyster tissue was

first homogenized into PBS using a glass-syringe tissue grinder

and then sonicated to extract P. marinus protein. A 1 ml aliquot of

each sample was centrifuged to remove the tissue debris and the

supernatant stored frozen for further analysis.

Enzyme Linked Immunosorbent Assay {ELISA)

Polystyrene 96-well ELISA microtitre plates (Becton Dickin-

son Labware, New Jersey) were used. Fifty |j.l
of oyster tissue or

serum preparation were coated on the well and incubated at 4°C

overnight or at 37°C for 4 to 6 hr. Each plate included, as positive

controls, various dilutions of hypnospore protein extract and. as

negative controls, homogenates of uninfected oyster tissue prep-

aration. After incubation, the plate was washed twice with PBS

containing 0.05% Tween-20 (PBS T-20) and 300
jjil of 1% w/\;

bovine serum albumin were added to block nonspecific-binding

sites. The plate was incubated for 1 hr at room temperature and

washed twice with PBS T-20. Rabbit anti-P. marinus hypnospore

IgG (5 to 10 |jig mP ') was added in 50-jil aliquots to each well;

the plate was incubated for 1 hr at room temperature and washed

three times with PBS T-20. Diluted (1/200) goat anti-rabbit serum

IgG alkaline phosphatase conjugate (Zymed Laboratories, Califor-

nia) was added in 50-jji.l aliquots to each well, the plate incubated

again for 1 hr at room temperature and washed 5 times with PBS
T-20 after incubation. Fifty \x\ of substrate (p-nitrophenylphosphate

dissolved in diethanolamine buffer) (KPL Inc., Maryland) was

added. After 30 min to I hr incubation at room temperature, op-

tical density of the colored reaction products was measured im-

mediately at 405 nm with an ELISA reader.

Immunofluorescence Assay

FTM-cultured and uncultured oyster tissues and Nematopsis-
infected oyster tissue were quick frozen in liquid nitrogen-

isopentane. Sections were cut at 2 [im on a cryostat, washed twice

for 10 min in PBS T-20 and incubated in a humid container with

a 1/500 dilution of rabbit anti-P. marinus IgG for 1 hr. The sec-

tions were washed twice with PBS T-20 and incubated in a humid

container with a 1/50 dilution of goat anti-rabbit fluorescein

isothiocyanate-conjugated (FITC) IgG for 1 hr. After twice wash-

ing the sections with PBS T-20, they were examined under an

ultraviolet light microscope.

Examination of purified hypnospores involved placing 0.5 ml

pellet volume of purified P. marinus spores into 5 ml of rabbit

anti-P. marinus IgG (I mg ml"') and shaking the suspension

overnight at room temperature. The spores were centrifuged at

1 100 X g for 10 min to remove the unbound IgG and washed three

times with 10 ml PBS T-20, by centrifugation (1 100 x g for 10

min). Five ml of 1/10 diluted goat anti-rabbit FITC IgG was

added. The spores were incubated for 2 hr at room temperature and

washed 3 times with PBS T-20. The stained hypnospores were

mounted on microscope slides and examined under ultraviolet

light.

RESULTS

Immunofluorescence Assay

Plate I shows P. marinus hypnospores stained with FITC goat

anti-rabbit IgG. Fluorescence was observed on the surface of hyp-

nospores suggesting that the preparation included antibodies de-

veloped against proteins located on the surface of the hypnospores.

Fluorescence was also observed on the surface of hypnospore cell

walls from the cryostat sections of FFM-incubated tissue. Non-

specific staining of oyster tissue free of hypnospores, unincubated

oyster tissue, or other parasitic organisms, particularly Nematop-

sis, was not observed.
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Plate 1. P. marinus hypnospores stained with FITC goat anti-rabbit

IgG.

ELISA on Hyponsopres and Live Oyster Tissues

Indirect sandwich ELISA was selected as a quantitative assay

for hypnospore antigen. Figure 1 shows a typical ELISA titration

curve for rabbit anti-P. mannus hypnospores. The curve indicates

that the antibody used in ELISA detects as little as 20 ng ml
"

' P .

marinus hypnospore protein. During ELISA, the antiserum exhib-

ited a slight cross-reactivity to oyster tissue. After absorbing the

Q

<

primary serum with acetone-dried oyster tissue free of P. marinus.

no further cross-reactivity was observed. Twofold serial dilutions

up to 1/2048 were made from a 1 ml oyster tissue homogenate to

test the cross-reactivity of the antiserum to other life stages of P.

mannus present in live oyster tissues. The optical densities (O.D.)

of each sample measured from ELISA were then compared with

the O.D. of positive controls from protein extreacted from P.

marinus hypnospores. The ratio between the O.D. of the oyster

samples and the O.D. of the positive controls observed at the

midpoint of the titration curve was calculated to determine the

cross-reactivity. Any oyster samples with the ratio O.D. of sample

to O.D. of the positive control greater than 1 were considered to

exhibit positive cross-reactivity with rabbit anti-P. marinus hyp-

nospore IgG.

Twenty P. marimts-'mitcieA oysters and one oyster hemolymph

sample were tested using the ELISA assay. Infection levels, esti-

mated from Choi et al.'s (1989) calibration of Ray's (1966) assay,

ranged from 1 .5 x lO'* to 1 .1 x 10' cells g wet wt oyster" '. No

significant variation of the ratio O.D. sample to O.D. positive

control occurred among the oyster samples. Few O.D.s measured

on the oyster samples from ELISA exceeded the O.D. measured

on 80 ng mP '

hypnospore protein. None exhibited a strong pos-

itive reaction typical of FTM-incubated tissue (>I p.g ml"').

Moreover, the O.D. measured on uninfected oyster tissues, used

as negative controls, did not differ from the O.D. measured on

moderately-heavily or heavily infected oyster tissues in the ELISA

test.

DISCUSSION

Perkinsus marinus has several life stages in the host oyster

(Mackin and Boswell 1956, Perkins 1969). These include imma-

ture thalli. mature unicellular thalli (trophozoites
—Perkins 1987).

and presporangia. When liberated into sea water, presporangia

develop a resistant cell wall and enlarge to become hypnospores.

Under aerobic conditions in seawater. hypnospores differentiate

into sporangia and produce motile zoospores (aplanospores in

Mackin and Boswell 1956) within the hypnospore cell wall. Zoo-

spores are then discharged from the hypnospores and undergo a

free living stage in sea water (Perkins and Menzel 1966. Perkins

1969). Hypnospores are also developed when infected oyster tis-

sues are placed into FTM (Ray 1952) or sterilized oyster serum

(Mackin 1962). However, hypnospores characterized by a thickened

wall, increased size, or dark blue or brown-staining when treated with

Lugol's iodine are rarely seen in live oyster tissues (Mackin

TABLE 1.

ELISA titration curve data for rabbit anti P. marinus IgG.

P. marinus Protein ((jig/ml) Optical Density (405 nm)

DERMO PROTEIN CONCENTRATION (Mg/ml)

Figure I. A typical ELISA calibration curve for rabbit anti-P. mari-

nus IgG.

10

5

2.5

1.25

0.625

0.313

0.156

0.08

0.04

0.02

0.01

2.800

2.670

2.900

2.800

2.700

2.580

1.762

1.262

0.808

0.476

0.259
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1962). What causes hypnospore formation or the role of hypnos-

pores in the life cycle remains unclear. Mackin (1962) postulated

that hypnospores may serve as overwintering spores.

We induced hypnospore formation from infected oyster tissues

by placing them in a test tube partly filled with PBS and cultured

in a carbon dioxide filled anaerobic chamber. After a 72 hr incu-

bation period, all cultured oyster tissues produced spores. Unlike

FTM culture however, little enlargement occurred. Spores were

20 to 40 jjim in diameter, only about 2 to 4 times the size of the

thalli usually found in infected tissue. These were identified mi-

croscopically as hypnospores by staining with Lugol's iodine. An

ELISA test using rabbit anti-hypnospore as primary antibody

showed a strong positive reaction to these tissues confirming that

the spores developed in the anaerobic chambers are similar in cell

wall protein composition to hypnospores formed in FTM culture.

Stein and Mackin (1957) also observed little enlargement in

sterile seawater, even after 9 days incubation. Accordingly, the

development of characteristic hypnospore proteins and concurrent

enlargement are probably distinct phenomena. The anaerobic con-

ditions present in decomposing oyster tissue appear sufficient to

trigger the development of a protein complement typical of P.

marinus hypnospores but are not sufficient to trigger the degree of

enlargement typical of cells in FTM. The same phenomenon, hyp-

nospore production with little enlargement, has occasionally been

noted in normal thioglycollate culture. At least one proposed life

cycle includes parallel spore stages with varying degrees of en-

largement (Mackin and Boswell 1956).

Rabbit antiserum from hypnospores failed to cross-react with

other stages of P. marinus present in oyster tissue. Immunofluo-

rescence tests conducted on hypnospores extracted from FTM cul-

ture indicated that the antigens recognized by rabbit antiserum are

present on the surface of hypnospore cell walls. Immunofluores-

cence was not observed in uncultured, infected oyster tissue. Ho-

mogenates of hypnospores reacted positively in ELISA. Homoge-

nates of infected oyster tissue did not. without prior anaerobic

incubation or culturing in FTM. At least some of the proteins

present on the surface of hypnospores as seen on the immunoflu-

orescence micrograph are unique; they are present in hypnospores
but not in detectable quantities in life stages of P. marinus nor-

mally found in oyster tissue. The data suggest that spore formation

results m a substantial change in cell wall antigenic complement.
Furthermore, the substantial cross-reactivity of the initial spore

antibody preparation with uninfected oyster tissue suggests, al-

though does not prove, that the normal life stages off. marinus in

oyster tissue contain a substantial oyster-like antigenic component.
The spore preparation used for injection into the rabbits was free

of oyster tissue debris. The oyster antigenic complement could

have come from one of two sources. ( I ) Perkins ( 1969) observed

what was interpreted to be oyster cell membranes embedded in the

walls of P. marinus found in oyster tissue. The role of embedded

cell membranes from the host oyster in the P. marinus cell wall is

unknown; their presence would explain the cross-reactivity we

observed, however, and might explain the poor recognition of P.

marinus by oyster hemocytes considered by Cheng ( 1987) (but see

Mackin 1951). Certamly our data conform with Perkin's (1969)

interpretation. (2) Oyster proteins may adhere to the cell surface;

other protozoa use this protective mechanism to mask foreign pro-

tein. In contrast, Chu (1988) observed an immune response to

zoospores, suggesting that all life stages not normally found in

oyster host tissue might be characterized by cell wall protein com-

ponents substantially different from those found in the parasitic

stages.

ACKNOWLEDGMENTS

This research was conducted under a grant from the U.S. De-

partment of Commerce, National Oceanic and Atmospheric Ad-

ministration Sea Grant College Program #NA89AA-D-SGI39.
We appreciate this support.

LITERATURE CITED

Bower, S. M.. D. J. Whitaker & R. A. Elston. 1989. Detection of the

abalone parasite Labyrinthuloides haltolidis by a direct tluorescent an-

tibody technique. J. Imerlehr. Pulliol. 53:281-283.

Cheng. T. C. 1987. Some cellular mechanisms governing self and nonself

recognition and pathogenicity in vertebrates and invertebrates relative

to prolistan parasites. Aquacidtiirc 67:1-14,

Choi. K-S.. E. A. Wilson. D. H. Lewis, E. N. Powell & S. M. Ray.

1989. The energetic cost of Perkinsus marinus parasitism in oysters:

quantification of the thioglycollate method J. Shellfish Res. 8:125-

131.

Craig, A.. E. N. Powell, R. R. Fay&J. M.Brooks. 1989. Distnbution of

Perkinsus marinus in Gulf coast oyster populations. Estuaries 12:82-

91.

Crosby, M. P. & C. F. Roberts. 1990. Seasonal infection intensity cycle

of the parasite Perkinsus marinus (and an absence oi Haplosporidium

spp.) in oysters from a South Carolina salt marsh. Dis. Aqual. Ori;.

9:149-155.

Chu. F. E. 1988. Development and evaluation of techniques to study

acquired immunity to Perkinsus marinus in the oyster. Crassoslrea

virginica (Gmelin). J. Shellfish Res. 7:51-55.

Garvey, J. S., N. E. Cramer & D. H. Sussdorf. 1977. Methods in immu-

nology a laboratory text for instruction and research. W. A. Ben-

jamin. Reading. Massachusetts. 545 pp.

Gaulhier. J. D. & W. S. Fisher. 1990. Heniolyniph assay for diagnosis of

Perkinsus marinus in oysters Crassoslrea virginica (Gmelin, 1791). J.

Shellfi.sh Res 9:367-371.

Lewis, D. H. 1986, An enzyme-linked immunosorbent assay {ELISAl for

detecting penaeid baculovirus. J Fish Dis 9:519-522,

Mackin. J. G, 1951. Histopathology of infection ot Crassoslrea virginica

(Gmelin) by Dermocystidiiim marinum Mackin. Owen, and Collier.

Bull. Mar. Sci. GulfCaribb. 1:72-87.

Mackin. J. G. 1962. Oyster disease caused by Dermocxsiidium marinum

and other microorganisms in Louisiana. Puhl. Inst. Mar. Sci. Univ.

Texas 7:132-229.

Mackin. J, G, & J. L. Boswell. 1956. The life cycle and relationships of

Dennocxstidium marinum. Pritc. Natl. Shellfish. Assoc. 46:112-115.

Menzel. R. W, & S, H, Hopkins. 1955. Effects of two parasites on the

growth of oysters. Natl. Shellfish. Assoc. Conv. Add. 45:184-186.

Perkins. F. O. 1969. Ultrastructure of vegetative stages in Z.a6vn>ir/iomyJca

marina (
= Dermocystidiiim marinum). a commercially significant oys-

ter pathogen. J. Inverlehr. Pathol. 13:199-222.

Perkins. F. O. 1987. Protistan parasites of commercially significant ma-

rine bivalve molluscs— life cycles, ultrastructure. and phylogeny.

Atiuaculturc 67:240-243.

Perkins. F. O. & R. W. Menzel. 1966. Morphological and cultural studies

of a motile stage in the life cycle oi Dermocystidiiim marinum. Proc.

Natl. Shellfish. Assoc. 56:23-30.

Powell. E. N.. J. D. Gauthier, E. A. Wilson. A. Nelson. R. R. Fay &
J. M. Brooks, in press. Oyster disease and climate change. Are yearly

changes in Perkinsus marinus parasitism in oysters (Crassoslrea vir-

ginica) controlled hy climatic cycles in the Gulf of Mexico' Mar. Ecol.

(Pubbl. St. Zool. Napoli I)

Ray. S. M. 1952. A culture technique for the diagnosis of infections with



Polyclonal Antibody from Perkinsus 415

Dermocyslidium mariimm Mackin, Owen, and Cullicr in oysters. 5c/-

ence (Wash. DC.) 1I6;360-36L

Ray, S. M. 1954. Experimental studies on the transmission and pathoge-

nicity of Dermocyslidium marinum, a fungus parasite of oysters. J.

Parasitol. 40:235.

Ray, S. M. 1966. A review of the culture method for detecting Dermo-

cyslidium marinum. with suggested modifications and precautions

Proc. Nail. Shellfish. Accoc. 54:55-69.

Soniat, T. M. & M. L Koenig. 1982. The effects of parasitism by Per-

kinsus marinus on the free amino acid composition of Crassoslrea

virginica mantle tissue. J. Shellfish Res. 2:25-28.

Sparks, A. K. 1985. Synopsis nf invertebrate pathology exclusive of in-

sects. Elsevier Science Publishers, New York. 423 pp.

Stein, J. E. & J. G. Mackin. 1957. An evaluation of the culture method

used in determining the intensity of Dermocyslidium marinum infec-

tions in the oyster Crassoslrea virginica. Texas A&M Res. Found.

Tech. Rpi. no. 22, p. 1-5.

White, M. E., E. N. Powell, S. M. Ray & E. A. Wilson. 1987. Host-to-

host transmission of Perkinsus marinus in oyster (Crassoslrea virgin-

ica) populations by the ectoparasitic snail Boonea impressa (Pyra-

midellidae). J. Shellfish Res. 6:1-5.

White, M. E., E. N. Powell, S. M. Ray, E. A. Wilson & C. E. Zastrow.

1988. Metabolic changes induced in oysters (Crassoslrea virginica) by
the parasitism of Boonea impressa (Gastropoda: Pyramidellidae).

Comp. Biochem. Physiol. A Comp. Physiol. 90:279-290.

White, M. E., E. N. Powell, E. A. Wilson & S. M. Ray. 1989. The

spatial distribution of Perkinsus marinus. a protozoan parasite, in re-

lation to its oyster host (Crassoslrea virginica) and an ectoparasitic

gastropod (Boonea impressa). J Mar. Biol. Assoc. UK 69:703-717.

Wilson, E. A., M. E. White, E. N. Powell & S. M. Ray. 1988. Patch

formation by the ectoparasitic snail, Boonea impressa, on its oyster

host. Crassoslrea virginica. Veliger 31:101-110.

Yentsch, C. M., F. C. Mague & P. K. Horan. 1988. Immunochemical

approaches to coastal, estuarine and oceanographic questions. Led.

Notes Coastal Estuarine Stud. 25:1-399.





Jounuil o] Shellfish Rescurch. Vol, 10. No. 2. 417-423, IWl.

EFFECTS OF PERKINSUS MARINUS INFECTION IN THE EASTERN OYSTER, CRASSOSTREA
VIRGINICA: I. SUSCEPTIBILITY OF NATIVE AND MSX-RESISTANT STOCKS
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ABSTRACT A selective breeding program was implemented to attempt to decrease the disease susceptibility of the eastern oyster,

Crassostrea virginica, to Perkinsus marinus. Six oyster strains were spawned and the progeny exposed to Haplosporidium nelsoni

(MSX) and P. marinus in the lower Chesapeake Bay. Three strains, a Delaware Bay MSX-resistant strain, a Delaware Bay native

strain, and a Mobjack Bay native strain (lower Chesapeake Bay) were exposed for three years ( 1488-90); three other strains, a separate

Delaware Bay MSX-resistant strain, a lower James River native strain (lower Chesapeake Bay) and a susceptible control strain, were

exposed for two years (1989-90). During the study period. P. marinus abundance was high and increased each year; H. nelsoni

abundance was low and decreased each year. Both strams of MSX-resistant oysters developed by Rutgers University were highly

susceptible to P marinus. Cumulative mortality at the end of the study was 999c for both strains and growth virtually stopped after

acquisition off. marinus. Mean shell height did not reach market size in either MSX-resistant strain. All native strains (Delaware Bay.

Mobjack Bay and James River) had about 80% cumulative mortality, mainly from P. marinus. but the Mobjack Bay strain also

experienced moderate mortality from H. nelsoni. However, these strains continued growing and survivors reached market size during

the study period. The MSX-resistant strains offer little immediate benefit in a selective breeding program for the Chesapeake Bay

oyster industry because of their high susceptibility loP. marinus and poor growth; however, they may be valuable, especially in crosses

with native strains, during periods of H. nelsoni resurgence and P marinus decline. The three native strains performed better than the

resistant strains and will be utilized, both as direct lines and as intraspecific hybrids, in a continuing selective breeding program to

decrease the disease susceptibility of C. virginica stocks.

KEY WORDS: oysters, disease, Chesapeake Bay. Haplosporidium. growth, mortality

INTRODUCTION

The oyster industry in Virginia has been in serious decline

since 1960. Between 1932 and I960 oyster landings in Virginia

actually increased, reaching a peak of 4.0 million bushels in 1959

(Hargis and Haven 1988). This increase was primarily the result of

a dramatic increase in landings from the private sector of the

industry; landings from public beds continued to decline gradually

during the period and accounted for only about 209f of the total

harvest by the late 1950s. Beginning in 1960, the well documented

MSX epizootic, caused by the protozoan Haplosporidium nelsoni

(Haskin, Stauber and Mackin), caused large scale mortality and

eventually resulted in abandonment of traditional leased beds in

high salinity portions of the lower Chesapeake Bay (Haskin and

Andrews 1988), As a result, oyster landings from the private sec-

tor declined precipitously during the 1960s and early 1970s and by

1974 landings from private and public beds were approximately

equal (Hargis and Haven 1988). During the 1970s and early

1980s, landings were relatively stable, although very low com-

pared with pre- 1960 levels. Unfortunately, successive drought

years from 1985 through 1988 caused a resurgence of W. nelsoni

in Chesapeake Bay (Burreson and Andrews 1988, Haskin and

Andrews 1988) and also an unprecedented intensification and

spread of another protozoan pathogen. Perkinsus mcirinus

(Mackin, Owen and Collier) to all oyster beds in Virginia (An-

drews 1988. Burreson and Andrews 1988). High oyster mortality

from combined effects of the two diseases during this period re-

sulted in successive record low landings each year from 1988

through 1990 (Virginia Marine Resources Commission, landings

records).

Although many factors, including overharvesting, are contrib-

uting to the continuing decline of the Virginia oyster industry

(Hargis and Haven 1988), it is clear that disease-induced mortality

directly, or reduced planting in the private sector because of the

fear of high losses, were primarily responsible for the rapid decline

in landings during the 1960s and again in the 1980s. Therefore, it

seems unlikely that the industry can be rehabilitated rapidly unless

oysters can be developed that are less susceptible to disease. One

approach to developing resistant oysters is through a selective

breeding program in which surviving oysters from disease en-

demic areas are selected and bred over successive generations in

an attempt to decrease disease-induced mortality. This approach

has been used successfully to increase the survival of oysters ex-

posed to H. nelsoni (MSX) (Andrews 1968, Haskin and Ford

1979, Ford and Haskin 1987, Ford 1988, Haskin and Andrews

1988). Between I960 and 1985, H. nelsoni was responsible for

most of the disease-induced mortality in Chesapeake Bay oysters.

However, since 1985, P . marinus has gradually replaced H. nel-

soni as the most important oyster pathogen in Chesapeake Bay
(Burreson and Andrews 1988, Andrews 1988) and little effort has

been devoted to developing oysters with decreased susceptibility

to this pathogen. The purpose of this paper is to compare the

susceptibility to P. marinus of oysters bred for decreased suscep-

tibility to H. nelsoni and of surviving oysters from various disease

endemic areas in the lower Chesapeake Bay. Results will be used

to choose broodstock for a continuing selective breeding program
to increase survival of oysters exposed to both local diseases.

METHODS

Hatchery-reared broods from six stocks of oysters were utilized

in this study:

I. MSX-selected A: Delaware Bay native strain selected

through six generations in Delaware Bay for resistance to

H. nelsoni. These oysters demonstrated significantly greater

417
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survival than unselected control oysters (Ford and Haskin

1987) when exposed to H. nelsoni. Broodstock (Rutgers

University BXF) was provided by Drs. H. Haskin and S.

Ford.

2. Delaware Bay natives: native oysters from the lower seed

area in Delaware Bay provided by Drs. H. Haskin and S.

Ford, Rutgers University.

3. Mobjack Bay natives: oysters from a population on Pultz

Bar in Mobjack Bay, VA that has suffered annual exposure

to both H . nelsoni and P . marinus since 1959.

4. MSX-selected B: upper James River native strain selected

through five generations in Delaware Bay for resistance to

H. nelsoni. These oysters demonstrated significantly greater

survival than unselected control oysters (Ford and Haskin

1987) when exposed only to H. nelsoni in Delaware Bay.

Broodstock (Rutgers University AVA2A) was provided by

Drs. H. Haskin and S. Ford.

5. Lower James River natives: oysters from a population on

Nansemond Ridge in the lower James River that has suf-

fered annual exposure to both H . nelsoni and P. marinus

since 1960 and severe exposure to P. marinus since 1985.

6. Susceptible controls: oysters from Horsehead Rock, until

1988 a low salinity sanctuary from disease in the upper

James River. Oysters from this location have historically

exhibited high disease susceptibility to both H. nelsoni and

P. marinus and are used routinely in the oyster disease

monitoring programs conducted by the Virginia Institute of

Marine Science (VIMS) and Rutgers University.

Broodstock from all stocks were conditioned at 22°C in the

VIMS hatchery. Spawning was induced by raising the water tem-

perature to 30°C; all spawnings used at least 10 individuals. If

elevated temperature did not induce spawning, a male from the

broodstock group was stripped and sperm added near the incurrent

region of each oyster by pipet. When oysters spawned, they were

identified as to sex and placed in separate containers to collect

sperm and eggs; eggs from the spawning trough were collected on

a 20 (xm sieve and added to the egg container. Eggs were fertilized

by the addition of sperm. Larvae were reared in 400 gallon conical

tanks, set on minicultch and hardened in upwellers. When spat

were large enough to be transfered from upwellers to Humes they

were placed in small 6.0 mm mesh bags and held in Nestier trays

in seawater flumes until deployed for field challenge. Because of

oyster and hatchery availability, not all stocks were spawned at the

same time. Stocks 1-3 (above) were spawned in November. 1987

and oysters were approximately 6 mo old when placed in the York

River for exposure to diseases on I May 1988. Stocks 1-3 were

monitored in the river until September 1990. Stocks 4—6 (above)

were spawned in April, 1988 and were approximately 1 yr old

when disease challenge was initiated on 1 May 1989. Stocks 4—6

were monitored in the river until December 1990. Spat from all

strains were singled (n 3^ 1000) and placed into labeled nylon 6.0

mm mesh bags that were held in 0.6 x | .2 m legged oyster trays.

The tray frames were covered with 2.5 cm plastic mesh to exclude

large predators. Trays were suspended from a pier at VIMS in the

lower York River, an endemic area for both H. nelsoni and P.

marinus.

For comparison with experimental strains, susceptible oysters

(2 to 3 inches shell height) from the routine VIMS oyster disease

monitoring trays were used to assess the annual prevalence and

intensity of both H. nelsoni and P. marinus. These trays were

identical in construction to those mentioned above and contained

500 oysters collected in late April each year from either Horsehead

Rock or Deepwater Shoal in the upper James River. Oysters from

these beds have only rarely been exposed to H. nelsoni and P.

marinus and are highly susceptible to both pathogens. The trays

are typically deployed on 1 May each year and removed on 1

December and provide a long term record of annual disease se-

verity.

Live and dead oysters in trays were counted every two weeks

from 15 May until I December. Weekly counts were usually made

during periods of high mortality. Samples of 25 oysters for disease

diagnosis were removed periodically from each tray; samples were

usually taken in May. July or August and September or October.

Perkinsus marinus was diagnosed in all samples by thioglycollate

culture (Ray 1952) of mantle, gill and rectal tissue; H. nelsoni was

diagnosed by routine paraffin histology of oysters preserved in

Davidson's AFA. A subsample of 100 oysters from each group
was measured for total shell height in May of each year and also

in July and late September of the second and third years.

Differences in shell height among the various oyster strains

were analyzed by one-way ANOVA with subsequent Scheffe mul-

tiple comparison tests. Differences in parasite prevalence, inten-

sity and oyster mortality between groups were analyzed by chi-

square contingency tables with continuity correction. For preva-

lence comparisons, the contingency table columns were numbers

of infected and uninfected oysters; for intensity comparisons one

column was the sum of the number of heavy and moderate infec-

tions and the other column was the number of light infections. For

mortality comparisons the columns were the number of live and

dead oysters to that date. Table rows were the various strains of

oysters. All statistical tests were run on an Apple Macintosh II

using Statview II.

RESULTS

Prevalence and intensity of W. nelsoni (MSX) and P. marinus.

oyster growth, and cumulative oyster mortality for experimental

oyster stocks 1-3 are shown in Figure I . There was no difference

in growth among the three stocks during the first year (Fig. IC).

However, cumulative mortality was significantly greater (P <
O.OI) in the Mobjack Bay stock than either the MSX-selected A or

the Delaware Bay native stock from December 1988 through May
1990. The higher mortality in the Mobjack Bay stock appears to be

the result of significantly higher (P < 0.01) MSX prevalence in

this stock (Fig. lA) in August and September 1988. No P. mari-

nus was observed in any of these three stocks during 1988 (Fig.

IB) although prevalence in market size control oysters reached

68% in August (Table 1 ) indicating that P. marinus was abundant

during the period. Prevalence of MSX was also greater in the

market size control oysters (Table I) than in any of the experi-

mental stocks 1-3 during 1988 and 1989 (Fig. lA).

During 1989. the second year of exposure, experimental stocks

1-3 all became infected with P. marinus (Fig. IB). Prevalence of

P. marinus was significantly greater (P < 0.01) in the MSX-
selected A stock than in the other two stocks during August and

October 1989. The prevalence of MSX gradually declined during

this period and MSX was absent in October 1989 samples of

experimental stocks (Fig. lA) even though prevalence and inten-

sity of MSX was high in market size control oysters (Table I ). The

high prevalence of P. marinus in the MSX-selected A stock re-



SUSCEPTIBIMTY OF C VIRCINICA TO PeRKINSUS 419

MSX PREVALENCE AND INTENSITY

Figure 1. Results from oyster stocks deployed in May 1988. In A and

B total bar height is the number of infected oysters (left axis) and

prevalence (right axis) in a sample of 25 oysters. Arrows indicate

samples examined, but no infections found. Oyster stock designations

listed in A also apply to B. Time line shown in D applies to all Figures.

suited in increased cumulative mortality (Fig. ID) and greatly

decreased growth (Fig. IC, Table 2). Although the Mobjack Bay

native stock had higher prevalence of P . mannus than the Dela-

ware Bay native stock (Fig. IB), the Mobjack Bay stock grew

faster (Fig. IC. Table 2) than the Delaware Bay native stock

between July 1989 and May 1990. In May 1990 shell heights (Fig.

IC) and cumulative mortalities (Fig. ID) were significantly dif-

ferent (P < 0.01) between all experimental stocks 1-3. In July

1990 all experimental stocks had high prevalence of P. marinus.

but the number of heavy and moderate infections was significantly

greater (P < 0.01) in the MSX-selected A stock (Fig. IB) than in

the other two stocks. The high prevalence and intensity of P.

marinus resulted in greatly increased mortality in all three stocks

during summer of 1990, but especially in the MSX-selected A and

the Delaware Bay native stock (Fig. ID). When the experiment

was terminated in September 1990. the cumulative mortality in the

MSX-selected A stock was significantly greater (P < 0.01 ) than in

the other two stocks. Mean shell height decreased during summer

1990 in the Mobjack Bay stock and the MSX-selected A stock

(Fig. IC. Table 2), apparently as a result of selective mortality of

large oysters. Mean shell height for the MSX-selected A stock

never reached market size (Fig. IC). No MSX was observed in the

experimental stocks during 1990 and only one infection was found

in the market size control oysters (Table I).

Prevalence and intensity of W. netsoni (MSX) and P. marinus.

oyster growth and cumulative oyster mortality for experimental

stocks 4-6 are shown in Figure 2. These three stocks were ap-

proximately one year old when placed in the York River and, thus,

were larger than stocks 1-3 when first exposed to disease chal-

lenge (Figs. IC, 2C; Table 2). The lower James River stock and

the susceptible control stock apparently acquired MSX in the hold-

ing flume because both stocks had a low prevalence of MSX when

field challenge was initiated (Fig. 2A). The lower James River

stock was not infected with MSX in subsequent samples, but prev-

alence remained low in the susceptible control stock. No MSX was

found in the MSX-selected B stock during 1989 and only 2 in-

fected oysters were found during May 1990, although both had

heavy infections (Fig. 2A). The MSX infections observed in ex-

perimental stocks during May 1990 were probably acquired during

fall 1989 because no MSX infections were found during May or

July 1990 in market size control oysters (Table 1 ) or during July or

September in the experimental stocks, suggesting that typical early

summer MSX infections did not occur during 1990. All three

stocks acquired P. marinus by August 1989, but both prevalence

and intensity were significantly lower (P < 0.05) in the lower

James River stock than in the other two stocks (Fig. 2B). The

MSX-selected B stock seemed to be most affected by the P. mari-

nus infections; shell height of the MSX-selected B stock was sig-

nificantly lower (P < 0.05) than the other two stocks in both July

and October 1989 (Fig. 2C) and cumulative mortality of the MSX-
selected B stock was significantly greater (P < 0.05) by December

1989 (Fig. 2D). During 1990, both prevalence and intensity of P.

marinus were high in July and September with no significant dif-

ferences among the various stocks (Fig. 28). Cumulative mortality

of the MSX-selected B stock was significantly greater (P < 0.01 )

than the other two stocks at each sampling date during 1990 (Fig.

2D). By December 1990 the cumulative mortality of the lower

James River stock was also significantly lower (P < 0.01) than the

susceptible control stock. Mean shell height of the MSX-selected

B stock did not reach market size and was significantly lower (P <
0.05) than the other two stocks in July 1990 (Fig. 2C, Table 2).

There were insufficient oysters remaining in September 1990 for

disease diagnosis or growth measurements in the MSX-selected B
stock.

DISCUSSION

Interpretation of the results was confounded by decreasing

prevalence of W. nelsoni and increasing prevalence oi P. marinus

over the three year study period based on prevalence of both patho-

gens in the large control oysters. In addition, the six oyster stocks

assessed were spawned and exposed at two different times and,

thus, were two different ages at the initiation of disease challenge.

Nevertheless, some important conclusions can be reached about

the value of using each of these stocks in a continuing selective

breeding program to decrease the disease susceptibility of C. vir-

ginica.

Susceptibility to H. nelsoni

The two stocks selected for decreased susceptibility to H. nel-

soni in Delaware Bay (MSX-selected A and B stocks) and the
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TABLE 1.

Prevalence and intensity of H. nelsoni (MSX) and P. marinus in large susceptible control oysters imported from the upper James River on

May each year to the lower York River, an endemic area for both parasites.
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TABLE 2.

Shell height measurements (mm) for the strains of C. virginica held

in the lower \'ork River at Gloucester Point, VA.

N = 100 for each sample except where noted.

Oyster Strain Date

Shell Height

Mean ± S.D. Range

MSX-Selected A
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Virginia market size of 64 mm during the study period and the size

of both stocks was significantly lower than any other stock at the

end of the study. The growth of the MSX-selected A stock virtu-

ally stopped after the first infections of P. marinus were observed

in August 1989. The average shell height of all other stocks

reached Virginia market size. It is interesting that the Delaware

Bay native stock grew almost as well as the Mobjack Bay stock

since Mobjack Bay oysters have a long history of annual exposure

to P . marinus and the pathogen has only rarely been present in

Delaware Bay.

The retardation of oyster growth by P. marinus was first re-

ported by Menzel and Hopkins (1955) and later by Andrews

(1 96 1 ) . More recently , Paynter and Burreson ( 1 99 1) demonstrated

rapid reduction in growth in oysters selected over 18 generations

for fast growth (Paynter and Dimichele 1990) even when the prev-

alence and intensity of P. marinus were relatively low. The results

of the present study and those of Paynter and Burreson (1991)

suggest that the growth of highly inbred oysters is more affected

by P. marinus than is the growth of native stocks, whether or not

they have a history of exposure to P. marinus.

Mortality

Mortality was high in all groups, but mortality in both MSX-
selected stocks was significantly greater than in the other four

stocks. Based on the relative prevalence and intensity of the two

pathogens, these MSX-selected stocks experienced low mortality

from H. nelsoni, but very high mortality from P marinus. espe-

cially during the second year of infection. The Mobjack Bay stock

appeared to have the lowest mortality from P. marinus, but the

moderate mortality in this stock from H. nelsoni resulted in a total

mortality similar to the Delaware Bay native stock. The lower

James River stock had lower mortality from P. marinus than the

susceptible control stock, but there was no significant challenge

from H. nelsoni during 1990, so the susceptibility of the lower

James River stock to that pathogen is unclear.

On the basis of this study, under conditions of relatively low H.

nelsoni abundance and relatively high P. marinus abundance, it

does not appear that the MSX-resistant oyster stocks developed by

Rutgers University offer any hope for immediate rejuvenation of

the Chesapeake Bay oyster industry. Only two strains were tested,

but these resistant oysters seem to be extremely susceptible to P.

marinus: mortality is very high and growth, after infection, is very

low. Growth is important because this study again demonstrates

that high mortality from P. marinus does not occur until the sec-

ond summer of infection and. thus, oysters that reach market size

in less than two years may avoid significant disease-induced mor-

tality. For example, if hatchery-reared spat were deployed to

grow-out areas in the fall and reached market size in 18 months

they would experience only one summer of disease exposure. If

these oysters had also been selected for decreased susceptibility to

both H. nelsoni and P. marinus. mortality might be relatively low

prior to harvest. Acceptable growth and the lowest mortality oc-

curred in the Delaware Bay native stock, the Mobjack Bay stock

and the lower James River stock. These stocks, including both

direct lines and intraspecific hybridization, will be used in a con-

tinuing selective breeding program.

Although the MSX-resistant oyster stocks appear to offer no

immediate benefit to the Chesapeake Bay oyster industry, their

value could be substantial in the future if H. nelsoni returns to its

previously dominant abundance and P. marinus abates. Intraspe-

cific hybridization between an MSX-resistant stock and a native

stock selected for rapid growth and P. marinus resistance could

yield a strain with decreased susceptibility to both diseases.
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ABSTR.ACT In order to assess the impact of Perkinsus marimis infection on oyster growth and mortality, oysters were raised in

floating rafts at si.\ sites around Chesapeake Bay. The sites were compnsed of two low salinity sites (8-lTOf). two moderate salinity

(12-15'^t) sites and two high salinity sites (16-2TOc). Oyster growth was monitored biweekly along with various water qualities

including temperature and salinity. Condition index was measured monthly and disease diagnosis was performed bimonthly. Oyster

growth was initially greatest at the high salinity sites but was subsequently retarded by Perkinsus infection at both the moderate and

high salinity sites (where the parasite was more prevalent). Companson of pre-infection and post-infection growth rates between sites

showed that the reduction in growth rate was mitigated by lower salinity. Condition index was not related to salinity or site but was

significantly reduced by P. marinus infection. Reduction in condition, however, was not associated with increased mortality. Mortality

was also less related to salinity or temperature than it was to infection history (previous infection). Groups which incurred high

infection prevalences and intensities exhibited low mortality during their first year, but suffered high mortality dunng the following

year. The results are discussed in relation to management and aquacultural practices and their relation to genetics and selective breeding

of disease resistant oysters.

KEY WORDS: oyster, growth. Perkinsus. disease, mortality, Chesapeake Bay

INTRODUCTION

Once considerecJ the most abundant source of oysters in the

world, the Chesapeake Bay has lost most of its oyster population

to the combined effects of disease and overharvesting. In the last

100 years, the existing population has been reduced by an esti-

mated 99%. The subsequent loss of biofiltration normally pro-

vided by the oysters has been cited as the principal cause of the

historical increase in phytoplankton biomass in Chesapeake Bay
which has caused widespread eutrophicaton problems including

hypoxia and anoxia (Newell 1988). The effects of two diseases

(MSX and Dermo) caused by two parasitic protozoans (Haplo-

spondium nelsoni and Perkinsus marinus. respectively) combined

with continued intense harvesting pressure over the last three de-

cades have depleted the natural population to this critically low

level (Hargis and Haven 1988).

Infections of P. marinus have been documented in Chesapeake

Bay oyster populations since the early 1950s (Andrews 1988). and

the continued susceptibility of the population to the disease has

puzzled scientists over the last two decades. Several oyster strains

tolerant of other protozoan infections have naturally evolved (Sin-

dermann 1977) or been developed by breeding programs (Ford and

Haskin 1987). so the potential for the development of disease

resistance is present in the species. The lack of development of

resistance or tolerance to H. nelsoni or P marinus by the oyster

population in the Bay suggests that unselected susceptible oysters

*To whom correspondence should be addressed. Present address: Depan-
menl of Zoology, University of Maryland at College Park, College Park,

MD 20742.

living in low salinity areas are the major contributors to annual

spawn and recruitment and/or that additional pressures may have

compromised the species ability to adapt to disease pressure. Pol-

lution has been shown to affect oyster immune systems (Anderson

1988) and may have insulted the oyster population further. How-

ever, continued intense harvest pressure on the natural stocks has

probably limited the oyster population's ability to develop resis-

tance to the diseases, especially if sublethal effects of infection

have caused resistant animals to be harvested before susceptible

animals.

Significant sublethal effects of H. nelsoni have been demon-

strated by a number of studies. These effects include reduction in

clearance rates and condition index (Newell 1985) and reduction in

other physiological parameters (Barber et al. 1988a. 1988b. Ford

and Figueras 1988) including fecundity. However, few studies

have examined the sublethal effects of P. marinus infection. If

significant sublethal effects occurred which resulted in resistant

individuals being harvested in disproportionate numbers compared
to susceptible animals, then resistance would most likely not

evolve or would be slow to evolve. The inhibition of growth in

susceptible oysters might cause such a disproportionate harvest

and. since the effect is sublethal, would lead to higher contribu-

tions by susceptible animals in the next years spawn and recruit-

ment.

The decline of the natural population of oysters in Chesapeake

Bay has caused an increased interest in oyster aquaculture in the

region. Oyster culture techniques other than traditional remote

setting methods have begun to receive more attention. Intensive

oyster cultivation in suspended culture has been shown to promote

rapid oyster growth (Paynter and DiMichele 1990); however.

425
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Menzel and Hopkins ( 1955) and Andrews ( 1961 ) have shown that

P. mciriims infection greatly reduces oyster growth and may com-

promise the advantages of suspended culture in Chesapeake Bay.

While the previous studies (Menzel and Hopkins 1955. Andrews

1961 ) showed clearly that growth reduction was associated with P.

marinus infection, genetic differences among individuals was not

assessed and parasite diagnoses were performed only at the end of

the experiment so time of parasite aquisition was unknown. In

order to make a more complete assessment of the effects of P.

marinus on the growth and mortality of whole oyster populations,

we initiated a study utilizing large numbers of genetically equiv-

alent oysters raised at different salinities in Chesapeake Bay. Test

growouts at several sites that represented different salinity regimes

and parasite abundance were established to assess the possible

sublethal effects of infection on growth and condition of oysters

since infection intensities and disease related mortalities caused by

H. nelsoni and P. marinus have been related to salinity (Ford

1985, Soniat 1985, Burreson and Andrews 1988. Gauthier et al.

1990). Oyster growth, condition and infection status were moni-

tored regularly at all sites. H. nelsoni was not detected in any

oysters during the two year study; P. marinus prevalence, how-

ever, was high at several sites. Infection severely inhibited growth

in oysters at high and moderate salinities. Mortality during the

second year of infection was determined more by history of infec-

tion in the first year than by immediate infection intensity.

MATERIALS AND METHODS

Oyster spat were introduced to six sites representing different

salinities typical of Chesapeake Bay in order to assess the relative

impact of P . marinus infection on growth and condition in the

oysters. Cultchless oysters were produced from selectively inbred

broodstock (see Paynter and DiMichele 1990. Brown and Paynter

1991) using traditional hatchery methods. Depcndmg on the ex-

periment, oysters from 10 to 25 mm in shell height were intro-

duced in floating rafts within 2 days at all sites. Rafts were con-

structed of wooden frames with polyethylene mesh (1.9 cm)

folded into a rectangular box which hung below the wooden frame

and was stapled to the wooden frame along the edges. The result-

ing mesh box was 91 cm long x 61 cm wide x 20 cm deep. A 90

cm X 60 cm panel of extruded styrofoam was placed underneath

the wooden frame to keep the tray afloat. A polyethylene mesh

cage inserted into the tray was used to hold small animals until

they were large enough to be held on the 1.9 cm mesh. Approx-

imately 1000 oysters were initially placed in a single tray. If a tray

became crowded the group was split into another tray.

The Maryland (MD) sites were comprised of two low salinity

sites (8-12%f.; Wye River and Deep Cove Creek) and two mod-

erate salinity sites (12-15%^; Worlds End Creek and Slaughter

Creek). The Virginia (VA) sites (VIMS and Mobjack Bay) had

salinities of l6-20%f and were denoted as high salinity sites in this

study. Typically a site was a shallow tidal creek, well protected

from weather and boat traffic. The sites were removed from any

point source pollution such as mannas and sewage outlets. Hori-

zontal water flow as judged by casual observation was low at all

sites except VIMS. Many of these factors are known to affect

bivalve growth, especially water tlow, and their effects have been

neutralized by the selection of sites with similar characteristics.

The VIMS site, which had greater horizontal water flow and was

exposed to more open-water conditions (greater wave action),

however, showed no differences in growth rate compared to the

site of similar salinity in Mobjack Bay.

Growth as shell height was measured every two weeks. Twenty
five to fifty oysters were removed from a tray en masse, measured

to the nearest mm with a ruler and returned to the tray. Length,

total weight, shell weight, wet tissue weight, and dry tissue weight

were measured monthly throughout the study period in five ani-

mals from each tray at each site. Condition indices were calculated

from that data as:

CI
dry wt (g)

(total wt(g)
- shell wt(g))

Bimonthly, 25 animals from each tray at each site were re-

moved for parasite diagnosis. Diagnosis of P. marinus was by

thioglycollate culture of rectal, gill and mantle tissue samples (Ray

1952). Based on Ray (19541 and Mackin (1962), infection inten-

sities were rated and, for calculation of weighted incidence (WI),

assigned numerical values as follows: negative
= 0, light

=
I,

moderate = 3, and heavy = 5. WI was calculated as the average

value of infection intensity for a sample of twenty five oysters.

Diagnosis of W. nelsoni was by routine paraffin histology of tissue

fixed in Davidson's AFA.

Animals were first introduced to all sites in late July 1989.

Additional animals from the same spawn were maintained in float-

ing rafts at the Wye River site where parasite prevalence was zero.

Growth, infection status, and condition index were measured

through November 1989. Because the initiation of the experiment

was in late summer of 1989 and because the experimental trays

were lost at the moderate salinity sites over the winter, a second set

of oysters was introduced from the Wye River stock to all sites in

May 1990 and were monitored until November 1990. This effort

provided a more complete assessment of disease onset and its

effects .

In an extension of the original growout experiments, additional

introductions were made from the Wye River stock to the Mobjack

Bay site which exhibited high P. marinus prevalences. At that site,

where the initial introduction (Group A) was in late July 1989, a

second introduction of P. marinus free animals (Group B) from the

same spawn was made in early September 1989. Additionally, a

third group of oysters (Group C) from that spawn was introduced

in early May 1990. The subsequent introductions were made to

compare the relative infection rates and disease impacts for intro-

ductions at different times of the year.

Earlier studies (Paynter and DiMichele 1990, Paynter and Mal-

lonee 1991, Paynter, unpublished observations) have shown that

oyster shell height increases at a constant rate under the culture

conditions described above throughout the growing season.

Growth rate, measured as increase in shell height, does not de-

crease as the animals grow, even when the group triples its original

size during a single growing season. Linear regression offers a

highly precise estimate of growth rate in a given oyster group at a

given site. Therefore, data were treated using linear and polyno-

mial regression to estimate pre- and post-infection growth rates.

Analysis of variance (ANOVA) was used to distinguish among

salinity, seasonal (monthly) and parasite contributions to the vari-

ance of condition indices. ANOVA. regressions and comparisons

of p coefficients generated by regression were conducted accord-

ing to Sokal and Rohlf (1981).

RESULTS

Huplosporulium nelsoni iWiSX) was not detected in any oysters

during the two year study described here. Perkinsus marinus was

the only pathogen detected during the entire study. For clarity of
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presentation, data from three (Mobjack Bay. Worlds End Creek,

and Wye River) of the six sites will be presented. Trays were lost

at Slaughter Creek during the winter months, and data from the

VIMS and Deep Cove sites were essentially identical to the Mob-

jack and Wye River sites respectively.

Infection by P. marinus occurred in experimental groups raised

at moderate and high salinities, but not at low salinity sites. In

August 1990 at both moderate and high salinities, infection prev-

alences and intensities were equal and relatively low (Fig. 1).

However, during the following months both prevalence and inten-

sity of infection increased at high salinities while infection at mod-

erate salinities remained unchanged (Fig. 1).

Growth as shell height was constant with respect to tmie at all

sites in uninfected oyster populations (Fig. 1). Linear regression

offered a highly precise estimate of growth rate. Oyster growth
rates were higher at high salinity sites compared to growth at low

salinity sites (P < 0.05; Table 1). The regression of pre-infection

growth at moderate salinities was less precise due to the paucity of

data collected before infection at both sites. Average oyster growth
was severely inhibited as soon as a population became infected.

even when the intensity of infection was very low (Fig. 1 . Fig. 2.

Fig. 3). This effect was quantified by linear regression of pre- and

post-infection growth curves (Table I). This analysis showed that

growth rates at high and moderate salinities were significantly

reduced after P. marinus infection (P < 0.001: Fig. IC; Table 1).

Oysters grown at low salinity did not become infected and con-

tinued to grow at a constant rate throughout the growing season

(Fig. lA).

In the oyster groups sequentially introduced at Mobjack Bay

during 1989, Group A was infected within 45 days of introduction,

and growth in that group appeared to be reduced (Fig. 2) as a

result. While linear regression over the entire time period yielded

a highly significant relationship (r^
= .94). treating the data as

having a distinct break in the growth curve associated with the

detection of disease yielded even greater significance (r^ > .98 for

both lines). Group B was infected in October 1989 but infection

was not detected in November 1989. Growth in Group B did not

appear to be affected by infection in October, however winter

temperatures stopped growth before enough data could be col-

lected to make a comparison of pre- and post-infection growth. No
unusual mortality occurred in 1989 in any of the groups at any

sites.

No infections were detected in May 1990 in groups that had

become infected during 1989. Latent infection or misdiagnosis

seems unlikely because the oysters grew well until infection was

detected, and only then did the oysters exhibit a marked reduction

in growth rate (Fig. 3, Table 2). In the two groups held over from

1989 at Mobjack Bay (Groups A & B). significant mortalities

occurred only in the group that had been infected and exhibited

reduced growth in 1989 (Group A; Figs. 2 & 3). When Group B

became infected and had equivalent intensity of infection as Group
A, mortality was comparatively low (Fig. 3). Group A was diag-

nosed with 20% heavy infections in November 1990 while Group
B had only 87c heavy infections.

Three factor ANOVA was used to differentiate among the ef-

fects of site, month, and infection status on condition index (CI).

Oyster groups were categorized as infected or uninfected for the

analysis. CI was not different among sites in uninfected or infected

oyster groups. However, CI was closely related to month and was

significantly lower in infected groups compared to uninfected

groups (Fig. 4) regardless of site. Condition was not significantly
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TABLE 1.

Effect of P. marinus infection on oyster growth rates at

different salinities.

Salinity Pre-infection Post-infection % Reduction

High (16-20%.)

Moderate (12-15%f)

Low (8-10%t)

14.34(1.2)

9.45 (1.7)

7.86 (.33)

2.85 (.39)

3.84 (.45)

N.l.

80

60

N.I.

Growth rates were calculated by performing linear regression on shell

height over time and are presented m mm/month. All regressions were

highly significant (P < ,005) (r" > 0.95 pre-infection). Numbers in pa-

rentheses are standard errors of the estimate (S.E.E.). Infections at high
and moderate salinities were associated with significantly reduced growth
rates (P < 0.05). Pre-infection growth rates were significantly higher at the

high salinity sites compared to the low salinity sites (P < 0.05). N.l. = not

infected.

month to nearly 2.85 mm/month at the high salinity site after

infection occurred. At the moderate salinity site the pre-infection

growth rate was 9 mm/month and declined to approximately 3

mm/month (Table I). Time to infection after introduction of the

1990 groups ranged from as early as 45 days to as long as 120 days
and was quite variable between sites and salinities. For instance,

infection was first detected at the Slaughter Creek site (a moderate

salinity site) within 45 days of introduction while infection at the

VIMS site occurred within 75 days and at Mobjack Bay within 120

days. Time to infection of the larger animals (Groups A & B) at

CD
O
C

>
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Date (roup

TABLE 2.

Size distribution of oysters raised at the Mobjacli Bay site.

Mean Ht
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of problems in the diagnostic technique which resulted in misdi-

agnosis of very light infections (see Gauthier and Fisher 1991); it

could suggest that the reduction in growth rate is part of the oys-

ter's response to the detection of an initial superficial infection or

irritation; or it could be the result of the mortality of larger oysters

only. This final hypothesis is supported by the data in Table 2

which shows that the maximum size stops increasing with infec-

tion but the minimum continues to increase albeit at a lower rate.

The size of dead oysters was unfortunately not recorded durmg this

experiment.

Mortality was related less to infection intensity, temperature or

salinity than it was to previous infection. Group A oysters grown

at the Mobjack Bay site (Figs. 2 & 3) acquired infections during

1989, yet no increased mortality was observed. Infections in

Group A were lost or reduced over the winter and the oysters were

equivalent to Group B in size and condition in May 1990 (Fig. 3).

During 1990 the animals in Group A grew at the same rate as the

animals in Group B, were infected at the same time, acquired

equivalent infection intensities, and showed the same reduction m

growth rate and condition index. However, significant mortality

(100%) occurred in Group A but not in Group B (Fig. 3). Group
C was infected later, as mentioned above, theoretically due to its

smaller size, and did not suffer increased mortality. It is important

to remember that all three groups were from the same spawn and

therefore were genetically equivalent. These results are similar to

those found by Burreson (1991) in other oyster strains, and they

suggest that as yet undetectable injury was caused by P. marinus

infection which made oysters which had been previously infected

more vulnerable to developing terminal infections. Interestingly,

the weighted incidences of the oyster groups which had large

mortalities were lower than previous experience would have pre-

dicted. This may indicate that the selectively inbred oyster popu-

lation is more susceptible to P. marinus-'mA\xce.d mortality than

more resistant native oyster populations (Burreson 1991).

Another important physiological impact on oysters infected

with P. marinus was on condition index (CI). Interestingly, con-

dition index was more a function of month or season than site.

This suggests that CI is regulated by temperature and its effects on

seasonal biological cycles (i.e. spawning) and not by salinity.

Three-factor ANOVA showed that CI was significantly reduced by

infection (Fig. 4). These findings are in general agreement with

those of other studies; however, Craig et al. ( 1989) found that CI

varied greatly between sites along the Gulf coast. Furthermore,

that study found a negative correlation between salinity and CI,

but was unable to distinguish between the effects of salinity vs. P.

marinus infection. Gauthier et al. (1990) showed that P. marinus

infection was closely associated with reduced condition in oysters

along the Louisiana coast. The results for Chesapeake Bay pre-

sented in this report clearly show that CI is not affected by salinity

or site and that infection has a substantial negative impact on CI.

Crosby and Roberts (1990) found similar relationships in oyster

populations in South Carolina. Mortality was not associated with

a further reduction in CI (i.e. the mean CI of group A, Fig. 2, was

not significantly lower than the CI of the animals of group B

during infected periods). It appears from this data that while CI is

reduced by infection, susceptibility to infection or mortality

caused by infection are not related to CI.

Salinity was positively correlated with growth rate of oysters

(Fig. 1). Unfortunately, the increase in growth rate was compro-
mised by the increased prevalence and effects of P. marinus at

higher salinities. It is therefore important to understand the rela-

tionship between infection, its effects, and salinity. This study has

shown that infection rate, measured as time to infection, was not

related to salinity but probably more to the number of infective

stages present in the water. Quick and Mackin ( 1971 ) found little

relationship between salinity and infection. Soniat (1985) and

Ragone and Burreson (1990), on the other hand, found a signifi-

cant correlation between salinity and infection. The findings of the

present study are compatible with both sets of studies. While little

difference in initial infections was found between high and mod-

erate salinities, no infections occurred at low salinities. In relative

terms, the impact of infection appeared positively correlated with

salinity. Growth in oysters infected at moderate salinities was

reduced by an average of 60% compared to a reduction of 80% at

higher salinities. Unfortunately, mortality at moderate salinities

could not be quantitated due to the loss of experimental trays at

those sites during the second year of study. However, the absolute

values of the growth rates of infected oysters were not different

between salinities indicating that the relative differences were a

function of pre-infection growth rate and that the growth rates of

all infected populations, regardless to salinity, declined to the

same low (approximately 3 mm/month) level.

Finally, the selectively inbred population employed in this

study and the MSX-resistant strains employed in a closely related

study (Burreson et al. 1990. Burreson 1991) were both more af-

fected by P. marinus infection than either Mobjack Bay native or

Delaware Bay native animals. This suggests that the results of the

present study may not be representative of other oyster popula-

tions, but also indicates that a genetic component of disease re-

sistance exists in the species which might be enhanced by selective

breeding. Significant evidence supports the opinion that geneti-

cally distinct populations of C. virginica exist along the Atlantic

and Gulf coasts (King and Gray 1990. Reeb and Avise 1990.

Brown and Paynter 1991). It is possible that the genetic differ-

ences defined by these studies are reflective of physiological dif-

ferences which may be important to identify. For instance, the

southern "race" of oysters as identified by Reeb and Avise ( 1990)

has probably been exposed to P. marinus for many more genera-

tions than the northern race. It is entirely possible that the southern

oyster population would exhibit more tolerance to infection than

the Chesapeake Bay native populations. Transplantation experi-

ments to test this and related hypotheses are currently underway.
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ABSTRACT The susceptibility of Pacific oysters. Crassostrea gigas. to the oyster parasite Perkinsus marimts was compared with

that of eastern oysters, Crassostrea virginica. in two separate experiments. Experiments were conducted in flow-through seawater

systems with quarantined effluent. Oysters were challenged by addition of infective P. marinus. In the first experiment, which used

only diploid oysters. 40'7f of C. gigas became infected with P marinus after 83 days compared to 100% of C. virginica. In the second

expenment, which examined susceptibility of diploid and triploid individuals of both species, prevalence was high in all groups after

60 days. In C. virginica. heavy and moderate infection intensities prevailed while C. gigas exhibited only light infections. Cumulative

mortality of C. virginica after 150 days was I00'7f for the diploid group and 91J '7c for the triploid group. Cumulative mortality of C.

gigas after 150 days was 25. 1% for the diploid group and 34.3% for the triploid group, but this mortality did not appear to be disease

related. Thus. C. gigas was consistently more tolerant of P. marinus than was C. virginica. and tnploidy provided no increased disease

tolerance for either species.

KEY WORDS: disease, ploidy, Chesapeake Bay. oyster industry

INTRODUCTION

Perkinsus marinus (Mackin. Owen and Collier) is a serious

pathogen in the eastern oyster. Crassostrea virginica (Gmelin,

1791). The parasite is widely distributed in oyster populations

from the Gulf of Mexico north into Delaware Bay. In Chesapeake

Bay, P. marinus was originally confined to the lower portions of

the Bay, but in recent years has spread into all of Virginia's oyster

beds (Andrews 1988) where it has replaced Haplospondium nel-

soru (Haskin, Stauber and Mackin), popularly known as MSX, as

the most important oyster pathogen (Andrews 1988, Burreson and

Andrews 1988).

Since reaching its peak of 7.6 million bushels in 1904, pro-

duction of market oysters in Virginia has steadily declined. During

the past 30 years mortality resulting from the combined effects of

P. marinus and H. nelsoni have played a substantial role in this

decline. Recent harvest levels have been well below 500,000

bushels annually (Hargis and Haven 1988) with record low land-

ings each of the last three years. The 1990 oyster harvest in Vir-

ginia yielded only 135.704 bushels of market oysters.

Among the options being considered to revitalize Virginia's

oyster industry is the use of diploid and triploid Pacific oysters.

Crassostrea gigas (Thunberg. 1793), in conjunction with C. vir-

ginica as the basis for oyster production. One method of reducing

losses of oyster stocks to disease is to utilize oyster species that are

not susceptible to local diseases. In some areas of Europe, notably

France, the loss of endemic oyster species to disease has led to

their supplementation or replacement with C. gigas. For example,

in the 1970s, France's native populations of the Portuguese oyster.

Crassostrea angulata. were decimated by two viral diseases, gill

necrosis virus (GNV) and hemocytic infection virus (HIV). By

1983 C. angulata had disappeared from French oyster beds. Cras-

sostrea gigas appears to be highly resistant to both GNV and HIV

(Comps 1988). Major imports of C. gigas to France in the 1970s

'To whom correspondence should be addressed .

prevented the collapse of the oyster industry (Comps 1988. Chew

1990). Crassostrea gigas has also demonstrated resistance to the

protozoan parasites Bonamia ostreae and Marteilia refringens

(phylum Ascetospora). Both these parasites cause severe pathol-

ogy and serious recurrent mortality in the edible oyster, Ostrea

edulis (L.) in France, Cells resembling early stages oi M. refrin-

gens can be found in C . gigas grown in areas where this parasite

is endemic, but there is no associated pathology or mortality in this

oyster species (Figueras and Monies 1988). In France, significant

mortality in O. edulis resulting from M. refringens prompted sup-

plemental plantings of C. gigas to help offset losses in production

(Cahour 1979). Bonamia ostreae is found worldwide in O. edulis.

but infections in C. gigas are unknown (Chagot et al. 1989). Thus

far, C. gigas has demonstrated low susceptibility to viral diseases

and to ascetosporan parasites; however, its resistance to Perkinsus-

like parasites (phylum Apicomplexa) has yet to be demonstrated.

The use of triploid oysters is another option to revitalize Vir-

ginia's oyster industry. Triploid oysters, having an extra set of

chromosomes, exhibit reduced gametogenesis, greater glycogen

content and faster growth than diploid oysters (Stanley et al. 1984,

Allen and Downing 1986, 1990). Thus, triploid C. gigas. by vir-

tue of reduced gametogenesis. may be advantageous because they

offer the potential for utilizing a non-native species in Chesapeake

Bay while reducing the risks of unwanted introductions of repro-

ductivcly competent individuals. Triploid C . virginica may also be

advantageous, but for different reasons. Diversion of energy from

gametogenesis to other uses in triploid C. virginica may be re-

flected as increased disease tolerance if more energy is allocated to

defense mechanisms. In any case, triploid C. virginica represent a

potential advantage over diploid individuals because they may

grow faster and reach marketable size before incurring large losses

to disease (Barber and Mann 1991).

Determining susceptibility to disease is the first step that must

be taken in the evaluation of C. gigas as a supplemental species in

Virginia waters. The experiments described below examine the

comparative susceptibility of diploid and triploid C. gigas and C.

virginica to P. marinus.
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MATERIALS AND METHODS

Experiment I

This preliminary experiment was designed to determine if adult

C. gigas were susceptible to P . mannus. On 6 June 1989, 200 C.

gigas measuring 38-51 mm (1.5-2.0 inches) shell height were

obtained from Coast Oyster Company, Quilcene, Washington. Be-

cause of unusually low salinity (11.0 ppt) at this time at the Vir-

ginia Institute of Marine Science (VIMS), Gloucester Point labo-

ratory, the oysters were placed in a flowing sea water flume at the

VIMS Eastern Shore laboratory at Wachapreague, Virginia and

allowed to acclimate for six days prior to challenge with P . muri-

nus. On 12 June, 83 C . gigas were placed mto each of two flumes

and 25 C. virginica were interspersed among the C. gigas in one

of the flumes for P. marinus challenge. The C. virginica were

obtained from Deep Water Shoal in the upper James River, a bed

that is monitored monthly for P . marinus. Oysters at this site have

only rarely been infected with P. marinus. always in late fall. A

sample of 25 oysters from the June collection was negative for P.

marinus. Oysters from Deep Water Shoal were acclimated to the

higher Wachapreague salinity in two steps over 96 hours. At the

start of the experiment water temperature was 23.7°C and salinity

was 32 ppt in both flumes.

Oysters from Deep Water Shoal were also used as negative

controls. On 12 June, 25 oysters were placed in an aquarium at

VIMS, Gloucester Point, VA filled with 1.0 |xm-filtered York

River water and maintained at 24°C and 20 ppt. Oysters were fed

daily and the water was changed every other day.

Influent water to the flumes at Wachapreague was maintained

at a low flow rate (about 7 liters per minute) to prevent rapid

flushing of the infectious stages of P. marinus and ensure a suf-

ficient exposure period. To compensate for the decreased amount

of incoming food, one liter of concentrated (2.0 x lO'' cells/ml)

wild phytoplankton was added to each flume daily. Phytoplankton

was concentrated by passing raw seawater through a 10 |j.ni bag

filter and dewatering in a clarificr. Flumes were cleaned weekly

just prior to addition of P. marinus. Effluent from both flumes was

quarantined by passage through a sand filter and discharge onto a

gravel lot. Because of the low flow rate, effluent was retained on

this lot until it was absorbed.

Oysters in the treatment flume were exposed to P. marinus

weekly by the addition of either fresh, minced, infected C. vir-

ginica tissue (Ray 1954a), minced tissue cultured in fluid thio-

glycollate media, or purified prezoosporangia. Prezoosporangia

were purified by culturing minced, infected C \'irginica tissue in

fluid thioglycollate media for three days and then centnfuging to

form a pellet of zoosporangia. The pellet was resuspended and

washed four times in 0.22 jj.m-filtcred seawater and was resus-

pended in filtered seawater prior to being added to the treatment

flume. One liter of concentrated algae was added to the flume at

the time of introduction of P. marinus to stimulate oyster feeding

and ensure clearance of the parasite. At the same time the control

flume received algae only. Influent water to both flumes was then

left off for two hours. As an additional source of P. marinus

challenge, 10 live oysters from Wreck Shoal, a P. marinus en-

demic area in the James River, were also placed in the treatment

flume on 3 July. These oysters were marked and interspersed

among the other oysters and allowed to die and decay.

The flumes were checked daily and gapers (dead oysters con-

taining tissue) were collected and tested for P marinus using the

fluid thioglycollate assay (Ray 1952). On 28 August, after 45 days

of exposure to the parasite, all surviving C. virginica (23) and 25

live C. gigas from each flume were sacrificed and examined for

the presence of P. marinus. Samples of 25 C. gigas from each

treatment were tested again on 9 October, 83 days post exposure.

The control oysters from the aquarium were also sacrificed on 9

October and examined for P. marinus to assure that the C. vir-

ginica used in the experiment were not infected prior to being

placed in the challenge flume at Wachapreague.

Experiment 2

In this experiment diploid and triploid C. gigas and C. virgin-

ica were tested for susceptibility to P. marinus. Crassoslrea vir-

ginica broodstock was obtained from Mobjack Bay, Virginia and

C. gigas broodstock was obtained from Coast Oyster Company.
All broodstocks were conditioned at 22°C in the VIMS oyster

hatchery. Species were spawned separately. Spawning was in-

duced by raising the water temperature to 30°C; all spawnings used

gametes from at least 10 individuals. If elevated temperature did

not induce spawning, a male oyster from the broodstock group was

stripped and a sperm suspension added to the spawning tank.

When oysters spawned, they were placed in containers so as to

collect sperm and eggs separately. Eggs were fertilized by the

addition of sperm. Larvae were reared in 400 gallon conical tanks,

set on ground oyster shell (minicultch) and hardened in upwellers.

International Council for the Exploration of the Seas (ICES) pro-

tocol for handling the non-indigenous C. gigas was followed

throughout the experiments (ICES 1984). In the hatchery, all ef-

fluent was chlorinated and dechlorinated prior to discharge. Dip-

loid C. virginica were spawned on 5 April, 1989 and triploidy was

induced in C. virginica spawned on 23 March; C. gigas were

spawned on 1 1 April, 1989 and triploidy was induced in a portion

of these embryos. Triploidy was induced by exposing embryos to

1.0 mg/1 cytochalasin-B in 1.0 ml dimethyl sulfoxide (DMSO) at

25°C for 15 minutes beginning 15 minutes after fertilization

(Downing and Allen 1987). Triploidy of spat was assayed in a

sample of 25 oysters by Dr. Stan Allen of Rutgers University using

flow cytometry.

Spat were grown in flowing seawater flumes for 14 months

allowing them to attain a size of about 40 mm at which time they

were large enough to be easily counted and handled. On 18 June,

1990, 175 oysters from each of the four groups were placed in

separate Nestier trays in a single outdoor tlume. Influent flow rate

was high, approximately 20 liters per minute, to provide the oys-

ters with sufficient food and oxygen. Effluent was diverted to a

sand retention pond. Flumes were cleaned and the position of the

Nestier trays within the flumes was rotated bi-weekly.

For P. marinus challenge, oysters infected with P. marinus

were placed in a waring blender with 1 .0 jim filtered seawater and

minced by blending with 5 second pulses (Ray 1954a). The

minced tissue and several liters of cultured algae were added to the

flume after the bi-weekly cleaning. The water was left static for 2

hours to allow for uptake of P. marinus by the oysters. The ad-

dition of P. marinus infected tissue to the flume was discontinued

after the first sample revealed that all oyster groups had acquired

infections.

At the start of the experiment on 18 June an initial sample of 25

oysters from each group was examined for the presence of P.

marinus and subsequent samples were examined on 28 August, 26

September, 8 November, 1990, and 3 July 1991. Counts of live

and dead oysters were made periodically to assess mortality rates.
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For both experiments, infection intensity in gapers and live

oysters was rated and assigned a numerical value tor calculation of

weighted incidence (Wl) as negative
= 0. light

=
1 . moderate =

3. and heavy
= 5 (Ray 1954b, Andrews 1988). These values were

added and divided by the number of oysters exammed to give an

average infection intensity (weighted incidence) (Mackin 1962).

Differences in prevalence and intensity of P. marinus infec-

tions and cumulative mortality between the various oyster groups

in both experiments were tested by chi-square contingency tables

with continuity correction. For prevalence comparisons, the two

contingency table columns were numbers of infected and unin-

fected oysters in the sample. For intensity comparisons, one col-

umn of the contingency table was the total number of moderate

and heavy infections and the other column was the number of light

infections. For mortality comparisons, the two columns were num-

bers of live and dead oysters to that date. In all comparisons,

contingency table rows were the various groups of oysters. All

statistical analyses were performed on a Macintosh Ilci using

Statview II.

RESULTS

Experiment 1

Infection prevalence and intensity were higher in C. virginica

than in C. gigas. The first sample, taken 45 days after initial

exposure to P. iminnu.s. revealed that infection prevalence in C.

virginica had reached 100% while none of the C. gigas were

infected. Statistical analysis indicated that both prevalence and

intensity of infection was significantly greater in C. virginica than

in C. gigas (Table 1 ). The second sample of C. gigas revealed that

40% of the challenged oysters and 8% of the non-challenged oys-

ters had light infections. The infected oysters in the non-

challenged tlumc apparently acquired infections from the incom-

ing water. No P. marinus infections were found in the control

oysters held in an aquarium at VIMS. Gloucester Point.

Throughout the course of the experiment 1 1 C. gigas individ-

uals died in the challenge tlume and they were all collected as

gapers. Of these, two were found to contain P. marinus: one

oyster contained a single cell and the other oyster had a very light

infection. Two C. virginica gapers were collected from the chal-

lenge tlume prior to sampling of all the C. virginica on 28 August;

one gaper had a light infection and the other had a heavy infection.

Three gapers were found in the C. gigas control tlume; all tested

negative for the presence of P. marinus.

Experiment 2

Throughout the course of this experiment infection intensity,

but not prevalence, was much higher in C . virginica than in C .

gigas, regardless of ploidy. and significant differences in infection

intensity were found between the two species for all samples (Ta-

ble 2). No P. marinus was found in any group of oysters at the

start of the experiment. Samples examined on 27 August revealed

that prevalence of P. marinus had increased in all groups to be-

tween 87 and 100%. but there was no significant difference among
the groups. However, infection intensity was significantly higher

in both C. virginica groups than in either C. gigas group (Table 2).

As of 27 August, mortality was significantly higher in diploid C.

virginica than in triploid C. virginica even though prevalence and

intensity of P. marinus infections were similar in the two groups.

In subsequent samples examined on 26 September and 8 Novem-

ber, 1990 prevalence of P. marinus infections declined in C. gi-

gas, but not in C. virginica, and differences were statistically

significant. The prevalence of P. marinus in C. gigas had in-

creased by July of 1991 when the experiment was terminated, but

all infections were light and no additional mortality had occurred

(Table 2). Of the 95 C. virginica examined during the experiment,

55 had heavy infections and 24 had moderate infections. No heavy

or moderate infections were found in any C. gigas. Consequently,

weighted incidence in C. gigas never reached 1.0, while in C.

virginica it approached 4.0. There was no difference in prevalence

or intensity between diploid and triploid oysters of the same spe-

cies. However, ploidy assays showed that the C. gigas triploid

group contained only 67% triploid individuals at the start of the

experiment and 36% triploid individuals on 3 July 1991. The C.

virginica triploid group was 96% triploid at the beginning of the

experiment, but no final determination could be made because all

C. virginica had died by late summer 1990.

Mortality was also much higher in C. virginica than in C. gigas

(Table 2). The highest mortality in C. gigas occurred from 7

August to 27 August; during this period mortality was 22.3% in

the diploid C. gigas and 25.1% in the triploid group. Mortality in

both groups of C. gigas declined after 27 August and no mortality

occurred after 21 September. Cumulative mortality in both diploid

TABLE 1.

Prevalence and intensity of infections in diploid, adult Crassostrea gigas and C. virginica challenged with Perkinsus marinus.

Date Oyster Group

No. Infected/

No. Examined

%
Infected H-M-L" W.L"

12 Jun 89

28 Aug 89

9 Oct 89

C. gigas

C. virginica

C. gigas challenged

C. gigas control

C. virginica challenged

C. gigas challenged

C. gigas control

C. virginica control (aquanumi

0/25

0/25

0/25

0/25

23/23*

10/25

2/25

0/13
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TABLE 2.

Prevalence and intensity of infections in diploid and triploid Crassostrea gigas and C. virginica challenged with Perkinsus marinus.
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nils infections were observed between diploid and Iriploid groups

in oysters of the same species. However, mortality was greater in

diploid C. virginica than in triploids after 70 days of exposure, but

not in subsequent months. This early lower mortality of triploids.

even though disease prevalence and intensity were similar to dip-

loids, may suggest that triploids have a short-term energetic ad-

vantage over diploids. However, by the end of the experiment it

was clear that triploidy provided no increased tolerance to P. mari-

nus in C. viri;inic(i and the hypothesis that energy resources di-

verted from gametogcnesis in triploid individuals can be used to

enhance defense mechanisms does not seem to be true. On the

basis of these experiments triploid C. virginica can not be ex-

pected to provide any disease resistance advantage over diploid

individuals. However, the faster growth rate of triploid C virf>iij-

ica compared to diploid C. virginica (Barber and Mann 1991),

would result in triploids reaching marketable size sooner than dip-

loid individuals and thus potentially incurring fewer losses to dis-

ease.

The tolerance of C. gigiis to P. mannus suggests that this

oyster species has potential to assist the revitalization of the Ches-

apeake Bay oyster industry. On the basis of these experiments

there should be very little, if any, C. gigas mortality associated

with P. martnus infections. Triploid C . gigas appeared to be at

least as disease tolerant as diploid individuals, although the C.

gigas triploid group was only 67% triploid at the beginning of the

experiment and only 36% triploid when it was terminated. We feel

that this decline in triploidy was probably a result of sampling

error rather than differential mortality between diploid and triploid

individuals, but this could not be determined with certainty. On
the basis of these experiments, the use of C . gigas as part of a

revitalization program would offer the advantage of disease toler-

ance in areas where P. mannus is endemic. In addition, use of

triploid C. gigas would also reduce the risk of undesirable intro-

ductions.
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DISEASE INCIDENCE AND POTENTIAL MECHANISMS OF DEFENSE FOR MSX-RESISTANT
AND -SUSCEPTIBLE EASTERN OYSTERS HELD IN CHESAPEAKE BAY'
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ABSTRACT A disease of eastern oysters. Crassostrea virginica (Gmelin, 1791 ), caused by a prolislan, Haplusporidium nelsoni. has

caused great losses in the oyster fisheries of the northern Atlantic coast of North America. Certain oyster stocks have been selectively

bred to survive infection by H. nelsoni (often called MSX disease) but mechanisms of resistance are not known and potential resistance

to another protistan parasite. Perkinsus marinus. is not clear. Oysters from MSX-resistant stocks and from unselected (susceptible)

stocks were compared over one year ( 1988-89) at an estuarine site in Chesapeake Bay where MSX disease and P marinus ("dermo"

disease) are both known to occur. Prevalence of MSX disease was C/c^Vc for the resistant stock and 36'7c-60'7c for the susceptible

stock, whereas prevalence of P marinus was similar for both resistant (58'7c l and susceptible (67%) stocks. Comparison of putative

defense mechanisms revealed no differences in hemocyte capacity to spread, respond to salinity changes or locomote in vitro. The

susceptible stock exhibited higher serum protein concentrations and higher lysozyme concentrations dunng spnng and summer. Serum

agglutination titers for Vibrio cholerae CA401 were consistently higher for the resistant stock dunng summer; serum lectins could be

related to disease resistance or affected by H nelsoni infection.

KEY WORDS: eastern oyster, Crassostrea virginica. Haplusporidium nelsoni. Perkinsus marinus. invertebrate immunology, de-

fense mechanisms, lectins

INTRODUCTION

Eastern oysters. Crassostrea virginica. are subjected to two

common parasites in the Chesapeake Bay. Haplosporidium nel-

soni (Haskin. Stauber, Mackin) (MSX disease) and Perkinsus

marinus (Mackin. Owen. Collier) ("dermo"" disease). In the

1950's, P . marinus was the primary cause of oyster deaths in the

lower Chesapeake Bay. with most infections caused by direct

transmission from dying oysters (Andrews 1979. 1988. Andrews

and Ray 1988). A recent decline in abundance off. marinus may
be a consequence of depleted oyster populations in the lower Ches-

apeake Bay. but the disease still persists at the fringes of its sa-

linity tolerance (12-15 ppt) where natural recmitment of oysters

occurs (Andrews 1979, Andrews and Ray 1988).

Following the discovery of MSX in 1957 in Delaware Bay. this

protozoan has caused heavy mortalities of C. virginica (up to 95%)

(Ford and Haskin 1988). Chronic disease pressure with occasional

epizootic outbreaks continues to suppress eastern oyster produc-

tion in the Chesapeake and Delaware Bays (Ford and Haskin

1988). After 1960. MSX disease spread throughout lower Ches-

apeake Bay with annual mortality rates of 50-609c and replaced P.

marinus as the major cause of oyster mortalities (Andrews 1979).

The disease caused by MSX parasites tends to exhibit uniform

levels of infection and kills oysters over wide areas within a 15-25

ppt salinity range (Andrews 1979).

Researchers at Rutgers University have bred, in the laboratory.

survivors of MSX-exposed oysters from Delaware Bay to produce

MSX-resistant stocks (Haskin and Ford 1979. Ford and Haskin

'Contribution number 733 Gulf Breeze Environmental Laboratory.

"Present Address; Institute of Marine & Coastal Sciences P.O. Box

Rutgers University New Brunswick. New Jersey 08903.

'^Corresponding author.
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1987). "Resistance'" in this case does not prevent infection but

enables host oysters to restrict the parasites to small, non-lethal

lesions in gill or palp epithelia (Ford and Haskin 1987, 1988). The

exact mechanism for this resistance is unknown. Valiulis (1973,

also see Ford 1988 and Ford and Haskin 1987) demonstrated that

selection for survival against H. nelsoni might also improve sur-

vival against P . marinus at low dosage. However. Burreson et al.

( 1990) exposed MSX-resistant oysters to the natural conditions in

the lower Chesapeake Bay for two years, resulting in 96% prev-

alence of P. marinus and 45% mortality.

Hemocytes of marine bivalves, by phagocytosis, make a major
contribution to host defense against pathogens and parasites (Foley

and Cheng 1975). This requires that hemocytes be able to recog-

nize, bind, ingest and dispose of exogenous or nonself particles

(Fisher 1988a). In addition, hemocytes are believed to release

lysosomal enzymes into the hemolymph to destroy bacteria or alter

foreign particles so they can be recognized as nonself (Foley and

Cheng 1977). It has been hypothesized that lectins (non-

immunoglobulin proteins) in invertebrate serum can enhance the

phagocytic response by marking, or "recognizing"" nonself mate-

rial (Olafsen 1988).

Occurrence and intensity of H . nelsoni and P. marinus infec-

tions were monitored in two eastern oyster stocks. Presumptive

defense components in MSX disease resistance were monitored in

both resistant and susceptible stocks held at the same site in Ches-

apeake Bay over a one-year period. Hemocyte spreading, salinity

regulation and locomotion, and serum levels of protein, lysozyme
and agglutinin (vs. Vibrio cholerae) were assayed.

MATERIALS AND METHODS

Two stocks of oysters were maintained at Deal Island, Mary-
land from June 1988 to July 1989. An MSX-resistant, Delaware

Bay stock (CXF) was selected over seven generations at the

439
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Harold Haskin Research Laboratory (HHRL) for resistance to

mortality from MSX disease (Dr. Susan Ford, pers. comm..

Haskin and Ford 1979). The resistant stock was spawned at HHRL
in July 1986 and progeny were maintained in trays in Delaware

Bay at Cape Shore. New Jersey until transport to Maryland. The

susceptible stock was dredged from the Tred Avon River in the

Maryland portion of the Chesapeake Bay in June 1988. Initial

oyster sizes for both stocks ranged from 40-80 cm length (mean

for both groups was 60 cm). All oysters were placed in trays and

suspended in 2 m of water, approximately Vi m from the bottom

at the Maryland Department of Natural Resources and University

of Maryland Oyster Hatchery at Deal Island, MD. Three trays held

180 resistant stock each and three trays held 100 susceptible stock

each. Salinity and temperature ranged from 18 ppt and 30°C in the

summer to 12 ppt and - TC in the winter. Oysters were monitored

for survival weekly in spring and summer and monthly in fall and

wmter. Samples were collected for disease diagnosis, hemocyte

assays and serum measurements in June 1988, November 1988,

May 1989 and July 1989. All data were analyzed by Student's

t-test for paired comparisons (Sokal and Rohlf 1981 ) on Statistical

Analysis Systems (SAS).

Disease Diagnosis

Infection of oysters by P. mariniis was determined by incubat-

ing a I cm" section of rectal tissue in thioglycollate-estuarine water

(15 ppt) medium for 7 d as described by Ray ( 1966). Intensity of

infection was determined by examination of hypnospores and rated

according to Ray (1934): —negative, I
—

light, 2—light/moder-

ate, 3—moderate, 4—moderate/heavy and 5—heavy. The

weighted incidence of dermo disease (WI) was calculated as de-

scribed by Andrews (1988) and is a combination of the prevalence

and intensity of infections.

Incidence of W. netsoni was diagnosed as in Ford ( 1985) with

intensity scored as follows; —negative, I—gill/epithelial infec-

tions, 2—subepithelial/local, 3—light systemic and 4—advanced

systemic.

Hemocyte Assays

Twelve oysters from each stock were collected and their shells

notched at the posterior- ventral edge to allow withdrawal of 0.5

mL hemolymph from the adductor muscle by syringe. Hemocyte

activity assays (hemocyte spreading, volume regulation and loco-

motion) were conducted as described by Fisher and Newell ( 1986)

and Fisher et al. (1989).

Serum Assays

A second 0.5 mL sample of hemolymph was withdrawn from

each oyster and centrifuged (300 x g) to remove hemocytes. Se-

rum was refrigerated and retained for analysis of protein and

lysozyme content and determination of agglutination titer (per-

formed within two days of sampling).

Protein concentration of cell-free serum was determined by the

Bio-Rad' protein assay using 10 |xL serum measured on a Shi-

madzu' spectrophotometer at 595 nm with a bovine plasma

gamma globulin standard. Serum lysozyme concentration was de-

termined using a standard suspension (15 mg/100 mL) of Micro-

coccus lysodeikliciis (Sigma') by the method of Shugar (1952) as

described in Chu and La Peyre (1989). A sample of serum (0.2

mL) was monitored for degradation of lysozyme for 3 min at room

temperature (21°C) at 450 nm on a Cary spectrophotometer and

compared to hen egg-white standards.

Agglutination of Vibrio cholerae CA40I was tested in round-

bottom microtiter plates after serial twofold dilution of cell-free

serum with ASW at 18 ppt (Tamplin and Fisher 1989). Bacteria

concentrations were adjusted to —3 x 10** (using standard Mc-

Farland nephelometer units) and added 1:1 to the diluted serum.

Bacteria were allowed to settle for 16-24 h before reading. Titer

was recorded as the reciprocal of the highest dilution where ag-

glutination was observed. Averages and statistics were compiled
with log, titer values.

RESULTS

Disease Diagnosis

The MSX-resistant oyster stock remained relatively uninfected

by H . nelsoni in the year they were maintained at Deal Island (only

1 animal of 75 tested positive for MSX; Table 1). The susceptible

stock however, showed initial infections in 36% of the oysters

with an average intensity of 1.8 (ranging from 1-3). This grew to

60% infections by November when intensity averaged 3.0 (rang-

ing from 1^). By July 1989, nearly all susceptible animals were

dead.

Stocks were not tested for infection with P. marinm at the time

of planting (June 1988) at Deal Island. At that time, P. marinus

was believed absent from Delaware Bay. so the resistant stock was

presumed uninfected. Eight percent of resistant oysters were in-

fected with P. marinus disease in November 1988, but that rose to

58% by July 1989 (Table 1). The weighted incidence (WI) of

infection also increased from 0. 1 in November 1988 to 1.8 by July

1989. There were eight gapers (dead oysters) from the resistant

stock in July 1989 and all were infected with P . marinus with a WI
of 4.0 (±0.5). The initial prevalence of P. marinus for the sus-

ceptible stock is unknown, but 20% of the oysters were infected in

November 1988 and May 1989 and 67% were infected by July

1989 (Table 1). The WI for infection of susceptible oysters was

less than 0.5 for the first two collections but increased to 1.4 by

July 1989.

Hemocyte Assays

There were no significant differences at the p < 0.05 level

between the two oyster stocks in time to hemocyte spreading at

TABLE 1.

Prevalence and weighted incidence (WI) of P. marinus (dermo) and

H. nelsoni (MSX) infections for MSX-resistant and MSX-susceptible

oyster stoclts.

'

Mention of commercial products or companies does not constitute en-

dorsement or recommendation for use by the U.S. Environmcnlal Protec-

tion Agency.
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ambient salinity (18 ppt) on any of the collection dates (Fig. 1).

Nor were there significant differences in salinity regulation by the

hemocytes with the single exception of faster adjustment to hy-

perosmotic conditions (36 ppt salinity) by hemocytes of resistant

oysters in June 1988 (Fig. 1). Likewise, there were no significant

differences at the p < 0.05 level between the two stocks in average

rate of locomotion (Fig. 2).

Serum Assays

Protein concentration in cell-free hemolymph tended to be

higher in the susceptible oysters (Fig. 3), but this difference was

significant (p < O.O.'i) only in the May 1989 sample. Both stocks

had higher serum protein levels in the winter than in spring and

summer (Fig. 3).

Lysozyme levels did not show the same seasonal pattern as

protein. In spring and summer, the susceptible stock exhibited

higher concentrations of serum lysozyme (Fig. 4). but this was

significant (p < 0.05) only in July 1989.
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Figure 1. Average time to hemocyte spreading (THS) at 15°C and six

in vitro salinities for MSX-resistant and -susceptible oysters held at

Deal Island from 1988-1989. Error bars are -1-1 SE and n = 12 for

each bar. *marks signiricance at p < 0.05 level.

E
a.

dl RESISTANT^ SUSCEPTIBLE

1

JL,

LI
JL

L
z
Z)

>
o

Figure 2. Average rate of hemocyte locomotion (RHL) for MSX-
resistant and -susceptible oysters held at Deal Island from 1988-1989.

Locomotion assays »ere conducted at 15°C and ambient salinity (18

ppt) within 90 mins of hemocyte spreading. Error bars are -t- 1 SE and

n = 12-15 for each bar.

Titers for agglutination of V. cholerae CA401 by cell-free se-

rum demonstrated a continuous and significant decline from July

1988 to July 1989 (Fig. 5). This decline was more pronounced in

the resistant stock. Titers were consistently higher in the resistant

stock and the difference was statistically significant (p < 0.05) for

the June 1988. July 1988 and July 1989 samples. A similar result

was obtained for a single sampling of different resistant and sus-

ceptible stocks in October 1988 at HHRL (Tamplin and Fisher

1989). In this sample, the MSX-resistant stock had a higher mean

titer (4.3 ± 0.8) than the susceptible stock (2.8 ± 0.5) but the

difference was not significant at the p < 0.05 level.

DISCUSSION

Selected. MSX-resistant. Delaware Bay oysters held in Ches-

apeake Bay at an intermediate salinity (12-18 ppt) were found to

resist infection by H. nelsoni whereas unselected and susceptible

Chesapeake Bay oysters held at the same site became increasingly

infected. The results imply that the MSX-selected oysters were
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Figure 3. Mean hemolymph protein concentration (mg/mL) for MSX-
resistant and -susceptible oysters held at Deal Island from 1988-1989.

Error bars are -l-I SE and n = 25 for each bar. 'denotes signiricance

at p < 0.05 level.
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Figure 4. Mean lysozyme concentration (jig/mL) in hemolymph from

25 MSX-resistant and -susceptible oysters held at Deal Island from

1988-1989. Error bars are +1 SE and * denotes significance at p <

0.05 level.

resistant not only to H. nehoni-relaled mortality as indicated by

previous studies (Haskin and Ford 1979, Ford and Haskin 1987,

1988, Ford 1988), but also to infection since only 1% of all re-

sistant oysters tested positive for MSX. Both stocks were equally

susceptible to P. mariinis infection, supporting the conclusions of

Burreson et al. ( 1990) that MSX resistance may be due to a rel-

atively specific factor that does not confer resistance to dermo

disease.

Hemocyte activities (spreading, salinity regulation and loco-

motion) from oysters of both stocks exhibited the same seasonal

pattern of decreased capacity during the "summer stress" period

(Figs. 1 & 2) as described in Fisher et al. ( 1989), Since there were

no differences between resistant and susceptible stocks however,

these hemocyte activities do not appear to be directly involved in

resistance to H. nelsoni. Ford (1988) suggested that phagocytosis

by hemocytes may not be a particularly active defense against
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Figure 5. Average log, titer of agglutination of Vibrio chnlerae CA4()I

by hemolymph of MSX-resistant and -susceptible oysters held at Deal

Island from 1988-1989. Error bars are -1-1 SE and * denotes signifi-

cance at p < 0.05 level and *** denotes significance at p
- 0.001 level.

MSX disease and noted that only the less phagocytic agranular

hemocytes appear at sites of W. nelsoni infection.

Serum lysozyme, believed to be synthesized in the hemocytes
and released via degranulation (Foley and Cheng 1977, Cheng et

al. 1975), was significantly higher in the susceptible stock in July

1989 (Fig. 4). This difference could be related to the 60% H.

nelsoni rate of infection at that time. The role of serum lysozyme
is poorly understood in relation to parasite burden and is further

obscured by annual variations in concentration (Feng and Can-

zonier 1970, Cheng et al. 1975, Chu and La Peyre 1989).

The only consistent difference in hemolymph components be-

tween stocks was higher agglutination titers of resistant oysters to

Vibrio cholerae CA401 (Fig. 5). Tamplin and Fisher (1989) found

a similar, but not statistically significant, situation with two other

resistant (WJDX) and susceptible (VAJP) oyster stocks. Ling
(1990) also found that MSX-resistant oysters had higher aggluti-

nating titers for latex beads. However, he also found that agglu-

tinating ability in MSX-susceptible oysters decreased with in-

creased MSX infection levels.

Agglutination by invertebrate sera is usually caused by lectins

(multivalent, nonimmunoglobulin proteins) which may serve a

wide variety of recognition functions (Sharon and Lis 1972). In

invertebrates lectins may act as opsonins that recognize or label

nonself material to increase the phagocytic response (Vasta et al.

1982, Renwrantz and Stahmer 1983, Olafsen 1988). Eastern oys-

ter serum was recently shown to agglutinate a broad range of

marine bacteria with high specificity and varying intensity (Fisher

and DiNuzzo 1990). Fisher (1988b) suggested that better recog-

nition of the parasite Bonamia ostreae by hemocytes was a factor

in the insusceptibility of Crassostrea gigas relative to Ostreci edu-

lis. The fact that eastern oyster hemocytes can readily phagocytose

dead, but not live, MSX parasites (Ford et al. 1990) may be

indirect evidence that the ability to recognize this parasite as non-

self is an important mechanism of defense. Thus, it is possible that

higher titers of serum lectins can help resistant oysters identify

parasites as nonself and heighten the defense response.

Two potential mechanisms of MSX resistance, hemocyte ca-

pacity and serum lysozyme activity, were not supported by the

results of this study. The role of serum lectins was not elucidated,

but there was a consistent difference in lectin titers between MSX-
resistant and -susceptible oysters. It is not clear whether higher

agglutination titers against V. cholerae CA401 in the resistant

stock is associated directly or indirectly with improved survival or

is merely an effect of MSX and/or dermo infections.
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STERILE TRIPLOID CRASSOSTREA VIRGINICA (GMELIN, 1791) GROW FASTER THAN
DIPLOIDS BUT ARE EQUALLY SUSCEPTIBLE TO PERKINSUS MARINUS^

BRUCE J. BARBER AND ROGER MANN
Virginia Institute oj Marine Science

College of William and Mary
Gloucester Point. Viri^inia 23062

ABSTRACT Growth, tolerance of Perkinsiis maritnis. and gametogenesis of diploid and triploid Eastern oysters, Crassoslrea

virgi/uca (Gmelin, 1791) were compared in the York River, Virginia between June 1989 and November 1990. Triploid oysters had

significantly greater mean shell height (P « 0.02) and whole weight (P « 0.005) than diploid oysters throughout the study period. In

November 1990, triploids had significantly greater mean dry tissue weight (P s 0.0061 than diploids. On average, triploid oysters

reached commercial size (63.5 mm) 5 months before diploid oysters. Diploid and triploid groups became similarly infected with P.

mariniis dunng summer 1990. Prevalences reached 96'7t with moderate and heavy intensities in both groups in October 1990. Gonadal

development in triploids was significantly reduced (P =5 0.02) compared to development in diploids. While diploid oysters completed
a normal gametogenic cycle, gametogenesis in tnploid male oysters was arrested pnor to gamete maturation in all but one individual,

and in tnploid females only a few isolated oocytes were produced. Potential commercial utilization of triploid C. virginica will most

likely take advantage of superior growth rates compared to diploids, as disease tolerance was not improved.

KEY WORDS: oysters, triploid. growth, gametogenesis. disease. Crassoslrea virginica. Perkinsus marinus

INTRODUCTION

Tnploid oysters (having three sets of chromosomes) represent

an increasing proportion of hatchet^ oyster (Crassostrea gigas

Thunberg) production in the U.S. Pacific Northwest (Oregon and

Washington), which now accounts for approximately 37'7f of total

U.S. production (U.S. National Marine Fisheries Service, 1990

Landings for the United States). The commercial value of triploid

oysters results from the physiological alteration that occurs as the

result of having an extra set of chromosomes. Most notably, trip-

loid C. gigas exhibit retarded gonadal development compared to

diploid (normal) oysters (Allen and Downing 1986. 1990). Thus

being relieved of the metabolic requirements of gametogenesis.

triploid oysters exhibit greater somatic growth and a more consis-

tent glycogen content than diploid oysters, making them a better

market product throughout the year (Allen and Downing 1986.

Davis 1989). Triploid C. gigas are also less susceptible to "sum-

mer mortality,"' which has been related to stress induced by ex-

cessive gonadal maturation (Perdue et al. 1981. Beattie et al.

1988).

As reviewed by Haskin and Andrews (1988) and Andrews

(1988), native stocks of Crassostrea virginica Gmelin along the

east coast of the United States have been severely depleted by two

oyster pathogens. Haplosporidium nelsom and Perkinsus marinus.

At sublethal levels, the diseases caused by these pathogens inhibit

growth, reduce fecundity, and lower condition and glycogen con-

tent (Menzel and Hopkins 1955, Newell 1985. Barber et al.

1988a. 1988b. Crosby and Roberts 1990. Paynter and Burreson

1991 ). Although resistance to mortality caused by H . nelsoni has

been achieved through selective breeding (Ford and Haskin 1987).

no increase in tolerance to P. marinus has been effected to date.

Thus the impact of P. marinus continues unabated.

Evaluation of the performance of triploid C. virginica with

respect to growth, disease tolerance, and gametogenesis is limited.

Compared to their diploid counterpails. triploid C. virginica have

'Contribution No. 1713 from the Virginia Institute of Marine Science.

College of William and Mary, Gloucester Point. VA 23062.

been reported to grow faster (Stanley et al. 1984). exhibit inhibited

gametogenesis (Lee 1988), and have similar susceptibility to P.

marinus in dosed flumes (Meyers et al. 1991). This study provides

the first coordinated examination of growth, disease tolerance, and

gametogenesis of tnploid C. virginica in the field, so a preliminary

evaluation of the potential value of triploid oysters to the aqua-

culture industry of the eastern U.S. can be made.

MATERIALS AND METHODS

Broodstock oysters obtained from Mobjack Bay. Virginia,

were conditioned in the Virginia Institute of Marine Science

(VIMS) hatchery in early 1989 at 20-24°C with a diet consisting

of Isochrysis galbana (Tahitian), Thalassiosira pseudonana (3H),

T. weissflogii. and Chaetoceros calcitrans. Spawning was induced

by elevating the temperature to 28-30°C and adding a sperm sus-

pension, if necessary. Triploid larvae were produced from oysters

(3 2 and 26 ) spawned on 23 March, 1989, and diploid larvae were

produced from oysters (69 and 8(5) spawned on 5 April, 1989.

Tnploidy was induced by adding (15 min after fertilization) 1.0

mg cytochalasin B (CB) in 1 .0 ml DMSO to a 2 1 beaker contain-

ing embryos in 1 I of seawater. Treatment with CB lasted 15 min

and was followed by a 15 min DMSO ( 1 .0 ml/I) exposure (Down-

ing and Allen 1987. Allen et al. 1989).

Larvae were reared in 400 gal conical tanks. Water was

changed every 1-2 days and food (/. galhana. T. pseudonana, T.

weissflogii. and C. calcitrans) was added 1-2 times daily. Eyed
larvae were set onto "minicultch" (ground oyster shell) and

placed into upwellers receiving raw water from the York River.

Virginia. Oysters were removed from the upwellers in July and

placed into trays that were hung off a pier at the VIMS campus
(York River, Virginia). Twenty-five individuals from each group
were assayed for ploidy by Dr. S. Allen. Rutgers University, using

flow cytometry (Chaiton and Allen 1985). The CB-treated group
contained 96% triploids. while the untreated group contained 0%

triploids.

Regular determinations of shell height (maximum dimension

from hinge to opposite margin) and whole (live) weight, began in

June and August 1989, respectively, and were continued until

445
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November 1990. The number of individuals measured was 30 per

group prior to November 1 989 and 50 per group from November

1989 onward. Additionally, in November 1990. 60 oysters from

each group were shucked for determination of dry tissue weight

(80°C).

Beginning in August 1989. 25 individuals from each group
were sacrificed periodically for determination of prevalence and

intensity of Perkinsus marinus, using the fluid thiogiycollate

method (Ray 1952). Prevalence was the percentage of oysters

found to have infections, and the intensity of infection in each

oyster was rated as light (L), moderate (M), or heavy (H) (Ray

1954).

Gametogenesis was monitored from April through October

1990. Twenty individuals from each group were sacrificed and

fixed in Davidson's AFA. A standard transverse (anterior) section

of the visceral mass taken beginning at the level of the mtcrsection

of the labial palps and gills (and including gill, mantle, stomach,

intestine, and digestive diverticula) was then dehydrated, cleared,

and embedded in Paraplast. Six-jj-m sections were mounted on

slides and stained with Harris" Hematoxylin and Eosin Y. To

quantify gonad development, a gonadal area index (GAI) was

determined from the histological section of mdividuals found to be

sexually differentiated, as the ratio of [gonadal area/area of entire

visceral mass] x 100. GAI represents the proportion of total cross

sectional area that is comprised of gonadal tissue and is indicative

of gonadal development (gametogenesis) and spawning (Barber et

al. 1988a, 1991).

Comparisons of mean shell height, whole weight, dry tissue

weight (November 1990 only), and GAI (after arcsin transforma-

tion) between diploid and triploid groups were made for each

sampling date using a t-test.

RESULTS

Growth

Growth of all oysters (measured both as shell height and whole

weight) occurred primarily in fall (September-December) 1989

and 1990 and spring (April-July) 1990 but slowed considerably

during winter (December-April) 1989-90 and summer (July-

October) 1990 (Figures 1 and 2).

Mean shell height of diploid oysters increased from 10.9 mm in

June 1989 to 64.6 mm in November 1990, while mean shell height

g 40
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Figure 2. Mean whole weight (g) of diploid and triploid oysters, C.

virginica. grown in the York River, Virginia, between August 1989

and November 1990. Error bars represent 1 SD.

of triploid oysters increased from 13.1 mm to 69.7 mm over the

same time interval (Figure 1). Means of the triploid group were

significantly greater (P s 0.02) that means of the diploid group on

all sampling dates except January and June 1990. From October

1989 through November 1990, triploid oysters maintained an av-

erage 5 mm shell height differential over diploid oysters. A mean
shell height of 63.5 mm (considered commercial size) was attained

by triploid oysters in July 1990 and by diploid oysters in Novem-
ber 1990 (Figure 1). In July 1990, 66% of the triploid group
exceeded 63.5 mm m shell height compared to 38% of the diploid

group.

Between August 1989 and November 1990, mean whole

weight of diploid oysters increased from 1 .6 g to 40.6 g, and mean
whole weight of triploid oysters increased from 3.4 g to 52.6 g

(Figure 2). Means of the triploid group were significantly greater

(P « 0.005) than means of the diploid group at all sampling dates

except June 1990. Over the course of the study, the differential in

whole weight between triploid and diploid oysters increased. In

August 1989, the difference between mean whole weight of dip-

loid and triploid oysters was 1.8 g, but by October 1990 this

difference had increased to 13.8 g (Figure 2).

In November 1990, mean dry tissue weight of triploid oysters

was 1 . 1 g compared to 0.9 g for diploid oysters. These means were

significantly different (P « 0.006).

Disease

80 ^
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Figure I. Mean shell height (mm) of diploid and triploid oysters, C.

virginica. grown in the York River, Virginia, between June 1989 and

November 1990. Error bars represent 1 SD.

P. marinus was not detected in diploid or triploid oysters (prev-

alence = 0%) in either August or September 1989, shortly after

being placed into the York River. VA (Table 1). In October and

again in November 1989, 1-2 individuals in each group had ex-

tremely light infections (1-2 P. marinus cells). In April 1990.

prevalence was reduced to 0%. In July 1990, prevalence of P.

marinus was 56% in the diploid group and 44%' in the triploid

group. Most infections were light, but there were also 3 moderate

Infections and I heavy infection in each group. By October 1990.

prevalence had increased to 96% in both groups, with a concom-

itant increase in both moderate and heavy infections. Although no

accurate counts were obtained, mortalities were observed in both

diploid and triploid groups beginning in July 1990.

Gametogenesis

Mean GAI of both diploid and triploid oysters was 0%i in April

1990 (Figure 3). Beginning in May, mean GAI of diploid oysters
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TABLE I.

Prevalence ('^r) and intensity iL =
light; M = moderate; H = heavy)

of P. marinus infections in diploid and triploid o>sters, C. rirginica

from August 1989 to October 1990: n = 25.

TABLE 2.

Number of undifferentiated (I'), male (M), and female (F) diploid

and triploid oysters, C. virginica. from April-October 1990 and

notes on gametogenesis; n = 20.
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were distinguished by the presence of very few oocytes, most

often isolated in separate follicles containing no other developing

oocytes (Figure 4C). and males typically contained spermatocytes

but no spermatozoa (Figure 4Dl. In October, the number of un-

differentiated individuals increased to 16 (Table 2|. There was no

evidence of spawnmg (follicles partially devoid of gametes or

gametes in gonoducts) in any of the triploid oysters. Instead, in-

filtration of follicles by phagocytes was evident, indicating resorp-

tion of gametes.

Of the 120 oysters examined from the 96% triploid group.

mature gonads were found in only five individuals, one of which

was a hermaphrodite (Table 2). Samples of adductor muscle tissue

from these individuals were subsequently assayed for ploidy

(S. K. Allen. Rutgers University), and 4 of the five were diploid,

the exception being a male from the 23 August sample.

DISCUSSION

Growth

Triploid oysters were significantly larger than diploid oysters,

both in terms of shell height and whole weight, throughout the

period of this study, which ended when oysters were about 1 .5 yrs

of age. The 2 week age difference between diploid and triploid

groups, although potentially important initially, was not consid-

ered a factor after the age of 1 yr. A difference in shell height of

about 5 mm was maintained between triploids and diploids

throughout most of the study period. In the case of whole weight,

which includes both shell and tissue components, the difference

between triploids and diploids appeared to increase over time,

suggesting that tissue production was greater in triploids. This was

verified by the significantly greater dry tissue weight found in

triploid oysters than in diploid oysters in November 1990.

Growth rate was generally greater during fall and spring than

during winter and summer. Oyster growth is generally reduced

during winter as the result of lower temperatures and decreased

clearance rates. The decrease in growth rate during summer 1990

occurred in conjunction with infection by the oyster pathogen P.

marinus, which has been shown to negatively affect oyster (shell)

growth (Menzel and Hopkins 1955, Paynter and Burreson 1991).

Gametogenesis also occurs in summer, and is known to retard

shell growth in oysters (Mann 1979, Allen and Downing 1986).

Because both diploid and triploid groups experienced reduced

growth in summer 1990, disease, rather than differential gonadal

development, is the most likely cause.

In general, because triploid oysters invest less energy in the

production of gametes, more energy is available for somatic

growth. Allen and Dowing (1986) found that triploid C. gigas

continue to grow and use less of their stored glycogen than dip-

loids during the normal gametogenic period, when growth in dip-

loids ceases. Growth differences between diploid and triploid C.

gigos may depend upon environmental conditions and resulting

glycogen utilization patterns (Davis 1988, 1989). Triploid scal-

lops, Argopecten irradians and Chlamys nohilis. displayed greater

somatic growth compared to diploid scallops as a result of retarded

gonadal development :"id reduced glycogen utilization (Tabarini

1984, Komaru and Wada 1989). Superior growth of triploid or-

ganisms may also be associated with the increased heterozygosity

resulting from the extra set of chromosomes. Stanley et al. ( 1984)

reported that triploid C. virginica grew faster and were more het-

erozygous than diploid siblings only if triploidy were accom-

plished by blocking meiosis 1. Triploid Myii arenuriu were also

found to be nearly twice as heterozygous as their diploid siblings

(Mason et al. 1988).

Disease

The results of this study indicate that triploid C . virginica are

no more tolerant of P . marinus than diploid oysters. Because

oysters were placed in the field late in 1989, infections incurred

that year were rare and extremely light. These infections were

apparently lost (or became subclinical) over winter, as P. marinus'

was undetected in April 1990. By July, however, about 50% of

both diploid and triploid groups were infected, and this increased

to 96% by October, with similar intensities and mortalities in both

groups. Thus tnploid C. virginica become infected with P. mari-

nus in nature to the same extent as diploids in spite of their pre-

sumed energetic advantage. Similar results were reported for an

experiment in which diploid and triploid C. virginica were dosed

with P. marinus cells in a tlume (Meyers et al. 1991). Tolerance

to the effects of P. marinus must therefore be more specific than

and unrelated to greater glycogen content associated with the lack

of reproductive effort.

Although mortality comparisons between diploid and triploid

groups were not made in this study, the similarity in susceptibility

P. marinus suggests that mortalities would also be similar. This

was confirmed by Meyers et al. (1991) who reported that cumu-

lative mortality of C. virginica 150 days after being dosed with P.

marinus was 100% and 98% for diploid and triploid groups, re-

spectively.

The effect of P. marinus on oyster energy metabolism has not

been examined to date, but it is recognized that H. nelsoni infec-

tion negatively affects oyster filtration rate, glycogen content, and

condition (Newell 1985, Barber et al. 1988a, 1988b). Further-

more, oysters selected for tolerance of W. nelsoni exhibit greater

filtration rates than susceptible oysters during periods of greatest

parasite activity (Barber et al. 1991). Considering the inverse re-

lationship between glycogen content and H. nelsoni infection in-

tensity and the greater glycogen content of triploid oysters, an

examination of the relationship between ploidy and infection of C.

virginica by H. nelsoni would be a useful comparison to the find-

ings presented here.

Gametogenesis

As indicated by the significantly lower GAI values, triploid C.

virginica exhibited considerably reduced gonadal development

compared to diploids. While diploid oysters underwent a normal

gametogenic cycle their second full summer (1990) and subse-

quently spawned mature gametes, more triploid oysters failed to

differentiate, and those that were differentiated produced only a

few isolated oocytes or ova (females) and spermatocytes (males,

only one having spermatozoa). Based on histological observation,

these immature gametes were rcsorbed. rather than spawned. Thus

the little gametogenic material that was produced by triploids did

not develop into significant numbers of gametes and was not

spawned. These observations are consistent with those previously

reported for C. virginica by Lee ( 1988).

Gametogenesis in triploid bivalves is either uninitiated because

of the inability of homologous chromosomes to synapse in meiosis

or arrested because of multivalent formation and aberrant segre-

gation (Allen et al. 1986). In the cases of C. virginica. A. irra-

dians. Mya arenaria. and C. nohilis. gametogenesis is initiated,

but rarely completed (Tabarini 1984, Allen et al. 1986, Lee 1988,

Komaru and Wada 1989). We found only one confirmed triploid
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individual with spermatazoa, and few, if any. with advanced

oeKvtes. Thus triploid C. virginica may rarely produce mature

gametes. A population of triploid C. virginica. however, would be

effectively sterile if mature gametes are produced only by males or

if gametes, once produced by either sex. are not spawned.
In contrast to C. virginica. triploid C. gigns produced both

spermatozoa and ova. although in smaller quantities than diploid

siblings (Allen and Downing 1986. 1990). Although the mecha-

nisms involved are not fully understood, the extent of gametoge-

nesis in triploid C. gigiis appears to be greater than in C. virginica.

As noted by Allen and Downing ( 1990). spawning of both mature

and immature gametes occurs in triploid C. gigas. and normal

embryos are produced. The ability of triploid C. gigas to produce

and spawn mature gametes, unlike the other species of marine

bivalves examined to date, may be related to the tremendous fe-

cundity displayed by this species (Allen and Downing 1986).

Commercial Vse

Even though triploid C. virginica are no more disease resistant

than diploids (Meyers et al. 1991, this study), they may have

commercial value on the east coast of the U.S. in a hatchery-based

aquaculture industry, selling to a "half-shell" market. As dem-

onstrated in this study, placing oysters into the field in late summer

(August) avoided heavy P. marinus infection the first year. The

triploids, by virtue of their greater rate of growth, reached an

average shell height equal to commercial size (63.5 mm) by July

of the second year, before P. mannus began causing mortality and

reducing growth. Diploid oysters, on the other hand, did not av-

erage commercial size until November of the second year, by
which time P . marinus had become well established and mortal-

ities were numerous. Almost twice as many triploids were of com-

mercial size in July 1990 at age 15-16 months than diploids, and

the meat quality of the triploids was higher than that of diploids at

this time of year, owing to differences in gonadal development.

As demonstrated in this study, the liming of placement of oys-

ters in the field is important both with respect to disease and

growth. By planting late the first year (August), infection by P.

marinus can largely be avoided and growth of triploids to com-

mercial size can be attained by July of the second year, prior to

establishment of the parasite and subsequent mortality. These re-

lationships may be site specific, however, and further comparisons
are clearly warranted.
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MUUNIA LATERALIS (SAY, 1822)
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ABSTRACT Three spawnings of the dwarf surtclam Mulima lateralis (Say) were conducted using a factonal malmg des.gn Geneticand environmental factors affecting larval and juvenile growth were examined. Maternal effects on larval growth were evident m all
spawns. Container effects appeared to be as important as genetic effects on larval growth. Both additive genetic effects (sire
contnbutions) and non-additive genetic effects (sire > dam interaction) on juvenile growth were detected in one spawn.
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INTRODUCTION

Because of its small size, short generation time, and relative

ease of culture, the dwarf surfclam or coot clam Mtilima lateralis

(Say. 1822) has been dubbed the --molluscan fruit fly" (Calubrese
1969a). Larvae can be reared to metamorphosis in 6-8 days at

25°C on an algal diet, and generation times of 39-135 days have
been observed in the laboratory (Calabrese 1969a). In addition to

studies on its ecology (Shumway and Newell 1984. Walker and
Tenore 1984). developmental biology (Kidder 1972a. b. McLean
1976). and physiology (Calabrese 1969b. 1970. Kennedy et al.

1974. Shumway 1983). a number of recent works have focused on
the relationship between genetic variation at enzyme-coding loci

and fitness correlates such as growth rate and survival (Koehn et

al. 1988. Gaffney et al. 1990. Scott and Koehn 1990). However,
its promise as a model system for the quantitative genetics of
bivalves remains largely unexplored. We report here the results of
a preliminary study on the quantitative genetics of larval and ju-
venile growth in this species.

MATERIALS AND METHODS

Three spawns were conducted. In each case, ripe adults were

placed into separate finger bowls containing filtered seawater. Af-
ter spawning was induced by thermal stimulation, gametes were
collected and rinsed on a 100 n. mesh sieve, and resuspended in

filtered seawater at 19°C. Eggs and sperm were combined in a

factorial mating design, using more males than females in order to

focus on genetic effects not confounded by effects of the maternal

phenotype (e.g. . egg ripeness or egg quality). Larvae were stocked
at initial densities of 15-20 per ml and fed daily with 20.000
cells/ml of Isochrysis galbana and Chaetoceros caUitrans. Water
was changed every second day and maintained at 20-25°C.

For Spawn A, adult broodstock were obtained in January 1989
from a hatchery line maintained by the Virginia Institute of Marine
Science (Wachapreague. Virginia). After conditioning at the Col-

lege of Marine Studies, two females and six males were crossed in

April 1989 in a 2 x 6 factorial mating design. One day after

fertilization, each of the 12 resulting families was split into four

batches. From each family two batches (replicates) were reared in

the laboratory under relatively constant temperature and salinity;
the other two replicates were reared in a greenhouse, where tem-

'Present address: 7620 Bayside Lane. Miami Beach. Flonda 33141

"Corresponding author

pcraturcs tluctuated considerably. The greenhouse cultures were
fed half the algal ration of the laboratory cultures, but this ration

appears to have been supplemented by uncontrolled algal blooms.
No attempt was made to control larval density. After metamor-
phosis, the spat from each pair of replicates were pooled and
placed into a downwelling recirculating seawater system in the

laboratory, at a density of 500 animals per 20 cm diameter basket.
For each family-larval environment combination, the larval shell

areas of 20 randomly selected animals were measured at one and
three days after fertilization using a computenzed image analysis
system. Twenty juveniles per culture were measured to the nearest
0. 1 mm at days 35 and 51 using digital calipers.

Spawn B was conducted with ripe wild-caught animals col-

lected at Massey's Landing, Delaware in August 1989. Gametes
from four females and five males were combined in a factorial

design. For each family, 20 randomly chosen larvae were mea-
sured at one. five and ten days after fertilization. Larval density
was not controlled. After metamorphosis, clams from each family
were placed into two 20 cm baskets at a density of 200 per basket'.

One basket for each family was maintained in a downwelling
recirculating seawater system at constant salinity (approx. 30 ppt),
while the other was maintained in a similar downwelling recircu-

lating seawater system with fluctuating salinity. Initially, the sa-

linity was changed at 48-hour intervals, from 30 ppt to 22 ppt to
15 ppt; subsequent salinity changes were selected at random (i.e.,

at each water change, salinity was changed from the current level
to either of the alternative salinities). This randomly fluctuating
salinity was designed to impart a level of physiological stress that

might reveal genotype-environment interactions. Shell lengths of
50 juveniles per culture were measured at 5 1 , 65 and 76 days after

fertilization. One of the twenty families was lost before any juve-
nile measurements were made. In order to make factorial ANOVA
possible, we estimated the mean size for the missing family (Sokal
and Rohlf 1981. p. 365) and used this estimate to represent a

single individual sampled from the missing family for each sam-

pling period.

For Spawn C. ripe wild-caught animals were collected at Mas-
sey's Landing. Delaware in April 1990. Gametes from three fe-

males and twelve males were combined in a partial factorial design
to yield 24 families. One day after fertilization, each culture was
thinned as necessary to a density of 15 larvae/ml. For each family.
the shell areas of 20 randomly chosen larvae were measured at one
and SIX days after fertilization. No further data were gathered, as
none of these cultures survived to metamorphosis.
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Using a Model II (random effects) analysis of variance, we

examined the components of variance in larval and juvenile size

attributable to genotype and environment, with the Multivariate

General Linear Hypothesis of SYSTAT (Wilkmson 1990). Geno-

typic effects were analyzed simply as differences among families,

or when possible, as effects attributable to Sire (S), Dam (D) and

S X D interaction. For three-way models, first-order interaction

terms were tested over the remainder mean square, while main

effects were tested using the Satterthwaite approximation (Winer

1971). Because true replication was lacking (except for Day 3 of

Spawn A), the highest-order interaction (i.e., S x D in a two-way

model, S X D X E in a three-way model) was inevitably con-

founded with container effects. Therefore non-additive genetic ef-

fects (S X D interaction) could be tested only in the three-way

model, while genotype-environment interaction could not be eval-

uated. For the one replicated data set, a nested-factorial design was

used, with replicates nested within families. Variance components

for unbalanced nested designs were calculated according to Sokal

and Rohlf (1981, p. 297). Larval survival data were arcsine trans-

formed and densities square-root transformed before analysis

(Sokal and Rohlf 1981).

RESULTS

Spawn A

At day 1 , no significant Sire or Dam effects on larval size were

evident; the interaction term, representing the confounded effects

of S X D interaction and among-container variation, was highly

significant (P < 0.001 ). No effect of S or D on larval density was

apparent, although a Dam effect was suggested (P < 0.08).

Because families were split into replicates after day 1, the next

set of measurements (day 3) allowed container effects (variation

between replicates within families) to be separated from genetic

effects (variation among families). The loss of two families in the

greenhouse prevented the estimation of a full nested-factorial (S,

D, E and replicate within S x D x E) model. However, a sim-

plified model testing family, environment and replicate within

family showed highly significant between-replicate variation (P <

0.005), a modest family effect (P < 0.05), and no effect of en-

vironment or family x environment. In the lab cultures, among-

family variation could be partitioned further into S, D and S x D

terms; none of these was significant.

Deleting families sired by males 2 and 3 allowed testmg a full

nested-factorial model, although with a reduced data set. Between-

replicate variation was again highly significant (P < 0.00005), and

genotype-environment interaction was suggested (S x D x E, P <

0.10). Of the main effects, only Dam was significant (P < 0.01).

By day 35, the loss of five laboratory families precluded testing

the full factorial (S x D x larval environment) model. Within

each larval environment, no significant S or D effects were found;

the S X D term, representmg non-additive genetic variance and/or

container effects, was significant (lab; P < 0.06; greenhouse; P <

0.001). The simplified model (family x environment) showed no

significant effects of either family or environment, but a signifi-

cant (P < 0.001) interaction term (again, representing non-

additive genetic variance and/or container effects) for both day 35

and day 5 1 .

At day 1, culture density was not associated with mean larval

size (r
= 0.22, N = 12, NS). By day three, mean larval shell area

was positively correlated with culture density in the laboratory (r

= 0.74. N = 22, P < 0.001 ) and m the greenhouse (r = 0.61,

N = 18, P = 0.007; Figure I). In addition, mean larval size was

positively correlated with survival from day 1 to day 3 in the

2010 15 20 5 10

DENSITY DENSITY

Figure I. Spawn A. Mean larval size (shell area) in relation to density

at day 3. L =
laboratory; G =

greenhouse. Open symbols = families

of female I; Tilled symbols = families of female 2. Symbol shapes

indicate families of different males.

laboratory (r = 0.70, N = 22, P < 0.001) but not in the green-

house. No significant effects of S or D on survival from day I to

day 3 were detected.

Spawn B

At day one, a slight (P = 0.032) Sire effect on larval shell area

was detected, but was not evident at day 5 or day 10. No Dam
effect was evident until day 10 (P = 0.010). Culture density was

not associated with larval size until day 10, when a negative cor-

relation appeared (r
= -0.77, N = 19, P < 0.001; Figure 2).

Density was clearly affected by Dam (P = 0.004) but not Sire.

Three-way analysis of variance of juvenile size showed no

Dam or Environment effect, but a slight (P < 0. 10) Sire effect at

day 51, which later became more pronounced ( P < . 025 and P <
0.01 at days 65 and 76, respectively). The only significant inter-

action delected was S x D, which was highly significant at day 51

(P < 0.0005), day 65 (P < 0.0005) and day 76 (P < 0.0025).

Environment had little effect on relative performance among fam-

ilies in juvenile growth; family means were highly correlated

35 r

DENSITY
Figure 2. Spawn B. Mean larval size (shell area) in relation to density

at day 10. Symbol shapes indicate families of different females.
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across environments at day 51 (r
= 0.97. N = 19. P < O.CH)l ).

day 65 (r
= 0.96. N = 19, P < 0.001 ) and day 76 (r = 0.93. N

= 19, P < 0.001). Over time the S x D x E term became

significant (day 51: P = 0.22: day 65: P = 0.10; day 76: P <
0.01), but it is unclear whether this represented the gradual ap-

pearance of true genotype-environment interaction or merely con-

tainer effects.

Spawn C

In this spawn, only larval size data were collected. Analysis of

family means by two-way ANOVA without replication showed no

Sire effect on cither day one or day six. but a significant Dam
effect at both times (P = 0.001 and P < 0.00005. respectively).

Since the role of density effects was presumably minimized by

establishing uniformly low culture densities on day 1 . the presence
of a significant Dam effect and absence of a detectable Sire effect

suggests a maternal effect on egg quality.

DISCUSSION

In view of the relatively small scale of our experimental design,

potential density effects and differential mortalities, we have not

attempted to calculate conventional quantitative genetic measures

such as heritability. In particular, the presence of significant be-

tween-replicate variation (container effects) observed in the only

replicated data set suggests caution in interpreting the highest-

order interaction term (i.e., S x D in a two-way model, S x D x

E in a three-way model) in unreplicated cultures.

In all spawns, larval growth rates showed significant Dam but

not Sire influences, emphasizing the role of maternal effects in

early larval development. Both additive and non-additive genetic

variance affecting juvenile growth were indicated by the signifi-

cant Sire and Sire x Dam effects observed in Spawn B. Factorial

mating schemes have revealed non-additive genetic variance in

larval growth rate for Crds.ui.slica virsfinica (Newkirk et al. 1977)

and Myiihis cdulis (Inncs and Haley 1977. Newkirk et al. 1981)

and in larval survival for C. virf^inica (Mallet and Haley 1984) and

C. gigas (Lannan 1980).

A thorough analysis of genotype-environment interaction was

generally not possible given the absence of true replication, i.e.,

two or more culture vessels for each family in each environment.

However, the one replicated data set (Spawn A, Day 3, laboratory)

can be used to gain some insight into the relative magnitudes of

between-replicate (container) and genetic (family) effects. Con-

tainer effects accounted for 22% and 18% of the total variance in

size at day 3 in the lab and greenhouse cultures, respectively,

while genotype accounted for 29% and \2%. The observed mag-
nitude of container effects argues strongly for replicated designs in

quantitative genetic analyses of larval growth.

Larvae were cultured at low densities in order to reduce the

effects of differences in density on growth caused by differential

survival. Nevertheless, significant relationships between mean
size and culture density were detected, both positive (Spawn A,

Day 3, laboratory) and negative (Spawn B, day 10). The former

may occur when growth rate and survival covary positively, per-

haps as a consequence of variation in egg quality, whereas the

latter would be expected when egg quality is homogeneous and

densities are high enough to hinder growth. While density may be

held constant by regular culling, the variation in survival rates

among families, particularly durmg the larval period, is an ines-

capable problem that may lead to the misinterpretation of genetic

parameters or bias in their estimation. These problems may be

minimized by including density as a covariate in quantitative ge-

netic designs and by careful interpretation of density-related ef-

fects (e.g., Rawson and Hilbish 1990).
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EFFECT OF NEUTRAL RED STAIN ON SETTLEMENT ABILITY OF OYSTER PEDIVELIGERS,

CRASSOSTREA VIRGINICA'

PATRICK BAKER
School of Marine Science

College of William and Mary

Virginia Institute of Marine Science

Gloucester Point. Virginia 23062

ABSTRACT The effect of neutral red stain on the settlement of oyster Crmsostmi viri>inica (Gmelin) pediveligers was examined.

Lar\ae were offered two types of substrate: oyster shell and acetate sheets. Settlement was measured as the proportion of pediveligers

settled after 24 hours and analyzed with two-factor ANOVA. Staining did not significantly affect settlement, although settlement onto

acetate was much lower than onto oyster shell.

KEY WORDS: vital slam, neutral red. larvae, settlement, competency. Crassoslrea virginica

INTRODUCTION

Studies of the early life history of bivalve niollusks often re-

quire examination and counting of larvae and newly-settled spat.

Under some circumstances, this examination can be greatly facil-

itated by the use of a vital stain with the nearly transparent larvae

or spat. It has been shown that a low concentration of neutral red

stain colored oyster iCrassoslrea virginica) larvae a bright red,

with no apparent monality or side effects (Loosanoff and Davis

1947. Manzi and Donnelly 1971).

In some cases, however, the swimming behavior of C. virgi-

nica pediveliger larvae in the laboratory was perceptibly altered

for several hours after being stained with neutral red (unpublished

data). Swimming rate decreased, compared to that of larvae with-

out the stain, and there was a tendency for the stained larvae to

clump. Because oyster settlement has a large behavioral compo-

nent iCranfield 1973). there is a concern that the use of neutral red

to stain pediveliger larvae might affect their ability to settle. This

article examines the effect of neutral red stain on the settlement of

C. virginica eyed pediveliger larvae onto two types of substrates.

MATERIALS AND METHODS

Crassostrea virginica pediveliger larvae were cultured in fil-

tered York River water at 15 ppt salinity.- Visual examination of

the larvae confirmed that more than 957c had both a foot and a

large, distinct eyespot. which are considered morphological char-

acteristics of larval competency to settle (Coon et al. 1985).

Manzi and Donnelly ( 1971) recommend culture concentrations

of neutral red stain of 2.5-5.0 ppm for 24 hours in both distilled

water and filtered seawater. In seawater however, neutral red stain

forms a precipitate within several days, while solutions in distilled

water can be kept at room temperature for months while no per-

ceptible precipitation. Distilled water solutions were used in this

experiment.

The larvae were held in 15 ml culture dishes (watch glasses),

filled with 10 ml of 0.2 micron-filtered York River water at 15 ppt

salinity. Salinities used by Loosanoff and Davis (1947) or Manzi

and Donnelly (1971) were not given. Two settlement substrates

were used; small, nearly flat Crassostrea virginica valves, and

'Contnbution No. 1672 from the Virginia Institute of Marine Science/

School of Manne Science. The College of William and Mary. Gloucester

Point. Virginia 23062.

^Virginia Institute of Manne Science oyster hatchery.

circles of Mylar frosted acetate, both about 2.5 cm in diameter.

The shells were scrubbed clean, the ligament was removed, and

the concave surface was placed downward in the culture dish. The

acetate circles were creased so that the frosted surface was con-

cave, and the concave surface placed downwards in the culture

dish. Mylar acetate has been used previously as a commercial

settlement substrate (Dupuy et al. 1977).

Three days prior to the experiments, the shells and acetate

circles were placed in a flowing seawater trough with adult C.

virginica. Dissolved substances from both oyster shells (Vietch

and Hidu 1971) and the common marine bacterium Alteromonas

(Fitt et al. 1990) enhance settlement of oyster larvae. Exposure to

seawater provided substrate accumulation of chemical substances

which induce larval settlement. 3-4 Days of exposure permits

optimal bacterial growth for settlement inducement (Fitt et al.

1990).

The experimental design involved a two-factor analysis of vari-

ance (Zar 1984). Factors were substrate treatment (shell versus

acetate) and stain treatment (stain versus no stain), and each treat-

ment combination had five replicates. Approximately 100 pedive-

liger larvae were added to each culture dish with a dropper pipette.

Then three drops of the 0. 1 ppt neutral red stain solution were

added to the stain-treatment dishes, yielding a culture stain con-

centration of approximately 3 ppm. All of the culture dishes were

covered with glass petri dishes, and covered with a dark cloth for

24 hours. The temperature was constant at 20°C.

At the end of 24 hours, the number of settled spat and free-

swimming larvae were counted in each settlement chamber. There

were no more than one or two dead larvae per culture dish; most

of these had been accidentally crushed by handling. One culture

dish was lost; the missing value was estimated using the Shearer

technique (Zar 1984). Settlement was expressed as a proportion in

each chamber. Prior to statistical analysis, each value was trans-

formed by the arcsine square root method, to bring the data dis-

tribution closer to a normal distribution and satisfy the assump-

tions of analysis of variance (Zar 1984).

RESULTS

Substrate type strongly affected settlement (Tables 1, 2). Mean

proportional settlement on oyster shell was 64.2%, compared to

only 1.4% on acetate. Staining did not significantly affect settle-

ment (Tables 1 , 2); the difference in mean proportional settlement

between treatments was only 2.3%. The interaction effect was not

significant (Table 2).

455



456 Baker

TABLE 1.

Settlement of oyster larvae, expressed as proportions of total larvae.

TABLE 2.

Two factor analysis of variance.
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ANALYSIS OF LARVAL OYSTER GRAZING BY FLOW CYTOMETRY'
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ABSTILACT The ingestion of 8 algal species by oyster larvae {Crassosirea gigas Thunberg. 1 793) was measured by flow cytometry
(FCM). In a preliminary experiment, cell size (estimated by light scatter) and chlorophyll fluorescence of 30 algal species were
evaluated to select those species which could be mixed together and still be easily discriminated by FCM, Grazing experiments were
carried out over 48 h with 6 and 15-day old larvae fed on 3 algal mixtures, each containing 3 different algal species. The concentration

of each species was estimated at 0. 6. 12. 24 and 48 h by FCM. Grazing pressure on a given algal species was dependent upon the

age of the larvae, the time of the day and the composition of the mixture. Grazing rates of older larvae were about twice those of

younger ones after 48 h (mean value of 102 and 51 cells/larva/hour respectively). Almost no grazing activity was observed during the

time interval 12-24 h for the 6-day larvae. Significant differences between mixtures were observed after 48 h and the selective filtration

of one Chaeloceros strain is of importance as this alga also proved to be of better nutntional value for oyster larvae. Data on
Telraselmis were difficult to interpret because of tigmotaclic reactions of the cells.

KEY WORDS: oyster larvae, Crassosirea gigas. grazing, algae, selective feeding, flow cytometry

INTRODUCTION

The type and amount of food used during the rearing process

are among the most important factors necessary to bring large

numbers of oyster larvae to metamorphosis (Rhodes and Landers

1973, Gerdes 1983). Cole (1937) was the first to demonstrate that

the use of marine unicellular algae could produce significant

growth of Ostrea edidis L. larvae under laboratory conditions and

cultures of unicellular algae are still used commonly in hatcheries

and nurseries rearing young bivalve molluscs (Ukeles 1976, Chre-

tiennot-Dinet et al. 1986). Three criteria need to be fulfilled for an

alga to be used in a bivalve nursery: adequate size, good food

quality and ease of mass culturing. Different species have been

tested for their food quality (see for example Walne 1970, Nasci-

mento 1980. Wikfors et al. 1984, Enright et al. 1986. Whyte
1987). and Isochrysis galbana is often used as a reference standard

for the growth response of bivalves (Gerdes 1983). It has also been

demonstrated that mixtures of several algal species generally im-

prove larval growth (Guillard 1975. Epifanio 1979. Gerdes 1983).

On the other hand, Reid (1982) suggested that suspension feeders

in culture may have specific requirements and that their feeding

behavior must be assessed species by species. Ukeles (1976)

pointed out that oyster larvae seem to have more specific dietary

requirements than clam larvae and that juveniles are less demand-

ing than veligers. Recent studies have examined the capacity of

bivalves to select nutritive particles from inorganic material of

similar size (Kiorboe et al. 1980, Kiorboe and Mohlenberg 1 98 1,

Newell and Jordan 1983, Newell et al. 1989). One important
criterion for studying such selection is the ability to recognize

particles and cells of similar size but different quality. A major

advantage of flow cytometric analysis (FCM) is the ability to

distinguish simultaneously between cells and particles of nearly

equal dimensions but of different optical properties. For these

reasons, FCM has been introduced recently to study the grazing of

filter-feeding organisms (Cucci et al. 1985, 1989. Shumway et al.

1985. 1990). Experiments on feeding selectivity have been per-
formed mostly on adults (Shumway et al. 1985) and little infor-

mation is available for oyster larvae (Korringa 1952, Crisp et al.

1985). Mackie's results (1969) suggest that species selectivity is

effective within a given size range but according to Crisp et al.

(1985). oyster veliger larvae (mean size over 200 |j.m) do not

discriminate between algal species or algal sizes when fed on

mixtures oi Nannochloris, Isochrysis and Telraselmis. Fritz et al.

(1989). working with natural assemblages of phytoplankton, con-

cluded that larvae select small cells (<10 |j.m) but that little se-

lection occurs within this size range. In the present paper, we
describe the use of FCM to detect possible particle selection by

oyster larvae grazing up on mixtures of various algal species.

MATERIAL AND METHODS

Flow Cytometry

'This work was part of the fourth GAP (Group for Aquatic Productivity)

meeting in L'Houmeau (France): 19-22 April 1988.

In order to choose phytoplankton species suitable for grazing

experiments, 30 cultures (Table 1) were first analysed in Roscoff

with an EPICS 541 flow cytometer (Coulter, Hialeah, Florida).
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TABLE 1.

List of the species screened by flow cytometry with their origin, their average size and the symbol used in Fig. 1. The last column indicates

the mixture in which they have been used during the grazing experiment.

Species Source

Size

((xm)

Symbol

(Fig. II

Mixture

where used

Synechococcus sp. (ROS04)

Micromonas pusilla (R0S09 )

Flagellate 1

Flagellate 2

Microcystis sp.

Slichococcus bacillaris

Pseudoisochrysis paradoxa

Nannochloris alomus

Nannochloropsis salina

Chaetoceros
'

'minus'
'

Chaetoceros piimitum

Flagellate 3 (R0S07)

Flagellate 4

Chroomonas sp-

Isochrysts "lahili'
'

Hemisetmis sp.

Thalassiosira pseudonana

Chlamydomonas sp.

Chaetoceros calcitrans

Pavolva luiheri

Isochrysis galbana

Chaetoceros gracilis

Dunaliella primolecta

Tetraselmis incisa

Tetraselmis letrathele

Pleiirochrysis carterac

Cryptomonas maculata

Tetaselmis suecica

Gymnodinium cf. nagasakiense

Pxramimonas disomala

Roscoff (F)

Roscoff (F|

Argenton (F)

Argenton (F)

Arcachon (F)

Arcachon (F)

USA
Arcachon (F)

Marseille (F)

Tahiti (F)

Conway (U.K.)

Roscoff (F)

Argenton (F)

Arcachon (F)

Tahiti (F)

L'Houmeau (Fl

Arcachon (F)

Arcachon (F)

Brest (F)

Brest (F)

Conway (U.K.)

Tahiti (F)

Roscoff (F)

Arcachon IF)

Arcachon (F)

USA
Roscoff (F)

Conway (U.K.)

Roscoff (F)

Argenton (F)

1-2

1-2

2-3

2-3

2-3

3-6

4-6

2-3

2-3

3-4

3-8

3-4

3-4

10-13

5-6

4-5

3-5

6-10

5-16

7-9

5-6

6-10

7-9

8-10

10-16

9-12

9-14

9-11

25-.30

4-6

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

A
B

A.B

C

c

Excitation light was provided by an argon laser tuned at 488 nm
(100 mW). From 1000 to 10000 cells were analysed for the fol-

lowing parameters: li) forward angle light scatter (FALS), (ii)

right angle light scatter (RALS). (iiil orange tluorescence lOFL:

between 530 and 590 nm) which is proportional to phycoerythrin,

(iv) red fluorescence (RFL: above 690 nm) which is proportional

to chlorophyll. For each species the average value of each param-
eter was computed and standardized to that of fluorescent beads

added to the sample. FALS and RALS were standardized to 1 (xm

beads (Polysciences) while OFL and RFL were standardized to 10

(xm beads (Coulter: 2% of fullbright).

Among the analyzed species (Table 1). some were easily dis-

criminated by FCM because of specific features such as the orange

fluorescence of phycoerythrin for cyanobacteria and cryptophytes

or the high ration of RALS to FALS for cocco lithophorids (Olson

et al, 1989); others had sufficiently different scatter and chloro-

phyll signatures to be distinguished (Fig. 1). When two species

were too similar, however, there was an overlap between the two

populations and it was not possible to assign those cells with

intermediate properties to one or the other species. For a given

difference in average cell properties between two species, the pop-
ulation overlap is lower when individual cells differ little from the

average cell, i.e. if there is little spread in the population. A

practical rule would be that the population means -I- 2 population

standard deviations do not overlap:

-a
u
oi

100

10.0

1.0

01
0.1 100 100

Right angle scatter

000

-I- 2a, < X, CTt (1)

Figure 1. Flow cytometric measurements of the average right angle

scatter (related to I p.m beads) and red fluorescence above 690 nm
(related to 10 jjim 2% beads) for 30 phytoplankton species. Stars

correspond to selected species used in mixture (see Table I for the list

of species).
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where x, and x, are population averages of a given cellular prop

erty for two species (1 and 2) and ct, and a,, their populatinii

standard deviations. Assuming that the two species have the same

population coefficient of variation (C). this would give;

or

+ 2 Cx, < X, - 2Cx,

x,/x, < (1
-

2C)/(1 + 2C)

(21

(3)

Although population spread varied widely depending on species

and culture status (exponentially growing cultures were in general

more tightly distributed than stationary phase ones), the population
coefficient of variation was, in general, of the order of 30%.

Therefore two species could usually be discriminated if their ratio

for at least one of their average properties was larger than 4 (equa-

tion 3).

In view of this analysis and of practical experimental con-

straints (resistance of the cells to handling, adaptability to mass

culture), three mixtures of three species were used for the grazing

experiments (Table 1 , Figs. 1 and 2); a last change had to be made
in mixture C as a small cryptophyte culture collapsed during han-

dling just at the beginning of the experiments and had to be re-

placed by Pyramimonas disomala. Unfortunately the latter species

could not be discriminated from Isochrysis "tahiti" and the two

species had to be counted together. However the results of mixture

C can be compared to those of mixtures A and B for total grazing

activity.

During the grazing experiments, a 0. 1 ml volume was analysed

for each sample with an EPICS Profile (Coulter). Excitation was

provided by an argon laser (488 nm. 20 mW). Measured param-

Mixture A t=0

1000 F

o
u
c
o
u

o
3

100

10

T. incisa

I galbana

C. 'minus

Red fluoresceDce

1 10 100 1000

Right angle scatter

Figure 2. Cytogram of right angle scatter vs red fluorescence (above

690 nm( for mixture A at time t = of the grazing experiment. Axes

are scaled in arbitrary units. Contours correspond to 2, 5, 10, 15 and

20 cells. The inset represents the one-dimensional histogram of red

fluorescence for this sample. It reveals that Chaetoceros "minus" and

Isochrysis galbana are less well separated than Tetraselmis incisa.

eters were identical to those for the selection of species except for

orange fluorescence which was detected between 515 and 640 nm.

Each parameter was recorded on a 3 decade logarithmic scale

mapped onto 1024 channels. Data acquisition was done in list

mode. The Profile software supplied the volume analyzed and the

concentration of each species in the sample.

Algal Cultures and Oyster Larvae

The eight algal strains used in the experiments (Table 1) were

chosen not only according to their flow cytometric properties, but

also to test their potential food value, i.e.. their ability to be

grazed. They belong to different taxonomic groups and some are

well known as food sources for bivalve larvae (Walne 1970. Nas-

cimento 1980. Whyte 1987). Among them Isochrysis galbana is

considered to be among the best foods for oyster larvae (Guillard

1958. Webb and Chu 1982), but many are local isolates and need

testing. Each culture was grown at 18°C in Conway's medium
(Walne 1966) and illuminated by fluorescent tubes giving a mean
surface irradiance of 50 liEins

• m"" • s"
'

with a light-dark cy-

cle of 14:10. Cultures were in exponential phase at the beginning
of the experiments.

Larvae of the Japanese oyster, Crassostrea gigas Gmelin (6

and 15-day old) were provided by IFREMER-LA TREMBLADE
(France) and kept unfed in the dark at 22°C for 24 hours prior to

the grazing experiments. Their mean size was 94.4 ± 0.9 p.m and

125.8 ± 3.2 p.m respectively.

Three algal mixtures (A, B, C), each containing 3 different

algal species (Table 1 & Fig. 3A, B. C). were fed to the larvae.

Each mixture was tested in duplicate on both 6 and 15 day-old

larvae, as well as in the absence of larvae (control). For each test.

5(XX) larvae were placed in 2 litre spherical flasks filled with 1 litre

of 0.2 (jLg filtered seawater (salinity
= 28%f). Algal mixtures were

added to these flasks at the beginning of the experiment. The final

concentration of each algal species was 10'' cells • ml"'. Flasks

were kept in the dark at 22°C. Samples of 10 ml. prefiltered on a

100 p.m mesh inox grid to remove the larvae, were taken at times

t
= 0, 6, 12. 24 and 48 hours.

Data Analysis

The grazing pressure is expressed either as the number of cells

of each species remaining in the medium at the different sampling
times (on the basis of 10000 cells mP '

at t = 0) (Fig. 3); as the

number of cells cleared per larva per hour for each species (Fig. 4);

or as the number of cells cleared per larva in the different mixtures

( Fig . 5 ) . The use of a control rather than t = densities accounted

for any change in cell density from t = which occurred in the

absence of larvae. The grazing activity between times t and t' (G:

number of cells cleared per larva per hour) was computed as:

G =
(X'„(t)

-
X'„(t'))/L (t

-
t')

where.

X'„(t)
= 10000 X„(t)/Y„(t)

with X„(t) the number of cells per ml of species n at time t in the

grazed sample counted by FCM, Y„(t) the number of cells in the

control and L the number of larvae per ml.



460 Chr£tiennot-Dinet et al.

Mixture B Chaetoceros pumilum

Mixture A Isochrq sis qalbana

12 24

Mixture A Tetraselmis incisa

Mixture B Isochru sis qalbana

—• control

Mixture B Tetraselmis tetrathele

Mixture C P uramimonas
Isochr

ij
sis

14000
12000
10000
8000
6000
4000
2000--

control

6 dags

1 5 dags

12 24 36 48

Mixture C Tetraselmis suecica

1 5 days

12 24 36

Time (h)

1 5 dags

12 24 36

Time (h)

Figure 3. Evolution of cell number of each species vs time, for both types of larvae (6 and 15 day old) and for the control (different symbols

denote replicate experiments).

RESULTS AND DISCUSSION

Selection of food species is critical for rearing experiments and

for successful hatchery culture (Guillard 1958). According to

Webb and Chu (1982), and our own experience, all species used

in the present experiment were potential food sources for oyster

larvae. Tetraselmis spp. were introduced in the mixtures because

of their relatively large size as compared to the mouth diameter of

the youngest larvae (Ukeles and Sweeney 1969. Robert and His

1987). Cell concentration as well as larval densities are factors

affecting feeding activity (Schulte 1975, Ukeles 1976) and care

was taken to keep larval densities low enough (5 larva per ml) to

ensure high individual feeding activity, but high enough to expect

significant variations with an initial cell concentration of 3 •

10"*

cells ml
^

'

at the beginning of the experiments (Nascimento.

1980, gives 20-30 cells (xP
'

as an adequate concentration for

Crassoslrea gigas larvae of 70-80 |xm in length). The larvae gen-

erally grazed actively as large numbers of cells were cleared from

the medium after 48 h for both types of larvae (Fig. 3). The

response of both replicates is quite similar for the 6 and 15 day-old

larvae, except for Tetraselmis (see explanation below) and for

mixture A with 6 day-old larvae which were less active in one

sample. However, grazing rates varied among the different spe-

cies, depending on larval age, time, and mixture composition

(Fig. 4).

From a quantitative point of view, larval age (related to size) is

most important. After 48 h, (Fig. 4G and 5C), older larvae (15-

day) had cleared roughly twice as many cells as younger ones: on

average 102 and 57 cells in a mixture per larva, per hour, respec-

tively. This result is in agreement with the fact that the amount of

food ingested increases with larval size (Rhodes and Landers

1973, Lucas and Rangel 1981, Gcrdes 1983). The difference be-

tween both ages of larvae was most evident during the time inter-

val 6-12 h for mixture A, as the amount of cells cleared by the

15-day larvae was 6 times higher than for the 6-day larvae (Fig. 4B)

and greater still in the three mixtures after 12 h (Fig. 4E and 5B).

The time sequence of the number of cells cleared (Fig. 3, 4 and

5) shows clearly that the grazing pressure was not constant during

the experiment. Both groups of larvae grazed actively during the

first 12 h, except for the 6-day old larvae with mixture A (Fig. 4A

CM IC Tl CP IG 11 PI IS TS = T jueclcs

6 day larvae

15 day larvae

CM = C minuj

I G = 1 galbana

Tl = T incisa

CP = C pumilum

TT = T letrelhele

PI : P disomata + 1 tahiti

01 CM IG Tl CP IG TT PI T5

^ 150

o 100

E 50

^y 12-2411

Mix A Mix B MlxC

I I J-
CM IG Tl CP IG Tl PI TS

\Z) Cl-24h

®
Mix B

Mix a Mix B Mix C

CM IG Tl CP 10 TT PI TS

Mix A Miv p Mix C

a J^ Ml
LM IC Tl CP IG Tl PI 15 Ctl IG II LP IG Tl PI TS

Figure 4. Number of cells cleared per larva and per hour for the dif-

ferent species at various time intervals: mean value of the duplicates.
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® 15 days

Mixture

-r 0-12 h

ABC ABC Mixture

6 days

15 days

ABC Mixture

Figure 5. Number of cells cleared per larva in the different mixtures

(Tetraselmis values discarded): mean value of the duplicates. A: com-

parison betv\een the first (0-24 h) and second day (24—48 hi for the 6

and 15 day-old larvae; B: comparison bet\*een the 6 and 15 day-old

larvae during the time intervals 0-12 and 12-24 h; C: comparison

after 48 h betvteen the 6 and 15 day-old larvae.

and B. Fig. 5Bl. Between 12 and 24 h. the grazing pressure was

mucli lower: reduced to a third of the 0-12 h values for the 15-day

larvae and almost none for the 6-day ones (Fig. 4C and Fig. 5B).

It seems that the larvae filled their stomachs within the first 12

hours, and then reduced their grazing activity considerably This

type of behavior has already been observed in prosobranch

veligers (Fretter and Montgomery 1968) and rhythmic activity has

been demonstrated in adults of Ostrea edidis (Morton 1971) or

Crassostrea virginica (Palmer 1980).

Under natural conditions, information on larval feeding behav-

ior is rather scarce (His et al. 1985. Robert and His 1988) but

experimental studies usually indicate a continuous feeding strategy

(Korringa 1955. Ukeles 1976. Fritz et al. 1984). A comparison

between the 1st and 2nd day (Fig. 4F. D and Fig. 5A) shows that

the 6-day larvae grazed more on the 2nd day. (1.5 times more on

average), but that older ones were less active, except for mixture

C. A two-way analysis of variance (ANOVA) after 48 h (.Tetra-

selmis values excluded) shows significant differences between the

6 and 15-day old larvae (p
= 0.999) but also between species (p

= 0.988).

A comparison between the different mixtures after 48 h (Fig.

5C) shows that grazing activity is highest with mixture B and

lowest with mixture A for both types of larvae. During the time

interval 0-6 h, ChaeWceros "minus" (mixture A) was not grazed

at all by the 6-day larvae, while Chaetoceros pumihtm (mixture

B). of a similar size, was apparently consumed readily (Fig. 4A).

Isochrysis galbana was also less grazed m mixture A than in

mixture B (Fig. 4A. B and D). It is of interest to note that mixtures

A and B contained two different species of Chaetoceros whose

effect on the growth and survival of oyster larvae has been tested

with special emphasis on their lipid contents (Robert et al. 1989).

The best growth, obtained with C . pumilum. seems to be explained

by the optimal balance of the different lipid classes and fatty acids

as the lipid content of larvae is clearly related to the diet. Chaeto-

ceros "minus" is then considered to be of rather poor food value

and the lack of feeding by the 6 day larvae on this alga might be

related to its chemical composition. It is also clear that larvae

ingest what is available and without other alternative, ingested

mixture A on the 2nd day. Feeding behavior is a complex phe-

nomenon with possible adaptations relating to environmental con-

ditions, but younger larvae are more sensitive to the mixture com-

position and different species belonging to the same genus may not

prove to be equivalent. The demonstration of a relationship be-

tween particle selection and biochemical nutritional value for

Chaetoceros pumihim is of great interest for larval bivalve feeding

studies as growth is tightly related to food ingestion and FCM is a

promising tool from this point of view. The case of Tetraselmis

has to be considered separately since after 6 h. cells were observed

to attach to the vessel wall at the air-water interface. As a result of

this ligmotactic behaviour, the cell density had drastically de-

creased in the 6 h samples, giving a high apparent grazing activity

on the species of this genus. It was then decided to agitate the

flasks before sampling. The phenomenon probably biased some

grazing estimates as the results were somewhat erratic (Fig. 3) and

Tetrasehnis data were discarded for the ANOVA and in values

given in Fig. 5. However, after 48 h. the mean number of each

type of cell (all species included) cleared per larva and per hour did

not differ significantly whether Tetraselmis data were included or

not: 1 9 vs 15 for the 6 day larvae and 34 vs 35 for the 1 5 day larvae

(Fig. 4). Because of these problems, it was not possible to discuss

the influence of the cell size of Tetraselmis on the grazing activity

of the youngest larvae.

CONCLUSIONS

FCM is useful for the study of selective grazing by bivalve

larvae fed on mixed algal populations, provided suitable species

are available in culture. The first 12 hours are particularly sensitive

for selectivity, and mixture composition is more critical for

smaller larvae. Care must be taken under experimental conditions

using algal cultures to select phytoplankton cells which can be

distinguished by FCM. but it is also important to avoid cells which

tend to clump or stick, sink or aggregate. In this respect, Tetra-

selmis is not recommended for FCM analysis. The selected algae

must also be easy to grow, resistant to handling (fragile species

cannot be used) and nontoxic. For young larvae, algal cells must

be of a suitable size, usually less than 10 jjim. therefore the range

of species becomes rather restricted. About 50 species belonging

to 35 genera have been tested under experimental conditions on

bivalve larvae (Chretiennot-Dinet et al. 1986). However, marine
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phytoplankton comprises more than 50 known genera with repre-

sentatives within the size range 1-5 |j.m and almost 100 within

5-10 (xm. Only 3 algal genera in the size range considered are

reported to have toxic effects in aquaculture (Shumway 1990). It

would be very interesting in the future to try to apply FCM to in

situ analysis, as the natural diet of bivalve larvae is still poorly

known and our knowledge of the natural food content of young

bivalve larvae very limited (His et al. 1985, Chretiennot-Dinet and

Guillocheau 1987, Robert and His 1988).
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SURVIVAL OF PEARL NET CULTURED BAY SCALLOPS, ARGOPECTEN IRRADIANS

CONCENTRICUS, IN SHRIMP PONDS IN SOUTH CAROLINA, U.S.A.

RANDAL L. WALKER, PETER B. HEFFERNAN,
JOHN W. CRENSHAW, JR., AND JOE HOATS'

Shellfish Research Laboratory

Marine Extension Service

University of Georgia
P.O. Box 13687

Savannah, Georgia 31416-0687

^Waddell Mariculture Center

P.O. Box 809

Bluffion, South Carolina 29910

ABSTRACT The effects of mesh size, stocking density, and depth on growth and survival of the southern bay scallop, Argopecten

irradians ccmcentncus. cultured in pearl nets in a penaeid shrimp pond at the Waddell Mariculture Center in Bluffton, S.C. (USA)

were exammed. Three mesh size treatments (N =
.S pearl nets per treatment), i.e., 3 mm, 6 mm. and 9 mm mesh were tested (50

scallops per net; x = 12.5 ± 0.2 mm shell length). Four density treatments (6 mm mesh; N = 9 pearl nets per treatment) were tested

i.e., 25, 50, 75, and 100 scallops per net (x = 18. 1 ± 0. 14 mm shell length). All nets (—0.09 m") were placed in aO. 1 hectare shrimp

pond.

Poor survival (18%) was observed in the smallest (3 mm) mesh nets. Survival was significantly higher in 6 mm (65%) and 9 mm
(77%) mesh nets. Results were complicated by water column depth effects. No scallops survived in the four bottom 3 mm mesh nets

or the one bottom 6 mm mesh nets. While survival was significantly higher in the upper nets in two mesh treatments (i.e., 3 mm and

6 mm), no significant difference in survival occurred between upper (N = 3) and lower (N = 2) 9 mm mesh nets. Growth increased

with mesh size. A significant difference was detected in scallop size between upper (x = 51 mm) and lower (x = 52.3 mm) nets for

the 9 mm mesh net trial.

After 20 weeks, no significant difference in survival occurred between experimental densities or between upper versus lower nets

for the four expenmental densities. After 20 weeks, mean size was greatest at the 25 stocking density (x = 52.3 mm), >50 stocking

density (x = 49.9 mm) >75 stocking density (x = 48.9 mm) = 100 stocking density (x = 47.9 mm). No significant difference in

scallop mean size was detected between upper and lower nets for any of the experimental densities tested at the 20 week mark.

KEY WORDS: Argopecten irradians. scallops, ponds, density, pearl nets, mesh size, growth, survival, biculture

INTRODUCTION METHODOLOGY

Attempts to grow the southern bay scallop, Argopecten irra- All bay scallops used in this study were spawned in the Shell-

dians concentricus. and the northern bay scallop, Argopecten ir- fish Research Laboratory at Skidaway Island, Georgia. Parental

radians irradians. under field conditions in the coastal waters of stocks were initially obtained from St. Joseph Bay. Florida in

Georgia have met with limited success (Heffeman ct al. 1988. 1987. The scallops used for the density experiment were spawned
Walker et al. 1991). The subspecies, A. i. irradians. was unable from F, progeny on October 22, 1988, and had obtained a mean

to survive high summer water temperatures and both subspecies size of 12.4 ± 0.2 (SE) mm by June 29, 1989. Scallops used for

became heavily fouled with oyster spat when suspended in estu- the pearl net mesh size experiment were from F, generation

aries which hindered scallop growth and survival. spawnings from October 22. 1988 to November 16, 1988. These

Attempts were made to control oyster fouling in A. i. concen- scallops were combined and screened through a 20 mm sieve to

tricus by growing scallops within tanks (4270 1) at the Shellfish remove the largest scallops and then through a 5 mm sieve to

Research Laboratory, Skidaway Island, Georgia and in a penaeid remove the smallest. The mean shell length (ear to ear axis) of

shrimp pond at the Waddell Mariculture Center in Bluffton, S.C. these remaining animals was 18.1 ± 0.14 mm.

(Walker et al. 1991 ). Virtually no oyster fouling occurred on seal- To determine the effect of density and mesh size on growth and

lops within the tank system, but limited fouling occurred on seal- survival of scallops, 25, 50, 75, and 100 scallops of a mean size

lops in the shrimp pond. At present, mariculturists cannot culture of 12,5 ± 0.2 mm were placed in 9 pearl nets of 6 mm mesh each,

scallops economically in a tank system due to pumping costs. Floor surface area of a pearl net is 0.09 m'. Scallops (N = 50) of

algae production costs, etc. However, the use of penaeid shrimp a mean size of 18.1 ± 0.14 mm were placed in 5 nets each of 3

ponds offers an excellent opportunity for producing a supplemen- mm. 6 mm, and 9 mm mesh size. Nets were tied two to a line and

tary crop in conjunction with penaeid shrimp. suspended, one above the other, from floats in a shrimp pond (0. 1

This study examines the effects of pearl net mesh size, stocking hectare) at Waddell Mariculture Center, Bluffton, South Carolina,

density, and water column depth position on growth and survival on June 30, 1989.

of A. /. concentricus in a penaeid shrimp pond. The ponds are generally stocked with penaeid shrimp from the
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end of April to the first of May and are harvested from the last part

of October to the first week of November. Water within the ponds,

which have a maximum depth of 1.2 m. is aerated and circulated

by a paddle wheel.

Growth and survival were monitored at weeks 10 and 20. Each

net was opened and a sample of 30 or all (the 25 density nets)

specimens were measured for shell length with Vernier cali-

pers. A total live count was made, scallops were returned to ap-

propriate pearl nets and resuspended in the pond.

Data sets were analyzed by Analysis of Variance Tests

(ANOVA) and Tukeys Multiple Range Test using SPSS software.

All percentage data were arcsine transformed prior to statistical

analysis.

RESULTS

After 10 weeks, no significant difference (as determined by

ANOVA) in scallop survival was detected among mesh treatments

for nets in which some scallops survived (Table I ). However, after

20 weeks, survival was significantly less in the 3 mm mesh nets,

and there was no survival in lower nets of the two smaller mesh

sizes (3 mm and 6 mm). After 10 and 20 weeks of growth, sig-

nificant differences in scallop size were detected in the different

mesh sizes. At 20 weeks, Tukey multiple range tests showed that

scallops grown in the 9 mm mesh nets (x = 51.5 mm) were

significantly larger than those in the 6 mm mesh nets (x = 49.8

mm) which were significantly larger than those in the 3 mm mesh

nets (x = 42.5 mm).

After 10 weeks, significant differences (as determined by

ANOVA) in survival of scallops planted at various densities were

detected (Table 2). At 10 weeks, Tukey multiple range test results

reveal that differences occurred among the 25 and 50 scallops per

net stocks, with no difference among the other treatments. At 20

weeks, no significant difference in survival among densities oc-

curred. Significant differences (as determined by ANOVA) in

mean size among densities were detected at 10 and 20 weeks. At

10 weeks, Tukey multiple range tests showed that mean size was

greatest at the lowest density, with no significant differences ob-

served between the 50 and 75 density nets or between the 75 and

100 density nets. At 20 weeks, scallop size was greatest at 25

(X = 52.3 mm) > 50 (x = 49.9 mm) > 75 (x = 48.9 mm) = 100

(X = 47.9 mm) scallops per net.

Results of the ANOVA tests on size and survival data for

scallops cultured in the various mesh sizes according to water

column position were run only for scallops cultured in the 9 mm
mesh nets, since there were no survivors in either the 3 mm or 6

mm pearl nets located on the lower row at week 20. No significant

difference in survival or size occurred for scallops grown in the

upper versus lower nets at 10 weeks. Scallops were significantly

larger in the lower nets at 20 weeks.

No significant differences in survival or size between upper

versus lower nets were detected for any density trial at 20 weeks,

however significant differences occurred in the size data for the 50

and 100 density trials at 10 weeks. In both cases, scallops cultured

in top nets of the 50 (x = 43.2 mm) and 100 (x = 42.2 mm)
density trials, were significantly larger than those in bottom nets

(X = 41.6 mm and 40.2 mm, respectively).

DISCUSSION

Results of this study show a direct correlation between scallop

growth and both mesh size of pearl nets and stocking density.

Greater mesh size and lower stocking density produced greater

scallop growth. Our density-dependent size data agree with obser-

vations from Duggan ( 1973) and Rhodes and Widman ( 1980) (see

Table 3). Duggan (1973), using densities similar to ours, but pens

(9 mm mesh) rather than nets, reported a direct correlation be-

tween increases in scallop growth and decreases in stocking den-

sities. Rhodes and Widman (1980) showed a similar density-

dependent growth response, when comparing scallop growth in

lantern nets (using densities of 500, 1000, and 1500 per m").

TABLE L

The mean size, number of bay scallops, Argopeclen irradians concenlricus, and depth position per net used to determine the effects of pearl

net mesh size upon growth and survival of scallops cultured in a penaeid shrimp pond.

June 30, 1989
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TABLE 2.

The mean size, number of scallops, and water column position per net used to determine the effects of stocking density upon growth and
survival of hay scallops cultured in 6 mm mesh pearl nets suspended in a penaeid shrimp pond.

June 30, 1989
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TABLE 3.

Growth rate of bay scallops, Argopecten irradians, under culture conditions from various areas of coastal United States.

Location/Culture

System

Initial Size

in mm
Final Size

in mm
Time

Months

mm per

Month Source

Long Island Sound, CT



Growth and Survival of Bay Scallops in Shrimp Ponds 469

Significantly fewer scallops survived in the 3 mm mesh nets

compared to other mesh size nets. These results are complicated

by the water column net position factor. While the position of

upper versus lower nets had no effect on the 4 mm mesh nets, a

profound effect was observed in the smaller mesh size nets. No

scallops survived in the lower layer of the 3 mm or 6 mm mesh

nets. Eliminating the lower nets from the data set results in 92%
survival in the 3 mm nets compared to 827r and 73% for the 6 mm
and 9 mm mesh nets, respectively. In other mesh cage experi-

ments, no significant differences in mortality were detected for

Spisuki solidissima or Mercenaria menenarici (except at the larg-

est mesh size for Mercenaria mercenaria. where clams were ini-

tially smaller than the cage mesh size and were washed out of the

enclosure by tidal currents) when planted in four different mesh

size cages (Walker and Heffeman 1991).

The cause of mortalities in the lower nets for the 3 mm and 6

mm nets during this study remains unknown. This problem is

further complicated by the fact that comparable mortalities did not

occur within the lower layer of the density experiment which were

also in 6 mm mesh nets. There was no clear/consistent relationship

between position of net (laterally) and the observed vertical mor-

tality pattern. Duggan ( 1973) observed a marked increase in mor-

tality of scallops located one meter above the river bottom (29%)

and surface (16.5%) as compared to 8% and 4% for scallops

suspended one and two meters below the surface. If some envi-

ronmental parameter associated with the pond bottom or river

bottom is responsible for the observed mortalities, then significant

mortalities should have been observed in all lower nets.

Scallop pearl net culture (see Aoyama 1989) is labor intensive.

Initially seed scallops are placed in the smallest mesh nets (3 mm)
and as the juveniles grow, moved into a series of larger mesh size

nets (6 mm then to 9 mm). Final growout occurs when scallops are

placed in lantern nets. The changing of nets ensures ample water

with food passes through the nets. The longer the time interval

between changes, the greater the fouling of nets by epibenthic

organisms. The more fouling, the less water movement through

the nets. Yet each changing of the nets requires labor input. By

placing scallops in 9 mm mesh nets, commercial size scallops can

be cultured withm shrimp ponds without changing nets.

Whether the observed decrease in fouling (pond nets vs. river

nets) is due to fouling organisms not migrating into the ponds or

that the shrimp effectively reduce fouling organisms by grazing is

unknown. In the absence of heavy fouling, nets do not have to be

changed. The results of these experiments show that scallops

grow, but survive poorly when kept in the smallest mesh size bag.

However, good growth and survival were exhibited in the two

larger mesh size pearl nets.

One of the objectives of this study was to determine if scallops

could be cultured in shrimp ponds as a supplementary crop to the

penaeid shrimp crop. Results of this work show that it is biolog-

ically feasible to culture bay scallops with penaeid shrimp. Eco-

nomic feasibility is still unknown.
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ABSTRACT Strategies for growing mussels lp suspended culture were evaluated at two commercial operations on the Atlantic coast

ot Nova Scotia. Canada. Specifically, the study examined how the yield of mussels per sleeve was influenced by site, line position,

seed density, sleeving matenal. and the use of sticks to reduce losses of mussels. At harvest, the average number of mussels per sleeve

was similar between sites, but one site had a higher shell weight per unit length which translated into a higher yield per sleeve (9.5

vs. 8.0 kg). Shell and tissue growth were similar for mussels suspended from surface and subsurface lines, but lower losses at depth

meant a higher yield, up to 1 7 kg more per sleeve. The proportion of mussels lost from the sleeves ranged from 35 to 50%, with the

medium seed density (400 mussels/m of sleeve) showing the least loss. Line position and seed density also influenced the intensity of

secondary settlement; the ratio of juveniles to adults was lower on the subsurface lines, and lowest on the sleeves with the highest

mussel density. The type of sleeving matenal and the presence or absence of sticks did not affect yield, but did affect the economic

return per sleeve.

KEY WORDS: Mylilus edulis, suspended culture, growth, mortality

INTRODUCTION

Mussels produced in Atlantic Canada are typically grown in

sleeves suspended in the water column from a longline system.

Although the basic principles of suspended culture are well-

established, specific husbandry practices and materials may vary

substantially among farms. This variation partly reflects the adap-

tation of methods to local conditions, but more importantly, it

reflects the continual development of new and innovative strate-

gies. Those producers who wish to remain competitive in the

rapidly expanding industry must determine which of these strate-

gies will ma.\imize their economic return.

This study was designed to evaluate grow-out procedures for

suspended culture from both a biological and an economic per-

spective. Yield per sleeve, or the weight of mussels obtained at

harvest, is the net result of increases in biomass due to growth and

losses in biomass due to mortality and fall-off. Previous studies

have suggested that growth and mortality, and thus ultimately

yield, are affected by site (Mallet et al. 1986, 1987, Mallet and

Carver 1989), grow-out depth (Kautsky 1982), and seed density

(Kautsky 1982. Boromthanarat and Deslous-Paoli 1988). In addi-

tion to these factors, we investigated the effect of different types of

sleeving material on yield and the value of using sticks to reduce

mussel fall-off. At the end of the study, estimates of the revenue

obtained per sleeve were divided by the cost of the sleeving ma-

terial, the mussel seed, and the sticks to determine those strategies

with the highest economic return.

MATERIALS AND METHODS

Experimental Sites

The two experimental sites were located approximately 100 km
south of Halifax, on the Atlantic coast of Nova Scotia. The first

was Indian Point Marine Farms, located at Indian Point near the

town of Mahone Bay. and the second was Corkum's Island Mussel

Farm, located in Upper South Cove just outside the town of

Lunenburg. The two sites were selected for their very different

environmental characteristics (pers. obs.). The Mahone Bay site

was relatively exposed with depths of 20 m. little mussel recruit-

ment, a stratified water column during the summer, and little ice

coverage during the winter. In contrast, the Lunenburg site was

protected, with depths no greater than 6 m, heavy mussel settle-

ment, little stratification, and 3 to 4 months of ice coverage.

To ensure that the results of this study were directly relevant to

the mussel industry, standard (i.e. 1988) culture techniques were

used wherever possible. Initially, two parallel lOO-m longlines

were established at each site (Fig. 1). After attaching the experi-

mental sleeves, one line in each pair was sunk using sandbags;

2 m below the surface at Lunenburg and 10 m below the surface

at Mahone Bay. The variation in the depth of the subsurface lines

between sites reflected differences in the standard procedures used

by the two mussel growers. From a statistical perspective, the

specific depths of the subsurface lines were not important; rather,

the sleeves were considered either "exposed" (surface) or "shel-

tered" (subsurface) from wave action. Note that in order to avoid

ice damage, the surface lines were sunk to roughly the same depths

as the subsurface lines at the end of December.

Sleeving of Juvenile Mussels

In late May 1988, approximately 50 70-/ tubs of mussel seed

(30 mm) were obtained from collectors at Lunenburg and used as

a seed source for both sites. At each site 16 different types of

sleeves (24 replicates of each) were prepared;

(1) Dupont sleeving material (20 x 20 mm mesh); 200. 400,

and 600 mussels/m. with and without sticks;

(2) Italian sleeving material (20 x 20 mm mesh); 200, 400,

and 600 mussels/m, with and without sticks;

(3) Fresh Klean sleeving material (10 x 10 mm mesh); 200

and 400 mussels/m, with and without sticks.

The three seed densities were also referred to as low (200 mussels/

ml. medium (400 mussels/m) and high (600 mussels/m). All

sleeves were 3 m in length, while the total number of mussels per

sleeve varied from 600 to 1800, with the exception of the Fresh

Klean sleeves which were too narrow to accomodate 1800 mus-

sels. The "sticks" were made of I.6-cm diameter, 30-cm long
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Figure 1. Diagram of the two parallel mussel lines set up at each site:

one line in the pair was sunli below the surface at the beginning of the

study.

positions along each line for a total of 4 replicates of each type per

site. The total volume of mussels removed from each sleeve was

recorded and a 1-/ sample was frozen for later analysis.

On October 18, 2 replicates of each sleeve type were again

harvested from each of the two lines at each site. The volume of

mussels removed from each sleeve was recorded and a 2-1 sample
was taken from each replicate and frozen. The same sampling

procedure was carried out at Lunenburg on December 9 and Ma-

hone Bay on December 29. Growth of mussels at Lunenburg over

this 20-day period would have amounted to only 0.1 mm (Mallet

and Carver, unpubl. data). Poor weather conditions and logistical

problems were responsible for the delay in the sampling schedule.

The final harvest was carried out on April 24 at Mahone Bay
and April 28 at Lunenburg. The volume of each of the remaining

socks was measured and 5-/ samples were taken from 2 replicates

of each type. The mussels in each sample were counted and the

lengths of 50 animals were recorded. Five of these 50 animals were

chosen at random, dissected and dried at 60°C to give estimates of

dry tissue weight and shell weight. In addition, the volume of

newly-settled juveniles on the Lunenburg sleeves was determined

in October, December and April.

polyethylene pipe; three of these were inserted at regular intervals

along the sleeve in order to reduce the fall-off or loss of mussels.

The sleeves were left in shallow water for 2 to 3 h in order to

promote byssal attachment, and were then suspended from the two

lines at each site (12 replicates of each type, or 192 sleeves per

line). To reduce the likelihood of a position effect, each line was

divided into 12 blocks and I replicate of each type was randomly

assigned to I of the 16 positions within each block. Records of the

material costs incurred with the different treatments were later

used in calculating the net economic return per sleeve.

Sampling Procedure

Initial sampling of the sleeves at Lunenburg and Mahone Bay

was carried out on June 9 and 10, respectively. This involved

taking 2 replicates of each sleeve type from randomly designated

Data Analysis

Growth was estimated from the change in shell length, dry

shell weight per unit length, and dry tissue weight per unit length

over each interval. Wet tissue weight per mussel was calculated

from dry tissue weight multiplied by a factor of 5 (Mallet and

Carver 1989). The number of mussels per sleeve was estimated

from the total volume in litres multiplied by the appropriate num-

ber of mussels// which varied depending on their size (June; 266,

October: 71, December: 58, April: 40).

Production was calculated by the method of Allen (1951 ). For

each type of sleeve, the number of survivors was plotted against

mean weight for each sampling interval. Daily production (g/

sleeve/day) was calculated as the average number of animals

present during an interval multiplied by the weight increment for

that interval divided by the appropriate number of days. Final

TABLE 1.

Repeated measures analysis of variance of mean shell length, mean shell weight per unit length, mean dry tissue weight per unit length, and

volume to test the effect of various treatments.
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TABLE 2.

Least square means (X) and standard error (SE) of shell length (mm), shell weight per unit length (mg/mm>, and tissue weight per unit

length (mg/mm) of mussels from the surface and subsurface lines at Lunenburg and Mahone Bay in June 1988, October 1988, December
1988 and April 1989.

Lunenburg
Surface

Mahone Bay
Subsurface Surface Subsurface

SE SE SE SE

Shell Length (mm)

Jun 88 33.5

Oct 88 49.0

Dec 88 51.8

Apr 89 56.6

Shell Weight (mg/mml
Jun 88 26.0

Oct 88 58.6

Dec 88 68.3

Apr 89 74.8

Tissue Weight (mg/mm)
Jun 88 7.5

Oct 88 14 8

Dec 88 13.7

Apr 89 21.6

0.5

0.5

0.3

0.3

1.4

1.6

1.5

0.9

0.4

0.5

0.4

0.5

33.5

49.9

52.0

58.1

26.0

66.7

68.9

79.6

7.5

14.3

13.8

24,4

0.5

0.3

0.4

0.2

1 4

14

1.4

0.4

0.4

0.3

0,5

30.2

47.7

50.9

56.7

25.7

56 1

64.4

73.8

7.3

11-3

14.6

26.8

0.4

0.3

0.4

0.2

0.9

1.3

1.6

1.4

0.2

0.3

0.5

0.7

30.2

46.0

51.1

55.5

25.7

55.2

64.5

71.8

7.3

16.1

16.1

26.4

0.4

0.3

0.4

0.3

0.9

1.2

1.4

1.4

0.2

0.4

0.5

0.6

yield, or weight of mussels per sleeve at the time of harvest, was

determined by multiplying the number of mussels per sleeve in

April 1989 by their average whole wet weight (shell plus wet

tissue).

To estimate the economic return per sleeve, the yield of mar-

ket-size mussels at harvest (kg) was multiplied by the typical mar-

ket price of $1.10 per kg to give revenue per sleeve (all prices

listed are in 1988 Canadian dollars). This was then divided by the

cost per sleeve or, in other words, the sum of the initial seed cost,

the cost of the sleeving material, and where applicable, the cost of

sticks which included a labour component. Other labour costs

were not included as these were effectively the same for all sleeve

types.

The effect of the various treatments (i.e. site, line position,

seed density, sleeving type, and sticks) on growth (shell length,

tissue weight and shell weight), mortality/fall-off, volume, pro-

duction, yield and economic return per sleeve was tested by means

of multivariate repeated measures analyses of variance. The re-

peated measurements consisted of the seasonal values for each

variable.

RESULTS

Biological Assessment of the Grow-out Strategies

(a) Shell and Tissue Growth

Site and site by position had a significant effect on growth in

terms of shell length (Table 1 ), whereas position, density, sleeving

material type, sticks, and their interactions were not important.

Note that initial differences in shell length did not significantly

affect the final values. At the time of harvest in April, the mean

shell length was 57.1 mm at Lunenburg versus 55.9 mm at Ma-

hone Bay (Table 2).

The only treatments which had a significant effect on growth in

terms of shell weight per unit length were site, position, and site

by position (Table 1). Differences in initial shell weight per unit

length were not significant. In April, the average shell weight of a

55-mm mussel was 4.2 g at Lunenberg versus 4.0 g at Mahone

Bay (Table 2). The mussels with the highest shell weight came

from the subsurface line at Lunenberg; 44.4 g for a 55-mm animal.

TABLE 3.

Least square means (X) and standard error (SE) of volumes (I/sleeve) of mussels averaged over site, sleeving material and sticks. The three

seed densities (200, 400, and 600) are in mussels/m of sleeve.
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Surf Sub
200 mussels/m

Surf Sub Surf Sub
400 mussels/m 600 mussels/m

Figure 2. Percentage of mussels lost per sleeve for each position and

density, averaged over site. "Surr* and "Sub" refer to the surface

and subsurface lines, respectively.

Those treatments which had a significant effect on growth in

terms of tissue weight per unit length were site, position, density.

and site by position (Table 1 ). In April, the average tissue weight

of a 55-mm mussel was 1 .27 g at Lunenberg as compared to 1 .46

g at Mahone Bay (Table 2). The decrease in tissue weight at

Lunenburg from October to December may be related to fall

spawning, as evidenced by the small juveniles (i.e. <5 mm) ob-

served throughout the winter months. During the summer and fall,

there was more variation in tissue growth between depths at Ma-

hone Bay than at Lunenburg, probably because of the greater

depth range ( 15 m vs. 2 m). During the winter. Lunenburg exhib-

ited significantly better tissue growth on the subsurface, rather

than the surface line, possibly due to the lower concentration of

juveniles. Increased competition for food at higher seed densities

was reflected in lower tissue weights; April estimates varied from

an average of 25.8 mg/mm for the low density sleeves to 23.9

mg/mm for the high density sleeves.

(b) Volume and Number of Mussels

Temporal changes in the volume of a sleeve are the net result

of shell growth, fall-off, mortality, and recruitment. To eliminate

the effect of recruitment at Lunenburg, the volume of juveniles, or

"second set." was subtracted from the total volume of each

sleeve. As it turned out, site did not have a significant effect on

volume (Table 1), only position and density were important. The

density effect was predictable given that the three seed densities

differed in volume at the beginning of the study. At the final

harvest, sleeves suspended from the subsurface lines had a higher

average volume (18.8 /) than those left at the surface (14.5 f)

(Table 3). Average sleeve volumes for the three seed densities

were 9.2 / (low), 19.1 / (medium), and 21.7 / (high). The minimal

increase in volume from October to December may have been

related to the low shell growth during this period (Table 2).

The higher volumes obtained from the subsurface sleeves re-

sulted not only from the mussels" greater shell length (Table 2),

but more importantly from the higher numbers of mussels per

sleeve. Final estimates of mussel density in April ranged from a

minimum of 109 mussels/m for the low density sleeves at the

surface to a maximum of 336 mussels/m for the high density

sleeve at depth. Note that the medium density sleeves generally

exhibited lower losses than the other two densities (Fig. 2). The

proportion of mussels lost varied according to the sampling period.

The highest losses were observed during the summer period; ap-

proximately 259^ of the mussels on the subsurface lines and 35%
of the mussels on the surface lines. Subsequent losses from Oc-

tober to April showed little variation with depth; approximately 10

to 20% depending on the seed density.

(c) Secondary Settlement

Secondary settlement of juveniles onto adult mussels was not

observed at Mahone Bay. but was very heavy at Lunenburg. The

first settlement likely occurred in mid-to-late July, although the

presence of very small spat in December and April suggests that

larvae may have continued to settle throughout the fall and winter.

Those treatments which had a significant effect on the volume of

second set were site, position, density, sleeving material, and

material by density. In April, the ratio of juveniles to adults av-

eraged 0.49 or 490 ml of juveniles for every liter of adults on the

subsurface line versus 0.83 or 830 ml of juveniles for every liter of

adults on the surface line (Table 4). This was equivalent to 4.3 / of

juveniles per sleeve at the surface versus 3.6 / of juveniles per

sleeve at depth. There was also a negative correlation between

volume of second set and seed density; in April, the ratio of

juveniles to adults was 1.19 for the low density sleeves (5.8

//sleeve). 0.48 for the medium density sleeves (3.2 //sleeve), and

0.33 for the high density sleeves (2.4 //sleeve). Although the anal-

ysis indicated that sleeving material, and material by density were

significant, these results were confounded by the lack of high

density sleeves in the Fresh Klean material; final mean values

(Juv/Ad) for the three sleeving materials were 0.65 for Dupont,

0.61 for Italian and 0.74 for Fresh Klean.

(d) Production and Yield at Harvest

Those treatments which had a significant effect on production

were site, position, density, and site by position (Table 5). In

general, the highest production values (g/sleeve/day) were ob-

TABLE 4.

Ratio of juvenile mussels (secondary settlement) to adult mussels (Juv/Ad) for the three seed densities on the surface and subsurface lines at

Lunenburg. The values represent the volume (in liters) of juveniles relative to the volume of adults. All densities are in mussels/m of sleeve.

Density 200

Surface

400 600 200

Subsurface

400 600

Date Juv/Ad Juv/Ad Juv/Ad Juv/Ad Juv/Ad Juv/Ad

Oct 88
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TABLE 5.

Repeated measures analysis of >ariance of calculated production (kg/sleeve), observed yield (kg/sleeve), and return per sleeve to test for the

effects of various treatments.

Source DF

Production

(kg/sleeve)

Mean Square

(X 10")

Yield

(kg/sleeve)

Mean Square

(X 10-*)

Return Per

Sleeve

Mean Square
(X lO-*)

Site

Position

Density

Sleeving niatenal

Sticks

Site X position

Material x density

Material x sticks

Density x sticks

Error

1

I

2

2

1

I

3

2

2

45

10.5*

34.8*

24 ^ 2*

2.6

0.1

7.9*

1.5

1.1

0.6

63.6

29.0*

43.7*

326.0*

3.1

0.6

7.4

8.3*

0.2

0.6

2.5

7.7*

15.1*

16.8*

10.8*

13.3*

2.6

3.5*

0.9

0.7

1.1

MS refers to the mean square value and DF denotes degrees of freedom. * mdicates a significant effect at p < 0.05.

served in the summer months and the lowest between October and

December (Table 6|. A few production values were negative; these

may be related to decreases in tissue weight due to spawning

(Table 2), or to low growth in conjunction with high losses. The

sleeves with the highest overall production values were those

grown on the subsurface line at Lunenburg.

Those treatments which affected the final yield were site, po-

sition, density and sleeving material by density (Table 5). As

noted earlier, the significant density and material by density effect

resulted from the experimental design. On average, sleeves grown
at depth had a higher yield (9.6 kg) than those held at the surface

(7.9 kg), and sleeves from Lunenburg had a higher yield (9.5 kg)

than those from Mahone Bay (8.0 kg) (Fig. 3). The highest seed

density generated sleeves weighing an average of 12.5 kg as com-

pared to 4.3 kg for sleeves with the lowest seed density. At the

final harvest in April, not all the mussels included in the estimates

of yield were of market size: 81% had a shell length 2=51 mm
(market size), 70% had a shell length >53 mm and 59% had a

shell length >55 mm. Postponing the final harvesting until June

1989 would have increased the proportion of market-size mussels.

Economic Assessment of the Grow-out Strategies

(a) Set-Up Costs

The seed volume required to obtain a given seed density de-

pends on the size of the seed (i.e. the larger the seed, the greater

the volume required). In this study, the cost of a 70-/ tub of seed

was $15, but prices may range from $10 to $20 depending on the

year and the producer. The volumes of seed required varied from

approximately 3 / for a low density sleeve to 9 / for a high density

sleeve (Table 7). At a price of SO. 21//, seed costs varied from

$0.63/sleeve for the lowest density to $1 .89/sleeve for the highest

density. Note that the average seed size used in this study was

quite large, around 30 mm, as compared to a typical sleeving size

of 20 to 25 mm; seed costs would have been somewhat lower if

smaller seed had been available.

TABLE 6.

Least square means (X) and standard error (SE) of production (g/sleeve/day) over each sampling period.
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Figure 3. Final yield (kg/sleeve) of mussels at each site, position, and

seed density.

Three examples of the seed and equipment costs involved in

making up 150 sleeves or the equivalent of one longline were

included in Table 7. Note that the cost of the other sleeve types can

be determined from the data in this table. Values ranged from a

minimum of $I75/line for the low density sleeves of Italian mesh

to a maximum of $378/line for high density sleeves of Dupont
mesh. The Fresh Klean material was considerably more expensive

than the others, but it was too narrow to hold the highest density

of 600 mussels/m. Labour costs were not included as they were

effectively the same for all the sleeve types.

(b) Economic Return per Sleeve

The various grow-out strategies were ranked by comparing the

market value of a particular sleeve type at harvest (e.g. a medium

density sleeve with Italian mesh and sticks, grown at depth), with

the cost of setting up that sleeve. Note that this approach provided

only a relative index of economic return, and was not meant to

generate "realistic" estimates of profit per dollar invested. Such

estimates could only be determined by incorporating all the costs

involved in running a mussel operation.

All five treatments, site, position, density, sleeving material,

and sticks, had a significant impact on the ranking of the various

strategies (Table 5). Site and position influenced the economic

return per sleeve through their effects on yield, whereas density

influenced both yield and set-up costs. Sleeving material and

sticks affected only the set-up costs; the cheaper the materials, the

higher the return. The cheapest combination used in this study was

Italian sleeving without sticks.

The effects of site, position and density on the economic return

per sleeve are illustrated in Figure 4; values ranged from a mini-

mum of 3.3 for the low density sleeves on the surface line at

Lunenburg to a maximum of 6.9 for the medium and high density

sleeves on the subsurface line at Lunenburg. Overall, the sleeves

from Lunenburg showed a better return (5.4) than those from

Mahone Bay (4.6), and those from the subsurface lines gave a

better return (5.5) than those grown at the surface (4.5). The

medium and high density sleeves gave similar estimates of return

(5.5), but the value for low density sleeves was substantially less

(3.9).

DISCUSSION

The yield of mussels per sleeve was significantly influenced by
their position in the water column; growing mussels on subsurface,

rather than surface lines, translated into an additional 1.7 kg

sleeve, or $280 per line. This higher yield per sleeve was related

to various factors: greater shell weight per unit length, lower losses

from fall-off and/or mortality, and lower secondary settlement.

The most important of these was likely the lower losses experi-

enced by the subsurface sleeves. Higher losses from the surface

sleeves were probably related to greater wave action, or to prob-

lems associated with higher water temperatures, such as weaken-

ing of the byssal threads or increased mortality (Mallet and Carver,

in prep. ). Natural mortality must have accounted for part of the 40

to 50% loss rate; the expected mortality for mussels of this age and

stock is roughly 30% per year (Mallet and Carver, unpubl. data).

In addition to experiencing higher losses, the sleeves grown at the

surface at Lunenberg had a higher ratio of juveniles to adults,

which may account for their substantially lower shell and tissue

growth during the winter months. Overall, there was no question

that growing mussels on subsurface lines generated a greater eco-

nomic return than growing mussels at the surface.

At the end of the ten-month production period, the two exper-

imental sites yielded similar numbers of market-size mussels.

Slight differences in shell and tissue weight, however, were suf-

ficient to cause significant variations in return between these sites.

Previous studies have demonstrated the importance of site in ex-

plaining variations in shell and tissue growth (Dickie et al. 1984,

Mallet and Carver 1989). In general, Lunenberg showed greater

growth in the summer whereas Mahone Bay showed better growth

in the fall and winter (see also Mallet and Carver 1989). The

relatively poor winter growth at Lunenberg may have been related

to the lower food levels associated with ice coverage (Mallet et al.

1986), or competition from the heavy set of juveniles.

In this study, yield per sleeve increased with seed density up to

the maximum experimental value of 600 mussels/m. Higher den-

TABLE 7,

Three examples of the initial cost of 150 sleeves (1 line) assuming a typical seed price of $0.21/1.

Sleeving Material
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Figure 4. Economic return per sleeve (ratio of revenue obtained vs.

initial cost) for each site, position, and seed density.

sities (e.g. 800 mussels/m) were not tested because the sleeving

material was too narrow. It is likely, however, that a density of

800 inussels/m or greater would have translated into higher levels

of fall-off; estimates of percent loss per sleeve were higher for

sleeves with 600 mussels/m than those with 400 mussels/m (Fig.

2). Another problem associated with higher seed densities is the

tendency of mussels to become jammed in the center of the sleeve

where they die from lack of food or oxygen. Competition for food

also tends to increase at higher densities; in this study, increases in

seed density did not affect shell growth, but did have a negative

impact on tissue weight. It is interesting to note that in 1988 most

producers typically aimed for a sleeving density of 525 mussels/m.

but over the last few years the tendency has been to reduce this

density, in some cases to as low as 450 mussels/m (Mallet and

Carver, pers. obs.). On the other hand, this study also indicated

that sleeves with higher seed densities experienced relatively less

juvenile settlement. One possibility is that dense aggregations of

adult mussels can reduce the number of potential settlers through

filtration iMileikovsky 1974). Another suggestion is that the

greater accumulation of biodeposits on the denser sleeves leaves

relatively less surface area for larval attachment.

The sleeving materials tested in this study had no effect on

mussel weight or volume of mussels retained. It has been sug-

gested that the woven design of the Fresh Klean material would

reduce seed losses during the process of sleeving and attachment

of the sleeves to the longlines. Our observations suggest, however,

that this advantage may be offset by the tendency of mussels to

remain trapped in the center of the sleeve, resulting in higher

mortalities. Overall, it was concluded that the cheapest material,

in this case the Italian mesh, gave the best return per sleeve. The

performance of the Dupont material was similar to that of the

Italian, but its greater cost reduced its attractiveness.

This study did not justify the use of sticks as a means of

mcreasing yield per sleeve; at both sites the yields were similar

with or without sticks. In 1988 the use of sticks was a widely used

strategy in Prince Edward Island where severe levels of fall-off are

often associated with weak byssal attachment dunng the warmer

summer months (Mallet and Carver, pers. obs.). Since then, how-

ever, the popularity of this technique has declined, possibly be-

cause of the costs involved, or the development of more effective

methods.

At the end of this study, the various grow-out strategies were

ranked according to their economic return. Note, however, that

these results would need to be re-considered before extrapolating

to a full-scale commercial operation. For example, although the

medium and high densities (400 and 600 mussels/m) showed a

similar return per sleeve (revenue per dollar invested), the latter

density generated a higher absolute profit per sleeve (i.e. revenue

minus investment). In cases where the aim is to maximize the net

profit from a given line, it may be advisable to weigh the relative

advantages of using a higher seed density against the additional

cost of floatation to support the greater weight.

Several results from this study are worth noting: ( I ) maintain-

ing sleeves on subsurface lines significantly increased the yield at

harvest; furthermore, this strategy reduced the probability of con-

flict with other users of coastal waters; (2) the choice of sleeving

material did not affect yield; hence, the cheaper the material the

greater the return; and. (3) differences between sites influenced the

economic return per sleeve.
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INTRODUCTION TO A SYMPOSIUM ON SHELL DISEASE IN MARINE CRUSTACEANS
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Ninety years ago a new disease of Baltic crustaceans was de-

scribed (Happich, 1900)—a disease of bacterial etiology that

caused severe exoskeletal erosion. Since then, down through the

decades and in many places in the world, more than 100 papers

have been published on this condition, now called "shell disease"

or "chitinoclasia." Indications that environmental stress, partic-

ularly that resulting from estuarine/coastal pollution, may influ-

ence the prevalence and severity of the disease have prompted a

renewed examination of the disease process, and the factors, in-

ternal and external, that may influence it.

Early in 1989, a group of specialists interested in shell disease

assembled at NOAA"s Sandy Hook (NJ) Laboratory to examine all

available information about shell disease and its possible relation-

ship to pollution. The report of that working group was published

late in 1989 (Sindermann et al. 1989), implicating environmental

stress, but also describing a much broader resource concern re-

sulting from the shell disease syndrome.
In accord with the perceived broader scope of the shell disease

problem, some of the members of the original working group, and

other scientists, were invited to prepare and contribute papers for

this symposium, which reviews the status of shell disease as it

occurs on the Atlantic coast of United States. These papers have

been assembled in this volume of the Journal of Shellfish Research

to provide a readily accessible source of detailed information rel-

evant to the shell disease syndrome in crustacean resource species

of the Atlantic coast.
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SHELL DISEASE IN AMERICAN LOBSTER {HOMARUS AMERICANVS, H. MILNE EDWARDS,
1837) EROM MASSACHUSETTS COASTAL WATERS WITH CONSIDERATIONS FOR

STANDARDIZING SAMPLING

BRUCE T. ESTRELLA
Massachuselts Division of Marine Fisheries
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ABSTRACT Shell disease in the American lobster (Homarus amcrlcanus) from six coastal Massachusetts sites was investigated. A
total 4.791 lobster was collected via a commercial lobster sea sampling program during May through November, 1989. The effect of

a number of variables on shell disease prevalence was evaluated in order to standardize assessments of the condition.

Disease signs were not uniformly distributed throughout the length range of the samples. Prevalence was highest and severity

greatest in the larger size groups indicating an inverse relationship with molt frequency. The correlation was significant for hard-shelled

lobster but not for new-shelled lobster. Significant differences in disease prevalence were observed between the sexes. This was

prinianly due to the high level of disease observed among ovigerous females. However, mature non-ovigerous females also exhibited

a significantly greater frequency of disease signs than males.

These factors are important considerations in comparative analyses. Samples used in trend studies should be standardized according

to size, sex. ovigerous and molt condition, and severity.

KEY WORDS: shell disease. Amencan lobster. Honutrus americcmus. variability, standardized sampling

INTRODUCTION

Shell disease is a commonly occurring disease of marine and

fresh water crustaceans. It is characterized by a deterioration of the

chitinous exoskeleton by chitinoclastic (chitin-consuming) micro-

organisms which gradually erode and pit the shell, and in ad-

vanced cases uncover the epithelium, and create necrotic lesions

(Malloy 1978, Sindermann 1970, Rosen 1970, Dow et al. 1975,

Stewart 1980). Bacteria and fungi have been implicated; however,

several species of the bacterial genera. Vibrio. Aeromonas , and

Pseiidomonus. are most often cited as causative agents (Gctchell

1989, Sindeirnann 1989).

This disease can affect the marketability of crustacean species

by creating an unsightly appearance, weakness, and elevated mor-

tality. Consequently, shell disease monitoring was incorporated

into our ongoing Massachusetts lobster stock assessment program

via commercial sea sampling. The intent was to define the vari-

ables which affect shell disease prevalence and thereby to stan-

dardize estimates of it.

METHODS

Commercial lobster sea sampling is conducted annually in six

coastal Massachusetts regions (Fig. 1 ) from May through Novem-

ber to generate catch-per unit-effort (CPUE) and biological statis-

tics for stock assessments. Traps are sampled twice per month in

each region. In 1989, the disease monitoring segment of the pro-

gram was modified by incorporating a subsampling technique in

which approximately 30 lobsters were sampled per trip. The last

trawl (or two depending upon lobster density) hauled per day was

sampled for shell disease and associated biological data only. This

allowed adequate time to discern shell disease signs and thereby

improve data quality.

Standardization of lobster shell disease sampling and evalua-

tion was attempted to allow comparative or trend analyses. The

variables of lobster size, sex, condition, including molt stage and

presence of eggs (brown =
developing, green

= newly extruded),

severity of disease signs, and anatomical location were noted.

Shell disease signs were categorized as minor pitting: single or

multiple pits or infected pores with localized shell discoloration

(dark brown or black) and deterioration; erosion: merging or con-

necting of localized pits and tunneling via chitinolytic activity; or
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Figure I. Map of Massachusetts coast showing regions and Massa-

chusetts territorial line. Hatch-marked areas represent locations of

gear sampled.
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TABLE 1.

Pearson's r correlation matrix for variables tested in association with shell disease prevalence of American lobster, Massachusetts coastal

vtaters, 1989.
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TABLE 4.

Mean carapace lengths of American lobster by sex and uvigerous condition for all lobster, hard-shelled, and new-shelled lobster sampled for

shell disease Massachusetts coastal waters, 1989.

Males Females
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TABLE 5.

Shell disease (% infected) in hard-shell American lobster (71-90 mm CL) from six Massachusetts coastal regions, 1989. Sample sizes are

in parentheses.

ALL Males Females
Ovigerous

Females
Nonovigerous

Females

Regions Combined

Cape Ann

Beverly-Salem

Boston Harbor

Cape Cod Bay
Outer Cape Cod

Buzzards Bay

33.3 (3316)

11.3 (886)

29.2 (391)

32.9 (359)

42.8 (668)

26.7 (131)

51.1 (881)

26.6(1246)

7.6 (344)

29.2 (178)

23.8 (126)

36.6 (254)

18.6(59)

42.1 (285)

37.2 (2070)

13.7 (542)

29.1 (213)

37.8 (233)

46.6(414)

33.3 (72)

55.4 (596)

29.4 (1772)

13.0 (530)

29.1 (213)

335.9 1220)

45.0(400)

27.7 (65)

32.8 (344)

83.9 (298)

41.7 (12) -

69.2 (13)

92.9 (14)

85.7 (7)

86.1 (252)

annually (Hughes and Matthiessen 1962). Smaller lobster molt

with greater frequency and are more likely to shed their shells

before chitin deterioration becomes severe enough to effect necro-

sis of underlying tissue. Hard-shelled lobster had a higher infec-

tion rate than new-shelled lobster because their shells are exposed

to the environment for a longer period of time. Ovigerous females

exhibited the greatest prevalence of shell disease because molting

is delayed until after hatching of their eggs and their shells are thus

retained for a longer period. However, non-ovigerous females also

generally had more disease signs than males. Some spent egg-

bearing females may have been included in the samples analyzed

but the comparatively slower growth of females when sexually

mature, i.e. reduced molt frequency from the 2-year ovarian cycle,

is likely responsible. This is emphasized by the significantly

greater disease prevalence for non-ovigerous females which were

larger than 80 mm CL. Estrella and McKieman ( 1989) defined the

size at 50% maturity for female American lobster in Massachusetts

coastal waters as 76 mm CL in Buzzards Bay, 87 mm CL in Cape
Cod Bay and Boston Harbor, 90 mm CL off Cape Ann. and 97

mm CL off outer Cape Cod.

The large number of specimens with signs of pitting, i.e. in-

fected shell pores, affirms the ever-present availability of the caus-

ative agent(s) and the need to screen samples adequately to de-

velop accurate disease mdices. The greater prevalence of ulcer-

ation in Cape Ann and outer Cape Cod regions was due to the

larger sized (older) lobster there and their comparatively longer

shell exposure times.

Green ovigerous females have a shorter exposure time than

brown ovigerous females. They may extrude eggs from several to

10 months after molting whereas brown ovigerous females may
have gone up to an additonal year longer than that period before

egg hatching and subsequent molting. The lack of a statistically

significant difference in shell disease prevalence between green

and brown ovigenous females may be due to the lack of fall

samples of brown ovigerous females and the lack of spring sam-

ples of green ovigerous females (Fig. 5).

The high frequency of shell disease signs on the ventral surface

of the major claws may be the result of regular contact of this

anatomical area with the sediment. Abrasion of the shell pores

there probably enhances infection. Young and Pearce ( 1975) made

similar observations on lobster and rock crabs {Cancer irroratus)

in heavily polluted areas of the New York Bight. They stated that

the tips of the walking legs were often affected.

The methodology described was developed as a standard ap-

proach to monitoring trends in shell disease prevalence in Massa-

chusetts coastal waters. Accordingly, the comparability of these

data to previous studies is not possible due to differences among
them in lobster size distribution, molt stage, sex ratio, ovigerous

condition, sampling location, and respective sample sizes. Also,
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Figure 4. Shell disease in hard-shelled American lobster (71-90 mm
CL) by sex and ovigerous condition from six Massachusetts coastal

regions, 1989,

O
LU

O
CC 40



Shell Disease in American Lobster 487

o
m
o
LU 30

tU 20

O
oc
UJ
a.

I PITTING L EROSION I.TTl ULCERS

N-4,028

li I
50-59 60-69 70-79 80-89 90-99 100-^09 110-119

CARAPACE LENGTH (mm)

Figure 6. Shell disease in hard-shelled American lobster by 10 mm CL

groupings and severity, Massachusetts coastal waters, 1989.

the inclusion of disease signs at the pore level in gross evaluations

has raised prevalence estimates from those previously calculated

and warrants reinitiation of data time series.

Standardization should improve prevalence estimates relative

to concerns about environmental conditions which can cause stress

in Crustacea and enhance shell disease. Although the signs of shell

erosion and melanization of diseased tissue in crustaceans are

ubiquitous, high prevalences have been reported near ocean dis-

posal sites (Gopalan and Young 1975. Young and Pearce 1975.

Bodammer and Sawyer 1981 , Sawyer 1982, Sawyer et al. 1983).

In 1988-1989. a joint NOAA/EPA working group made a detailed

examination of available information on shell disease in crusta-

ceans from the New York Bight and elsewhere (Sindermann et al.

1989) and concluded that evidence exists for an association of

shell disease with habitat degradation.

Previous observations of shell disease in Massachusetts coastal

waters (Estrella 1984) indicated an elevated prevalence in Buz-

zards Bay. Although the data are not directly comparable, this

observation is consistent with results of the present study.

Environmental conditions may be responsible. Periodic out-

breaks of shell disease in Nova Scotian and Maine coastal im-

poundments have historically affected lobsters imported into Mas-

sachusetts and other states. Complaints have been voiced by local

lobster dealers of unaesthetic appearance, weakness, and enhanced

mortality among these imports. Heavy organic loading and poor

water quality in impoundments, which allow bacteria to flourish.

appear to be responsible. Similar conditions have occurred in the

wild as a result of marine disposal practices. Sindermann (1989)

and Sindermann et al. (1989) summarize published accounts of

shell disease prevalence in the vicinity of degraded habitats.

The water exchange rate and turbidity at sampling sites are

possible factors affecting disease incidence. Buzzards Bay is a

comparatively closed, shallow embayment exhibiting poor circu-

lation (Gilbert et al. 1973) and subsequently wanner bottom tem-

^ PITTING

CD EROSION

Claws Legs Carapace Tail Several

ANATOMICAL LOCATION(S)

Figure 7. Shell disease in hard-shelled .American lobster by severity

and anatomical location, Massachusetts coastal waters, 1989.

peratures during summer months (Colton and Stoddard 1973).

These conditions may promote and maintain bacterial growth.

Buzzards Bay waters consistently contain high levels of dissolved

solids (Gilbert et al. 1973). Stormy conditions apparently cause

resuspension of bottom sediments. In contrast, other regions sam-

pled, with the exception of Boston Harbor, are generally charac-

terized by relatively open water with a greater depth range and

cooler water temperatures.

Nevertheless, establishing cause and effect is complicated by

the potential stress from industrial contaminants such as PCB's,

heavy metals, and hydrocarbons which have been found through-

out Buzzards Bay (Gilbert et al. 1973) with the highest levels

observed in the New Bedford Harbor region (Ellis et al., unpub-
lished manuscript 1977. Kolek and Ceurvels 1981. Weaver 1982).

The New Bedford Harbor area is also heavily polluted with do-

mestic sewage (Massachusetts Department of Environmental

Quality and Engineering, unpublished laboratory results. 1983).

However, such pollutants are not limited to this area of Massa-

chusetts coastal waters and occur throughout Massachusetts Bay
and Cape Cod Bay (Gilbert et al. 1976, Boehm 1984).

Such conditions provide extensive opportunity for future study

of the effects of pollutants. A standardized approach to data ac-

quisition and analysis, as outlined above, should be helpful in

disease assessments.
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LOBSTER SHELL DISEASE SURVEY

R. G. GETCHELL'
Maine Department of Marine Resources

West Boothlxiy Harbor. Maine 04575

ABSTRACT The prevalence of shell disease among lobsters held in confinement was examined within the Maine Lobster industry.

Retail dealers and impoundment owners handling large volumes of live lobsters were contacted by mail. The twenty-four item

questionnaire addressed the impact of lobster shell disease on their operation and the preventive measures they prescribe to control their

loses. Follow-up phone interviews were conducted with those respondents whose lobster stocks were most often afflicted with this

disease syndrome. The scope of shell disease in Maine's holding facilities has been shown to be a significant problem, particularly for

poundkeepers. The prospects for keeping this disease under control depend on how each operator handles and cares for his lobsters.

KEY WORDS: shell disease, lobsters. Maine, prevention, dealers

INTRODUCTION

The recent controversy surrounding uninspected seafood sup-

plies has sensitized both harvesters and wholesalers of lobsters.

The need to provide an aesthetically pleasing and healthy product

is of utmost importance. The appearance of a lobster with lesions

on its shell immediately reduces the value of this crustacean, en-

dangers the remaining stock, and erodes the consumer's confi-

dence in the Maine lobster industry.

To control this disease, proper preventive measure can be

adopted (Stewart 1980). Only under degraded or crowded condi-

tions does shell disease prove to be a serious problem. What is the

scope of the shell disease problem in Maine's lobster industry? Are

Maine's lobster holding facilities employing enough preventive

measures to adequately fight this problem?

APPROACH

During January. 1990. a questionnaire was sent to forty-five

members of the Maine Lobster Pound Association and one hun-

dred twenty-five lobster dealers to document the impact of shell

disease within Maine's lobster holding facilities. The survey was

financed by the Seed Lobster Fund which is administered by the

Department of Manne Resources. A series of twenty-four ques-

tions was asked covering the storage facility itself, the effect that

shell disease has had (if any), and the practical measures that have

been employed in preventing or controlling shell disease. Follow-

up phone interviews were conducted with those operators most

affected by the shell disease problem. As of May 7. 1990, 32 of 45

poundkeepers and 34 of 125 lobster dealers surveyed had replied.

The goal of this initial effort was not to conduct a statistical

survey, but to gather information to put the shell disease problem

in perspective and subsequently advise the lobster industry on the

best approaches to combat this disease. The following information

is a summary of the survey data, describing physical features of

Maine's lobster pounds and dealerships and how these storage

facilities are affected by shell disease. A list of recommended

control measures that are currently being practised is also in-

cluded.

'Present Address: Department of Avian and Aquatic Animal Medicine.

New York State College of Veterinary Medicine. Cornell University.

Ithaca, New York. 14853.

RESULTS

(A) Physical Features and Operational Practices at Maine's

Lobster Dealerships and Tidal Impoundments
• Dealers have the capacity to store an average of 10.000# of

lobsters in tanks, crates, or cars (ranging from 1500# to

60.000#).

• Pound operators have the capacity to store an average of

1 17.000# of lobsters in their tidal impoundments (ranging from

35,000# to 350,000#).
• Pound operators commonly stock their pounds at a density of

approximately one pound per square foot of surface area. Deal-

ers stock their tanks at a higher, undocumented level.

• Both types of operations subjectively judged their water ex-

change rates as good or excellent.

• The highest water temperatures range from 50-70°F.

• Both types of facilities are located over or near a variety of

bottom types dominated by mud bottoms.

• Sixty percent of dealers remove their lobsters by dipnetting.

• Most poundkeepers harvest their lobsters with the aid of a seine

drag, divers, or an airlift.

• The cleaning method employed is most often simple flushing.

(B) How Are Maine's Lobster Dealers Affected By Shell Dis-

Twenty-one percent of dealers find shell disease in 1-5% of

their lobsters when first purchased.

Eighteen percent discover shell disease after a period of storage.

Those affected by shell disease purchase an average of twenty-
four percent of their lobsters from Canada.

Shell disease is prevalent in winter, spring, and summer.

Lesions start to appear after 3^ weeks in storage.

Lesions most often occur on the upper surfaces of the body
followed by the claws.

Seventy-eight percent of affected dealers cull out infected lob-

sters prior to storage.

Most dealers cull at the stage lesions are minor or moderate.

All dealers checked their lobsters before storage.

Sixty-seven percent of those affected by shell disease also re-

check shell quality during storage.

Seventy-eight percent of dealers remove mortalities daily.

Most dealers discard mortalities in refuse containers. Two af-

fected dealers dumped dead lobsters in waters nearby.
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(C) How Are Maine's Lobster Pounds Affected By Shell Dis-

ease?

• Sixteen percent of pound owners find shell disease in 1-5% of

their lobsters when first purchased and stored.

• Forty percent of pound owners discover shell disease after long

term storage.

• Those affected by shell disease purchase twenty-three percent of

their lobsters from Canada, while those unaffected pound op-

erators only purchase thirteen percent Canadian product. Shell

disease is most prevalent in winter, then present somewhat in

spring.

• Fifty percent of affected pound owners observe lesions after

four months of storage.

• Lesions appear on the upper surfaces of claws, body, and tail in

decreasing order of frequency.
• Sixty-nine percent of affected pound owners cull out infected

lobsters prior to storage. Others don't observe lesions initially.

• Most pound owners cull out infected lobsters when lesions are

minor or moderate.

• Each lobster is checked before storage.

• Sixty-nine percent of those pound owners affected recheck shell

quality at some time during storage.

• Thirty-one percent of pound owners remove mortalities daily.

Thirty-four percent remove dead lobsters only at harvest time.

• Most pound owners discard mortalities in refuse containers.

Two affected pound keepers piled their dead lobsters on the

shore.

• More affected pound keepers (85%) drag their lobsters as a

harvest method than pound owners unaffected by shell disease

(26%).

(D) List Of Control Measures For Preventing Shell Disease

1) Source—Purchase from non-infected areas.

2) Inspection
—Examine each lobster prior to storage.

3) Density
—Limit overcrowding.

4) Hygiene—Remove mortalities and old shells promptly.

5) Husbandry
—Provide adequate feed.

6) Harvest—Avoid damage by harmful gear.

7) Monitor—Recheck quality of exoskeletons periodically.

8) Environment—Avoid rapid changes in salinity, tempera-

ture, and oxygen levels.

DISCUSSION

High prevalences of shell disease occur in captive lobsters

when compared to natural populations (Rosen 1970, Johnson

1983). Shell erosion is a particular problem in impoundments,
where because of overcrowding, there is a greater likelihood of

damage to the cuticle and higher levels of organic matter (Sinder-

mann 1989). Both of these factors encourage bacterial populations

that degrade the lobster's shell (Malloy 1978). These chitin-

dcgrading organisms also need the assistance of other environmen-

tal stressors such as low oxygen levels, temperature extremes, and

high ammonia concentrations (Sindermann et al. 1989). Because

chitinolytic bacteria are part of the normal flora of the lobster, they

are constantly being introduced into the holding facility. Often,

infections may be acquired and develop after impoundment. More

detailed study is needed to quantify when the majority of infec-

tions are acquired, before or after capture.

Those lobsters that have recently shed are more susceptible to

the combined stresses of poor water quality and overcrowding.

Their shells may never properly "harden up" and therefore suffer

the consequences during a period of prolonged storage. The du-

ration of the impoundment can then be important as each lobster

attempts to repair the damage to its exoskeleton.

Presently, Maine's lobster dealers and pound operators are tak-

ing into consideration all of the factors discussed here and apply-

ing them as preventive measures to control shell disease. Shell

disease in Maine's lobster holding facilities has been shown to be

a significant problem, particularly for pound keepers. The pros-

pects for keeping this disease under control depend on how each

operator handles and cares for his valuable lobsters.
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SHELL DISEASE IN MARINE CRUSTACEANS—A CONCEPTUAL APPROACH
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ABSTRACT Shell disease of marine crustaceans, recognized early in this century as a problem in impounded populations, has been

investigated more recently because of its possible association with degraded habitats and because of its potential role in marine

aquaculture. Understanding of this microbially induced disease condition has progressed to a point where tenlalivc hypotheses may be

proposed: (1) chitin deposition is an important defense mechanism m Crustacea; (2) shell disease is an external mdication of metabolic

disturbance or trauma, compounded by the activity of chitinoclastic microorganisms; (3) shell disease is intimately associated with

success or failure of processes of external defense and wound repair in crustaceans; (4) shell di.sease may be less important in species

with short-life spans than in longer-lived species; (5) shell disease may occur in particularly high prevalences in offshore deepwater
crustaceans; (6) pollutants (or other stressors) may foster the development and increase the seventy of shell disease; (7) shell disease

is a controllable condition in captive or cultured crustacean populations.

Evidence to support these hypotheses vanes in "robustness" but a conceptual base for understanding the significance of shell

disease in marine crustaceans seems to be emerging.

Recent expansion of interest in shell disease of economically

important marine crustaceans—especially lobsters, shrimp, and

crabs— has resulted in the publication of many papers which point

to the universality of the disease and which suggest severe effects

on individual animals (see Getchell 1989 and Sindermann 1989 for

references). This paper attempts to integrate, through the devel-

opment of a series of seven hypotheses (which are not mutually

exclusive), the present understanding of shell disease.

The hypotheses are:

I. Chitin deposition is an important defense mechanism in

Crustacea.

II. Shell disease is an external indication of metabolic dis-

turbance or trauma, compounded by the activity of chiti-

noclastic microorganisms.

III. Shell disease is intimately associated with success or

failure of processes of external defenses and wound re-

pair in crustaceans.

IV. Pollutants (or other stressors) may foster the develop-

ment and increase the severity of shell disease.

V. Shell disease may be less important in species with short

life spans than in longer-lived species.

VI. Shell disease may occur in high prevalence in offshore

deepwater crustaceans.

VII. Shell disease is a controllable condition in captive or

cultured crustacean populations.

The approach used in this paper is to state the hypothesis, then

to assemble relevant data of recent origin to explore the validity of

the statement.

Hypothesis I.

Chitin deposition is an important defense mecha-
nism in Crustacea—maintaining an intact cuticle that

is resistant to invasion by many microorganisms.
Chitin deposition is most dramatic during the imme-
diate post-molt period or dunng wound repair, but it

may occur as a more-or-less continuous process of

secretion by the epidermis through cuticular pores
and ducts. The crustacean exoskeleton is considered

by some to be a living tissue (Skinner 1962, Roer and

Dillaman 1984).

Hypothesis II .

Shell disease is an external indication of meta-

bolic disturbance or trauma which results in failure

of an important defense mechanism—chitm deposi-
tion—to keep pace with activities of chitin degrading

microorganisms. Abnormal metabolism may be a

consequence of the presence of environmental
stressors (pollutant chemicals, anoxia, etc.) or of

physiological changes associated with poor nutrition

or advancing age (slowing or cessation of molting,
for example). The disease may also occur after abra-

sion or other damage to the exoskeleton. but its gen-
esis in stressed individuals may not be dependent on
such damage (Cipriani et al. 1980, Stewart 1984).

Hypothesis III.

Shell disease is intimately associated with pro-
cesses involved in external defense and wound repair
in crustaceans, particularly with melanization as a

result of phenoloxidase activity (Soderhall and
Unestam 1975. 1979). Melanization of the exoskel-

eton in the areas of chitinoclastic action is an early
and obvious sign of the disease; in species such as the

red crab and rock crab, extensive blackening may
actually precede disruption of the carapace. Initial

response to cuticular disruption is by hemocytes,
forming a cellular plug

—but this is eventually re-

placed by a chitinous layer, and by melanin deposi-
tion in the traumatized area.

The process of wound repair in the larger crusta-

ceans has been described in several papers, notably
those of Fontaine and Lightner (1973, 1976). Unes-
tam and Ajazon (1976) and Soderhall and Unestam
(1979). Since many of the observations of shell dis-

ease implicate initial mechanical damage to some or

all of the cuticular layers, it seems important to ex-

amine simultaneously the constructive processes of
wound repair and the destructive processes of shell

disease, since the outcome may be critical to survival

of the traumatized animal.

A sequence of events seems to emerge from pub-
lished literature and personal observations—events

that may be altered to some extent by the severity of

the initiating physical disruption of the cuticle. Con-

sidering first the much more frequent examples of
minor injuries, in which parts of the epicuticle are

destroyed, and some of the underlying chitinized lay-
ers are disrupted, the sequence seems to involve ini-

tial invasion by bacteria, indicated by a white halo in

the cuticle around the site of injury. This is followed
within a few days by melanization of the area, pro-

ducing typical blackened lesions, which may be pro-

gressive. Formation of a hemocyte plug at the site of

injury has been seen and reported by several authors.

The plug is gradually replaced by epithelium, and a

new chitinous layer is formed.

In more serious injuries, such as penetrating
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wounds which perforate the entire cuticle and disrupt

underlying tissue, the process of containment was

best described by Fontaine and Lightner (1973,

1975) in the following steps:

( 1 ) migration of hemocytes to the traumatized

area, forming a hemocytic plug, with active

phagocytosis of cellular debris, and possibly

diapedesis through cuticular pores;

(2) infiltration of the area beneath the epidermis

by fibrocytes, forming a dense network of

collagen-like fibers which are not resorbed

but persist as a permanent scar;

(3) encapsulation of foreign material too large to

be phagocytized, forming melanized nodules

in adjacent tissue;

(4) involution of the epidermis into the wound
and secretion of a cuticular layer similar to

the normal external cuticle.

This entire process of wound repair seen in crus-

taceans is generally similar to that seen in insects—
particularly rapid hemocytic and fibroblastic infiltra-

tion, encapsulations which result in formation of

melanized nodules, and the migration of the epider-

mis into the wound, with subsequent cuticle devel-

opment (Fontaine and Lightner 1975). The presence
and activity of chitinoclastic microorganisms can

confound the final stages of wound repair in crusta-

ceans, however, and can lead to progressively severe

manifestations of shell disease, either because of the

extent of original damage or the failure of the animal

to respond adequately in terms of cellular defenses

(which include accelerated chitm synthesis and de-

position).

Hypothesis IV.

Pollutants (or other stressors) may foster the de-

velopment and increase the severity of one form of
shell disease resulting from disturbed metabolism of
chitin. Small focal lesions form at vulnerable sites

(cuticular pores) and expand, as a consequence of

activity of chitin-destroying microorganisms, to pro-

duce gross ulcer-like, penetrating lesions.
'

This form

of shell disease seems distinct from lesions resulting

from trauma (abrasion or mechanical disruption ot

the cuticle) with subsequent invasion of the exoskel-

eton by chitin-destroying microorganisms.

Bullis et al. ( 1988), reporting on shell disease in samples of red

crabs. Chaceon quinquedens, were the first to point out two forms

of the disease in that species: (1) a random unilateral hyperpig-

mentation associated with apparent abrasions or other injuries, and

(2) bilateral lesions which '. . . appeared to evolve as hyperpig-

mentation of microscopic sensory organelles on the surface of the

carapace." The pigmented areas of type 2 ". . . became enlarged,

confluent, and occasionally resulted in shell defects." Observa-

tions of shell disease in other crabs suggest that areas of mela-

nization are characterized also by increased friability of the cuti-

cle, leading to its rupture, fracture, or fragmentation, which can

produce large areas in which the exoskeleton is simply absent (Fig.

1). Such a phenomenon has been seen or reported in lobsters

(Homurus americanus). rock crabs (Caiwer irroratus). and Jonah

crabs {Cancer horealis) from the New York Bight apex (Pearce

1972, Sawyer, personal communication, I9S9'^) and from blue

crabs (Callinectes sapidus) from Pamlico Sound (Engel and Noga

1989).

Shell disease—especially that characterized by extensive cxo-

'Note thai "ulcers" are properly defined as "lesions of the skin and

mucous surtaces that extend through the basement membrane," so use of

this term in describing shell lesions in Crustacea is a slight misnomer. A

better lerm would probably be "penetrating lesion."

"T. K. Sawyer, Rescon Associates, Royal Oak, Maryland 21662.

Figure I. Blue crab, Callinectes sapidus, from the Pamlico River,

North Carolina, showing extensive area of carapace loss (photograph

courtesy of Dr. D. W. Engel).

skeletal damage—may, therefore, be part of a continuous process

of degradation of the epicuticle by indigenous epiphytic lipolytic

microorganisms, accompanied by chitin destruction in underlying

cuticle by chitinoclastic bacteria (Baross et al. 1978). Large le-

sions may thus result from extensive bacterial invasion of the

chitinous cuticular layers without extensive initial epicuticular dis-

ruption. This, of course, does not preclude the development of a

background level of the disease resulting from mechanical damage

to the cuticle by predators, or encounters with other members of

the species
—as was pointed out by Baross et al. (1978).

PROPOSED DEVELOPMENTAL STAGES

OF SHELL DISEASE IN RED CRABS

"EXOGENOUS" ORIGIN "ENDOGENOUS" ORIGIN

(STRESS-INDUCED)

RANDOM UNILATERAL LESIONS.
RESULTING FROM ABRASIONS
OR OTHER DAMAGE TO THE
CUTICLE PROBABLY RESULTS
IN BACKGROUND LEVELS OF
SHELL DISEASE IN ALL

CRUSTACEAN POPULATIONS

LESIONS (OFTEN BILATERAL)
INITIALLY ASSOCIATED WITH

SENSORY ORGANELLES OF
THE CUTICLE - FIRST

RECOGNIZED AS LOCALIZED
PIGMENTATION AROUND
CUTICUU\R PORES, THEN
COALESCING INTO LARGER
LESIONS

LATER STAGES CHARACTERIZED
BY EXTENSIVE AREAS OF
MELANIZATION AND FRIABILITY

OF THE CUTICLE. PRECEDING
THE RUPTURE, FRACTURE. OR
FRAGMENTATION WHICH LEADS

TO LOSS OF EXTENSIVE AREAS
OF THE EXOSKELETON --

PARTICULARLY OF THE
CARAPACE

Figure 2. Dual pathways of shell disease (modifled from Bullis et al.,

1988).
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The essence of the dual pathway concept ot BuMis ct al. ( 1988)

is illustrated in Figure 2. The "endogenous"' form of the disease

may be a consequence of immunosuppression (possibly because of

stressors such as chemical pollutants! or of failure of metabolic

processes associated with shell repair and maintenance.

Hypothesis V.

Shell Jisetise may he less impona/ii iii crusrcuean

speeies with short-life spans (penaeid shrimp, blue

crabs) than in longer-lived species (lobster, dccpwa-
ter crabs), except in stressful environments (aquacul-
ture. impoundments, shedding tanks, or chemically

degraded habitats). Since shell disease appears to be

progressive, its effects can be eliminated or mini-

mized by molting
—

provided that secondary infec-

tions and destruction of underlying tissues have not

developed, or that adhesions of old and new cuticles

have not occurred. Animals which molt frequently or

continuously throughout their life spans thus have

repeated opportunities to cast off the effects of the

disease (and the causative organisms as well).

Hypothesis VI.

Shell disease may occur in high prevalences in

offshore deepwater crustaceans. Offshore popula-
tions are not as heavily fished, so they have high

proportions of large, old individuals which molt in-

frequently or not at all—allowing the disease to pro-

gress to severe, readily observed lesions. Also, some

deepwater crustaceans are long-lived, and shell dis-

ease is a normal concomitant of advancing age in

crustaceans. Additionally, it is likely that different

chitinoclastic microorganisms may dominate in

deeper water. Vibrios tend to be the principal shell

disease pathogens in shallow water, but, in one study
of tanner crabs, the genus Photobaclenum—a lumi-

nescent, deepwater bacterial group closely related to

the vibrios—was the predominant isolate (Baross et

al. 1978).

Evidence to support this hypothesis includes the

following;
• Baross et al. (1978) found that IWc of adult fe-

male and 29'^/c of adult male tanner crabs. Chio-

noecetes tanneri. taken in depths of 500-2000 m
off the Oregon coast had shell disease lesions. (No
lesions were seen in juveniles; females of this spe-
cies do not molt after puberty.)

• Wenner et al. (1987) reported that 959^ of golden
crabs. Chaceon fenneri. taken in depths of 300-
700 m off the coasts of South Carolina and Geor-

gia had blackened, abraded areas on the exoskel-

eton. Of these, 75% were intermolt and 19% pre-
molt crabs.

• Young (1988) observed that 92%^ of red crabs.

Chaceon quinquedens . taken in three submarine

canyons off the Middle Atlantic coast (Hudson.

Block. Atlantic) in depths of 450-640 m had shell

disease lesions—of which 21% were rated as mod-

erate to severe. (Severity of the condition was cor-

related directly with size.)

• According to newspaper accounts, lobster fisher-

men reported that up to 90% of red crabs from an

offshore canyon (Block Canyon) of the Middle
Atlantic Bight had shell disease in June 1988 (only
10%' of lobsters were affected, according to the

same reports.)

Hypothesis VII .

Shell disease is a controllable condition in captive
or cultured crustacean populations. Hffects of the

disease in captive populations in cages or impound-
ments can be minimized by a series of management
steps;
• do not retain impounded populations for a long

time;
• remove dead individuals and cast exoskeletons fre-

quently;
remove diseased animals immediately;
do not overstock the holding facility;

provide adequate nutrition;

handle the animals as little as possible, and do so

carefully;

provide shelter and hiding places;
ensure adequate water How, to provide oxygen,
remove wastes, and prevent build-up of patho-

genic bacteria;

• if feasible, filter and treat water with ultraviolet

light.

Control of shell disease in aquaculture facilities should include

all of the above steps, with emphasis on providing adequate nu-

trients, since Fisher et al. (1976, 1978) found a relationship of

shell disease with poor nutrition. Additionally, prophylaxis and

treatment of shell disease are feasible in aquaculture facilities. Dip
and bath prophylaxis with malachite green, formalin, oxolinic

acid, furanace. erythromycin, and streptomycin have been re-

ported to be effective (Fisher et al. 1978. Tareen 1982, Brock

1983, El Gamal et al. 1986, Austin and Alderman 1987). Some of

these drugs or chemicals may be useful also in treatment of in-

fected animals, except when extensive shell perforations have de-

veloped, and underlying tissues have been destroyed. (It should be

noted that some of these substances have not been approved for

use with crustaceans being reared for human consumption.)
In summary, a substantial body of information exists about

shell disease in marine crustaceans, although evidence supporting
the hypotheses presented here may vary somewhat in "robust-

ness." It seems clear that this is probably the most ubiquitous
disease syndrome in marine crustaceans, and, as such, warrants

attention. It is a disfiguring condition that can, in some instances,

lead to mortalities—hence, it must be a factor of concern to those

who manage commercial fisheries.
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ABSTR.ACT Gross observations were made on the prevalence of shell disease in the rock crab. Cancer irroralus. collected from

coastal waters of the northeastern U.S. from 197.V19S4. Discoloration or perforating lesions of the carapace and/or appendages ranged

from less than 1'* to 25'7f depending on the geographical location of collection sites, molting activity, and/or migratory habits. The

prevalence of disease was higher in crabs collected near the New York 12-mile, and Philadelphia-Camden sewage-waste disposal sites,

than in other sites ranging from Virginia to Maine. Direct observations on over 2.000 specimens suggest that a prevalence of shell

disease in 59c or more of the C. irroralus population of the northeast region is an mdication of seabottom degradation associated with

sewage waste disposal practices.

KEY WORDS: rock crab. Cancer irroralus. shell disease

INTRODUCTION

Possible effects of waste disposal practices in coastal waters of

the northeastern United States have been studied using physical,

chemical, and biological indicators. Changes in bottom sediments

from clean sands or muds to black anoxic mucks have been doc-

umented at sewage disposal sites. Certain bacterial species have

become resistant to antibiotics and heavy metals, and productive

shellfish harvesting areas have been closed because of microbial

contamination. More recently, commercial fishermen have com-

plained of economic losses associated with the unsightly appear-

ance of crabs and lobsters with shell lesions or black discoloration.

The present report summarized gross observations on the preva-

lence of shell blackening and perforating lesions on the legs or

carapace of C. irroralus captured in otter trawls during the period

1973-1984. Several thousand specimens were studied from col-

lection sites near the New York 12-mile site and the Philadelphia-

Camden offshore sewage waste disposal site. Small numbers were

examined from sites away from disposal sites ranging from Maine

to Virginia. Precise estimates of the prevalence of shell disease, or

estimates of the effects of disease on mortalities were not possible

since weakened or stressed crabs are subject to predation and rapid

post-mortem decomposition. The study suggests, however, that

shell disease in less than 5% of the population studied may be

expected regardless of the role of seabottom contamination. The

highest prevalence recorded in this study was 227c at the New

York site, and 12% at the New Jersey "Mud Hole" station, both

known to be seriously impacted by sewage disposal practices.

Historical accounts of the significance of shell disease and its

etiology in marine crustaceans, may be found in a recent review by

Sindermann (1989).

METHODS

Rock crabs taken near sewage disposal sites, from Sandy Hook

Bay, New Jersey, and the "Mud Hole" were captured by making

20-30 min. trawls with a standard otter trawl. Crabs from other

locations (Maine. Massachusetts, Maryland, Delaware, and Vir-

ginia) were provided by cooperating biologists or commercial fish-

ermen who collected them in trawls or lobster pots. All specimens

were measured to the nearest 0.5 cm. , sexed, and observed for the

presence of shell blackening and perforations of the carapace and

appendages; those less than 6 cm. were not included in the study.

Records were kept of collections that coincided with pre-, post-.

and intermolt activity. Data were analyzed to compare the preva-

lence of shell disease on a geographical and seasonal basis, pres-

ence or absence of molting, and as influenced by the ratio of

malesifemales.

RESULTS

Prevalence of shell blackening or ulceration. The prevalence

of the two conditions was found to vary geographically, season-

ally, and with molting activity. Migratory behavior associated

with molting behavior was most pronounced in Sandy Hook Bay.

New Jersey where crabs were absent in the late spring and summer

months but abundant during cooler seasons. The Bay often yielded

a male to female ratio of 100; 1 during the winter-spring molt, and

evidence of shell discoloration was noted only at the beginning of

the molting period in late October or early November, or in small

numbers of crabs that did not complete a successful molt by the

end of the cycle in late April or early May. Accordingly, there

were two peaks for the prevalence of disease in Bay crabs. 18% in

May. and 13% in November (Table 1).

Migratory behavior was less pronounced at the deeper stations

near the 12-mile disposal site and in the "Mud Hole," where crabs

were present at all seasons of the year. Male;female ratios were

variable throughout the year depending on migratory behavior,

molting, and mating. Ratios ranged from approximately 2;l-14:l

while the cumulative yearly ratio was close to 4;1. Peak preva-

lence for shell disease at both locations was noted at two seasons

as observed in Sandy Hook Bay. The 12-mile site had a peak of

22% in June and 21% in October, while the "Mud Hole" prev-

alence peaked at 10% in May and 12% in October (Table 1).

Rock crabs from the Philadelphia-Camden disposal site

showed a prevalence of shell disease ranging from 3.5 to 6.5%.

Collections were not made during the months of October-

December, and only 10 specimens were examined during January-

March. Studies at the site could be made only on occasions when

overnight 2-3 day cruises were scheduled by other investigators.

Data were not obtained on migratory activity in the population but

molting and mating seasons appeared to occur in the summer

months. In the July-September collection 139/582 (24%f) of the

specimens were in the soft- or post-molt condition. The newly
molted group was made up of 60 males and 79 females, suggesting

that this population was distinct from those that migrated into

inland bays and molted during the fall and winter months.

Rock crabs captured inshore by commercial fishermen near
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TABLE 1.

Prevalence of Shell Blackening and/or Ulceration in the Rock Crab,

Cancer irroratus, from Waters of the Northeastern United States.

{Cumulative data)

TABLE 2.

Prevalence of Lesions on Appendages of Rock Crab. Cancer

irroratus, from Waters of Northeastern United States.

{Cumulative Data)
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mm. from January to March, females between 50-70 mm. molted

in June and July, and males between 40-60 mm. from May to

July. Thus, when size is not taken into account, newly molted rock

crabs may be found in New England waters throughout the year

Although we did not examine molting activity or shell disease in

crabs less than 60 mm. we did note that inshore males and females

over 60 mm. molted at the same seasons noted by Reilly and Saila

(1978). In contrast to the inshore populations, we found that both

intemiolt crabs and newly molted adult male and female crabs

were present at the same time in some of the dcepwater collec-

tions. Comparative data suggest that deepwater populations may
not undergo the extensive shoreward migrations noted with the

inshore population.

Shell discoloration and/or perforating lesions in rock crab pop-

ulations away from established ocean disposal sites needs to be

studied more thoroughly. Our studies were limited to only a few

collections and all seasons of the year were not represented. Pre-

liminary data suggest, however, that perforation of the carapace

andor appendages is more common than shell discoloration or

blackening in inshore C. irroratus in Maine waters. Ongoing re-

search in other laboratories may show that such lesions may some-

times be caused by bacteria that may or may not be associated with

sewage wastes. Crabs collected mshore near Delaware. Maryland,

and Virginia were not representative of all seasons of the year. Our

data did show, however, that crabs migrated shoreward and

molted during the winter seasons as did those in New York and

New Jersey. Sediment contamination by sewage wastes from

coastal outfalls from each of the 3 states is well known, and further

studies on fish and shellfish in these areas should be carried out.

Haeffner (1976) made extensive studies on the distribution and

moltmg of rock crabs in the mid-Atlantic Bight. He noted that C .

irroratus made extensive migrations into the waters of the Ches-

apeake Bay to molt during the winter months. Therefore, it ap-

pears that seasonal influences on inshore and offshore populations

may account for differences in the prevalence and geographical

distribution of shell disease. Specifically, shoreward migrations of

nearshore populations in late fall and winter, and associated molt-

ing, would cause a decrease in the estimated prevalence of shell

disease during those seasons. Similarly, simultaneous molting of

males and females in offshore waters would require more exten-

sive studies to determine the seasons in which most of the popu-

lation is in the intermolt condition. Shell disease may be a useful

indicator for one of the impacts of sewage pollution in coastal and

offshore waters when over 5% of the population is affected. How-

ever, it remains to be determined whether high prevalences are

associated with microbial activity, toxic chemicals, or other envi-

ronmental contaminants. Specific references to the present state of

knowledge concerning shell disease are given in the review by

Sindermann (1989).
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PREVALENCE AND SEVERITY OF SHELL DISEASE AMONG DEEP-SEA RED CRABS

(CHACEON QUINQUEDENS, SMITH, 1879) IN RELATION TO OCEAN DUMPING OF
SEWAGE SLUDGE
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ABSTRACT The extent and seventy of shell disease among Middle Atlantic Bight deep-sea red crabs iChaceon qumquedens) from

six offshore sites of var\ing distance from the 106-Mile Sewage Sludge Dumpsite were assessed by evaluating each individual

according to predetermined rating cntena. Additional specimens dating to the late nineteenth century, deposited in the Smithsonian

Institution crustacean collection, were also examined and rated in the same manner.

Overall disease prevalences among collected crab samples ranged from idVc to lOC/c, and Smithsonian Institution samples vaned

from 69% to 100%. with 0% to 60% in the moderately to severely diseased range. Appearance of the shell disease ranged from very

small black spots to large grey to black patches covering a substantial portion of the carapace, often arranged in a bilaterally

symmetncal pattern. Disease severity increased with size of individuals.

KEY WORDS: Chaceon. shell disease, ocean dumping, sewage, red crab

INTRODUCTION

Shellfishermen working the waters off the continental shelf

near the New York Bight have asserted that an unreasonably high

percentage of their crab and lobster catches have been affected by

shell disease, which they attribute to the disposal of municipal

sewage sludge at the 106-Mile Sewage Sludge Dumpsite (Fig. 1).

The New York Bight is the area extending from Cape May, New

Jersey, to Montauk Point. Long Island, and seaward about 190 km

to the continental shelf break.

The red crab. Chaceon qumquedens (formerly Geryon qum-

quedens) (Manning and Holthuis 1989). was chosen as the subject

of this study because; 1 1 it was one of the species that some

commercial fishermen alleged was adversely affected by the

dumpmg of sewage sludge at the 106-Mile site; 21 red crabs in-

habit deep waters, approaching the depths at the 106-Mile site,

thus the range of the red crab is in the proximity of the dumpsite;

and 3) the narrow range of the red crab precludes the possibility

that crabs migrate long distances inshore. Also, there is no evi-

dence that red crabs migrate substantially along depth contours, so

red crabs are not subject to the contaminant loads of many areas as

are migrating species (Haefner 1978).

Shell disease is the degradation of crustacean integument by a

variety of microorganisms which invade the chitinous layers of the

exoskeleton (Getchell 1989). It is characterized by "a progressive

chitinolysis and necrosis of the exoskeleton of aquatic crusta-

ceans" (Rosen 1970). and in general, is observable as darkened

lesions on the exterior of the shell. Although no single organism

has been universally regarded as the causative agent, investigators

have isolated a variety of chitinoclastic bacteria and fungi in shell

lesions of numerous crustacean species (Cook and Lofton 1973,

Fisher et al, 1978, Murchelano 1982). and. in fact, the condition

is generally regarded as a ""disease syndrome" rather than as a

discrete disease (Sindermann 1989).

The 106-Mile site has been an important and increasingly uti-

lized element of the New York-New Jersey metropolitan waste

disposal system. Beginning in 1986. the dumping of sewage

Contribution Number 816 of the Marine Sciences Research Center, The

University at Stony Brook.

sludge was shifted incrementally from an inshore dumpsite to the

106-Mile dumpsite, with the transition being completed in De-

cember of 1987 (USEPA 1989. NOAA 1988), The site, located

just off the continental shelf break, has a total area of approxi-

mately 100 square nautical miles and ranges in depth from 1550 m
to 2750 m (Simpson et al. 1981 1. The mixed layer extends to 20 m
during the summer and 100 m in winter (O'Connor et al. 1985).

Until the 1990 Congressional mandate to cease ocean dumping,

nine sewerage authorities in New Jersey and New York dumped an

estimated 7.5 x 10^ m"* at the site annually (Pkehrberger 1989).

This investigation was undertaken to quantify the prevalence

and severity of shell disease among deep-sea red crabs inhabiting

the region surrounding the 106-Mile site, and to begin a data base

that can be used in further study of this phenomenon in relation to

ocean waste disposal. It should be noted that this was intended

only as a preliminary study and was limited in some cases by the

unavailability of adequate sample sizes.

METHODS

Visual examinations were made of red crab samples taken from

various locations over time. A disease severity rating system was

devised so that comparisons among the samples could be made,

thus facilitating observations of areal or temporal trends relating to

disease prevalence and severity. Results of chemical analyses of

hepatopancreas tissue of crab samples from three locations in the

New York Bight have been reported elsewhere (Young 1990).

Initial samples were collected aboard the National Oceanic and

Atmospheric Administration (NOAA) ship ALBATROSS IV on

29 and 30 June. 1988. from the vicinities of three submarine

canyons (Fig. 1) along the continental shelf edge near the New
York Bight. Thirty-minute bottom trawls were made at 3.7 to 4.6

km/hr (2 to 2.5 knots) using a 'A-size try-net apparatus. As many

specimens as possible were examined immediately upon capture

for the presence of shell disease. Each animal was sketched to

indicate the affected areas of the body, and a disease severity

rating was assigned to each individual using the criteria listed in

Table 1 . which were developed after an initial examination of

about 100 crabs. The severity ratings range from one to five, with

a "1" indicating that no shell disease was visible to the naked eye.

and a "5" signifying a severely diseased individual. A zero rating
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Figure 1. Location map: • = Albatross IV and TAURUS samples;
= Smithsonian Institution samples.

was not used to describe individuals laclcing apparent signs of shell

disease because the initial stages of shell disease are visible only

through a microscope, and a zero rating might give the erroneous

impression that the animal was absolutely free of any shell disease

when in fact it may not have been. Carapace width, sex, and shell

texture were also recorded. All the crabs that could not be in-

spected promptly were placed in plastic bags and frozen aboard

ship for later examination. The total numbers (subsets of the total

catches) of crabs examined from Hudson, Block, and Atlantis

Canyons were 202, 77, and 110 respectively.

An additional set of samples was collected and inspected

aboard the F/V TAURUS in September, 1989. These crabs were

collected from the waters of Atlantis and Veatch Canyons, as

shown in Figure 1. The TAURUS, a fishing vessel sailing out of

Fall River, Massachusetts, is dedicated to deep-sea red crab fish-

ing. Lines of 150 wooden traps, measuring 119x81 x 56 cm (47

X 32 X 22 in.) were laid out across the ocean floor. These traps

are typically retrieved between 19 and 24 hours later (G. Rivinius,

pers. comm.). Extra time needed to recover lost gear, however,

increased the time that some traplines remained on the bottom.

In order to evaluate temporal trends in shell disease prevalence

among red crabs, specimens from the crustacean collection at the

Smithsonian Institution in Washington, DC. were examined.

Forty-eight specimens collected near the Hudson Canyon during

the summer of 1884 aboard the ALBATROSS 1 were examined.

Seven additional specimens collected from Toms Canyon to Spen-

cer Canyon aboard the same vessel in the autumn of that year were

also inspected. Two more recent small samples were also included

in the study. The first of these was a sample of 13 collected in

1976 and 1977 near the Lindenkohl Canyon. The other sample

consisted of five individuals caught south of Nova Scotia, Canada,

in 1981 and 1985. It is important to note that because there is no

record of how any of the Smithsonian samples were selected for

preservation, it is not known whether the presence or absence of

shell disease influenced the decision to save each individual crab.

RESULTS

Although shell disease was present in each of the samples

examined, most of the individuals were only slightly affected, as

defined in the disease severity rating criteria given in Table 1 .

Comparatively few were moderately affected and fewer still

showed signs of advanced disease. Disease prevalences are pre-

sented in Table 2.

At the 1988 Hudson Canyon site, 92% (185/202) of the red

crabs examined exhibited at least some degree of shell disease.

Seventy-eight percent were very slightly or slightly affected, 8%

moderately affected, and 5% severely diseased. Of the individuals

assigned a disease severity rating of 4'" or "5." 85'7f had a

TABLE 1.

Criteria for disease severity ratings.

Rating Number Disease Severity Criteria

1
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TABLE 2.

Prevalence and severity of shell disease among deep-sea red crabs, Chaceon quinquedens.
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the sea floor or other body parts. This suggests a second means of

infection such as the entry of chitinolytic microorganisms through

hypodermal ducts or setal pores (Fisher et al. 1978).

Shell erosion was not, however, always bilaterally symmetri-

cal. The infection of some non-symmetric areas of the exoskeleton

can easily be explained by abrasion or partial crushing of the shell ,

thus allowing access to the inner layers by chitinoclastic organ-

isms. Other regions that had been affected non-symmetrically had

either become infected before their bilateral counterpart or the

epicuticular defense was breached by another route. Baross and

Tester ( 1975, cited in Fisher et al. 1978) suggest that chitinoclastic

microorganisms may gain access to the chitinous layers with the

aid of lipolytic bacteria.

Molting and Size Considerations

Crustaceans suffering from shell disease may overcome the

condition by molting, thus forming a new, uninfected shell

(McLeese 1965, Rosen 1970). A comparison between hard-

shelled and soft-shelled ALBATROSS IV specimens (Fig. 2)

clearly demonstrates the red crab's ability to rid itself of a diseased

exoskeleton and start fresh with a new one. Nearly all of the

soft-shelled mdividuals examined were either free of signs of shell

disease or only slightly affected, with few small spots visible. The

few exceptions were almost all individuals which had suffered

physical damage to the new shell, such as a crushed or torn area,

which allowed the entry of disease-causing agents into the chiti-

nous layers of the shell. This is not surprising, as newly molted

individuals are vulnerable to damage without the protection of a

hardened shell.

Shell disease severity in red crabs seems to be associated at

least in part with animal size (Fig. 3). Of the modern samples, the

Hudson Canyon population was comprised of the smallest indi-

viduals on average, and also had the lowest mean severity rating

(Young 1990). Block Canyon, on the other hand, had the highest

percentage of larger individuals and also the highest prevalence of

"4"' and "5" ratings. This relationship is possibly related to molt-

ing, since the frequency of molting may decrease among larger

individuals (Warner 1977) and longer intermolt periods allow

more time for the chitinoclastic microorganisms to spread through-

out the shell of their host. Tagging studies by Lux et al. (1982)

showed that the molting frequency of adult red crabs is quite low,

sometimes as long as seven years.

Oceanographic Conditions

Modelling and survey studies have indicated that, in general,

sludge dumped at the 106-Mile site disperses along the continental

Figure

Diseose Severity Roting

3. Size-percent frequency distribution for all samples.

shelf in a southwesterly direction. A model developed by Paul et

al. (1989) predicted dilutions of lO*" in surface waters within 10 km
of the dumpsite, and analyses of current data indicate that wastes

should be transported away from the site at a mean rate of at least

10 km • d '. Vertical transport of sewage sludge is affected by

several factors, including particle size and density of the sludge,

incorporation into biota, and the presence of gradient surfaces in

the water column. Because sewage sludge is near neutral density

(O'Connor et al. 1985), a major portion of it may stay in the upper

mixed layer where planktonic organisms can assimilate it. The

existence of a pycnocline has been shown to impede the descent of

particles through the water column. Proni and Hansen ( 1981 ) dem-

onstrated that particles accumulate along density gradients. A sec-

ondary role of the pycnocline is that it affects the dilution rate of

sewage sludge. After the breakdown of the seasonal pycnocline in

winter, dilution may increase by an order of magnitude (Swanson

et al. 1985). Thus, benthic organisms, including the red crab, may
be exposed to negligible quantities of sewage sludge.

CONCLUSIONS

Comparisons using a G-test of independence revealed several

differences in disease severity among crab samples. Severity of the

disease syndrome fluctuates over time. In two cases, a significant

difference in disease severity was detected between samples col-

lected from very nearly the same site. In the first instance, the

sample caught near the Hudson Canyon in 1884 was found to be

significantly less diseased (0.001 < P < 0.01) than the sample

caught in the same waters in 1988. The second case, in which the

1989 Atlantis Canyon sample differed significantly (0.01 < P <
0.05) from the 1988 sample, indicates that oscillations in disease

severity due to natural variation may occur over shorter time spans

as well, although much more sampling would be required to affirm

this supposition.

Shell disease severity may vary with location. A significant

difference in disease severity was apparent among the 1988 AL-

BATROSS IV samples, with the Block Canyon sample evidently

more diseased than the others. However, there was no significant

variation among the 1989 TAURUS samples (P < 0.05).

There appears to be an association between disease severity and

animal size, with disease severity increasing among larger indi-

viduals. This supports the supposition that red crabs may molt less

frequently or not at all upon reaching maturity. In fact, it may be

that the Block Canyon sample appeared more diseased than the

other two 1988 samples because the average size of the crabs from

this sample was considerably larger.

Pauley (1975) stated that "for infectious disease to occur, a

potential pathogen must exist, a suitable host must be present, and

the proper environmental conditions must pervade that will cause

either an increased virulence of the pathogen or an increased sus-

ceptibility of the host." As it is given that the pathogens and hosts

are present, it is the last of these conditions that still requires

elucidation in relation to shell disease prevalence among the Mid-

dle Atlantic Bight red crab population. Despite the voids in our

understanding of the disease, however, the prevailing presence of

severe shell disease among individuals captured from other areas

and at other times suggests that the dumping of sewage sludge may
not substantially foster the condition. Shell disease occurs among
red crab populations of the Middle Atlantic Bight, and has done so

long before the commencement of sewage sludge dumping in the

Bight, and. In fact, before the initiation of any anthropogenic
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impacts which may have been brought on by the Industrial Rev-

olution. While the 1884 autumn sample collected from Toms Can-

yon to Spencer Canyon is unfortunately small, it nevertheless in-

dicates the presence of shell disease near the vicinity of the present

deep-water dumpsite years before the dumping of sewage sludge

was initiated. The fact that these crabs were collected only a few

months after the 1884 Hudson Canyon specimens suggests that

either they were part of a separate population or that shell disease

among red crabs may spread rapidly under certain conditions.

Furthermore, the more recent specimens caught south of Nova

Scotia indicate that shell disease occurs among red crabs inhabit-

ing distant waters as well.

This work was designed as a preliminary study of shell disease

in relation to ocean dumping of sewage sludge. In order to better

understand the causes of shell disease, additional studies which

employ larger sample sizes and consider seasonal variations are

needed. However, the evidence presented here brings to question

whether, in fact, shell disease is indeed escalating among red crabs

and suggests that sewage sludge dumping at the 106-Mile site is

not the primary cause of shell disease in red crabs if in fact it

contributes to the disease incidence at all.
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Two major conclusions can be drawn from the papers presented

in this special session. First, shell disease is a common phenom-
enon in both wild and captive crustacean populations of western

Atlantic ecosystems. Second, this condition is associated with

multiple environmental scenarios. Evidence has been presented

both in this meeting and in other published reports that shell dis-

ease may be an indicator of stressful environments. However, to

control shell disease in captive populations and to use it as a

meaningful mdicator m natural environments, we must understand

Its pathogenesis beyond the vague notion that it is due to "stress."

Thus, there needs to be a more thorough understanding of

shell-protecting mechanisms. Specifically, how does a primarily

acellular biological structure exposed to a high concentration of

potentially pathogenic/degradative agents maintain its integrity?

Of course, this question has relevance not only to shell disease but

to how the so-called "fouling organisms," including various bac-

teria, fungi, algae and invertebrates, can colonize these same sur-

faces. Many of these organisms have also been linked to poor

water quality.

MECHANISMS OF INVASION AND DEFENSE

The crustacean shell (cuticle) consists of an outer lipid-

containing epicuticle, a middle, calcified, chitinous procuticle and

an inner epidermis (Stevenson 1985). Intact immune cells do not

inhabit the epicuticle or procuticle, suggesting that humoral im-

munity may be very important in shell defenses. Transport of such

factors might occur via epidermal cell cytoplasm, which ramifies

through pore canals (Stevenson 1985). Tegumental gland ducts,

which also extend to the cuticle's surface, contain antibacterial

agglutinins (Stagner and Redmond 1975) and phenol oxidase

(Stevenson and Schneider 1962) in some arthropods.

Causes of Shell Damage

Mechanical Trauma

Trauma, as may occur in overcrowded conditions, has been

suggested as a risk factor in shell disease development (Johnson

1983. Sindermann 1989). While physical damage may be impor-

tant in facilitating lesion initiation, it does not appear to be solely

capable of inducing progressive shell disease lesions in healthy

animals (Cipnani et al. 1980, Noga et al. 1990).

Microbes

High environmental pathogen load that presumably causes in-

creased risk of infection has been hypothesized as a contributor to

shell disease development (Sindermann 1989). But. demonstration

of a shell "infection" requires that one identify pathogens that are

unique to shell disease lesions or are at least present in greater

numbers in diseased animals. While some investigators have in-

ferred that shell disease lesions have more bacteria than the normal

carapace (Anderson and Conroy 1968, Cipriani et al. 1980), there

is little quantitative data to support these claims. The normal car-

apace is heavily colonized by microbes (Baross et al. 1978, Noga
et al. 1990) and there has been little quantitative examination of

the relative numbers of putative pathogens present in shell disease

lesions compared to normal carapace. Lipolytic, proteolytic or

chitinolytic bacteria have been isolated from shell disease lesions,

but these enzymes are also common properties of environmental

isolates (Hood and Meyers 1974. Lear 1963) and the normal shell

microflora (Cipriani et al. 1980).

Chemical Modiflcation of the Shell

Do certain environmental conditions facilitate shell degrada-

tion? The water bathing the shell could be considered an incuba-

tion medium that may stimulate or inhibit microbes in various

ways, causing changes in microflora composition or metabolic

activity that may affect shell integrity. Most crustaceans affected

by shell disease are benthic species and direct contact with various

sediment contaminants may also be important.

Host Protection Mechanisms

Physical

Physical defenses in the crustacean cuticle include a lipid-

containing outer coat and an inner layer of chitin with its mineral

matrix. However, this alone is obviously not sufficient to defend

against shell disease (See Healing Responses).

Immunological

Hemocytes or other cells do not appear to play a large role in

crustacean shell defense unless erosion extends through the entire

carapace, but chemicals released by such cells and transported into

the shell may be important. There has been very little examination

for chemical agents that may defend against shell-invading organ-

isms. The prophenoloxidase cascade is an important defense for

freshwater crayfish against fungal invasion of the shell (Soderhall

and Smith 1986). A hemolymph factor in blue crabs is active

against many of the bacteria colonizing crab shell (Noga et al.

1990).

Biochemical

Several classes of compounds might defend against pathogens.

Anti-nutrients, which bind essential elements such as iron or vi-

tamins, could prevent shell invasion by inhibiting pathogen growth
into the shell. Enzyme inhibitors for chitinases, lipases and pro-

teases would not necessarily kill or otherwise harm the resident

flora, but simply prevent them from using degradative chemicals

on the shell. Hemolymph of crayfish that are resistant to invasive

fungi inhibits chitinase activity of that pathogen (Unestam and

Weiss 1970). Anti-colonization factors may prevent the attach-

ment of pathogens by producing chemicals that repel attachment or

by promoting colonization of a "normal" flora which excludes
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pathogens. Gil-Tumes et al. (1989) showed that a symbiotic bac-

terium that is normally part of the endogenous shell flora protected

shrimp larvae by producing an antibiotic that inhibited a patho-

genic fungus.

Healing Responses

Healing and repair, in response to normal day-to-day trauma,

may be inhibited, resulting in defective chitin, lipid and/or protein

synthesis, or failure of proper mineralization. Difluorobenzuron, a

chitin inhibitor that is used as an insecticide, inhibits carapace

formation, resulting in a softening of the shell and resultant de-

velopment of shell lesions (Weiss et al. 1987).

FUTURE RESEARCH NEEDS

We know very little about shell disease, so the list of future

research needs could be quite long. From a basic biological stand-

point, the relative unimportance of cellular defenses in the crus-

tacean carapace make it an attractive model for understanding how

chemicals modulate host protection. From a more practical stand-

point, I think that several questions need to be addressed, includ-

ing:

1) What common modes of pathogenesis (if any) link the var-

ious risk factors associated with shell disease?

Many types of environmental perturbations have been associ-

ated with shell disease. Identifying common mechanisms that lead

to these final clinical manifestations would greatly enhance the

value of shell disease as an indicator of environmental stress.

2) What does shell disease tell us (if anything) about the over-

all health of the affected shellfish populations?

There is little information on the ecological impact of shell

disease on any wild crustacean population (Sindermann 1989),

although it is known to cause mortality in cultured organisms

(Fisher et al. 197*). Does shell disease make the host an easier

target for predators? Does it cause slower growth rates or other

sublethal effects? Does it increase risk of more lethal infections

such as bacteremia? Exoskeletal lesions and bacteremia are asso-

ciated with similar pathogens (Krantz et al. 1969, Brinkley et al.

1976).

3) What does shell disease tell us (if anything) about the over-

all health of that aquatic ecosystem (indicator value)?

Again, most of the data at present is inferential, with little

direct linkage to any specific pollutants. Shell disease is readily

visible in affected animals, making it fairly easy to quantitate and

an attactive candidate for monitoring programs. Also, the implicit

importance of chemicals in defense also suggests that chemical

markers of this defense may also be useful indicators of stress.

In order to answer these questions, a multidisciplinary ap-

proach to studying shell disease must be taken that includes, first,

developing a standard, reproducible model of shell disease that can

be easily used by multiple investigators to study the syndrome;

second, designing an integrated plan to quantify the effects of

ecologically relevant stressors on the development of shell disease;

third, determining the physiological, biochemical and microbio-

logical changes that lead to shell disease under these ecological

conditions and finally, applying the model to field situations.
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HEMOLVMPH CHANGES IN DUNGENESS CRAB
CAUSED BY INFECTION WITH THE CILIATED PROTO-
ZOAN PARASITE, MESANOPHRYS SP. Therese M.

Armetta*, Washington Department of Fisheries. Point Whitney

Shellfish Laboratory. Brinnon. WA 98320.

Hemolymph from healthy Dungeness crabs. Cancer ma^iswr.

was compared with that from crabs artificially infected with the

ciliate. Mesanophrys sp. All crabs sampled were mature, intermolt

males. Total and differential hemocyte counts, as well as total

serum protein, glucose, and hemocyanin concentrations were mea-

sured.

Heniocytes of parasitized crabs were elmiinatcd by the ciliates

by the tenth day of the disease; however, eosinophilic granulocytes

displayed an increase in relative numbers through the sixth day of

the disease. Total protein and hemocyanin concentrations of in-

fected crabs were lower than those of controls; however, glucose

concentrations were higher. Analysis of serum by polyacrylamide

gel electrophoresis showed infected crabs had altered patterns of

total protein, including several bands that were not present in

healthy animals.

MANAGING PACIFIC RAZOR CLAM, SILIQUA PATULA,
STOCKS AFFECTED BY NUCLEAR INCLUSION X (NIX).

Dan L. Ayres,* and Donald D. Simons, Washington State De-

partment of Fisheries, 331 State Highway 12, Montesano, WA.

98563.

The Pacific razor clam. Siliqiia panda, has long been one of the

most sought after shellfish resources in Washington State. Begin-

ning in the late 1800"s as a commercial fishery, razor clam digging

later evolved into a popular recreational fishery. By the late I970's

and early 1980's clam diggers were making up to nearly one

million user trips a year.

In 1983 during routine population sampling. Washington De-

partment of Fisheries (WDF) biologists discovered that nearly

95% of the Washington razor clam population had inexplicably

disappeared. Scientists at Battelle Northwest Marine Laboratories

found that a unidentified gill parasite, later labeled Nuclear Inclu-

sion X (NIX), was the most likely cause. The population quickly

recovered to a level that allowed some sport harvest beginning in

1985. although seasons are now measured in days rather than

months.

Since the initial discovery, WDF in concert with Battelle. has

monitored the infection levels of NIX in razor clams on a monthly

basis. NIX continues to be present in lOO^f of the Washington

razor clams tested.

With the help of local state legislators, WDF secured a sup-

plemental State budget appropriation to begin a cooperative study

by WDF, Battelle and the University of Washington.

This paper will outline the importance of the razor clam fishery

to the State of Washington, the NIX problem faced by WDF
resource managers and the work being accomplished by the NIX

Investigations Team.

IMPROVING PANOPEA ABRUPTA SURVIVAL BY
PLANTING IN TUBES. J. Hal Bealtie and B. Blake, Wash

ington Department of Fisheries, 1000 Point Whitney Road, Brin-

non, WA 98320; J. P. Davis, University of Washington. School

of Fisheries and Ocean Science. Seattle, WA 98195.

This work explores methods by which geoduck seed can be

successfully planted in the lower intertidal area. Laboratory work

by Leitman et al. has demonstrated the decimating effects preda-

tors can have on newly planted geoduck juveniles; predation by

crabs {.Cancer gracilis) removed at least 30% of the geoducks

within 48 hours. Similarly, in surveying subtidal areas two years

after planting. Washington Department of Fisheries divers have

recorded survival rates of less than one percent. On the other hand,

work by Shuman demonstrated 70% survival of geoduck juveniles

grown intertidally when protected by netting and plastic contain-

ers.

During 1990. in order to test an alternate planting method, we

put geoduck juveniles averaging 6 mm shell length inside of

twelve inch diameter PVC pipe, twelve inches long. The tubes

were buried in the substrate with only one inch exposed. The top

of the tube was covered with netting. Survival over the first ten

and one half months averaged thirty percent at a site on Bainbndge

Island and twenty percent at a site near the Hood Canal Bridge. In

1991 . we modified and expanded this work by planting 800 tubes

on four State Park beaches.

DISCRIMINATING KUMAMOTO AND PACIFIC OYS-
TERS USING MOLECULAR MARKERS. Michael A.

Banks.* Daniel J. McGoldrick, and Dennis Hedgecock, Bodega
Marine Laboratory, University of California, Bodega Bay, CA
94923.

The Kumamoto oyster, widely regarded as a race or variety of

the Pacific oyster Cra.ssoslreu giaas. deserves status as a separate

species, C. sikamca Ahmed 1975, on the basis of ( I ) the inability

of Kumamoto oyster sperm to fertilize Pacific oyster eggs; (2)

numerous fixed differences in allozymes between the two oysters

and an average genetic distance of 0.4; and (3) a 2% difference in

the nucleotide sequence of the mitochondrial (mt) DNA coding for

the large ribosomal RNA ( 16S) subunit. Molecular genetic differ-

ences suggest that the two species diverged from each other at least

1 million years ago. Morphological and physiological differences

between these two species may not be reliable characters for spe-

cies diagnosis. Moreover, discriminating these species in farmed

oyster stocks along the west coast has been made difficult by

purposeful or unwitting hybridization between the two species in

the past.

Molecular markers are now available to screen Kumamoto oys-

ter stocks for purity of breed. Allozymes of isocitrate dehydroge-

nase, malate dehydrogenase, and mannose phosphate isomerase

are diagnostic characters that can be detected in spat. Nucleotide

differences in 16S rRNA-coding mtDNA can be used to diagnose
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the maternal parent of a single larva. Species-specific oligonucle-

otide probes have been designed for use in dot blot hybridizations

to larval DNA that is enzymatically amplified by the polymerase

chain reaction and immobilized on nylon membranes.

THE USE OF MOLECULAR MARKERS TO ASSESS IN-

BREEDING IN AN INTRODUCED POPULATION OF JAP-

ANESE SCALLOPS, PATINOPECTEN YESSOENSIS. E. G.

Boulding,* John D. G. Boom, and A. T. Beckenbach, Dept. of

Biological Sciences, Simon Fraser University, Bumaby, B.C.,

V5A 186, Canada.

The Japanese scallop, Patinopeclenyessoensis. was introduced

to B.C. from Mutsu Bay, Japan between 1983 and 1986 and held

and spawned under quarantine conditions; this resulted in the B.C.

population being maintained at a small population size for several

generations. We are using restriction analysis and direct sequenc-

ing of mitochondrial DNA to compare the genetic diversity of the

natural, source scallop population with that present in the intro-

duced population.

We are working with mitochondrial DNA as this gives finer

resolution than allozyme electrophoresis. Restriction analysis re-

vealed a very high level of genetic diversity in a natural population

from Japan relative to what we have seen in other phyla. However

the size of the Japanese scallop mitochondria is nearly twice the

size of most animal mitochondria so some of the variation we see

may not be useful for assessing inbreeding; the extra DNA may be

partially composed of tandem repeats which may not be inherited

in a simple manner. To separate informative from non-informative

variation we are using PCR (polymerase chain reaction) to amplify

fast-evolving, protein-coding regions of the mitochondria; we then

determine the sequence of the region we amplified. The results

from this analysis will enable us to determine whether a severe

bottleneck has taken place that might adversely affect economi-

cally important traits.

Financial support was provided by grants to A.T.B. from the

Science Council of B.C. (#32, SA-2), the B.C. Ministry of Ag-

riculture and Fisheries, and Island Scallops Ltd.

GENETIC DIVERSITY IN BRITISH COLUMBIA PACIFIC

OYSTER iCROSSASTREA GIGAS) POPULATIONS AS DE-

TERMINED BY MITOCHONDRIAL DNA ANALYSIS. John

D. G. Boom,* E. G. Boulding, and A. T. Beckenbach, Depart-

ment of Biological Sciences, Simon Fraser University, Bumaby,

British Columbia, Canada V5A 1S6.

To evaluate the population structure and potential of existing

C. gigas populations to serve as raw material for selective breed-

ing programs, we are measuring levels of genetic diversity in these

populations through restriction enzyme analysis of mitochondrial

DNA (mtDNA) genotypes.

Substantial variation in several populations has been encoun-

tered using this approach. For example, Pipestem Inlet (Barclay

Sound) and Pendrell Sound populations exhibit mean sequence

divergences (Nei and Tajima 1981) of .379% (±.213%) and

.340% (±.194%), respectively, and diversities of mtDNA lin-

eages of .822 and .865, respectively. These values are comparable

to those determined for the East coast oyster, Crassostrea virgin-

tea. Furthermore, samples from these two populations can be

clearly distinguished on the basis of the mtDNA lineages they

contain: while they share 2 lineages in common (and at similar

frequencies), the Pipestem and Pendrell samples contain 7 and 8

unique lineages, respectively.

These results suggest that 1 ) substantial levels of genetic vari-

ation exist in these populations; 2) these populations can be clearly

distinguished on the basis of mtDNA genotypes; 3) this approach

has implications for the management of both hatchery broodstocks

and wild populations, and 4) mtDNA analysis provides data per-

tinent to the study of the reproductive dynamics of this species.

Financial support was provided by grants to A.T.B. the Sci-

ence Council of British Columbia (#32, SA-2) and the British

Columbia Ministry of Agriculture and Fisheries.

BIOLOGICAL AND ECONOMIC MODELING OF DIS-

EASE PROCESSES IN BIVALVE MOLLUSKS. Kenneth M.

Brooks,* Pacific Rim Mariculture, 644 Old Eaglemount Road,

Port Townsend, WA 98368.

Analytical modeling has been applied to the study of hemic

neoplasia in Mytilus edulis trossulus. The resulting models, while

rather simple in form, provide insights into the relationships be-

tween observable parameters associated with disease and mortality

in the population. These models fully demonstrate the inappropri-

ateness of predicting mortality at the population level, based solely

on the prevalence of some sign of disease. In addition, the models

accurately describe growth and mortality and have been used to

predict relative biomass as a function of time on a Pacific North-

west mussel farm.

The results of field testing M. edulis trossulus, M. edulis gal-

loprovincialis and their hybrids in a hemic neoplasia enzootic area

are provided and a number of grow-out scenarios described. Sig-

nificant variations in survival of these populations have been dem-

onstrated and the genetic implications are discussed.

The modeling process is used to develop management recom-

mendations to increase annual production of M. edulis trossulus

grown in the hemic neoplasia enzootic area of the Pacific North-

west. These recommendations include minimum distances be-

tween culture rafts, seed segregation, early harvest times and the

removal of all older, diseased mussels from rafts before planting

new seed.

This research was conducted at the Battelle Marine Sciences

Laboratory with support from the National Cancer Institute, US

Army Medical Research and Development Command, US Depart-

ment of Agriculture and the Northwest College and University

Association for Science.
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DISEASE OF JAPANESE SCALLOPS [PATINOPECTEN
YESSOENSIS) CAUSED BY AN INTRACELLULAR BAC-

TERIUM. Susan M. Bower* and Gary R. Meyer, Depailment

of Fisheries and Oceans. Pacific Biological Station. Nanaimo.

British Columbia. Canada, V9R 5K6.

Preliminary grow-out studies on Japanese scallops revealed ex-

cellent potential for the culture of this species in British Columbia.

Recently, an infectious intracellular bacterium was identified that

may account for the poor growth and high mortalities experienced

during experimental grow-out in 1989. Laboratory studies indicate

that the intracellular bacterium infects the haemocytes and the

outcome of the infection is dose dependent. Scallops (7 to 12 cm

in shell height) exposed to large numbers of the bacterium via

intramuscular inoculation usually die with overwhelming infec-

tions between 2 and 4 weeks after injection. These infections are

often complicated by septicemias due to other bacteria. Injections

of fewer bacteria resulted in a 2 month prepatent period and pres-

ence of pinkish-orange pustules up to 10 mm in diameter in the

adductor muscle. Histological lesions occurred in the connective

tissues of all organs and varied in structure from irregular patches

of inflammation, often with a core of necrosis, to encapsulated

patches of inflammation that usually contained necrotic cells.

These lesions resembled those observed in 63% to 100% of the

scallops from 6 grow-out localities that were experiencing poor

growth and greater than 75% mortalities in 1989. Laboratory stud-

ies to identify the pathogen, develop a method of diagnosis, and to

find means of preventing and/or controlling the condition are in

progress. However, information on the occurrence and affect of

this disease on cultured scallops in the field is required from the

aquaculture industry.

OCEANOGRAPHIC CONDITIONS CONDUCIVE TO THE
CULTURE OF THE JAPANESE SCALLOP, PATI-

NOPECTEN YESSOENSIS, IN BRITISH COLUMBIA: CRI-

TERIA FOR SITE SELECTION. Stephen F. Cross,*

Aquametrix Research Ltd., 204-2527 Beacon Ave.. Sidney. Brit-

ish Columbia. Canada V8L lYl.

The waters of Little Espinosa Inlet, located off the northwest

coat of Vancouver Island, have demonstrated the highest grow

rates and the best survival of hatchery produced Japanese scallo

seed (1-3 cm) in Brisith Columbia to date. This paper describes

the spatial and temporal changes in the water column properties of

this unique oceanographic system, and discusses these conditions

in terms of scallop growth and survival. A synopsis of important

site selection criteria, based on the I'/z year evaluation of our site,

is also provided.

Using seed produced at the Pacific Biological Station (DFO).

scallop growth (shell height) and survival were monitored monthly

over a I'A year period. Animals grown in Pearl and Lantern nets

were deployed in a stratified design at depths of 5. 10. 15, 20. and

25 metres (3 replicates/depth), with water temperature, salinity.

and dissolved oxygen measured concurrent with the scallop

growth and survival estimates.

It was found that site bathymetry plays an important role in

maintaining water column stability and in ensuring that an opti-

mum salinity and temperature environment is provided throughout

the year at this site. Cold water entering over an outer sill (inlet

mouth) during flood tides replenishes the lower water column

water, while warmer water is withdrawn from the inlet across the

surface during the ebb tide. At mid-summer, the warmer surface

water extends as low as 5 metres (the upper zone in which our

scallops were grown). Although plankton availability increases

during this period, growth is retarded once water temperature

reaches 12.5°C. When temperatures exceed I5°C, mortality in-

creases.

The sensitivity of the Japanese scallop to water column insta-

bility, particularly with respect to salinity and temperature, makes

proper site selection essential for this species. Our success with the

culture of this species is directly related to the oceanographic

conditions of the site.

EVIDENCE SUPPORTING A TERMINAL MOLT IN THE
SPIDER CRAB, LOXORHYNCHVS GRANDIS. Carolynn S.

Culver* and Armand M. Kuris, Marine Science Institute and

Department of Biological Sciences. University of California.

Santa Barbara, California 93106.

In Canada and the west coast of the United States, spider crabs

support valuable fisheries. Crabs of the family Majidae have been

characterized as exhibiting a terminal molt in both sexes. How-

ever, this traditional belief has not been experimentally proven for

most majid species. With a recent debate over the existence of a

terminal molt in male Chionoecetes spp.. it now becomes impor-

tant to verify the occurrence of a final molt in male membrs of

other spider crab species.

Currently such information is needed for the sheep crab, Lox-

orhynchus grandis. This majid crab is being utilized along the

south-central coast of California for two different types of markets;

a whole body, live market and a crab claw market. The following

data were used to evaluate the existence of a terminal molt in L.

grandis: I) Relative growth analysis identified three distinct

groups of males; small and large juveniles and morphometrically

adult animals. The wide adult size range can be explained by the

juvenile size range and associated molt increments; 2) Experimen-

tation using induced autotomy resulted in molting activity of large

juvenile animals, but not of adults; 3) Development of a premolt

cuticle has only been seen in juvenile crabs, never in adult crabs,

regardless of size or carapace condition; 4) The breakage plane of

autotomized limbs become calcified in adults, not permitting re-

generation. In contrast, juveniles develop a soft, leathery mem-

brane which enables regeneration to occur; and 5) Only adults

undergo substantial carapace abrasion and obtain large encrusting

organisms. These experimental results and field observations sup-
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port the hypothesis that sheep crabs cease to molt after attaining

the morphometric molt of puberty.

GROWTH OF THE JUVENILE PACIFIC OYSTER. CRAS-

SOSTREA GIGAS (THUNBERG), IN EFFLUENT WATER
FROM A SALMON AND RED MACROALGAL POLYCUL-
TURE SYSTEM. Maria E. Diaz.* W. McNeil, and C. E.

Levin, Department of Fisheries and Wildlife, Oregon State Uni-

versity, Hatfield Marine Science Center, Newport, Oregon 97365.

Experiments conducted in the fall of 1990 and spring of 1991

determined the growth rates of 5 mm spat of Crassostrea gigas

cultured in four different treatment effluent from tank cultured

salmon, salmon tank effluent stocked with the red macroalga.

Pcilmaria mollis, ambient sea water enriched with P. mollis and

ambient sea water alone.

In the fall, fish effluent and P. mollis effluent treatments pro-

vided significantly higher growth than the ambient sea water.

However, in the spring, growth was significantly greater in am-

bient sea water than in any of the other treatments. Possible causes

for these variations are discussed.

HYBRIDS AMONG THE PACIFIC, AMERICAN AND THE
SUMINOE OYSTERS: INDUCTION AND AQUACULTURE
POTENTIAL. Sandra L. Downing,* School of Fisheries, WH-

IG, University of Washmgton, Seattle, WA 98195.

Hybrids are used by other agricultural industries to improve the

marketed product. With pollution and disease decimating the pop-

ulations of the American oyster, Cmssostrea virginka. a hybrid

with the hardier Pacific oyster, Crassostrea gigas. could be one

answer for revitalizing the east coast industry. In addition, the

relative success of different hybrid crosses indicate how close the

species are phylogenetically.

Using full factorial designs, crosses were made between C.

gigas and either C. virginica or C. rivularis. the Suminoe oyster.

The Pacific and the Suminoe oysters were crossed successfully and

yielded spat. While initial survival for the American and Pacific

crosses were at least 10%, the larvae generally failed to grow to

the umbo larval stage (>100 |jLm). The few surviving outliers

suggested contamination and stress the importance of hybrid con-

firmation which will be discussed. Inducing triploidy into either

hybrid cross did not increase survival.

The C. gigas (female) by C. rivularis (male) survived the best.

It was fertile and a second generation of both diploid and triploid

offspring were produced. The aquaculture potential of the inter-

specific and monospecific crosses will be discussed.

EARLY DETECTION 0¥ ALEXANDRIVM CATENELLA BY

AN IMMUNOCHEMICAL AND FLOW CYTOMETRIC
METHOD. L. B. Eisner.* M. J. Perry, and M. C. Talbot.

School of Oceanography, University of Washington, Seattle,

Washington 98195.

A sensitive immunological method has been developed for the

early detection of the toxic marine dinoflagellate Alexandnum cat-

enella. Monoclonal antibody technology is utilized to produce a

fluorescently-labeled antibody to cell walls of A. catenella. This

labeled antibody allows A. catenella cells to be detected and iden-

tified in seawater samples. Cell walls labeled with this method can

be visually distinguished by epifluorescent microscopy or counted

using a flow cytonieter. Flow cytometry allows a large number of

samples to be counted rapidly. Flow cytometric samples measured

on consecutive days can be used to calculate growth rates. Cells

can be identified at very low numbers, i.e. before they grow to

concentrations that can affect fisheries. Further screening and field

testing of the current antibody is to be conducted. This method can

be used to detect other harmful phytoplankton species.

LESLIE ANALYSIS OF LOGBOOKS FROM THE DIVE

FISHERY FOR ABALONE. HALIOTIS fCAMTSCHATKAMA,
IN BRITISH COLUMBIA, 1977-1990. Robert W. EIner* and

Alan Campbell, Department of Fisheries and Oceans, Pacific

Biological Station, Nanamio, British Columbia, V9R 5K6.

Commercial logbook data from the dive fishery for abalone in

British Columbia were analyzed by the Leslie method. The

method involves regressing a measure of fishing success against

cumulative captures through a fishing season. The intercept of the

regression on the cumulative catch axis gives an estimate of the

total available biomass of commercial sized abalone, and the slope

is an estimate of catchability . Estimates of exploitation rate, stock

size at the start and end of the season and interannual recruitment

were derived. Trends in annual commercial biomass levels were

similar for the nine Statistical Areas during 1977-1990. Biomass

estimates for the late 1980's were a fraction of those for the late

1970's although, in most cases, mean annual catch per diver hour

remained stable. Generally, annual recruitment to the fishable

stocks appeared less than landings except during the early-to-mid

I980"s when the estimated stock sizes increased. The applicability

and potential of the Leslie method as an assessment tool for dive

fisheries are discussed.

STUDIES ON NUCLEAR INCLUSION X (NIX) IN THE PA-

CIFIC RAZOR CLAM, SILIQUA PATULA. Ralph Elston and

Ann Drum, Batlelle Marine Sciences Laboratory, 439 West Se-

qumi Bay Road, Sequim, WA 98392; Arthur Gee and David

Kerk. Department of Biology, Pacific Lutheran University,

Tacoma, WA 98447.

Nuclear inclusion X (NIX) was discovered in 1983 in Wash-

ington state populations of the Pacific razor clam and was associ-

ated with massive mortalities of the clam. NIX is structurally

prokaryotic and resides in non-ciliated branchial epithelium of the

clams. Resilient host nuclei swell up to 25 ^.m in diameter as the

pathogen develops. Two mid-Washington beaches show charac-

teristically high average infection intensities and four important

clam beaches in Washington show recurrent annual and relational

cycles of average infection intensity.
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A biopsy melhod has been devised and evaluated lor ongoing

studies of NIX infection intensities in natural and experimental

populations of clams. The status of time series microcosm sludies

with varied environmental parameters using biopsy examination to

observe NIX development will be reported.

Following development of a method to physically isolate NIX,

16S ribosomal RN.'\ sequence studies to more precisely identify

the disease causing organism were undertaken. These studies in-

dicated that NIX is a member of the gamma subdivision of the

Proteobacteria. Determination of the three highly variable se-

quence regions of this gene is also the basis for an environmental

and tissue probe for NIX. now under development.

Progress on studies to characterize the imniunocompetence of

individual clams, in reference to branchial lesions identified at

biopsy, utilizing a bacterial clearance assay, will be reported.

Research supported by the Washington State Department of

Fisheries.

FIRST OCCUPANT 0+ DUNGENESS CRAB IN INTER-

TIDAL SHELL HABITAT INHIBIT STRONG RECRUIT-

MENT OF SUBSEQUENT COHORTS. Miriam Fernandez,

Oscar Iribarne. and David Armstrong, School of Fisheries WH-

IG, University of Washington. Seattle, WA 98195, USA.

Megalopae of Dungeness crab Cancer magisier Dana arrived

in the Grays Harbor Estuary (WA) and settled in successive pul-

ses duiing the months of May and June, 1 99 1 . Field and laboratory

experiments were conducted to examine interaction between

cohorts of juvenile benthic instars that settle in the intertidal

zone.

The first cohort of megalopae entered the estuary between May
15-20 and settled in ('"occupied") oyster shell habitat previously

constructed in March 1991. at densities ranging from 155 to 196

first instar (J 1 ) crab • m
"

-. Subsequently, a second phase of shell

habitat was constructed that did not contain crab of the first pulse

("unoccupied"). Between June 15 and 18, a second cohort of

megalopae entered the estuary and settled in both
"

"occupied"
'

(instars by then were J2 and J3) and ""unoccupied"" shell habitat

where the respective ranges of Jl crab densities were 9-37 and

168-298 • m ". Laboratory experiments indicated that megalo-

pae select shell over ""open" space to settle and metamorphose,

but make no distinction between new (clean) or aged (fouled)

shell. However, older JI (>48h post-settlement) and J2 and J3

instars are predators of megalopae and newly molted J I . These

results suggest several hypotheses to account for much lower den-

sity of second cohort J 1 in the '"occupied" vs "unoccupied" shell;

I) older instars cannibalize newly settled recruits of the same age

class; 2) intrinsic carrying capacity of the shell habitat was gen-

erally saturated by the first cohort leaving little space for the sec-

ond: and 3) megalopae of the second cohort
"

"detected"
"

cannibal-

istic conspecifics in the ""occupied"" shell and so generally avoided

that habitat. We feel that hypothesis No. 1 is best supported by

these data, and conclude that cannibalism by small instars days or

weeks different in age can substantially reduce survival of later

cohorts that settle in shell habitat.

HAPLOSPORIDAN INFECTIONS OF THE PACIFIC OYS-

TER, CRASSOSTREA GIGAS THUNBERG, FROM JAPAN
AND CALIFORNIA, U.S.A. Carolyn S. Friedman*, Califor

nia Department of Fish and Game. Fish Disease Laboratory. 2111

Nimbus Rd., Rancho Cordova, California 95670: Ronald P. He-

drick. Department of Medicine. School of Veterinary Medicine,

University of California. Davis. California 95616.

Haplosporidan parasites were observed in Pacific oysters,

Crassostrea gigas. from Matsushima Bay. Japan during a health

examination prior to being imported into California waters in 1989

and 1990 (Friedman et al. 1991. In press. J. Invertebr. Pathol.).

Host response to and morphology and tissue specificity of the

parasite stages closely resembled those of Hoplosporidium nel-

soni. the causative agent of Delaware Bay Disease or ""MSX" of

the American oyster. C. virginico.

In response to these observations, oysters from Matsushima

Bay, Japan were not imported into California. We sampled two

embayments in California, Drakes Estero, the bay that historically

received these oysters, and Tomales Bay. an adjacent embayment
where Pacific oysters are cultured. AH oysters appeared healthy

upon gross examination. Three percent of the Pacific oysters sam-

pled in March from Drakes Estero had mild localized to severe

systemic plasmodial infections, while only 1% of the Pacific oys-

ters sampled in May contained haplosporidan infections. An in-

flammatory response to the haplosporidan infections was observed

in the March samples. Infected animals from the May sample

primarily contained haplosporidan plasmodia within the epithe-

lium of the heart that did not elicit a host inflammatory response.

One oyster from this sample had plasmodia within the stomach

epithelium that elicited a mild inflammatory response. No haplo-

sporidan parasites were observed during the September survey of

Tomales Bay.

ESSENTIAL FATTY ACID PROFILES AND SIZES OF
ELEVEN SPECIES OF PHYTOPLANKTON COMMONLY
USED IN CRUSTACEAN HATCHERIES. N. G. Ginther,

L. D. Townsend,* and J. N. C. Whyte, Department of Fisheries

and Oceans. Pacific Biological Station. Nanaimo. B.C.. V9R
5K6.

Eleven species of unicellular phytoplankton. five from the class

Bacillariophyceae (one pennate. four centric diatoms), one species

of Cryptophyceae. one species of Eustigmatophyceae, two species

of Prasinophyceae and two species of Prymnesiophyceae were

chosen for study on the basis of their relevance to shellfish nutri-

tion. The phytoplankton were grown in semi-continuous culture to

simulate hatchery conditions. Each species was analyzed with re-

gard to fatty acid profile and size. Species within a class and

between classes were compared.

Two fatty acids, eicosapentaenoic acid (20;5n3) and docosa-
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hexaenoic acid (22;6n3), both considered as essential fatty acids

for marine shellfish, were specifically profiles as a percentage of

total fatty acid composition. The highest percentage of 20;5n3,

(32.9%), was found in a Nannochloropsis species of the class

Eustigmatophyceae. As a class. Bacillariophyceae generally con-

tained high levels. All phytoplankton analysed had 10% or less

22:6n3 fatty acid, the highest level, being found in the prymne-

siophyte, Isochrysis galbana. Each species was sized by cell di-

ameter and volume. The cell diameter ranged from the eustigmato-

phyte, Nannochloropsis sp. at 2.0 microns to the cryptophyte,

Rhodomonas lens, at 11.7 microns. The value for bivalve nutri-

tion, with respect to fatty acid profile and cell size, is discussed.

Results are compared with other investigations.

contributes significantly to variation in body size, females being
~ 10% heavier than males. Components of variance in body size

associated with sire, dam, dam-within-sire (hierarchical crosses),

and sire-by-dam interaction (factorial crosses) are significant in

most cases.

These preliminary results suggest that there is substantial ad-

ditive genetic variation, moderate heritability (—0.2) and a rea-

sonable expectation for response to selection for harvest body size

in Pacific oysters. Selection programs may also need to take into

account non-additive genetic components of variance. Estimates

of genetic components of variance and heritability from any one

cross are fairly imprecise, but consistency over the set of crosses

increases confidence in these general conclusions.

RESEARCH INTO MANILA CLAM CULTURE IN BRIT-

ISH COLUMBIA. William A. Heath,* Fisheries and Food,

Aquaculture and Commercial Fisheries Branch, 2500 Cliffe Ave-

nue, Courtenay, B.C. V9N 5M6.

Commercial culture of the Manila clam. Tapes philippuiarum.

is advancing rapidly in British Columbia, with over 25 companies

operating more than 50 sites. Research projects are being con-

ducted on hatchery, nursery and growout phases of clam culture.

Ministry studies of Manila clam growout are comparing growth

and survival of outplanted seed (6-8 mm ) through to harvest size

(038 mm); various treatment combinations of seeding density,

netting cover, tidal height and substrate characteristics are being

used on experimental plots at a range of beach sites in southern

British Columbia. Results from the first complete year of sampling

and the implications on the economics of Manila clam culture in

B.C. will be presented.

GENETIC AND ENVIRONMENTAL COMPONENTS OF
VARIANCE IN HARVEST BODY SIZE AMONG PEDI-

GREED PACIFIC OYSTERS CRASSOSTREA GIGAS FROM
CONTROLLED CROSSES. Dennis Hedgecock,* Bodega Ma
rine Laboratory, University of California, Bodega Bay, CA
94923; Ken Cooper. Coast Oyster Co., Quilcene, WA 98376; and

William Hershberger, School of Fisheries, University of Wash-

ington, Seattle, WA 98195.

A collaborative project of the USDA's Western Regional

Aquaculture Consortium made eight, 8 male x 3 female experi-

mental crosses of Pacific oysters, two factorial and six hierarchi-

cal, yielding a total of nearly 192 families. Progeny were set on

cultch. randomized on long lines and deployed to growout areas in

Puget Sound, WA, and Humboldt Bay, CA. Wet body (meat)

weights at commercial harvest sizes ( 14 to 40 mos. age) have been

obtained for 12 of 22 cross-locality combinations. On the basis of

data so far analyzed, there is substantial phenotypic variation in

body size (C.V.'s are ~30% of mean weight). In one cross, full-

sibs grown on different cultch varied significantly in body size,

possibly as the result of differences in density, but this cultch

effect was not observed in other crosses. Sex of progeny also

INTENSIVE SANITARY SURVEY METHOD USING
TRACER DYES. Linda Hofstad.* Cathlene Hansen, and

William Fiorilli, Thurston County Public Health and Social Ser-

vices Department, Resource Protection Section, Olympia, Wash-

ington 98502.

An intensive sanitary survey procedure was developed and im-

plemented to find sources of nonpoint pollution from on-site septic

systems. This survey technique was used successfully along ma-

rine shorelines in commercial shellfish growing areas of Thurston

County. Although two marine sampling stations had failed to meet

water quality standards for years, vanous study efforts had been

relatively unsuccessful in pinpointing the nonpoint sources.

Staff theorized that though few if any obvious surfacing on-site

septic system failures were occurring, probably numerous systems

were leaching varying amounts of partially treated sewage into the

marine waters via bulkhead drains, seeps on bluffs, seeps and

springs on beaches as well as intertidally.

In order to test our hypothesis we developed an intensive sur-

vey technique utilizing fluorescein dye tracing. Because fluores-

cein dye is adsorbed onto charcoal, packets of coconut charcoal

were placed in suspected wastewater pathways at each survey site.

At one and two week intervals the packets were retrieved. After

thorough washmg, the charcoal was emptied into a glass container

and a solution of KOH was poured over. This elutant sample was

sent to Ozark Underground Laboratory and analyzed by a Shi-

madzu scanning spectrotluorimeter for presence of dye.

Dye was found to be present in about 60% of all sites where

packets were placed. Prior sanitary survey techniques would have

yielded a 2.5% rate of failure.

MEGALOPAL SPATIAL DISTRIBUTION AND STOCK
SEPARATION IN DUNGENESS CRAB. G. S. Jamieson and

A. C. Phillips, Department of Fisheries and Oceans, Pacific Bi-

ological Station, Nanaimo, B.C., Canada V9R 5K6.

The day-time depth ranges of Cancer magister megalopae from

the outer coast and from Georgia Strait differ significantly, with

megalopae at 25 and 160 m depth, respectively. At night, both

populations of megalopae are mostly in the top metre of the water
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column. Juan de Fuca Strait, which connects Georgia Strait to the

Pacific Ocean, typically has an estuarine circulation, with outflow

in the top 50-100 m and inflow at deeper depths. With a daylight:

dark ratio in the spring and summer (when megalopae are present)

of about 3: 1 , the consequence is that Georgia Strait and outer coast

megalopae are mostly retained within their own oceanographic

systems. Small, occasional intrusions of outer coast megalopae

into the Strait may occur when estuarine flow in Juan de Fuca

Strait temporarily breaks down following sustained strong south-

westerly winds. However, such intrusions are typically restricted

to the southern side and head of Juan de Fuca Strait and do not

penetrate far into Georgia Strait.

Cold (<10°C) deep water in Georgia Strait is suggested to be

the explanation for both the delay in seasonal timing of larval crab

settlement and a smaller physical size at settlement of Georgia

Strait megalopae. These differences allow outer coast and Strait

megalopae to be readily separated in survey samples.

SOME PHYSIOLOGICAL EFFECTS OF A CHRONI-
CALLY IMPLANTED CATHETER IN THE PACIFIC OYS-

TER, CRASSOSTREA GIGAS. Trevor O. Jones,* J. D. Mor-

gan, and G. K. Iwama, Department of Animal Science, Univer-

sity of British Columbia. Vancouver. B.C.. Canada, V6T 1Z4.

A cannulation technique that provides a method for non-lethal

collection of hemolymph from oysters will be presented. Cannu-

lation techniques allow for repetetive sampling in-vivo without

having to handle or disturb animals. Fewer animals are required

and a more representative description of physiological processes

under resting conditions can be obtained.

In-vivo measurements of hemolymph pH. salinity, total cell

count and P02 were performed on both cannulated and uncannu-

lated control animals. In-vitro analysis of phagocytic activity of

representative hemocytes; using fluorescent latex beads, from can-

nulated and control animals was also performed.

Hemolymph was sampled at time 0, 4, 8, 12, 24 and 120

hours. Cannulated animals exhibited a significant (p < 0.05) m-

crease in total blood cell count at 120 hours. Hemolymph P02

values of cannulated animals were significantly (p < 0.05) greater

at 12 and 24 hours when compared to controls. The mean %
adherence of fluorescent latex beads to hemocytes was signifi-

cantly (p < 0.05) greater for cannulated animals at 8. 12. 24. and

120 hour intervals when compared to controls.

DEVELOPMENT OF PARTICLE FILTRATION IN EARLY

JUVENILE JAPANESE SCALLOPS {PATINOPECTEN YES-

SOENSIS). Brian C. Kingzett,* Dept. of Biological Sciences,

Simon Fraser University. Burnaby. B.C. V5A 1S6 and N.

Bourne, Dept. of Fisheries and Oceans, Pacific Biological Sta-

tion, Nanaimo. B.C. V9R 5K6.

Filtration rates of juvenile Japanese scallops (postmetamorphic

to approximately 2 mm in shell height) were determined using

various species of phytoplankton. Scallops were contained within

a series of miniature flow-through chambers and filtration rates

measured for phytoplankton concentrations of 1-5 •

lO"*

cells ml
~

'

. A Coulter Counter Multisizer II was used for particle

size and concentration analysis.

Filtration rates increased with phytoplankton concentration un-

til a maximum cell density was reached. Differences in filtration

rates for various species of phytoplankton indicate that efficiency

of the ctenidia (gill) may be related to factors other than particle

size. The development of the ctenidia may be correlated with

increases in overall filtration ability. Knowledge of size and den-

sity-related feeding rates are discussed in relation to the develop-

ment of feeding regimes in nursery culture.

EFFECT OF CAPSULE COMPOSITION ON THE DELIV-

ERY OF DIETARY PROTEIN TO THE MUSSEL, MYTILUS
TROSSULUS. Daniel A. Kreeger* and Christopher J. Lang-

don, Hatfield Marine Science Center. Oregon State University.

Newport. Oregon 97365.

The effect of protein source on the mussel's (Mytilus trossulus)

ability to utilize protein microcapsules (PM) was studied. PM were

prepared with protein derived from either crab or microalgae and

each was spiked with <5% w/w '''C-labeled algal protein. Crab

and algal PM were each incubated for 24 h with either amylase,

trypsin, protease, or extracts from the style or diverticula of M.

trossulus. Significantly (p < 0.05) more ['''CIprotein was released

from crab PM than from algal PM in all enzyme treatments except

trypsin. Mussels were fed '*C-labeled crab or algal PM. and di-

gestion and assimilation efficiencies for ('''CIprotein from crab

PM (37'7c. 26%. respectively) were significantly (p < 0.05)

greater than those from algal PM (25%. 21%. respectively).

In addition, two different carbohydrates, maltodextrin and

amylose. were added at 33% w/w to crab PM, and their in vitro

and in vivo digestibilities compared to those of 100% crab PM.

Treatment by amylase, trypsin, and mussel style extract released

significantly (p < 0.05) greater | '""CIprotein from 100% PM than

from PM supplemented with either maltodextrin or amylose. In

contrast to the in vitro results, mussels showed no significant

differences in their ability to digest and assimilate
| '""CIprotein

from amylose-supplemented PM (40% and 8%, respectively),

maltodextrin-supplemented PM (32% and 6%^, respectively), or

100% PM (27%- and 6%. respectively).

SURFACE PROPERTIES OF PARTICLES EFFECT THEIR
SELECTION BY CLAM LARVAE (MERCENARIA MERCE-

NARIA). C. J. Langdon and V. L. Shaffer, Hatfield Manne

Science Center, Oregon State University, Newport, Oregon

97365; S. M. Gallager, Woods Hole Oceanographic Institution.

Woods Hole. Massachusetts 02543; D. K. Stoeclter, Horn Point

Environmental Laboratories. University of Maryland. Cambridge.

Maryland 21613.

Selection of captured particles at the mouth and oesophagus of

3 day old clam (Mercenaria mercenaria) larvae was observed by
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video microscopy when larvae were fed on either uncoated glass

beads (2.1 jjim diameter) or organosilane-coated glass beads. Un-

coated glass beads were rejected at the mouth and oesophagus of

larvae at significantly higher probabilities than coated beads, re-

sulting in a significantly higher probability of acceptance of coated

beads into the stomach.

The feeding history of larvae affected bead rejection. Larvae

that were pre-fed for about 1 hour on the alga Isochrysis galbana

(ISO) rejected significantly higher proportions of both bead types

at the mouth and, overall, accepted a significantly lower propor-

tion of both bead types into the stomach than prestarved larvae.

When pre-starved larvae were fed on either uncoated or coated

glass beads in combination with ISO, larvae rejected a signifi-

cantly higher proportion of uncoated beads at the oesophagus com-

pared with coated beads; whereas both beads types were rejected

with equal probability at the mouth. Similarly, uncoated beads

significantly increased rejection of algae at the oesophagus com-

pared with coated beads, but there was no effect of bead type on

rejection of algae at the mouth. The oesophagus of clam larvae

appears to be more important than the mouth in selection of particles.

GENETIC CHARACTERISTICS AND RELATIONSHIPS
OF FIVE RAZOR CLAM (SlUQUA PATULA) POPULA-
TIONS ALONG THE PACIFIC COAST OF NORTH AMER-
ICA. Larry L. Leclair* and Stevan R. Phelps, Genetics Unit,

Washington Department of Fisheries, Room I 15 General Admin-

istration Building, Olympia, Washington 98504.

We electrophoretically examined razor clams {Silicjiia patiila)

from five intertidal locations along the Pacific coasts of Alaska,

British Columbia, Washington, and Oregon, to determine the level

of genetic variation within the species and among regions. All five

locations exhibited high levels of within population genetic diver-

sity. The average heterozygosity ranged from 0.25 to 0.27 and the

mean number of alleles per locus was 3.4 to 4.6, based on 24 loci.

We found no reduction of genetic diversity within the Washington

populations compared to populations that had not experienced

large mortalities due to the pathogen, nuclear inclusion X (NIX).

The genetic diversity among regions is low, and alleles that

occurred at a frequency of 0.05 or greater in one collection, were

generally observed in all other collections. However, we found

significant differences in allele frequencies among collections.

The most genetically similar populations were the two from Wash-

ington, while the greatest genetic differences occurred when the

two Washington collections were combined and compared to the

Alaska sample. Differences in the susceptibility of razor clams to

NIX among locations may have a genetic basis.

PREDATOR PREY INTERACTIONS BETWEEN JUVE-
NILE GEODUCK CLAMS (PANOPE ABRUPTA) AND FIVE

ASSOC lATED PREDATORS IN PIKJET SOUND, WASH-
INGTON. Amy Leitman and Brady Blake, WA Department of

Fisheries. Point Whitney Shellfish Laboratory, Brinnon, Wash-

inmon 98.^20.

Over the last decade, dozens of field trials using hatchery

raised geoduck seed were done to evaluate the feasibility of en-

hancing natural stocks of geoduck clams. To clarify the nature of

predator/prey interactions found in the field, a laboratory experi-

ment was done comparing the extent of predation by five predator

species (Cancer productus. C. gracilis. Pisasler brevispinus, Po-

linices lewisii. and Lepidopselta bilineata) on four sizes of geo-

duck seed. The seed size preference of each individual predator

species was determined and predation rates of each predator were

compared.

Four of the five predators seemed to selectively consume geo-

duck seed of different sizes. Rates of predation on the two largest

seed sizes ( 12 mm and 16 mm) varied significantly among almost

all predators, whereas predation rates on the smallest seed sizes (4

mm and 8 mm) varied only slightly and were not statistically

significant. C. productus consumed more geoduck seed than the

other predator species.

An inventory of predator specific and seed size specific preda-

tion rates on geoduck seed can be used to develop a seed planting

strategy that optimizes geoduck enhancement activities. Greater

survivorship of planted geoduck seed is likely if predation patterns

can be predicted and avoided.

LAND-BASED POLYCULTURE OF SALMONIDS, MAC-
ROALGAE, AND CLAMS. John-Eric Levin* and William J.

McNeil. Hatfield Marine Science Center. Oregon State Univer-

sity, Newport, Oregon 97365.

Winter (November-February) growth rates of juvenile (2 mm)
Manila clams (Tapes japoiiica) grown in raceways were signifi-

cantly higher in effluents from tank cultured coho salmon (Onco-

rhynchus kisutch) after passage of effluents through tank cultured

commercially valuable red marine macroalgae (Palmarui nuillis)

than in salmon eftlucnt alone or in ambient seawater.

Maximum growth of juvenile (2-5 mm) T. japonica grown in

upwellers receiving fish/macroalgae effluent during spring

(March-May) occurred at a flow of 13 I min~ '

per kg clam bio-

mass. Stocking density of macroalgae was 28 g per g of clam

biomass.

Stocking density relationships of fish, macroalgae, and clams,

as well as economic projections for a land-based facility for the

culture of these organisms will be discussed.

BURROWING SHRIMP, {CALLIANASSA CALIFORNIEN-

SIS, VPOGEBIA PUGETTENSIS): FISHERIES MANAGE-
MENT AND (;RAY WHALE, (ESCHRKHTWS ROBUS-

TUS) PREDATION RESEARCH. Jay G. Odell* and W. A.

Wood, Washington State Department of Fisheries, 1000 Point

Whitney Road, Brinnon, Washington 98320.

Ghost shrimp (Culliancissa californiensis) and mud shrimp

(ilpogcbia pugctlcnsis) arc the targets of a new bait fishery man-

aged by the Washington State Department of Fisheries and the

Washington State Department of Natural Resources. Life history

information and management techniques are presented.
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One ot the concerns ot burrowing shrimp tishencs managemeni
is to determine whether there are potential cimllicts between the

commercial fishery and gray whales {Eschrichhiis rohustus). Gray

whales are significant ghost shrimp predators. Feeding whales

create pits which can be detected from the air. Aerial surveys were

conducted to assess the extent of gray whale feeding on ghost

shrimp. Shorelines of Saratoga Passage and Port Susan in Puget

Sound. Washington were videotaped at low tide to document the

number and location of gray whale feeding pits. Whale feeding

activity has increased dramatically since 1990. Sampling has been

conducted to determine the average number and weight of shrimp

removed from a feeding pit. Biomass consumed by whales on

commercial harvest tracts was comparable to amounts taken by the

commercial fishery. In the study area as a whole, biomass con-

sumed by whales was over 1000% more than that taken by the

fishery.

EFFECTS OF DIETARY ALGAL AND LIPID SUPPLE-

MENTS ON GONADAL AND LARVAL DEVELOPMENT
OF CRASSOSTREA GIGAS KUMAMOTO (THUNBERG).

Anja M. Robinson. Hatfield Marine Science Center. Department

of Fisheries and Wildlife. Oregon State University, Newport. Or-

egon 97365.

Larval survival and development during hatchery rearing de-

pends not only on hatchery culture techniques but also on the

quality of eggs at the time of spawning. The broodstock condi-

tioning environment can be manipulated to optimize the stage of

development and quality of eggs at spawning.

In this study broodstock oysters were fed on algal and lipid

supplements during the conditioning for spawning. When condi-

tioning was initiated early in the season (March to early April)

both the proportion of fertilized eggs that successfully developed

into straight-hinged larvae and spat were higher in progeny derived

from algal or lipid supplemented broodstock compared to those

obtained from non-fed oysters.

Although feedmg regime had no effect on the fatty acid com-

position of oysters, it did effect that fatty acid composition of the

eggs. The w3 fatty acid content was significantly higher in eggs

released from algal-supplemented broodstock oysters than in eggs

from lipid-supplemented or non-fed oysters. Enrichment of the w3

fatty acid composition of the eggs from algal-supplcmcnted oys-

ters may explain the success rate in egg development and meta-

morphosis.

COMMERCIAL CULTIVATION OF THE JAPANESE
SCALLOP. PATLWPECTEN YESSOESSIS, IN BRITISH

COLUMBIA. Robert G. Saunders.* Island Scallops Ltd.. R R.

#3. Site 327, C-1. Qualicum Beach. B.C. VOR IBO and Neil F.

Bourne, Pacific Biological Station. Nanaimo, B.C. V9R 5K6.

In the I980"s, a research program at the Department of Fish-

eries and Oceans Pacific Biological Station developed hatchery

and nursery technology for producing juveniles of the imported

Japanese scallop, Palinnpecten yessoensis. Based on the results of

this experimental work, a private company. Island Scallops Ltd.,

built a hatchery for rearing the Japanese scallop in 19X9 and began

operations in 1990.

Japanese scallops are spawned in the hatchery from January

until July. The larvae are reared in large tanks until metamorpho-

sis, a period of approximately three weeks. Mature larvae are set

on monofilament netting stuffed in mesh bags, reared in the hatch-

ery for 2^ weeks, then transferred to an ocean nursery for 3^
months. For intermediate grow-out, the juveniles are transferred to

pearl nets and suspended from submerged longlines. Final grow-

out takes place by "earhanging'" the scallops until they reach

market size, about 10 cm. The entire process from spawning to

marketing is anticipated to take from 18 months to 2 years.

SURVIVAL AND CAPTURE OF PACIFIC RAZOR CLAM
ON TWO WASHINGTON BEACHES. J. Warren Schlechte,*

Steven G. Smith. Annette HofTmann, and John R. Skalski,

Center for Quantitative Science. University of Washington, Seat-

tle, WA 98195.

Monthly survival rates and capture probabilities for the Pacific

Razor clam (Siliqua patiila) were investigated at two beaches

along the Washington Coast using tag-release methodology. One

plot was established at each beach. Three sites within each plot

were allocated according to tidal height.

Analysis of the data was performed using SURPH (SURvival

under Proportional Hazards), a survival model which utilizes max-

imum likelihood theory for tag-release data with population spe-

cific convariates. Maximum likelihood estimates for survival rates

were computed for a variety of effects. Analysis of deviance and

likelihood ratio tests showed significant differences among sur-

vival rates. These differences were attributable to monthly (period)

effects, to beach level effects, and to handling induced mortality

effects. Estimates of monthly survival rates ranged from a high of

1.000 in January to a low of 0.6364 in August.

Capture probabilities for each beach were also estimated. Cap-

ture probabilities were highly variable. The differences were at-

tributable to monthly (period) effects, to beach level effects, and to

biopsy effects.

Further analysis will continue, to examine the effects of indi-

vidual clam covariates on survival. Covariates of interest include,

but are not limited to, length and NIX infection intensity.

MUSSEL CULTURE IN BRITISH COLUMBIA: THE IN-

FLUENCE OF SALMON FARMS ON MUSSEL GROWTH.
B. Taylor, G. Jamieson, and T. Carefoot, Department of Zool-

ogy, University of British Columbia, Vancouver, B.C., V6T 1Z4.

Use of salmon farms as sites for mussel culture was investi-

gated with respect to possible advantages of nutritional enrich-

ment. Mussels were cultured at different distances around two

salmon farms. Three growth parameters: condition index, carbo-

hydrate content, and crude protein content were monitored at 3-6

wk intervals from September 1988-August 1989. Distinct sea-

sonal differences were observed in all parameters, but distance
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from the farm did not substantially mfluence mussel growth, nor

did the farms increase available food for mussels. Measures of

seston and chlorophyll concentration, made concurrently with

mussel collections, indicated that neither a direct contribution of

nutrients in the form of fish feed and faeces, nor an indirect con-

tribution of waste nitrogen to augment phytoplankton production,

occurred. This was despite currents tlowmg at least part of the

time in a direction from the farms to the mussels.

EFFECTS OF MONOSPECIFIC ALGAL DIETS OF VARY-

ING BIOCHEMICAL COMPOSITION ON THE GROWTH
AND SURVIVAL OF CRASSOSTREA GIGAS LARVAE. Pe-

ter A. Thompson* and Paul J. Harrison, Dept. of Oceanogra-

phy, University of British Columbia. Vancouver. British Colum-

bia. V6T 1Z4. Canada.

By growing the marine diatom. ThuUissiusira pseudonaiui. in

steady-state turbidostats or chemostats under different conditions

of light, nutrient status and temperature, it was possible to produce

cells varying in their biochemical composition. Variation in the

phytoplanktors' carbon, nitrogen, protein, lipid, carbohydrate,

and fatty acid composition was examined for its influence on the

growth and survival of larval C. gigos.

Growth rates of the oyster larvae fed cells high in carbon,

carbohydrate and the short chain saturated fatty acids 14:0 and

16;0 were repeatedly better food items for these animals. We
conclude that high energy T. pseudonana cells grown under high

light and nutrient saturation are a superior diet for C. gigas larvae.

The fatty acid composition of the oyster larvae may be useful

predictors of the oysters' growth rate. Correlation analysis indi-

cates the oysters" dietary source of the nonmethylene interrupted

fatty acid 22:2j may be 16:laj7.

THE EFFECTS OF SUBSTRATE MODIFICATION ON
THE GROWTH AND SURVIVAL OF PLANTED MANILA

CLAMS, VENERUPIS JAPONICA. Derrick R. Toba,* Uni

versity of Washington. School of Fisheries WH-10. Seattle. WA.

98195; Doug Thompson, Washington Department of Fisheries.

Point Whitney Shellfish Lab. 1000 Point Whitney Road. Brinnon.

WA. 98320; Kenneth K. Chew, University of Washington.

School of Fisheries WH-10. Seattle. WA 98195.

Bywater Bay on Hood Canal was originally gravelled by the

Washington Department of Fisheries in 1983 to increase natural

clam production. In 1988, it was well below the target of 10,000

pounds per acre. It was thought that gravel compaction and pre-

dation were the two main causes of low clam productivity at this

site. The existing gravel plot was rototilled to a depth of 10 cm

alone and the addition of crushed oyster shell, tilled into the sub-

strate to a depth of 10 cm were tested to alleviate the impacts of

gravel compaction. Crushed oyster shell helps to stabilize the sub-

strate and provide interstitial space. Predator netting was also used

on half of each plot to limit the effects of prcdation. The plots were

seeded with 6-8 mm Manila clams.

Initial results have indicated that there is higher survival on the

half of the plot protected with predator protection netting. There

was little difference between the survival rates of the different treat-

ments. Growth, on the other hand, was greater for plots that were

rototilled only and had crushed oyster shell added than for the control.

CRABBY PREDATORS IN OYSTER TRAYS. Sylvia Beh-

rens Yamada* and Heidi Metcalf, Zoology Department. Oregon
State University. Cordley Hall 3029. Corvallis, OR 97331-2114.

The Oregon cancer crab. Cancer oregonensis. is a major pred-

ator of sub-market size oysters. Of all the crabs that settle inside

oyster trays, this species has the most powerful claws for its size,

and thus is equipped to do the most damage to growing oysters.

Unlike its cousins, the Dungeness and red rock crabs. Cancer

oregonensis attains a maximum carapace width of only 45 mm.

This unassuming size has caused some growers to underestimate

the predatory ability of this species. Oyster farms on San Juan,

WA and Lasquety Island. B.C. report estimated mortality rates on

young oysters exceeding 40%. Loses arc particularly high during

the winter when crabs are growing faster than oysters.

The aim of our research is: 1) to determine the maximum size

at which Pacific oysters are vulnerable to different size classes of

Cancer oregonensis, 2) to evaluate the feeding rates of various

size crabs on standard size oysters, and 3) to determine the crab

size above which oyster growers should start removing crabs.

The largest Cancer oregonensis is able to feed on oysters up to

60 mm in length, while a 20 mm wide crab readily consumes

oysters 30 mm long. Maximum consumption rates of a 35 mm
wide crab is two 25 mm long oysters in 6 hours. Oyster growers

are now manually removing all Cancer oregonensis larger than 20

mm in carapace width. This control measure has drastically in-

creased the survival of young oysters.

ANALYSIS OF THE MICROSTRUCTURE AND FRAGIL-

ITY OF THE SHELLS OF PACIFIC GEODUCK PANOPEA
ABRUPTA REARED IN ARTIFICIAL NURSERIES. Donald

E. Velasquez,* School of Fisheries. University of Washmgton,

Seattle, Washington 98195.

The state of Washington is currently involved in a program to

enhance harvestable stocks of geoduck clams. With this goal in

mind, three main problems have surfaced: consistent production of

sufficient plantable seed clams, shell fragility in these clams, and

very heavy prcdation mortality for the first year after planting.

This research is primarily directed toward the shell fragility

evident in some groups of seed. The harvesting process can result

in shell breakage up to 60% in some seed lots. Broken seed is

currently believed to be slower to bury and more vulnerable to

prcdation as a result. Shell quality of seed clams taken from two

nurseries can be correlated to information obtained from scanning

electron micrographs of valve sections. Seed reared at one Puget

Sound nursery possess valves which are on average half as thick as

those from another site in Puget Sound.
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A secondary goal of this research is to provide basic informa-

tion on geoduck shell structure. The three-layer construction and

dissoconch spines of the juvenile geoduck shell will be discussed.

Information from acid etched cross sections indicates microgrowth

increments are difficult to discern in artificially-reared juvenile geo-

duck, possibly reflecting the stability of their nursery environment

DOES STARFISH REMOVAL INCREASE MUSSEL PRO-

DUCTIVITY? Sylvia Behrens Vamada.* Bruce A. Menge,

Eric L. Berlow, and Carol A. Blanchette, Zoology Department,

Oregon State University, Cordley Hall 3029, Corvallis, OR
97331-2914.

The starfish Pisaster ochraceus is a major predator of the sea

mussel, Mytilus californianus, on Pacific Northwest shores.

Mytilus californianus forms extensive beds, up to 1 meter deep, in

the mid- but not the low intertidal zone. Mussels that settle in the

low intertidal grow better than in the mid-intertidal but rapidly fall

prey to Pisaster.

The mussel industry in Oregon is based primarily on the har-

vest of wild populations of Mytilus californianus from mid-

intertidal beds. Market size mussels in these beds grow only about

1 mm per month and thus are not regenerating as fast as they are

being harvested.

We explored the possibility of opening up the productive low

intertidal zone to mussel production by establishing 8 starfish re-

moval and 8 control plots at two sites on the central Oregon coast.

Ten cages of 50 mussels each, were transplanted to each of the 16

low intertidal plots. Once mussels attached themselves to the sub-

strate with their byssal threads, the cages were removed. Survi-

vorship of mussels was monitored and invading starfish were re-

moved from the starfish removal plots every two weeks.

After two months the survival of mussels transplanted to the

low intertidal was between 50 and 75% in starfish removal plots

and between 09c and 159c in control plots. Very few mussels in

any of the low intertidal plots survived one year because it was not

possible to remove starfish during winter storms. Growth rates in

these mussels ranged from 1 mm to 2 mm per month. These values

fall in between the growth measured in mid-intertidal beds and on

subtidal long lines.

Even though mussels grow better in the low than in the mid-

intertidal zone, one would have to remove starfish at least every

two weeks before permanent mussel beds could be maintained in

the low intertidal zone. Since storms make the low intertidal in-

accessible during most of the winter, it appears that starfish re-

moval will not be a practical management tool for increasing mus-

sel productivity.
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