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The reproductive biology of Kidderia (Kidderia) subguadratum

(Pelseneer, 1903) was studied from collections which were made at

Palmer Station, Antarctica during 1970 and 1971. Kidderia-

uadratum is a small lamellibranch (the largest observed was 6.8

mm long) found on rocky substrates in the intertidal and subtidal

zones of the Antarctic Peninsula. The sexes are separate and the

females comprised 54. 1 % of the population studied. The differential

in the sex ratio is neither size nor age related. The females are

ovoviviparous and retain their embryos in brood pouches of the demi-

branchs. The brood pouch is a modification of the form and function

of the ancestral, molluscan ctenidia and allows the retention of

embryos by the female.
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The eggs are large and rich in yolk. Embryogenesis is with-

out traces of the typical marine, molluscan larvae, the trochophore

and the veliger. Development of the embryo follows the normal

indirect, marine lamellibranch pattern until gas trulation. This

includes unequal cleavage, formation of a stereoblastula with a

reduced blastocoel, and gastrulation by epiboly with slight invagina-

tion, Following gastrulation development is considerably modified

and follows the normal freshwater lamellibranch pattern of

direct development. This is partially attributed to the large amounts

of yolk that the egg contains, to the absence of the free living

trochophore and veliger larvae, and to the incidence of brood pro-

tection, No structures analogous to the trochophore and veliger

larvae occur,

The reproductive system is described and includes the male

and female systems, and the ctenidial and siphonal systems. The

female gonad is unusual in that unilaminar ovarian follicles are

present, The follicles consist of simple squamous follicle epithelia

and either developing oögonia or oicytes.

O6genesis takes 15 to 19 months, Egg formation consists of

the rounding-off of a single germ cell which includes a nucleolus,

nucleus, and cytoplasm complex. This complex, called an oögonium,

grows out from the germinal epithelium into the lumen of the ovo-

cyst, The solitary egg formation of K. subguadratum is modified



and includes a unilaminar follicle epithelium which surrounds the

growing oögonium. The follicle epithelium does not appear to

serve any nutritional role in egg growth. O6gonia are sloughed-off

during the year and lost from the population. There is no consistent

seasonal variation in the numbers of ogonia observed in the ovaries.

Primary obcytes are present in females of the population from

December until July. Individual females spawn continuously for

a minimum of five months. Spermiogenesis and spawning in the

male precedes the development of primary o'cytes by one month.

Males spawn only once or at discrete periods with periodic build-ups

of spermatozoa. Spermatozoa are shed directly into the water.

Fertilization takes place in the brood pouches, epibranchial chambers,

or oviducts, or all three areas, of the adult female after the eggs

are released from the ovary. Spermatozoa are drawn through the

inhalant siphon of the female, into the mantle cavity, Entrance to

the brood pouches is afforded by the gill ostia, openings between the

gill filaments. The eggs may be fertilized as primary ocytes during

the germinal vesicle stage of maturation, or after the breakdown

of the germinal vesicle, or during both stages. The follicular

epithelium, which is persistent throughout development, may bind

the embryos together and thus prevent their premature loss from

the brood pouches.



The brood size is dependent on the size of the female. The

larger females contain the greater numbers of embryos. From one

to 250 embryos were observed in individual females during the study.

The brood potential, per female of the population, is 96 ± 63 individ-

uals. There is almost a 90% loss of the initial brood potential during

development. Development of the embryo can take place, at least

for short periods, outside the maternal organism.

The period of development of the embryos is five months.

The juveniles have a mean size of 0. 503 mm at liberation which

occurs during the austral winter and spring. The byssus system of

the embryo is active at liberation thus allowing immediate attach-

ment to a substrate. The gill at liberation is a simple, paired

structure consisting of the descending lamellae of the inner demi-

branchs. Sexual differentiation of the juvenile gonad occurs within

approximately four months of liberation at a mean size of 0.916 mm.

Gametogenesis begins in the females prior to a length of 1. 333 mm

or approximately at an age of nine months. Sexual maturity in the

juveniles occurs between 2.00 and 2.66 mm and represents an age

of approximately 18 to 22 months, There is no upper size or age

limit of fertility in the males or females of the population. Active

feeding in the juveniles begins two months after release from the

maternal organism. The major food of K. subguadratum, a filter

feeding bivalve, consists of diatoms, algal fragments, dinoflagellates,



and organic detritus.

The winter and spring periods of liberation are attributed to

the synchronizing effect of the spring phytoplankton blooms which are

light limited. Light is considered to be the primary controlling

factor on reproduction of Kidderia subguadratum.

Direct development is thought to have arisen in the Kidderia

subguadratum population as a result of the loss of the trochophore

and veliger larval stages of development which was brought about

by the evolution of maternal brood protection in the population.

Direct development is probably maintained in the population by the

combined pressures of yolk-rich eggs, ovoviviparity, a five month

period of development of the embryos, and a winter-spring liberation

of the juveniles.
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REPRODUCTIVE BIOLOGY OF THE BROODING ANTARCTIC
LAMELLIBRANCH KIDDERIA SUBQUADRATUM

PELSENEER

I. INTRODUCTION

Basic to the understanding of ecological development in polar

regions is a knowledge of the reproductive behavior of its fauna and

flora, Identification and classification of the organisms, the initial

step of any ecological study has dominated Antarctic research of

the past decades (Hoidgate, 1968). In the course of these studies it

was found that many Antarctic invertebrates brood their young (for a

summary see Arnaud, 1973; Dell, 1972). Among Antarctic lamelli-

branchs (clams) it is not an uncommon phenomenon, and is almost

universal in the Cyamiidae (Arnaud, 1973) and Philobryidae (Dell,

1972),

Studies begun by Hedgpeth (1969) of life between tidemarks at

Palmer Station (Arthur Harbor), Anvers Island, Antarctica were

continued by Stout and Shabica (1970). In what is probably the sim-

plest of all intertidal communities a population of brooding bivalves

of the Family Cyamiidae, Kidderia (Kidderia) subguadratum (Pel-

seneer, 1903) was observed. The animals occur both intertidally,

and to a depth of 15 meters (M. Richardson, personal communication)

in Arthur Harbor. In the intertidal zone the animals are generally

found in protected areas under rocks, and in cracks and crevices of



rocks, This dioecious lamellibranch has received only cursory

attention.

The objective of this study was to investigate the reproductive

biology of Kidderia subguadraturn. The material consisted of monthly

samples, representing, a 14 month period, collected when the author

was in residence at Palmer Station, The reproductive system and

the reproductive cycle are described and discussed,
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II, SYSTEMATICS

Kidderia (Kidderia) subguadratum was first described by

Pelseneer (1903) as y.mium subguadratum. It subsequently under-

went several changes in nomenclature and was classified by Ponder

(1971) as Kidderia (Kidderia) subguadratum An excellent review of

this species was made by Arnaud (1972a) to which reference for

details should be made,

The phyletic classification of K. subguadratum is:

Phylum Mollusca

Class Lamellibranchiata

Order Eulamellibranchiata
Family Cyamiidae

Genus Kidderia (Kidderia)

Species subquadratum

Other small eulamellibranchs which exhibit some form of

brood protection are shown in Table I, These species are listed

by Family and are related either taxonomically or by similarities in

their modes of life,



Table I. Eulamellibranchs, taxonomically or habitat related, in which some form of brood protection
has been reported.

Form of BroodTaxon Sexuality Habitat ReferenceProtection

Cyamiidae
Kidderia bicolor

K subguadratum

Pseudokellya cardiformis
Erycinidae

Kellia suborbicularis

Lasaea cistula
L, rubra

L subviridis
Turtonia minuta

Monta cuti da e
Montacuta ferruginosa
M, substriata

Ovoviviparous Dioecious Marine Ralph and
Everson, 197Z;
Soot-Ryen, 1951

Ovoviviparous Dioecious Marine Pelseneer, 1903;
Stout and Shabica,
1970

Ovoviviparous Dioecious Marine Pelseneer, 1906

Larviparous Hermaphrodite Marine Oldfield, 1961,
1963;
Pelseneer, 1906

Ovoviviparous Hermaphrodite Marine Glynn, 1965
Ovoviviparou s Hermaphrodite Marine Oldfi eld, 1961,

1963

Ovoviviparous Hermaphrodite Marine Markus en, 1966
Ovoviviparous, Djoecious Marine OldIield, 1955,
with capsule 1963

Larviparous Hermaphrodite Marine OldIi eld, 1963
Larviparous Hermaphrodite Marine Olduield, 1963



Table 1 Continued,

Form of Brood
Taxon Sexuality Habitat Reference

Protection

Sphaeriidae
Cyclas cornea Ovoviviparous

Sphaerium solidulum Ovoviviparous

S. striatinum Ovoviviparous

Veneridae
Gemma gemma Ovoviviparous

Transennella tantilla Ovoviviparous,
with capsule

Hermaphrodite Fr eshwater Stauffacher, 1893

Hermaphrodite Freshwater Foster, 193Z

Hermaphrodite Freshwater Woods, 1931

Dioecious Marine Sellmer, 1967

Hermaphrodite Marine Hansen, 1953

Ui



UI, AUSTRAL SEASONS

The austral winter and summer at Palmer Station (64° 45 S..

64° 05' W.) are defined as the three consecutive months having the

coldest and warmest mean temperatures respectively.. This analysis

is based on four years of observations (Office of Polar Programs,

National Science Foundation, Unpublished; Rundle and DeWitt, 1968;

Rundle etal.., 1968; Shabica, Unpublished), and compares with the

seasons as defined for the continental United States..

Austral winter June-July-August

Austral spring September-October-November

Austral summer December-January-February

Austral autumn March-April-May
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IV. MATERIALS AND METHODS

The initial collections for the present study of Kidderia

guadratum were made at Port Lockroy, Antarctica, 64° 491 S. 63° 30'

W. The animals were collected with the rocks to which they were

attached and transported in holding tanks supplied with continuously

running seawater on R/V Hero to Palmer Station (Stout and Shabica,

1970).

At Palmer Station, the populations were transferred to plastic,

foam insulated holding tanks, The tanks had double-pane glass tops

which insulated the water' s surface from the laboratory air. The

tanks were approximately 45 x 50 x 90 cm and were supplied with a

continuous supply of fresh seawater. The seawater was pumped

from a depth of approximately 1 . 5 meters, mean low water springs,

from Arthur Harbor over a distance of 50 meters via an insulated

pipe wrapped with heating tape to prevent freezing of the water, The

water was not filtered and temperature regulation was not attempted.

The holding tank temperatures were 0.55° ± 0.45°C higher than har-

bor temperatures. This temperature variation is attributed to the

heating of the water by the heat tape, heat gain from the laboratory

air, sea and brash ice, and friction, The photoperiod of field con-

ditions was simulated in the laboratory by covering the tank with an

opaque blanket during periods of darkness. This effectively blocked



all room light which had a colour temperature of 4, 5000 K,

A complete failure in the salt water system in early March, 1970

resulted in the loss of the established laboratory population, and new

collections were made at Port Lockroy in mid-March. Other failures

of the salt water system occurred on 8 May, 12 May, and 3 December,

1970. None of these failures lasted more than ten hours from time of

failure to renewed sea water flow and laboratory populations were not

lost. Holding tank surface water temperatures reached +11°C in one

instance and +10°C during the two other failures. Due to the density

stratification of the water, however, the water at the bottom of the

tanks, near the populations, never rose to greater than +4° C during

these failures.

The over-wintering population which was collected in mid-March,

1970 at Port Lockroy consisted of approximately 5000 individuals of

the species Kidderia (Kidderia) subguadratum. These clams were

attached to three granite rocks, the largest being approximately 15 x

30 x 20 cm. The rocks were collected from approximately 0. 5 meters

above the red crutose algae complex Lithoph.yllum (Hedgpeth, 1971).

Dr. Michael Neushul (personal communication) has identified this

complex as being primarily the alga Lithophyllum aeguable. The over-

wintering population (K. subguadratum) was maintained in the labora-

tory until January, 1971 at which time new collections were made at

Port Lockroy. The February and March, 1971 data are from the new



collections made at Port Lockroy.

Sampling is difficult when dealing with a species such as K, sub-

gadratum. The populations occupy a variety of spatial areas. At

one extreme are massive densities of individuals such as in Figure 1.

At the opposite, are populations comprised of only a few individuals

such as seen in Figure 2. There are numerous variations between

these two extremes. The small population masses probably represent

newly populated areas, whereas the larger population masses repre-

sent well established populations. Populations such as seen in Figure

2 are usually, but not necessarily, found within 1-2 meters of larger

populations (Figure 1).

Estimating the size of such a population is difficult due to the

patchy distribution of the animals, The typical index of a certain num-

ber of animals per a certain area or volume (such as 100/cm2) is

biologically insignificant in the case of Kidderia subguadratum.

The population was sampled at monthly intervals and examined

for the presence of embryos, and samples were prepared for later

histological examination.

Random samples of the population were taken with a grid of

onion skin graph paper having 1 0 mm to the centimeter squares, and

selected by using a table of random numbers, This method was used

for the March, 1970 to February, 1971 sampling.

The paper was 10 cm square and thus contained 10, 000 one



10

millimeter squares; 100 vertically and 100 horizontally. Employing

a table of two digit random numbers the first number was read as the

vertical axis, the second as the horizontal axis in order to locate the

sampling location, In this way the sampling points were obtained,

Twenty-seven gauge needles were pushed through each selected point

on the paper to mark the sample location. The paper grid was then

laid over the population in such a manner that a month to month con-

sistency in the sampling would be maintained. The needles were then

pushed completely through the paper and into the population mass,

marking the center of the sampling location. After the paper was

removed a sample was obtained by gently placing a hollow glass tube

(inside diameter of 8 mm) over the sample point, after the needle had

been removed, A scalpel was used to release the clams, contained

within the tube, from the substrate, With this method of sampling, an

attempt was made to obtain a minimum of 40 brooding individuals based

on the microscopic examination, Usually two to three samples were

sufficient, but in the spring when few brooding individuals were

observed, as many as five to six samples were required to obtain

one to two brooding individuals.

The individuals chosen for the examination for the presence of

embryos were first measured along the posterior-anterior axis

(length) using a Wild M-5 dissecting microscope coupled with a camera

lucida. Adult and juvenile clams were measured at 120 power. These
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measurements are accurate to ± 42 micra. After measurement, the

clams were opened by removing one of the valves. The ctenidia

(demibranchs) were opened, if no embryos were observed the next

specimen was examined. If embryos were present, they were gently

teased from the ctenidia with fine-tipped dissecting needles. Each

embryo was classified according to its state of shell development

(pre-shell, partial shell, or full shell) and measured at 250 power.

These measurements are accurate to ± 20 micra.

It was necessary to correct each monthly sample for the varia-

tions in the sampling sizes so that the number and types of embryos,

and the numbers of newly liberated juveniles (here defined as those

clams in the size range 0.416-0.583 mm) at or near liberation could

be compared. The easiest way to make this correction was to select

a sample size based on either the mean or the mode of (1) the number

of brooding females observed per month and (2) the number of juveniles

observed per month.

For the embryo correction, 40 brooding females per sample was

chosen as the basic sample size (Be). This is the mode and is very

near the observed mean number of females brooding per month. From

the basic sample size (Be) an embryo correction factor (1(e) was

derived according to the following formula:

BeKe = Ae
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where Ae is the actual number of brooding females counted for the

month. The correction factor (1(e) was then multiplied by the actual

number of embryos (pre-shell, partial shell, or full shell) counted

for the month, corrected to a basic sample size of 40 brooding

females.

The basic sample size (Bj) for the liberated juvenile (a recently

liberated juvenile is defined as a clam in the size range 0. 416-0 583

mm; this will be discussed in the section on Juveniles) data was

determined by taking the mean number of all juveniles (0.416-4.916

mm) counted per month of all the samples obtained during the 14 month

study. This was 242 individuals per month, The smallest juvenile

observedwas 0.416 mm and the largest, 1.916 mm. The upper limit

of 1. 916 mm was chosen for the juvenile sizes since reproductive

maturity is reached at 2. 0 mm, A juvenile (at liberation) sample

correction factor (Kj) was derived according to the following formula:

Aj

where Aj is the actual number of juveniles (0,416-1,916 mm) counted.

The correction factor (Kj) was then multiplied by the number of newly

liberated juveniles counted in the size range 0.416-0.583 mm. The

product was the number of recently liberated juveniles, counted for the

month, corrected to a basic sample size of 242 individuals.
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Samples for histological work, comprising approximately 100

individuals, were placed in finger bowls filled with sea water. These

were allowed to warm to room temperature; this usually required six

to eight hours. This effectively relaxed the clams by asphyxiation.

Fixation of the animals was accomplished by first draining most of

the sea water from the finger bowl and then gently flooding the finger

bowl with 1 0% neutralized formalin (200 grams of hexamine per litre

of commercial formalin) in sea water. Approximately 12 hours later,

the formalin was changed with a fresh solution. The animals were

fixed for 48 to 72 hours, then washed in distilled water, The animals

were preserved in 70% ethanol with three gradational changes of 20%,

45%, and 70%. The specimens were transported back to Oregon State

University (United States) and sectioned in the spring of 1973 accord-

ing to the following method.

Specimens were decalcified in 3% acid alcohol. Decalcification

required approximately 24 hours, The clams were then transferred

to a saturated solution of litium carbonate in 70% ethanol to neutralize

the acid. After an additional 24 hours, the specimens were washed

with five changes of 70% ethanol. Following dehydration in dioxane

and clearing in xylene, the specimens were embedded in paraffin

(melting temperature 56-57°C) and serially sectioned at 10 micra

thicknesses, Hematoxylin was the nuclear stain employed

with Eosin Y as the background stain,
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It must be indicated that from Z4 to 38 months elapsed (depend-

ing on time of sampling) between fixation and sectioning of the materiaL

Although sufficient fixation of the requisite structures for study was

obtained, cellular artifacts may be present. These artifacts might

result from excessive hardening of the tissue, solution of lipids,

removal of RNA's, and excessive hydrolysis (due to the acid utilized

in decalcification) resulting in the breakdown of DNA molecules. It

is felt, however, that the structures examined for this study were

adequately preserved and misleading artifacts were not formed. This

is supported by the close agreement between the results from the

histological preparations and the direct study of living material.

A list of the abbreviations used in the Figures is found in

Appendix I,

Other methods and materials used in this study are included with

the results where applicable.
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V. SUMMARY OF RESULTS

During the 14 month study period, 4136 individual animals

representing all juvenile and adult size classes were examined for the

presence of embryos. A total of 376 females were found to have

embryos present. From these 376 females, 15, 933 developing embryos

were removed from the brood pouches of the demibranchs and analysed.

A summary of the results obtained from this monthly examination is

found in Table II. The histological observations are derived from the

complete serial sections of 62 animals representing all months of the

study. The material utilized for the histological preparations is

summarized in Table III,



Table II. Embryo and juvenile data with sample size corrections. Note 1: correction to a brooding
female basic sample size of 40 individuals. Note 2: Correction to a juvenile basic sample
size of 242 individuals.
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Table IlL Summary of material utilized for the histological
preparations.

Date Length (mm) Sex Date Length (mm) Sex

20 Mar 70 2.926 F 24 Sep 4,640 F
3.939 F 3,676 F
3.301 F 4.276 F
3.939 M 3.976 F
3.450 M 4.126 F
3.150 M 4,501 F
1.987 M 3,901 M
3.038 M

17 Oct 2.851 F
30 Apr 2.400 F 3,901 M

2.812 M 3,075 M
4.051 M
4,239 M 18 Nov 3.150 F

3,901 M
14 May 4.463 F

2,851 M 6 Dec 3.976 F
2.325 M 3.000 F

3.601 M
16 Jun 2.775 F 3.825 M

3,263 F 3,638 M
3,113 F 2.888 M
3,413 F 2,926 M
3.150 M
3.601 M 4Jan71 3,150 F

3.825 F
17 Jul 3.338 F 4.013 F

4,576 F 3,601 M
2,851 F
4,200 M 9 Feb 3.526 F
3.788 M 2,625 F

3,488 M
18 Aug 3.601 F

4.276 F 5 Mar 1.833 F
4.088 F 3,301 F
3.450 M 3,413 F
3.825 M 3,939 F

3.825 M_

F: Female M: Male



VI. METHODS OF REPRODUCTION

The sexes in Kidderia subguadratum are separate The female

retains the fertilized eggs in brood pouches between the gill lamellae

until the embryos have developed and the young are liberated. A

recently liberated juvenile is similar in external morphology to the

adult. Brood protection is common among Antarctic lamellibranchs,

In its broadest sense, brood protection encompasses all forms of

maternal care. In more restrictive senses, this method of reproduction

has been described as viviparity, ovoviviparity, and larviparity.

Common to these systems are the following attributes: (1) the develop-

mental stage of the embryo at liberation from the maternal organism,

(Z) the degree of environmental protection, and (3) the nutrition

afforded the embryo by the maternal organism.

Viviparity refers to the active nourishment of the embryo

during its retention by the mother, Pelseneer (1906) stated that vivi-

parity among lamellibranchs is "unknown," No incidences of this type

of brood-protection have been reported in this Class since his obser-

vation. Ovoviviparity is the reproductive pattern in which the embryo

is retained and developed within the maternal body. There is no

maternal nutritive aid given the embryo (Weisz, 1959). The young

are released from the mother and resemble adults in external mor-

phology. Lasaea rubra (Oldfield, 1963) and Gemma gemma (Sellmer,
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1967) are ovoviviparous, Larviparity describes the condition where

the mother releases the young as larvae after a period of brood pro-

tection, Examples of larviparous species are Kellia suborbicularis

(Howard, 1953), Montacuta substriata andM ferruginosa (Oldfield,

1963) in which the young are liberated from the maternal organism

as veliger larvae and bear little resemblance to the adult organism



20

VII. REPRODUCTIVE SYSTEM

Male System

Pelseneer (1906) describes the molluscan gonads as paired

structures (see Figures 36 and 41). This symmetry is not always

apparent in Kidderia subguadratum (Figures 40 and 42) as the spermio-

cysts are often closely packed together0 The hollow gonadal mass is

equally divided between the left and right sides of the animal.

At each side of the oesophagus, the two testicular lobes extend

towards the anterior into the digestive diverticula, The testes become

tri-lobed at about mid-stomach and occupy the same volume as the

digestive diverticula. Posterior to the stomach, the testes are

subdivided further into many lobules and occupy the entire visceral

mass except for the alimentary tract, Caudal and anterior of the

visceral ganglion and kidney, the lobules of each testis merge into

a single lobe, which becomes progressively narrower and ultimately

terminates near the pericardial cavity0

The sperm ducts (Figure 3) which begin near the caudal end of

the testes are paired and flattened, ciliated tubes, They pass caudally

and open into the epibranchial chambers of the inner demibranchs,

The walls of the sperm ducts are composed of a single layer of ciliated

columnar cells, The sperm duct orifices (Figures 4 and 5) open just

anterior to the renal and cloacal orifices, Spermatozoa, possessing
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Figure 1. Typical, established population of Kidderia subguadratum
in Arthur Harbor, Anvers Island, Antarctica0

Figure 2. Peripheral populations of Kidderia subguadratum.

Figure 3. Transverse section through testes of an adult male show-
ing ciliated sperm ducts and sperm duct-testicular lumen
junction.

Figure 4, Transverse section through testes of an adult male showing
ciliated sperm duct and sperm duct orifice.

Figure 5. Transverse section through testes of an adult male showing
sperm duct orifice with cilia and spermatozoa.

Figure 6. Transverse section through spermiocyst of an adult male
showing spermatogenesis typical in March. The larger
cells at the periphery are the spermatogonia and primary
spermatocytes. The smaller cells in the intermediate
position are the secondary spermatocytes and spermatids.
At the center of the spermiocyst in the lumen are
spermatozoa.
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a crescent-shaped head typical of Venerid spermatozoa, are frequently

seen in the sperm ducts and at the sperm duct orifices Sperm tails

have not been observed on spermatozoa in either the gonad, mantle

cavity, or brood pouches. It is probable that they are so fine, if they

exist at all, as to be invisible in the stained sections.

The typical condition of spermatogenesis in the early austral

autumn is illustrated in Figure 6. The large cells at the periphery

are the spermatogonia and primary spermatocytes, The smaller

cells in the intermediate position are the spermatids and the secondary

spermatocytes. At the center of the spermiocyst, in the lumen, are

the spermatozoa.

Female System

Unlike the testes, the main bulk of the ovaries lies posterior

to the stomach (Figure 7). However, like the testes the female

gonads are paired, symmetrical structures for most of their length.

A sagittal section of an entire adult female, at the level of the oviduct

orifice, is shown in Figure 7. The gonad portion of Figure 7 is shown

in Figure 8. The vertical lines refer to transverse histological sec-

tions at the indicated level, identified by figure numbers, These

figures are self-explanatory, and will be referred to in the following

description, which will consider only one side of the adult. Two

ovarian lobes extend slightly towards the anterior in the dorsal section
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of the visceral mass. The remaining space of this area is occupied

by the stomach and the digestive diverticula. The ovary extends

caudally as three major lobes; two in a dorsal position and the third

below the alimentary tract. At the posterior-most section of the stom-

ach, at the level of the pedal ganglion, the visceral mass is equally

occupied by the alimentary system and the ovaries,

Posterior to the stomach the multi-lobed ovary occupies the

entire visceral mass (Figure 8) except for a small part of the alimen-

tary tract, Posterior to the pedal ganglion these lobules merge into

a single lobe, narrow and terminate near the heart. The oviducts are

paired, ciliated tubes several hundred micra long (the length varies

with size of female) and are formed by a narrowing of the posterior-

most lobe of the ovary (Figures 8, 10, and 11). These ducts ulti-

mately open into the epibranchial chambers (Figure 9) on both sides

of the visceral mass, near the mid-line, via two ciliated orifices,

These are located anterior to the visceral ganglion, and dorsal to the

posterior pedis retractor muscle. Each oviduct orifice is dorso-

ventrally flattened (oval) and has a long diameter of approximately

three percent of the overall length of the clam in which it is located.

These openings constitute the points of departure of oocytes and ogonia

from the ovaries to the epibranchial chambers of the inner demibranchs.

The inner demibranchs constitute the brood pouches of the animal and

communicate with the outer demibranchs, and the cloacal chamber.



Figure 7. Sagittal section through an adult female at the level of the oviduct, Note brood pouch with
embryos. Distortion of section is due to compression of specimen during sectioning.

Figure 8. Sagittal section through ovary of an adult female, Vertical lines and identifying figure
numbers refer to transverse sections made at the indicated level (see Figures 9-13).

Figure 9. Transverse section of an adult female showing oviduct orifices.

Figure 10. Transverse section of an adult female showing paired, ciliated oviducts.

Figure 11. Transverse section of an adult female showing oviducts at entrance to ovarian lumen,
Note oogonia, germ cells, and follicle epithelium surrounding obgonium.

Figure 12. Transverse section through ovary of an adult female showing various stages of oôgenesis
typical of the month of March.

Figure 13. Transverse section through ovocyst of an adult female showing unilaminar ovarian follicle
epithelium which surrounds each obgonia and obcyte. Note various stages of oogenesis.
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The sac-like membrane which surrounds the posterior pedis retractor

muscle and foot is an inner-branchial membrane of the gills which

structurally appears to have no branchial function, but serves to

isolate the brood pouches from the mantle cavity (Figures 9 and 10).

The ovocysts of the female are equally as large, fewer in number

and less variable in shape than the spermiocysts of the male, The

ovocysts consist of a double layer of cells, The first, the outer

ovarian epithelium (Figure 12), serves as a base for the germinal

epithelium (Figure 1 3) which is one to three cells thick, The ger-

minal epithelium consists of columnar cells (germ cells) which project

slightly into the ovarian lumen.

Figures 12 and 13 are typical of sections made through an adult

female in the early autumn. Relatively large numbers of germ cells

are present in the germinal epithelium. As these begin to grow, they

are designated as oögonia. Once all growth of the oogonium has

ended, the cell is designated as a primary oöcyte or a cell at the

germinal vesicle stage of maturation. Note the unilaminar ovarian

follicle which consists of a simple squamous follicle epithelium and

either a developing oögonium or an oöcyte.

Sex Ratio

Fretter and Graham (1964) state that in gonochoristic species

the females tend to be more numerous than the males. As the age of
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the population increases the differential is even greater. They

attribute this to the earlier deaths of the males since the disparity

does not occur in the young.

The histological preparations of 62 randomly selected adult

clams were used to determine the sex ratio of the Kidderia sub-

uadratum population. The ratio over the entire study was 54. 1 per-

cent female clams, The size ranges of the male and female groups

are similar, This suggests that the sexual differential is probably

not size or age related (see Table IV),

Table IV, Size distribution of female and male élams utilized in the
investigation of the sex ratio in the Kidderia subguadratum
laboratory population.

Sex

Females
Males

Number Size Range Mean

34 1.833-4.576mm 3.533mm
28 1,987-4,239mm 3,441 mm

Standard Deviation

0.670 mm

0.561 mm

Pelseneer (1926) found 60% of a Cardium edulis population to be

composed of females, 55% for Donax vittatus, and 54% for Anodonta

çygnea. Selimer (1967) found 46,6% females in the Gemma gemma

population in his study. These figures may be affected by incomplete

sampling of all size classes and by parasitism.
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Ctenidial and Siphonol Systems

The chief functions of the gills or ctenidia of lamellibranchs

are respiration and food-gathering. In some species, such as K.

subguadratum, the gills serve an additional function, that of brood

pouches in which the embryos may develop. Many bivalves have a

single pair of ctenidia. In K, subguadratum there appear to be two

pair. This apparent variation is due to the fact that the leaves on one

side of the visceral mass are only half a ctenidium or a demibranch.

The elongation of the ctenidia forms a plate-like structure which

doubles back on itself and resembles a 'W". Thus a ctenidium has

a pair of demibranchs on each side of the body, with each demibranch

composed of descending lamellae on the axial side and ascending

lamellae on the outer side of the gill (Meglitsch, 1967; Newell, 1970).

The inner demibranch of K. subguadratum is made up of 33-35 fila-

ments, the outer demibranch of 22-24 filaments. The strengthening

framework of the gills, in the Eulamellibranchiata, consists of tissue

connections between the filaments. In the Filibranchiata the gill is

strengthened by interlocking cilia which hold the adjacent filaments

together. The outer demibranchs of K. subguadratum are reduced in

size and located caudally (Figures 14 and 15). They run with the inner

demibranchs for only about the last one-half of the length of the latter

and extend posteriorly to them. The length of the filaments of the
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Figure 14. Sagittal section of an adult female showing the separation
of the outer and inner demibranchs, and brood pouches.
Distortion of section due to compression of specimen
during sectioning,

Figure 1 5. Sagittal section of an adult female showing juncture of
the descending lamellae of the outer and inner demi-
branchs. Note brood pouch of inner demibranch. Slight
distortion of section is due to compression of specimen
during sectioning.

Figure 16. Transverse section through the posterior, anterior to the
posterior adductor muscle, showing ascending and
descending lamellae of the outer and inner demibranchs,

Figure 17. Sagittal section through an adult female at the level of
the siphonal apertures. Distortion of section due to
compression of specimen during sectioning,

Figure 18. Sagittal section through an adult female showing the
siphonal aperture of the inhalant siphon.

Figure 19. Transverse section through the siphons of an adult
female, in a posterior-anterior attitude, showing the
inhalant and exhalant siphonal apertures.
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outer demibranch is slightly more than one-half that of the inner

demibranchs.

Although both ascending and descending lamellae decrease in

length anterior-posteriorly, the descending lamellae do so earlier so

that the dorsal bend in the filaments is smoothed.

The inner demibranchs extend from the paips nearly to the

siphons. Along one-half of their length the inner demibranchs are

joined to the visceral mass. Posterior to the visceral mass, the

distal edges of the ascending lamellae lose their connection and con-

verge across the median plane forming the anterior floor of the

cloacal chamber (Figure 16). When the ascending lamellae of the

inner demibranch parts from the visceral mass the integrity of the

brood pouch is maintained by an epithelial tissue layer made of large

nucleated simple squamous cells which surrounds or overlies all the

organs from that point to the termination of the brood pouch.

Towards the posterior, the descending lamellae of both the

inner and outer demibranchs (at the gill axis) break their connections

with the visceral mass. The brood chambers formed by the coales-

cence of the demibranchs are thus continuous and allow free passage

of embryos from the brood pouches of the inner demibranches to those

of the outer demibranchs. Thence the embryos may pass into the

cloacal chamber, and finally exit out the exhalant siphon. The anterior

cloacal chamber floor merges with the descending lamellae of the inner



30

demibranchs forming the middle floor of the cloacal chamber.

At the level of the heart the ascending lamellae of the outer

demibranchs form the outer walls of the brood pouch and join the

descending lamellae of the outer demibranch which forms the posterior

floor of the cloacal chamber.

Eventually, the ascending lamellae of the outer demibranchs

merge with the posterior floor of the cloacal chamber and the ascend-

ing lamellae merge with the exhalant siphon. See Figures 17, 18 and

19 for pictorial description of siphons.

As the female gametes/embryos leave the oviduct orifices on

their way to the brood chambers, they are presumably in danger of

being swept into the cloacal chamber and out the exhalant siphon.

Seilmer (1967) describes an exhalant siphonal membrane in Gemma

gemma. He suggests that this valve-like membrane could prevent

embryos from passing out the exhalant siphon as the embryo passed

from the oviduct into the brood pouches of the demibranchs, This

premature loss apparently occurred in K. subguadratum for in two

instances developing embryos were found in the mantle cavities of an

adult male and an adult female. The oviduct orifices are in the epi-

branchial chambers anterior of the anus but in close proximity to the

cloacal chamber and thus the exhalant siphon. No exhalant siphonal

membrane, as reported by Seilmer (1967) for Gemma gemma was

observed in K, subguadratum.
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VIII. OOGENESIS

Raven (1958) indicates that two types of egg formation occur in

the molluscan ovary. He discusses these.according to the classifi-

cation of egg formation established by Korschelt and Heider (190Z). In

the Lamellibranchia and Prosobranchia it is of the "solitary type, In

the Polyplacophora, Opisthobranchia, Pulmonata, C ephalopoda, and

Aplacophora egg formation is of the 'fo1licu1ar1' type.

In so1itary" egg formation, single cells of the germinal epi-

thelium change into oogonia by rounding off. These cells have a

nucleus, nucleolus, and cytoplasmic layer. A growth phase ensues

during which food enters the growing oogonia at their bases. As the

oögonia grow and protrude into the lumen of the ovary, vitelline mem-

branes form over those portions of the cell in contact with the ovarian

medium. Growth continues and the obgonia narrow at their points of

connection forming slender stalks. When growth has ended, the nuclei

of the fully grown ogonia, now called oocytes, move towards the

lumen-most end of the cell, Eventually, the oöcyte is set free into the

lumen,

In the 'follicular" type of egg formation the germinal epithelium

is multi-layered during oogenesis. One layer consists of germ cells

which differentiate into nurse cells, Below this layer, the remaining

cells form oogonia. The developing oOgotha remain separated from
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the ovarian lumen by the nurse cells throughout oigenesis. During

the growth phase in which the nurse cells serve as nutrient sources,

the oögonia protrude into the lumen and the nurse cells form a dense

follicle around them. The follicle epithelium becomes progressively

thinner during the growth of the oogonia, as it is absorbed, and finally

disappears when the oöcyte is released into the lumen, Stauffacher

(1894) and Fahmy (1949) discuss the "solitary' and "follicular" types

of egg formation respectively.

Egg Formation

Egg formation in K. subguadratum is a combination of the two

types described by Korschelt and Heider (1902). The process follows

the solitary scheme, but is modified in that follicular epithelial cells

surround the developing oögonia (Figure 13), Pelseneer (1906)

observed the existence of an ovarian follicle formed of an oOgonium

and a continuous envelope of simple squamous epithelium in Pseudo-

kellya cardiformis, P. cardiformis is closely related to K. sub-

guadratum (Pelseneer, 1903, 1906). These two animals are the only

dioecious lamellibranchs in which a true ovarian follicle has been

observed. Pelseneer (1906) found that the follicular cell layer is

external to the primary egg membrane and persists in the developing

embryo until liberation. In the case of K. subguadratum no membrane

is observed which would fill the structural role of the vitalline
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membrane while the oögonium or oöcyte is in the ovary or oviduct.

According to Raven (1958) most lamellibranch oocytes have a vitelline

membrane which may be over-looked while in the ovary because of its

thinness.

The process of egg formation in K. subguadratum can be described

as follows. The wall of the ovary, as described earlier, consists of a

regular columnar germinal epithelium. Single cells from this layer

become slightly rounded during the early stages of oogenesis. The

relative stages of growth can be seen in Figures 20 and 21. The cell

has a thin layer of cytoplasm surrounding a large sphericle nucleus

and large nucleolus. The size of the nucleus increases considerably

during growth. Ranzoli (1953) observed that, initially, nucleolar

growth is greater than either nuclear or egg cell growth. The relative

increases of the oögonia, as observed in K. subguadratum, are shown

in Figure 20.

Egg Growth

Growth of the oögonia results in their extension out into the

ovarian lumen, As the oögonium develops within the follicular cell

layer, the germinal epithelium to which both are attached appears

devoid of the columnar germ cells ordinarily associated with the

epithelium (Figures 12 and 26). It is probable that with the growth of

the obgonium, the wall of the ovary is stretched thus giving the
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epithelium the appearance of having lost the gerni cells in that region.

In the "follicular1' type of egg formation of Korschelt and Heider (1902),

the follicular cells function as nurse cells. No nutritive cells of the

types observed by Oldfield (1961) in Montacuta substriata were observed

in K. subguadratum. Exchange of nutrients and storage materials

between the developing oögonium and the ovarian wall probably occurs

via the cell's connection to the wall.

The oogonial connections or attachments with the ovarian wall

appear to narrow to slender stalks as growth advances. These stalks

can be observed in Figures 23, 29 and 31. Figure 31 shows the growth

of the oögonium and the formation of the spindle-like stalk as the nucleus

takes a position proximal to the ovary. These stalk-like structures,

however, may be a function of the angle through which the oOgonia are

sectioned rather than actual structures. These types of stalks have

been observed by Raven (1958) in the Lamellibranchiata.

The oogonium is termed a primary oocyte when growth has

ceased and it has reached its greatest size. Figure 26 shows three

such yolk laden primary oocytes. Primary obcytes during growth

range in size from 100 to 150 Fim; late oógonia, 60-100 Fim; early

oOgonia, 10-40 m. These relative stages of growth can be seen in

Figures 20, 21, and 26. Approximately nine months are required for

a germ cell to grow to an oogonium of approximately 40 .im. Refer-

ence should be made to the section on Juveniles in which this observation
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Figure 20. Transverse section through ovocyst showing relative stages
of growth of odgonia.

Figure 21. Transverse section through germinal epithelium of ovocyst
showing germ cells and early ocsgonia.

Figure 22. Transverse section of an adult female, sampled on 18 Aug-
ust 1970, showing spawned-out condition typical of this
month. Note developing embryos in brood pouches.

Figure 23. Transverse section of an adult female, sampled on 17 Octo-
ber 1970, showing developing oögonia. Note presence of
oögonia in left brood pouch.

Figure 24. Transverse section from same adult as Figure 23 to show
the presence of anucleate and nucleate oögonia in the brood
pouch.

Figure 25. Transverse section of an adult female, sampled on
6 December 1970.
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is discussed. Reproductive maturity in females occurs at an age of 18

to 2Z months when primary oocytes are present in the ovary.

Juveniles are two to four months old when sexual differentiation of

the gonad takes place. These observations indicate that the growth of

a germ cell to the primary oocyte stage probably takes 15 to 19 months0

This fact may account for the lack of seasonality observed in the oögonia

content of the ovaries of K. subguadratum (see following section on

Seasonal Variations in Ovary).

Seasonal Variations in Ovary

The seasonal variations in the ovary can be seen in Figures 22 to

30. These agree with the male seasonal pattern as portrayed in

Figures 33 to 42. The sections are all from the same approximate

level of the adult female (see Figure 7 for orientation). The late

winter spawned-out condition typical of the ovaries in August is shown

in Figure 22. Note the developing embryos, most in the full shell

stage, in the brood pouches of the inner demibranchs. The ovarian

condition which exists during the spring and early summer is shown

in Figures 23, 24, and 25. Figure 24, an enlargement of a similar

section as Figure 23, shows the presence of nucleate and anucleate

oögonia in the brood pouches. These nucleate and anucleate cells

were apparently sloughed-off and suggest that odgonia are constantly

developing even during the non_reproductive season. By mid-summer
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Figure 26. Transverse section of an adult female, sampled on 4 Janu-
ary 1971, showing active oögenesis. Note primary oöcytes
in ovocyst and developing embryos in right brood pouch of
inner demibranch.

Figure 27. Transverse section of an adult female, sampled on 5 March
1971, showing oogenesis. Note various stages of growth of
0ögo ni a.

Figure 28. Transverse section of an adult female, sampled on 30 April
1970, showing presence of primary oocytes in ovocyst.
Note pre-shell embryos in brood pouches.

Figure 29. Transverse section of an adult female, sampled on 16 June
1970, showing early pre- shell embryos in brood pouches.
Note full shell embryo in mantle cavity between the foot and
left, inner demibranch.

Figure 30. Transverse section of an adult female, sampled on 17 July
1970, showing spawned-out ovocysts typical of this month.
Note early pre-shell embryos and full shell embryos in the
brood pouches.

Figure 31. Transverse section through ovocyst showing growth and
formation of spindle-like stalk, and lumen-most position
of nucleus in a late oögonium.
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(Figure 26) the first primary obcytes are found in the gonad and thus

signal the commencement of seasonal oogenesis. The continuum of

oôgonia to oöcytes to embryos is seen in Figure 27. This condition

persists until July or mid-winter when the gonad ceases production of

primary obcytes (Figure 30). Seasonal obgenesis, that is the season

during which primary obcytes develop, thus begins in late December

and continues until July at the latest, for a total of seven months. This

time period will be discussed later in the sections on Reproductive

Season and Incubation Period.

Year-round Production and Sloughing-off of Eggs

A year-round production of oögonia apparently results in a

sloughing-off of cells if development ceases prior to the achievement

of the primary oäcyte stage. Table V shows the incidences of oögonia

present in the brood pouches of adult females. These data are derived

Table V. Oögonia observed in the brood pouches of the inner demi-
branchs of some adult females.

Date of Length of Clam Number of Ogonia in
Observation (mm) Brood Pouches

April, 1970 2.400 7
June 2.775 12
July 2.851 8
August 4.088 1

October 2.851 12
December 3.976 21

January, 1971 3.825 1
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from the serially sectioned material. Of the 33 females examined in

this manner, 21 % of them showed the presence of oögonia in the brood

pouches during all four austral seasons. An example of the nucleate

and anucleate oögonia observed in the brood pouch of an adult female

is shown in Figure 24.

No seasonal variations in the numbers of developing dOgonia in

the ovary was observed in the serial sections. Lough and Gonor (1971),

in monthly studies of Adula californiensis, found no sharp seasonal

gonadal changes during the year. In the same study they observed that

there was no apparent resting stage of the gonad.

One would expect that an animal having a cyclic reproductive

period would show some periodicity in the development of o6gonia.

This is evident in the male with respect to spermatogenesis (see Male

Reproductive System). Due to the presence of the sloughed-off oogonia

in the brood pouches and to the apparent lack of any periodicity with

respect to the oc$gonia content of the ovaries, it was decided to analyse

the number of oögonia in the individual female gonads. All the females

which had been serially sectioned were utilized for this analysis. A

section by section count of the oögonia was made of each clam. The

sections were examined at 150 power. Only those oögonia containing

a well-developed nucleus, nucleolus, and cytoplasm complex were

counted. A well differentiated nucleolus is 8-10 p.m in diameter. These

results are summarized in Table VI. In order to compare the number



Table VI. Analysis of oögonia content of gonads of sectioned adults.

Length Number of Correction Corrected Number
Date (mm) Nucleoli Factor of Nucleoli

20Mar70 2.926 401 13.33 5,345
3.301 304 13.33 6,798
3.939 510 13.33 4,052

30 Apr 2.400 176 40.00 7,040
14 May 4.463 569 40,00 22,760
16 Jun 2.775 372 10.00 3,720

3.113 355 10.00 3,550
3.263 432 10.00 4,320
3.413 336 10.00 3,360

17 Jul 2.851 279 13.33 3,719
3.338 494 13.33 6,585
4.576 680 13.33 9,064

18 Aug 3.601 570 13.33 7,598
4.088 717 13.33 9,558
4.276 1109 13.33 14,782

24Sep 3.676 725 13.33 9,664
3.976 793 13.33 10,570
4.640 1433 13.33 19,101

17 Oct 2.851 571 40.00 22,840
18 Nov 3.150 432 40.00 17,280
6 Dec 3.000 580 20.00 11,600

3.976 603 20.00 12,060
4Jan 3.150 760 13.33 10,130

3.825 684 13,33 9,117
4.013 561 13.33 7,478

9 Feb 2.625 440 20.00 8,800
3.526 697 20.00 13,940

5 Mar 3.362 915 13.33 12, 196
3.413 563 13.33 7, 505
3.939 720 13.33 9,597



41

of embryos produced and the ogonial content of the gonads of the

sectioned material, it was necessary to correct each monthly sample

to a basic sample size. Since a sample size of 40 brooding females

was the basic sample size for the embryo data, it was applied, as the

basic sample size, to the oögonia counts of the sectioned material.

Time and materials prevented the sectioning and gonad analysis of 40

individuals from each of the 14 sample months but each month is

covered by at least one sample. The oögonial data were corrected to

a basic sample size of 40 individuals, according to the procedure

described in the Materials and Methods, where:

and Ao is the actual number of female gonads examined. The correc-

tion factor Ko was then multiplied by the number of nucleoli counted in

each female gonad. The products were the numbers of oôgonia counted,

corrected to a basic sample size of 40 brooding females.

Gonor (1972) states that in the utilization of any gonad index, the

effect of the individual size on gonad size must be examined. He

arrives at this conclusion after studying three intertidal populations

of the echinoid Strongylocentrotus purpuratus over a three year period.

The assumption (generally associated with gonad ratio methods) that

within a population the same ratio of gonad size to body size exists for

animals of different body size, is incorrect for the animals that he
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studied. He suggests that if the size range of animals is restricted

and a large enough sample is used, the gonad index can be a valuable

tool for comparing gonad production. In the present study, the clam

sizes are considered and comparisons are restricted within size

classes. However, many of the points are derived from a single

sample. For the present, the data will be used to indicate trends

which appear within the laboratory population.

Figure 32 is a plot of the data (see Table VI) and shows the

number of oögonia present in the gonads, between size classes over

the study period. The size classes are of the intervals 2. 5, 3, 0,

3.5, 4.0 and 4.5 mm each within a range of ± 0. 250 mm, The value

for the June 3.0 mm size class is the mean value of the 3. 113 mm

and 3.263 mm samples. The 4.0 mm values for August and January

are the mean values of the 4.088 mm and 4. 276 mm samples, and

the 3.825 mm and 4.013 mm samples respectively. The 3.5 mm range

of the March, 1971 sample is the mean of the 3.413 mm and 3.362 mm

samples.

Generally, the larger size classes have the larger numbers of

oögonia. This is in agreement with Gonorts observations in the

echinoids. There appears to be an increase in the number of oögonia

in all size classes, except the 3.0 mm class, in the late winter to

mid-spring interval (August to October). No samples were taken for

the 3.0 mm size class. From the early summer through the autumn,
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Figure 3Z. Number of odgonia in the ovary of adult females, throughout the study period, in the size
classes 2.5, 3.0, 3.5, 4.0, and 4.5 mm.
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there appear to be no major variations. From March to July, 1970,

(autumn-winter) and from December, 1970 to March, 1971 (summer)

this relationship holds. The March, 1971 data is of a greater magni-

tude than the March, 1970 data. This may be due to the physiological

response of the members of the population to more favorable environ-

mental conditions, not present during the previous season.

The data suggest that gonad changes, monitored by the loss of

oögonia, are not associated with the period of spawning. The presence

throughout the year of high number of oogonia in the gonad and the

rather random periods of highs and lows of this presence suggests a

year-round production of ogonia. The presence of oögonia in the

brood pouches during the year suggests that this excess production

is sloughed-off and effectively lost or wasted from the population.

The apparent year-round production of obgonia may be a reflec-

tion of the 15-19 months that an oöcyte requires for growth, A more

careful analysis of the gonad contents, including a size-frequency

analysis of the oogonia on a monthly basis, might allow the identifi-

cation of discrete size groups. If these size groups were to be

identified, monthly changes in their numbers could be monitored.

This would give a more accurate assessment of the production of

oogonia.

Since the sloughing-off of oögonia occurred throughout the year,

even during periods of active spawning in January and April, a
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pathological or physiological abnormality in the female might be

responsible for the observed condition. Such a condition might cause

the cells to be aborted, or the cells themselves may be affected and

are thus rejected by the ovary. This condition has not been reported

previously for other eulamellibranchs,
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IX. SPERMATOGENESIS

The marked seasonality associated with spermatogenesis in

the adult male is shown in Figures 33 through 42. The transverse

sections are taken at approximately the same level of the males as

were the sections showing oógenesis in the females.

The typical late-winter condition of the testes (Figure 33) shows

the testicular lumen devoid of spermatozoa. The primary and secon

dary spermatocytes appear inactive, Spermiogenesis begins during

the late spring in November (Figure 35), but is not necessarily of the

same magnitude throughout the population (Figure 36). However, by

mid-summer in January (Figure 37) spermiogenesis is actively

occurring in all adult males examined, Spermiogenesis continues

through the autumn and into the winter and ceases in late June or

early July. It thus appears that spermiogenesis precedes the forma-

tion of primary oöcytes by one month.

The histology of the typical male gonad during spermiogenesis

is depicted in Figure 37 (see Figure 6 also). The larger cells at the

edge of the spermiocyst are spermatogonia; the smaller cells in the

intermediate position are spermatids; the spermatozoa are central,

filling the testicular lumen. A recently spawned-out male showing

active spermatogenesis, but an empty lumen is seen in Figure 38.

This should be contrasted with Figure 39, taken from a sample during
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Figure 33. Transverse section of an adult male, sampled on 18 August
1970, showing spawned-out condition of gonad typical of
this month.

Figure 34. Transverse section of spermiocyst of an adult male to
show the lumen, empty of spermatozoa, and absence of
sperrniogenesis (from Figure 33).

Figure 35. Transverse section of an adult male, sampled on 18 Novem-
ber 1970, showing the presence of spermatozoa in the
lumen; indicative of early spermiogenesis.

Figure 36. Transverse section of an adult male, sampled on 6 Decem-
ber 1970, showing limited spermiogenesis.

Figure 37. Transverse section of an adult male, sampled on 4 January
1971, showing spermatozoa-filled lumen typical of males
prior to spawning during that month.

Figure 38. Transverse section of an adult male, sampled on 5 March
1971, showing the spawned-out testes, Compare with
Figure 39.
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Figure 39. Transverse section of an adult male, sampled on the same
date as the individual in Figure 38, showing lumen filled
with spermatozoa.

Figure 40. Transverse section of an adult male, sampled on 30 April
1970, showing partially empty lumen typical of an individual
following spawning.

Figure 41. Transverse section of an adult male, sampled on 16 June
1970, showing spermatozoa-filled lumen typical of males
of this month prior to spawning.

Figure 42. Transverse section of an adult male, sampled on 17 July
1970, showing spawned-out condition typical of males of
this month.
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the same period as Figure 38, in the early autumn.

These observations suggest two things. First, that males may

spawn only one time during the breeding season. Second, that males

do not spawn continuously (females apparently do), but at discreet

periods in which there are periodic build-ups of spermatozoa in the

lumen, followed by spawning.

During spawning, the spermatozoa pass from the lumen of the

spermiocyst, through the sperm duct, out the sperm duct orifices

into the inter-lamellar spaces of the aperture.
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X. MATURATION AND FERTILIZATION

According to Raven (1958) "in most molluscs maturation of the

eggs may begin spontaneously' independent of fertilization. A

primary oöcyte of Kidderia subguadratum is shown in Figure 43 and

shows the germinal vessicle. By observing the fate of the germinal

vesicle during spawning one may determine when maturation is taking

place and at approximately what stage of maturation, fertilization

takes place. Raven also states that as maturation approaches, the

nuclear membrane breaks down leaving a solitary nucleolus. An

ovocyst with developing oögonia, yolk enrichment of oôgonia, primary

oôcytes, and oöcytes in which maturation is taking place are shown in

Figure 44. However, the germinal vesicle may still be intact in

primary oöcytes present in the brood pouches of the inner demi-

branchs (Figure 45). A recently fertilized embryo, shown in Figure

46, is devoid of a recognizable nucleus and nucleolus.

According to Dalcq (1952) if fertilization takes place while the

germinal vesicle is intact the fertilization is a Class 1 fertilization.

Figure 45 shows the presence, in the brood pouches of an adult female,

of a primary oöcyte in which the germinal vesicle has not broken

down. If fertilization were to take place at this point in maturation,

fertilization would be of the Class 1 type. According to Dalcq's

same classification, if fertilization takes place after the breakdown



SOa

Figure 43. Transverse section through a primary oöcyte, in the
ovary, showing yolk, and lumen-most orientation of
germinal vesicle.

Figure 44. Transverse section through ovocysts of an adult female
showing oocytes, in various stages of maturation, enclosed
within follicles.

Figure 45. Transverse section through a brood pouch of an adult
female showing oOcyte with germinal vesicle present.

Figure 46. Transverse section through a brood pouch of an adult
female showing a fertilized oöcyte prior to first cleavage.

Figure 47. Transverse section through oviduct of an adult female
showing proximal presence of spermatozoa.

Figure 48. Transverse section through the brood pouches in proximity
of oviduct. Note crescent shaped heads of spermatozoa.
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of the germinal vesicle it is a Class 2 fertilization. Evidence from

Figure 44 shows the breakdown of the nucleus while the cell was in

the ovary, and Figure 46 shows a recently fertilized egg in the brood

pouch without the germinal vesicle, One might conclude from this

that fertilization could take place after this point. It is apparent from

these observations that fertilization can possibly take place at least

at two stages in the maturation of the oocyte.

The primary oocyte is released from the ovary into the oviduct.

Generally the follicular cell membrane is still intact and remains with

the embryo after fertilization. The obcyte passes from the oviduct to

the epibranchial chamber of the inner demibranchs, probably facilitated

by the cilia of the oviduct. Spermatozoa, which are drawn into the

mantle cavity through the inhalant siphon of the female, pass through

the gill ostia, and utlimately fertilize the female gametes in the brood

pouches (Figure 45), the epibranchical chambers, or the oviducts

(Figures 47 and 48).

Spermiogenesis in the males begins approximately one month

earlier than oögenesis in the female. It is not known which factor or

combinations of factors are responsible for initiating gametogenesis

and spawning or how spermiogenesis precedes oögenesis. Of interest

here is whether the male has any stimulatory effect on triggering

maturation in the female (this mechanism has been reported by

Thorson, 1950). Fretter and Graham (1964) summarize many of the



53

signals which stimulate spawning in molluscs. The reader is directed

to their review which includes thermal, lunar, illuminatory, mechanical,

genetic, hormonal, and gamonic mechanisms.
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XI. MATERNAL-EMBRYO RELATIONSHIP

Epithelial Connection

After their removal from the brood pouches it was observed

that a small number of the embryos of the April, 1970 sample had

thread-like protoplasmic projections on their surfaces (Figures 49

and 50). This was the only occurrence of these filaments during the

14 month study, but indicated the possibility of a direct epithelial

connection between the mother and the developing embryo. Dell

(1964b), in studies of Phi.lobrya capillata, an Antarctic lamellibranch,

observed 400 'young shells" (full shell embryos) attached to the gills

of the maternal organism. With respect to Kidderia subguadratum,

it was possible that while teasing the embryos from the brood pouch,

the embryonic membrane was deformed by the dissecting needles

since no attachment was evident.

Examination of the prepared histological sections showed the

presence of developing embryos outside of the brood pouches and in

the mantle cavities of adults. These embryos one in the pre-shell

stage of development, and the second in the full shell stage of develop-

ment are shown in Figures 29 and 51. Both are located outside of the

brood pouches, in the mantle cavities of an adult female and male

respectively. Both of these embryos appeared to be viable at time of

fixation. The presence of viable embryos in the mantle cavities,
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especially of the male, indicated that premature liberation of the

embryos took place. Lacking the exhalent siphonal membrane

described by Selimer (1967), these embryos were liberated prematurely,

and then picked up in the inhalant siphons of the adults and became

lodged in the mantle cavities, to continue development.

Embryos of Ostrea edulj.s, Anodonta and Montacuta ferruginosa

can successfully develop following experimental removal from the

maternal organism according to Pelseneer (1935). The embryos of

Teredo navalis are able to survive, only if they are liberated by the

maternal organism early in development. In the same study, he

indicates that cells from the mother may nourish the embryos of

ovoviviparous clams. Some very limited evidence suggests that

embryos of Anodonta can absorb amoebocytes which pass through the

gill ostia of the maternal organism. Cyclas, a fresh water lamelli-

branch, may absorb, in the brood pouches, glandular secretions and

epithelial cells (Pelseneer, 1935).

Hansen (1953) observed that the embryos of the ovoviviparous

clam Transennella tantilla probably do not have any active food uptake

while in the brood pouches. This is attributed to the fact that the

"young are completely surrounded by the egg membranes which are

not broken until the animals hatch." Hansen also states that all

developmental stages of embryos can occur in the same mother and

that these embryos exhibit a progression; the youngest stages in the
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dorsal part of the brood pouch, the oldest stages in the ventral portion.

From experiments with the gem clam Gemma gemma Sellmer

(1967) concluded that at least the last half of development can take

place outside the mother.

Distribution of Embryos in Brood Pouches

In order to investigate the apparent randomness of distribution

of embryos observed in K. subguadratum and to determine if any epi-

thelial connection exists between embryo and maternal organism dur-

ing development, and whether a progression of embryo types exists,

such as Hansen observed, an adult female, 2.918 mm in length from

the July, 1970 sample was chosen for study. This specimen had been

previously transversely sectioned, serially, in an anterior -posterior

attitude. Employing a camera lucida mounted on a Wild M-22 micro-

scope, sketches were made of each 10 im serial section. The embryos

contained within the brood pouches were emphasized in the sketches.

From these sketches, it was possible to deduce the type of embryo,

its position, its location, and its orientation within the brood pouches.

During the examination and sketching of each embryo, no eviL

dence of a maternal-embryo epithelial or protoplasmic connection

was observed. This was confirmed during the examination of all

other sectioned material. Many of the embryos, especially those in

the middle parts of the brood pouches were completely surrounded by
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other embryos in a random orientation. These embryos were effec-

tively shielded from direct contact with the ctenidia.

Table VII shows the percentages of three different embryonic

developmental stages that were found along the anterior-posterior axis

of the adult clam. The pre-shell embryos are well represented

throughout the brood pouches, comprising greater than 61% of the

total embryos in each division. The partial and full shell embryos

were found in only two of the four divisions. Only one division is

common to all three developmental stages; this is the division closest

to the oviduct orifices. Pre-shell embryos were the sole embryo

representatives in the posterior division which comprises part of the

cloacal chamber and the exhalent siphon.

Table VIII shows those areas of the brood pouches, with respect

to the adult axis, where the embryos were found. The upper-center

sections of the table have no values entered because this area of the

Table VII. Relative percentages of embryos of three developmental
stages found along the anterior-posterior axis of the brood
pouches of an adult female. The bar (-) indicates the
position and extent of the oviduct orifices.

Axial Position Anterior
(Micra)

Posterior

() 4fl0 ROO 1200 1600

Preshell 78.9 61,5 64.7 100
Partial Shell 21.1 0.0 5.9 0.0
Full Shell 0.0 38.5 29.4 0.0



Table VIII. Percent of embryos of three developmental stages found
in vertical and horizontal positions within the brood
pouches of an adult female. Values are expressed as
percents of the total.

Development
Stage of
Embryo_______________

Preshell Partial Shell Full Shell

Position of LeftC enter Right LeftC enterRight Left enter Right

Upper 7.8 --- 4.7 3.1 --- 1.6 1.6 --- 3.1

Middle 26.5 1.6 14.0 0.0 0.0 1.6 4.7 1.6 10.9

Lower 9.3 0.0 4.7 1.6 0.0 0.0 1.6 0.0 0.0

brood pouch was occupied by the foot or posterior pedis retractor

muscle. The left brood pouches contained the highest percentage of

embryos, although the difference between the total left and total right

is approximately only 16%, The middle area of the brood pouches

holds by far the greatest percentage of embryos (60.9%) than either

the upper or lower sections which are approximately equal.

The general distribution of the embryos as seen in Tables VII

and VIII is probably due to the general configuration of the inner

demibranchs, There is a decrease in the volume of the brood pouches

at the edges of the inner demibranchs and a maximum volume or

expansion in the middle sections (Figure 16). There is no apparent

progression of embryo-types in any direction. The examination of the

axial orientation of the partial and full shell embryos relative to the
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axis of the adult shows that 60% have normal orientation with respect

to the anterior-posterior axis of the adult. This same orientation is

not evident, however, with respect to the dorsal-ventral axis of the

adult. The large proportion of partial and full shell embryos that

have the normal orientation may be the result o the configuration of

their shells which permits a maximum utilization of the gill volume

since the embryos can be more tightly packed together.

Dis cus sion

Kidderia subguadratum is ovoviviparous. The apparent random-

ness of distribution of the embryos within the brood pouches, the

absence of any epithelial connection between the developing embryo

and the adult, the presence of two developing embryos in the mantle

cavities of a male and a female adult, the presence of a persistent

fillicular egg membrane suggests that there is not a progression of

developing embryos from one section of the brood pouches to another,

that the embryos do not receive nutrients via an embryo-maternal

link, and that the embryos are capable of developing outside of the

brood pouches. One cannot conclude that development may take place

completely outside of the adult. The evidence suggests, however, that

external development is not impossible, at least for short periods.

The digestive diverticula of the embryos remain nondifferentiated

until approximately two months post-liberation suggesting that no
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Figure 49. Full shell embryos removed from a brood pouch of an
adult female (30 April 1970 sample) showing distorted
follicular membrane.

Figure 50. Pre-shell embryo removed from a brood pouch of an adult
female (30 April 1970 sample) showing distorted follicular
membrane.

Figure 51. Transverse section through the middle of an adult male
showing the presence of a pre-shell embryo in the mantle
cavity.

Figure 52. Pre-shell embryo removed from a brood pouch of an adult
female (30 April 1970 sample) showing late gastrulation
and ectodermal cells which have surrounded the yolk-rich
blastomere s.

Figure 53. Partial shell embryo removed from a brood pouch of an
adult female (30 April 1970 sample) showing early stage
of shell development with a well differentiated hinge.

Figure 54. Early full shell embryo removed from a brood pouch of an
adult female (30 April 1970 sample) showing well developed
shell and yolk cells.
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active uptake of particulate nutrients occurs while the embryos are

developing within the maternal organism or even immediately after

liberation. The follicular membrane may serve to bind the embryos

together, much like the capsule which Hansen (1953) observed around

the embryos of Transennella tantilla, and thus prevent the loss of

embryos from the brood pouches.
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XII. DEVELOPMENT

Direct and Indirect Development, A Discussion

The embryos of all marine lamellibranchs studied to the present

show an indirect development. That is, in the course of development

the gastrulae develop into trochophore larvae which are either plankto

trophic or remain within the adult under some form of brood protection.

The trochophore larvae usually transform into veliger larvae, so

called because of the velum, a ciliated feeding and respiratory apparatus.

The veliger, after an additional period of development, undergo a

metamorphosis and the embryos appear as juveniles with the external

appearance of an adult only in miniature. In Transennella tantilla

(Hansen, 1953) and Lasaea rubra (Oldfield, 1963), both marine lamelli-

branchs, the velum is absent or suppressed. Oldfield (1963) points

out, however, that in uthese forms the velar area is recognizable, and

may be modified to perform special functions. For additional informa-

tion on indirect development, the reader is referred to the following

papers dealing with indirect development in the Lamellibranchiata:

Brooks (1880) - Oyster; Cole (1938) Ostrea edulis; Galtsoff (1964)

Crassostrea virginica; Lebour (1938) - Kellia suborbicularis; Oldfield

(1963) Turtonia minuta, Montacuta ferruginosa and M. substriata;

Quayle (1952) - Venerupis pullastra.

Direct development follows roughly the same pattern as indirect
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development up to and including gastrulation. The major differences,

however, arise after this stage. According to Okada (1968), Raven

(1958), and Wada (1968) in the case of direct development, the stomoda-

eum (the future mouth), the rudimentary foot, and the shell gland are

formed as in the normal mollus can trochophore. However, the proto-

troch, the forerunner of the velum (the organ of locomotion and food-

gathering of the veliger larva), is suppressed or reduced. Develop-

ment then continues, the organ systems arising without the meta-

morphosis typical of indirect development, until the juvenile form is

completed. The juvenile is essentially an adult in external appearance,

but much smaller. Direct development without free-living larval

forms, among the mollusca is found in cephalopods (Raven, 1958;

Sacarrao, 1945), opisthobranchs (Gibson et al., 1970; Thompson,

1967), prosobranchs (Arnaud, 1972b; Hyman, 1967; Raven 1958),

pulmonates (Knox, 1955; Raven, 1958), and in freshwater lamellibranchs.

Among the freshwater lamellibranchs, only the Unionidae and Dreis-

sensia have indirect development, all others show direct development

and are ovoviviparous. The Unionidae and Dreissensia have parasitic

larval forms called glochidia. The reader is referred to the following

papers dealing with direct development in the freshwater Lamelli-

branchiata: Foster (1932) Sphaerium solidulum; Meisenheimer

(1901) Cyclas; Stauffacher (1893) - Cyclas cornea; Woods (1931) -

Sphaerium striatinum; Zeigler (1885) - Cyclas cornea.
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Direct development has not been previously reported for the

marine Lamellibranchiata.

Direct Development in Kidderia subguadratum

In comparison to other marine lamellibranchs, Kidderia sub-

guadratum undergoes a considerably modified development. This is

partially attributed to the large amount of yolk which the egg contains,

to the absence of the free living trochophore and veliger larval

stages and to the brood protection which the maternal organism exhibits

for the embryo. K. subguadratum shows no suppression of these

structures nor are specialized velar-like structures represented as

OldIield (1963) observed in Lasaea rubra. InK. subguadratum there

is a complete absence of any ciliated organs or systems characteristic

of the veliger larva. It has been suggested that the cilia and the related

structures of the velum were neither properly fixed nor preserved

over the long interval between fixation and sectioning However,

intestinal, oesophageal, and ctenidial cilia are present in all sectioned

specimens of K. subguadratum. These cilia are well preserved and

well defined.

The embryological and developmental studies of K. subguadratum

are divided into two sections. The first deals with the results from

the monthly examinations of the adults for the presence of embryos.

The second is concerned with the histological preparations.
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Examination of Adults for Presence of Embryos

A typical late pre-shell embryo, as observed after removal

from an adult brood pouch of K, subguadratum, in late gastrulation

prior to shell formation is shown in Figure 5Z. The ectodermal cells

are visible around the periphery of the embryo. An early partial

shell embryo is shown in Figure 53. The shell is formed from the

straight edged hinge region of the embryo. This embryo corresponds

in gross morphology to the typical early lamellibranch veliger larva

described by Lough and Gonor (1971). However, in this embryo and

all others observed of this species, there is a marked absence of a

velum or a velum-like structure. Shell formation commences at the

hinge region and gradually encloses the embryo, symmetrically, on

both sides leaving an open slit extending from the anterior hinge

region, around the embryo, to the posterior hinge region. As with

the pre- shell embryos, the partial shell embryos are also completely

enclosed within a follicular membrane, Deformation of this membrane

is shown in Figures 49 and 50. It is probable that the deformation

occurred while the embryos were being removed from the brood

pouches. The early full shell embryonic stage of development is

shown in Figure 54. The embryonic sac (follicular membrane) is

visible overlying the shell which is as fully differentiated as it will

be at liberation. The specimens shown in Figures 5Z, 53, and 54
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Figure 55. Transverse section of embryo at two cell stage of cleavage
showing follicular membrane and unequal cleavage of egg
at first division.

Figure 56. Transverse section of embryo at four cell stage of
cleavage. Note unequal blastomeres.

Figure 57. Transverse section of blastula showing solid, stereo-
blastula typical of yolk-rich eggs.

Figure 58. Transverse section of late gastrula showing invagination of
cells. See also Figure 52.

Figure 59. Transverse section through brood pouch showing an early
full shell embryo. Note differentiation of mantle lobes
and rudimentary mantle cavity and mouth.

Figure 60. Transverse section of an early full shell embryo showing
differentiation of ligament, oesophagus, and foot.
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are all taken from the April, 1970 group. No internal organ differen-

tiation is seen. Contained within the shell and in the early embryos

are small granules (yolk platelets) of the order of magnitude of 1-ZO

micra.

Histological Examinations

Development was followed by examining the sectioned material

and observing where identifiable entities occurred in the embryos and

in which order or progression they occurred. No attempt was made

to establish a time relationship between stages of organogenesis..

Examples of the two and four cell stages of cleavage showing the

unequal cleavage pattern typical of the Lamellibranchiata (Korschelt

and Heider, 1900) are shown in Figures 55 and 56. The blastomeres

are yolk-laden and the nuclei are located near the external edges of

the cells. The blastula of K. subguadratum is a stereoblastula, an

example of which is shown in Figure 57. The stereoblastula is a

blastula having yolk-laden cells in which the blastocoel is absent or

reduced, due in part, to the yolkiness of the egg. Yolk-rich eggs of

lamellibranchs generally have this type of blastula (Wada, 1968).

The actual process of gastrulation was not observed. It can be seen

in Figure 58 that ectodermal cells have surrounded the yolk-rich

blastomeres and are undergoing a slight invagination. This is the

greatest extent of invagination observed. It is inferred that



gastrulation is by epiboly, which is not atypical of gastrulation in the

Lamellibranchjata (Wada, 1968). A pre-shell embryo late in gastru-

lation as observed in the brood pouches of the inner demibranchs of

an adult female is shown in Figure 5Z. The ectodermal cells are

visible at the periphery of the embryo.

The stages of development described to this point are typical of

both direct and indirect development in freshwater and marine lamelli-

branchs respectively.

Upon completion of gastrulation, development in K. subguadratum

proceeds directly, without the intermediary trochophore and veliger

larvae, until the formation of a fully differentiated juvenile clam

resembling an adult, only in miniature is formed. A rudimentary

foot and mouth were observed and were suggestive of the trochophore,

however, no prototroch was observed. These stages are shown in

Figures 53 and 54, and 59-66.

The shell of K. subguadratum is bivalved and begins growth as

a symmetrical form, following gastrulation, at the straight edged

hinge as seen in Figure 53. It then covers the entire embryo within

the persistent follicular membrane (Figure 54). Raven (1958) states

that the shell of lamellibranchs during early stages of development

is typically unpaired. Oldfield (1963) found that in the case of Lasaea

rubra the shell was also paired during formation.

The mouth and mantle lobes are shown in Figure 59. These are
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Figure 61. Transverse section of full shell embryo showing rudi-
mentary stomach and more highly differentiated mantle
cavity and foot.

Figure 6Z, Transverse section of full shell embryo at level of the
posterior adductor muscle.

Figure 63. Transverse section of full shell embryo showing well
differentiated stomach and cerebral ganglia.

Figure 64. Late full shell embryo showing differentiated foot, byssal
gland, cerebro-visceral connectives, and oesophagus.

Figure 65. Transverse section of late full shell embryo showing
differentiation of gill which is represented by the descend-
ing lamellae of the inner demibranch

Figure 66. Transverse section of late shell embryo in a stage prior
to liberation. Embryo length is approximately 0. 450 mm.
Note anterior pedis retractor muscle and oesophagus.
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the first identifiable organs to differentiate from the yolk mass.

These are followed by a rudimentary foot, a well differentiated

oesophagous, and ligament and are shown in Figure 60. These

structures differentiate after the mouth and mantle lobes. In this

figure the periostracum is also shown. The follicular cell membrane

is still present and actually remains throughout development. This

membrane was found attached to many of the recently liberated

juveniles.

The continued formation of the mantle cavity, foot, and the

initial formation of the stomach is shown in Figures 61 and 62. The

foot becomes well differentiated from the neighboring tissues as the

mantle cavity enlarges. The stomach, shown in Figure 63, is a

well differentiated organ and is connected to the oesophagus which

opens into the stomach anterior to the section shown in Figure 63.

Some stages in the differentiation of the nervous system can be seen

in Figures 63 and 64. The cerebral ganglia is initially identified by

its position and dark stain. The posterior adductor muscle shown in

Figure 62 arises simultaneously with the anterior adductor muscle.

Differentiation of the ctenidia begins approximately half-way through

development and is represented by only the descending lamellae of

the inner demibranch. A late embryo in which the foot, byssal groove,

oesophagus, ligament, mantle cavity, and cerebro-visceral connec-

tives are well differentiated is shown in Figure 66. Note the anterior
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pedis retractor muscle. Evidence suggests that the posterior pedis

retractor does not form until a later time. The embryo in Figure 66

is 0. 450 mm in length, and is in the size range typical of individuals

at liberation.

The development of Lasaea rubra as described by Oldfield

(1963) is an indirect form of development. She demonstrates the

presence of a yolky 'cephalic mass' which in the course of develop-

ment is gradually absorbed by the embryo. The cephalic mass is

the analog of the velum, according to her, and serves both respira-

tory and alimentary functions. No metamorphosis is observed and

the cephalic mass is absorbed as food as organogenesis proceeds.

The large amounts of yolk in Kidderia subguadratum is at first evenly

distributed throughout the developing embryo and then surrounds the

individually differentiating organs. Yolk is present in the embryos

at liberation.

Discus sion

The cephalic mass observed in Lasaea rubra is, by virtue of

its velum-like function, distinguished as having indirect development.

The development of the freshwater lamellibranchs Cyclas and Sphaer-

ium is direct, lacking the trochophore and veliger larvae, and the

velum-like structures of the marine Lamellibranchiata. Direct

development in Cyclas and Sphaerium proceeds in a similar pathway
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as in indirect development to the gastrula. stage. No suppressed

veliger or velum.-like structures occur and organogenesis proceeds

directly. Metamorphosis does not take place, as it is not required

by the system, and the embryo develops directly into a form resembling

an adult only in miniature.

In K. subguadratum initial development, up to and including

gastrulation, follows the typical lamellibranch condition, After gastru-

lation, however, neither trochophore nor veliger larvae develop.

No suppressed velum-like structures occur and development proceeds

in a direct fashion closely resembling development in freshwater

lamellibranchs.
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XIII. REPRODUCTIVE SEASON

Seasonal Pattern of Reproduction

The relative proportions of pre-shell, partial shell, and full

shell embryos, and juveniles observed in each monthly sample are

shown in Figure 67. The values were obtained by converting each

corrected embryo and juvenile value in Table II to a percent of the

total monthly sample.

Pre- shell Embryos

A seasonal pattern is evident from the activities of the individuals.

A rapid increase in the numbers of pre-shell embryos occurred during

December and reached a maximum in February. A significant drop

occurred during April. From this point there was a consistent

decline to near zero in September. The final pre-shell embryos were

observed in October.

Partial Shell Embryos

Partial shell embryos were observed in February, 1971 and

comprised 2. 5% of the sample. In March of the same year, the num-

bers of partial shell embryos present in the population accounted for

10.5% of the sample. In the 1970 samples, none were observed until

March and accounted for only 7. 6% of the total population. One and
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Figure 67. Relative percentages of individuals observed in brooding females during embryonic
development and following liberation (Junveile size range: 0.416-0.583 mm).



one-half months elapsed between the appearance of the pre-shell and

the partial shell embryos. It appears that the reproductive season in

1971 occurred slightly earlier than that in 1970. The numbers of

partial shell embryos remained at constant levels during the five

months of 1970 from mid-autumn to late winter. This indicates that

a constant or steady production of embryos, by the females of the

population, was taking place. This production was interrupted by a

marked increase in July and followed by a gradual decrease until in

November, none were observed. The reason for this increase of

embryos is not known.

Full Shell Embryos

Full shell embryos comprised 8.1% of the April 1970 sample,

one and one-half to two months following the initial partial shell

appearance. A maximum number occurred in September and com-

prised 42.8% of the sample. This peak was probably related to the

increase in number of partial shell embryos observed in July. This

declined to 32% in November, and by December none were present.

But, in January, 1971 8.9% of the sample was comprised of full

shell embryos. This occurred three months before the first full shell

embryos were observed in 1970. This is probably related to the slight

increase in the numbers of pre-shell embryos which were observed in

October, It may be that the developing embryos were present in such
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low numbers during the interim that they went undetected during the

sampling in November and December. During February and March of

1971, the data was more in line with the 1970 observations, and

supports the above hypothesis.

Juveniles

The first juveniles were liberated in June, the first month of

the austral winter, and comprised a very small 1.8% of the total

sample. This is two months following the first observance of the full

shell embryos and five months following the initial observance of pre-

shell embryos. The number of juveniles in the sample gradually

increased until in December they comprised 100% of the sample.

In January, 19.2% of the sample was composed of juveniles. This

dropped to 0. 1%in both 1970 and 1971 February samples. None were

observed in March.

Increases in the mean size of the pre-shell embryos during two

different periods of the reproductive season were observed. It can

be seen in Figure 68 that this gradual increase in the mean size

occurred over a three month period until a maximum was reached in

May, 1970. This was followed by a low in June which was similar in

magnitude to the February level. The variation observed in the mean

size of the embryos during the reproductive period may be related

to the relative stages of spawning and development when the sample
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was taken. The February and June, 1970, and the January through

March, 1971 samples may have been taken shortly after spawning

when the recently spawned, smaller sized embryos made up a greater

proportion of the sample.

Discus sion

The reproductive season of Kidderia subguadratum begins dur-

ing the late spring-early summer (November-December), reaches a

peak in the mid-autumn (April) and extends into the Antarctic winter.

Production of gametes in the population occurs over a seven to eight

month period, although developing embryos can be observed in adult

brood pouches over an eleven month period. One might predict from

the seven month period of seasonal oOgenesis and the five month

developmental period, that embryos could be found in the brood pouches

throughout the year. The apparent contradiction of the data may be a

result of insufficient sampling of the population. As was noted

earlier, in the section dealing with Oögenesis, primary gametes

occurred in the population over a seven month period and conformed

to a normal curve of distribution; the highest intensity occurred in

April and May. A discrepancy exists between the periods of gameto-

ogenesis (seven to eight months) observed histologically and the

reproductive season (eight to nine months) observed in the examination

of adults for the presence of embryos. This may be related to an
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insufficient number of histological samples taken at both the beginning

and the end of the season when the numbers of o'ócytes observed in

the gonads would be very low.

Foster (1932) found that in Sphaerium solidulum, a freshwater,

ovoviviparous lamellibranch, "the period of maximum reproduction

does not occur in the summer, but during the winter," Oldfield (1963)

observed that Lasaea rubra "may be found with developing embryos

in their gills during the period from May to November. ' This is a

six month period and extends into late autumn. She also suggests that

L. rubra may spawn twice during this period. Lebour (1938) found

that the breeding season of Kellia suborbicularis occurs from the

early spring through the early autumn. She also found larvae in the

plankton throughout the year, and concluded from this that reproduc-

tion occasionally takes place during the winter. Selimer (1967)

found that the gem clam Gemma germ-na produces two broods. The

first brood occurs upon the juveniles reaching sexual maturity in its

first autumn, four months after liberation, The embryos are then

carried through the winter and not released until the summer at which

time the juvenile is one year old. A second brood is then produced

and is apparently liberated in the late summer. Glynn (1965) pre-

sents evidence that Lasaea cistula, an ovoviviparous hermaphrodite,

breeds throughout the year and shows peak reproductive activity (as

indicated by maximums in the percentages of adults brooding) during
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the summer months of June and July. These peaks were correlated

with sea surface temperature maxima. The low periods of reproduc-

tive activity were correlated with sea surface temperature minima

at Pacific Grove, California during his three year study from 1959-

1961.

The duration of the reproductive season of K. subguadratum is

similar and typical, in most respects to many marine lamellibranchs,

a few of which were cited above. There is no evidence, however, to

suggest the production of more than one discrete brood as suggested

for these same lamellibranchs. This may be related to the period

of development and to the fact that K. subguadratum spawns continu-

ously. This will be discussed later. The height of the reproductive

season of K. subguadratum is atypical in that it takes place during

the autumn and that the liberation of the juveniles is restricted to the

winter and spring. This phenomenon has not been observed in other

marine Lamellibranchiata, but does occur in Sphaerium solidulum,

a freshwater lamellibranch which also exhibits direct development.

Pearse (1965) found that the Antarctic asteroid Odontaster validus

spawns during the austral winter from approximately May or June

until September. He suggests that this winter spawning is an adapta-

tion which synchronizes the appearance of this asteroid' s slow develop-

ing, demersal, bipinnaria larvae with the high summer phytoplankton

production characteristic of Antarctic oceanic waters. Professor Joel



W. Hedgpeth (personal communication) has suggested that the winter

liberation may be re].ted to the condition of the plankton from which

this filter-feeding bivalve receives its nourishment. This will be

discussed in the section on Juveniles.



XIV. INCUBATION PERIOD

The approximate time required for the development of the embryo

can be determined by assessing the time of first appearance of each

embryological and juvenile stage of development and growth.

Observations

The mean size and range of embryos of two developmental stages

(pre-shell and full shell) which were present in adult females of the

population are presented in Figure 68. The initial pre-shell embryos

were observed in January (1971 data) and it was not until April (1970

data), that the first full shell embryos were observed. This indicates

that a three month period of development occurred from fertilization

to the full shell embryo stage, the development stage prior to libera-

tion. The elapsed time between the appearance of each developmental

stage is shown in Figure 69 (the data were corrected to basic sample

sizes). The elapsed time from the appearance of the first pre-shell

embryo to the appearance of the first liberated juvenile is approxi-

mately five months. The period of development between the pre-

shell and the partial shell embryos is approximately one and one-half

months. One would expect that with a three month interval in the

appearance of the full shell embryos, that there should also be a

three month differential at the end of the reproduction season. This
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Figure 69. Exponential decline in the total number of individuals with increasing stages of
development or time.



is not evident from Figures 67 and 68. This differential could be due

to inadequate sampling of the full shell embryos in October and

November or a high mortality of the full shell embryos.

Discussion

The incubation period of K, subguadraturn is unusual in that

embryological development is of five months duration, Sellmer

(1967) found that Gemma gemma, during the warmest periods of the

summer, may require as little as two weeks to develop from the

partial shell embryo stage to a liberated juvenile. Oldfield (1963)

suggests that the developmental period of Lasaea rubra may be two

months. She bases this on the first appearances of gastrulae and

late shelled embryos in the brood pouches of the adult, K. subguadra-

turn, by way of contrast, requires 3. 5 months to develop from the

partial shell stage to a liberated juvenile (C. gemma: 0. 5 months),

and 3-3.5 months to develop from the pre-shell embryo to the full

shell embryo (L. rubra: 2 months). It should be pointed out that the

environments in which each of these species lives are radically dif-

ferent. Although each of these animal populations occurs in the

intertidal zone, physical factors such as temperature, light-darkness,

ice, and primary production are highly variable between locations.

Temperature is one of the primary controls of reaction rates in both

physical (Mortimer, 1967) and biological (Prosser and Brown, 1961)



systems. During the peak of its reproductive cycle, in the late

autumn, K. subguadratum is exposed to water temperatures of

-1.5° to -0. 5°C (Shabica, unpublished). G. gemma, at the height

of its reproductive period at Union Beach, New Jersey is exposed to

23.0°-27.5°C seawater (Seilmer, 1967). At Plymouth, England,

where Oldfield (1963) studied the reproduction of L, rubra, mean

sea surface temperatures range from 12.2°-15.6°C at the peak of the

reproductive season in June and July (U. S. Naval Oceanographic

Office, 1967). Glynn (1965) found a very significant correlation

between the mean sea surface temperatures and the percentages of

individuals brooding young in a population of Lasaea cistula at Pacific

Grove. He found that this population breeds continuously during the

year and has a minimum of 10% brooding young during the coldest

winter months (12. 5°-13. 0°C) and a minimum of 60% brooding young

during the summer months (14.0°-14.6°C). The seasonal variation

in the sea surface temperatures is extremely limited at Pacific

Grove, unlike the high seasonal variations which exist at Union Beach

and Plymouth. In his studies of Antarctic asteroids, Pearse (1969b)

found that the rates of development of Odontaster validus were six to

eight times slower than developmental rates of related temperate

species. Moreover, the early developmental stages, before gastru-

latjon, showed no temperature adaptation as did the later stages.

Pearse (1965, 1969b) estimates that metamorphosis of the bipinnaria



larvae might require as much as six months.

It is highly suggestive, although by no means conclusive, that

the lengthy developmental period observed in Kidderia subguadratum

is related to this animal's successful adaptation to the low and stable

sea water temperatures of its environment.



XV. IMPLICATIONS OF REPRODUCTION AND INCUBATION
PERIODS, A DISCUSSION

The relative stability observed in the sea surface temperatures

at Pacific Grove (Glynn, 1965) is similar to the stability in the yearly

temperatures at Palmer Station; in stability and not magnitude. The

limited yearly variation in temperature observed at Pacific Grove is

correlated with the reproductive cycle of the L, cistula population.

This suggests that temperature might be the ultimate control of repro-

duction in the L. cistula population since spawning occurs throughout

the year. This is supported by the analysis of the hydrography of the

near shore environment at Pacific Grove. Glynn (1965) shows that

three different hydrographic enviromnents occur throughout the year.

A season of "tJpwelling" during March to August. An

season of September and October. And a "Davidson Current" regime

from November to February. The periods of high reproductive

activity in the L. cistula population occur from June to September.

The periods of low reproductive activity occur from October to May

and are included in all three hydrographic regimes. The "Upwelling

Period" is characterized by generally low temperature, high salinity,

and high nutrient water rising to the surface. The '3Oceanic Period"

is one of high surface water temperatures and nutrient poor waters.

The "Davidson Current Period" has a regime of declining temperatures

and salinities, and nutrient poor waters, The common factor to high



reproductive activity is high sea surface temperatures. When

nutrients are present during the "Upwelling Period, reproduction

does not increase in magnitude until the sea water shows a tempera-

ture increase. This evidence suggests that temperature, rather than

salinity or nutrients, singly or together, exerts the ultimate control

on the reproductive activity of L. cistula.

Kidderia subguadratum does not reproduce continuously through-

out the year, but shows a seasonality in spite of the stability observed

in the temperature regime of Arthur Harbor. This suggests that some

other factor has a more profound effect on the reproductive cycle.

The reproductive cycle of K. subguadratum does not appear to

be controlled by temperature which is relatively stable during the

autumn, winter, and spring months. The food supply, however, may

be related to the observed periodicity and the season during which

reproduction takes place. During the late spring and summer organic

production is highest in the vicinity of Arthur Harbor (El-Sayed etal.,

1964; El-Sayed, 1967; Krebs, 1973) and decreases with the onset of

winter and the concurrent decrease in light intensity. Organic produc-

tion is thus extremely seasonal and appears to be light limited (El-

Sayed, 1971; Bienati etal,, 1974). The juveniles of K. subguadratum

are liberated during the austral winter when organic production is at

its lowest levels. It is suggestive that the phytoplankton supply or the

type of phytoplankton plays a proximate role in the control of the



reproductive cycle of K. subguadratum. It is proposed that light

exerts the ultimate control on the reproduction as observed in .

subguadratum, because of its effect on the primary production.



XVI. BROOD SIZE AND FECUNDITY

The brood size and fecundity of Kidderia subguadratum was

investigated from three aspects. First, the relationship between the

size of the adult female and the number of embryos produced by the

female, including the estimation of the brood size and brood potential

was examined. Second, the number of eggs and the size of the eggs of

K. subguadratum were compared with those of other species. Third,

the age of reproductive maturity and the limits of fertility were

explored.

Relationship between Female Adult Size
and Number of Eggs Produced

The data'from the monthly examinations for the presence of

embryos (see Table IX) are graphically portrayed in Figure 70. Since

all three stages (pre- shell, partial shell, and full shell) of embryos

were, present in an adult at one time, the total uncorrected numbers

of embryos per female are utilized. Spawning occurred in the popu-

lation during seven to nine months of the year. Spawning in individuals

of the population, occurred over at least a five month period (based on

the presence of early pre-shell embryos and later full shell embryos

in the same individual). Since the data were representative of all

months, representatives of clams having previously released juveniles

as well as clams in which spawning was occurring are included. This
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Figure 70. Numbers of embryos produced per female within individual size classes during the study
period.



Table IX. The presence of total embryos in the different female adult size classes during the study. Superscripts refer to a listing of the number of
embryos in the individual adults within the size class (see Appendix II).

Female Total
10 Feb 17 18 6 4 Jan Total

Size 20 Mar 30 Apr 14 May 16 Jun 17 Jul 18 Aug 24 Sep 9 Feb 5 Mar Females Mean
1970 Oct Nov Dec 1971 Embryos

(Micra) Brooding

1916

2000 10 10 1 10

2083 9 8 117 2 8.5

2166 8 8 1 8

2250

2333 7 7 1 7

2416 18 18 1 18

2500 212 2 2 1

2583
9L 3 101.9 19 7 2.7

2666 10 141.4 2 26 6 4.3

2750 72A.1 3D.5 231.5 30J.1
128 13 9.8

2833 79A.Z
5 4

351.6 41J.2 164 14 11.7

2916
10E.6 zsl.7 14 85 9 9.4

3000 46 36 16
7G.5

106 7 15.1

3083 5 6
31.8

15 57 7 8.1

3166
55A.5

15 18 7 15 159 7 22.7

3250 59A.6 31A.8
14 17 1 122 9 13.6

17
43D.6

8 12 15 133 9 14.8

3416 30 11 40 2 2
8H.6 30 175 10 17.5

3500 27
35E.7

26 4
2H.7 13.4

3583
93A.9 51B.9 15F.9 19H.8

178 9 19.8

3666
42B.l

20 19 10 91 5 18.2

3750 20 24 26E.8 13 16 1
8H.9 377 16 23.6

3833 39
73B.2

26 19 2 244 10 23.4

3916 51 49
113D.7

2 16 8
61j.6 300 10 30.0

4000 56 91
99E.9

1 2 30 356 14 25.4



Table IX. Continued.

Female
Size 10 Feb 20 Mar 30 Apr 14 May 16 Jun 17 Jul 18 Aug 24 Sep 17 18 6 4 Jan

Oct Nov Dec 1971
9 Feb 5 Mar Total

Embryos

Total
Females Mean

1970 Brooding(Micra)

32 3 89 416 14 29.74083 67
142D.8

11
27G.1 45G.6

4166 1 91 48 51
66F.1

11
49G.7 36H.4

1 55 433 17 25.5

4250 93 41 128
54F.2

13 8 82 419 9 46.6

4333 75
100C.3

58 3
9J.8 388 9 43.1

4416 132
151C.4 290D.9 35G.8 56H.5

9 59 902 16 56.4
222E.1

48
32G.9

379 9 42.14500 37 37

3 10
159K.1 700 13 53.84583

91B.4
78

149E.2 201F.4
9

4666 12 17 136
244F.5

13 26 2711 93 568 10 56.5

4750 30 2 101 l506 33 19 12 85 432 9 48.0

4833 116 l05 184C.5 34H.1
6 2 59 560 12 46.7

4916 50
139B.6

119
202F.7 98G.3

38 691 11 62.7

5000 6 6 1 6

5083 121
65B.7

121 76 138 43 3 567 8 70.9

5166 107
135B.8

135
265E.3 642 6 107

6 107 595 6 99.25250 87
3956

5333 27
309C.7

126
22F.8

97 581 7 83.0

5416 60 95 150 305 3 101.7
60H.2

949 9 109.85500 3068 583E.4

5583 32 359C.9
15 7 413 5 82.6

5666 86
334E.5

25 445 4 111.3

5750 20
59501 615 4 143.8

5833 50 102 213 18G.4 383 5 76.6

5916 10 10 1 10

6000 50 42412 165 72 711 4 177.8

6083
275D.3 275 2 137.5

6166

6250 3o814 84 392 3 130.7

j.)



Table IX. Continued.

Female
Size 10 Feb 20 Mar 30 Apr 14 May 16 Jun 17 July 18 Aug 24 Sep 17 18

Nov
6 4 Jan

Dec 1971 9 Feb 5 Mar Total
Embryos

Total
Females Mean

1970 Oct Brooding(Micra)

6333 122 122 1 122

6416

6500

6583

6666 158 158 1 158

Total 1603 1429 4779 3405 1459 359 548 221 8 1 - 119 798 1204
Embryos

Total
Females 40 40 45 40 41 20 30 23 3 1 - 17 36 40
Brooding

Mean 39.8 35.7 106.1 85.1 35.5 17.9 18.2 9.6 2.7 1.0 - 6.9 22.2 30.1
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would account for the large range of values observed.

With increasing adult size, there is an increase in the number

of embryos produced. This relationship is shown in Figure 70. This

is in agreement with the observations regarding the numbers of

oogonia present in the gonads of adult females (see Figure 32). In

general, the larger the adult female, the greater the number of

oögonia are present. The numbers of embryos present remained at

low and stable levels until a size of 2. 666 mm. The numbers then

more than doubled and again remained fairly constant within the size

classes up to the 3.416 mm size class. From this point, there was

a steady increase in the number of embryos observed with increasing

size. This increase appears to be somewhat linear, especially if one

considers the maximum values within the size classes.

It is evident that at least two levels exist in the relationship

between the numbers of embryos and the adult size. The smaller

and therefore younger female clams produce relatively small broods

This is probably related to the size of the clam which is a function of

age and environment. It may also be related to the degree of sexual

maturity attained by the individuals. The females in the size range

2.000 to 3. 416 mm had only recently achieved sexual maturity and

therefore were physiologically incapable of greater production. In

the size classes greater than 3.416 mm, the size and thus the age of

the female show a positive increasing relationship with the numbers



of embryos produced. These females were physiologically capable

of greater production due to their sizes and ages.

Brood Size and Potential

An effort was made to estimate the brood size of K. subguadra-

turn, Since a definite relationship exists between the size of the adult

and the numbers of eggs it has the capacity to produce (Figure 70),

an estimate of the brood size for the population would require consid-

eration of each size class. It might be more useful, however, to make

an estimate of the brood potential. That is, the potential number of

embryos that an adult in the mean size class and size range of the

population is capable of producing.

The data for this analysis is based on a total of 15, 933 embryos

removed from 376 females (see Table IX). These data were ranked

by month and show the range and the mean numbers of embryos of

all stages produced per female. The results are presented in Table

X. The wide range in numbers of total embryos carried by the females

of the population is shown in Figure 71. Unlike Gemma gemma, in

which only one developmental stage is present at one time (Sellmer,

1967), K. subguadraturn has all stages represented during the latter

part of the season. Dell (l964b) observed that the Antarctic eulamelli-

branch Cyamiocardium crassilabrum brooded its embryos and that all

stages of embryonic development were represented in the brood



97

Table X. Number of embryos (at pre-shell, partial shell, and full
shell stages of development) produced per female during a
major portion of the life span of Kidderia subguadratum.

Number
of

Females Mean Range

1970 Feb 40 39.8 1-132

Mar 40 35.7 1-123

Apr 45 105.3 18-255

May 40 86.2 1-213

Jun 41 35.5 2-146

Jul 20 17.9 2-70

Aug 30 18.2 1-72

Sep 23 9.6 1-32

Oct 3 2,7 2-4

Nov 1 1.0 1

Dec 0 ----

1971 Jan 17 6.9 1-18

Feb 36 22,2 1-107

Mar 40 30.1 1-112
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Figure 71. Number of embryos found in sexually mature females.
Broken line indicates the mean. Letter superscripts
refer to data points in Table XI.



pouches. The incidence of only one embryonic developmental stage

being present in the brood pouches at one time supports the hypothesis

of discrete spawning periods.

The initial evaluation of the brood potential should probably be

restricted to the April and May samples These two months precede

the first liberation of juveniles and it is during these months that the

greatest numbers of embryos per female occur. Prior to June the

numbers of embryos observed include all three developmental stages.

During these three months spawning is continuous in the individuals of

the population. The April and May samples contain, not only full

shell embryos, but also newly fertilized embryos and partial shell

embryos. The level of 107 to 13Z individuals of the February and

March samples (see Figure 71 and Table X) represent the maximum

number of pre-shell and partial shell embryos that can be produced

by individual females in January, February, and March for all size

classes.

To facilitate the investigation of the brood potential, the largest

sized individuals are considered, The number of embryos of the

three types, for six selected adults from the April and May samples

are shown in Table XI, Although not generally the largest individuals

in the samples, the specimens do represent adults containing the

largest numbers of embryos. It is evident from the values in Tables

IX and XI that prior to the release of juveniles, the individual adults
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Table XI. Numbers of embryos present in selected adults from the
April and May, 1970 samples. Letter superscripts refer
to data points in Figure 71.

Size Pre-shell Partial Shell Full Shell
Date (mm) Embryo Embryo Embryo Total

April 6000A
126 89 40 255

April 5583B
123 65 42 230

April 111 78 27 216

May 5666D
101 70 46 217

May 5833E
97 73 43 213

May 5500F
98 81 31 200

of the largest size classes have a pre-shell and partial shell potential

of approximately 180 individuals. It is probable that between 132-180

individuals represent the maximum female potential of pre-shell and

partial shell embryos throughout the year. If this premise is accepted,

it is clear that any embryos in excess of 180 embryos represent the

addition of full shell embryos to the brood potential. In considering

this and Figure 71, one might conclude that the brood size of Kidderia

subguadratum is of the order of 25 to 250 individuals. This is justified

since it takes into account the size classes of the females.

If one considers as the brood potential of the population the

maximum number of embryos produced by the mean female size class

of the population, a significantly different potential is derived. A
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sample of 881 randomly selected individuals ranging in size from 0.4-

6.8 mm in length were analyzed. This sample had a mean size of

3. 181 mm and an unbiased estimate of the standard deviation of the

population of 3.122 mm. The maximum number of embryos produced

within this size class was 30 individuals. It would be realistic to

conclude that a brood potential of 30 individuals exists for each female

of reproductive age of the Kidderia subguadratum population studied.

Glynn (1965) considered the size class of the individual in

estimating the brood size of Lasaea cistula. He found a positive

relationship between the numbers of embryos brooded and the size

class of the individual. A 1.8 mm long individualhad a mean of

9.7 embryos in the mantle cavity. A 2.7 mm individual had a mean

of 23.7 embryos. The maximum number of embryos observed in the

mantle cavity of an adult was 39 (size class of adult was 2. 5 mm).

All embryos in this species were at the same stage of development.

Selimer (1967) considered the brood potential of Gemma gemma to

be 100 to 200 individuals per female per season. His estimate does

not take into consideration the variations in brood size due to varia-

tions in the female size classes. Ralph and Everson (1972) studied

the reproductive biology of a single sample of Kidderia bicolor col-

lected on South Georgia. They found thatthe number of youngu

brooded by females of this ovoviviparous lamellibranch varied from

six to 60 (the largest female collected was 5.8 mm in length). No
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correlation was found between the number of embryos brooded and

the size of the female. This lack of correlation may be due to incom-

plete sampling since their sample represented only one month of the

year, April.

In considering a meaningful estimate of the brood potential of

Kidderia subguadratum, for comparative studies, it is concluded that

the estimate must be defined. Most authors (next section) have

apparently not considered the size factor and have simply given an

estimate of the brood size based on the mean number of embryos

observed in the population. By this method, the brood potential of

K. subguadratum would be 96.3 ± 62.8 giving a range of 33.5-159.1

individuals per female of the population.

Exponential Decline in Numbers of Embryos
During Development

There appears to be an exponential decline in the numbers of

embryos during development. The numbers of embryos and juveniles

are compared in Figure 69. Selimer (1967) observed a similar decline

in his analysis of pre- shell embryos. He attributed the decline to

either mortality or premature liberation of the embryos. The

exponential decline observed in the K. subguadratum population mdi-

cates that some factor or combination of factors is operating with equal

intensity on all stages of development. From a total of 10, 531 pre-
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shell embryos, only 940 juveniles were sampled for a loss of almost

90% of the brood potential. The factor or factors responsible for this

decline are unknown, although premature loss of the embryos might

be considered.

Reproductive Maturity and Limits of Fertility

To determine the reproductive maturity and the limits of

fertility of the population, the total number of females brooding during

the observation period were ranked according to size class, Since the

total number of individuals sampled within each size class varied

considerably (0-49), the numbers of brooding females sampled within

each size class were corrected to a basic sample size (Bf) of 23

individuals. This number was chosen as it was the most frequently

sampled number of individuals in the size classes (mode = 23, mean

= 21. 2). From the basic sample size (Bf) a correction factor (Kf)

was derived according to the following formula:

Kf Af

where Af is the actual number of individuals sampled in the size

class. The correction factor (Kf) was then multiplied by the number

of brooding females counted in each size class. The product was the

number of brooding females, per size class, corrected to a basic

sample size of 23 individuals. To facilitate graphic presentation, the
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corrected numbers were converted to their common logarithm.

The results are presented in Figure 72.

Below the 2.000 mm size class no brooding females were

observed. The largest clam measured during the entire sampling

program was 6. 800 mm in length. The largest brooding female was

6.666 mm. This indicated that, with respect to the females, there

is probably no upper reproductive limit since one finds that the

largest and thus oldest clams were brooding embryos during the study.

In the size interval of 2.000 to 2.666 mm there was a rapid increase in

the number of brooding females. This is to be expected. Reproductive

maturity probably begins in the population at the 2. 000 mm size,

Given the variation observed among all natural populations, it is not

unusual that there is a size interval (2. 000-2.666 mm) during which

most of the females of the population reach reproductive maturity. A

small number of juveniles initially mature at 2. 000 mm. The number

that mature increases with increasing size until at approximately

2.666 mm the numbers remain constant. Sellmer (1967) reports that

Gemma gemma reaches sexual maturity at a size of 2 mm. Lasaea

rubra (Oldfield, 1955) reaches reproductive maturity at a size of 1. 1

mm. Ralph and Ever son (1972) state that Kidderia bicolor does not

reach reproductive maturity until the "young' are three years old at

a size of 3. 26 ± 0. 58 mm. Glynn (1965) suggests that maturity of the

reproductive system of Lasaea cistula begins within the size range



I.l

ct

o.

cf

2 3 4 5 6 7

SIZE (mm)

Figure 72. Size-frequency distribution of females brooding during the period from February 1970 to
March 1971.
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0. 5-1. 1 mm (length), but sexual maturity in all individuals is

achieved by a size of 1. 1 mm, The initial variation in sexual maturity

in the young individual sizes of L. cistula supports the observations of

K. subguadratum in which a similar variation in the onset of sexual

maturity exists in the population.

The largest individuals of a. gemma, L. rubra, and L. cistula

are 5, 3, and 3 mm respectively, This would account for the differ-

ences, between these species, in the size of the juveniles at repro-

ductive maturity. This relationship does not explain the variation

observed in Kidderia bicolor, a sub-antarctic lamellibranch, which

has an estimated life span of six years, reaches a maximum length of

6 mm, and achieves reproductive maturity at an age of three years

(Ralph and Ever son, 1972). The reason for this is not understood,

but may be related to the environment of South Georgia, or to the age

estimates of K. bicolor which are based on growth ring data. Sellmer

(1967) reports that G. gemma requires 4-5 months to reach a size

of 2 mm and reproductive maturity. He also states that the maximum

life span is two years. K. subguadratum is 18 to 20 months old

(Shabica, unpublished) when it reaches sexual maturity and estimates

of its life span are 12-14 years (Shabica, unpublished). This marked

differential in longevity of K. subguadratum does not appear to be an

unusual phenomenon in polar regions. Pearse (1969 a) suggests that

at least one species of Antarctic sea stars may live for more than
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100 years. As discussed earlier the effects of habitat differences,

especially with regards to temperature, are evident.

The reason for the decrease and increase in the numbers of

brooding females (3, 166-3.666 mm) following the population's attain-

ment of sexual maturity is unknown. After this marked change there

is little apparent variation in the fertility in those females above

3.666 mm.

Reproductive Strategy, A. Discussion

Thor son (1950) observed that embryos having a non-pelagic

form of development (species that brood their young) are derived from

large and yolky eggs "sufficiently rich in food to support the whole

development" of the organism to the juvenile stage. Embryos from

small, yolk-poor eggs are generally pelagic and derive their nourish-

ment from the medium in which they swim (planktotrophic). The data

in Table XII support Thorson's observations and also suggest that

those embryos or eggs which are yolk-rich are also produced in lower

numbers than the yolk-poor eggs or embryos. Brood protection is

associated with those eggs or embryos rich in yolk and small in num-

ber. Thorsch (1950) concluded from similar observations that those

species with large numbers of eggs (planktotrophic) have a T7larger

wastageJ of eggs and larvae during development than those species

which brood their embryos. The embryo of the larviparous lamelli-



Table XII. The number and diameter of eggs or embryos produced per female in some common
lamellibranchs.

Species

Form of Brood
Protection
If Present

Number of
Embryos or

Eggs Spawned Size (1i.m) Reference

Lasaea rubra ovoviviparous 6-22 300 Oldfield, 1963
Turtonia minuta ovoviviparous, 8-19 170 Oldfield, 1950

in capsules
Lissarca rubrofusca - - - 19 -- - Dell, 1964a
Cyamiaocardium crassilabrum --- 44 --- Dell, 1964b
Adacnarca nitens ovoviviparous 80 --- Burne, 1920
Transennella tantilla ovoviviparous, 60-80 250 Hansen, 1953

in capsules
Philobrya olstadi ovoviviparous 100 large Arnaud and Shabica,

unpublished
Kidderia subguadratum ovoviviparous 30-160 200-250 Shabica, this study
Gemma gemma ovoviviparous 100-200 200 Selimer, 1967
Philobrya sublaevis ovoviviparous 175 large Dell, 1964b
Kellia suborbicularis larviparous 100's 25-50 Oldfield, 1963
Adula californiensis planktonic 70 Lough, unpublished
Mytilus edulis planktonic iO <50 Pelseneer, 1935
Ostrea edulis planktonic 1.5 x 106 <50 Pelseneer, 1935
Grassostrea virginica plariktonic io8 <50 Galtsoff, 1964
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branch Kellia suborbicularis passes a pre-larval development within

the maternal organism. Upon reaching the larval stage, it is

released and takes up a planktotrophic mode of existence. .

orbicularis produces many times less eggs than the planktotrophic

species, but more than those species in which development takes

place entirely within the maternal organism.

The significance of the brooding versus the pelagic larval

scheme of development has been the subject of discussions of

numerous authors: Obrebskj (1968), Selimer (1967), Thorson

(1950). Common to all of these is the point that a mode of develop-

ment within the plankton requires a greater number of individuals

to ensure that at least one pair will reach reproductive maturity.

The stability and protection afforded developing embryos brooded

within the maternal organism is such that fewer individuals are

necessary in order to achieve reproductive success.



XVII. JUVENILES

Juvenile Size Range at Liberation
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The first juveniles were observed and collected in June, 1970

and totaled seven individuals ranging in size from 0.416-0.583 mm.

The following month, 169 individuals were collected and ranged in

size from 0.416-0.666 mm (see Table II), Since the first sample of

new juveniles consisted of individuals from 0.416-0. 583 mm, it was

assumed that this size range was indicative of the juvenile size range

at liberation. The length-frequency distribution for the June sample

had a mean of 0. 488 mm and a standard deviation of 0. 058 mm and

conformed to a normal curve of distribution. The length-frequency

distribution of the combined samples (sizes 0.416-0. 583 mm) of June

(seven individuals) and of July (155 individuals) had a mean of 0.503

mm and a standard deviation of 0, 041 mm. The 1 55 individuals

from July did not include the 14 individuals of size 0.666 mm. It was

assumed that these individuals had been of the first liberated of June

and had since grown to the larger size. This conclusion was based

on their low number and the fact that they lay far outside the initial

normal curve of distribution. The mean size of the full shell embryo

was 0,476 mm with a standard deviation of 0.019 mm. The closeness

of the combined June and July data to a normal curve of distribution,

the first appearance of the 0. 416-0. 583 nijn sizes, and their limited
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range suggested that liberation of the individuals had occurred shortly

prior to sampling. Seilmer (1967) interpreted a similar range and

distribution in Gemma gemma as meaning that liberation had occurred

in close proximity to sampling. The closeness of the proposed

juvenile size range and mean to the full shell embryo range and mean

of K. subguadratum support this reasoning. The value of 0. 503 mm

is taken to be the mean juvenile size at liberation.

Period of Liberation

Juveniles were actively liberated over a seven month period

although they were present in the population during nine months of

the year. The highest intensity of liberation occurred in September

when 28% of the total juveniles were liberated. This peak occurred

five months after the April embryo maximum was observed, This

supports the five month period of development discussed earlier.

Byssus, Reproductive, and Alimentary Systems

A number (see Table XIII) of juveniles ranging in size from

0.420-1.833mm were sectioned to investigate the state of development

of the byssus, alimentary, and reproductive systems. A series of

transverse sections taken from the same individual juvenile which was

0.420mm in length is shown in Figures 73-79. The relative locations

of each section, within a juvenile, are indicated in Figure 80, a
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Table XIII. Sexual differentiation and stomach contents of juveniles
of various size classes.

Length
(mm) Sex

Yolk
Platelets Stomach Contents

0.420 Sexually undifferentiated Present Mucus

0.666 lI Present Mucus

0. 750 H Present Mucus and particulate
detritus

0.750 Present Mucus and diatom
fragments

0.916 II Present Mucus and particulate
detritus

0.916 Male antecedents Present Diatom fragments
1. 333 Female Absent Diatoms and algal

fragments
1.833 Female Absent Diatoms and algal

fragments

sagittal section (at approximately the mid-line) of a 0. 666 mm juve-

nile. Explanatory notes accompany each figure. It should be noted

that yolk platelets are present in high numbers throughout the embryos

and early juveniles. The major organ systems are present at libera-

tion. However, varying degrees of development and differentiation

are evident. The gill is a simple, paired structure consisting of what

appears to be the descending lamellae of the inner demibranchs. The

gonad is sexually undifferentiated. The siphons appear to be incom-

pletely developed, but this may be related to the section thickness

(10 microns) such that the finer structure was lost. The stomach is
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Figure 73. Transverse section of a 0. 420 mm long juvenile at the
level of the posterior adductor muscle. Note mantle
lobes, cloacal chamber, and yolk platelets.

Figure 74. Transverse section taken 20 micra anterior of the sec-
tion shown in Figure 73. Note inhalant siphon, and
posterior pedis retractor muscles.

Figure 75. Transverse section taken 40 micra anterior of the sec-
tion shown in Figure 74. Note sexually undifferentiated
gonad.

Figure 76. Transverse section taken 30 micra anterior of the sec-
tion shown in Figure 75. Note stomach, gastric shield,
and style sac.

Figure 77. Transverse section taken 40 micra anterior of the sec-
tion shown in Figure 76. Note byssal thread, mantle
cavity, and pedal ganglia.

Figure 78. Transverse section taken 30 micra anterior of the sec-
tion shown in Figure 77. Note inner labial paips and
anterior pedis retractor muscle.
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devoid of identifiable particulate matter, although mucus is present

indicating perhaps that it is functional. The digestive diverticula are

undifferentiated. A portion of a byssal thread is observed within the

mantle cavity.

Pedis and Byssus Systems, Methods of
Substrate Attachment

The 0.420 mm individual is one of the more immature juveniles

collected. The presence of a byssal thread indicates that this system

is probably active at liberation, Observations of the population show

that juveniles in the 0.400-0. 500 mm size range are attached to the

substrate, to rocks, or more commonly, to other individuals within

the population. In observations made in August, 1970 all liberated

juveniles were attached, by means of their byssal thread, to other

individuals, to the rock substrate, or were entangled within other

byssal threads or hydroids in the community

The foot of Kidderia subguadratum is greatly reduced so that

the locomotor behavior of the individuals (including the adults) is

reduced in comparison to that in a species such as Gemma gemma

which has an infaunal mode of life. The location of the K. subguadra-

tum population in the lower intertidal, which is subjected to severe

wave, current, and ice action, make it advantageous to have a

byssus system which is active immediately at liberation. Such a



115

system would prevent the rapid dispersal of individuals from the

population. The foot of both juvenile and adult individuals of K.

subguadratum has been observed to adhere to both smooth and rough

substrates in the laboratory. The ability to attach itself via its foot

prior to the secretion of a byssal thread would greatly reduce the

effects of dispersal caused by currents and wave actions. Markusen

(1966) observed similar behavior in the intertidal eulamellibranch

Lasaea subviridis at Seal Rock, Oregon. Waves and currents probably

play a primary and important role in the geographic dispersal of K,

subguadratum. The effects of sea ice and anchor ice may also contrib-

ute to its dispersal. Dayton etal, (1969), Gruzov (1974), Hpner-

Petersen (1974), and Shabica (1972) discuss anchor ice and sea ice

and their effects on the benthos. It is probable, however, that most

juveniles take up a well anchored epifaunal existence immediately

upon release from the maternal organism due to the combined actions

of the pedis and byssus systems.

Reproductive System

The sectioned material (see Table XIII) shows that the gonads

are sexually differentiated in juveniles having a length of 0.916 mm

or greater (see Figure 81). Developing oôgonia are observed in

females of 1. 333 rru-n length (see Figure 82). This differentiated

ovary (Figure 82) shows well developed and growing oögonia; the
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Figure 79. Transverse section taken 20 micra anterior of the
section shown in Figure 78. Note cerebral ganglia,
mouth, and yolk platelets.

Figure 80. Sagittal section of a two month old juvenile (0.666 mm
in length) showing sexually undifferentiated gonadal
mass, composed primarily of yolk platelets.

Figure 81. Transverse section through the gonad of a three month
old male (0. 750 mm in length) showing immature
s permiocyst.

Figure 82. Transverse section through the gonad of a nine month
old female (1. 333 mm in length) showing well developed
oögonia, the largest of which is approximately 40 micra.
Note absence of yolk platelets.

Figure 83. Transverse section through stomach of a two month
old juvenile (0. 666 mm in length) showing the presence
of mucus and some unidentified particulate matter.

Figure 84. Transverse section through stomach of an adult show-
ing typical contents, consisting of individual and chain
centric diatoms, fragments of pennate diatoms, organic
fragments, and silt-sized inorganic fragments including
quartz and feldspar.
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largest being approximately 40 micra in diameter. It might be

concluded from this that sexual differentiation occurs prior to or

at a length of 0.916 mm and that gametogenesis begins, at least in

the female, prior to a length of 1.333 mm.

The gills in juveniles of a length of 1. 333 mm are structurally

similar to those of the early juvenile except that the size and num-

bers of filaments has increased. The typical inner and outer demi-

branchial condition of the gills is not fully differentiated until, at

the latest, the individual reaches 2.325 mm; it becomes differen-

tiated during the interval of growth 1. 333 to 2. 325 mm.

Alimentary System and Feeding Behavior

The large amounts of yolk present in the 0. 420 mm juvenile

(Figures 73-79), in conjunction with the undifferentiated digestive

diverticula, and the empty alimentary tract suggest that nourishment

at an early age, is derived from the yolk present at liberation, and

that the feeding system is nonfunctional. A typical stomach of a

juvenile 0.666 mm in length is shown in Figure 83. Detritus andmucus

are present. The typical stomach contents of an adult consisting

of numerous diatoms, diatom fragments, dinoflagellates, and

unidentified organic and inorganic detritus is shown in Figure 84.

Sections made of some juveniles (see Table XIII) indicate that active

feeding begins in those animals greater than 0. 750 mm; determined



by the presence of identifiable algal fragments in the stomach. The

embryonic yolk platelets are entirely absent from individuals larger

than 1.333 mm in length. It is evident that between 0.750-1.333 mm

the yolk platelets are gradually utilized and the organism becomes

more and more dependent on external food sources. Feeding in the

first juveniles of the season begins approximately two months after

liberation; in the late winter and early spring (August and September).
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XVIII. REPRODUCTIVE STRATEGY OF
KIDDERIA SUBQUADRATUM

Brood protection among intertidal lamellibranchs is not an

uncommon reproductive pattern. This method ensures that fewer

numbers of gametes are required to achieve reproductive success

In addition, there is less waste of sexual products by producing

fewer numbers of embryos and then protecting these until they have

passed their most susceptable stage of mortality before release.

Large, yolk-rich eggs reduce the necessity for planktotrophic modes

of life in the ovoviviparous lamellibranchs. Nourishment is derived

from yolk platelets present in the embryo during development and in

the egg prior to fertilization. Those embryos having a planktotrophic

mode of life are derived from smaller, yolk-poor eggs and must

therefore feed in the plankton where they are susceptible to environ-

mental hazards. The larviparous lamellibranchs have intermediate

numbers of eggs which are generally intermediate in size between

the eggs of ovoviviparous and planktotrophic species, These animals

which are at first brooded, derive their nourishment from yolk

platelets while in the maternal organism, early in development, and

from the plankton later in development. The environmental hazards

include predation, poor or uncertain planktonic food conditions,

transportation by ocean currents into water types unsuitable to the

physiological survival of the larvae, and transportation to an
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unsuitable substrate. Reproductive success requires that at least

two individuals reach reproductive maturity. In the case of the

planktotrophic embryos a greater number of gametes (numbering in

the millions of individuals) are required. In contrast, those species

which brood their young require only a few (tens to hundreds of

individuals) to achieve reproductive success. The pressures

selecting for brood protection in the Antarctic marine environment

have been described as (1) temperature (see Dunbar, 1968; Gravier,

1923 for a discussion), (2) low surface salinities during the spring

and summer austral snow and ice melt (Hardy, 1960; Ostergren,

1912), and (3) inadequate food conditions in the plankton (Thorson,

1950).

Direct development without trochophore and veliger larval

stages has not been reported before for the marine Lamellibranchiata,

This form of development, in freshwater lamellibranchs, is probably

in part related to the density differential between the organism and the

freshwater environment, and to the brooding behavior of the adults.

A planktotrophic mode of life for larvae in freshwater, for extended

periods, would be exceedingly difficult to maintain. This is suggested

since the amount of energy that a larva would expend in maintaining

its position in the water column would probably be greater than that

which would be gained from grazing the phytoplankton. For marine

animals, and lamellibranchs specifically, this environmental density
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differential does not exist.

The absence of free larval stages in those species exhibiting

direct development is possibly the result of the loss of this system,

through disuse, during the evolution of these animals. In freshwater

lamellibranchs the density differential (the animals are negatively

bouyant) and the brooding of the ovoviviparous species may have

contributed to the loss of the free larval stages through time.

During the evolutionary history of a species, the disuse of an organ

or organ system generally leads to the atrophy of that organ or

system (Darwin, 1859). With the loss of the larval stages in fresh

water lamellibranchs, development became direct without the meta-

morphosis characteristic of those species exhibiting indirect develop-

ment. This transition might have occurred if the animals had invaded

the freshwater environment from the marine environment.

In the ovoviviparous species of marine lamellibranchs develop-

ment has been described as indirect. The incidence of direct develop-

ment observed in Kidderia subguadratum suggests that during the

course of its evolution the larval stages have atrophied. The sup-

pressed, but recognizable larval stages observed by several authors

in marine, ovoviviparous lamellibranchs may support the hypothesis

of a gradual loss of the larval stages during evolutionary history.

Larviparous species may be in a transitional phase from the numer-

ous, small embryos of planktotrophic species to the few, large
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embryos of ovoviviparous species, Perhaps, in time, selection for

direct development would result in direct development with brood

protection in these species. Direct development in K. subguadratum

is probably maintained as a consequence of brood protection in the

female, the large, yolk-rich eggs, the five month period of develop-

ment, and the winter-spring liberation of the juveniles.

In the Arthur Harbor region of the Antarctic, primary produc-

tion is lowest in the late autumn and winter. During the spring,

summer and early autumn phytoplankton blooms the organic production

of these waters is probably the highest of any of the world's oceans.

The low production of the winter occurs because light levels are

minimal and the water column is stabilized by fast-ice cover and

low air temperatures. This thermal stabilization prevents renewal

of surface water nutrients which are depleted during the autumn

phytoplankton bloom. It is during this winter period that the libera-

tion of K. subguadratum juveniles commences, reaching a maximum

in the spring. Since active feeding does not begin for several months,

those juveniles liberated during the winter begin feeding in the spring.

The spring phytoplankton blooms and the high primary production

during the summer provide the food requirements of the juveniles.

The greatest number of juveniles are liberated during the spring.

This suggests that the juveniles of K, subguadratum might require a

conditioned-type food characteristic of or found in the spring and early
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summer phytoplankton blooms. It is possible that selection for a

winter and spring liberation is maintained in the population by this

food requirement. Pearse (1965) attributes the winter spawning

adaptation of Odontaster validus, an Antarctic asteroid, to its slow

rates of development which synchronize the appearance of the demersal

larvae of this species with the high primary production of the summer.

The lengthy developmental period of five months of .

quadratum is unusual in the Lamellibranchiata and is partly related

to the cold and stable environmental characteristics of the Antarctic

oceans. The release of the first juveniles in June which occurs in the

austral winter at a time of low phytoplanktonic production (the food

of K. subguadratum is primarily phytoplanktonic in origin) is unusual.

The first juveniles begin feeding in the early spring and are present

for the spring phytoplankton bloom which marks the break-up in the

water column of the winter' s hydrographic stability. Of greater

importance to these blooms, however, is the increase in the duration

of daylight associated with this period of the year. Pearse (1965)

considers changes in 'phytoproduction" to be important in the synchron-

ization of gametogenesis in two populations of Odontaster validus. It

is suggested that the condition of the phytoplankton bloom is such as

to make it selectively advantageous to K, subguadratum to be liberated

during this period. Since organic production is primarily controlled

by light in the Antarctic, it is proposed that light exerts the ultimate
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control on the reproductive strategy of Kidderia subguadratum.

The selective advantage of brooding or some form of embryo

protection during development in the Antarctic is emphasized if one

considers the case of Odontaster validus (Pearse, 1965, 1969b).

Large proportions of antarctic echinoderms brood their embryos and

exhibit indirect development (Thorson, 1950; Pearse, 1969b). 0.

validus also exhibits indirect development, but it has evolved an embryo

which has a free-living, demersal mode of existence during develop-

ment. Pearse (1969b) attributes this to larval adaptations which lead

to a demersal mode of feeding behavior rather than to a brooding

behavior or direct development. This strategy appears to be success-

ful for 0. validus. The reproductive strategy of Kidderia

guadratum which includes large, yolk-rich eggs direct development,

brood protection, a five month period of development, and winter

liberation of juveniles appears to be successful in the Antarctic

environment.
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XIX. SUMMARY

Kidderia subguadratum is a small (0.4-6.8 mm long), Antarctic,

marine eulamellibranch of the Family Cyamiidae. The sexes are

separate and the females comprise 54. 1% of the population studied

at Palmer Station, Antarctica. The differential in the sex ratio is

neither size nor age related. The females are ovoviviparous, and

the embryos are incubated in brood pouches of the gills of the females

during a five month period of development. Development is direct

without free living, planktonic larval stages.

The male and female gonads are paired, symmetrical structures

similar in functional morphology to other dioecious lamellibranchs,

The female ovocysts are equally as large, less variable in shape,

and fewer in number than the male spermiocysts. The female

gonad is unusual among lamellibranchs in that unilaminar ovarian

follicles are present. A follicle consists of a simple squamous

follicle epithelium and either a developing oögonium or oöcyte. The

reproductive system involves, in addition to the gonadal system,

the ctenidial and siphonal systems. The gills of the Lamellibranchiata

are modified in function from the ancestral molluscan ctenidia and

serve as food-gatherers in addition to the primary function of

respiration. In Kidderia subguadratum, as well as many other

eulamellibranchs, the gills have been further modified and serve,
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in the female, as brood pouches in which the embryos develop. The

gills consist of two pairs of inner and outer demibranchs. The spaces

between the gill lamellae serve as brood pouches. The inner demi-

branchs are the largest parts of the gills and consist of 33-35 fila-

ments each and extend almost over the entire length of the adult.

The outer demjbranchs are reduced, consist of 22-24 filaments, and

extend over and are eventually joined to the posterior part of the

inner demibranchs. The outer demibranchs pass caudally of the

inner demibranchs and join the exhalant siphon forming the cloacal

chamber. Thus a free passage exists from the oviduct orifices,

which open into the epibranchial chambers of the inner demibranchs,

through the brood pouches of the inner and outer demibranchs into

the cloacal chamber and through the exhalant siphonal aperture.

Embryos are incubated in the brood pouches of the inner and outer

demibranchs.

A year-round production of oogonia takes place and there is a

sloughing-off of cells which are lost or wasted from the population

in terms of its reproductive potential. Sloughing-off of cells has not

been reported in other lamellibranchs. Egg formation consists of

the rounding-off of a single germ cell which includes a nucleolus,

nucleus, and cytoplasm complex, This complex, called an oógonium,

grows out from the germinal epithelium into the lumen of the ovocyst.

The solitary egg formation of K. subguadratum is modified at this
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point and includes a unilaminar follicle epithelium which surrounds

the growing egg. The follicle epithelium does not appear to serve

any nutritional role in egg growth. The presence of this type of

follicle has been observed in only one other lamellibranch, Pseudo-

kellya cardiformis, an Antarctic species closely related to K. sub-

guadratum. There is a positive correlation between the size of the

adult female and the number of oogonia present in the ovary. Sea-

sonal oögenesis occurs continuously in the population over a seven

month period from late December until early July. The females

spawn continuously for a minimum of five months. There is no con-

sistent seasonal variation in the numbers of oogonia observed in

the ovaries. The complete process of oögenesis, that is, the process

of the growth of a germ cell to a primary oocyte, takes 15 to 19

months. This lengthy period may account for the lack of seasonality

observed in the numbers of oàgonia present in the ovaries. The

reason for the sloughing-off of oögonia from- the ovaries is unknown.

Spermatogenesis occurs from November until July encompassing

an eight month period. Spermatogenesis precedes the formation of

primary oöcytes by one month. Males may spawn only once or at

discreet periods with periodic build-ups of spermatozoa, followed

by spawning. The spermatozoa are shed directly into the water,

Fertilization probably takes place in the brood pouches, epi-

branchial chambers, or oviducts, or all three areas, of the adult
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female after the eggs are released from the ovary, Spermatozoa

which are shed into the water are dispersed by currents and wave

action. The close proximity of all the individuals in the population

facilitates the process of fertilization. Spermatozoa are drawn

through the inhalant siphon of the female, into the mantle cavity.

Entrance to the brood pouches is afforded by the openings between

the gill filaments, the gill ostia. The eggs are fertilized as primary

oöcytes during the germinal vesicle stage of maturation or after

the breakdown of the germinal vesicle, or at both stages. The

follicular epithelium present in the ovary persists on the embryos

throughout development. This follicle epithelium may bind the

embryos together and thus prevent their premature loss from the

brood pouches.

Kidderia subguadratum is considered to be ovoviviparous since

there is no epithelial connection between the embryo and maternal

organism during development. There does not appear to be any

form or means by which the maternal organism could nourish the

embryos. Embryos can be prematurely liberated from the maternal

organism in the pre-shell stage of development and still survive.

The stability and protection afforded developing embryos within the

maternal organism is such that fewer individuals are necessary to

achieve reproductive success, A mode of development within the

plankton requires a greater number of individuals to ensure that at
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least one pair will reach reproductive maturity.

Development of the embryo follows the normal indirect,

marine lamellibranch pattern until gastrulation. This includes

unequal cleavage, formation of a stereoblastula with a reduced

blastocoel, and gastrulation by epiboly with slight invagination.

Following gastrulation development is considerably modified and

follows the normal freshwater lamellibranch pattern of direct

development. This is partially attributed to the large amounts of

yolk that the egg contains and to the absence of free living trocho-

phore and veliger larvae. The trochophore and veliger larvae are

absent and no analogous structures are observed. The complete

absence of the larval stages and lack of a metamorphosis indicate

that the development is direct. Direct development has not been

reported previously in the marine Lamellibranchiata.

The brood size of an individual of K. subguadratum is dependent

on the size of the individual female. The larger the female, the

greater the number of embryos brooded or produced. The number

of embryos observed in individuals during the study ranged from one

to 255. Since an individual female is in continuous production for

at least five months, a brood potential for the population as a whole

gives a meaningful estimate of production. By considering the popu-

lation as a whole, a brood potential of 96. 3 ± 62.8 individuals per

female is realized. During development, from the fertilized embryo
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to the liberated juvenile, almost 90% of the initial brood potential of

the population is lost. This loss is of equal intensity at all develop-

mental stages.

The reproductive season of the K, subguadratum population

extends over an eight to nine month period from December to August

The peak of the spawning season occurs in April, when the greatest

number of embryos are produced. Spawning in a female of the popu-

lation is continuous and lasts for a minimum of five months. The

incubation period, that is, the elapsed time between fertilization and

the release of the embryos as juveniles, is five months and appears

to be the result of an adaptation to temperature. Embryos are

present in the brood pouches of females for eleven months of the

year.

Juveniles are liberated from the maternal organism in the

winter and spring and range in size from 0.416 to 0. 583 mm and

have a mean size of 0. 503 mm at liberation. Juveniles are liberated

during nine months of the year (June-February). The period of

peak liberation is in September and is five months alter the maximum

number of brooding embryos is observed. The byssus system is

active at liberation thus allowing immediate attachment of the embryo

to the substrate, The gill at liberation is a simple, paired structure

consisting of the descending lamella of the inner demibranchs.

Sexual differentiation of the juvenile gonad occurs within approximately
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four months of liberation at a mean size of 0.916 mm. Gameto-

genesis begins, at least in the females, prior to a length of 1. 333

mm or approximately at an age of nine months0 Sexual maturity in

the juveniles occurs between 2, 00 and 2. 66 mm and represents an

age of approximately 18 to 22 months. There is no upper size or

age limit of fertility in either males or females.

Feeding begins in those juveniles greater than 0.750 mm.

Prior to this size and up to a size of 1. 333 mm, yolk platelets are

present and account for complete or partial nourishment of the

individual. The juvenile is entirely dependent on external food

sources at a size of 1.333 mm, at an age of nine months. The food

of K. subguadratum, a filter feeding bivalve, consists of diatoms,

algal fragments, dinoflagellates, and organic detritus,



132

BIBLIOGRAPHY

Arnaud, P. M., 1972a, Sur une petite collection de gastéropodes
Prosobranches et Plcypodes de L'Ile Petermann (Antarctique).
Tethys, 4(2): 429-436.

, I .., , 11972b, Invertebres marins des XIIeme et XVeme Expedi-
tions Antarctiques Francaises en Terre Ad1ie. 8. Gastropodes
Prosobranches. Tethys (suppi, 4): 105-134.

1973, Contribution a la bionomie benthique antarctique
et subantarctique. Thse prsente a L'Universit D'Aix-
Mar seille pour obtenir le grade de Docteur Es-Sciences
Naturelles. 323 p.

Bienati, N. L., R. A. Comes, and H. Spiedo, 1974, Primary pro-
duction in Antarctic waters: Seasonal variation and production
in fertilized samples during the summer cycle. SCOR/SCAR
Polar Oceans Conference, 5-11 May 1974. McGill University.
(Abstr.)

Brooks, W. K., 1880, The development of the oyster. Stud, Biol,
Lab. Johns Hopk. Univ., Baltimore 1: 1 -104.

Cole, H. A., 1938, The fate of the larval organs in the metamor-
phosis of Ostrea edulis. J. Mar. biol. Ass, U, K., 22: 469-
484.

Dalcq, A., 1957, Introduction to general embryology. (Transi.
from French by J. Medawar). Oxford Univ. Press, London.
177 p.

Darwin, C,, 1859 (reprinted 1951), On the origin of species. Philo-
sophical Library, mc,, New York. 426 p.

Dayton, P. K., G. A. Robilliard, and A. L, Devries, 1969, Anchor
ice formation in McMurdo Sound, Antarctica, and its biological
effects, Science 163: 273-274.

Dell, R. K., 1964a, Marine mollusca from Macquarie and Heard
Islands. Rec, Dom. Mus., 4(20): 267-301.



133

1964b, Antarctic and subantarctic mollusca: Amphi-
neura, Scaphopoda and Bivalvia. Discovery Rep., 33: 93-250.

1972, Antarctic benthos. Pages 1-216 in F. S. Russell
and C. M. Yonge, eds,, Adv. Mar. Biol. 10, Academic
Press, New York.

Dunbar, M. J., 1968, Ecological development in polar regions. A
study in evolution. Prentice Hall, Englewood Cliffs (N.J.).
119 p.

El-Sayed, S. Z., 1967, On the productivity of the Southwest Atlantic
Ocean and the waters west of the Antarctic Peninsula, Pages
15-47 mG. A. Liano andW. L. Schmitt, eds., Biology of the
Antarctic Seas Ill. Amer. Geophys. Union Pub, No. 1579,
Washington, D. C.

1971, Dynamics of trophic relations in the southern
ocean. Pages 7 3-91 in L. 0. Quam, ed., Research in the
antarctic. AAAS Pub. No. 93, Washington, D. C.

El-Sayed, S. Z., E. F. Mandel].i, and Y. Sugimura, 1964, Primary
organic production in the Drake Passage and Bransfield Strait.
Pages 1-11 mM. 0. Lee, ed., Biology of the Antarctic Seas.
Amer. Geophys. Union Pub. No. 1190, Washington, D, C.

Fahmy, 0. G., 1949, Oägenesis in the desert snail Eremina deser-
torum with special reference to vitellogenesis. Quart. J.
Micr. Sci., 90: 159-181.

Fretter, V. and A. Graham, 1964, Reproduction. Pages 127-164
inK. M. Wilbur andC. M. Yonge, eds., Physiology of
mollusca. Vol I. Academic Press, New York,

Foster, T. D., 1932, Observations on the life history of a finger-
nail shell of the genus Sphaerium. J. Morph., 53(3): 473-497.

Gaitsoff, P. S., 1964, The american oyster Crassostrea virginica
Gmelin. U. S. Fish. Wildlife Serv., Fishery Bull,, 64: 1-480.

Gibson, R., T. E. Thompson, and G. A. Robilliard, 1970, Structure
of the spawn of an antarctic dorid nudibranch Austordoris mac-
murdensis Odhner. Proc. Malac. Soc. Lond., 39: 221-225.



134

Glynn, P. W., 1965, Community composition, structure, and inter-
relationships in the marine intertidal Endocladia muricata
Balanus glandula association in Monterey Bay, California.
Beaufortia, 12(148): 1-198.

Gonor, J, J., 1972, Gonad growth in the sea urchin, Strongylocen-
trotus purpuratus (Stimpson) (Echinodermata : Echinoidea) and
the assumptions of gonad index methods, J. exp. mar. Biol,
Ecol,, 10: 89-103.

Gravier, C., 1923, La ponte et 1' incubation chez les Anndlides
Polychetes. Ann. Sci. nat. Zool,, 10(6): 153-248.

Gruzov, E. N., 1974, The influence of fast ice and anchor ice on the
shore communities, SCOR/SCAR olar Oceans Conference,
5-11 May 1974. McGill University. (Abstr.

Hansen, B., 1953, Brood protection and sex ratio of Transennella
tantilla (Gould), a pacific bivalve, Dansk Naturhist, For en.,
Videnskab, Medd,, 115: 313-324.

Hardy, A., 1960, General discussion on marine biology. Pages 641-
642 in A discussion on the biology of the southern cold temperate
zone. Proc. Roy. Soc. Lond. (Ser, B.), 152.

Hedgpeth, J, W., 1969, Preliminary observations of life between
tidemarks at Palmer Station 64°45'S. 64°05'W. Antarct. J.
U. S., 4(4): 106-107.

1971, Perspectives in benthic ecology in antarctica.
Pages 93-136 in L. 0. Quam, ed., Research in the antarctic.
AAAS Pub. 93, Wash,

Howard, J., 1953, Some viviparous pelecypod mollusks. Wasmann
J. Biol., 11(2): 233-240.

Holdgate, M. W., 1968, Antarctic biological research in prospect
and retrospect. Abstracts of Symposium on Antarctic Ecology,
29Juy - 2 August 1968. Cambridge, England.

Hyman, L. H., 1967, The invertebrates: mollusca I. McGraw-Hill
Book Co., New York. 792 p.

Knox, G. A., 1955, The development of Kerguelenella stewartiana
(Powell) (Gastropoda: Siphonariidae). Pacif. Sd., 9(1): 85-89.



135

Korschelt, E., and K. Heider, 1900, Textbook of embryology of
invertebrates, part 4. Swan Sonnenschein and Co., London,
594 p.

1902, Lehrbuch der Vergleichenden Entwicklungsgeschichte
der Wirbellosen Thiere. Ailgemeiner Theil I, Gustav Fischer,
Jena, 750 p.

Lebour, M, V., 1938, Life history of Kellia suborbicularis. J..
Mar. biol. Ass, U, K., 22: 447-451,

Lough, B.. G., andJ, J, Gonor, 1971, Early embryonic stages of
Adula californiensis (Pelecypoda: Mytilidae) and the effect of
temperature and salinity on developmental rate. Mar. Biol.,
8(2): 118-125.

Markusen, E. N., 1966, Some field and laboratory studies of the
small intertidal lameilibranch Lasaea subviridis Dali as it
exists in the Seal Rock vicinity of Oregon. Unpublished manu-
script. National Science Foundation Re search Participation
Program for Teachers. Marine Science Center, Oregon State
University, Newport. 54 p.

Meisenheimer, J,, 1901, Die Entwicklung von Herz, Perikard,
Niere und Genitaizelien bei Cyclas in Verh.ltnis zu den
ibrigen Moilusken. Zeit. f. wiss. Zool., 69: 417-441.

Meglitsch, P. A., 1967, Invertebrate zoology, Oxford Univ. Press,
New York. 961 p.

Mortimer, C. E,, 1967, Chemistry: a conceptual approach.
Reinhold Publishing Co., New York, 692 p.

Newell, R. C., 1970, Biology of intertidal animals. American
Elsevier Publishing Co., New York. 555 p.

Obrebski, 5., 1968, On the population ecology of two intertidal
invertebrates and the paleoecological significance of size-
frequency distributions of living and dead shells of the bivalve
Transennella tantilla. Ph. D. Thesis. University of Chicago
(University of Chicago Mic. No. T17317). 102 p.

Okada, K., 1968, Annelida. Pages 192-241 mM. Kum and K. Dan,
eds., Invertebrate embryology. (Transl. from Japanese by
J. C. Dan,) NOLIT, Publishing House, Belgrade.



1 36

Oldfield, E., 1955, Observations on the anatomy and mode of life
of Lasaea rubra and Turtonia minuta. Proc. Malac. Soc.
Lond,, 31: 226-249.

1961, The functional morphology of Kellia suborbicularis
(Montagu), Montacuta ferruginosa (Montagu) and M. substriata
(Montagu), (Mollusca, Lamellibranchiata). Proc. Malac.
Soc. Lond,, 34: 255-295.

1963, The reproduction and development of some members
of the Erycinidae and Montacutidae (Mollusca, Eulamelli-
branchiata). Proc. Malac. Soc. Lond,, 36: 79-120.

Ostergren, H., 1912, tJber die Brutpflege der Echinodermen in
den südpolaren Küstengebieten. Z. wiss. Zool., 101: 325-341.

Pearse, J. S., 1965, Reproduction periodicities in several contrast-
ing populations of Odontaster validus Koehier, a common
antarctic asteroid. Pages 39-85 in G. A. Llano, ed., Biology
of the Antarctic Seas II. Amer. Geophys. Union Pub, No.
1297. Washington, D. C.

1969a, Antarctic sea star. Aust. nat. Mist., 16: 233-238.

1969b, Slow developing demersal embryos and larvae of
the antarctic sea star Odontaster validus. Mar. Biol. 3(2):
110-116.

Pelseneer, P., 1903, Résultats du voyage du S. Y. Belgica en
1897-1899. II. Moll. (Amphineures, Gastropodes et Lamelli-
branches), Rapp. Sci. Zoo].. Buschmann, Anvers. 85 p.

1906, Part V. Mollusca. In E. R. Lankester, ed,, A
treatise on zoology. Adam and C, Black, London. 355 p.

-, 1926, La proportion relative des sexes chez les animaux
et particulierement chez les mollusques. Mm. acad. roy.
BeIg., Classe sci., 8: 1-258.

1935, Essal d'éthologie zoologique d'apres 1tude des
mollusques. Acad. roy. Belg., ClasseSci. Pub]., Found,
Agathon de Potter, Bruxelles. 662 p.



1 37

Ponder, W. F., 1971, Some New Zealand and subantarctic bivalves
of the Cyamiacea and Leptonacea with descriptions of new taxa.
Rec. Dom. Mus., 7(13): 119-141.

Prosser, C. L., and F. A. Brown, 1961, Comparative animal
physiology. W. B. Saunders Co., Phil. 688 p.

Quayle, D. B., 1952, Structure and biology of the larva and spat
of Venerupis pullastra (Montagu). Trans. Roy. Soc. Edin,,
62, 1(8): 255-297.

Ralph, R., and I. Ever son, 1972, Some observations on the growth
of Kidderia bicolor (Martens) (Mollusca: Lamellibranchiata)
atSouth Georgia. Br. Antarct. Surv. Bull., 31: 51-54.

Ranzoli, F., 1953, Osservazioni atometriche e citochimiche sul
comportamento del nucleoli nell' ovogenesi di Patella coerulea.
Caryologia, 5(2): 137-158.

Raven, C. P., 1958, Morphogenesis: analysis of molluscan develop-
ment. Pergamon Press, New York. 311 p.

1964, Development. Pages 165-195 inK. M. Wilbur,
and C. M. Yonge, eds., Physiology of mollusca. Vol. 1.
Academic Press, New York.

Rundle, A. S., W. F. Ahrnsbrak, and C. C. Plummer, 1968,
Glaciology and meteorology of Anverse Island. I: Surface
meteorological data for Palmer Station, Antarctica, February 1-
December 31, 1965. The Ohio State Univ. Res. Found.,
Columbus. 374 p.

Rundle, A. S., and S. R. Dewitt, 1968, Glaciology and meteorology
of Anvers Island. U: Surface meteorological data for Palmer
Station, Antarctica, January 1-December 31, 1966. The Ohio
State Univ. Res. Found., Columbus. 404 p.

Sacarro, G. F., 1945, Etudes embryologiques sur les cpa1opodes.
Arq. Mus. Bocage, 16: 33-70.

Selimer, G. P., 1967, Functional morphology and ecological life
history of the gem clam Gemma gemma (Eulamellibranchia:
Veneridae). Malacologia, 5(2): 137-223.



1 38

Shabica, S. V., 1972, Tidal zone ecology at Palmer Station.
Antarct, J. U. S.,, 7(5): 184-185,

Soot-Ryen, T,, 1951, Antarctic pelecypods. Nor. Ant. Exped.,
1927-1928. Sci. Res., 3(32): 1-46.

Stauffacher, H., 1893, Eibildung und Furchung bei Cyclas cornea.
Vierteljähr. Ges. Zurich, 38: 361-370.

Stout, W. E., and Shabica, S. V., 1970, Marine ecological studies
at Palmer Station and vicinity. Antarct. J. U. S., 5(4):
134-135.

Thompson, T. E., 1967, Direct development in a nudibranch, Cadlina
laevjs, with a discussion of developmental processes in
Opisthobranchia. J. Mar. biol. Ass. U. K., 47: 1-22.

Thorson, G., 1950, Reproductive and larval ecology of marine
bottom invertebrates. Biol. Rev. (Cambridge Phil Soc.),
25: 1-45.

U. S. Naval Oceanographic Office, 1967, Oceanographic atlas of the
North Atlantic Ocean. II: Physical properties. U. S. Naval
Oceanographic Office, Washington. 303 p.

Wada, S. K., 1968, Mollusca. I. Amphineura, Gastropoda,
Scaphopoda, Pelecypoda. Pages 485-525 in M. Kum and K.
Dan, eds., Invertebrate embryology. (Transl. from Japanese
by J. C. Dan.) NOLIT, Publishing House, Belgrade.

Weisz, P. B., 1959, The science of biology. McGraw-Hill, New
York, 786 p.

Woods, H., 1931, History of the germ cells in Sphaerium striatinum
(Lam.). J. Morph. and Phys., 51(2): 545-595.

Zeigler, H. E., 1885, Die Entwicklung von Cyclas cornea Lam.
Zeit. f, Wiss. Zool., 41: 535-575.



APPENDICES



139

APPENDIX I, ABBREVIATIONS USED IN FIGURES

A anus
AAD anterior adductor muscle
AF afferent branchial vein
AFCC anterior floor of cloacal chamber
AGC anucleate ogonium
AL ascending gill lamella
ALT ascending gill lamella of inner demibranch
ALO ascending gill lamella of outer demibranch
APR anterior pedis retractor muscle
AT atrium - auricle

BG byssal gland
BGR byssal groove
BP brood pouch - between lamellae of demibranch
BT byssal thread

C cilia
CC cloacal chamber
CDF centric diatom fragment
CG cerebral ganglion
CVC cerebro-visceral connective
CY cytoplasm

D detritus
DD digestive diverticula
DF dinoflagellate
DL descending gill lamella
DLI descending lamella of inner demibranch
DO developing oöcyte

E embryo
EBC epibranchial chamber
ECT ectoderm
EOOG early ogonia(ium)
ES exhalant siphon

F foot
FE follicle epithelium
FM follicular membrane
FSE full shell embryo
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G gill
GA gill axis
GC germ cell
GE germinal epithelium
GF gill filament
GJ gill junction
GJS gill junction, siphonal membrane
GJV gill junction, visceral mass
GS gastric shield
GV germinal vesicle

H hinge

I intestine
ID inner demibranch
ILP inner labial palp
IOOG intermediate ocigonia(ium)
IS inhalant siphon
ISO inhalant siphonal aperture
ISP immature spermiocyst

K kidney

L ligament
LOOG late odgonia(ium)

M mouth
MA mantle epithelium
MC mantle cavity
ML mantle lobe
MU mucus

N nucleus
NU nucleolus

01 primary o3cyte
OC ovacyst
OD outer demibranch
OES oesophagus
OF ovarian follicle
OGS oögonia(ium) stalk
00 oviduct orifice
OOE outer ovarian epithelium
OOG oögonia(ium)
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OSD sperm duct orifice
OV oviduct

P periostracum
PAM posterior adductor muscle
PC pericardial cavity
PD pennate diatom
PG pedal ganglion
PPR posterior pedis retractor muscle
PSE pre-shell embryo

RF rudimentary foot
RM rudimentary mouth
RMC rudimentary mantle cavity
RML rudimentary mantle lobe
RS rudimentary stomach

S stomach
SD sperm duct
SG shell gland
SH shell
SO siphonal aperture
SP spermatozoa
SP1 primary spermatocyte
SPZ secondary spermatocyte
SPG spermatogonia
SPZ spermatozoon
SS siphonal septum
STS style sac
SUG sexually undifferentiated gonad
SW stomach wall

T tentacles
TL testis lumen - testicular lumen
TS testis

V ventricle
VM valvular membrane
VW visceral wall

Y yolk
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APPENDIX II. Superscript notes for Table IX. Numbers of
embryos removed from individual adult females.

A.1 28, 12, 12, 20 E.1 127, 81, 82
A,2 22, 17, 25, 15 E2 71, 89, 62
A.3 22, 14 E.,3 88, 177
A.4 19, 27 E4 131, 68, 200, 184
A.5 30, 25 E.5 217, 117
A.6 27, 32 E.6 6, 4
A.7 12, 26 E.7 15, 20
A.8 12, 4, 1, 14 E.8 19, 7
A.9 43, 35, 15 E.9 56, 9, 34

B.1 19, 23 F.1 16, 50
B.2 5, 1, 30, 37 F.2 28, 26
B,3 8, 31, 28 F.3 45, 13
B.4 79, 12 F.4 54, 42, 44, 61
B.5 20, 9, 76 F.5 139, 105
B.6 16, 123 F.6 62, 88
B.7 11, 54 F7 146, 26, 30
B.8 121, 14 F.8 10, 12
B,9 26, 25 F9 12, 3

C.1 27, 70, 58 G,1 11, 16
C.2 24, 42 G,3 27, 71
C.3 35, 65 G.4 11, 7
C,4 92, 59 G5 4, 3

C.5 141, 43 G.6 31, 10, 4
C.6 149, 133, 113 G.7 31, 18
C.7 175, 134 G.8 6, 5, 24
C.8 165, 105, 36 G.9 9, 23
C.9 217, 142

H.1 14, 20
D.1 178, 230, 191 H.2 16, 44
D.2 169, 255 H.3 8, 1, 1, 1

D.,3 132, 143 H.4 7, 3, 26
D.4 178, 130 H.5 26, 16, 14
D.5 1, 2 H.6 4, 4
D.6 20, 18, 5 H.7 1, 1

D.7 81, 32 H.8 6, 13
D.8 56, 86 H9 3, 4, 1

D.9 77, 51
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1.1 8, 19

1.2 1, 1

1.3 6, 1, 2

1.4 4,4, 2,4
1.5 3, 3, 2, 7, 8
1.6 8, 9, 8, 3, 7

1.7 4, 6, 3, 12

1,8 17, 7, 7

1.9 3, 3, 3, 1

J,1 28, 2

J.2 3, 12, 26

J.3 27, 22

J.4 19, 48, 47

J.5 33, 52

J.6 1, 30, 30
J.7 8, 11

J.8 60, 39

J.,9 91, 79

K.1 47, 112




