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MORPHOLOGY AND TAXONOMY OF FRESHWATER OSTRACODAMN$

EDpwARrD FERGUSON, JR.
Lincoln University of Missouri, Jefferson City, Missouri, U.S.A.

ABSTRACT

Representatives of the crustacean subclass Ostracoda are worldwide in distribution, and inhabit both
freshwater and marine environments. Some species of ostracods are inhabitants of brackish water, and at
least one species lives in a moist land habitat. Freshwater ostracods belong to the order Podocopa and to
three families: Cypridae, Cytheridae, and Darwinulidae, The vast majority of ostracod species are free-
living. However, members of the genus Entocpthere live commensally on the gills of crayfish. The known
species of the genus Sphaeromicola live as commensals on amphipods and isopods. One species of Cypri-
dopsis is known to prey upon two different species of snails. Freshwater ostracods are usually oviparous and
reproduce either syngamically or by parthenogenesis, Members of the family Darwinulidae are viviparous.

The size, color, and ornamentation of the valves, and the structure of the antenna¢ (second antennae),
the maxillae, the mandibles, the third thoracic appendages, the furcae, and of the penis and ejaculatory duct
are of taxonomic significance among the Cypridae,

LINNAEUS in the 1748 edition of his Systema Naturae applied a scientific name to an ostracod for
the first time, designating it Monoculus concha pedata. The first significant work on extant
Qstracoda was done by O, F. Miiller, the results of his investigations were incorporated ina
treatise entitled Enmtomostrace sva Insecta Testaceae quae in aquis Daniae et Norvegiae reperit,
descripsit et iconibus illustravit that was published in 1785. The genus Cypris O. F. Miiller, 1776
was established as the type for all Ostracoda. This all-inclusive genus has been divided and
subdivided until it is now so restricted that it includes only a few species,

Members of the subclass Ostracoda are bivalved crustaceans and are worldwide in distribu-
tion, They occupy every conceivable kind of aquatic habitat, Mesocypris terrestris Harding is
a land-dwelling species. Freshwater species range in length from 0-35mm, to 8-O0mm. A
member of the marine genus Gigantocypris Miiller, 1912 reaches a length of 21:0 mm,

The vast majority of ostracods are free.living; however, members of the genus Entocythere
live as commensals on the gills of crayfish, Two species of the European genus Sphgeromicola
have been reported as living as commensals on amphipods and isopods. Cypridopsis hariwigi
Miiller preys upon snails of two species, viz., Bullinus contortus and Planorbis glabratus.

Larval stages of cestodes and acanthocephalans have been found in freshwater ostracods.
Ward (1940) discovered that the ostracod Physocypria globula Furtos, 1933 =Physocypria pusnidosa
(Sharpe, 1897)] serves as the intermediate host of the acanthocephalan Neoechinorhynchus cyiin-
dratus (Van Cleave, 1913), a parasite of the largemouth black bass. Hoff (1942 a) observed acan-
thocephalan parasites of several specimens of freshwater ostracods. I have taken adult nematode
pa.rasatcs from the bodies of individuals belonging to an undescribed species of Candona from
Cana ab

EXTERNAL MORPHOLOGY

According to Kesling (1951) the ostracod shell is composed of two major divisions:
(1) a layer of soft sensitive tissoe, the epidermis or hypodermis enclosed by chitin, and (2) a layer

: 1 This research was supported by National Science Foundation Grant, GB-1534.
‘t The author acknowledges the assistance of Miss Alice Boatright who prepared the drawings.
- 4-5M-1



498 EDWARD FERGUSON, IR,

of hard calcium carbonate coated with chitin, The external surface of the shell may be smooth,
reticulated, striated, covered with spines, tuberculated, or pitted. The margins frequently possess
one or more flanges. The ostracod shell is without Jines of growth. The valves are frequently

pigmented. The colors most often observed are white, green, brown, orange, yellow, purple and
black.

The two valves are seidom equal, one usually overlapping the other when closed. The
valves are connected along the dorsal margin by an elastic band, and are drawn tightly together
by a grovp of adductor muscles {Fig. 1). The muscle scars (Fig. 6) located near the center of the
valves are of taxonomic importance. An eye (Fig. 1), either single or dounble, may be present and
is visible through the valves. The inner duplicature may be wide or narrow, and the margins may
have a series of pore canals (Fig. 1).

INTERNAL ANATOMY

There are seven pairs of appendages in the family Cypridae. There are four pairs of
cephalic appendages: first antennae (antennules), second antennae (antennae), the mandibles,
and the maxillae, The first antenna is uniramous, and bears from five to seven podomeres; the
exopodite has been lost. The second antemna is also uniramous in the Cypridae and possesses
four to six podomeres; the exopodite has been reduced to a scale (Fig. 4). The exopodite
{flagellum) of the second antenna among members of the family Cytheridae is a long hollow seta
forming a duct that carries an adhesive secretion from a gland to aid in locomotion (Fig. 8).

The first antennae have short claw-like structures for climbing and digging, and long
natatory setae for swimming. The second antennae are used in feeding and in locomotion; in
the male they are also used as clasping organs during copulation. The antepenultimate podomere
of the second antenna among the Cypridae bears a club-like sensory seta, the olfactory organ or
Leydig’s organ (Fig. 4),

The mandibles (Fig. 10) are posterior to the second antennae, located one at each side
of the mouth. Each mandible is provided with chitinous teeth at its distal end. The mandibular
palp is aitached to the lower one-third of the anterior surface of the mandible proper. The base
of the mandible is strongly chitinized and is provided with well-developed levator muscles used
during mastication. The mandibular palp bears a setiferous branchial plate on its proximal
podomere. A number of spine-like setae, some tfeeth-bearing, are located on the palp, The
mandibular palp probably serves as a taste organ and as a tactiie organ as well,

The posterior pair of cephalic appendages are the maxillae (Fig. 3). These are the first
maxillae of many earlier writers. The base of the maxilla usually has three masticatory processes
and a palp of two or three podomeres. The structure and number of seta¢ on the outer masticatory
process, the process next io the palp, are of taxonomic value, The exopodite is the setiferous
branchial plate. The maxillae are modified as organs for holding and passing food to the mouth.
The branchial plate by its vibratory actions maintains a constant flow of water through the shell,
and by the same action removes foreign substances from the shell cavity.

The thoracic region bears three pairs of appendages. The first pair of thoracic appendages
in the Cypridae have tecth along the distal extremities, and are, therefore, considered by some
investigators fo be second maxillae. The protopodite ends in a masticatory process which beurs
spine-like setae. The endopodite is modified as a palp of a single podomere. The exopodite is
in the form of a branchial plate. The palp in the male is usually modified as a prehensile structure
of one or two podomeres, The prehensile claw is used during copulation. Among the Cytheridae
the first thoracic appendage is pediform and ambulatory. The branchial plate is absent,

The sixth pair of appendages have been variously called the first walking legs, and the second
walking legs. The second thoracic appendages are uniramous, having a protopodite of one
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FiGs. 1-5. Stenocypris bolieki Ferguson, 1962; female. Fig. 1.

Ferguson, 1962}, Figs. 2-5. Cyprig petenensis Ferguson, Hutchinson and Goulden, 1964: female.

Mesial view of left valve (redrawn from
Fig. 2. Third thoracic appendage. Fig. 3. Right maxilla. Fig. 4. Second antenna.
Fig. 5. Furcal ramus. (Redrawn {rom Ferguson, Huichinson and Goulden, 1964)

podomere and a backwardly directed endopodite of three or four podomeres; at the distal end
of the endopodite is a strongly developed, curved claw,
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The last pair of segmented appendages in ostracods are the third thoracic legs (Fig. 2),
the “putzfuss” of German investigators, In the Cypridae the third thoracic appendage consists
of a basal protopodite of two podomeres and an endopodite of three podomeres. The line of
separation between the podomeres of the protopodite is frequently indistinct. When held in its
normal position, the ]protopoditc is directed slightly forward and downward, and the endopodite
lies in a plane parallel with the long axis of the shell; thus, the third thoracic appendage is usually
withdrawn into the shell, and serves to keep the body free of foreign bodies.

In the Cytheridae and the Cypridae the abdomen is represented by an unsegmented pair
of appendages, the furcae (Fig. 5) which at rest are carried between the third thoracic legs. Each
furca has a basal portion or ramus which ends in two claws, and generally bears two setae, a dorsal

one and a terminal one. In some ostracods the furcal rami are greatly reduced and in others they
are completely lacking.
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Fics. 6-10. Figs. 6, 7, 9 and 10, Cypridopsis howei Ferguson, 1964; male and female, Fig, 6. Lateral
view of left valve of male, Fig. 7. Ejaculatory duct. Fig. 9. Penis. Fig. 10. Mandible and mandi-
bular palp of female, Fig. 8, Limnocythere verrucosa Hoff, 1942; female. Lateral view of the

Ieft second antenna,  (Redrawn from Hoff, 1942 9)
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REPRODUCTIVE SYSTEM

The ostracods are dicecious. The reproductive organs follow the bilaterality common
to the other organ systems. Inmany species of freshwater ostracods the reproductive glands may
be seen through the transparent or semi-transparent valves,

The female organs of reproduction are: the ovaries (Fig. 1); the oviducts, thin-walled,
elongate tubes that pass through the lamellae of the valves; the seminal receptacles, connected by
_ a short tube to the oviducts; and the vaginae located at the posterior end of the body, Kesling
(1951} points out that the left half of the female reproductive system in Cypridopsis vidua is a mirror
image of the right half, but that the two halves are not connected in any portion. This is the
bagic pattern of the female reproductive organs in all species of freshwater ostracods.

The male organs of reproduction are the testes, which appear as parallel or circuitous bands
extending from the postero-ventral region of the valve to the antero-ventral part of the valve cavity
(Fig. 6); the vasa deferntia, coiled thread-like structures resembling a watch spring; the ductus
ejaculatorius or Zenker’s organ (Fig. 7); and the penis (Fig. 9). The male reproductive organs
are paired, and are mirror images from side to side,

DIGESTIVE, RESPIRATORY, CIRCULATORY, EXCRETORY, NERVOUS AND MUSCULAR SYSTEMS

The ostracod alimentary tract starts with the atrium, this is followed by the esophagus, the
midgut, and the hindgut. The atrium or mouth lies between the mandibles and is bordered by
an unpaired dorsal labjum and a paired ventral labrum. The midgut is surrounded by a mesen-
chymatous layer of tissue. According to Bergold (1910) the secretory cells of the midgut are very
large and very numerous. The hindgut opens through the anus, The largest digestive gland is
the hepatopancreas or *‘liver”, which discharges its secretions into the midgut.

Among the ostracods the typical respiratory appendages commonty found in most crustacea
are absent. Gills have been found in only a few species of the subfamily Asteropinae. Bernecker
(1909) found that the inner lamellae of the valves in Cyprinotus incongruens are composed of a
respiratory epithelium. Kesling (1951} states, “The ostracod has no special structure for obtaining
oxygen from the water. At the present time morphological studies have neither confirmed the
respiratory role of the epithelivm nor cast doubt upen it,” ’

The respiratory process in ostracods is presently in a highly speculative state, and is a
problem deserving careful and critical investigation.

' There is no heart in freshwater Ostracoda. However, some marine species possess a sac-
like pulsating structure. It is not known for certain whether there is an adaptation for circulating
body fluids in forms lacking a heart,

"~ Claus (1895) suggests that the shell glands are excretory organs in ostracods, Bergold
(1910) gives the following as excretory organs of ostracods: glands of the first antennae, the shell
glands, and the maxillary glands.

The central nervous system of cyprid ostracods is made up of a supraesophageal ganglion
connected by a pair of circumesophageal commissures to an infracsophageal ganglion. The
supraesophageal ganglion represents seven fused ganglia, and the infraesophageal ganglion is com-
posed of three fused ganglia (Turner, 1896). From the supraesophageal ganglion two nerves pass
to-the antennules and the antennae, and an unpaired optic nerve enters the compound eye, The
pringipal nerves of the Ostracoda are: optic, antennulary, antennary, labial, mandibular, labral,
m&xéilla?v, thoracic {leg nerves), and the abdominal. The ventral nerve cord shows several varia-
tians of a general plan. The number of nerve cord ganglia reported by different investigators
varigs from three in Cypris (Turner) to five in Cythere (Lang).
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The sense-organs include the eye (Fig, 1), the olfactory club (Fig. 4), tactile receptors, and
chemoreceptors. Nowikoff (1908) presents detailed morphological descriptions of the eye. Klie
{1926) is of the opinion that the eye is separated from the rest of the body by a partition of con-
nective tissue. When the valves are open, permitting light to enter, the eye is almost transparent;
when 1he shell is closed the dark pigment is visible,

The oifactory organ is located on the antepenultimate podomere of the second antenna in
the Cypridae (Fig. 4). Turner (1896) found what he thought to be a positive correlation between
the degree of development of the olfactory club and the extent to which the natatory setac of the
second antennae had developed. He concluded that members of genera in which the swimming
setac are well developed possess relatively larger olfactory organs than individuals belonging to
genera with poorly developed natatory setae.

The adductor or closing muscles are attached to the inner surfaces of the valves (Fig. 1),
The points of attachment of the adductors are marked by muscle scars (Fig. 6). Kesling (1951)
gives a detailed description of the musculature of the appendages of Cypridopsis vidua. The appen-
dage muscles are principally of two kinds: one group connects the basal podomere to the dorsal
part of the shell and to the endoskeleton, and the other group is composed of two dorsal
reiractors or deductors and four large and three small muscles connecting the mandible to
the endoskeleton. According to Kesling the muscles of the maxillae do not lend themselves to the
terms flexor and extensor. The maxillary palp has one flexor and one extensor., The outer and
middle masticatory processes are connecied by muscles to the basal podomere; the inner process
is without muscle attachments,

REPRODUCTION, DEVELOPMENT AND SEASONAL LiFs-HISTORY

Reproduction in freshwater ostracods is always sexual. Some species, e.g., C. vidug, are
always parthenogenetic. Other species, despite an obvious superiority in numbers of males in
some cases and of females in others, always reproduce syngamically. There is no evidence that
alternate cycles of syngamic and parthenogenetic reproduction occurs in ostracods. However,
some species display a “local parthenogenesis’’ where males and females are found in some places,
and only females in other localities. Klie (1926) reports that males of Hyocypris gibba Ramdohr
have not been found in Germany; however, males of this species are known from Algiers, Hungary,
Spain, and Russia. Pennak (1953) states that Lowndes (1935) concludes from his investigations
that reproduction in ostracods is always parthenogenetic, and *‘that copulation is merely an
instinctive behaviour pattetn, a relic of the time when the union of sperm and ovum was probably
the sole means of reproduction”, If copulation has no reproductive significance in the Ostracoda
how do we account for both males and females being produced by impregnated females while virgin
females produce only females ? Darwinulg stevensoni is viviparous, apparently other freshwater
ostracods are oviparous,

The ostracod egg is capable of withstanding adverse conditions of an extreme kind and
still remain viable, Sars found ostracod eggs which he huiched from dried mud to be
viable after 24-30 years. There is a common pattern of ontogenetic development among
freshwater ostracods. The egg develops into a bivalve nauplius possessing three pairs of cephalic
appendages: first antennae, second antennae, and mandibles. Claus (1872) records the develop-
mental stages of Cypris ovum = Cyclocypris ovum (Jurine, 1820} and Cypris fasciata = Dolero-
cypris fasciata (O. F. Milller, 1776), Kesling (1951) discusses at length the ontogeny of C. vidua.
There are nine instars and eight molts in the developmental history of freshwater ostracods, the
pinth instar is the adult.

Freshwater ostracods show seasonal cycles, Ferguson (1944) studied the seasonal life-
history of C. vidua, Potamocypris smaragdina (y&vra, 1891), and pf Physocypria pustulosa (Sharpe,
1897). €. vidug has a seasonal range at the latitude of Saint Louis, Missouri, U.S.A., from March
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to December, with a peak of abundance in the July-October period. The range for P. smaragding
extends from late March until November, with a peak abundance occurring from late June-Septem-
ber. The peak abundance for P.pustulosa at Saint Louis occurs in April. Ferguson (1958 a)
gives a summary of the life-history of two species that inhabit temporary bodies of water.
Cyprinotus carolinensis Ferguson 1958 has two broods a year, one appearing during the January-
February period, and the other during the March-May period. Candona orangeburgensis Ferguson
1958 has a single brood a year; adults live about one hundred days, from early January until late
April. Kesling (1951) collected C. vidua during every month of the year except Janwvary and
February from a small pond at Urbana, Iilinois. He concludes, that since both young instars
and adults occur in all samples collected, reproduction takes place all the year round, but that
the survival rate is greater during the spring and summer than during the winter.

(GEOGRAPHICAL DISTRIBUTION

Lack of extensive collections of freshwater Ostracoda has resulted in many species being
known only from one locality. Some species are cosmopolitan, some have been found only in

the Nearctic while others are restricted to the Palearctic, and still others have been recorded only
from the Paleotropical.

Active migration of ostracods through a single drainage system accounts for the dispersal
of some species. Overland transportation has no doubt been accomplished passively by resistant
eggs being carried by wind and on the bodies of birds and insects. Doctor Vernon W. Proctor,
of the Texas Technological College, and his students are presently engaged in a series of experi-
ments to determine the extent to which small aquatic organisms are dispersed passively by way of
the intestinal tract of birds. They have found that adults of several species of freshwater ostracods
are distributed by passage through the alimentary canal of certain species of birds.

COLLECTION AND PRESERVATION

*Perhaps the chief reason for the general neglect of American Ostracoda lies in the fact
that they are nearly always necessarily collected in debris from which they must be [aboriously
separated” (Pennak, 1953). This situation is not peculiar to the American ostracod fauna. There
are wide areas of the world for which there are no records of collection of freshwater ostracods.

Freshwater ostracods are seldom found in plankton samples because most of them live at
or near the bottom, Collections are made with a Birge cone net, a small net to one end of which
is attached a heavy wire screen, and to the smaller end is tied a homeopathic vial. The apparatus
is dragged through vegetation and over the bottom of a body of water; the small organisms will
be concentrated in the homeopathic vial,

L]

The specimens are poured into a Syracuse watch glass, The sample should be examined
under a binocular, wide field microscope, and the ostracods removed with a small pipette and
placed in a solution of equal parts of water and 959%, ethyl alcohol. After the animals are dead,
the supernatant fluid should be removed with a pipette. Specimens are preserved in 85%, ethyl
alcohol. A simple staining procedure is simply to transfer specimens from 85%; ethyl alcohol into
a 19, alcoholic solution of eosin Y. Overstaining of ostracods is almost impossible, however, if
such should occur the excess stain may be removed by several passages through absolute alcohol.
Ferguson {1958 b) describes the procedure for preparing microscopic mounts using Canada balsam,
Specimens stained in lignin pink and dissected and mounted in lactophenol make excellent mounts
for microscopic examination,
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TAXONOMY

The subclass Ostracoda may be divided into four orders: Podocopa, Myodocopa, Cladocopa
and Platycopa. All freshwater ostracods belong to the order Podocopa. The Podocopa also
includes marine species. The order Podocopa has the following characteristics: geniculate second
antenna with a well-developed endopodite, and an exopodite, when present, in the form of a
rudimentary scale, or as a single long seta.

Furtos (1933 : 421) states, “G. O. Sars divided the Podocopa into two families, the Cypridae
and the Cytheridae, with the division based upon the character of the second anienna and the
thoracic legs.” Brady and Norman (1889) placed the Bairdiidae and the Darwinulidae in the
order Podocopa. The Bairdiidae are exclusively marine, the Cytheridae have a small number of
freshwater genera but are otherwise marine, and the Cypridae include both marine and freshwater
genera.

Hoff (1942 b) established the cytherid subfamily Entocytherinae to receive the genus Enfo-
cythere Marshall, 1903 and the genus Sphaeromicola Paris, 1916, Howe (1961) raised the subfamily
Entocytherinae to family rant. Hark (1962) assigned the subfamilies Entocytherinae Hoff, 1942
and Sphaeromicolinae Hart, 1962 to the family Entocytheridae Hoff, 1942, The Entocytherinae
include genera that live as commensals on freshwater crayfish, and the Sphaeromicolinae live as
commensals on freshwater isopods and marine amphipods.

Howe (1961) elevated the subfamily Limnocytherinae Klie 1938 (= Limnicytherinae Sars,
1925) to family status. The family Limnicytheridae Klie, 1938 includes the following freshwater
and brackish-water genera: Afrocythere Klie, 1935, Cytheridella Daday, 1905, Elpidium Miiller,
1881, Gomphocythere Sars, 1924, Leucocythere Kaufmann, 1892, Metacypris Brady and Robertson,
1870, Neolimnocythere Delachaux, 1928, Paracythereis Delachaux, 1928, Pseudolimnocythere
Klie, 1938, and Limnocythere Brady, 1868,

The Cypridag are those ostracods with the hinge line of the valves without teeth; eye simple;
second antenna four- or five-segmented, geniculate antepenultimate podomere with a club-like
sensory seta; third thoracic appendage modified as a scratch foot. Furcal ramus well developed,
sometimes reduced ; testes lying partly in the anterior valve chamber; ejaculatory duct cylindrical
and possessing a regular pattern of circles of chitinous spines, penis complex; many species without
males,

Kaufmann (1900) divided the Cypridae into seven subfamilies: Candoninae, Notodro-
madinae, Cypridinae, Herpetocypridinae, Cypridopsinae, Cyclocypridinae, and Ilyocypridinae.
Miilier {1912) recognized five subfamilies of Cypridac: Pontocyprinae and Macrocyprinae both
marine and three freshwater subfamilies, viz., Candoninae, Ilyocyprinae, and Cyprinae, Hofl
(1942 g) with some changes made use of Kaufmann’s system and suggested the following cyprid
subfamilies: Candoninae, Cyclocyprinae, llyocyprinae, Cypridopsinae, Cyprinae, and Notodro-
minae. Ferguson {1964) proposed the subfamily Stenocyprinae to receive the genus Stenocypris
Sars, 1889. Pokorny (1958) lists the following families of podocopid ostracods: Macrocyprididae
Miiller, 1912, Bairdiidae Sars, 1888, Cyprididaec Baird, 1845, Cytherida¢ Baird, 1850, and
Darwinulidac Brady and Norman, 1889,

The Darwinulidae have a firsi antenna of six podomeres that is provided with short claw-
like setae. The second antenna has an endopodite of three podomeres and an exopodite of two
or three setae, the first podomere bears a sensory seta.  First thoracic appendage has a well-deve~
loped masticatory process. The second and third thoracic appendages pediform, similar in structure
and direction. Furcal ramus absent. Viviparous. Males unknown, The family has a single
genus. The genus Darwinula includes only freshwater individuals,
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STRUCTURE AND FUNCTION OF THE REPRODUCTIVE SYSTEM OF THF, CRAB
PORTUNUS SANGUINOLENTUS (HERBST) (BRACHYURA: PORTUNIDAE)

I The Male System

Epwarp PARSONS RYAN

Hawaii Marine Laboratory, University of Hawaii, Honoluly, Hawaii, U.S.4.

ABSTRACT

The gross and histological anatomy of the reproductive system of male Portunus sanguinolentus (Herbst)
were investigated during the molt cycle in pre-aduli and the three adult instars.  Function of ¢ach of the parts
of the system was ascertained during the reproductive period and during the process of copulation. The
systern was studied by vital staining techniques, by the usual histological séctioning techniques and by experi-
mental methods during copulation.

Immeotile sperms of the usual brachyuran type were formed in the lobules of the testis without
any seasonat cycle. There was also no correlation of sperm formation with the molt cycle of the three mature
instars. The vas deferens was divided into six regions of distinctly different structure and function; two of
which were associated with formation of spermatophores, three with storage of sperma(o&hores and formation
and storage of seminal fluid, and the last region was a muscular ejaculatory duct. Sequential evacuation
of the contents of the region of the vas deferens was determined by interruption of copulation at selected
intervals during the four hours of the process with the intact spermatophores cvacuatecr last. Several days
were required before the system was ready for copulation again,

INTRODUCTION

ALTHOUGH the anatomy and histology of the reproductive systems are described for many
brachyurans, there is lack of knowledge concerning the function of the parts of the system,
particularly during copulation and ovulation, In order to contribute to the knowledge on these
subjects, a study was made on Porfunus sanguinolentus (Herbst) an important edibie crab of the
Indo-West Pacific. This research is reported in two parts; the present of which is concerned with
the male system and the second with the female system (Ryan, 1967 &),

Relatively little is known of the life-history of P. sanguinolentus. lis range extends from
Hawaii to Japan, India, East Africa and the Eastern Mediterranean (Stephenson and Campbell,
1959). ‘Throughout its range, it is of greater or lesser economic importance, perhaps ranking
under two other portunid species, Portunus pelagicus and Scylla serrata, in the value of its fishery.

Menon (1952) contributed notes on the fishery of P. sanguinolentus along the Malabar Coast
of India. Breeding and the first larval stage of this species were described by Chhapgar (1956)
and Naidu (1955). The present overall study of the reproductive biology included a report of the
morphometry, morphology and number of sexually mature instars (Ryan, 19674). In 1959,
Nishioka made a comparative histological study of spermatophore elaboration in three Hawaiian
portunid crabs, one of which was P. sanguinolentus. His research was initiated at the same time
as the present study and they were intended to complement each other,

1 The research upon which this paper is based is a part of a thesis submitted to the Graduate School, University
of Hawaii, in partial fulfilment to the degree of Doctor of Philosophy. Contribution No. 218, Hawaii Marine Labo«
ratory. (Present name: Hawaii Institute of Maride Biology).
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Many early papers describe the anatomy of the male reproductive system of crabs but their
histological approach was directed toward a specific study such as spermatogenesis. 1ln this
manner Fasten (1915, 1917, 1918, 1926) contributed a number of papers on the male reproductive
system and on spermatogenesis in several species of crabs. Binford (1913) also studied spermato-
genesis and observed Igertilization in histological sections of the xanthid species, Menippe
mercenarie. Formation of the constituents of the sperm plug was the object of a study by Spalding
(1942) on Carcinus maenas. The first detailed apatomical and histological study of the male
reproductive system of a crab was the work of Cronin (1947) on Callinectes sapidus, a species of
sufficient resemblance to P. sanguinolentus to lead Stephenson and Campbell (1959) to question
the species being placed in separate genera. In his paper, Cronin reviewed most of the research
which appeared in the literature up to 1947. A study of the function of the parts of the male
system remained to be done,

METHODS OF RESEARCH

~ Crabs used in the study were collected from Kaneohe Bay, Island of Oahu, Hawaii,
during the period from January, 1962 to June, 1964. Observations were made of the reproductive
system during molt and intermolt stages; during all months of the year and, with some ex perimental
methods, during and after copulation,

The reproductive system was studied by the usmal histological sectioning techniques and
by vital staining. Tissues for sectioning were fixed in Bouin’s or Gilson’s fixatives, cleared in
xylene or toluene and sectioned in parafiin at 8 . Harris® hematoxylin counterstained with eosin
proved to be satisfactory for general tissue differentiation and was used throughout. Tissues
examined in vivo were stained with 109% methylene blue in sea water. The testis and most of the
vas deferens were examined by lifting the carapace of a live crab, to which these portions would
remain attached, The carapace was then immediately inverted and activity of the system
observed under a dissecting microscope. The system was separated from surrounding structures
and perfused with a fluid suggested by Sawaya (cf. Pyle and Cronin, 1950). The remainder of the
system was similarly observed by rapid dissection of live crabs.

Parts of the system were measured with an ocular micrometer in a dissecting microscope.
Sizes of parts were reported as means of measurements in five males whose carapace lengths were
60-65 mm.

The role of the parts of the system was observed by excision of parts of the copulatory
apparatus (first pleopods, second pleopods, penis) on one side of the male prior to copulation
and comparison with the intact side of the system at various time intervals after initiation of the
process or its completion.

GROSS AND HISTOLOGICAL ANATOMY
(Plates I-IH)

Testls

As in the gonads of most decapod Crustacea, the paired testes in P, sanguinolentus are
medially interconnected by a commissure so that they approximate the shape of a letter “H",
The testes are a pair of convoluted tubular organs with many lobes about a seminiferous duect as
a central axis. Their position is just dorsal to the digestive gland and under the hypodermis of
the carapace (Fig. 1). Extending from the middle of the postero-lateral border of the carapace,
the testis follows the curve of the antero-lateral border of the carapace and passes lateral, to the
stomach and ends medial to the tightly coiled anterior vas deferens. The commissure arises on
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the medial border of the testis and runs along the testis for several millimeters before passing
posterior to the stomach and ventral to the posterior gastric muscles. The portion of the testis
posterior to the commissure is tightly bound to the commissure by a connective tissue envelope
which also binds all of the loops of the testis together and to surrounding structures. Black
chromatophores are seen in this connective tissue and that of the anterior and median vas deferens
in freshiy dissected material. The vas deferens arises from the posterior end of the testis. Its
lumen is confluent with that of the seminiferous duct of the testis.

There is some variation in the dimensions of the testis. Throughout its anterior portion,
the testis is 0-4-0-6 mm. wide, However, the tight convolutions (Fig. 2) are about 1-5mm,
wide and this becomes its apparent width. The anterior portion of the testis is 50-70 mm, long
but the length of the portion posterior to the commissure is only 4-5 mm.

Lobes of the testis vary in size and degree of subdivision. Many are partially subdivided
into two or more lobules for the distal half or so of their length, Lobes measured from 02 to
0-4mm. long and ¢:1 to 0:3 mm. wide. Those which show lobulation are as wide, and often
wider, than long. As it courses through the loops of the testis, the seminiferous duct may be filled
with sperm and visible in freshly dissected material.  As its union with the vas deferens, the width
of the duct is 0:15 mm. and is progressively narrower in the anterior reaches of the testis,

) The wall of the testicular lobes is two-layered (Fig. 3). The outer layer is a connective
tissue of a single cell layer with spindle-shaped nuclei, 2 X 4. The inner wall is slightly stained
and without visible cell membranes, Scattered nuclei are present which vary in size from 4 to 7 p
and are round to oval in shape, :

Cells in spermatogenesis completely fill a lobe or lobule from wall to wall. Spermatogonia
cells are usually located at the sides or distal borders of the lobes. Occasional lobes seem to be
filled with spermatogonia but these apparently are cross-sections through the distal regions of
the lobes, Spermatogonia display no cell membranes and have ellipsoidal nuclei, 7 to 10 long,
which have a slight chromatin network and often peripheral chromatin granules, These
spermatogonia resemble very much the oogonia that are seen in ovary sections.

Primary and secondary spermatocytes have distinct cell membranes. With exceptions of
the spermatogonia which line the wall, all of the cells within a lobe in spermatogenesis are usually
in the same stage of development, They display meiotic figures. Mature sperm in sections of a
testis present a different appearance from living sperm taken from the testis or vas deferens. Sperm
in fixed material are truncated cones (Fig. 4). Their basal diameters and heights are 2 to 3 pu.
A basophilic layer extends across the buse of the cone and another across the top to form a
dome-shaped cap. The remainder of the sperm is eosinophilic.

Living sperm taken from either the testis or anterior vas deferens are alike in appearance
(Fig. 5). The cells are dome-shaped with a height of 2:5 4 and a basal diameter of 3:5 to 4-0p.
In top or basql view, the sperm appear circular with 7 or 8 immotile rays.  In the center of the
base, a dark circular area is seen bordered by a clear margin, 0-5 4 wide, which is continuous with
the rays. The rays have the same proximal width, 05 u, and taper to a fine point. The rays may
extend separately or be affixed together in which case it is difficult to distinguish between them.
A vesicle is seen in the center of the dark area which, when viewed from the side, is seen to extend

from the apex almost to the base. The sperm did not take any of the vital stains used: methylene
blue, toluidine blue ¢r neutral red.

More than one¢ cross-section of the seminiferous duct may be observed in histological pre-
parations which are cut through the loops of the tesiis. Examination of serial sections reveals
that these cross-séctions do not represent separate branches of the duct but the different portions
of the single duct which travels a tortuous route, In preparations which are not cut through loops
of the testis, only single sections of the seminiferous duct are observed, The duct at this level
does not exhibit branching into lobes or lobules,
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The duct in the mid-lateral and distal regions of the testis is a closed *“U” or “V* shape in
cross-section (Fig. 4). The top of the “U” or *“V” is either open into a lobe or closed with a
thin tissue of a single-cell layer which resembles the outer wall of the lobes, The “U” or *V*»
itself is made of thick epithelium with the cuboidal cells resting on a basement membrane. These
cells may have protoplasmic projections into the lumen of the duet. Qccasional circular and longi-
tudinal striated muscle cells adjoin the basement membrane externally. The thin layer of cells
at the “top”” is continuous with that covering the outside of the basement membrane and muscular
elements. Only mature sperm occupy the lumen of the duct.

Near the posterior end of the testis, the seminiferous duct emerges and runs along the
dorsal side of the testis for the last 0-3 to 0-5Smm. Near its juncture with the vas deferens,
the epithelial and muscular elements of the duct are continwous arcund its circumference,

Vag Deferens

The vas deferens extends from the posterior end of the testis through the thoracic cavity
and the pereiopodal musculature of the 8th thoracic segment where it ends in the penile papilla
on the coxa of the 5th pereiopod (Fig. 1). The vas deferens is divisible into three major portions
which differ in form and function. These are termed here anterior, median and posterior vas
deferens to conform to the nomenclature of Cronin (1947) and abbreviated AVD, MVD and PVD,
Each of these is further subdivided anatomically and/or physiologically into two pertions. The
major portions are discussed separately below.

Anterior Vas Deferens

Arising from the posterior end of the testis, the AVD is subdivided into a short, more
muscular portion (vas efferens in Cronin, 1947) and a tightly coiled, much longer portion which is
bound together as one mass, The first part constitutes the efferent duct by which the sperm are
evacuated from the testis. It is difficult to locate it in the usual dorsal dissection but when the
carapace of a live crab is torn off and inverted under the dissecting microscope, the duct is seen to
have an “S” shape. As it leaves the seminiferous duct of the testis, it curves posteriorly and
ventrally on the medial surface of the tightly coiled mass of the remainder of the AVD. It then
turns laterally and continues as the more extensive second portion of the AVD, When dissected
away, the first portion of the AVD tends to curl and is difficult to measure. When straightened,
it measures 3 to 7 mm. long and its diameter increases from 0-15 mm. to 0-38 mm. in its mid-

region,

As a continuation of the seminiferous duct, this portion of the AVD mainiains some of
the same characteristics for a distance. More distally, it has a most distinctive structure (Fig. 6).
Extending into the lumen are longitudinal typhlosole-like folds which in whole mounts of fresh
tissue can be seen to extend most of the length and end at the union with the second portion of the
AVD. There appears to be a constriction of the lumen in fresh tissue at the union with the
second portion but this is not seen in fixed tissue. Cuboidal epithelial cells, 7 to 9y, line the
lumen and lie on a basement membrane. The folds may be divided into 2-5 branches, Epithelial
cells covering the folds become high columnar, the highest becoming 3 x 104, Prominent
circular striated muscular fibres completely surround the epithelium, Scattered longitudinal
fibers are also present. The duct is covered on the outside by a thick, 10 to 15 x4, connective tissue
sheath. In the lumen of some examined, dense masses of sperm were seen but in most sections

few sperm were found.

. The second portion of the AVD is longer, nearly 80 mm. Its many coils are bound by
connective tissue into a compact mass. The AVD is located median to the much larger MVD
and antero-ventral to the pericardium, Separation of the coils is most difficult, Almost always
the tube ruptures and its contents of sperm and developing spermatophores spill out. At itg
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beginning, the diameter of the second portion of the AVD is 0-3 mm, This increases to 06 mm.
in the mid-region and then decreases to 0:45 mm. where the tube changes to the MVD.
Althougth it is a translucent tube, the AVD appears white because it is filled with masses of sperm
which are being formed into spermatophores. Separation of spermatozoa into masses destined
to become spermatophores is already evident at the beginning of the second portion of the AVD
(Fig. 6). In the mid-region, the spermatophores are more discrete and in the form of pointed
ovals, 435 x 240 . They may be covered with a thick coating which is continuous over many
spermatophores. At the end of the AVD), the spermatophores are shorter, more rounded, and have
the final dimensions of 275 x 225x. Many completed spermatophores fill the end of the AVD.

The first few millimeters of the second portion of the AVD are characierized by having
a lining of low columnar cells. These cells are 30 to 404 in size with single spindle-shaped
nuclei. Along the borders of these cells, a basophilic layer appears to have !been secreted
intc the lumen., A tight aggregate of sperm oocupies_ the center of the lumen. The
epithelial lining is surrounded by a circular muscular layer which is, in turn, covered by a thin
énvelopment of connective tissue, The tube is bound in loops by a thin connective tissue covering.
Interstices between the loops are occupied by blood vessels, sinuses, varying amounts of connective
tissue and numerous large eosinophilic cells, 20 to 30 in diameter, These are probably blood
cells. They are so numerous about the testis and first portion of the AVD that they impair
visibility in microdissections of fresh material.

~ In the mid-region of the second portion of the AVD, the increased diameter is associated
with an even “greater increase in the thickness of the epithelial lining to about 1504. The cells
become multinucleate with spherical clusters of nuclei that are centrally located. The amount
of basophilic material which is secreted into the lumen is trebled and completely surrounds the
sperm masses, The external covering and muscle layer remain consistently similar., ~ Near its union
with the MVD, the AVD decreases in diameter and the thickness of the columnar epithelium also
decreases to 30-50u. Two different substances surround the separate sperm masses. Immediately
surrounding the sperm masses is a homogeneous lightly basophilic layer, 3-4 thick, which is
destined to become the capsular wall of the completed spermatophore. Between the capsular
layer and the epithelial lining of the duct, there is a strongly basophilic and highly vacuolar layer
of secreted material similar to that secreted proximally.

Median Vas Deferens

The MVD, the most massive part of the reproductive system, is a loosely coiled, opaque
white tube which consists of major coils in which the tube has a large diameter and minor coils
with a lesser diameter. The more prominent major coils are located anterior to the pericardium,
The proximal end of the MVD passes posterior to the adductor muscle of the mandible, loops
under itself several times, and then passes ventral to the pericardium, The posterior two-thirds
of the MVD, the minor coils, lie ventral to the pericardium. Throughout its length, the MVD
has a pebbled white appearance because of the spermatophores and sticky white material which
fill it. In the minor coils, the white content of the lumen contrasts with the transhicent wall.

There is no precise demarcation of the AVD and MVD. However, the former does not
have white viscid and granular contents surrounding its spermatophores. As its origin, the diameter
of the MVD is about 0-5 mm., after which it increases to 2-5-3-5 mm. The minor coils have a
fairly consistent width, number and tubular diameter. There are about 16 loops which are 6-5-
7-5mm. across. The tubular diameter is a consistent 1-2-1-3 mm. Spermatophores are found
in the major coils and the most anterior of the minor coils.

The MVD dcfies either dissection or microtome sectioning with the fixatives used. The
constituents of the seminal fluid become hard and brittle and serial sectioning is impossible,
The same is also trug of the filled seminal receptacle of the female after copulation,
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Although macroscopically divisible into two regions according to its tubular diameter and
physiologically as evidenced by examination following copulation, there is little difference in the
histology of the two regions of the MVD. The epithelial lining of the MVD is composed of
columnar ceils, 25-35 ¢ high, These cells are muitinucleate with basally arranged spherical clusters
of nuclei. Their boundaries may bulge into the lumen. These bulges may accommodate large
vacuoles or be filled with a dense eosinophilic granular cytoplasm similar to that which also fills
the rest of the cells, Many have vacuoles which appear to have burst into the lumen and to have
released eosinophilic material. Whether this is the secretory mechanism or an artifact due to the
method of preparation is not clear. Quite prominent circular muscle fibres underlie the epithelial
cells, The whole tube is covered by a connective tissue sheath as in the remainder of the male
system.

Contents of the lumen include completed spermatophores and an abundance of eosinophilic
granules which vary widely in size from 2 to 50 4. Most are nearly 10, however, The granular
material appears white in living material and imparts its color to the whole MVD.

The MVD, throughout its Iength, is characterized by having a wall that is folded into
lateral pouches (Fig. 7). Epithelial cells which line the pouches have larger vacuoles, The
pouches are more numerous in the minor coils. Another difference in the minor coils is the
increased prominence of the musculature.

Posterior Vas Deferens

Of approximately the same width and diameter as the minor coils of the MVD, the loops
of the PVD are easily distinguished by their colorless translucency, They are bound by con-
nective tissue to the ventral surface of the pericardium from which they are distinguished
with difflculty. The PVD winds posteriorad, over the posterior part of the digestive
gland lateral to the intestine, At the sella turcica, the PVD changes direction passing
anteriorly and under a portion of the digestive gland which extends for a short way between the
musculature of the 8th thoracic segment. The duct passes up to the bar which joins the sella
turcica with the apodeme between the 7th and 8th thoracic segments, passes under the bar, makes
a ventrally directed turn, extends ventrally for about 2 mm. and then makes another turn as it
passes laterally through the appendicular musculature of the 8th thoracic segment. The duct emerges
as the penile papilla on the medial surface of the coxa of the last perciopod.

There are two distinct portions of the PVD. The first extends from the MVD to the
passage under the bar. Posterior to the bar, the duct is no longer looped and secretory, but serves
as a muscular ejaculatory duct,

As already noted, the PVD is distinctly different from the MVD in color. Instead of a
white granular material, the PVD is filled with a colorless, translucent, viscid fluid. The ejaculatory
portion is almost empty in non-copulating crabs. Under the dissecting microscope, the fluid in
the live PVD may be seen to be filling pockets, 30-55u in diameter, which extend laterally about
the duct. The diameter of the PVD is quite consistent being 1-4 mm. up to the bar where the
diameter decreases to 0-8-1-O0mm. The PVD is the longest portion of the vas deferens. Iis
length, including the ejaculatory portion of 30-40mm., is approximately 90-100 mm.

As its origin, the PVD maintains some of the histological features of the MVD. The
lateral outpockets, at first like those of the MVD, become very extensive posteriorly (Fig. 8).
Epithelial cells lining the lumen are smaller at the start of the PVD and not as cavernous as those
of the MVD, except within the lateral outpockets. The Jumen of the duct in sectioned tissue is
filled with a light eosinophilic homogencous mass.

After the first few millimeters, the duct becomes so _diﬁ‘e;'ent from the MVD that sections
of it can be instantly recognized at low powers of magnification. A wide border, 10-254, of
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connective tissue forms the outer wall of the duct and into this” extend the alveoli-like pockets.
These are constricted as they open into the lumen of the duct. Between the openings there are
typhlosole-like projections which are reminiscent of similar projections in the lumen of the first
portion of the AVD. Inthe PVYD, however, they are not bifurcated. A layer of striated circular
muscle fibers subtends the typhlosolar projections, interrupted only by the openings of the out-
pockets. The outpockets measure 65-80 p in width and are lined by very high narrow columnar
cells, 3 x 30-40 u, which have two or more basal globular nuclei. The distal two-thirds of these
cells may be empty vacuoles or their cytoplasm may be moderately eosinophilic.

The epithelial cells which cover the typhlosole projections are even longer, 70-80p, than
those which line the lumen. They have basal nuclei which may be globular or spindle-shaped.
A shaft of connective tissue forms the core of each projection. From one to three longitudinal
muscle fibres may be seen in the base of each projection. The epithelial cells of the lumen are
not as vacuolar as those of the outpockets but are filled with a dense basophilic cytoplasm,
At the distal borders of these cells, spherical structures are seen in the process of being
pinched off from the cells (Fig. 9). Some are found separated from the celis. These spherical
structures measure 3-5p and contain scattered basophilic granules. Beside the spherical structures
the lumen contains a homogeneous eosinophilic material, mentioned above, which was secreted by
the outpockets,

The ejaculatory portion of the PVD has a more simple circular outline in transverse section
(Fig. 10). As the duct passes through the musculature of the 8th thoracic segment, it is adjoined,
for 10-20 mm., by large nerves and blood vessels which supply the appendage of this segment, all
of which are bound by a common connective tissue covering for this distance. The epithelial
lining is made of low columnar cells, 20-25 4 thick, which have centrally-placed spherical nuclei.
On the border of the cells lining the lumen, there is a *‘brush® border, 2-4 4 thick, which may be
closely packed cilia or a layer of secreted material. The latter alternative is suggested from the
presence of vacuolar epithelial cells in the adjacent portions. The lumen of the duct contains a
small amount of eosinophilic substance.

Penis

The penis is a flaccid white tube which arises from the ventro-medial border of the coxo-
podite of the Sth pereiopod. In adult males, the penis is always found inserted in the proximal
foramen of the first pleopod, although it is not fastened there. When the abdomen is flexed, the
penis is covered by the terga of the first few abdominal segments. The structure serves mainly as
a cover for the gonoduct which passes through it. The penis is 7-9 mm. long and has a diameter
of 1-1-5mm. Its cuticular covering is shed and remains inserted at ecdysis.

The dominant structure in the histological sections of the penis is the prominent muscular
ejaculatory duct which passes through it (Fig. 11). Although nearly circular in life, the process
of fixing and sectioning cause sections of the penis to appear ellipsoidal or oval, The cuticular
covering of the penis is 15-20 u thick in the proximal region and distatly reduced to 9-12x. The
distal 1-5 mm. of the gonoduct is lined with invaginated cuticle. A hypodermis of one or two
ceils and 15 & in thickness underlies the cuticular covering. The space between the gonoduct and

the hypodermis is filled with a loose reticulum of connective tissue which contains blood vessels
and sinuses,

The diameter of the gonoduct varies from 0-35 mm. in the proximal region to 0-25 mm. in
mid-region. Thickness of the prominently striated muscularis varies from 45 to 50 . A layer of

longitudinal muscle fibres underlies the epithelial lining but these are obscured by the much
thicker circular muscle fibers,

Two prominent typhlosolar folds project into the lumen of the duct which is lined by secretory
epithelium. Low columnar cells, 10-12 4 high, line the lumen except for the folds which have
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narrower columnar cells, that®are 25 high. A basement membrane underlies the epithelium.
The columnar epithelial cells have a “ brush” border, about [0 g thick, which may be empty vacuoles
or cilia. A few granules of chromophilic substance are found in the lumen.

The distal 1-5 mm. of the lumen is cresoent-s‘l’laped and lined with an infolded hypodermis
and cuticle. At ecdysis the cuticle of the distal 15 mm. of the lumen is shed along with the
cuticular coverings of the penis,

Accessory Structures

The paired appendages or pleopods of the first and second abdominal segments are modified
for a copulatory function. The first pleopods are curved wand-like structures which, in their
normal position, are held in the sternal depression under the flexed abdomen. Their length is
30-35 mm. The first pleopods, or gonopods, are deeply grooved structures in which the edges of
the groove are fused to form a tube. In the proximal end of the endopodite, there are two
foramina which open into its lumen. The penis is inserted into the proximal foramen and the
second pleopod into the distal one. The shaft of the first pleopod is:armed with backwardly
directed spines near its tip.

. 'The second pleopod is composed of a basi-ischiopodite and an endopodite portion which acts
as a plunger in the tube of the first pleopod. Like the first pleopod, there are seiac on the basal
portion.

FUNCTIONS OF THE REPRODUCTIVE SYSTEM

Fanctions of the male reproductive system in the non-copulating crab include formation,
transport and storage of spermatozoa, spermatophores and the constituenis of _the seminal ﬂui_d.
During copulation, these products are evacuated from the MVD and PVD and introduced by aid
of the pleopods into the seminal receptacles of the soft female upmedlately following her molt.
‘The role of each part of the male reproductive system is discussed in the non-copulatory state and

during copulation herewith.
Non-Copulatory Function

Testis

Functional relationships of parts of the testis are difficult to ascertain from histological sections
and from micro-dissection of living material. Spermatozoa are produced in testicular lobes and
have their origin in the spermatogonia which line the wall in the distal region of each lobe. The
presence of spermatogonia in company with completed sperm in the same lobes indicates that more
than one mass of sperm is produced in each lobe, However, since almost all of the spermatogenic
cells in a testicular lobe are in a similar stage, there is probably some periodicity in the formation
of primary spermatocytes by the spermatogonia..

The means by which completed sperm are evacuated from each lobe is not clear. Only those
lobes containing completed sperm appear to be open into the seminiferous duct and only completed
sperm are found in the duct. No contractile action was obscrved in any testicular lobes whereas
stow periodic contractions were observed in the seminiferous ducts of testes immediately afier
dissection from a live crab. In the seminiferous ducts of live testes, sperm may be seen to fill the
ducts at various locations along their lengths but are collected in the distal region of the duct

adjacent to its union with the AYD,
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Anterior Vas Deferens

Elaboration of spermatophores is accomplished in the anterior vas deferens. Sperm masses
which enter the AVD exit as completed Spermatophores. The two portions of the AVD have
separate functions in production of spermatophores, The first portion (vas efferens, Cronin, 1947)
is more highly muscular than the second and its contractile activity in live material also differs.
Activity in the first part was observed in seven males, In these, single peristaltic contractions,
several minutes apart, began at the level of the seminiferous duct and continued to the beginning
of the second portion of the AVD. In this process, almost all of the sperm were pushed ahead
into the second portion of the AYD. The mass of sperm that was pushed ahead appeared io be of
the same size as the sperm masses in the beginning of the second portion of the AVD, The single
peristaitic wave never continued beyond the first portion, into the second, in the seven observa-
tions. Thus, the contraction of the first portion of the AVD appears to determine the size of the
sperm mass which will be enclosed in the capsule of the spermatophore,

Weak repetitive contractions are characteristic of the second portion of the AVD. These
slowly push the sperm masses ahead through the tube, The amount of secretion in the lumen
which surrounds the sperm masses progressively increases distally, In the mid-region, the secreted
material surrounds each sperm mass. Thousands of sperm are included in each sperm mass. More
posteriorly, each sperm mass 1s surrounded by two different substances. That immediately sur-
rounding the sperm mass is a compact homogeneous layer which is the capsular covering of the
spermatophore. Its thickness is 3-4 4, The capsular covering is surrounded by granular material
like that secreted in more proximal regions of the AVD and which generally fills the lumen. When
the vessel in this region is ruptured in live material, the contents flow out in one continuous cylin-
drical mass with the spermatophores bound together by the granular material. At this locution,
the spermatophores are sharply pointed ovoids about 425 ;4 long but at the end of the AVD, they
are shortened to 275 and are completely separated from each other.

Median Vas Deferens

Like the AVD, the MVD is functionally divisible into two regions: the anterior region of
major coils, and the posterior minor coils. The posterior region is completely evacuated at copula-
tion while the anterior region is not,

In addition to storage of spermatophores, the MVD functions in secretion of a white granular
material in which the spermatophores are suspended. Rupture of the MVD releases a large amount
of this material plus many spermatophores. Since after copulation most of the contents of the
major coils of the MVD move into the minor coils, the major coils may be the principal source of
the white granular material that fills both the major and minor coils.. While spermatophores fill
the major coils, they are restricted to only the most anterior of the minor coils.

Posterior Vas Deferens

Functions of the two portions of the PVD differ very greatly, The anterior part secretes a
viscid gelatinous material which, in addition to the granular material from the MVD, forms a
layer of the sperm plug in the seminal receptacle of the female. No muscular activity was observed
in the first part of the PVD in a non-copulating crab. In contrast, the second portion or gjaculatory
duct is so actively peristaltic that photography of it is only possible an hour or more after its excision.
Rupture of the first part of the PVYD released much viscid gelatinous material, but rupture of the
ejaculatory portion released very little. All efforts to observe ciliary activity in the epithelial lining
of freshly dissected material of ejaculatory ducts were unsuccessful,

Penis

The penile papilla was always found inserted into the first pleopod. Despite many efforts to
observe reinsertion after it was pulled from the pleoped, no activity in the structyre was observed,
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In many instances, examination of males 24 hours later showed that the penile papillae were
reinserted,

Copulatory Function
General Remarks

In preliminary experiments, it was learned that when the first or second pleopods were excised
from one side of a male prior to copulation, only the contents of the vas deferens on the intact side
were evacuated, It was further noted that the male always impregnated the female’s seminal
receptacle on the side facing the intact side in coiti and never the other side. For consistency, the
parts of the apparatus on the left side of the male were always excised, in which case the right
receptacle of the female was always empty, the left inseminated. This not 'only permitted assess-
ment of the roles of the parts of the copulatory apparatus—first pleopods, second pleopods, penis-
but also of the internal parts of the male reproductive system, MVD and PVD, by comparison
of the two sides and of the contents of the receptacles of the female partner. When copulation
was interrupted at desired time intervals, dissection of the reproductive systems of the male and
female permitted observation of the function of the system. There was no evidence that the
operation affected the time required for copulation in operated males.

Copulation in P, senguinolentus occurs a few minutes after molt of the female. Prior to
ecdysis, the male carries the pre-molt female—with her dorsal side uppermost——for several days. In
143 females that underwent a molt at which copulation would occur, the maximum length of time
that a male held a female before molt was eight days. Although copulation of crabs was never
observed under natural conditions, the act was observed in laboratory cages in 28 pairs with little
variation,

When the actual shedding process of the female began, as evidenced by lifting of the cara-
nace, the male always moved to the bottom of the laboratory cage, released his hold somewhat
and backed slightly away so that the female was in front of, instead of under, him, All the while,
the second pereiopods of the male were held around the female, In those instances in which the
duration of the molting process was observed, the elapsed time from the first lifting of the carapace
to completed ecadysis of the female was 74-106 minutes.

After molt, the soft females remained quiet for 2-5 minutes and, in each case, turned them-
selves over and received the male. As soon as the female turned over, she extended her abdomen.
The male straddied the female and inserted the first pleopods into the vulvae. During copula-
tion, there was no body movement by the male. The female, on the other hand, exhibited a slight
up and down rocking motion. Copulation lasted from 3:5-4-5 hours, after which the male
continued to hold the female for several days in the same manner as before ecdysis,

PHYSIOLOGY GF THE MALE SYSTEM IN COPULATION

Examination of the vas deferens when copulation is interrupted at various time intervals
reveals that the contents of its regions are evacuated in sequence. Since an insufficient number
of males were available for study at these time intervals, no effort is made here to correlate sizes
of males with times of the sequence of evacuation of sexual products. Smaller crabs probably
evacuate their vasa deferentia in less time than larger ones. The observations recorded here are
those of 12 males, carapace lengths 48:5-63:0 mm., whose MVD and PVD were examined
after initiation of copulation at: one, two and three hours; completion, and two, seven and 21
days afterwards.

At the end of 1 hour of copulation, only gelatinous material from the distal coils of the first
part of the PVD has been evacuated. This material now fills the ejaculatory duct and is in the pro-
¢ess of being evacuated through it, The anterior coils of the PVD are still distended to their
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original size, In the more posterior coils from which the gelatinous material has been evacuated,
many large vacuole-like structures are observed in the lumen of the duct. These apparently are
the spherical structures seen in histological sections of the region.

Material was not evacoated from the MVD until examination at two hours after start of copu-
lation., By this time, the PVD has been evacuated of its gelatinous contents and much of the
white granular material has been eliminaied from the minor coils of the MVD. Despite the
emptying of most of the minor coils, the major ones have not released their contents or decreased
in diameter. Spermatophores were obscrved passing single-file through the ejaculatory duct.
The row of spermatophores passing through the duct gave the appearance of a string of beads and
caused the filled duct to sharply contrast with muscles, nerves and other associated structures which
normally are barely distinguishable to the naked eye. There was little change in the system when
examined after three hours of copulation; spermatophores were still in the process of traversing
the ejaculatory duct,

After cessation of copulation, the minor coils of the MVD have been completely emptied
(Fig. 12). The major coils of the MVD have not released their contents into the minor coils and
are still of the same diameter as the major coils of the operated side from which none of the contents
have been evacuated, Occasional spermatophores may still be found in the gjaculatory duet,

Recovery of the MVD and PVD is not accomplished for several days, The first evidence of this is
the movement of the contents of the major coils of the MVD into the most anterior of the minor coils
two days after copulation. By the end of seven days, both major and minor coils are filled with
white granular material and of nearly equal size. The major coils gradually increase in size com-
pared with the minor coils. The gelatinous material of the PVD is slower to make its appearance
in the lumen. At the seventh day after copulation, only the anterior few coils contain an appre-
ciable quantity of the material and ths more posterior coils exhibit the vacuoles or spherical bodies.
Even 14 days after copulation, the PVD has not been filled and a sufficient amount of gel secreted
to mask the vacuoles. By the 21st day, recovery is complete and the MVD and PVD have resumed
their original appearance,

The sequence of evacuation is reflected in the formation of the layers of the sperm plug in the
seminal receptacle of the female partners. This is discussed more fully in Part II of this study
(Ryan, 1967 5).

The mechanism by which the spermatophores and seminal fluid are forced out of the vas
deferens is complex. Excision of any of the parts of the copulatory apparatus—first and second
pleopods, penis—prevents evacuation of any of the materials of the MVD and PVD into the
gjaculatory duct, Excision of the penis alone, permitting action of the second pleopod into
first, does not cause evacuation of any material whose origin could be in the pleopods themselves,
such as the rosette glands, into the seminal receptacle of the female, When the pleopods and penis
are left intact and the ejaculatory duct severed, proximal to the base of the penis, prior to copula-
tion, the seminal fluid and spermatophores are forced out of the severed end of the ejaculatory
duct into the hemocoel about the muscles. This was observed in seven males, all of which died two
days after copulation.

DIsCUSSION
Gross and Histological Anatomy

The general organizational plan of the testis and vas deferens in P. samguinolentus is similar
to that of other decapod Crustacea. Although the rteproductive system shows considerable
variation in the Macrura, Anomura and Brachyura, in representatives of each group, spermato-
genesis occurs within lobes or sacculi of the testis, masses of spermatozoa are assembled into
spermatophores and secretions of the vas deferens contribute to the seminal fluid which usually
‘plays a role of some importance in each species, ‘
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The results of the anatomical and hisiological portions of the present study closely approxi-
mate those of Nishioka (1959) on the same species and Cronin (1947) on Callinectes sapidus. There
are certain features which those workers did not observe and discussion of these is necessary in
order to understand the function of the parts of the system.

Subdivision of the testicular lobes into lobules was only occasional and, when occurring, was
incomplete. In a lobe, or in all lobules of a lobe, all of the spermatogenic cells, except the
spermatogonia, were in the same stage of development. Although each lobe adjoined the semini-
ferous duct only those containing completed sperm were open into the duct. There was no
branching of the seminiferous duct as reported by both Cronin (1947) and Nishioka (1959).
Whenever more than one portion of the duct appeared in a transverse section of the testis, exami-
nation of other sections in the series showed that the two portions were the result of looping of
the whole testis.

The circumferential incompleteness of the duct was not mentioned by either Cronin (1947)
or Nishioka (1959), although both workers included photomicrographs which show the incom-
piete epitheliation of the duct. Cronin’s observation of epitheliation may be this peculiarly con-
structed duct. Studies in the development of the testis in juvenile males may clarify the relation-
ships of the parts of the testis. The role of the testis commissure was not investigated. It is not
known whether the commissute releases its spermatozoa to one or both of the two testes as occurs
in ‘the commissure of the ovary (Ryan, 1967 b).

A cytological study of spermatogenesis in P, sanguino!entu.'s was not within the scope of this
work, The general form and structure of the vesicular sperm in P. sanguinolentus resembles the
explosive brachyuran sperm described for other species of Brachyura by Koltzoff (1906), Binford
(1913), Fasten (1926), Worley (1939) and Yasuzumi (1960). Both exploded and unexploded normal
spérm were observed. Examples of the former obtained by subjecting normal sperm to various
osmbtic conditions as many workers have done, were not the same as exploded sperm observed
at fertilization, This subject merits further study and will be discussed in a later paper, The
lobes and sperm which Nishicka described as degenerating are actually the completed sperm which
he did not describe, A detailed phase and electron microscopical study of mature sperm, both
exploded and unexploded, and of spermatogenesis as has been reported for macrurans (Moses,
1961 @, 1961 &) and anomurans (Barker and Austin, 1963) is needed.

‘The beginning portion of the vas deferens is termed vas efferens by Cronin {1947) and Nishioka
(1959) who followed Cronin’s nomenclature. Since the terms vas efferens and vas deferens are
used for non-homologous siructures in vertebrates and their wse based upon differing embryo-
logical origins {Patten, 1958) which are not applicable in the Crustacea, the term vas efferens is not
uséd here, The juncture of this specialized part to the proximal end of the AVD undoubtedly
indicates that it is merely a specialized part of the AVD. While both Cronin and Nishioka attest
to.its smallness, the proximal portion of the AVD is visible. It does not penetrate the tangied mass
of the second portion of the AVD, but is tightly bound to the medial surface of the tangled mass
asindicated in their photomicrographs (Cronin, 1947, Fig. 9, p. 35 ; Nishioka, 1959, Fig. 36, p. 63).
The relationship of this part fo the testis and remainder of the AVD is more clearly seen in & ventral
digsection.

Portions of the AVD, MVD and PVD contain epithelial linings whose secretions are either
associated with elaboration of spermatophores (AVD) or with copulation and formation of the
spetm plug in the seminal receptacle of the female (MVD and PYD). Cronin (1947 p. 227) stated
that *‘the function of the massive median vas has not been determined” and Nishioka (1959)
showed that the MVD is a site of spermatophore storage and secretion of granular material,
Neither demonstrated that the viscid gelatinous material from the PVD (light green in Callinectes)
and colorless in P. sanguinolentus (present author’s observations) was associated with copulation,
The secretory mechanism by which this gelatinous material is released is unknown. The peripheral
pouches undoubtedly play a role in its formation but the conteats of the spherical bodies which
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arise by constriction of the columnar cells lining the lumen may be precursors of a part of the
fluid.

Cronin (1947) was the first to describe a glandular structure associated with the ejaculatory
duct. Later studies have demonstrated the presence of the gland in other crustaceans and its
role in endocrine control of male secondary sex characters (Charniaux-Cotton, 1960). Since
this androgenic gland is not directly associated with the function of the reproductive system, it has
not been included here. Its presence and description for P. sanguinolentus was noted by Nishioka
(1959) and its structure resembles that described by Cronin (1947) and Tcholakian and Reichard
(1964) in Callinectes and King (1964) in Pachygrapsus but is completely unlike that described by
Sarojini (1961) for Portunus pelagicus.

Muscular elements in the tissue coats of the vas deferens in a number of species of crabs
were noted by Fasten (1917) and described meore fully by Croanin (1947) and Nishioka (1959). In
P, sanguinolentus, the degree of development of the musuclar elements is correlated with con-
tfractil_e activity of the different areas of the vas deferens during non-copulatory and copulatory

unctions, '

There were no changes in the histological components of the reproductive system that were
associated with the molt cycle in mature males, The only exception to this is the cuticular covering
and partial lining of the penis which are shed at molt. As Broekhuysen (1936) has observed in
Carcinus, there is no seasonal change in the male reproductive system.

Function of the Reproductive System

Non-Copulatory Functions

The results of this study do not offer any evidence of the mechanism by which completed
sperm are evacuated from the testicular lobes into the seminiferous duct, Nishioka (1959)
suggests that pressure exerted by sperm proliferating from spermatogonial masses may force the
completed sperm out of the lobe into the seminiferous duct. Since all of the spermatogenic celis
in a lobe, except the spermatogonia, appear 1o be in the same stage of spermatogenesis, periodicity
of spermatocyte production is indicated. Although others (Cronin, 1947 ; Nishioka, 1959) observed
the presence of muscular ¢lements in the wall of the seminiferous duct, the present observations of
contractile activity is the only one which suggests evidence of how the sperm move to the
posterior end of the duct.

No other workers record a distinctive contractile activity of one part of the anterior vas
deferens in the Brachyura which functions to regulate the size of the sperm masses to be
incorporated into the spermatophore, Spalding (1942) points out that churning movements of
the second portion of the AVD in some way mold the sperm masses into spermatophores,
Evidence in the present study indicates that the size of the sperm masses are controlled by
single contractions of the first portion of the AYD and that observed churning movements in the
second portion of the AVD serve to move the sperm masses along the duct, compacting them
as the capsular wall is being secreted about them. A similar observation of the role of muscular
activity in molding spermatophores is noted by Matthews (1953) in Dardanus asper. Alihough
contractile activity was not observed in the MVD, it probably plays a role there also, as evidence
by its action during copulation, The most prominent activity in the non-copulating vas deferens
was observed in the ejaculatory duct portion which was as active as a nematode worm after being
on a microscope slide for more than an hour. '

Copulatory Functions

Perhaps the most distinctive feature of the mechanics of the male reproductive system in
copulation is the sequential order of the evacuation of the long coiled vas deferens, The contents
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of portions of the PVD are evacuated through the ejaculatory duct, the pumping apparatus of the
pleopods and into the spermatheca of the female before the fluid contents of the more proximal
portions of the duct are moved into place. There is no extensive mixing of the contents of the
MVD and PVD either during ejaculation or afterward in the seminal receptacle. Since spermato-
phores fill most of the anterior coils of the MVD, they are the last to pass out through the ejacula-
tory duct. The sequence of evacuation is reflected in the three layers of the sperm plug in the
seminal receptacle of the female: a ventral layer of PYD origin; a middle layer of MYD origin
and, dorsally, a cap of white spermatophores, When a female is permitted to copulate twice, the
three layers of the sperm plug coming from the second male underlie those of the first. There
is no evidence of the contribution of the rosette glands of the pleopods to the sperm plug as
suggested by Spalding (1942) and Lochhead (1950), .

~ Many theories have been offered as to the mechanics of evacuation of the extensive vas deferens.
The principal theories are fluid pressure (Nishioka, 1959 ; Estampador, 1949), ciliary action (Fasten,
1918; Estampador, 1949)and pumping action of the pleopods{Williamson, 1904; Estampador, 1949).
Fasten (1917) emphasized the possibility of the contractile activity of the muscularis of the duct.
Observations of this study indicate that contractile activity is the most important mechanism for
movemnent of the contents into the first pleopod where the second pleopod, with its plunger-like
action, pushes the material forward, If fluid pressure were responsible, the material of the MVD
wounld gradually move into the PVD as the latter’s contents were emptied; but this does not
happen. The pumping action of the pleopods cannot be responsible for the movement out of the
vas deferens as well as into the female for, if the ejaculatory duct is severed, the contents of the vas
deferens pour out of its severed end,

Excision of parts of the copulatory apparatus with resulting evacuation of only one side of
the reproductive system indicates that ejaculation is unilaterally controtled. The requirement of
the proper action of both pleopods as a sensory role as well as a pumping action is evidenced by
the evacuation of the ejaculatory duct when it is surgically severed and the pleopods left intact.
Ejaculation in P, sanguinolentus may be assumed to be under complex unilateral neuromuscular
controls with fluid pressure playing minor roles in each section of the vas deferens.

The constituents of the seminal fluid which form the sperm plug have been suggested as serving
a nutritive role for the sperm while in the receptacie (Cronin, 1947; Nishioka, 1959) or to hold the
spermatophores within the receptacie (Spalding, 1942), It seems unlikely that the seminal fluid
has a nutritive role in P. sanguinoléntus because the plug begins to disappear, presumably the result
of enzyme action, before the capsuiar wall of the spermatophores does. The sperm remain viable
for six months or more after disappearance of the plug (see Part II of this study, Ryan, 1967 b).
Many sperm remain in the receptacle of females that are isolated from males during molt from the
first mature instar to the second and, months later, these females laid fertilized eggs without the
possibility of any nutritive benefits of the sperm plug since copulation did not occur,

In all probability, the plug does serve to hold the spermatophores within the receptacle, but
since the plug disappears in two to three weeks, the effect is short-lived., The materials of the sperm
plug have homologous counterparts in other decapod crustaceans where the secretions of the vasa
deferentia serve more obvious functions of binding the spermatophores in one mass (Calman, 1909)
or of fastening the spermatophoric mass to the sternal surface of the female as in Panulirus
{Matthews, 1931).

SUMMARY

1. The paired reproductive system of male Portunus sanguinolenius (Herbst) consists of testes
which are medially interconnected and long vasa deferentia which are anatomically subdivided
into three general areas: anterior, median and posterior vasa deferentia, Each have two
physiologically distinct regions,
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2. The aooessbry reproductive structures, similar to most brachyurans, consist of the paired
abdominal appendages, the first and second pleopods. The first pleopod is medified into a tubular
structure at the base of which the penis and second pleopod are inserted. In copulation, the latter

acts as a plunger to force seminal fluid outward, into the vulva and seminal receptacle of the
female.

3. Non-motile spermatozoa of the usual brachyuran type are formed in the highly lobular
and folded testes and evacuated into a singular seminiferous duct which extends the length of each
testis. Mature spermatozoa are collected in the posterior portion of the seminiferous duct.

4, The anterior vasa deferentia arise from the posterior ends of the testes and consist of two
general areas: a short, more highly muscular portion and a longer, less highly muscular, many-
coiled portion. A single contraction of the muscular portion forces a mass of spermatozoa, coming
from the seminiferous duct, into the second prortion where churning movements compact the sperm
masses and push them along the duct, An epithelial lining of the second portion contributes to
the formation of the ovoid spermatophores by secreting a capsular covering about each sperm
mass. Completed spermatophores at the end of the AVD measure 275 X 225 u.

5. The massive MVD is divided into two sections both anatomically and physiologically.
Both function in storage of spermatophores and secretion and storage of a constituent of the
seminal fluid. Only the more distal minor coils are evacuated during copulation.

6. The two sections of the PVD differ competely in form and function. A many-looped
anterior portion secretes a gelatinous viscid constituent of the seminal fluid, while the second, the
ejaculatory portion, does not contribute appreciably to the seminal fluid. The manner of secretion
on the viscid fluid in the PVD is unknown and may be first as a pinching off of a part of the epithelial
cells lining the lumen of the first portion.

7. During the 3-5-4-5 hours of copulation, the constituents of the MVD and PVD are
evacuated in sequential order. The mechanism by which the contents are evacuated is by peris-
taltic contractions of the duct. Such peristaltic activity is particularly prominent in the ejaculatory
duct. The pumping action of the second pleopod into the first forces the seminal fluid and
spermatophores through the first pleopod and into the seminal receptacle of the female.

8. There is no extensive mixing of the constituents of the seminal fluid originating in the
MVD and PYD. These form distinct layers of the sperm plug in the seminal receptacle of the
female. The sperm plug probably does not have a nutritive role but serves to hold the spermato-
photes in the seminal receptacle, and is homologous to similar secretions in other Decapoda where
the spermatophores are fastened to the external surfaces of the female. :
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STRUCTURE AND FUNCTION OF THE REPRODUCTIVE SYSTEM OF THE CRAB
PORTUNUS SANGUINOLENTUS (HERBST) (BRACHYURA:PORTUNIDAE)

II. The Female System

EpwaRD PARSONS RYAN
Hawaii Marine Laboratory, University of Hawaii, Honolulu, Hawaii, U.S.A.

ABSTRACT

The gross and histological anatomy of the reproductive system of female Pornmus sanguinolenius (Herbst)
were investigated during molt and reproductive cycle of the pre-adult and two-adult instars, Function
of each of the parts of the system was ascertained during the reproductive period and during the process of
copulation. The system was studied by vital staining, by the usual histological sectioning techniques and
by experimental methods during copulation and ovulation, Captive individuals were reared aficr breeding
to determine the ovarian cycle.

Production of gocytes occurs in the central region of the ovary,  These move into the lobes of the ovary
where deposition of yolk occurs. The first mass of ova is laid two months after molt, followed by two more
batches 40 days apart. The same cycle is repeated in the next instar. Copulation occurs at ecdysis of the
female. Dissolution of the spermatophore occurs after that of the sperm plug. Sufficient sperms are stored
in the seminal receptacles to fertilize three batches of ova and some sperms may remain in the seminal
receptacles during ecdysis to fertilize eggs produced by the second mature instar.

INTRODUCTION

Tais paper is a part of an overall study of the reproductive biology of the Indo-West Pacific species,
Portunus sanguinolentus (Herbst), and is concerned with the form and function of the female repro-
ductive system. In other sections of this overall study, the morphology, morphometry, and number

of sexﬁy mature instars (Ryan, 1967 @) and the male reproductive system (Ryan, 1967 b) are
discussed.

Thus far, there has been no detailed consideration of the anatomy, histology and physiology
of the female reproductive system in any brachyuran. This study, therefore, may not only be of
value in assessing the reproductive potentialities of a commercially important species, but may also
serve as u basis for research into the specialized areas associated with reproduction.

Generalized accounts of the anatomy of the female reproductive system are given by Williamson
(1904) and Pearson (1908) for Cancer pagurus. Binford (1913) described oogenesis in the stone crab,
Menippe mercenaria, and fertilization in histological sections of ova. Studies by many workers on
the European portunid, Carcinus maenas, have contributed much to the knowledge of the intracies
of the female reproductive system. Notable among these are the works of Harvey (1929), Shen
(1935), Broekhuysen (1936), Spalding (1939) and Demeusy (1958). The important American species,
Callinectes sapidus, was the object of research by Churchill (1919) in an account of its life-history
and by Cronin (1942) who described the anatomical and histological development of the female
reproductive system in late juvenile stages. Hard (1942) described some of the histological changes

1 The research upon which this paper is based is a part of a thesis submitted to the Graduate School, University
of Hawait, in_partial fulfilment of the degree of Doctor of Philosophy, Contribution No. 219, Hawaii Marine
Laboratory. (Present name: Institute of Marine Biology).
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in the ovary associated with ovulation in Callinectes. Qogenesis is described for several species of
the portunid genus, Scylla, by Estampador (1949).

El:’ertilizati_czm and ova attachment were investigated in detail as a part of the present study of
the reproductive biology of P. sanguinolentus. These subjects, about which widely conflicting
opinions exist, will be discussed in later papers,

METHODS OF RESEARCH

- Female crabs used in this study were coliected from Kaneohe Bay, Island of Qahu, Hawaii,
during the period from January 1962, to June 1964. The crabs were principally collected in
galvanized wire traps which resembled Atlantic lobster pots, The traps were placed at selected
stations, usually at depths of 5-15 M. over a silty bottom. During the period of this study, the
traps were down almost constantly and were emptied and rebaited every second day, Crabs of
both sexes were brought back to the laboratory, tagged and kept in floating cages. The crabs were
fed every second day with chopped fresh fish.

Premolt females were isolated in special cages just before their molt. In certain cases, males
were placed with molting females and, in others, no males were in attendance for at least {4 days
after molt. Attending males either had their copulatory apparatus bilaterally intact or one side
wak ‘excised in such a manner that only one side of the female system was inseminated, This tech-
niquk is described in Part I of the present study (Ryan, 1967 b). Both copulating and non-copulating
ferhdles were tagged and kept in floating cages until death occurred. Pre-ovulating females or ovi-
gersicaught in the field were also tagged and confined in the laboratory cages. All crabs were
observed daily and the stage of the ovarian cycie recorded every other day.

© The reproductive system was studied during the molt-intermolt cycle and during the ovarian
cycl¢ by dissection accompanied by vital staining and b{ the usual histological sectioning techniques.
Tidspes for sectioning were fixed in Bouin’s fixative, cleared in xylene and sectioned in paraffin at
84, | Harris’ hematoxylin (Guyer, 1936) counterstained with eosin-Y proved satisfactory for general
tissue differentiation and was used throughout. Serial sections of certain regions of the seminal
receptacle and oviduct were stained with Mallory’s triple stain (Pantin, 1960, medification) to show
connective tissue differentiation. Tissues examined in vive were stained with 10 per cent. sea-water
dilution of methylene blue in quickly dissected live females and examined under a dissecting
microscope.

* Parts of the female system were measured with an ocular micrometer in either a compound or a
dissecting microscope. Sizes of gross anatomical parts are reported as average measurements in
fivé individuals in the first mature instar (Ryan, 1967 g) whose carapace lengths were 50-0-51+5 mm,
Since the female system displiays cyclic changes with the molt and ovarian cycles, the C, stage, within
five days after molt, was taken as the basis for a description of the whole system.

. In female P. sanguinolentus, the imminence of ovulation may be detected. After molt, vitello-

nesis proceeds in the oocytes retained within the ovary to such an extent that the orange color of
gq olk-filled ovary may be seen through the exoskeleton on the ventral surface at the postero-lateral
botder. About two weeks prior to ovulation, the color appears first as a faint orange blur and then
a few days later as a distinct orange band. Within 24 hours before ovulation, the orange band has
a crénulated border and appears pebbled. Within two hours prior to ovulation, the abdomen of
the female gapes slightly open. These signs permitted detection of an impending ovulation and the
fernale could be removed to the laboratory for dissection or for observation during the ovulation
précess and returned to the cages for continuation of the ovarian cycle.

; ;Every attempt was made to keep the deirimental effects of confinement minimal. Nevertheless,
fow krabs could be confined longer than five months before death occurred. Almost all individuals
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became covered with detritus, tube-dwelling annelids, oysters and barnacles., These sessile inter-
lopers and detritus were removed weekly but it was impossible to remove the barnacles which
eventually fitled the gill chambers.

The research reported in both parts of this paper represent a repetition necessitated after fire
destroyed a building of the Hawaii Marine Laboratory. The author wishes to acknowledge the
help afforded to redo the research. He is particularly indebted to the following for aid in obtaining
scarce references . H. A, Bern, G. J. Broekhuysen, D. G. Cargo, L. E. Cronin, S, Miyake, B, Patel
and W. Stephenson. Gratitude is also extended to the University of Hawaii for a grant-in-aid,
L. Zukeran for supply of crabs, A.H, Binner and P. B. van Wezl for consultation during the
research, K, Yamazato and the author’s wife for reading the manuscripts. R. Kinzie did the figures,

GRrOSS AND HISTOLOGICAL ANATOMY
(Plates [-1II)

Ovary

The paired ovaries with their commissure approximate the shape of the letter “H™. Although
the ovaries occupy the same location as the testes in the antero-lateral regions, they extend farther
postériorly (Fig. 1). The most anterior part of the ovary is found at the base of the large ninth
antero-lateral spine, The ovary curves along the antero-lateral margin and is bound in place by a
connective tissue envelope which contains many black chromatophores which are particularly evi-
dent in the dissection of a live specimen. As the ovaries curve medially from the lateral spines, they
run lateral to the stomach, pass medial to the muscle or tendon of the adductor muscles of the
mandibles and are then directed posteriorad. The commissure passes ventral to the posterior
adductor muscles of the stomach as does the commissure of the testes. Posterior to the commissure,
the ovary passes ventral to the pericardium and extends posteriorly along the medial edges of the
endophragmatic skeleton, In the five crabs used for this description, and in most others examined,
the right ovary extended farther posteriprly than the left. There may be small lateral protrusions
of the ovary near its end at the first abdominal segment.

The appearance of the ovary is the same throughout its length and its commissure. In stage C,
the ovary is translucent and light orange in color. Each ovary is divided into many lobes, 0-4-
0-7 mm, wide, each containing 50-75 developing oocytes which are about 150 in diameter. The
ovaries are about 70~80 mm. long; the right one extending 5-7 mm. more posterior than the left.
The width, 2-4 mm., of the ovary is consistent throughout its length. In the region of the sixth
thoracic segment, the ovary maikes a ventrally directed loop. From the ventro-lateral side of this
loop, the seminal receptacle portion of the oviduct arises.

The general organizational scheme of the ovary, as revealed by histological sections, is
remarkably similar to that of the testis. A central hollow shaft, occasionally with an empty lumen,
extends the length of the ovary with lobes projecting outward from this shaft (Fig. 2). Although
oocytes undergo vitellogenesis in the lobes, they do not originate there, Unlike spermatogonial
cells of the testis, oogonial cells are not located in the lobes.  All of the cellular division in the steps
of oogenesis occur in generative *‘zones’ which are located along the sides of the central shaft of
tissue (Fig. 2). Less cellular division would be expected in the ovary since the eggs are primary
oocytes when laid and polar body formation does not occur until after fertilization and ovulation.

The thin wall of the ovary is composed of two layers of connective tissue and all of the lobes
are further covered by a thin connective tissue layer, one cell in thickness. The outer wallis of the
lobes are about 3 thick. Cell boundaries are indistinct but long, 7-8 i, spindle-shaped nuclei lie
with their axes parallel to that of the wall, Cell boundaries in the inner layer are also obscure.
Their spherical nuclei are 3-4 4 long and resemble the follicular nugclei,
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Celils within the lobes of the ovary are of two general types: developing oocytes and follicular
cells, Those of the latter type may in reality be of two types but this is not clear (Fig. 6). The
developing oocytes in the C, crab are in various stages of vitellogenesis, They have large, 15-20g,
vegicular nucler with prominently stained nucleoli. Cytoplasm in the ococytes is compact and
basophilic. In many oocytes, basophilic cytoplasmic granules, 410, are surrounded by a clear
area; these may be the “yolk™ nuclei” described by many authors. Usually there is one of these
per oocyte but, in some cases, there are more, Cell membranes are distinct in the oocyies at this

Stage.

Cells designated as follicular cells are disposed in two ways. Some are arranged in 2 single
layer around each oocyte, These comprise the ovarian follicle and eventually form the chorionic
membrane. Others are arranged, several cells thick, as septa which subdivide the lobes into com-
partments, each containing several oocytes. Larger groups of these cells are seen where the septa
join with the wall of the lobe. The follicular cells have thin, oval or spherical, 35z, nuclei which
are prominently stained. Their cell membranes are not always distinct at this stage. In the clusters
of these cells along the walls of the Jobes, some are undergoing division,

The central shaft of tissue running through the ovary in C; crabs has a thin wall similar to that
of the lobes. Most of the shaft is filled with an amorphous basophilic granular mass.
At the angles of the shaft and along its wall are, as apparent from longitudinal sections,
generative zones or disjointed groups of oogonia in various stages of division (Fig. 2). These
oogonia consist of large nuclei, 8-15u long. Those within the generative zone which are under-
going division have no nuclear membrane present. The generative zone is subdivided into three
distinct areas: the area against the wall of the central shaft composed of the syncytial oogonia, the
middle area composed of dividing oogonia, and the inward comprised newly formed oocytes.
Even in the generative zone, a thin but densely stained cytoplasm is formed around the nucleus of
the newly formed oocytes. 'The oocytes extend in a procession from the generative zones along the
wall of the central shaft and into the lobes. These oocytes are of various sizes but have nuclei which
ate almost identical with those of the more advanced oocytes within the lobes.. Cell lengths are
20-30 .

" Interstices between the lobes may be filled with parenchymatous connective tissue, blood
vessels or sinuses. Although waves of contraction were observed in the ovary of an ovulating crab,
no definite muscular elements were evident in the walls of the lobes in a C, crab.

The organizational scheme of the histological elements is essentially the same throughout the
length of the ovary and its commissure. In sections cut through the union of the latter with the
ovary, the hollow central shafts of both are seen to be confluent and to contain generative zones.

A few differences characterize the ovary of a C; crab in the second mature instar. These are
differences associated with a recent ovulation, As discussed below, a female may molt to the second
mature instar 30-50 days after spawning. In such females, there are many empty spaces in the lobes
from which ova have been released. Although the lobes contain oocytes in advanced stages of
vitellogenesis, there are larger numbers of newly formed oocytes extending in rows from the genera-
tive zones. Some degenerating ova which were not spawned are present in the lobes and there are
many loose granules present between the oocytes. These granules have similar size, shape and stain-
ing propertics as the large granules of yolk in the ripe ova. In the ovary of the C, crab of either
instar, there is no opening from the ovary into the seminal receptacle,

Seminal Receptacle and Oviduct

The seminal receptacle and oviduct adjoin the ovary and open to the exterior on the sternite
of the 6th thoracic segment (Fig. 1, 11). The seminal receptacle or spermatheca is an enlarged por-
tion of the oviduct. Although there is no opening between the seminal receptacle and ovary in the

-EM~3a



526 EDWARD PARSONS RVAN

C, crab, the anlagen of a short tube is present as a convoluted sheet of cells in the medial wall of the
seminal receptacle. Both the ovary and the seminal receptacle undergo cyclic changes, but the
cyclic changes of the seminal receptacle are co-ordinated with the molt cycle,

In the C, female, the seminal receptacle would be distended with the sperm plug. The empty
receptacle is described here, The seminal receptacle is oriented in an almost straight dorso-ventral
line. When empty, the ovoid receptacle measures 9 mm. high, 7 mm. wide (antero-posterior axis) and
3 mm. thick (medial to lateral axis). The ventral part of the seminal receptacle narrows to the small
oviduct which leads from it and passes through the pereiopodal musculature of the sixth thoracic
segment. The narrowed ventral end of the receptacle is bound very tightly to the medial faces of
the endophragmatic skeleton.

The oviduct passes through a small crook of the endophragm between the sixth and seventh
thoracic segments. The duct is so tightly bound to this endophragm at the crock that it cannot be
dissected out without either destroying the endophragm or the duct. The width of the duct is 1 mm.
and it is barely distinguishable from the musculature through which it curves medially and ventrally
to the opening on the sternite of the sixth thoracic segment, The duct and lower portion of the
receptacie are lined with soft chitin which is continuous with the soft chitin surrounding the open-
ing. The openings, whose axes are transverse, are two soft ovals in the sternal exoskeleton. In
the first mature instar, the ovals are about 3 mm. wide, whereas in the second mature instar the width
is S5mm, In the center of the oval is the transvere slit-like aperture of the oviduct, Its width is
about 1'5mm. Normally the slightly thickened lips of the aperture are held tightly closed.

Greatest tissue development of the seminal receptacle occurs at the time of molt when copula-
tion would normally take place. In females which copulated at molt where the receptacie is dis-
tended with the male products which form the sperm plug (Fig. 12), paraffin sectioning is impossible
since the sperm plug becomes very hard and brittle. This difficulty was overcome by using females
which were isolated from males at molt or by excising parts of the copulatory apparatus from one
gide of the male. The non-inseminated side could then be sectioned.

The seminal receptacle is divided into a dorsal glandular portion and a ventral portion which
has a chitinous lining continuous with that of the oviduct. The anlagen of the opening between
the ovary and receptacle is located at approximately the level of the separation of the dorsal and
ventral portions of the seminal receptacle.

In transverse sections, the empty receptacle has a characteristic outline similar to the Greek
letter epsilon, Its lumen has the same general shape. The three folds of the receptacle are directed
laterally and the interstices between them are filled with blood sinuses, blood vessels and loose
connective tissue.

In the upper, glandular half of the receptacle, the sequence of tissue elements from the outside-
inward is everywhere similar but with varying thickness, The wall consists of two stratified layers,
the inner of which eventually sloughs off, The outer stratified layer very closely resembles the classic
text-book illustrations ‘of stratified epithelium of vertebrates. Externally, a compact fibrous coating,
possibly containing muscular elements, merges with a fibrous parenchymatous tissue, each having
scattered lightly stained nuclei that are 5-6 4 long. These overlie a compact stratum of cells of vary-
ing shapes but without intercellular material. The nuclei of this compact layer are similar to the
outer two.

Extending from this compacted layer to the lumen is the inner stratified layer. In this series
from the compacted layer toward the lumen, the cells are in various stages of degeneration. The
nuclei, at first similar to those of the outside layer, become completely basophilic and then next to
the lumen, the entire cells become basophilic spindles. Many of these cells are dislodged and
loose in the lumen, The lumen contains a dark amorphous granular mass and, also, in its center,
a number of large oval granules, 5-50 &, which stain similarly to the amorphous mass. The inner
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stratified layer is- often separated from the outside stratified layer in fixation. In freshly dissected
tissue, the inner stratified layer may easily be scraped off. At molt, the lumen of the receptacle
contains a small amount of amber fluid which probably contributes to the amorphous and gra-
nular contents of the lumen.

'At the juncture of the granular upper half with the chitinous lower half of the receptacle, a
convoluted cord of columnar epithelium extends from the ovary through the external stratified layer
of the recepiacle (Fig. 3). Cells in this cord are columnar with their long axes transverse to that
of the cord. Beginning at the ovary with a width of 13 p, the cord decreases in width at its distal
end: Nuclei in the cells are all approximately of the same size, 10-12 », and most are centraily
located. Occasional cells are binucleate. This cord later becomes the tube through which the ova
are released from the ovary. There is no indication of further division of these cells to form a tube
inthe C, crab. . In some specimens, there is an invagination of the lining of the lumen of the recep-
tacle at the level of the cord. Although in transverse sections this appears as a cord of cells, it is
in reality a sheet of cells since, in serisl sections, it is seen to extend vertically through approximately
2 min. of sections,

The chitinous portion of the seminal receptacle begins at the level of the tube which connects
the ovary with the seminal receptacle. It makes its appearance as a large typhlosolar projection into
the lumen of the receptacle at the lateral fold opposite the ovary. A convoluted chitinous lining,
25+30 . thick, covers the fold. This is secreted by a layer of very high, § 100 g, columnar epithelial
celis. These have central ovoid nuclei, 7-104 long. Fibrous connective tissue fills much of the
central portion of the fold. More ventrally, the fold splits into two, each of which extends vertically
on. the edges of the Iumen. Between the folds, a single rugose layer of chitin-secreting high
columnar celils lines the lumen. These are similar to those of the periphery of the fold but are
only, 55-65 ¢ long. The chitinous folds gradually extend wider to include all of the lumen of the

ptacle and the lumen loses its regular outline. At the level of the oviduet, the lumen of the
rec'egtacie is nearly circular,

. The oviduct which leads from the receptacle to the exterior is a highly muscular tube. Tis
lumen is lined with a rugose chitinous lining that is continyous with that of the receptacle. A layer
of high columnar epithelium, similar to that of the seminal receptacle, secretes the lining of the duct,
A prominent layer of circular and longitudinal striated muscle which is encased by a connective
tissue envelope, completes the duct, The chitinous lining of the oviduct is continuous with that of
the soft oval which surrounds the opening to the exterior.

- There is very little difference in the oviduct and seminal receptacle in crabs of the first and
second mature instars at stage C;. In the first mature instar, some of the chitinous lining is broken
off and not shed with the rest at molt. Thus, pieces of loose chitin may be found in the lumen of
the seminal receptacle in the second mature instar. Many sperms may also be found there, These
were inseminated into the receptacle several months previously, after the pubertal molt,

Accessory Structures

Four pairs of abdominal appendages or pleopods function as accessory reproductive structurés
(Fig. 11), These are located on the second through the fifth abdominal segments. Each biramous
pleopod is constructed in essentially the same manner. It consists of a basal protopodite from
which arise the medial endopodite and the lateral exopodite. The exopodite bears a large number
of pinnate setac on its anterior and posterior borders. The endopodite on the other hand is seg-
mented and bears a cluster of long, very smooth setae on the distal border of each segment. The
number of segments, and hence number of clusters of setae, decreases progressively in more posterior

lweﬁﬁgds. The long setae of the endopodites are the setae to which the ova are fasiened after
ovuldtion,

0
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FUNCTIONS OF THE FEMALE REPRODUCTIVE SYSTEM

Functions of the female reproductive system are essentially cyclic in nature. Following the
pubertal molt, the ovary enters into a cycle of the production and release of ova. Changes in the
seminal receptacle are co-ordinated with the molt cycle. The histological changes and role of the
ovary and seminal receptacle during their respective cycles are discussed separately herewith.

Ovary
Structural Changes

Last Juvenile Instar—As females of the last juvenile instar enter the premolt stage, the
ovary is extended to its full length at the postero-lateral border. The width of the ovary in
early pre-molt stage is about 1-1 mm, Individual lobes measure 0-05-0-10mm. Although
some oocytes are found within the lobes of the ovary, many newly formed oocytes are found in the
lumen of the ovary. The generative zones in the ovary at this stage are longer and extend almost
continuously along the walls of the ovary lumen. The lumen conteins considerable chromophilic
granular substance which possibly is blood. Oocytes within the lobes are of various sizes and
shapes, ustally measuring 15-30 4. Some lobes, however, contain all smaller oocytes of the same
size, 10-15 g, as the newly formed ones which are found in the lumen. Accessory or follicular cells
within the lobes of the ovary divide the lobes into compartments. The follicular cells have not yet
clustered about the oocytes,

Post-Molt to First Ovulation—At the molt to the first mature instar, there is little change in the
ovary from that of the pre-molt juvenile. The ovary is slightly wider, measuring 1-5-2-0 mm. in
width. OQocytes within the lobes measure 30-43 4 and are nearly spherical in shape, Follicle cells
now are arranged in a single layer about each oocyte, The ovuary lumen contains many newly
formed oocytes, (Generative zones are present with oogonia in stages of cell division, but the zones
are disjointed masses. :

Between ecdysis and the first ovulation, there is a tremendous increase in width of the ovary
due to the deposition of yolk within the oocytes, From a diameter of 30-45z at ecdysis, the oocytes
increase to a diameter of 145-200x (in histological preparations). Each Iobe of the ovary increases
in size as the yolk distends its contained oocytes. The ovary becomes more prominently orange and
opaque and fills all available space. Midway through the cycle, follicle cells completely and tightly
surround each oocyte. When oocytes from the lobes of a freshly dissected ovary are vitally stained,
the follicle cells are seen to cover each oocyte like thin tiles. Prior to ovulation, however, the nuclei
of the follicle cells disappear and the cells probably form the chorionic membrane about each oocyte.

At ovulation, the nuclei of the oocyies are so changed that they are not visible with the histo-
logical preparations used. The oocytes, now fully formed ova ready for release, are filled with yolk
granules which measure 10-154 in diameter. A chorionic membrane, Q-5 u thick, tightly surrounds
the cell membrane of each ovum. The ova are retained in the lobes and lumen of the ovary until
the process of ovulation actually starts. At this time, the ovary is so distended with ova that it is
plainly seen through the exoskeleton of the crab. About 24 hours prior to ovulation, the lobes of
the ovary are distinct when viewed through the exoskeleton at the ventral side of the postero-lateral
border. In crabs which have not ovulated before, no sperm are present in the lumen of the ovary
prior to ovulation. : :

Immediately following ovulation, almost all of the ova have been evacuated from the ovary.
Occasional unexpelied ova are present in the lobes and lnmen of the ovary (Fig. 8). Most distinctive
are the empty spaces separated by septal walls. 1t is not apparent how these spaces (Fig. 7), from
which ova have been expelled, are confluent with the lumen of the ovary. Germinative zones are
present in the lumenand their oogonia are in the process of cellular division. Newly formed
oocytes are of two distinct sizes, Those ia the central region of each lobe of the ovary measure
35-50 s and have prominent cytoplasm. Those along the border of the ovary lumen measure



REPRODUCTIVE SYSTEM OF P, sanguinolentus—IT 529

8-10 . Sections of ovary lobes fixed within 30 minutes after ovulation already contain at least 20-30
oocytes and processions of the smailer oocytes extend from the germinative zones to the lobes, A
few sperm are present near the opening of the ovary into the seminal receptacle but none are in the
distal reaches of the ovary,

After First Ovulation—Following the first ovulation, oocytes moved into the positions recently
occupied by ova which were expelled at the first ovulation, It was not determined how the oocytes
move from the site of origin in the germinative zones to the lobes. Immediately after ovulation,
the lobes of the ovary are seen to be divided by septa which are several cells thick (Fig. 7). When
near-term oocytes fill these spaces prior to ovulation, the septa are not distinguishable, Obviously,
the spaces must be confluent with the lumen of the ovary, at least at ovulation, or the eggs would
not be released into the lumen.

In sections of ovaries one and two weeks after ovulation, the thick septa are still present and
the pocytes do not quite fill the space in them. One week after ovulation, most of the oocytes of
the larger size were already in the spaces and processions of smaller, newly formed oocytes extended
from the generative zones into the lobes. By the second week, oocytes within the spaces have
increased from 30-50p to 70-110g. Their nuclei are still vesicular and measure 20-30g. In
the lumen of the ovary at the second week following ovulation, there are very few processions of
oocytes extending into the lobes although newly formed oocytes are seen on the borders of the
generative zones which are now decreased in size.

Occasional ova which were not released remain in the lobes and are in varjous stages of degene-
ration. There are very few spaces not occupied by either degenerating ova (of the immediate pre-
ceding ovulation) or oocytes undergoing vitellogenesis. At the second week, granules of yoik are
seen in the cytoplasm of the oocytes within the lobes. Follicle cells could not be distinguished from
other accessory cells forming the septa.

_ There is little difference in the ovaries of females of the first and second mature instars following
the first ovulation. Ovaries of crabs in the second mature instar had a few spaces filled with granular
material which appeared to be degenerating ova from an ovulation preceding the molt,

Changes at the third week following the first ovulation are associated with the increased size
of the cocytes and the deposit of yolk within them. Qocytes measure 150-200,. Most have large
vesicular nuclei, 25-35 4 in diameter, but a few have smaller nuclej which are spherical and chromo-
philic.  Follicle cells are displaced around each oocyte. These are thin cells different in shape from
the almost spherical nuclei of the accessory cells, There are no empty spaces between the compart-
mental oocytes. Large numbers of newly formed oocytes, 15-25 i, fill' the lnmen of the ovary. The
germinative zone in crabs of the first mature instar are larger than those of the second. But in both
instars, meiotic figures are present in the germinative zones.

There is littie change at the fourth week from that of the third, Although some captive crabs
ovulated in less than four weeks afier the first, in those whose ovaries were examined, the eggs were
not ready for ovulation. The nuclei were app:oximately the same size, 25-35 p1, and were more
darkly stained. Ovary lobes contain u few centrally-placed oocytes of nearly the same size as those
which remain in the lobe after ovulation, The germinative zones ate small, but there are still many
newly formed oocytes in the lumen. The nuclei of follicle cells are still prezent around each ovum
bui no chorionic membrane is observable. .

Examination of the ovaries of crabs in the first mature instar and the second mature instar at
the second ovulation reveals few striking differences from cvaries of these two instars at the first
ovulation. At the second ovulation, in crabs of the second mature instar, there is a reduction in the
size of the germinative zones to small clusters, 100 in diameter. These do not exiend lengthwise
in the lumen. Fewer newly formed oocytes are present in the lumen,

.Changes in the oocytes within the ovary lobes during the interval between the second and third
ovulations were essentially identical to those during the interval between the first and second
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(Fig. 5). The number of unexpelled degenerating cggs is cumulative and those in various stages of
degeneration were observed. This was particularly evident in crabs of the second mature instar in
which as many as five to six degenerating eggs were present in each lobe,

Only one female in each instar survived long enough after the third ovulation for histological
examination of the ovaries. One was a laboratory molted female of the first mature instar which
was dissected three weeks after the third ovulation. Tho ovary was transparent and light orange
in colour as in pre-molt. Qocytes within the lobes did not fill the spaces and measured S0-70x in
diameter, The germinative zones were small and few newly formed oocytes extended from them.
Many lobes were filled with smaller-sized oocytes. No yolk granules were present in the cytoplasm.

The ovary in only one second mature instar was sectioned after the third ovulation. The crab
was caught while ovigerous and ovulated twice more in captivity. Upon dissection 11 days after
the third ovulation, the ovary was tan in color, The same tan color was observed in the ovaries
of two other field ovigers which ovulated a third time in captivity and three which ovolated a
second time in captivity. Morphological evidence in cach of these indicated that they were in the
second mature instar. Lobes of the ovary contsined oocytes which were of the normal size but
whose cytoplasm contained many clear vacuoles, Nuclei were vesicular and not unusual in appear-
ance. In each lobe, many of the oocytes contained large, 30-50 4, black bodies which appear to
be products in the degeneration of the oocytes. No germinative zones were observed in any of the
sections of the ovary in the single female which ovulated a third time while in the second mature
instar.

Ovulation Cycle

Erom observations of ovigerous crabs or crabs from which eggs had recently hatched, it was
evident that female P, sanguinolentus ovulate more than once in each mature instar. In an attempt
to estimate the number of ovulations and time intervals between ovulations, 108 females were reared
in laboratory cages until their death and the periods of time determined between ovulations. Of
these, 67 were caught in pre-molt stages and reared after molt until death; 39 of these had molted
from the last juvenile to the first mature instar and 28 from the first to the second mature instar.
The results of these observations are summarized in Table I, ‘To complement the experiments sum-
marized in Table I, 41 females which had molted in the field before capture were also reared in the
same laboratory cages. Of these, 25 were ovigerous when caught and had ovulated at least once.
The remainder, 16 females, were caught in a stage when the expanded ovary could be seen throu,
the exoskeleton and these formed a spo::‘ge, or egg mass, in the laboratory., Tables I1 A and IIB
summarize the observations of the field-molted females,

These molis and ovulations occurred in all months of the year in Kaneohe Bay where the mean
monthly water temperature varies 4° C. during the year. Since there were so many individuls whose
period of captivity overlapped months of varying temperatures, splitting them into groups according
fo the water temperatures to which they were exposed proved to be impractical.

As shown in Table I, 21 of the females of the first mature instar and 13 of those in the second
mature instar survived long enough to ovulate at least once in the cages, The mean lengths of time
between ecdysis and ovulation, in each instar, approximated the other: 59-4 days in the first mature
instar and 63+1 days in the second. Those crabs which died before ovulating at least once yield
negative evidence in the sense that their deaths occurred in less than the mean length of time beiween
ecdysis and ovulation. On autopsy, 19 crabs had ovaries which were in preparation for ovulation
and 12 were cannabalized to such an extent that ovary examination was not possible. Two of the
females in the first mature instar died in molt without ovulating after ecdysis.

A second ovulation in these laboratory-molting females is recorded in Table I. The mean
length of time between the first and second ovulation is 32-5 days in the first mature instar, and 347
days in the second mature instar, Only one crab, of the first mature instar, survived long enough
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to ovulate a third time, 31 days after the second, and, upon its death, 28 days after the third ovula-
tion, was in pre-molt condition. Each of the crabs which died after a second ovulation had ovaries

which were in preparation for a thitd ovulation,

To complement the above observations on crabs which molted in captivity, the lengths of time
between ovulations in females which molted in the field are shown in Tables Il A and II B. Similar
lengths of time between ovulations were observed. Date of first ovulation in field ovigers was esti-
mated as hatching date minus 12 days, the mean time required for hatching of all eggs of P, sanguino-
lentus observed in this study. It was not known whether the field ovigers were bearing an egg mass
for the first or later time, A second ovulation occurred in 16 individuals and a third ovulation in
four individuals, ‘The time intervals between ovulations, as shown in Table II A, approximate those
of crabs which molted in captivity. Mean time between ovulation-1 and ovulation-2 was 34-5 days
and between ovulation-2 and ovulation-3 was 308 days,

TaBLe [
Ovulation cycle in laboratory-molting females

Ovulation Time
cycle No. crabs

Range Mean

First Mature Instar

days days
Ecdysis to Ovul-1 21* 3592 594
Owvul-1 to Owvul-2 9 2749  32-5
Ovul-2 to Ovul-3 1 3 -

Second Mature Instar

days days
Ecdysis to Ovul-1 13* 3588 631
Owl-1 to Ovul-2 5 2740  34-7
Ovul-2 to Ovul-3 )] - -

*+ Laboratory molis which died before ovulation-1 (Both Instars), not included in Table L,

Preparation for ovul-1 .. 19crabs

Unknown, cannabalized, etc, .. 12

Molted (First mature instar) . _i
Total o33

‘Since the crabs whose data are summarized in Table IT A, were collected a year prior to the deter-
mination of a morphological basis of distinguishing the mature female instars (Ryan, 1967 a), the
data include both instars, Nevertheless, the sample included four individuals which molted a mean
of 43 days after the first ovolation in captivity and one which displayed evidence of being in pre-
molt condition 34 days after the second ovulation. Four of tpe field ovigers ovulated a third time,
Upon dissection, three had ovaries which gave evidence of being fully expended and each had a

carapace length well within the size range of the second mature instar.

Results similar to those obtained with field ovigers were also obtained in females caught just
prior to an ovulation and which formed at least one sponge in captivity. The data for these labg-
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ratory ovigers are summarized in Table IUB, Of 16 crabs which formed a sponge in the laboratory
nine ovulated a second time, mean 357 days, and one a third time, 36 days after the second. Only
one laboratory oviger molted after ovulating in captitvity. Each of the nine crabs which ovulated
for the second time had ovaries which, upon autopsy, indicated that the ovaries were in preparation

for a third ovalation,
Tasce I1

Ovulation cycle in field-molting crabs
{Instars combined)

A. Field Ovigers
{ovigerous when caught}

Ovulation Time
cycle No. crabs
Range Mean
1 25%  (est. date ovul-1 =
hatch date minus
12 days)
days days
2 161 25-41 345
3 4 28-37  30:8
¢ Crabs not ovulating second time in Iaboratory:
Died, prep. for ovul-2 5
* Molied after ovul-1 4 {mean 43 days)
1 Crabs melting after ovul-2 1

B. Laboratory Ovigers
(Egg mass formed after capture)

Ovulation Time
cycle No., ¢rabs
Range  Mean
1 16* . .
2 9 25-54 357
3 1 36

* Crabs not ovulating second time in laboratory:

Molied after ovul-1 1 {37 days)
Died, prep. for ovul-2 i
Unknown, cannabilized 3

. The above data provide an estimate of the number and time intervals of ovulations and molt
in both sexually mature instars. 'From these data, it is estimated that female P. sanguinolentus in

each mature instar ovulate at least three times, The first ovulation occurs approximately 60 days
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after ecdysis, the second 40 days after the first, and the third 40 days after the second. It is also
estimated that crabs of the first mature insiar molt approximately 40 days after the third ovulation.
Accordingly then, the life-span of each mature instar would be approximately six months, Such an
estimate based upon laboratory rearings must be treated with caution since it may not reflect what
actually occurs under ficld conditions. Until more accurate field studies can be made, this estimate
provides a working hypothesis,

Mechanics of the Ovary at Ovulation

At the start of the process of ovulation, the cva are, for the most part, still within the lobes
where they had undergone vitellogenesis. Some have moved into the lumen of the ovary. The
change (24 hours prior to ovulation) in appearance of the ovary, when viewed through the branchio-
stegite, probably indicates the time of movement of these eggs from the lobes into the ovary lumen.

The process of ovulation in P, sanguinolentus is very rapid. In nine females, the duration of the
process was 45-60 minutes. Ova from the lateral extensions of the ovary were extruded fast and
were visible through the branchiostegite 10~15 minutes before the end of the process. After ovula-
tion, the orange mark of the ovary was not seen until the mid-point of the next ovulation cycle,

The number of ¢ggs produced by each ovulation is very large and varies from female to female,
The number of eggs produced may be estimated by calculating the number of eggs attached in an
egg mass. In four field ovigers, the number of eggs in their sponge was estimated by determining the
average number of eggs attached to each seta, the number of setae per cluster, the number of clusters
per pleopod and doubling to account for pleopods on the opposite side, The estimated numbers
of eggs in these four sponges varied from 960,000 to 2,250,000. However, an estimate calcitlated
in this way does not account for any eggs which may have been lost in the attachment process,

The mechanical forces which cause nearly 2 million eggs to be evacuated from the two ovaries
and to pass through the seminal receptacies and oviducts in 45-60 minutes are intriguing. As
reported above, no definite muscular elements were seen in the walls of the ovary. A more thorough
examination would undoubtedly disclose their existence for in two crabs which were dissected at the
height of their ovulation, contractile waves were observed in the ovary and seminal receptacle,
Although excessive handling of the female appeared to delay the start of ovulation after its first signs
are noticed, once the process starts, the flow of eggs from the oviduets (Fig. 9) did not cease in
approximately 40 crabs which were handled in cne way or another duaring the process,

In a series of experiments to determine the site of fertilization and the mechanism of ova attach-
ment, the oviduct on the left side of the female was blocked prior to ovulation. Three methods of
blocking were used: heat cautery destroying the opening, capping with molten paraffin, and nsert-
ing a plug in the oviduct. Blocking of the oviduct disclosed a noteworthy fact about the mechanics
of ovulation. Upon dissection following ovulation in 11 females whose oviducts were blocked
prior to ovulation, it was observed that the eggs were completely evacuated from the portions of the
ovary on the blocked side, anterior to the commissure. The number of eggs remaining in the ovary
and seminal receptacle posterior to the commissure was not large enough to include those eggs which
came from the anterior portions of the ovary. Furthermore, when such individuals formed a sponge,
the sponge appeared to be larger than half-size. Tt is assumed that the eggs passed from the left
anterior ovary, across the commissure and out of the oviduct on the opposite side,

Seminal Receptacle and Oviduct

Structural Changes

Last Juvenile Instar—Extensive thickening of the seminal receptacle begins in early pre-molt
stage. At first, only the outer stratified layer is present. Many of the cells of the compacted zone
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of the outer stratified layer exhibit mitotic figures, probably in production of the inner stratified layer,
There are some granules of lightly staining material in the lumen, The convoluted cord of cells,
destined to become the opening of the oviduct, extends from the ovary to the compacted zone of the
outer stratified layer. Its length is approximately 0-6 mm. The secretory epithelial cells of the
ventral portion of the receptacle have not yet secreted the new chitinous layer.

In late pre-molt stage, the inner stratified layer is present. None of the cells of the compact
zone of the outer stratified layer display mitotic figures. At this stage, the cells of the inner
stratified layer have distinct membranes which outline the slender celts, The conveluted cord of
cells begins at the wall of the ovary and does not pass through the inner stratified Jayer but ends
at its border (Fig. 3). In the lumen of the ovary, opposite the cord, there is a germinative zone in
some Sections but it is separated from the cord by the wall of the ovary.

Post-Molt to First Ovulation.—Following ecdysis, the seminal receptacle gradually decreases
in size and shape. The size increase prior to molt occurs primarily in the dorsal glandular half of
the receptacle and, similarly, after ecdysis, the greatest decrease is in this portion. The change in
the receptacle includes a change in shape as well as size. At molt, the enlargement of the grandular
portion occurs primarily in the lateral area with the result that the ovary is in a position medial to the
mid-region of the enlarged receptacle. Whereas after molt and subsequent decrease in size, the
ovary occupies a position dorsal to the receptacle.

Decrease in the thickness of the wall of the receptacle is accompanied by two differences in the
histology of the glandular portion, Most significant 1s the disappearance of the inner stratified layer,
The parenchymous portion of the outer stratified layer no longer has spaces between its cells but
becomes compacted, Within two weeks after molt, the thickness of the entire wall is 0-3 mm. which
is approximately the thickness of the parenchymatous layer, alone, at molt.

‘The convoluted cord of cells which will form the opening between the receptacle and the ovary
remains closed until some time prior to ovulation, By the fourth week after ecdysis, the width of the
cord has increased, The cells are now binucleate with the nuclei occupying opposite ends of the
cells. It could not be determined whether this actually was a double row of cells or not.

At the time of first ovulation, the seminal receptacle is reduced in diameter and there is a slight
thickening of the walls. Great masses of sperm fill the lumen, particularly at the upper level of the
chitinous-lined portion. The opening of the ovary into the receptacle is surprisingly large and is
large enough to permit four eggs at once to pass through it (Fig. 7). It appears as if the whole wall
of the ovary gives way and the lining of the ovary lumen is everted outward toward the fumen of the
receptacle. The width of the opening in a section of the ovary fixed while in the act of ovulation
was 0-7-0-9 mm, The opening is lined with low columnar cells which measure 3 x40x. In some
sections, a few sperm are present in the lumen of the ovary in close proximity to the opening of the
receptacle, The eggs contained within the lumen of the receptacle have many sperm adherent to the
chorionic membraane, but none of the sperms are in the “exploded™ condition. At ovulation, the
ventral half of the seminal receptacle and oviduct have a continuous chitinous lining. There is no

change in this lining at ovulation.

After First Ovulation—There is little change in the histology of the seminal receptacle from the
first ovulation to the second or third ovulations. The opening into the ovary remains as a tube,
50 wide and 400 x long, which remains open into the lumen of the ovary. ‘The upper glandular
portion of the receptacle maintains a lining of ¢olumnar epithelium whose cells measure 6 x20-35p

(Fig. 8).

At onset of pre-molt in females of the first mature instar, the opening into the ovary closes.
In early pre-molt, as the wall of the glandular portions thickens, the opening tube is already closed
and the tube appears as in the convoluted cord prior to the puberty molt, The chitinous lining
of the ventral half of the seminal receptacle and oviduct become separated from their underlying
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epithelial layers as molt progresses. Much of the chitinous lining of the receptacle, and all of that
lming the oviduct, is shed at molt and is observed, in microscopic examination, attached to the
exuvia,

Following molt from the first to the second mature instar, the histology of the seminal receptacle
and oviduct is essentially the same as that of the first mature instar mentioned above. The opening
from the receptacle to the ovary remains closed until just prior to the first ovulation (Figs. 3, 4),
After the third, and probably final ovulation, the seminal receptacle still contains sufficient sperm
far subsequent ovulations, .

Copulatory Functions

During copulation, the first pleopods of the male are introduced into the oviducts and seminal
receptacles of the female, In 28 copulating pairs, the process was observed from start to finish and,
in each pair, the copulation was continued without interruption until its end 3-5-4-5 hours later.
After once inserting the first pleopods, the male does not exhibit any movement of them. The
female, on the other hand, exhibits a side-to-side rocking motion. In three females, the depth to
which the first pleopods were inserted was observed in side view. The pleopods were excised from
the respective males and the intact oviduct and seminal receptacles dissected from the females,
When the male pleopods were inserted to a depth equivalent to that observed before interruption of
copulation, the distal end of the pleopod was seen to extend to the dorsal portion of the seminal

réceptacle,

~ After copulation is completed, a firm mass, the sperm plug, fills each seminal receptacle. The
sperm plug has the consistency of paraffin wax. It is composed of three layers: a ventral translucent,
sometimes amber, layer; a middle opaque white layer, and a dorsal white cap of spermato-
phores (Fig. 12).  As described in the first part of this study (Ryan, 1967 g) the ventral and middle
layers of the sFerm plug are shown to have their origin in the posterior and median vasa deferentia,
réspectively, of the male. Just prior to ovulation, the receptacle contains an amber fluid which may
cause the male products to harden. Duplication of the three layers of the sperm plug was obtained
in two females by removing the male at the end of the process of copulation and substituting a
second male. The females then copulated a second time, producing a second plug ventral to the
first. The transverse lips of the oviduct openings are normally held tightly closed (Fig. 11) but,
following copulation, they may remain gaping open for as long as four days.

- Following copulation, the sperm plug gradually disappears. Individuals examined during the
first two weeks copulation showed little change in the sperm plug. After 15 days, the edges of the
sperm plugs were softened and the spermatophores were intact. At 25 days, the sperm plug was in
a semi-solid state and spermatophores were still intact. In examination at 30 days, all of the sperm
plug material was softened, some had disappeared and spermatophores were intact in some indi-
viduals and not in others. The sperm remain in the mid-region of the receptacle. With examina-
tion by the light microscope, sperm taken from the seminal receptacle have the same appearance as
those taken from the vas deferens ptior to their being incorporated into the spermatophore.

Cvulatory Function

At ovulation, eggs pass through the seminal receptacle, where sperm may adhere to the adhesive
chorionic membrane, and to the outside through the oviducts. Since each ovary may produce
approximately one million eggs which are ovulated in 45 minutes, each egg passes through the semi-
nal receptacle rather quickly. As reported above, contractile waves were observed in the ovary
ﬁg seminal receptacle of two individuals which were dissected at the heights of their spawning,
Presumably, this is the mechanism for the release of such a large number of eggs in « short time, No
miscular activity was ever observed in the s?rninal receptacle or oviduct at any other time. The
juimen of the oviduct js wide enough to permit only two or three eggs to pass a point at one time,



536 EDWARD PARSONS RYAN

Although the oviducts were not examined in the dissections of the two individuals mentioned above,
contractile activity was observed in the oviduct openings of other females at ovulation, In these,

the lips of the oviduct openings were rhythmically pushed outwards, extruding a few eggs at each
time.

Sperm can remain in the seminal receptacle during molt, even though the female be isolated
from males, and remain viable for an ovulation three months later. One lirst mature instar female
caught while ovigerous, molted 48 days after capture and ovulated twice, at normal intervals, after
molt. Fertilized eggs were observed in the egg mass of each ovulation,

Owulation Behavior

As mentioned previously, the morphological indication of an impending ovulation is first
apparent as the change in the configuration of the ovary as seen through the exoskeleton. In each
case after this change was observed, ovulation occurred within 24 hours in over 50 individuals,
Onset of the actual process of ovulation is detected two hours in advance by a relaxing of the
abdomen which is normaily tightly held against the sternum. At first the abdomen gapes open to
an extent of 2~3 mm. [t is not necessary to view the crab from its lateral aspect in order to detect
the slight gaping of the abdomen or even to remove it from the water, When viewed dorsally,
the tergites of the second and third segments of a normally posed female abdomen are seen to fit
tightty against the coxae of the fifth pereiopods. As the abdomen is extended, a space can be seen
between these tergites and the coxae of the fifth pereiopods.

A second behavioral change is noted in the abdominal appendages, Normally the exopodites
and endopodites of the pleopods are held together and fold into the sternal grooves as the abdomen
is fixed against the sternum (Fig. 11). When the abdomen gapes open preceding ovulation, the
exopodites and endopodites are separated; the exopodiies being extended outward (Fig. 9). Afier
the sponge is formed, the outwardly extending exopodites encircle it,

In crabs held in small laboratory containers, the female is active at the surface of the container,
apparently seeking escape. Quite suddenly at the time of extrusion, the female settles to the bottom
of the container, elevates the cephalothorax from the boitom and extends her abdomen backward
to its full extent, sometimes at almost a 180° angle. As the ova stream from the sternal openings
of the oviducis, the pleopods are moved forward and backward with the endopodites passing under
the two orange streams of ova. However, under these conditions the ¢ggs do not become fastened
to the pleopods but are spewed out onto the bottom of the container.

" Following a suggestion of Broekhuysen (1936), it was determined that successful fastening of the
large number of ova could only occur when the female had an opportunity to bury herself in the soft
substratum. This fact was particularly well demonstrated in the females retained in the floating
laboratory cages. In 73 ovulations in the laboratory cages, attachment of eggs did not occur, except
for a few hundred atiached to the terminal setae of the first two pleopods. When females were
moved from the floating cages (after the change in the orange mark was detected) to a Jarge well-
aerated sea-water aquarium tank which had 7-10 cm. of fine sand in the bottom, sponge formation
occurred in 35 out of 37 individuals, Attachments of eggs to form the egg mass takes place quickly,
within one to two hours. In Fig. 9 streams of eggs are seen being extruded from the oviduct
openings, Immediately after this picture was taken, the crab was forcefully buried in the bottom
sand of the aquarium. Figure 10 shows the same crab with a fuilly formed sponge 1} hours later.

No satisfactory explanation has yet been given for the attachment of eggs in any brachyuran.
This subject was studied in great detail in P, sanguinolentus and a more detailed discussion of this
will be presented in another paper.

Many authors (Churchill, 1919, eic.) note that the large mass of eggs in an ovigerous crab forces
the abdomen backward, It is mentioned above that the abdomen is extended backward jusi prior
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to egg extrusion. In the laboralory caged females which ovulated and in which no egg attachment
occurred, the abdomen open gaped for several days following ovulation. In those individuals for
which the event was observed daily, the abdomen was held open and the exopodites of the
pleopods held outward an average of 9-3 days in 3 females. This is almost as long as the average
time, 12 days, required for carrying and hatching of eggs in the water conditions of Kaneohe Bay.

Discusston

Gross and Histological Amatomy

While the general organizational plan of the ovary in P, sanguinolentus is similar to other deca-
pod Crustacea, the modifications of the oviduct in the form of the seminal receptacle are similar to
only those ol the Brachyura in which internal insemination occurs. In addition, the seminal recep-
tacle of those brachyurans which copulate after ecdysis of the female exhibits changes which are
co-ordinated with the molt cycle.

The results of the anatomical and histological portions of the present study include certain
features unnoticed in considerations of the female reproductive system in other specics or features
about which there are conflicting statements, Discussion of these is pertinent.

Ovary

Details of the anatomy and histology of the ovary have been presented for Callinectes sapidus
in the works of Hard (1942) and Cronin (1942) and the structure has been described in lesser detail
for a number of other species by other workers with many conflicting opinions, some of which were
founded upon peculiarities limited to the spectes in question,

The ovary may be considered as a single structure with paired goneducts (Demeusy, 1958) or
as paired gonads which are medially interconnected (Calman, 1909). The latier point of view has
béen taken in this study. Evidence for this point of view may be¢ taken from the observation that
the early beginnings of the gonadal tissue are a pair of masses of germinal tissue which later
interconnect medially {(Dawdyoff, 1928).

In general, the ovary in P. sanguinolentus is constructed much like the testis. That is, a central
tubular shatt of tissue gives off lateral lobes in which the completion of the gametes occurs, A strik-
ing difference is that the oogonial cells are located on the wall of the central tubular shaft and not in
ihe lateral iobes as the spermatogonia of the testis. Both however are found in syncytial masses.

Nomenclature of parts in the ovary is somewhat confused in the literature. Hard (1942) uses
the term follicle for the lateral diverticula of the ovary in which cocytes undergo vitellogenesis. In
the present study, the diverticula are considered ovary lobes. Other workers (e.g., Herrick, 1896;
Block, 1935; Suko, 1954; Demeusy, 1958) who studied brachyurans or other decapods reserve the
nse of the term follicle for a group of specialized accessory cells which surround each ovum in the
lobe and probably contribute to the formation of the chorionic membrane. In spite of the denial
of their existence by Yonge (1938), Cronin (1942), and Burkenroad (1947), oocytes in P, sanguino-
lentus are surrounded by a distinct follicle of thin-walled, squamous-like cells which may be seen
both in sections of fixed material and in vitally stained oocytes. Since the follicle cells are
reported for macrurans, anomurans and brachyurans, it scems unlikely that they would be present
in one brachyuran species and not another,

A very striking difference in the ovary of P, sanguinolentus and Callinectes sapidys is its relative
size after molt to the first mature instar, In Callinectes, Hard (1942) and Cronin (1942) report that
the ovaries are whiie and very short while in the former species, the present study has shown that
the ovaries extend their full [ength to the postero-lateral border and to be already tinted with yolk
deposits long before the molt to the first mature instar,
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Seminal Receptacle and Oviduct

Structure of the seminal receptacle and oviduct is almost identical with that reported for Calli-
nectes sapidus (Churchill, 1919; Hard, 1942; Cronin, 1942; Lochhead, 1950). The a1:1‘incipal
difference lies in consideration of what appears as a convoluted cord of cells in the medial wall of
the seminal receptacle, Hard (1942) and Cronin (1942) term this the ‘‘ germinal cord” and consider
it to be the source of all cocytes produced in the ovary. In P. sanguinolentus, the cord lies entirely
within the thickened wall of the seminal receptacle. Although appearing as a convoluted cord in
histological sections of the receptacle, the structure is in reality a convoluted sheet of cells, one or
two cells in thickness and 2:0-3:0 mm. deep, The cord stops at the wall of the ovary.

Stratification in the tissues forming the wall of the receptacle was previously noted by Spalding
(1939) and Cronin (1942), Little difference was noted in the general structures of the receptacle
except for the absence of a ridge of ciliated columnar cells between the dorsal and ventral halves
as reported by Cronin (1942),

Function of the Reproductive System
Ovary

Structural Changes

Post-Molt to First Ovulation.—After molt to the first mature instar, oocytes within the lobes
of the ovary undergo vitellogenesis. Qogonia in the process of oogenesis with meiotic figures are
only observed in the germinative zones as Binford (1913) and Demeusy (1958) have described. No
division of primary oocytes with extrusion of polar bodies was ever observed in any section of the
ovary of P. sanguinolentus from the last juvenile instar to the end of the second mature instar as has
been reported by others {Estampador, 1949; Block, 1935, etc.). Polar bodies were only observed
in extruded eggs 30-60 minutes after ovulation. Broekhuysen (1936, Pl V, Fig. 1) also shows polar
bodies in eggs after ovulation in Carcinus.

The follicle cells disappear prior to ovulation, after which time the oocytes possess a chorionic
membrane. At the time of ovulation, eggs taken from the ovary, eggs taken from the seminal recep-
tacle and extruded eggs possess the prominent chorionic membrane in addition to the cell membrane,
This differs from the findings of Yonge (1938, 1947, 1955) and Burkenroad (1947) who concluded
that additional membranes were added after release of the eggs from the ovary.

After First Ovulation—Following ovulation and release of most ova from the ovary lobes, newly
formed oocytes move from the areas of their formation into the ovary lobes. Although several
workers (Binford, 1913; Harvey, 1929; Demeusy, 1958) have described the origin of the oocytes
from the syncytial oogonial areas, none have suggested how the newly formed oocytes actually moved
into the recently emptied lobes. Hard (1942) and Cronin (1942) indicate that in Callinectes, oocytes
originate in the convoluted cord of cells which actually comprises the very proximal end of the ovi-
duct. Hard (1942) acknowledges that some oocyte production may occur within the ovary but
considers these to be immature lobes, although he figures (Hard, 1942, p. 17, Fig. 9) a region
comparable to a germinative zone in P. sanguinolentus.

Whether, after ovulation, the oocytes move into the same spaces recently occupied by ova was
not directly observed in the present study. This is indicated, however, by the absence of the indi-
vidual empty spaces in ovaries sectioned one week or more after ovulation. Another possibility is
that the accessory cells forming the septal walls could be rearranged to form new septa. Hard's
{1942) observation of immature lobes following ovulation is not apparent in P. sanguinolentus since
there is no evidence of degeneration of old lobes after ovulation or evidence of other than oogonial
and oocyte cells in the germinative zones which he believed to be the immature lobes. Furthermore,
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the presence of degenerating unexpelled eggs within the ovary lobes indicates that the same Iobes
are participating in the production of a future batch of eggs.

Binford (1913) and Esiampador (1949) report that fertilization occurs within the ovary. Careful
examination both of ovary dissections and of sectioned material failed to reveal any sperm within
the ovary except in that portion of the lumen just at the oviduct opening in individuals which had
ovulated at least once. Estampador’s (1949) figure of an ovary section has more the appearance of
a tubule of the digestive gland and is not comparable with P. sgnguinolentus. Binford (1913)
suggests that the glandular part of the seminal receptacle may force the sperm into the ovary. This
could not be concluded from the present study since no quantity of sperm was observed in the ovary
and grleat quantities of sperm were observed in the seminal receptacle, even after the crab had spawned
several times, :

There is little difference in the ovary between ovulations. As Herrick (1911) and Hard (1942)
have observed, the presence of degenerating eggs within the lobes of the ovary indicate a previous
spawning but it cannot be determined if the crab is preparing for the second or third ovulation.

As the crab of the first mature instar enters pre-molt, probably after its third ovulation, vitello-
genesis is suspended and the ovary has about the same appearance as in a juvenile female that is
about to enter the pubertal molt. In crabs of the second mature instar, the ovary is tan in color
following the third ovulation and all of the ova remaining within the lobes show signs of degenera-
tion. This is similar to Hard’s (1942) observation in Callinectes following a second ovulation,

Ovulation Cycle

The results of the present study indicate that female P. samguinolentus may spawn year-round
with a peak season from October to February. However, the evidence for this conclusion is circum-
stantial. Only 28 ovigers were collected in the traps in the two-year period out of a total number
of approximately 1,500 individuals. The 28 ovigers were all collected between the months of
October and February, Year-round spawning with a peak season during the colder months was
similarly reported for P. sanguinolentus by Menon (1952) and Chhapgar (1956).

In the absence of ovigerous females in the field collections at all months, confirmation of the
possibility of year-round spawning in Kaneohe Bay exists in other lines of evidence. Mature females
caught at all months of the year showed the prominent orange ovary which could be seen through
the exoskeleton, Many of these crabs were caught during summer months and spawned a day or
two later, Not included in the present report were the results of seinings for post-larval crabs,
Crabs of the probable sizes of the first and second crab instars (2-5-4-0 mm. carapace length; Miss
K. G. Rajabai, personal communication) were caught along the shore of Kaneohe Bay at all months
of the year which indicated a year-round haiching,

In addition to these lines of evidence, cage rearing studies of females which molted just after
capture included individuals ovulating after molt regardless of the time of the year when molt took
place. Only two out of 67 individuals, as shown in Table I, were exceptions; they molted from the
tirst to the second mature instar without ovulating. In one of these, vitellogenesis proceeded to such
an extent that the ovary could be seen through the exoskeleton and then the orange color gradually
disappeared as the female began pre-molt. Of the 12 unknowns shown in Table I, all died in less
than 19 c}(ays which is less than the usual time for the orangeness of the ovary to be apparent through
the exoskeleton,

The usual length of time from ecdysis to first ovulation in P. sanguinolentus is quite similar
to. minimal lengths of time from ecdysis to first ovulation in a number of species of crabs from
temperate regions. Reporting a near two-month minimum are Churchill (1919) and Van Engel
.(1958) for Callinectes sapidus, Broekhuysen (1936) and Veillet (1945) for Carcinus maenas, Binford
(l$l;3) for Menippe mercenaria and Knudsen (1964) for several species of Cancer. Although more
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than one ovulation in a spawning season was reported, none of the above workers showed a
regularity of subsequent spawnings.

In the laboratory rearings of females after the first ovulation, the cycle leading to the second
and third ovulations occurred without exception. Each individual ovulated a second or third
time, within the times shown, or, upon its death, autopsy revealed an expanding ovary in a stage
of vitellogenesis. Similar time intervals between ovulations were noted for females which had
molted in the field prior to capture, These individuals were ones which were caught as ovigers
(Table 11 A) or showed impending ovulation when caught (Table II B). In crabs of either group,
it was not known whether the first observed ovulation was actually the first, second or third ovula-
tion, Some in each category would be expected, and it was found that some molted after the
first and second ovulation in captivity, In P, sanguinolentus, empty egg cases do not usually remain
attached to the pleopodal setaec and there is no way of estimating whether a crab had spawned
before capture.

Many of the individuals listed in Tables I and IT A ovulated in the holding cages without
attachment of ova. Those listed in Table II B all formed a sponge and carried the eggs until
hatching. Hiatt (1948) reported that in Pachygrapsus, ovigerous females undergo an “abnormally
prolonged intermolt interval”. Similarly, Scudamore (1948) concluded from questionable data
that removal of eggs from ovigerous female crayfish hastened onset of molt. There was no
evidence that the attachment of eggs in P. sanguinolentus extended the molt or had any bearing on
the onset of vitellogenesis in preparation for another ovulation.

The significant conclusions from the above observations are that in P. sanguinolentus, ovula-
tion is effected by rhythmic controls during intermolt which are probably extrinsic to the ovary
itself and possibly hormonal. The above data also permit an estimate of the minimum of three
ovulations per mature instar and of molt following the third ovulation of the first mature instar,
When the time intervals required for all of these are added, an estimate of the life-span of approxi-
mately six months for each mature instar or 12 months for the mature life of the crab, is obtained.
Such an approximation remains only a working hypothesis until more accurate field studies can
be conducted.

Mechanics of the Ovary at Ovulation

The only explanation of the mechanism which causes ova to be evacuated from the ovary in
a decapod crustacean was given by Herrick (1911) for Homarus stated that ova were released from
the ovary “by contraction of their muscular walls”. Such contractile activity was observed in
the ovary and seminal receptacle of P. sanguinelentus which were dissected during the ovulation
process, At the onset of ovulation, the eggs are confined within the lobes and lumen of the ovary
but during the period of vitellogenesis, the eggs are only found within the lobes of the ovary.
After the change in the configuration of the ovary was observed 24 hours prior to ovulation, many
of the eggs have moved into the lumen of the ovary and each lobe is definitely open into the lumen,

No reference could be found to this change in the configuration just prior to ovulation.
Arriola (1940) and Matthews (1959) report seeing the gravid ovary through the exosekleton in other
species. A change in the configuration of the ovary just prior to ovulat}on was‘al‘so observed,
during the present study, in Podophthalmus vigil, ancther portunid species of similar size also
inhabiting Kaneohe Bay.

SEMINAL RECEPTACLE AND OVIDUCT

Structural Changes

Many workers report thickening of the glandular portion of the seminal receptacle at a molt
in which copulation would take place (Churchill, 1919; Binford, 1913; Broekhuysen, 1936; William-
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son, 1904; Spalding, 1939; Cronin, 1942; Estampador, 1949, etc.). Utilization of this thickening as
an indicator of pre-molt has not been made. This would be of particular value in those forms in
which the females molt several times after reaching sexual maturity. Heretofore, the mitotic
acti'vi;y of the et::]traattiﬁe:d layer as a factor in the pre-molt thickening of the seminal receptacle has
not been noted.

If the thickening of the seminal receptacle at molt is an adaptation enabling the receptacle to
accommodate the male sexual products received at copulation immediately after molt of the female,
some similar modification would seem to exist in those brachyurans which copulate when the female
is hard, i.e., in intermolt, or perhaps the male products may not form a plug of appreciable size,
Broekhuysen (1941) and Knudsen (1960, 1964} who studied species which copulate when the
female is hard, make no meniion of modifications of the seminal receptacle at the time of
copulation.

Spalding (1939), Hard (1942). Cronin (1942) and Lochhead {1950) considered the anterior
portion of the oviduct to be located inside of the ovary, The anterior portion of the oviduct in
P. sanguinolentus lies entirely within the thickened wall of the seminal recepiacle. From the
photomicrographs in Hard’s paper, it is apparent that the same would be true in Callinectes sapidus,
if the appropriate structures were re-examined. The closing of the anterior portion of the oviduct
at molt from the first to second mature instar in P. sanguinolentus is apparently due to a con-
striction of that portion of the oviduct caused by the extreme enlargement of the glandular portion
of the seminal receptacle.

Examination of the seminal receptacle and oviduct of P. sanguinolentus failed to reveal any
histological changes during the ovulation cycle, Herrick (1896) and Yonge (1938) report a cyclic
secretory activity of the wall of the oviduct in Homarus. In view of the chitinous lining of the
receptacle and oviduct in the brachyurans, it seems unlikely that any secretory activity, other than
the secretion of the chitinous lining itsell just prior to molt, would exist, It is suggested that the
secretory cells of the oviduct in Homarus may be homologous with those secreting the chitinous
Lining in P. sanguinolentus.

Copulatory Function

The seminal receptacle functions in the receipt and storage of the male sexual products at
copulation. These products are evacuated in sequential order from the posterior and median
vasa deferentia of the male during copulation (Ryan, 1967 4). Spalding (1939) peints out the dual
nature of the sperm plug and suggests that the ventral portion of the plug has its source in
secretions of the rosette glands of the male pleopods which Cronin (1947) alsc found in the male
pleopods in Callinectes. The resuits of the present study (Ryan, 1967 b) show that no part of the
sperm plug could be ascribed to the pleopods.

After copulation, the male materials form a hard plug, the sperm plug, which is gradually
softened and has almost disappeared at the time the capsular wall of the spermatophore disappears
25—30 days after copulation. Spalding (193%) points out the probable cause of its disappearance
in enzyme-like secretions of lining of the receptacle itself. The roje of the plug has been suggested
as providing a nutrient medivm for the sperm. In view of the rapid disappearance of the plug
compared with the many months that the sperm remain viable in the receptacle (even through
a molt, Broekhuysen, 1941 and 1955 and the present study), a nutritive role seems unlikely.
A more logical function of the sperm plug is given by Spalding {(1939), that of holding the
spermatophores within the receptacle.

Ovulatory Function

The opening of the seminal receptacle is complete at ovulation and eggs pass quickly through
the receptacle and oviduct, Observed contractile activity probably accounts for the rapid evacua-
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tion of the eggs in P. sanguinolentus. Nearly one million eggs are moved through each receptacle
in 40-45 minutes at each ovulation.

The seminal receptacle and oviduct are widely credited with being the site of fertilization in
the Brachyura. In spite of the numerous references, no conclusive evidence has been presented
that fertilization actually occurs there or even inside of the female. Yonge (1938) suggests a very
probable aiternative, The actual process of fertilization may occur externally as in the Macrura
and Anomura and the seminal receptacle merely serve as a site where sperm may come in contact
with the adhesive surface of the chorionic membrane, penetration taking place after extrusion.

The modification of the sexually mature seminal receptacle is apparently not necessary for
ovulation to occur. Demeusy (1958), in an experiment on the hormonal controls of vitellogenesis,
obtained successful ovulations in juvenile females which were several instars preceding the first
sexually mature one. Similar results were obtained in the juveniles on P. sanguinclentus by the
present author after implant of certain endocrine structures.

SUMMARY

1. The paired reproductive system of female Portunus sanguinolentus (Herbst) consists of
ovaries which are medially interconnected to oviducts, a part of which is enlarged to form a
seminal receptacle. The oviducts open to the exterior on the sternite of the sixth thoracic segment,

2. Accessory reproductive structures, similar to most decapods, consist of four pairs of
biramous pleopods on the second to fifth abdominal segments. The endopodites bear long
setae to which the eggs are attached at ovulation,

3. The ovaries consist of a central hollow shaft and lateral lobes. Syncytial germinative
zones with meiotic figures extend along the wall of the Jumen. Primary oocytes are found in
processions from the germinative zones and fill each lobe where they are surrounded by follicle
cells and other accessory cells,

4, The oviduct begins as a tiny portion folded in the wall of the thicker seminal receptacle.
The seminal receptacle consists of a glandular dorsal portion and chitin-lined ventral portion.
The wall of the glandular portion is stratified. A short narrowed portion or vulva extends from
the receptable through the appendicular musculature to open to the exterior, Its chitinous lining
is continuous with that of the receptacle and is shed at molt.

5. Functions of the ovary follow two cycles: molt and ovulation cycles. Oocytes move
from the germinative zones to the lobes prior to the pubertal molt. Vitellogenesis occurs in the
lobes, principally after the pubertal molt. In the first and second mature instars, molt is followed
by ovulation, approximately 60 days later. The eggs remain in the ovary lobes until 24 hours
prior to ovulation when some move into the ovary lumen. All eggs remain in the ovary until the
process of ovulation begins. Ovulation lasts -approximately 45 minutes. Contractile action forces
the 900,000-2,000,000 eggs from the two ovaries in each ovulation. A second and third ovulation
follows, approximately 40 days apart. In the first mature instar, molt occurs approximately
45 days after the third ovulation. Attached eggs measure 0-28 mm. and are surrounded by a single
extra-cellular membrane, the chorion, in the ovary, No further extra-cellular membrane is added,

6. The seminal receptacle stores the male products at copulation. The products form a
three-layered firm plug; the dorsal layer is a cap of spermatophores. The plug gradually softens
and disappears, presumably by enzyme action, about 30 days after copulation. Loose sperm
are stored in the glandular half of the receptacle. The receptacle displays a single cycle of change
with a thickening of the glandular half at molt. At ovulation, contractile action forces the eggs
outward. Fertilization was not observed in the receptacle and the structure probably functions
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as a site where sperm come in contact with the adhesive chorionic membrane. External
fertilization is indicated.

7. Approximately two hours prior to ovulation, the abdomen is relaxed and the exopodites
of the pleopods are extended laterally. Successful attachment of eggs was only obtained in females
which were allowed to bury themselves in sand, Attachment was effected in less than I-5 hours.

8. Summation of the period required for the usual cycles indicate an estimate of six months
as a life-sspan for each of the two sexually mature instars.
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THE FEEDING HABIT AND THE DIGESTIVE SYSTEM OF HYPERIA GALBA

V. P. AGRAWAL
Depariment of Zoology, DAV, College, Muzaffarnagar, India

ABSTRACT

Hyperia galba (Family Hyperiidae: Order Amphipoda) are found crowding in the sub-genital pouches of
medusae which provide excellent shefter, Aoeordiix to Edward (lSGtR,ethey are parasitical in nature. How-
- ever, they can also survive independently outside the body of miedusa, The feeding appendages
of Hyperia, especially the mandibles and maxillac, are strongly built and are ggovided with teeth and spines
which suggest that the animgl, perhaps, gets its nutriment by scrapping off the body of the medusa. The oeso-
phagus of Hyperia is thickly chitinous. The stomach, untike in o amphipods, is tiot divisible into cardiac
and pyloric parts. The inner wall of the stomach is produced into paired dorso-laterals, lateral and ventro-
lnteral ridges. The lateral ridges are beset with fine bristles while the ventro-lateral are provided with thick
spines and teeth for the trituration of food, The absence of thepyloric stomach which acts as a filter
spparatus in other amphipods is also suggestive of its parasitic habit. The wide midgut is produced into a
- pair of anterior dorsal and two pairs of ventral cacca, The small rectum opens to the exterior through
& DRITOW anus, .

Hyperia galba Montagu (Family Hypetiidac; Suborder Hyperiidea) is an amphipod, commonly
found to exist in the sub-umbrellar space of medusae. According to Edward (1868), they are also
cccasionally found living on fishes. Gould (1841) and Gosse (1853) reported that the animal is
found in the sub-genital pouches of medusac. According to Hollowday (1948), they are present
in the umbrella of jelly fishes, being visible through the semi-transparent tissue. They are found
crowding in the sub-genital pouches which provide excellent shelter for them. Edward (1868)
has given the parasitic nature of the animal. Hollowday (1948) has also described the habitat of
Hyperia in some details,

However, the digestive system of no member of this family has been described. In this present
account an attempt Is made to discuss the feeding habit, mouth parts and alimentary canal of
Hyperia galba,

MATERIAL AND METHODS

A few specimens of Hyperia galba were collected at Plymouth while some others were procured
from the Marine Biological Station, Piymouth,

For studying the feeding appendages, the different mouth parts were directly mounted in a
mixture of polyvenyl lactophenol and indigo carmine. It was found that in these preparations
all the muscles had dissolved after some time and the appendages had taken a light pink colour,

For the detailed study of the alimentary canal, reconstruction drawings were prepared. A
diagram of the entire animal was drawn on a sheet of graph paper with the help of a squared eye
piece. The transverse sections of the same animal were set, according to the calculations, on
the gredrawn diagram of the animal. The different sections were also critically studied and the
diagrams were drawn with the help of the camera lucids.

:biﬂerent fixatives such as Bouin’s fluid, Duboscqg-Brasil, Zenker and Gilson’s fixatives were
empibyed. The sections, 8 microns thick, were stained with Mallory’s triple stain, Heidenhain’s
| deBM4
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-Azan stain, Mann’s Methyl blue eosin and Heidenhain’s iron-alum haematoxylin counterstained
with orange G.

THE DIGESTIVE SYSTEM

The food is captured with the help of the mouth parts and antepnae of the animal. The
large mandibles help in the mastication of the food. Each mandible consists of the masticatory
part, which is beset with a large number of chitinous teeth, the molar expansion with a few rows
of tooth-like structures and the tri-articulatd palp. The two pairs of maxillae also help in the
trituration of large food particles.

The alimentary canal of Crustacea has been studied by many workers but the gut of an
amphipod has not been studied in detail. Sars (1867) was one of the earliest workers to refer to
the armature of the foregut. Ide (1892) described briefly the gut of Gammarus pulex. Cussan
(1904) in his memoir also described the alimentary canal of Gammarus only briefly.

Fic. 1. Alimentary canal of Hyperia galba. (1) T.8. through stomach; (ID) T.S. through midgut; (1T} T.S. through
anus. AN, anus; D.L., dorso-lateral ridges; L.L., latero-lateral ridges; M.G., midaut; REC,, rectum;
ST., stomach; V.A., ventral ridge; V.C.A., ventral caeca.

The alimentary canal of Hyperia consists of the foregut, midgut with hepatopancreatic caeca
and the hindgut, The foregut and hindgut constitute the stomodaeum and proctodacum respectively
and are lined internally with a chitinous cuticle, whilc the midgut forms the mesenteron.

The foregut includes the mouth, oesophagus and stomach. The ventral mouth opens into
the long, thickly chitinous oesophagus which opens dorsally. into the stomach which does not extend
forwards beyond the mouth, At the junction of the oesophagus and stomach are to be found a
pair of very small ridges.

From the veniro-lateral wall of the stomach arise a pair of well-developed ridges (Fig. D
which are about 0-26 mm. long and 0-16 mm, high and extend backwards into the midgut upto
the second thoracic segment, In the middie region of the stomach, these ridges shift more ventrally
so that the central chamber of the stomach is divisible into a pair of narrow lateral and a singie
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broad ventral cavity, Each ridge is produced distally into a single long serrated tooth and a few
fine bristles, The stomach of Hyperia unlike that of other amphipods such as Orchestia (Agrawal,
1964) is not divisible into cardiac and pyloric portions. The dorso-lateral wall of the stomach is
produced into paired thickly chitinous dorso-lateral ridges (ID,L.) which extend deep into the
lumen so that the dorsal cavity of the stomach is reduced to a narrow streak, The cavity of the
stomach is thus divided into a narrow dorsal chamber, the ventral chamber divided into three por-
tions and a wide middle portion which is produced laterally into lateral ridges (L.L.) which also
extend backward along the midgut. The lateral ridges bear & few fine bristles,

In the region of the second thoracic segment, the stomach passes into the midgut which in
Hyperia is a very broad duct extending backwards upte the fifth abdominal segment, From the
antero-dorsal margin of the midgut arise a pair of wide anterior dorsal ceaca which run forwards
on cither side of the stomach to end blindly opposite the mouth. From the antero-ventral margin
of the midgut arise a pair of ventral caeca (Fig. I, II) which extend a short way forwards. They
run backwards as very wide tubes which are lined with tall, vacuolated cells. In the region of the
third thoracic segment, the ventral caeca divide into two pairs, a long narrow upper pair which
extends as far as the middle of the first abdominal segment-and a very small lower pair.

The small rectum is lined internally with the cuticle. It is dorso-ventrally fiattened and opens
to the exterior by a narrow ventral anus (Fig. 1, HI).

. Discussion

It is a well-established fact that the nature of the feeding mechanistn and the character of
structures concerned with the capture, manipulation and sorting of food are related to the kind of
food taken. Many authors like Yonge (1928), Dennell (1933), Manton (1937) and Agrawal (1964)
have examined crustacean feeding mechanism with this point of view.

The structure of the feeding appendages and the form of the gut may be expected to be
related to the nature of the food taken. The size of the food is probably the most important
single factor, when one seeks for correlation between structure and function of mouth parts and
gut organisation.

Although Hyperia usually lives within the medusae, it is not certain if it is truly parasitic.
Edward (1868) states, ‘T have seen that in the medusae they move their swimming feet and I have
seen mandible and other mouth parts also opening and so were in the act of feeding.”” All the same,
it can survive independently outside the body of the medusae. The guts of the animals examined
by the author were found to be almost empty. The structure of the stomach of Hyperia is also in
favour of the view that it is a partial parasite as the armature of the stomach is not so strongly
built and is not produced into very strong plates as in other amphipods. Moreover, the fact that
the stomach is not divisible into triturating cardiac and filtering pyloric stomach alse points to its
parasitic nature.

The ventral caeca in Hyperia, which are mainly concerned with the digestion of food (Agrawal,
1962), are not so well developed as in Orchestia (Agrawal, 1964) as they are parasitic in habit and
feed on digested food material.

it can now be concluded that the character of the food governs to a great extent the con-
struction of the mouth parts and the gut organisation,
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THE FEEDING APPENDAGES AND THE ALIMENTARY CANAL OF
CYAMUS OVALIS (L.)
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ABSTRACT

Cyamus ovalis or whale louse (Family Cyamidae; Order Amphipoda) is an ectoparasite; its dorso-
ventrally flattened bod%r is fixed on the skin of whale by means of its strong appendages. 1t has been found
that the mouth parts of the animal are very small in comparison to the body size. However, the mandibles
and maxillae are strongly built with teeth and spines. The alimentary canal consists of the mouth, oeso-
phagus, cardiac stomach, pyloric stomach, intestine and the rectum. The internal lining of oesophagus is
thickly chitinous and m uced ventrally into a few very fine bristles, The chitinous inner wall of the car-
dlac_stomaqh is provided with a median dorsal, paired lateral and a median ventral ridges. However, unlike
other amphipods, the ridges are not provided with any teeth. The pyloric stomach is produced into a mid-
venitral piece and paired ventro-lateral ridges. The midgut or intestine is provided with a single dorsal caecum
and 2 pairs of ventra) casca. The hil:(illllt or rectum of Cyamus opens to the exterior by a narrow ventral
m The mucosa of the rectum is produced into a large number of villi. It seems probable that the parasite
d on & liguid dict. As such the armature of the stomach is much simplified as compared to other amphi-
pods such as Orchestin, Corophium, ete,

Cymaus ovalis, the whale louse (Family: Cyamidae; Order Amphipoda) is an ectoparasite; its
dorso-ventrally flattened body is fixed on to the skin of whales by means of its strong legs. The
animal is ectoparasitic on whale and is supposed to exist on a liquid diet by sucking the food
through the mouth. The gut of a few specimens, when examined, was found to be empty.

For the present study, a few specimens of Cyamus were procured from the Natural History
Mus;um, London, The different methods employed are the same as given in an earlier paper
on Hyperia,

FEEDING APPENDAGES
The mouth parts of Cyamus are very small in comparison to its body size.

The paired mandibles (Fig. 1, MAND,) of Cyamus are poorly developed and are pyramidal in
shape. The protopodite of the mandible inciudes the coxa and the basis. The masticatory part
or coxal segment of the mandible includes the cutting edge or the incisor process which is provided
with. two sets of strong chitinous teeth and the molar expansion which is only slightly developed.
In between the incisor and the molar expansion are present a few feathered spines. The palp is
not present.

There are two pairs of maxillae. The first maxilla (Fig. 1, F.Max.) which is tri-partite in most
of the amphipods (Agrawal, 1962) does not have the basal lobe. The masticatory lobe is strongly
built and bears seven teeth and a few fine spines. The uni-articulate palp is comparatively smail
and bears only a few small setae distally. The second maxilla (Fig. 1, S.MaX.) has a large outer
lobe and a small inner fobe. The inner lobes of the two sides are united in the centre. Each
innet lobe bears 2 fong spines while the outer lobe bears a few long spines distally.

The two maxillipeds (Fig. 1, MAX.PD.) are fused by their protopodites to form a sort of lower
lip. 'The protopodife consists of a large basal lobe which is provided with a few small spines,
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The endopodite or palp is very well developed and has five joints. The last joint is claw-shaped.
The palp is produced into a very large number of fine, tooth-like structures arranged in rows,

SMAX, -1 MAX, PD. -,

Fic 1. Cyamus ovalis. Mouth paris; B, body; B.J,, basal joint; B.L., basal lobe; B.P,, basal part; F, MAX.,
first maxilla; LL,, inner lobe; MAND., mandible; MAX. P.Dy, Maxillipeds; M.E., melar expansion; M.P,,
masticatory part; O.L., outer lobe; P., palp; S.MAX,, second maxilla,

THE ALIMENTARY CANAL

The alimentary canal of Cyamus is simple in its internal armature due to its parasitic habit.
The gut is a straight tube consisting of the foregut, midgut and hindgut.

The foregut consists of the mouth, cesophagus and stomach. The ventral mouth is a wide
opening leading into @ small oesophagus, The inner wall of the oesophagus is thickly chitinous
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and is produced into a few very long bristles (Fig. 2, I, OE), Dorsally, the oesophagus opens into
the wide stomach which does not extend forwards beyond the mouth, At the junction of the
oesophagus and stomach are to be found well-developed oesophageal ridges (OE.A.) which are
directed upwards into the stomach.

The stomach of Cyamus is not clearly marked off into the cardiac and pyloric chambers. The
roof of the anterior part of the stomach is produced into a well-developed median dorsal ridge which
is about 80 microns high. It projects upwards into the lumen of the stomach. A pair of thickly
chitinous lateral ridges, about 9-35 mm. long and 90 x wide also develop, which soon shift to the
ventral side {(Fig. 2, II) and divide the ventral cavity of the stomach into two grooves. Beyond the
cephalothorax, the cardiac stomgch passes into the pyloric stomach. From the floor of the
pyloric stomach arises a mid-ventral piece (Fig. 2, ITI, M.V.P.), from the lateral borders of which
arise paired wing-like processes, the ventro-lateral ridges (V.L.). Shortly, the mid-veentral piece
(Fig. 2, HI) is Jost while the ventro-lateral ridges persist,

FI16, 2. Cymins ovalis. Alimentary canal. (D T.5. through oesophagus; (1) and (II) T.S. through stomach;
(V) T.S. through rectum and (V) T.S, through anus,

AN, anus; D.CA., Dorsal caecum; L.L, lateral inpushing; M.G., midgut; M.V.P., mid-ventral piece;
OE., ocsophagus; OE.A., cesophageal ridge; RCC., rectum; V.L., ventro-lateral ridge,

The midgut is a long tube and bears a few caeca. The stomach extends a long way into the
midgut, in the form of 2 horse shoe. The median dorsal caecum, arising from the roof of the
midgut, runs forwards above the stomach as a narrow tube. The paired ventral caeca do not arise
from the anteriormost part of the midgut as in other amphipods but from the middle of the
midgut, Towards the beginning of the fifth segment, they divide into two pairs of caeca, an
upper and a lower. The lower pair is comparatively small while the upper pair extends almost

upto the end of the midgut.

The rectum is comparatively large; its inner wall is highly complicated. Anteriorly it gives
off a pair of small pouches which are soon separated off and lost. In the same region, the inner
wall produces a pair of cushion-like inpushings (Fig. 2, IV, L.1.), Posteriorly the inner wall of the
rectum is produced into a larger number of villi, Ultimaiely, the rectum opens to the exterior

by means of a ventral anus (Fig. 2, V, AN.).
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DiscussioN

In Cyamus ovalis which lives on whales and perhaps lives on a liquid diet, the mouth parts
are very small as compared to the body size, while in macrophagus forms like Orchestia (Agrawal,
1963), the mouth parts are well developed. However, the mandibles and maxillae are strongly
built perhaps to scrape off the food from the body of the whale,

The functions of the crustacean stomach have been described bg varions authors. Huxley
(1880) described the cardiac stomach as a filtering organ. Ide (1892) and Gelderd (1907) also
credited the different plates of the cardiac stomach as auxiliaries to the mandibles. According
to Tait (1917) and Nicholls (1931), the stomach of crustaceans has nothing to do with the mastica-
tion of food. However, the author is convinced that in the amphipods studied, the cardiac stomach
is mainly concerned with the mastication of food while the pyleric stomach filters the food particles,

As circumstantial evidence in favour of this view, it may be noted that the internal armature
of the stomach of Cyamus which is an ectoparasite is very simple. It has only poorly developed
plates and ridges which are without any spines or teeth, while in the macrophagous forms like
Orchestia (Agrawal, 1963}, the stomach is provided with well-developed ridges which bear hooks
and teeth, The cesophagus of Cyamus is very wide so as to suck the liquid food. The pyloric
stomach which serves for filtering the food particles is aiso very simple in Cyamus. The ventral
caeca which secrete the different digestive enzymes (Agrawal, 1963) are much smaller as the animal
feeds on liquid and almost digested food.
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PRELIMINARY RESULTS OF THE AGE AND GROWTH STUDY OF THE MARKET
CRAB (CANCER MAGISTER) IN CALIFORNIA: THE AGE AND GROWTH OF
CANCER MAGISTER TN BODEGA BAY

RicHAzD L, POOLE
California Department of Fish and Game, Menlo Park, California, U.S.4.

ABSTRACT

: Age and growth of the market crab, Cancer magisrer, were determined from collections made in Bodega
Bay, Californis, from June 1961 to December 1964. Instar sizes were also calculated from molting incre-
ments obtained from 91 crabs that molted in traps, suture-ta; crabs that molted and retained the tag, and
trawl caught individuals obviously near molting which were held in live tanks until molting was complete,
One year from metamorphosis the 1961 year-class was observed to be in the 8th, 9th, and 10tk instars at an

. average size of 631, 816 and 94-2mm. respectively, Afier 2 years instars 11 and 12 were observed with
an average shoulder width of 133-1 and 151 -9 mm. respectively; and after 3 years instars 11, 12 and 13 were
observed with an average width of 134-7, 152-4 and 169-9 mm, respectively, Legal size (160 mm.) was
attained by some of the crabs in the 12th instar after 2% years; most of the crabs reached legal size in the 13th
instar after 3% years. Females grew at the same rate as the males from instars 1 through 11, ~ Growth observed
was faster than growth calculated; width-frequencies showed the crabs reached legal size in the 13th instar

“and calculations showed the crabs reached legal size in the 14th instar, :

DETERMINATION of the age and growth of the market crab, Cancer magister, is complicated by the
unusual process of moiting. Because the animals are enclosed in a rigid external skeleton they

are unable to increase gradually in size as most organisms do and growth is accomplished by a

series of instars, each corresponding to a molt,

Tags attached to the exoskeleton are lost during molting. To eliminate this type of tag loss,
a suture tag has been developed and tried on the blue crab Callinectes sapidus, the edible crab
Cancer pagurus (Edwards, 1962), and the market crabi\ Cancer magister (Butler, 1957). Initial tag-
ging was with stainless steel wire, which was inserted in the line of separation of the carapace.
A l§eterson disc tag was attached to the wire. Growth data were provided, but returns were low
from crabs that actually completed the molt with the tag attached. Recently QOregon and
California biologists have attached plastic spaghetti tags in the same manner., Returns have
again been low.

Market crab growth data have therefore been obtained from other sources, particularly by
measuring molted crabs taken in traps, trawls, and beach collections. Width frequencies are also
usefu] for determining the frequency of molting and the number of instars,

The first growth study of the market crab based on width frequencies and molting increment
showed that, off British Columbia, Canada, male crabs attain maturity at 4-5 years and reach
165 mm. in width after 7-8 years, passing through 17 instars (MacKay and Weymouth, 1935).
Sixteen instars were required for maturity of females, which mature at about the same age as
males but rarely reach legal size.

‘Butler (1961) determined that British Columbia crabs reach instars $ or 6a year after hatching;
after 2 years, instar 11 or 12; after 3 years most crabs are in the 13th; after 4 vears instar 14 is
reached; and generally at the end of 5 years crabs are in the 15th instar. British Columbia crabs
enter the market at widths of 165 mm. in stage 14 after 4 years, Both sexes attain maturity in the

[4-8M-3
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11th ot 12th stages after 2 years. The maximum size and age of British Columbia crabs is 235 mih.
and 8 years,

In Washington, Cleaver (1949) determined that sexes mature after 3 years and males attain
a width of 169 mm, at the 14th or !5th instar after 4 years, Growth of females for the first 2 years
was similar but subsequently the rate was uncertain,

In California, I have determined age and growth of the market crab from data obtained
during 1961-64.

METHODS

Monthly sampiing was conducted in Bodega Bay using a 10 foot beam trawl with [-inch
mesh net. A }-inch liner was added to the cod end during May and June to coilect the first instar.
Twenty-minute tows were made in depths of 4 to 70 fathoms. Al early instars were taken on sand
boitom in water shallower than 12 fathoms (Fig. 1). Bodega Bay is open io the sea and data
collected are assumed fo represent ocean growth. .

£ 0CcURRENCE GF
LARVAL CRABS

PACIFIE  CCEAN

12% 0

Fia. 1. Map of Bodega Bay showing the distribution of the carly instars

_ Escapement from the small beam traw] increased as the crabs reached a larger size, and a gulf
shrimp trawl with a 60-foot head rope was used beginning in January 1963. Crab traps with l-inch
stainless steel mesh were also used to collect crabs. Traps were baited with squid (Loligo opalescens)
and rockfish (Sebastodes) carcasses and allowed to fish overnight at selected stations.

Sex was determined for crabs collected and width (caliper measurement in front of the 10th
antero-lateral spine) was measured to the nearest millimeter. Width frequencies were summarized
and plotted for each cruise. Sexes of the early instars were not recorded during our first cruise
in Bodega Bay, but subsequently we determined sex for all crabs in the second instar and larger.
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RESULTS

Calculation of Instar Sizes

Instar sizes were calculated from molting records of 91 crabs obtained in the San Francisco
area from 1951-64: trapped soft-shelled crabs matched with molted shells; trawl-caught crabs
obviously near molting (these were placed in tanks where ecdysis occurred within a day or two);
and tagged crabs which had molted while at freedom and retained the tag, Instar sizes were also
determined by width frequency samples as a comparison to the instar calculations., Insufficient
data on females prevent calculation of female instar sizes.

TapLk 1

Increase In size of male market crabs upon molting and percentage increase ; Measurements include
the 104k lateral spine and are in millimerers

Carapace width Increment
Size Nurbers
Old New Absolute Per cent,
-9 1 75 10-7 32 42-7

10- 14 5 12-4 16-3 39 31-5
15- 19 ] 18:4 23-7 5-3 28-8
20- 24 4 214 278 G4 299
25- 29 9 264 3341 67 25-4
30- 34 2 -9 39-1 7.2 226
35- 39 1 35-3 41-8 6-5 i8-4
45— 49 ‘e e .

50— 54 2 51-4 659 14-5 232
55~ 59 . . . .

60— 64 e s e

65— 69 1 63-2 81-4 182 28-8
70- 14 . . . ‘e ..
75~ 19 2 77-6 970 19+4 25+0
85- 89 2 857 107-6 21-9 25-6
g(s)- gg 1 50-0 113-6 236 26+
100-104 1 102-3 126-4 236 2340
105-109 . ‘e o ‘e .
110-114 1 110-5 1283 178 16°1
115-119 - .e . . ..
120-124 . . Ve
125-129 . o .
130134 2 132-5 1545 22-0 166
135-139 1 1377 164-9 27-2 19-8
140-144 i 141-1 169-5 28-4 20-1
145-149 8 1470 173-5 26+5 18-0
i150-154 3 154-1 184-4 30-3 197
155-159 9 157-2 183-0 258 16:4
160-164 ] 161+1 187-9 26-8 16-6
165-169 12 166-7 1919 25-2 15-1
170-174 4 1725 196-5 24-0 139
180-184 .. - ve ' ..
185-189 1 186-9 214-1 27-2 14-6

Molting records were obtained for almost all sizes and grouped by 5 mm. intervals (Table 1),
Absolute growth-per-molt in the San Francisco area increased until the male crab reached a width
of approximately 135 mm.,, after which, the growth increment remained relatively constant. The
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smallest crabs exhibited high percentage of size increase, 42-79% after the first molt, Percentagé

RicHARD L. POOLE

of increment at molting decreased as the crabs grew larger (Fig. 2).
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‘Butler (1961) showed that by plotting carapace width before molting against carapace width
after molting and fitting two lines by least squares a point of intersection results that represents
abrupt changes in growth rate, Butler concluded that the abrupt change in growth rate agrees
well with size at maturity, and hence the change in growth rate is associated with sexual maturity.
The intercept of 115-9 mm. obtained by Butler agrees well with an intercept of 102 obtained from
Cieaver’s data (1949). In every case, growth rate does change at or near sexual maturity.

In California, no male crab less than 93 mm. had mature spermatophores, but all males over
122 mm. did contain spermatophores. Straight lines were fitted by least squares for crabs up to
the time of maturity, 7:5 to 102-8 mm. and during and after maturity, 110-5-186-9 mm. (Fig. 3).
Carapace widths after molting were computed from the following formulas:

For males 7-5-102-8'mm.: ¥ e 1-284% — 0-027 (1)
For males 110-5-186-9mm.: Y =1:167X + 0-059 (2)

'The point of intersect of these two lines was calculated to be -72 by the method of Kurata
(1960). No change in growth rate is indicated by this intersect as was noted by other investigators,

Instar sizes were calculated using these formulas. Starting with the 2nd post-larval stage at
& carapace width of 12:2 mm, (observed size of the 2nd instar) equation (1) was used to calculate
sizes:through the 11th instar and equation (2) was used to calculate instar sizes 12-16. Calculated
carapace widths are given in Table II. Instar growth in the Queen Charlotie Islands, British
Columbia and off Central California is approximately equal. Instars 11 and 12 are slightly larger
in California but subsequent growth is slower according to the calculations,

TapLE IT

- Comparison of computed widihs of male Cancer magister Instars, Measurements Include the 10th
antero-lateral spines. Data for Washingion, Southern B.C. and the Queen Charlotte
Island from Butler (1961), Measurements in millimeters

Instar Central Washington Queen Southern
Number California Chazrlotte Isl, B.C.
1 7-5 57 69 5.2
2 122 9.4 10-0 74
3 1546 125 13-8 o7
4 20-0 168 18-5 13-4
5 257 23-5 24-2 18-2
6 330 30-4 31 240
7 4243 ar-2 396 31-5
8 543 47+2 49-9 41-0
9 697 598 625 52:5
10 895 72-8 71-9 657
1 114-9 90-6 96-6 805
12 134-1 i13-4 119-5 958
13 1566 138:4 1469 112:6
14 182-8 165-9 176-2 130-0
15 2139 {188)? 2015 148+6
16 2491 . 2410 170-8

o . et am——— T ——
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Age from Width-Frequency Data

To check growth calculations, determine frequency of molting, and to determine time spent
in various instars, monthly sea cruises were made aboard the department research vessel Nautilus.
Data from crab tagging cruises and pre-season surveys were also incorporated in the width-frequency
graph. In all, 11,803 crabs were used in this study; these were collected by traps and trawl from
March 1961 to October 1964,

Growth of Early Instars

The mating season of the market crab in California extends from late February to August.
The eggs are spawned and carried by the female from October to February; females have been
taken as late as May with eggs. Hatching occurs mainly in December, January and early February.
Since the hatching period covers a considerable length of time, T have assumed January | as the
mean birth date after having examined females for evidence of hatching eggs. The larval life
extends over four months and consists of five zoeal stages and one megalop stage (Poole, 1966),

Megalops, taken on May 3, 1962, and May 9, 1962 from trap bouy lines, molted soon
thereafter into first post-larval crabs, Four first instar crabs were obfained from these molts were
6-8-7-0 mm. wide, exclusive of spines. First post-larval crabs were also taken in trawl nets in
May 1962. They were 6-8 mm, in width (Fig. 4). Post-larval crabs were not taken in the previous
month’s sampling, Aprii10-14. On June 18, 1962, crabs-of-the-year were found in the 1st, 2nd
and 3rd post-larval stages with the greatest number in the 2nd instar. On June 3, 1961, crabs were
also taken in the 1st, 2nd and 3rd instars with the 2nd most numerous. The earliest 2nd instar
occurred in 1962 when most of the post-arval crabs taken on May 11 in the San Francisco area
were in that stage. [t appears that metamorphosis to the 1st instar occurs about the first of May,
This is the date I used when calculating the age of crabs from the time of metamorphosis.

Al sampling cruises in Bodega Bay yielded good catches of 1961 year-class crabs. Poor
recruitment in several successive years made this group of crabs stand out in the width-frequency
graph (Figs. 4 and $5).

Growth In Bodegs Bay

A total of 11,803 crabs was measured during monthly cruises in this area: 5,946 males, 5,507
females, and 350 unsexed post-larval crabs, Early instars were so abundant that a sample of 50
was measured from each tow., After March 1962, ali crabs taken were measured,

Data from monthly cruises were summarized and presented in Figs. 4 and 5, Carapace width
measurements do not include spines due to the inconsistency of spine length and spine breakage.

The first cruise in Bodega Bay on June 3, 1961 produced an abundance of post-larval crabs,
but we did not determine sex data from them. These were in three groups with modes at 7, 12 and
16 mm. (Fig. 4, A), obviously representing the 1st, 2nd and 3rd instars, with the 2nd the most
prevalent. The mean sizes of these groups were calculated to be 7, 11-5 and 15-9 mm. respec-
tively. The mean size of the observed instars by month for all the cruises was calculated (Table III).
Average sizes of the larger instars were not determined for 1961 and therefore are not included in
Table 11I. During the cruise at the end of June 1961, male crabs were taken in the 2nd, 3rd, and
4th instars with an average size of 11-0, 16-0 and 21-9 mm. respectively (Fig. 45). There was
no cruise in July but a good collection in August showed well-defined modes at 16, 21 and 27 mm.
for the 3rd, 4th, and 5th stage males respectively. On September 13, 1961, male crabs were in the
4th, 5th and 6th stages with modes at 21, 28 and 40 mm. (Fig. 4, D). The mean size of these instars
was 206, 27-8 and 39-0 mm, respectivdly. In November, the group had progressed to the 5th,
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Fia, 4, Carapace widih-frequency distributions of male crabs collected from Bodega Bay, California between
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(R) May 8, 1963; (S) June 30, 1963; (T) October 4, 1964,
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Fic. 5. Carapace width-frequency distributions of female crabs collected from Bodega Bay between June 3, 1961
and October 4, 1964: (A} June 3, 1961; (B) June 30, 1961; (C) August 16, 1961; (D) September 13, 1961 ;
(E) November 15, 1961; (F) January 17, 1962; (G) March 14, 19623 (H) April 11, 1962; (I) May 7, 1962;
(J) June 18, 1962; (K) July 18, 1962; (L) August 14, 1962; (M) September 12, 1962; (N} January 8,

1963; (O) February 5, 1963; (P) March 7, 1963; (Q) April 4, 1963; (R) May 8, 1963; (8) June 30, 1963,

6th and 7th instars with modes at 28, 35 and 47 mm. respectively (Fig. 4, E). The 8th instars was
poorly represented at this time by a small number. of individuals from 57 to 65 mm. The mean size
of the 5th, 6th and 7th instars were 280, 35-6 and 475 mm. respectively. In January 1962, male
crabs were taken in the 6th, 7th, 8th and 9th stages with an average size of 33-3, 469, 64-5 and
76-4 mm. respectively (Fig. 4, F). Modes of the larger instars were pootly defined and covered
a much wider range than the early instars, instar definition becomes a problem at about the 10th
stage. Male crabs taken in March were in the 7th, 8th, 9th and 10th stages with most in the 8th
(Fig. 4, G). Mean size of the observed instars were 492, 63-3, 80-8 and 94-1 mm. respectively,
The Apnl cruise showed the 7th, 8th, 9th and 10th instars still were present with the majority of
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the crabs in the 8th and 9th instars (Fig. 4, H). The average size of the instars were 49-1, 630,
83-0 and 968 mm. respectively. In May, the first signs of the 1962 year-class were noted when the
1st and 2nd instars were taken. The 1961 year-class was then in the 8th, 9th and 10th instars one
year from metamorphosis (Fig. 4, I), Fifty per cent. of the 1961 crabs were in the 8th instar with
an average width of 63:1 mn., 40-3 per cent. were in the 9th instar with an average width of
81:6 mm. and 9-7 per cent. were in the 10th instar with an average width of 94-2 mm. In
June 1962, year-class crabs were in the 1st, 2nd, 3rd and 4th; the 1961 year-class was represented
by the 8th, 9th, 10th and 11th instars with the 9th dominant (Fig. 4, J). In July, August and Septem-
ber, the 1961 year-class remained in the 9th, 10th and 11th instars with the 10th being prominent
throughout the period. The 1962 year-class ‘was represented by the"2nd, 3rd and 4th instars in
July; by the 4th and 5th instars in August; and by the 4th, 5th and 6th instars in September
(Fig. 4, K-M). By January 1963, the 1962 year-class had progressed to the 5th, 6th and 7th instars
(Fig. 4, N) which averaged 290, 39:1 and 45-5 mm. in width. At the same time one year earlier,
the 1961 year-class in instars 6-10 was predominantlyin the 7th and 8thinstars with a few individuals
in the 10th; these averaged 33-3, 46-9, 645, 76-4 and 96-7 mm. respectively. Small samples in
February and March of 1963 showed no change in the growth of either year-class (Fig. 4, O-P).
The 1962 year-class continued to lag behind the 1961 year-class by at least two instars, In April
. 1963 bad weather again curtailed sampling except for one tow which yielded over 600 crabs
(Fig. 4, Q). Most of these were 10th instars averaging 108-9 mm. in width. During January, the
majority of the crabs had progressed to the I1th instar, This decrease in abundance of the 11th
stage indicates that the larger crabs may have migrated from the sampling area. Although the
May:sample was too small for detailed analysis, a satisfactory sample was obtained in June in
commercial crab traps (Fig. 4, 8). Most crabs in this sample were soft, indicating a recent molt.
They were 11th and 12th instars averaging 133-1 and 151-9 mm. in width respectively. Nineteen
per cent, of the crabs in the 12th instar exceeded the California minimum legal size of 160 mm. at
23 years of age. Examination of this group for mating marks during mating season of the preced-
ing year revealed that a very small percentage of male crabs 13 years old mate. Some of this
group is therefore subject to commercial harvest prior to mating. Evidence indicates that no further
molting occurred during the summer, thus preventing additional males from entering the com-
mercial catch prior to mating. More than 700 of this group were tagged with the plastic suture
tag in an effort to keep track of them.

No samples were taken unti] October 1964 when crabs of the 1961 year-class were in the 11th,
12th and 13th instars at an average width of 134:7, 152-4 and 169-9 mm. respectively (Fig. 4, T).
Growth increments obtained from tagging, from crabs that molted in traps and from other sources
reveal that aize increase from the 12th to the 13th instar is smaller than expected. Overlap and
commercial harvest of a portion of the 12th instar the preceeding year obviously have an effect
on the calculation of the size of the 13th instar. Evidence that this is the same group of crabs was
obtained from tag returns from crabs tagged in July 1963 in Bodega Bay that were recovered in
November of 1964 at the same location where released,

The majority of the crabs thus reach ¢ommercial size in 3} years with a smaller portion reach-
ing commercial size the following year at 4} years of age and some possibly requiring 5} years
to reach legal size. A small portion of the crabs at San Francisco are taken prior to mating while
a small portion goes through two or three mating seasons prior to harvest,

Larger instars have not been sampled in this study but it is felt from previous data that molting
occurs about once a year with some of the crabs molting once in two years. Crabs molting from
the 13th to the 14th stage increase 25-30 mm., from about 175200 mm. in width., The carapace
width of the largest crabs measured by our biologists was 226 mm. (240 mm. including spines). We
believe this crab was a 15th instar which is probably the final instar occurring off Central
California. Considering molting frequency, I estimate crabs of this size to be 6-7 years
of age. Examination of male crabs for mating marks and 'shell fouling indicates that 10-15

¢ent. of the male crabs retain their carapace for more than a year. Males reaching this size

owever are generally free of fouling and retain no mating marks. The maximum age of the market
¢rab in California is no more than § years and is probably 7 years,
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Number, size range, and carapace width of instars occurring in samples, Bodega Bay, California, 1961-64

(Widths in millimeters, exclusive of 10th spine)

Sample Date

Instar Number

6 7

8

10 11 12 i3

3-6-1961
No., Crabs
Range
Mean

30-6-1961
No. Crabs
Range
Mean

16-8-1961
No. Crabs
Range
Mean

13-9-1961
No. Crabs
Range
Mean

15-11-1961
Mo. Crabs
Range

Mean

17-1-1962
No. Crabs
Range
Mean

12-3-1962
No. Crabs
Range
Mean

12-4-1962
No. Crabs
Range
Mean

1
-7
70

203
9-14
11-5

3
10-12
110

146
14-19
15-9

81
14-19
16-0

8
14-16
152

74
18-26
21-1

21
18-22
206

0

51
26-33
293

123
2333
27-8

4
27-29
280

71
3344
39-0

110 67
3041 41-53
35-6 475

3 53
30-37 39-55
33-3 469

49-1

5
5765
5%9-0

53
57-11
645

109

63:3

225
33-74
630

16
T1-86
76-4

19
7487
80-8

155
74-92
83-0

7004 1 Q¥YHI1Y



3-5-1962
No. Crabs
Range
Mean

19-6-1962
Mo. Crabs
Range
Mean

19-7-1962
};Io. Crabs
ange
Mean

14-8-1962
No.

2-10-1964
No. Crabs
Range
Mean

ToTaLs
No. Crabs
Range
Mean

(3
:

LI O

14

1
10-10
10-0

32
10-13
10-8

10-11
105

243

6
14-16
15-3

12
14-16
14-9

253

104
53-13
631

14
65-75
72-2

510

84
73-90
31-6

181
75-97
85-3

2
92-95
93-5

5i-92
91-5

46
87-98

632

22
90-100
2

97-114
103-5

129
94-111
1017

21
95-116
106-5

215
95117
108-3

80
100-117
109-7

56
95-121
1093

507
$99-122
108-9

1314

68 9-14 14-19 18-24 23-33 30-44 23957 53-75 T1-98 90-122

71

11-4

I5-8

0 0 O 4]
i 4] 0 0
20
20-0
47 0 0 0
18-23
203
2 1 0 0
19-24 29-29
21-5 290
1 6 1 0
18-18 23-25 34-34
3.0 247 34-0
0 1 7 2
29-29 3443 4546
29-0 391 455
L] 7 10 6
30-33 3544 46-57
320 390 49-8
0 o 0 Q0
Commercial iraps only used
Commercial traps only used
186 193. 202 146
21-0 28-3 37-0 475

63-4

85-1

106-9

21
114-129
120-0

69
112-132
119-3

89
116-134
122-6

118
117-138
124-5

190
117141
129-3

1215130 t20U0D) 30 HLMOY¥D QNY OV

629
139-172
151-9

91 270
140-15% 160-188
152-4 1699

720 270
139-172 160-188
1520 1699
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The mean sizes of the observed instars were plotted against stage numbers with ages in years
of the instars indicated below to produce a growth curve (Fig. 6). Calculated instar sizes were
also plotted for comparsion. Assignment of age to the instars is difficult because some larger
instars are known to persist for more than 1} years which would produce considerable overiap.
The 15th stage was observed to be the final stage in a crab’slife, while the 16th stage was calculated
as the final stage. An extra stage is gained in calculations due to smaller molting increments used
in calculations. Indications are that growth rate may vary from year to year especially where a
strong year-class is preceded by a weak one.
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Fic. 6. Growth curve of male market crabs as determined from width-frequency distributions (solid line). Points
are means of observed instars, Dotted line represents instar sizes calculated from moliing increments,
Measurements do not include spines,

Growth of Females

The ratio of males to females during the carly instars was 1:1. Growth of the females from
instars 1-11 (upto 135 mm.) was identical to that of males except in September when male growth
exceeded female growth according to the width-frequencics obtained. In January however the
females were again in the same stages as the males (Fig. 5, N). Samples of females after this date
were not adequate to determine growth, Growth and activity are reduced after females reach
maturity as evidenced by fouling of the shells and growth increments obtained by Butler (1961)
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wgloich show that the increment of molt decreased when the females reached maturity at about
100 mm,

Females mature in California at about 108 mm. in the 10th instar. According to this growth
pattern most females are capable of producing fertilized eggs in the fall of their second year,

DiscussioN

¢ Age and growth of the market crab has been determined in British Columbia by MacKay
and Weymouth (1935) and Butler (1961) and in Washington by Cleaver (1949). Measurements
of carapace widths were converted to include spines for comparison with these growth studies
using the formula of Weymouth and MacKay (1936) for crabs smaller than 100 mm, :

Y=0-0715X —0-029

and for' crabs larger than 100 mm. by the formula:
Y =3-727 + 004635 X

which was determined by measurement of 1,263 crabs in the San Francisco region from 1948-5]
ranging in size from 105 to 215 mm. in width (H. G. Orcutt, personal communication),

. The size of the Ist instar was observed by Butler fo range from 5-8 to 80 mm, with a mode at
6-9 mm. and by Cleaver to range fromSto 7 mm. which compares with values obtained by Waldron
(1958) of 6:6-8-3 mm. and the present paper of 6:4-8:6 mm. The smallest values given for the
1st instar are 5-2 and 5-0 mm. which were obtained by MacKay and Weymouth (1935) for British
Columbia crabs and by Cleaver (1949) for Washington crabs,

.. The 2nd instar was observed by Butler (1961) to be 10 mm. with a range from 8-2t012-5 mm.
This is comparable to Cleaver’s 2nd stage at 9-4 mm. and Waldron’s observation of 10-4. In
California, the 2nd instar averaged 12-2 mm. with a range from 96 t015-0 mm. which is comparable
to Waldron’s observation of the 1954 year-class of 11-7 mm. The size of the 1st and 2nd instar
was greatest in Bodega Bay and decreased to the north. :

Comparison of the growth increments shows that those obtained in Caiifornia are slightly
smaller than those obtained in British Columbia under the same conditions. Growth calculations
using these increments show that instar sizes in California, [Washington and the Queen Charlotte
Islands are very close from instars 1-8. Instars 9 and 10 are larger in California but the growth
rate decreases after that dus to the smaller increments obtained.

The growth rate in California is constant through ali stages gwc_ordiqg_ to the incrqments obtained,
Butler (1961) showed that growth rate changed at or near maturity in British Columbia and Washing-
ton. The constants calculated from the growth increments differ in the & value from those
obtained by Buitler, but the g values (Fig. 3) are quite similar.

. Observations showed that at Bodega Bay crabs grow faster than in Washington or Oregon.
After 1 year, 50%, of the crabs were in the 8th, 40%, in the 9th, and 10%, in the 10th instars at widths
of 63-1, 816 and 94-2 mm. respectively; after 2 years, the 11th and 12th instars averaged 1331
and 151-9 mm. respectively; after 3 years, the 11th, 12th and 13th instars with the majority of the
crabs in the 13th instar at an average width of 169-9 mm. Legal size (160 mm.) in California is
atlained by a small segment of the population in the 12th instar after 2} years, and the majority
are legal in the 13th instar after 33 years. All in the 14th instar are legal, “Thus, a year-class may
contribute to the fishery for three years, starting with crabs 2_} years of age in the 12th instar,
Observed growth was faster than calculated growth especially in the early instars. The 1st insta
ingreased 60% in width in changing to the 2nd instar, as compared to 43%, calculated from the
mplting increments. o
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Age and growth studies in Washington and British Columbia showed that legal size there is
reached after 4 years by crabs in the 15th and 14th stages respectively. MacKay and Weymouth
(1935) estimated that 8 years was required for a male crab to reach legal size. Butler (1961)
points out that these estimates are much too high and are not in agreement with data presented.

SUMMARY

1. Data are presented on the growth of the matket crab in Bodega Bay, California, from
June 1961 to December 1964,

2. Age and growth estimates are based on more than 11,000 market crabs collected over a
d.year period. [Instar sizes were determined by width frequencies, calculated from growth incre-
ments obtained from recently molted crabs taken in traps and trawl, and from suture tag returns.

3. One year from metamorphosis the 1961 year-class was observed to be in the 8th, 9th and
10th instars with average sizes of 631, 816 and 94-2 mm. respectively; after 2 years instars 11
and 12 were observed with average widths of 133-1 and 1519 mm. respectively; and after 3 years
instars 11, 12 and 13 were observed with average widths of 134-7, 152-4 and 1699 mm. respectively,

4. Legal size (160 mm.) was attained in Bodega Bay by some crabs 2§ year old in the 12th
instar; most of the crabs reached legal size in the 13th instar after 3} years. Crabs taken at 2}
years of age may be harvested prior to mating, but most crabs go through one mating season, and
some through two, before being harvested, .

5. Females were taken in equal numbers with the male during instars 1-11, and growth was
the same as male growth during these instars. Subsequent female growth was not determined.

6. Observed growth was faster than calculated growth. Width frequencies showed the
ct:{la;bi ;fg.ched legal size in the 13th instar and calculations showed the crabs reached legal size in
instar’

7. The 1962 year-class fagged behind the 1961 year-class by 2 instars, indicating that growth
may differ considerably from year to year.
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ANNUAL CHANGES IN POPULATIONS OF ANOSTRACA CRUSTACEA

RaLry W. DEXTER
Department of Biological Sciences, Kent State University, Kent, Ohio, U.S.A.

ABSTRACT

Fairy shrimp populations have been studied in certain teraporary ponds in east-central Illinois and north-
eastern Ohio since 1936,  Annual fluctuations of cccurrence were noted as follows: In Hlinois 23 ponds were
sampled over 6-18 consecutive vears between 1936-1962. Eubranchipus serratus was common species. In
Ohio 59 ponds were sampled 6-23 consecutive years between 1940-62. E, vernalis and Chirocephalopsis bundyi
were the common species. No population remained at a constant level. Only 8 ponds had fairy shrimps
every year during observations of 9-20 years. Four ponds had populations only 2-6 years over periods of
§-18 years. Generally, 1947 was the poorest and 1961 the best year for E. serrafus; 1960 the poorest and
1962 the best year for E. vernalis; 1959 the poorest and 1955 and 1958 the best for C. bundyi. Indices of
annual occarrence for each species, including relative abundance, show fortuitious fluctuations with no rela-
tionship among the 3 common species regarding either direction of change or time of peak years, The rainfall
pattern with consequent water level in each pond seems to be one of the critical factors, but unknown factors
governing the hatching of ¢ggs appear to be most important in producting marked changes in annual
OCCUrTEnce.

For 21 years (1944-64) the life-history of E, vernalis was studied in a single temporary pond. First date
of hatching, depending on fresence of water, ranged from November 8 to April 18. Number of hatchings,
depending on rising water level or refilling after water disappeared from complete evaporation or freezing,
ranged from Ito 7. Number of days present for a population which reached maturity ranged from 19 to 15
days. Growth rate per day ranged from 0-12100-76 mm. Maximum size of individuals ranged from
13-0 to 28-0mm, Date of last collection ranged from March 20 to May 25. Populations were terminated
because pond was frozen to the bottom, pond was dried owt, or because of high temperature andc{or seasonal
aplpeamcs of predators.  Most of the variations were produced by weather factors: rainfall andfor thaw to
fill the pond, amount and distribution of rainfall, complete evaporation or freezing solid of the water, and
the seasonal march of temperature, with the seasonal development of predators.

Fairy shrimp populations have been studied in certain temporary ponds in east-central Illinois
and north eastern Ohio since 1936.! In Illinois, between the years 1936-62, 23 ponds were sampled
from 6 to 18 consecutive yeais, Eubranchipus serratus was the common species with a few records
of E. vernalis and Chirocephalopsis bundyi. In north-eastern Ohio 59 temporary ponds were
sampled between 194062 for 6-23 consecutive years. E. vernalis and C, bundyi were common
species and a single collection was made of E. holmani,

Samplings were made during the spring months of each year, particularly in the month of
March. In addition, two ponds in Iilincis and seven ponds in Ohio were sampled every week from
the time of haiching until the population disappeared for certain years. Some of the annual records
and life-history studies have already been published (Dexter and Ferguson, 1943; Dexter and
Sheary, 1943; Dexter, 1943, 1946; Dexter and Kuebnle, 1948, 1951; Dexter, 1953, 1956).

In determining relative abundance the following method was used. With a common dip
net samples were taken throughout each pond. If shrimps were captured with each sweep of the
net and with occasional large numbers of specimens, the population size was designated
*““abundant”. If specimens were taken with nearly every sweep of the net, but without high counts,

ol

1 Between 195662 this study was supported by the U.S. Atomic Energy Commission, Contract No. AT (11-1)~411,
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Fluctuation of Anostraca populations—East-Central Nlinois—1936-62
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Fluctuation of Anostraca populations—Portage County, Ollo—1941-62
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TasLE HI
Fluctuation of Anostraca populotions—Stark County—1940-50
~Yond
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* Eubranchipus holmani , t Chivecephalopsis bundyr; all others E. vernalis.
A == gbundant; C = common; N == numerous; S = scarce; R == rare; D = drained or dry.

they were recorded as “‘common™. When only half of the sweeps of the net captured specimens
the population was called “numerous”. If only one-fourth of the sweeps captured specimens,
the population was considered *scarce”, and if only a few specimens were taken in the total sample,
it was considered “‘rare”. A simple and arbitrary formula was devised to give an annual index
for each county or area studied and a station index for annual and station comparisons. An index
is computed separately for each species, Results are given in Tables 1-4. The formula follows:

No. A0 $+No. Cx8+No. Nx6+No, $x4+No. Rx2
Total No.

I Annual Fluciuations in the Fairy Shrimp Populations of Certain Ponds in Hlinois and Ohio,
1936-62

In east-central Illinois, E. serrafus showed fortuitous fluctuations over a petiod of 21 years
of ficld observations, The average annual index was 5:6, The year 1961 proved to be the best.
year with an index of 8-6, while 1947 was the poorest year with an index of 1+7. High peaks
wers reached in 1936, 1945, 1949, 1958 and 1961, Low levels were recorded in 1941, 1947, 1959
and 1962. A pasture pond (C8) was the best habitat with a station index of 7-3, while a railroad-
fill pond (C24) was the poorest habitat with a station index of 0-5.
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Fluctuation of Anostraca populations—Swummit Courngy—-1940-62
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TABLE V

Life-history of Eubranchipus vernalis in Pond P 88, 154464

573

Date of Date of Average Date of Tempera- Tempeta-

first col- last col- No, of No. of growt Maxi- first  Cause of ture at ture af

Year lection lection days  hatchings perday mum eges termi-  first col~  last col-

- - present N mm. size M-D, nation lection lection
1944 4-11 5-13 32 1 0-43 ‘e 4-29 Temp. . 217
1945 2-24 4-22 58 3 0-31 .s 3-26 Predators 5-0 10:0
1946 1-12 3-15 63 2 g-19 . 3-15 Predators 4-0 12-2
1946 -2 4-20 49 ‘e 0-25 . 4- 5 Predators 5-0 16+0-
1947 1-i2 5-25 133 2 0-19 22-0 4-27 Temp. 0.0 19-2
1948 2-22 4-25 o4 3 037 26-0 3-28 Temp. 05 19-%
1948-49  12-19 12-19 . ‘e 1-5 None Frozen 0-5 05
1948-49 1-2 5-1 120 3 025 22-0 3- 6 Predators 0-0 160
1949-50 12-19  $-7 140 C(;utizmigus 018  28-0  3-12 Predators . 15:5

o -
1950-51 12-13 2-25 85 4 0-20 17-8 ..  Predaters 4-0 2-5
1950-51 1-7 4-22 105 0-20 280 3-17 Predators 1:0 13-0
1951-52 11- 8 3-1 125 6 0-18 26-0 1- 1 Predators 30 65
1951-52 1124 426 155 014 270 1-27 Predators 5-0 15-0
1952-53  1-18  1-4 7 7 007 1-5  None Dried 60 45
1952-53 3-8 3-20 13 0-47 7-0  None Dried 1-0 14-0
1954 418  5-21 34 2 076 165  5- 6 Temp, 13:0 21-0
1955 1-8 1- 8 e 2 . None Dried 1:0 1-0
1958 3-5 4-29 56 0-48 22-5 4~ 1 Temp. 65 19-0
1985-56 11-16  12-24 39 5 0-10 5+6  None Dried 0-0 16-0
1955-56 1-2% 1-30 2 . 1-5 None Tried 00 -

1955-56 2-12 5-5 84 0-21 21-0 4- 1 Temp. 30 17-0
1957 1-26 4-27 92 3 025 275 3-15 Temp. 2+0 26-0
1357-58 11-14 2-11 90 6 . 15-5 .. Frozen 10-0 0-0
1957-58 3-2 54 64 e 0-19 15-0 4-19 Predators 5-0 15-0
1359 1- 2 1- 5 3 3 .- . .. Frozen 0-0 0-0
1959 1-24 52 99 e 0-20 230 3-15 Temp. 0-0 24+0
195960 121 424 146 1 012 230  4-16 Temp. 10 255
1961 2-18 5-14 a8 2 0-25 24-0 4-23 Predators 10-0 20:0
196162  11-25 11-25 1 2 . 10 None Dried 0-0 0-0
1961-62 3-3 4-29 58 0-19 140 .+ Predators 0-0 20:0
1963 3-10 -4 56 1 a-21 130 4- & Predators 3-0 210
1964 3-5 3-20 16 2 . 3:0 None Dried 2+0 00
1964 4-22 5-10 1% . 073 17-0 5~ 5 Predators .o 220

Median Median Average Range  Average Axﬁmﬁe Median Average  Average

ul

Jan.8 Mayl 84 1-7 0-28 21-8  Aprill 3.5 18-5

In north-eastern Ohic Eubranchipus vernalis was the most common and widely distributed
species. In Geauga County Chirocephalopsis bundyi was the common species and it was found by
jtself in two ponds in Portage County. In a swamp pond of Portage County both of these species
have been collected together. At first E, vernalis was the more abundant. Later C. bundyi became
more abundant, Finally E. vernalis returned as the more abundant species over a period of eleven
years. In Stark County E. vernalis was abundant and w_idely distributed, but on two occasions
C. bundyi and on one occasion E. holmani were found mixed with a population of E, vernalis,
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E. vernglis in Portage, Stark and Summit Counties had an average annual index of 5-2. The
year 1962 proved to be the best for this species with an index of 7-7; 1960 was the poorest year
with an index of 1-7. High peaks were registered in 1945, 1950, 1957, 1961 and 1962. Low
levels were recorded in 1946, 1951, 1953, 1955 and 1960.

A pasture pool, pond P88 in Portage County, has proved to be the best habitat for this species,
The station index was 8-6 (An analysis of annual fluctuations in this pond together with variations
in the life-history of this species from year to year are given later in this paper). An impounded
rivulent, pond P40 in Portage County, was the poorest habitat with a station index of 1-1,

Ponds examined in Geagua County contained only Chirocephalopsis bundyi. The annual
index of occurrence averaged 6-3. Peak years were 1955, 1956, 1958 and 1961 with an index
between 9:0-10-0. The year 1959 was the poorest with an index of 2-6. Ponds in woods seemed
to be the best habitat, with an average index of &3,

All three species of Anostraca Crustacea included in this study underwent fortuitous fluctua-
tions with no relationship among the species. This would indicate there is no common environ-
mental factor affecting population size and frequency of occurrence. The year 1951 was rather
poor for all species, and 1961 was rather favorable for all of them, but this could be merely coin-
cidence., No population remained at a constant level for more than a few years. Only eight
ponds had shrimps every year over a period of 9-20 years. Four ponds had populations for only
2-5 years over periods of observations ranging 8-18 years, Seven ponds contained {wo species
living together, but in only one pond were both species common and the species in that pond had
a reversal of ratio twice during the term of this study. Rainfall patterns with consequent water
levels apparently are important factors in determining the annual occurrences of fairy shrimps,
but unknown factors governing the hatching of eggs may be of greatest importance. It was noted
that the range of fluctuations and the pattern of fortuitous fluctuations were the same before and
after: the advent of radioactive fallout,

1L Annual Variations in the Life-History of the Fairy Shrimp Eubranchipus vernalis in Pond P83,
Brimfield, Ohio, 1944-64

The annual life-history of E. vernalis has been observed in pond P88, a temporary pasture
pond, since 1944, Details are given in Tabie V. Figure 1 shows selected curves to Hlustrate the
annual variation in this one pond.

Analysis of the data shows that the earliest date of the first collection was 8 November
and the latest date of the first collection was 18 April. Naturally the first collection followed
immediately a period of rain or thaw after cold weather had set in. The median date was
8 January, The date of the last collection each year ranged from 20 March to 25 May. The
median was 1 May. The total number of days present, except for those destroyed by drying or
freezing before reaching maturity, ranged from 19 to 155 with an average of 84 days. Abundant
populations were recorded for the following sixteen years: 1943-45, 1949--52, 1955~60 and 1962-64,
Numerous, but much less abundant, populations were recorded for the following five years:
1946-48, 1954, 1961. During the drought year of 1953 fairy shrimps were rare. During seven
years there were more than one separate period of hatching. In 1949, 1955, 1938, 1939, 1962
and 1964, there were two separate periods of hatching. In 1956 there were three separate periods
of hatching. All of these were separated by periods of complete drying up of the pond water or its
freezing solid to the bottom. In all but three years (1944, 1960, 1963) there were two or more
distinct periods of hatching as the water level rose from additional precipitation. In the winter
0f1949-50 hatching occurred frequently between 19 December and 19 February as the water leve)
gradually increased with frequent, light precipitation. The number of distinct hatchings during
ene_complete season ranged from one to seven with a median and a mode of two. -
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The average growth per day for the first group hatched to reach maturity ranged from 0-12 to
0-76 mm. The average growth per day was 0-28 mm. The maximum size attained by adults
ranged from 13-0 to 28-0 mm. with an average of 21-8 mm. The date of appearance of first eggs
ranged from 1 January to 6 May with the median falling on 1 April.

Water temperature at the time of first collection ranged 0-0-13:0°C, with an average of
3-5°C. The water temperature at the last collection of adults ranged 10-0-26:0°C, with an
average of 18-5°C., Fairy shrimp life-histories were terminated by one of three means. High
water temperature or the development of predators or the combination of both accounted for 31

terminations. In 17 cases the pond dried out, and in seven cases the pond froze solid to the
bottom,

Most of the variations of life-history are the result of weather factors: initial rainfall and/or
thaw to fill the pond following cold weather; the amount and distribution of rainfall; the com-
plete evaporation or freezing solid of the pond water; and the seasonal development of predators.
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- STUDIES ON MOINA DUBIA GURNEY AND RICHARDS (DAPHNID-MICRO
CRUSTACEAN) FROM SEWAGE OXIDATION PONDS AT NAGPUR,
INDIA

K. P. KRISHNAMOORTH!
Central Public Heqlth Engineering Research Institute, Nagpur, India

INTRODUCTION

Tue daphnid, Moina dubia Gurney and Richards, appears periodically in a bloom in oxidation
ponds and forms a visible “red tide’ over the surface or slightly below it. It was also found in
a medium polluted water tank, Gandhisagar, in certain seasons of the year (Krishnamoorthi and
Visweswara, 1963-64). The daphnids feed voraciously on the algae present in the water and thus
reduce substantially the population of Chiorella and other algae in oxidation ponds and thus reduce
the photosynthetic activity and hence their efficiency (Sampson, 1955). The algal population has
to be replenished more often, For the successful functioning of the oxidation pond, it is necessary
to prevent the appearance of daphnids or to eradicate them as soon as they appear. The maximum
nrumber of daphnids present in Gandhisagar is about 16,000 per litre and in the oxidation pond
it is about 40,000 per litre. The larger number in the oxidation ponds is due to the richness of
the organic and nutrient matter,

This work was undertaken with a view to studying the taxonomy, growth stages, life-history
and ecology of this daphnid from the oxidation ponds. The bloom appears at a definite period
of the year and evidently new populations arise from eggs which remain inactive in the soil for a
long period. This was confirmed in connection with the analysis of water and collection of
plankton at Gandhisagar. This tank is partially dry at the periphery in the hot season when dry
soil was collected from the periphery and put in a small-sized aquarium containing water, the
daphnids appeared, This supported the possibility of the presence of eggs, in the bottom mud in
the oxidation pond and the emergence, at some favourable opportunity, of daphnids. The bloom
is temporary and disappears after laying eggs which remain dormant in the soil. These eggs are
probably parthenogenetic. -

The foregoing account presents the background against which work was undertaken, Only
some aspects of the problem have been studied and the results are incorporated in this paper.

MATERIAL AND METHODS

Specimens of Moina dubia were collected from one of the medium polluted tanks (Gandhi-
sagar) as well as from experimental sewage oxidation pond at Bezonbagh, Nagpur, using 2 Bolting
silk cloth plankton net (200 mesh). For guantitative sampling a known volume of water was passed
through the net and the total volume of plankton and number of daphnids were recorded using the
Sedgwick rafter occular whipple micrometer method (Welch, 1948 and the daphnids expressed
per litre of the sample of water,
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Laboratory studies have been currently undertaken to find methods for eradicating this
daphnid from the oxidation pond on the following lines:

(q) Bifect of changes in pH on daphnids and Chlorella,
(b) The effect of an insecticide ortho-dibrom-8 on Monia dubia and Chlorella.
(¢) The effect of increased Oxygen level (super-saturation) on Moina dubia.

For studying the effect of hydrogen-ion concentration on these micro-crustaceans the pH
values in the first series of experiments were made by mixing appropriate volumes of molar solu-
tions of 0-2 M acid potassium phosphate and 0:2 N sodium hydroxide diluted to 200 c.c. with
distilled water (ranges of pH 3-8 to 7-4) and 0-2 N boric acid in 0-2 M potassivm chloride plus
02 N sodium hydroxide diluted to 200 ¢.c. with distilled water (range of pH 7-6 to 8-2). (Hawk,
Qser and Summerson, 1954). The pH solutions so prepared were checked by Beckman Zeromatic
pH meter (model *O”).

In addition to the solutions for different ranges as mentioned above the oxidation pond
sewage samples were treated with 1% solution of KH PO, to obtain media for pH measurement
on the acidic side and with 1% solution of K,;HPO, on the alkaline side.

Different concentrations of the insecticide orthodibrom-8 (10,000 ppm,, 5000, 2500, 1000,
500, 250, 125, 100, 50, 25, 12, 5, 2 and 1 ppm.) were used,

Experiments were divided into three parts:

{a) Toxicity of ortho-dibrom-8 {of different concentrations) to daphnids using demineralised
water as the medium in which daphnids were placed.

(&) Toxicity of ortho-dibrom-8 (of different concentrations) to daphnids in sewage water of
oxidation pond in aquaria,

(c) The toxicity of the ortho-dibrom-8 of the same concentrations to Chlorella.

For obtaining higher saturation of dissolved oxygen Hydrilla plants were collected from the
onds around Nagpur, a measured quantity by weight was introduced in laboratory aquaria in a
E‘nown volume of water (16 litres). Experiments were done at room temperature (27°-28° C.).
There were adequate controls. 125 gm., 250 gm. and 500 gm. of Hydrilla was used in the experi-
ments. Samples of water were drawn at regular intervals (one hour interval), both from the
experimental aquarivm and from the control and the dissolved oxygen was calculated, The
temperalure of the water was recorded at each sampling.

In all the above tests (including the effect of pH) 50 to 500 adult animals of Moina dubia
have been used and the contact period varied from 2 to 24 hours. The total number of living
specimens were counted at the end of the contact period and the percentage survival was calculated.
Chlorelia counts were made before and after the contact time in different concentrations using
haemocytometer. Experiments were always conducted in duplicate and repeated thrice for every
range of concentration at room temperature, In all the experiments proper controls were used
and no mortality was observed although in one or two cases a small mortality of l% due to
natural cavses was observed,

Oxidation pond

For a correct appreciation of the problem it is necessary to know the details regarding the
design ec(l:of the oxidation ponds, at Bezonbagh, Nagpur, in which daphnlds appeared and Chlorellg
geclined,
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Number of ponds - . . o e 2

Size - - - - . Ve «» 1,273 sq.ft. each
Capacl.ty . - - - . . . .. 27,276 gal.[each
Detention time .., . . . . .- 2and 4 days
Average value of sewage pumped .. .. v < .. 5370 gls.
Depth .. . . . . .. 5ft

Average biochemical oxygen demand of the influent, . . 250 ppm.

Average biochemical oxygen demand of the effluent (unfiltered sample): 50 ppm,

OBSERVATIONS

(1) Effect of Hydrogen-lon-concentration’

The different ranges of pH studied, the percentage mortality and survival and the contact
time are indicated in Table 1.

The medium with pH ranging from 5-8 to 72 and 8 to 8-2 were lethal and there was 1009,
mortality when the contact period was two hours. There was 100% survival with pH 7-8 to 8.

- The effect of variations in pH on Chlorella in these ranges was negligible (death rate was
only 2-8% on an average),

. The observations indicated above refer to both molar solutions and the pH adjusted with
oxidation pond scwage water,

Tasre 1
Adfusted with molar solutions and with oxidation pond sewage water

(Initlal Temperature 26°C. Final Temperature 26°C.)

Percen Percentage Contact time
pH sumgfe mortality

A

At 0 100  100% mortality in 5-10 minutes
contact time

100  after 65 minutes contact time

v

MO0 LoD On bl SO0 o MQ@O\&NQOM&O’I\

0
} 100 0  100% survival even after 2 hours
. contact time
. } 40 60 2 hours
. 40 60  2hours
. } : 40 60 2 hours
. 10-8)
: }} 0 100 5-10 minutes contact time
14
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2, Effect with insecticide orthodibrom-8

Table IT gives the dosage of insecticide, contact time and percentage mortality of Moina dubia.
Even in dosage as low as one ppm., there was 1009, mortality, The insecticide is quite effective
in Kkilling the daphnids. But it cannot be used in an oxidation pond for the eradication of the
daphnids because it acts adversely on Chilorella.

TabLE 11
Effect of Orthodibromo-8 on Moina dubia

Dosage of Contact time Percentage
insecticide ~ brs. mortality
p.pm.

4

veEEss

100 | 8 100
50
25

125
10 } 12 2c0

2 Varies from 100
1 } 24-36

Lh

Table III shows that Chlorella is equally affected by the insecticide. Chlorella is a dominant
algae in the oxidation pond. The main purpose of using an insecticide is to kill the daphnids but
not the algae. This particular insecticide cannot be used for this purpose.

The drug affects Chiorella and causes morphological distortions and acts as an inhibition
agent for their multiplication. Phacus is similarly affected. The wall of the algal cells were very
much shrunken and a shift in the position of chromotophore was also observed.

Taste IIT
Effect of Orthoditbrom-8 on Chlorella cells

Dosage of Contact time  Percentage
insecticide

hours mortality
p.pm.
10,000-250 2 100
100 2 100
50 2 88
12:5-5 2 40 .
1-2 4-8 30-35
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3. Survival of daphnids in different dissolved oxygen content levels

From the data collected over a long period of dissolved oxygen values mg. per litre and cor-
responding population of Moina dubia from the sewage oxidation pond and the medium polluted
tank (Gandhisagar), it is seen that the micro-crustaceans are not normally affecied to any appreciable
extent by low dissolved oxygen (range 0 mg. per litre to 2 mg./1.) (Figs. I and 2) but they do not
withstand higher concentrations of dissolved oxygen. This is confirmed by the total absence of
daphnids in one of the sewage oxidation ponds in Benzonbagh, Nagpur, which is aerated, The
pond which is not aerated showed the bloom.

IN THOUSANDS
o

FL

L]

POPULATION OF MOINA DUBIA
e @ g ¥ ¥

a

A,

" i A " i i " i N i N
Q9 Or 04 O 08 h: 4 B @ 20 20 24 26 B 3G AP 34 4 I 4D 4] 44 As LA WD

DISSOLVED OXNYSEN MGS/LITRE

F16. 1. Graph showing the relation between dissolved oxygen in me./litte and the population of
Moina dubla in sewage oxidation ponds

Experimentally, it was found that at higher concentrations of dissolved oxygen levels, the
mortality was brought about by oxygen asphyxiation, The increase in dissolved oxygen and the
mortality rate are directly proportional (Figs. 3, 4 and 5),

DisScussioN

Observations show that the daphnids feed on al%ae and are present in an oxidation pond
wherein the dissolved oxygen is low (0 mg./1. to 2 mg./1.). This confirms Sampson’s (1955) state-
ments. When daphnids are introduced, (about 100 in number) in 2,000 ml. beaker containing
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JUMMA Tank
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water from oxidation pond which is green in colour owing to the presence of algae, the green colour
completely disappears in about 24 hrs, The alimentary tract of the daphnids is found to be fuli
of Chlorella cells and other algae. '

In a private communication (1962), Prof, W. J. Oswald informs that he noticed the periodic
appearance of daphnids in stabilization ponds and also frequently observed them in ponds parti-
cularly with a detention time of 10 days or more. In another private communication (1962)
Dr. C. D. Parker of Melbourne informed that the daphnids were unlikely to develop when sewage
purification was incomplete and when algal eradication would be detrimental to performance,
it is important to note that the ponds referred o by Dr. Oswald and Dr. Parker are in series
whereas the experimental oxidation pond at Bezonbagh, Nagpur, is only one pondy The other
similar cone is aerated,

In a private communication Dr. J. K. Neel of Kansas City, Missouri, stated that the daphnids
were encountered in a number of lagoons over a wide-range of seasons. Moing macrocopa was
one of the commonset cladoceran recorded by him in these lagoons, The occurrence of this ciado-
ceran was correlated with stratification and decline in the phytoplankton population.

The valuable opinion received from these three workers have no direct bearing on the
problem, viz., the eradication of daphnids in a single oxidation pond in which sewage is pumped
and the detention period is only two and four days,

From the laboratory studies on the effect of hydrogen-ion concentration, it is seen that if the
PH of the oxidation pond is maintained between B and 9 probably the menace will be reduced to
a great extent. The daphnid Moina dubia cannot survive if the pH of the water is above 9 under
Indian conditions. If it is possible to maintain the pond with this pH value, the problem of era-
dication of daphnids could be solved. But in an oxidation pond where there is continuous influent
and effluent, it is not possible to maintain a constant pH. But it was noted that with the addition
of lime which raised the pH of the pond Moina disappeared temporarily, It is not known with
certainty if they receded in the bottom mud or in the crevices in the brick work on the sides. But
certainly after a few days, they reappeared.

Experiments proved that the insecticide orthodibrom-8 is very toxic even in low dosages such
as 1 to 2 ppm. to daphnids (also as reported by Haitt in Oswald’s paper, 1960). Oswald (1960)
does not mention the effect of this insecticide in Chlorella, It is clear that this insecticide has a
deleterious effect on the algal population even in low ¢oncentrations and hence cannot be used.
Other insecticides have not been tried.

The dissolved oxygen was measured not only from the surface layers of the water, but also
from all depths of the oxidation pond by making use of a Kemmeret’s sampler in relation to the
population of Moing dubia at respective depths, The low dissolved oxygen content in no way
affects the density of population of Moina dubia. As a matter of fact, at a low dissolved oxygen
tension, the density of population per litre is the maximum both in sewage oxidation pond and in
the medium poluted tank, :

The population density of daphnids in oxidation pond is very much higher than it is in
Gandhisagar, This is because of the richness of food material present () in the form of organic
matter and (b) thick dense algal growth in the sewage oxidation pond, which is not so much in
the medium polluted tank, serving as a source of good food matter for Meina dubia.

Moina dubia specimens which are present in abundance on the surface at low oxygen tension
tend to scatter away as the oxygen content increases after few hours of sunshine and to & certain
degree owing to the vertical migration phenomenon, they submerge below the surface. At the
same time, at saturation levels experimentally it is seen that this cladoceran is asphyxiated and
uitimately dies.
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SUMMARY

1. Laboratory studies on the effect of the hydrogen-ion concentration on the micro crustacea
Moina dubia which occurs often as a bloom in sewage oxidation pond Bezon Bagh, Nagpur, have
been studied. The optimum hydrogen-ion concentration which favours the existence of the form
is found to be between 7-8-8. If the pH of the oxidation pond is maintained between 8 and 9
probably the means may be reduced to a grant extent.

2. The insecticide orthodibrom-8 could not be used for eradicating the daphnid because it
affects the algae numerically even in low concentrations, although the daphnids are killed.

3. Dissolved oxygen mg./1. and the population of Moeina dubia per litre of the sample collected
for a long period in the experimental sewage oxidation pond and the medium polluted tank,
Gandhisagar, show that the population of Moina dubia is not affected by low dissolved oxygen.

It is seen experimentally that at high dissolved oxygen levels the mortality was brought about
by oxygen asphyxiation.
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OCCURRENCE, GROWTH AND FEEDING HABITS OF MOINA DUBI4 GURNEY
AND RICHARD AND ITS ROLE IN THE STABILIZATION OF SEWAGE

M. PARABRAHMAM, A, N, KHAN AND J. §. S, LAKSHMINARAYANA

Central Public Health Engineering Re&earch Institute, Nagpur, India

ABSTRACT

The sewage stabilization in oxidation ponds is primarily due to the biological changes which are duc to
the mutually beneficial interaction between bacteria, algae, protozoa, crustacea and various other planktonic
and benthic communities. An understanding of the roles played by the specific biological components of

the gosyslem is very essential in order to give a sound bio-engineering approach for the design of oxidation
pon

It is hoped that the present paper would contribute to the knowledge of this problem in experimental
sewage ponds, Bezon Bagh, Nagpur, with specific reference to the ocenrrence, growth and feeding habits of
Moina dubiz Gumey and Richard, ~ The culturing methods of Moina dubia and its phytoplankton relation-
ship are discussed in detail. Data presented in the paper indicate that a temperature of 28-30° C, and a pH of
7:5-8-2 are favourable for their growth. Diurnal variations of Moina in relation to phytoplankton popula-
tions and physical and chemical conditions are presented. The results of this study woultf indicate culture
conditions suitable for the mass cultivation of Moina dubla which form & rich food for fishes,

INTRODUCTION

THE fish markets in India are insufficiently supplied with fishes. One-fifth of the total fish available
in the Indian markets is normaily obtained from the sea. According to Day (1958) the chief
Indian freshwater fish fauna is represented by the Cyprinidae and Siluridae, Cladocerans foim
good food for these fishes, Moine dubia Gurney and Richard was found to occur and grow
profusely in raw sewage experimental oxidation ponds at Nagpur (Lakshminarayana, 1963 and
1964). In the stabilization of raw sewage the biological changes are chiefly due to the mutvally
beneficial interaction between bacteria, aigae, protozoa and various other planktonic and benthic
communities. The role of cladocera in the stabilization of sewage was discussed in detail by
Loedolff (1964) and he had shown that Moina dubia was responsible for transforming energy from
one level to another and so be responsibie for a certain amount of stabilization. The present paper
describes the growth, feeding habits and the probable means of culturing and maintaining healthy
populations of Moina dubia which could be used as a feed crop for the development of pisciculture.

EXPERIMENTAL SEWAGE OXIDATION PONDS AT-NAGPUR

Figure 1 shows the experimental oxidation ponds layout at Nagpur, Detailed account of the
operational features of these ponds along with the physical, chemical and biological factors operat-
ing on the ponds was given by Lakshminarayana ez al. (1963). These ponds were on parallel opera-
tion at 5ft. operational depth with detention periods ranging from 1-5to4 days. The Moina
blooms were common mostly during winter and pre-summer seasons. Occasionally the Moina
were carried into the ponds through raw sewage in great numbers, irrespective of the season,
The source for these populations at such times could not be traced. There were no clear indica-
tions of the decrease in populations of algae prior to the appearance of Moina, but there were clear
indications and evidence basing on the algal counts in the ponds, showing the grazing of Moina
on Chlorella, the chief algal component of these ponds. Normally Moina dubia started coming
up whenever there were drops in pH levels of the ponds along with the accumulation of dead
organic matter at the sides of the ponds, specially in between the bricks (Lakshminarayana, 1964).
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d. Culture media were prepared with

sugars--Glucose and Lactose in sterile

collected in large numbers. These were

With the help of a plankton net Moina dubia were
parated from the other organisms by dip-tube metho

extrancous organic nutritive material in the form of
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distilled water, Concentrations of sugars ranging from 0-5 to 4%, were tried. Into each of the
experimental flasks 15 Moina were added by means of a glass tube. Allthe tubes were equally
illuminated by incandescent fluorescent lamps, The temperature varied from 27-5° 10 29°C. The
pH of the media in the flasks varied from 7-3 to 7-5. The number of Moine in each flask were noted
alter 24 hr. and 48 hr, There was no change in the Moina populations after 24 hr, Most of the
Moina died within 48 hr.

The addition of cotton-seed extract to the culture flasks gave encouraging results. In these
experiments the same method was adopted excepting the addition of cotton-seed exiract in place
of sugars. 2-5% hot and cold cotton-seed extracts were prepared by taking 2-5 g. of the crushed
seeds for 100 c.c. of water. The hot extract was prepared by boiling the crushed seed with water
for about 10-15 minutes, The extracts were filtered through Whatman No. 1 filter-paper. 50c.c.
of the solution was made upto 1,000 c.c. with sterile distilled water. The concentration of this
final diluted extract will be 0-125% of the original filtered extract. Addition of 59, of this extract
to the culture vessels gave prolific increase in the Moina populations. It became difficult to count
the Moina numbers since they were numerous, The increase in numbers of Moing were greater
in the culture vessels containing hot cotton-seed extract, Various concentrations of the hot extract
were tried to find out the suitable concentration but it was observed that 5%, of the diluted extract
gives the best results. :

A. Effect of pH and temperature on Moina dubia Gurney and Richard.—As described above
cotton-seed hot extract media were prepared and distributed 500 c.c. in each conical flask. pH
ranges 6-0, 6-8, 7+5, 8-2, 8-8 and 95 were maintained in these flasks. They were kept in tempe-
ratures 5° C., 20-21°C,, 28°C,, 31°C. and 37°C. as per the laboratory conditions. All the
flasks were incculated with equal number of Moina. The growth was observed afier 2448 hr.
It was observed that a pH of 7-5-8-2 and a temperature 28°-31° C. were suitable for their
optimal growth,

B. Food for Moina cultures—>Moina raised on cotton-seed extract medium could not grow
to their normal sizes and the populations were found to die after 2030 days in spite of daily changes
of the medium. The cotton-seed extract supports only the bacterial growths which serve as feed
for Moina. The addition of Unialgal cultures of Chlorelia to Moina flasks helped in maintaining
the growth of Moina for 3-4 months, since Moina grazes on Chlorella (Lakshminarayana, 1964).
If the oxidation pond effluents are added, in addition to cotton-seed extract, daily to the Moina
flasks in equal quantities replacing the same amounts of liquid from the flasks it was observed
that Aoina fiourish well in the laboratory at 28-31°C, The pond effluents contain both bacteria
and Chlorella which will serve as feed for Moina.

DIURNAL RHYTHMS IN ALGAL AND Moina POPULATIONS IN OxXiDATION PONDS

Fi%ure 2 gives the diurnal changes in D.O. levels in the oxidation ponds on a typical day.
Tables I-1V will reveal data on the diurnal and vertical changes in oxidation pond temperature, pH,
dissolved oxygen, algal and Moina dubia populations, This is a typical case where the Moina
and algal numbers are almost in a balanced population meaning thereby that if sufficient algal and
bacterial populations are maintained in proportion to Moina growth rate one can always obtain
sufficient quantities of Moina for piscicultural purposes. The diurnal vertical rhythms of algae
and Moina depends on changing light penetration during the day and night., When the dissolved
oxygen and pH were high in the ponds surface the Moina populations were present in larger numbers
in the lower depths of the pond. There are some inverse relationships between algal numbers
and Moina populations in the diurnal variaiions. In controlled ponds it could be possible for a
trained biologist to maintain rich culture stocks of Moina dubia populations in nature. This paper
does not intend to deal in this place in detail the diurnal variations of dissoived gases and substances,
temperature in relation to algal and zooplankton populations in ‘oxidation ponds, Nagpur.
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Fre. 2. Diumal variations in D.0,, pH, temperature in experimental oxidation pond I, Benzon Bagh, Nagpur

GRAZING EFFECTS ON ALGAR AND BACTERIA

The grazing of algae by Moina and other crustaceans was indicated by many workers (Lakshmi-
narayana, 1964 ; Loedolff, 1964 ; Elster, 1964 ; Hall, 1964 ; Zhukova, 1963 and Macan, 1961). Zhukova
(1963) pointed out that (a) in the crustaceans the uptake of bacterial cells can take place in the
mid-gut, the fore and hind-gut being chitinized, (») with the help of radioactive tracers, ¢, it has
been .proved that bacteria were not only ingested by the representatives of the plankton, but are
also assimilated, and (c) the rates of consumption of cells by one small crustacean in an hour were
1-449%, (phytoplankton) and 1-04%, (bacterial) and that the weight of bacteria consumed was 1/5
that of the weight of phytoplankton. Algae and bacteria serve as feed for most of the crustaceans,

Drscussion

Hall (1964) in connection with dynamics of a natural population of Daphnia galeata mendotae
in Base line lake, Michigan, observed that (@) temperature influences the rates of increase in Daphnia
populations more strongly than food level does under the conditions examined, () the effects of
food and temperature are separable, thereby facilitating the application of experimental data to
the field collection, (c) the frequency of molting and reproduction, duration of egg development,
and physiological life-span are principally influenced by temperature, and (d) of the growth per
instar, maximum carapace length and brood size are influenced principally by foed. Hall (1964)
further stated that reproduction in Daphnia galeata mendotae occups every 2-0 days at 25°C.,



Diurnal variations of algol and Moina mmbers in oxidation pond-T on 11-4-1963 to 12-4-1963

TasiE ¥

Samples from
Date and
time]_of Surface 1 foot deep 2 feet deep 3 feet deep 4 feet deep
sampling - ;
Algal No./ml. MoinafL Algal No.fml. MoinafL Algal No.ml. Moina/L Algal No./ml. MoinajL  Algal No.fml. Moina/L.
"11-4-1963 C-2440000 200  C-3430000 0 C-1890000 30 C-2450000 33 C-2300000 il
6.00 .M. P-10000 P-10000 P-30000 Sc-10000
M-10000 Ch-10000
11-4-1963 C-2540000 133 €-2470000 30  C-1470000 Nil  C-1290000 Nil  C-1540000 Nil
10.00 oM.  Ch-60000 P-10000 Ch-20000 P-30000
Ch-10000 M-10000
11-4-1963 C-2170000 20 €-2340000 50 C-1130000 37 C-2100000 10 C-1450000 Nit
2.00pM.  P-60000 P-10000 P-10000 P-20000 P-20000
Ch—40000 Ch-1000¢ Ch-10000 Sc-10000
Chl-10000
11-4-1963 C-3990000 37 C-2770000 196  C-2070000 53 C-1830000 Nil  €-2360000 Nil
4.00pm.  S-10000 Ch-20000 P-10000 S-10000
P--20000
11-4-1963 C-2560000 27 C-3000060 67  C-1890000 37 C-15%0000 37 C-1560000 13
8.00p0.  P-10000 P-20000 P-30000 P-20000 P-30000
Ch-20000
12-4-1963 C-2930000 247 C-2160000 70 C-1930000 23 C-2850000 0 C-1810000 23
6.00aM.  Ch-20000 P-30000 P-20000 Ch—60000 P-50000
P-20000 Ch-1600 Ch-20000 P-20000 §-40000
S~10000 S-20000
A2-4-1963 C~2790000 250  C-5240000 200  C-4240000 27 C-109%0000 20 C-1850000 33
10.00AM,  S-10000 P-70000 plus T Ch-80000 P-30000 §-30000
Ch-10000 Ch-60000 Chire-  P-30000 $-10000 Ch-20000
nomids  S-20000 D-10000
' Sc-10000
Ch1-10000

C—-~Chlorella, P— Phacus, Ch— Chlamydomonas, Chl—Chlorogonium,
S—Selenastrum, Sc—Scenedesmus, M—Merismopedia, Ca—Carteria,
D—Diatoms, A—Ankishodesmus, T— Tetraedron.
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Diurnal variations of algal and Moina numbers in oxidation pond-I on 11-4-1963 ro 12-4-1963

Samples from -
te and
??r;eaélf Surface 1 foot deep 2 feet deep 3 feet deep 4 fect deep
lin
sampling Algal No./ml. MoinafL Algal No.fml. Meinafl. Algal No.jml. Moina/L. Algal No./m!. MoeinalL. Algal No.fml. MosinafL
11-4-1963 C-1790000 20 C-1680000 67  C-1300000 47 C-1290000 73 C-1400000 33
600 .M.  Ch-20000 Ch-40000 Ch-20000 520000 5-70000
S-50000 S§-20000 P-10000 Ch~50000
P-10000) P-10000 Ch-10000 D-30000
P-10000
11-4-1963 C-1360000 50  C-1540000 83  C-1450000 920  C-1360000 20 C-1170000 13
10.60 .M. Ch—40000 Ch-90000 Ch-70000 Ch-50000 Ch-20000
540000 5-6000 510000 S§-30000 5-30000
P-40000 Sc-10000
11-4-1963 C=-2030000 Nil  C-1400000 0 C-2100000 80 C-1880000 13 C-1480000
! 2.00pm,  Ch-70000 5-20000 $-40000 Ch-40000 5-10000 z
S-60000 Ch-10000 Ch-10000 S5-10000 Se-1000g
Ch-20000 P-10000 Ch-10000
P-10000
§1-4-1963 C-2220000 10 C-300000¢ 57 C-2030000 27 C-1750000 20 C-1510000
M oem  S.30000 S-50000 S 30000 $-20000 520000 10
_ P-30000 Ch-30000 Ch-20000 Ch-20000
Ch-10000
11-4-1963 C-2640000 123 C-2490000 160 C-2010000 67  C-2230000 33 C-1580000
l8 .COPM,  S-6000 Ch-£0000 Ch-130000 Ch-100000 S-70000 7
Ch-10000 540000 S5-160000 $-40000 Ch-520000
T-30000 P-10000
P-20000
—4-1963 C-1880000 530 C-1690000 93  C-1310000 97 C-1350000 90 C-1180000
! 26%!0 AM.  S-40000 Ch-10000 Ch-30000 Ch-40000 S5-60000 33
Ch-300060 S5-20000 S-40000 540000 Ch-20000
P-10000 P-10000 M-10000 P-20000 M-=20000
T--10000 M-10000
12-4-1963 C-1840C00 359  C-1250000 166  C-161000¢ 27 C-1090000 67 ..
10.00 aM.  S-30000 560000 Ch-—90000 Ch-100000 .
Ch-30000 Ch-50000 S-10000 iﬂmlm
~1
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Tanip IIT .
Variationt of temperature, D.O. and pH at different depths and at different times in oxidation pond-1
Pond temperature ® C. at different depths (feet) Dimdm% &'egt;n p(li-le;tl htsiigzrete;xt
T Temp. SUR. ¢ 1" W 2 W ¥ 3 4 4 SUR v 2 ¥ 4 SUR. 1 ¥ ¥ &
aim,
1141963
6.00AM. 25 27 263 26 26 26 25 25 254 24 24 © ¢ o0 o0 o 75 75 757473
7.C0Am. 28 28 27 26} 264 264 27 27 26} 21 2B . .
8.00an 29 28 274 28 28 28 28 M W 28 2 .. ce e ee e s e e .
9.00Am, 31 30 29 28 28 30 29 2B ¥ 2 30 .. e ar ee ee e e ee e e
10.0040, 34 32 30 2 22 29 2 29 2 2 29 10 03 06 0 0 5 7575 74 74
11.00AM 358 34 31 3B 29 284 29 28 28 28 29 . .
12.00 Noon 36 13 32 31 30 30 30 30 330 30 3 ..
1.00p.a. 37 33 35 33 32 32 31 30 30 30 30 .. e e e e e e s .
2.00pM, 38 3 35 33 32 31 31 30 30 30 3 200 381201 0 81 7675 7574
3.00rM, 35 3 34 33 32 31 31 30 30 30 30 .. ce er e e - e
4.00PM. 36 35 3 34 33 32 31 30 30 30 30 175 65 29 o o0 7% 77 75 75 73
5.00pM 35 33 34 33 312 31 N W0 W 30 30 .. o e .
6.00pM, 33 33 032§ 32 31 304 30 30 30 29 29 .. . - .
7.00PM, 32 31 30 30,30 30 29 28 28 28 28 .. e ae ee e s SR .
8.00eM. 31 31 30 30 30 3B 2% 2V 29 ¥ B o6 03 0 0 0 77 76 74 7473
12-4-1963 3
6.00AmM 25 280 28 28 273 28 21 27 21 27 21 04 06 06 04 75 75 T5 75 15 T4
7.00AM 26 27 26 26 253 26 25§ 25§ 25¢ 25% 25% . .
8.00AM . 28 28 27 27 27 2} 2k 2T 26} 26} 26} PR .
9.00AM. 30 29 28 28 27 22 21 2 21 21 21 .. v e e e e e e ee e
10.00 M, 34 32 31 30 204 20 2 2 29 29 2% 2.1 090303 0 77 767575 74
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TABLE IV
Variation in temperature, D.O, and pH at various depths and at different times in oxidation pond-If

Pond temperature ® C. at different depths (feet) Dﬁ‘fﬁm&?&g foct) pd!:;tiag i(ggf)m. Light
Time and : R - intensity
date "[:txrnnp. SUR. 6 1' 1¥ 2 2y % 3¢ & 4 SUR. I SUR. ¢ ()
11-4-1963
600 A.M, 25 28 27 26426327 2 25 25 25 .. 05 03 76 76 16 75 75 .
7.00 AM. 23 28 28 27327 27 27 2421 21 .. .. . . .
8.00 a.m. 29 28% 28 28 28 283 28 274 27 27 . . . . 32,000
9.00 AM. 31 32 30 30 20029 29 28} 28} 28} .. . . 50,000
10.00 A.M. 34 33 31 31 304 304 29 293 299 28} .. 340 32 7.7 65,000
11.00 Am. 35} 35 32 30 30 29 29 29 % 29 ., - .o . 78000
12.00 NooN 36 358 33 32 32 31 31 M 31 3 .. . - - 82,000
1.00 B.M. 37 37 34 33 32 32 32 313 313 3} .. . . -~ 85,000
2-00P.M, 38 37035 32 31 30 30 29 0 2 .. 265 3.0 86 7.7 10,000
3.00 .M 35 354 34 32 31 30 31 28 29 29 .. . . .. 5,000
4.00 B.M. 36 35 34 32 31 30 30 30 30 30 .. . " .o 42,000
5.00 P, 35 35 34 34 33 32 31 31 30 30 .. . . . .-
6-00 B.M. 13 34 33 32 32 32 31 31 30 30 .. . . . .
7.00 ». ;. 32 32 31 30 30 29 29 29 29 29 .. . .. . . . . ..
8.00 p.M. 3 31 30 30 30 30 29 29 30 29 .. 06 04 80 78 75 75 74 ..
12-4~1963
6.00 A.M. 25 27 26} 26326 2542542542 26 .. 05 05 (-5 04 05 717 16 16 75 715 .
7.00 A 26 27 27 27426326 26 26 26 26 .. . . .. 18,000
8.00 A.M. 28 28 2T 27 26 26 26} 26h 26} 26} .. " - .. 38,000
9.00 .M. 30 30 29 29 28 27 27 27 21 27 .. . .. . . 55,000
10.00 A.m. 34 313 30 29328 28 28 27 2714 27 .. 16 05 06 05 79 78 77 T6 75 70,000
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every 2-6 days at 20° C., every 8:0 days at 11°C. and a single adult at 5° C, gave birth to young,
18 days after producing the eggs. Clarke (1957) pointed out that the life-span of Daphnia magnais
the greatest at 8° C. and in contrast the shortest time for the production of the first batch of young
Daphnia occurs at 23° C. The optimum from the point of view of the largest number of young
daphnids produced is found to be at 18° C. The ecological effect of these divergent optimal values
will depend upon whether they are applied to the individual or to the population (Clarke, 1957).
Thus the optimum temperature is best thought of as a range of temperatures, and it is the range
within which the organism as a whole functions best (Clarke, 1957; Chapman, 1931). In Moina
macrocopa, when the temperature drops below about 14° C. or rises above 30°C,, males appear
in the population and sexual eggs are produced (Clarke, 1957). If the Moina population becomes
crowded males begin to appear. This reaction may be related to the reduction of space attending
the drying up of a pond, and necessitating the production of resistant eggsif population has to
survive,

The separatability of various factors like food and temperature greatly facilitates the applica-
tion of these data to the field conditions. Temperature alone can be utilised to predict the frequency
of moiting, reproduction, duration of egg development and physiological span (Hall, 1964), The
tropical inland waters normally have an average temperature variation of 28-31°C,, and these bodies
of water form ideal grounds for crustacean growth and consequent fishery development. The
culture methods suggested above in this paper along with the consideration of important factors
like temperature, food and pH are expected to help for developing large hatcheries for crustaceans
which serve as an ideal food for fishes,  Artificial fertilization of the hatcheries can also be done
with dried cow dung or horse dung or limited quantities of sewage. Mixed algal cultures could
be maintained in separate tanks to feed the crustaceans. The algae can also be supplied as dried
powde_r. The cotton-seed extract medium can be used conveniently for growing Moina dubia in
aquaria,
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BIOLOGY OF CIRRIPEDE LARVAE

J. Moyse anp E, W, KNIGAT-JONES
Department of Zoology, University College of Swansea, UK.

ABSTRACT

Liberation of larvae by Balanus balanoides, which is thought to be a response by the parents to the spring
outburst of diatoms, is seagonally later in the silt-laden water of the Bristol Channel than in clearer water to
the west. In rearing experiments, though larvae of this high latitude species need diatoms as food, larvae
of oceanic and low latitude barnacles need phyto-flagellates, There are other lines of evidence, ioo, which
indicate that flagellates may be particularly prominent in the phytoplankton of warmer seas.

The relative distributions of young and old Bafanus, Chthamalus and Eiminius on littoral rocks yield fur-
ther evidence that the gregarious and space-sharing behaviour patterns of the cyprids are important in reduc-
ing wastage and protecting the territory which the species has occupied.

INTRODUCTION

Tus larval life of littoral barnacles is bounded by two critical periods, (4) hatching, which should
occur when food is available for Jarval growth, and (b) settlement, when the future habitat of the
individual is determined. Both may involve associated behaviour mechanisms, whereby the parents
help to safeguard the future of the larvae and the larvae seek security for their future role as
parents.

Hatching as a result of activity by the parents was demonstrated by Crisp (1956) and Crisp
and Spencer (1958} in the arctic-boreal species Balanus balanoides (L.), which liberates one brood
per year, at about the time of the spring phytoplankton outburst. Liberation occurs after the
embryos have been incubated (in the mantle cavity) for several months and its onset is not strictly
determined by the maturity of the embryos. These are normally mature and ready for liberation
many weeks before release actually occurs. Hatching (which is closely followed by liberation of
the larvae) could be induced in the laboratory by feeding the incubating parents with animal or
plant food or by treating separated masses of embryos with extracts made from adult barpacles.
It seemed that the parents react to the presence of food in the water by secreting onto the embryos
some substance which stimulates their movement and that this activity of the embryos leads to
their hatching. This view was confirmed by Barnes and Barnes (1959 a), following earlier and
independent studies on the hatching process (Barnes, 1955, and 1957).

Ecological studies have linked liberation in Balanus balonoides with the spring outburst of
diatoms (Barnes, 1956 2 and 1957), but it may also take place in the absence of a large diatom
crop, or before the major outburst occurs (Barnes, 1962). Rzepishevsky (1959) concluded that
naked flagellates rather than diatoms promote release of larvae in this species, but such a response
would appear on first consideration to be non-adaptive, in view of the evidence that Balanus
balanoides larvae need diatoms as food and do not complete their development on flagellates
(Moyse, 1963—but see p. 3).

Qur studies in South Wales have revealed (i) some of the difficulties which should be borne
in mind in future work on this problem. We also present here some new observations on
%i) lar\lral feeding and growth in oceanic Lepadidac and (iii), settlement patterns in littoral
" parnacles, '
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LIBERATION OF Balgnus balancides IN S. WALEs

About fifteen sampling sites, distributed along the South Wales Coast (Fig. 1), have Been
studied during several years. For each sample, at least fifty and usuvally a hundred adult Balasmus
balanoides were opened and the percentage containing embryos recorded (Fig. 2). Barndclés
which were small or isolated were not opened and those found to be parasitised by female
Hemioniscus balani (Spence Bate) were rejected. Individuals which had liberated the great
majority of their embryos were counted as empty. No reliable method was discovered for
determining whether completely empty individuals had bred in the current year, but it may be
assumed that the great majority had done so, for early in a season the proportion with embryos
was usually at least 959%.

1958

A P ] 1 L [ &Y
I958 ..: : .lt i :. Is 'P “.,;l?.. ell .-rm;
FIHGUARD (3L
FSHEUAAD ¥ " 8 1960 . e R s .
J M.“nrvlé"-‘s * . oo ¥ L
Iy
feney ¥ _B "’é“ X .
TEWBY
WUMBLES ‘ % * ABTINE
HAYEN *
MUMBLES 3% B
PEHARTH ‘X“  umsLEs *
I i i i i i i PENARTH ” ..... -
T T L) 1 T
1961 Mnnc'uP]nPan
I"!'?'?’l'f't"?'f
FISHGUARD S :
L2 . 1962
ABER EIDDY .)(.
ABER EIDOY
SQLVA *
B WHITE SANDS BAY I *
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£ BRIOE™S HavEN -X-
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B mea
ERESUWATER wEST -X.
SBLVA _x.
&1 GOVAN'S  HEAD .* g
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sm:‘:f‘ MAVEN .}(_
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B ate 8l
FENDT -X- u
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Fic. 2. Analysis of samples of adult Balenus balanoides, collected during the liberation periods of five years. The
- extent of the black section of each vertical column represents the percentage of individuals which contained
embryos. An asterisk indicates the estimated middle of the liberation period at each site. Embayed
situations, where liberation tended to be early, are m'dtfatcd by the letter B under the name of the
sampling site,
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Late in a séason a few barnacles (less than 109,) retained their embryos much longer than their
neighbours, so it was convenient to regard the main liberation period as having occurred when
the proportion of gravid individuals fell from about 95%, to less than 10%. As Fig. 2 shows, this
period sometimes occupied less than a week (e.g. at Solva in 1960 and 1962} and sometimes more
than a week (Tenby and Mumbles in 1959; Mumbles in 1961 and White Sands Bay in 1962), but
there was no evidence of its occupying more than twe weeks at any given site.

The 1962 samples, however, showed that the liberation period in adjacent sites could be very
different, with much earlier liberation in embayed situations. White Sands Bay site A was the
tip of a rocky promontory (Trwynhwrddyn) and liberation occurred there after 13th May. At
the nsarby site B, on the side of the promontory adjoining the sandy bay, liberation began about
20 days earlier. Similarly, at St. Bride’s Haven, liberation was much later at an exposed site A than
at an embayed site B only about 150 metres away. Indeed, there the difference was about 50
days. A survey of the little bay, about 2 week before liberation occurred in the population just
outside it, showed a consistent pattern, with maximum liberation in the most sheltered part (Fig. 3).

St. Bride’'s Haven

Fucaceae

1 0O metres }

Frc. 3. St Bride's Haven, NWumbers indicate the percentage of Balonus balanoldes still containing
embryos on 1st May 1962, liberations having occurred earlier in the more sheltered parts of the bay.
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This striking effect may perbaps have been associated in some way with calm water or libera-
tions of spores by littoral algae. Fertilisation occurs earlier in embayed situations (Crisp, 1959 4)
and in shelter from currents (Crisp and Clegg, 1960), but it seems uniikely that this would have
accounted for the difference in liberation times, since the embryos remain apparently fully developed
for so long before liberation. We have also considered and are inclined to reject the possibilities
that slight warming of the water or stitring up of littoral diatoms and organic detritus may have
been involved. If these had important influences they should have led to liberation being earlier
at places further up the British Channel than off Pembrokeshire, but this was not seen. Indeed,

JAN | FEB | MAR | APR | MAY | JUNE
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oIk \ ._
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Fig, 4. Water temperatuores near the édge of the sea at Mumbles pier {circles), St. Bride's H