














Ficure 283.—Photograph of the spawning male, C. virginica.
Temperature 23.0° C. Sperm ejected through the opening of the promyal chamber is seen as a

the experiment.
white jet opposite the V cut.

24° to 25° C. Many other substances including
various hormones (thyroxin, adrenalin, estrogen),
desiccated anterior and posterior pituitary, thy-
mus, thyroidin, cysteine, glutathione, peptone,
egg albumen, urea, different sugars (dextrose,
maltose, d-arabinose), starch, and yeast stimulate
ejaculation in various degrees of effectiveness.
Suspension of desiccated thyroid gland (thyroidin)
in sea water was found to be the most effective
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The V cut in the left valve was made several weeks before

stimulant, and it has been used in the Woods
Hole laboratory in preference to egg suspension or
egg water.

Other substances may also provoke sexual
response. Miyazaki (1938) found that the ex-
tracts from several algae, Ulva pertusa, Entero-
morpha sp. and Monostroma sp. induce spawning
in the males of C. gigas.

Mature males (C. virginica) respond also to live
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sperm of the species. In this case the latent
period of spawning reaction is much longer, vary-
ing from 6 to 27 minutes at 20° to 21° C. The
interesting fact is that in the case of sperm
stimulating male spawning the latent period is of
the same order of magnitude as that of the female
spawning reaction. Possibly the sperm acts as a
stimulant only after it has been absorbed by the
oyster, while eggs and egg water act upon the
receptors located on the body surface.

The active principle of sperm of C. virginica can
be extracted with ethyl alcohol and benzene. The
residual powder of the extract can be mixed with
sea water and added to the gills of the female to
induce a typical spawning reaction (Galtsoff,
1940). Spermatozoa of C. virginica carry another
hormonelike substance which may be recovered
after alcohol extraction. The substance was
named ‘“diantlin” by Nelson and Allison (1940),
who found that it dilates the ostia and stimulates
the increase of water flow through the gills.

FREQUENCY OF SPAWNING

Under laboratory conditions male oysters may
be induced to spawn many times at very brief
intervals. It is, therefore, reasonable to assume
that they behave in a similar way in their natural
environment. The females spawn only a limited
number of times within one breeding period. Out
of several hundreds of oysters tested in the
laboratory, the majority of the females were
induced to spawn two or three times within a
6-week period (July—August), and only one
spawned seven times. Similar conditions exist
with C. gigas. Frequently a substantial percent-
age of females of these two species fail to shed
eggs in spite of a ripeness of their ovaries and
favorable environmental conditions. The spawn
may be retained in the gonads until late fall when
it is reabsorbed.

The number of times the adult female oysters
spawn under natura]l conditions can only be
surmised from examination of gonads and the
occurrence of larvae in plankton. It is very
difficult to decide from plankton observations
whether the entire oyster population spawned
several times or if different groups of oysters pro-
duced the larvae appearing at intervals in plank-
ton. In Long Island Sound, for instance, four or
more ‘“waves’” in the occurrence of straight hinge
larvae were recorded (Loosanoff and Nomejko,
1951a) in 1943, but the described periodicity may
have been due to spawning of different populations
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living in shallow and deep water. Inasmuch as
the laboratory experiments show that repeated
spawning may be induced in the same female, it is
reasonable to infer that in their natural habitat
oysters spawn more than once during every
breeding season.

Laboratory observations show that spawning of
sexually mature C. virginica is sometimes inhibited
and that the oysters fail to respond to all known
methods of stimulation. Similar conditions exist
with C. gigas, which sometimes fail to spawn in
spite of full gonad development. Artificial stimu-
lation by suspension of sex cells may facilitate
spawning but is not always successful. The reason
for this inhibition of spawning in sexually ripe
oysters has not been established, but the work of
Lubet (1955) on Chlamys and Mytilus throws some
light on the problem. Lubet discovered that the
excision of cerebral ganglia in these mollusks
provokes precocious spawning and that the muti-
lated animals spawn much earlier than the con-
trols. Excision of the visceral ganglia seems to
retard spawning. These experiments suggest that
spawning is under the control of the nervous
system. It also appears significant that neuro-
secretion in the ganglia cells precedes gameto-
genesis and that maximum accumulation of the
neurosecretory products occurs at the time of the
maturation of sex cells. In the species studied by
Lubet the neurosecretory granules were absent in
the ganglia of the recently spawned out animals.
Whether Lubet’s findings on neurosecretion apply
to sexually mature oysters is not known, but his
work seems to indicate that in the bivalves he
studied, the release of sex cells was facilitated by
the removal of internal inhibition (excision of
cerebral ganglia) and that the disappearance of
the neurosecretory products from the cerebral
ganglia was necessary for the mollusk to become
receptive to spawning stimuli. The latter infer-
ence is based on the observation that partial
disappearance of neurcsecretory granules always
occurs a few days before spawning. After the
completion of spawning all neurosecretory cells
are empty. These findings are not in accord with
the results of studies conducted by Antheunisse
(1963) on zebra mussels (Dreissena polymorpha
Pallas) from the Amstel River near Amsterdam.
The mussels were collected once a month, from
November 1957 to November 1958, for histological
examination. For extirpation experiments only
adult females were used during the spring and
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summer of 1959. Antheunisse states that in spite
of the parallelism between the neurosecretory and
reproductive cycles in zebra mussels spawning and
neurcsecretion are not interrelated. Extirpation
experiments were difficult to perform, and most of
the mussels died some days after the operation.
It is therefore apparent that further studies are
needed to determine the role of the neurcsecretion
in reproduction of mussels, oysters, and other
bivalves.

FECUNDITY OF THE OYSTER

The intensity of spawning as judged by the
number of eggs or spermatozoa discharged in each
instance is variable. In both sexes the number
of sex cells produced by a ripe female or male
depends on the size of the oyster and the degree
of development of the gonad. The range of
variation is enormous. If the female gonad is
poorly developed, only a few thousands of eggs
may be released. On the other hand, the number
of eggs produced and discharged by a well-
developed gonad may reach many millions.
Potential capacity of the ovary, i.e., the total
number of eggs produced by a female during the
breeding season, is not indicative of its actual
reproductive ability which is expressed by the
number of eggs actually spawned. The following
procedure is used for estimating the number of
eggs released by the female. The oyster is placed
in a 20 1. tank and spawning is stimulated by
warming the water and adding sperm suspension.
After the completion of spawning five samples of
100 ml. each are taken while the water is agitated
by an electric stirrer. Eggs in the sample are
killed by adding two to three drops of 1 percent
osmic acid, allowed to settle, and are counted
in a Sedgwick-Rafter chamber. The oysters used
in four separate tests varied from 9.2 to 13.3 cm.
in height. The number of eggs (in millions)
discharged in one spawning were 15, 30.3, 70.3,
and 114.8 (Galtsoff, 1930b). After discharging
over 100 million eggs the last oyster had a gonad
about 5.5 mm. thick containing vast numbers of
eges.

The results of these counts were questioned on
the basis that the computed volume of the
discharged eggs exceeds the total volume of the
body (Burkenroad, 1947). Rechecking the data
confirmed my estimate. The counts are correct
within 4+ 10 percent, the principal source of error
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being the difficulty in obtaining uniform distri-
bution of eggs in the tank.

In the ovary the eggs are tightly packed and
compressed; upon their release the diameter of
their rounded part is increased. The spawned
eges in the above tests averaged 40 u in diameter.
The volume of a given number of eggs can be
computed by using the conversion table from
diameters to volumes of spheres given in Perry
(1941). Since the volume of one egg of 40
diameter is 33,510.3 u?, the volume of 115 millions
of eggs, solidly packed would correspond to 3.8
em.! With an allowance of 25 percent for inter-
spaces the volume of spawned eggs in the ovary
would be about 4.8 cm.?® The latter figure is
within the range of magnitude of the volume of
the gonad obtained by the displacement method.

Not all the ovocytes become mature at the
same time. During the intervals between spawn-
ing some of them grow and replace those
discharged by the preceding ovulation.

The fecundity of C. gigas is even greater. The
five large oysters of this species forced to spawn
in the laboratory averaged 55.8 million eggs per
oyster; post mortem examination showed that
after ovulation they retained the major part of
the gonadial material. In comparison to C.
virginica and C. gigas the fecundity of the larvi-
parous European oyster is rather low. Estimates
of the mean number of larvae per oyster were
made by Dantan (1913), Cole (1941), Cerruti
(1941), and Millar (1961). In British waters the
mean number of larvae vary from 90,000 for a
1-year-old oyster to over a million for a 4-year-old
oyster. French oysters relaid in West Loch
Tarbert, Scotland, after 1 year produced as
many larvae as the native oysters on English beds.
The number of larvae is dependent, of course, on
the size of the oyster, as can be seen from the table
given by Millar.

Mean Mean
number of number of
Diameter in em. larvae Diameter in cm. larvae
estimated estimated
from five from five
samples samples
6.2-7.8 e cmeees 733,400 | 7.4-7.60 ool 1, 155, 000
7374 . 1,543,000 | 8.3-8.5_ cooaeianaos 616, 000

The fully grown 0. lurida bear broods of 250,000
to 300,000 larvae, the number depending generally
upon the size of the maternal oyster (Hopkins,
1936, 1937).
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SEX RATIO, HERMAPHRODITISM,
AND SEX CHANGE

The oviparous species of oysters of the genus
Crassostrea usually are not hermaphroditic; speci-
mens in which functional eggs and sperm are
found together are relatively rare. This condition
exists in C. virginica, C. gigas, C. angulata, C.
rhizophorae, and is probably common to all
members of the genus. The frequency of her-
maphroditism in Crassostrea oysters varies with age
and environment. The earliest record was made
by Kellogg (1892), who found one hermaphrodite
among the many adult C. virginica he kept in
breeding tanks. Burkenroad (1931) reported
that about 1 percent of the oyster population on
the coast of Louisiana were hermaphrodites.
Needler (1932a, 1932b) found only four her-
maphrodites (less than 0.4 percent) among the
1,044 oysters of various ages growing on beds in
the waters off Prince Edward Island. The
hermaphrodites were found only among the
2-, 3-, and 4-year-old oysters; none were en-
countered in oysters from 5 to 8 years old. In
the course of my studies I found only two her-
maphrodites among several thousand sexually ripe
oysters from 5 to 7 years old.

Amemiya (1929) reported only one hermaphro-
ditic specimen among 120 sexually mature C.
gigas (0.8 percent). The percentage is appacently
higher in the Bombay oyster, O. cucullata, for
Awati and Rai (1931) reported 23 hermaphroditic
specimens (2.9 percent) among the 794 oysters they
examined

The larviparous oysters of the genus Ostrea (O.
edulis, O. lurida, O. equestris, and others) are as a
rule ambisexual, i.e., they undergo rhythmical
changes in sexuality. The initial phase in these
species is usually male, followed by alternating
female and male phases.

Orton (1927) distinguishes several arbitrary
categories of sexual changes in 0. edulis from pure
male or female to hermaphrodites which contain
an equal abundance of ripe spermatozoa and ova.
Different transitional phases of sex changes which
take place during the life of the European oyster
are discussed later in this chapter.

Oysters have no secondary sexual characters,
and their sex can be recognized only during the
reproductive periods by microscopic examination
of gonads. Sperm suspension, which can be forced
out by gentle pressure on the surface of the gonad,
is viscous and white; the suspension of eggs is
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creamy and has a granular appearance. Sex
determination made with the naked eye should be
verified by microscopic examination of smears.

In many species of bivalves sex is unstable, and
hermaphroditism and alternation of sex are
common. With respect to sex change oysters fall
into two groups: oysters in which sexual phases
change regularly in a definite rhythm, as in O.
edults, 0. lurida; and those belonging to the
Crassostrea type, in which the sexes of the adults
are separate, as in C. wirginica, C. gigas, C.
angulata, and O. cucullata. The gonads of the
oysters of the first group contain functional ova
and spermatozoa simultaneously. These oysters
are hermaphrodites. In the second group her-
maphroditic individuals are relatively rare.

The difference between the two groups is not as
explicit as it appears since the primary gonad of
Crassostrea is bisexual, i.e., it contains the germinal
cells of both sexes.

As early as 1882 the outstanding Dutch natural-
ist, Hoek (1883), in his studies of 0. edulis made
the important observation that ‘‘at the time when
an oyster is sexually mature, it always functionates
as a male as well as a female; it is, therefore,
physiologically dioecious.” The significance of
this important discovery was appreciated nearly
half a century later after Orton (1927, 1933)
showed experimentally that maleness developed
in 97.3 percent of young or adult females which
carried eggs, embryos, or- larvae. He further
established the fact thet the earlier state of male-
ness was always found in the more recently
spawned females. Great advances in the under-
standing of sex changes in 0. edulis and other
species were made by the works of Stafford (1913)
on 0. lurida, by experimental research conducted
by Spirck (1925), and particularly by observa-
tions on the American species made by Coe
(1932-41). It was clearly established by these
investigations that the young oysters of the larvip-
arous species (0. edulis, O. lurida) become sexually
mature first as males then gradually change into
functional females; later they become males again,
and such alternation with some modification con-
tinues throughout life. Comparable phases of
sex changes occur in the Crassostrea species al-
though the rhythm of sex alternation is different.
At the age of 12 to 16 weeks the primary gonad
of C. virginica is bisexual (ambisexual, according
to Coe’s terminology) since both ovogonia and
spermatogonia are found in the same follicles
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