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Reproductive potential of individual male blue
crabs, Callinectes sapidus, in a fished population:
depletion and recovery of sperm number and
seminal fluid

Matthew S. Kendall, Donna L. Wolcott, Thomas G. Wolcott, and Anson H. Hines

Abstract: We evaluated the depletion and recovery rates of sperm number and vas deferens weight following mating
for male Callinectes sapidudoth below (<127 mm carapace width) and well above (>140 mm) the fishery size limit

for hard crabs in Chesapeake Bay (127 mm). Large males had low sperm count and vas deferens weight immediately
after mating and required approximately 9-20 days to fully recover. After mating, small males had significant reduction
in sperm number despite no significant change in vas deferens weight. Furthermore, small males with completely
recovered seminal stores had significantly lower vas deferens weight than fully recovered large males but did not differ
significantly from large males in number of sperm. The changes in vas deferens weight and sperm count following
experimental mating suggest that large males delivered 21 times as much seminal fluid and 2.25 times as much sperm
as small males. Field collections in a subestuary of Chesapeake Bay revealed that the majority (50-90%) of males had
extremely low vas deferens weight relative to males with fully recovered sperm volume. Since the fishery targets males
primarily, reducing both the number and average size of males in the population, many females may be mated with
small or recently mated males that transfer less seminal material.

Résumé: Nous avons évalué les taux d’épuisement et de récupération du nombre de spermatozoides ainsi que la
masse du vas deferens apres I'accouplement chez des CrabesCa#ingctes sapidysmales de tailles inférieure

(<127 mm de largeur de carapace) et bien supérieure (>140 mm) a la taille minimale de capture dans la baie de
Chesapeake (127 mm). Chez les méles de grande taille, le nombre de spermatozoides et la masse du vas deferens sont
faibles immédiatement apres I'accouplement; ils mettent environ 9—20 jours a revenir completement a la normale. Apres
I'accouplement, les males de petite taille ont une réduction significative du nombre de leurs spermatozoides sans avoir
de changement significatif dans la masse de leur vas deferens. De plus, aprés la récupération compléete des réserves de
spermatozoides, les petits méales ont le vas deferens moins lourd que les grands males, sans qu'il y ait de différence
significative entre les deux groupes dans le nombre des spermatozoides. Une étude du changement de masse du vas
deferens et du nombre des spermatozoides aprés des accouplements expérimentaux laisse croire que les grands males
liberent 21 fois plus de liquide séminal et 2,25 fois plus de spermatozoides que les petits males. Des échantillons re
cueillis dans un sous-estuaire de la baie de Chesapeake indiquent que chez la majorité (50-90%) des males, la masse
du vas deferens extrémement faible par comparaison a des males ayant pleinement récupéré leurs réserves. Puisque la
péche cible surtout les males, ce qui réduit tant le nombre que la taille moyenne de ceux-ci dans la population, plu
sieurs femelles doivent s’accoupler avec de petits méales ou avec des males qui viennent de se reproduire et qui libérent
moins de semence.

[Traduit par la Rédaction]

Introduction to many females. The reproductive potential of a population

is often estimated by counting mature females and, in-man

The reproductive contribution made by males is rarely ex aged species, spawning stocks are frequently maintained by
amined when determining stock—recruit relationships. Spernallowing females to reach maturity prior to harvest, ignoring
and seminal fluid are usually considered to be both energetpaternal influences altogether. Recent research suggests that
cally inexpensive for males to produce and easy to distributéhis approach of assuming ample sperm and (or) seminal
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fluid resources may be an oversimplification of the repro Fertilization success may also be lower in small mature
ductive system in many decapod crustaceans (Ennis 198@ales that do not produce or transfer as much sperm and
Smith and Jamieson 1991; Paul and Paul 1992). In mangor) seminal fluid as large mature males. In contrast with
managed species in which only female spawning stock isarge male king crabs, small males show a reduction in fer
protected, the consequence of overharvesting males can bdibzation success after only seven successive matings
reduction in reproductive potential via sperm limitation or (Powell et al. 1973). In the craB. serrata there is an in
insufficient seminal fluid. crease in spermatophore size as well as in the concentration
The male contribution to reproduction includes both sperndf inorganic ions and organic substances in seminal fluid as
and seminal fluid. If sufficient numbers of spermatocytes aremales mature (Subramoniam 1993).
not available to fertilize a female’s egg production, sperm Populations with a low density of males (in any reproduc
limitation will result. Furthermore, insufficient availability of tive condition) may also be sperm limited. Under this cendi
seminal fluid may also limit reproductive potential. Seminaltion, females may have to wait some period of time to find a
fluid is not only the medium in which sperm is transferred mate, leaving their reproductive potential unfulfilled for that
but may also be necessary for successful sperm storage. FHoeriod. When densities of males are extremely low, females
example, the seminal plasma of some brachyuran crabs comay not be able to find a mate at all. Large female American
tains a large amount of organic substances used for spertobsters and Dungeness cral@afcer magister probably
metabolism (Subramoniam 1991). In addition, it has beerexperience difficulty finding suitable mates in areas where
shown that proteins found in seminal fluid play a critical the fishery intensively exploits males (Ennis 1980; Smith
role in effective sperm storage iDrosophila melanogaster and Jamieson 1991). This situation can be aggravated if the
(Tram and Wolfner 1999) and even act as antibacteriabexual receptivity of females is temporally limited. For
agents that may protect the reproductive tract of the mueéxample, female king crabs and snow crakhipnocetes
crab, Scylla serrata(Jayasankar and Subramoniam 1999).opilio) are sexually receptive for only a few days each year
Seminal fluid also plays a role in forming a “sperm plug” (Sainte-Marie and Lovrich 1994).
that may function to prevent sperm from leaking out of a fe  Mating systems with one or more of these elements pro
male once deposited and (or) to block competing males fromvide effective models with which to investigate sperm limita-
depositing additional sperm (Ryan 1964; Hartnoll 1969;tion. Blue crabs,Callinectes sapidyshave many of these
Sainte-Marie and Sainte-Marie 1999). attributes: males can mate repeatedly, females mate only
Certain characteristics of a population’s reproductive stratonce during a 2- to 3-year life span, females are sexually re-
egy suggest an inherent possibility of sperm and (or) seminateptive only during their molt to maturity (~1 week during
fluid limitation. For example, sperm limitation may occur in their entire lifespan), reproduction is highly seasonal at the
systems in which females fertilize multiple broods or largepopulation level (most mating in the Chesapeake Bay occurs
numbers of eggs using sperm stored from one mating evenduring bursts in the spring and summer), and females use
Females may simply run out of sperm, as is the case fostored sperm and seminal fluid from an individual male’s
large American lobstersHomarus americanysthat spawn ejaculate over a period of several months to fertilize multiple
twice in the same instar (Waddy and Aiken 1986), or femalebroods of ca. 1-4 x f0eggs each (Millikin and Williams
tanner crabs@hionocetes bairdithat do not receive suffi  1980; Prager et al. 1990).
cient sperm to fertilize multiple broods when inseminated The likelihood that limiting conditions will arise in
only during their molt to maturity (Paul and Paul 1992).  C. sapiduss aggravated by the effects of an intense fishery.
Mating systems in which females must store sperm for dn Chesapeake Bay (U.S.A.), the fishery has a minimum size
long time between copulation and fertilization may also belimit (127 mm carapace width (CW)) as well as restrictions
sperm and (or) seminal fluid limited. Sperm viability may on the harvest of some ovigerous females and, hence,-selec
decline over time, especially if energy sources for metabolidively removes large males from the population. A study
requirements of sperm are insufficient. Seminal plasma haduring Maryland’s summer fishery suggests that fishery
been shown to serve the nutritional requirement for metabopressure may be 3-6 times higher on males than on females
lism of stored sperm in such species as the Balserrata (Casey et al. 1990). Remaining small males that escape the
(Subramoniam 1993). The transmission of adequate seminfihery are left to mate with the still relatively unfished fe
fluid may be critical for maintaining sperm viability. male population (mature females are also fished from the
Populations that have a low density of males with high re population, but only after sperm resources are allocated). In
productive fitness may also be susceptible to sperm limitaaddition, a monitoring program in mid Chesapeake Bay-indi
tion. Reduced reproductive fitness in males may result whegates that average male size has been declining over the past
poor health or some other physiological constraint, such a80 years as pressure from the fishery has increased, whereas
molting or immaturity, results in decreased sperm and (orfemale size has shown no such decline (Abbe and Stagg
seminal fluid production or transfer capability. High mating 1996). Ejaculate size is positively correlated with male size
frequency of males also may reduce a population’s reprodudsee Results; Jivoff 1995); therefore, although females in the
tive potential. Females receive less sperm or seminal fluid ipopulation are presumably capable of maintaining normal
males mate more frequently than reproductive resources cdevels of egg production (egg production is correlated with
be replenished. These males would deliver reduced guantiemale size; Prager et al. 1990), they may actually be fertil
ties of sperm and (or) seminal fluid to their second and- subizing fewer eggs with a reduced quantity of sperm and (or)
sequent mates. For example, large male king crabseminal fluid received from fewer and smaller males.
(Paralithodes camtschatigashow a reduction in fertilization It should be possible to determine if sperm limitation is
success after nine successive matings (Powell et al. 1973)ccurring in this system by measuring ejaculate size
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(amount of sperm and seminal material that females re To permit the recovery of sperm resources, males were held in
ceive), estimating lifetime egg production for females, andlarge submerged cages near the SERC dock for 20 days prior to ex
determining if egg production exceeds the fertilization po peri_m_entat_ion. Prelimir]ary research indicatt_ed that this provided
tential of sperm resources; however, researchers have hayfficient time for seminal resources that might have been spent
difficulty keeping mature females under suitable broodingpnor to collection to be replenished. They were fed a mixed diet of

diti for | h to obtai liabl timat éish and molluscs placed in the enclosures each day. The amount of
conditions for long enough 1o obtain reliable estimales Okq,q stered was based on estimated daily feeding rates for crabs

lifetime egg production and fertilization rates (Sulkin et al. ¢ this size (Nye 1989). At the conclusion of the recovery period,
1976; Darsono 1992). crabs were assessed for molt stage and general condition (e.g.,
Instead, we chose to explore the potential for sperm anehissing limbs, parasites, etc.). We assumed that the enclosures pro
(or) seminal fluid limitation in this system by identifying vided adequate habitat for growth and behavior, because mortality
underlying mechanisms that could bring about the limitationwas low (<10% during recovery periods) and most crabs were
Operational sex ratios reveal whether male abundance is lo&gund to be in good condition (active and intact).
thus potentially inducing limiting conditions. Assessing this Following the initial holding period, we measured the recovery
ratio involves not only counting the overall numbers of 'at€ Of vas deferens weight and sperm number for both size-classes
males and receptive females, but also identifying Variablegf males following copulation. Animals with fully replenished

. ! ... __sperm resources were split into five groups. The first group- con
that affect competition for mates, such as the size, condmo_ isted of control (unmated) males. Individuals in the remaining

and molt stage of males. It is also possible to determine ifoyps were mated twice in close succession to deplete their sperm
sperm limitation is likely to occur by examining the repro |evels to nearly zero. Receptive females in the advanced premolt
ductive condition of males in areas where mating occurs. lktage () of the prematurity instar, termed “pubertal,” were-ob
most males have abundant seminal resources, sperm-limitained from commercial shedding operations near the study site. In
tion is unlikely. Conversely, if many males in the population most cases, males mated twice in 2—4 days if offered;anblt
have low sperm and (or) seminal fluid volume, femalesstage pubertal female after their first mate was removeg f¢B

mated with these males may experience reduced fertilizatiof@les molt or are receptive to mating in 0-2 days). For large males

success. Because of the fishery’s influence on the size distrf>140 mm), groups of mated male crabs were then sacrificed 0, 3,
, and 20 days after their last mating and assessed for reproductive

bution of males in the population, it is also important to de- dition b ‘ahing thei deferenti 4 performi
termine the relationship between size and the reproductiv§Oln ition by weighing their vasa ceterentia and periorming sperm
potential of males, as well as to estimate the replenishmerﬁounts' Food was supplied ad libitum during recovery periods.
’ ; : f h rabs below the legal size limit of the fishery (127 mm) were as-
rates of sperm number and seminal fluid following matingsessed for reproductive condition prior to mating and at 0 and
for males of different sizes. 3 days after they had mated twice in close succession (but not at 9
The purpose of this study was to determine the likelihoodand 20 days).
that sperm limitation occurs in a Chesapeake Bay population The total number and concentration of sperm were determined
of C. sapidusby (i) determining the influence of male size for each malg. Following determination of wet Wei_ght, t_he entire
and mating history on their reproductive potentiil) (eter- ~ vasa deferentia and their contents were homogenized in 2 mL of
mining the temporal limitations for replenishment of spermartificial seawater (30 psu) and stained using 7-8 drops of 1% gen-
number and seminal fluid following mating for males Iargertlam violet. Samples were then passed through au8Silter, to

. . 2 = - separate large bits of ruptured spermatophores from sperm cells.
and smaller than the fishery size limit, and)(determining Both the filter and filtrate were examined to ensure that all sperma

the reproductive condition of males in an area where mating,yores were ruptured and all sperm were passing through the fi

occurs. ter. Filtrate volume was raised to 100 mL/g of vas deferens with
30 psu artificial seawater, to dilute sperm sufficiently to avoid their
Materials and methods overlapping each other in the counting chamber. Ten microlitres of

the evenly mixed suspension was placed on each of two Petroff-
All experiments were conducted at the Smithsonian Environ Hausser spermacytometers and allowed to settle for 5 min. Sperm
mental Research Center (SERC) in Edgewater, Maryland, U.S.Awere counted under phase contrast at 400x magnification and low—
(38°51N, 76°32W) (Fig. 1). SERC is located on the Rhode River, medium light. If the two cell counts differed by >10%, the original
a subestuary draining into northwest Chesapeake Bay. Salinity isample was resuspended and the procedure performed again. This
the Rhode River ranges from 5 tol5 psu (practical salinity units)approach minimized variability in the sperm count data due to
from spring to fall and the temperature ranges from 0 to 29°C fromsampling technique. The total number of sperm for each male was

winter to summer. then calculated by dividing the number of cells counted by the vol
ume counted and multiplying this quotient by the total dilution-vol
Reproductive resources of males: the role of size and ume ((number of cells counted/volume counted) x total dilution

volume). Sperm concentration was determined for each individual
by dividing the total number of sperm by the weight of the vasa
geferentia.

mating history

We compared the reproductive condition of small and large mal
crabs, as well as the recovery rates of sperm stores for crabs abo
and below the fishery size limit (127 mm CW). Male blue crabs
were collected by crab pot in the Rhode River and separated intReproductive condition of male blue crabs in the
large (>140 mm CW) and small (115-127 mm CW) size-classesRhode River
Size-class limits were selected to ensure that all individuals in the Crabs were sampled by trawl from a variety of habitats and depths
small size-class were mature (males reach maturity at ~110 mrthroughout the Rhode River to determine the reproductive condition
CW; Van Engel 1990) but below the current harvestable size limitof the population during the mating season (June—October) in 1996
for the blue crab fishery in Maryland. The large size-class limitand 1997. Otter trawls (7 mm cod end) were conducted three times
(>140 mm CW) was selected to provide a contrast group well abovger month in each of four sites (Fig. 1): a shallow (~2 m) mud-bottom
the legal limit of the fishery. Only intact intermolt (hard-shelled; site at the head of the subestuary, a sand-bottom site (~2 m) at the
molt stage C) animals were used in these experiments. mouth of the subestuary, a ~4 m deep mud-bottom site at the mouth
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Fig. 1. Trawl locations within the Rhode River subestuary. Inset shows the location of SERC on Chesapeake Bay,(38°32W).
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of the subestuary, and a deep (~4 m) site in Chesapeake Bay off thented from mating was also determined, to provide a reference
mouth of the Rhode River. While no sampling strategy is perfectlylevel for a “fully recovered” male.
representative of a population, our sampling design captured a suit-
able cross section of blue crabs in the Rhode River for our studygiatistical analyses
since it incorporated multiple habitat types used by crabs and loca /a5 deferens weight, sperm-count, and sperm-concentration data
tions from the head of the subestuary to its opening into Chesapealgym recovery-rate experiments were log-transformed to meet as
Bay (Hines et al. 1987). This sampling strategy enabled ug &5 symptions of normality and homoscedasticity during tests of signif
mate the overall reproductive condition of male blue crabs in thgcance. vas deferens weight, sperm count, and sperm concentration
Rhode River, i() determine patterns in reproductive condition basedyere compared among groups, usingsts for pairwise compari
on location in the Rhode Riveriji) assess temporal differences ir re sons (e.g., large unmated vs. small unmated) and the differences of
(iv) estimate the operational sex ratio in the Rhode River. multiple means (Zar 1996). Field data were analyzed to identify
Size, sex, molt stage, and autotomy status (intact vs. missing aemporal and spatial differences in male reproductive condition, by
regenerating limbs) were recorded for each crab. The reproductiveomparing mean vas deferens weights for each month and location
condition of male crabs was determined by weighing the vasaising a mixed-model analysis of covariance= 0.05) (year was
deferentia. Scatter plots of vas deferens weight versus CW weranalyzed as a random variable, while location, autotomy status,
generated from the data for each month. Data for all locations werand molt stage were considered fixed) with a LSD mean compari
pooled in each month, because there were no location effects (s@®n procedure using crab size as a covariate (preliminary analysis
Results). Sperm counts could not be conducted on field samplesevealed that crab size had a significant influence on vas deferens
owing to time constraints. weight). Differences in vas deferens weight based on autotomy sta
The average weight of vasa deferentia for crabs mated a singli!s (intact vs. missing or regenerating limbs) and molt stage (A,
time following complete recovery of sperm resources was deterearly post molt; B, late post molt; C, intermolt; D, premolt; E,
mined and was used as a reference point with which to compargcdysis) were examined in the same way.
the reproductive condition of field-collected males. Mean vas
deferens weight was obtained by holding a group of 15 males
whose sizes covered a large range (115-160 mm CW), for 20 da
(resulting in complete recovery of sperm resources as describeég . . .
above), allowing them to mate a single time, and then weighing th ep_roduc_:tlve resources of males: role of size and
vasa deferentia. The proportions of trawl-caught crabs that laynating history . ) .
above and below this value were classified as being either “recov Small unmated males in the experimental group had 4 sig
ered” or “depleted,” respectively. The reproductive condition of anificantly lower mean vas deferens weight than large un
control group of males held under identical conditions but- pre mated males (1.41 vs. 4.23 g= 3.60,p < 0.001; Fig. 2).

esults
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Fig. 2. Vas deferens weight of small males (with carapace width Fig. 3. Sperm counts of small males (with carapace width (CW)
(CW) below the legal limit of the fishery (<127 mm); denoted below the legal limit of the fishery (<127 mm); denoted by open
by open bars) and large males (with CW > 140 mm, well above bars) and large males (with CW > 140 mm, well above the legal
the legal limit of the fishery; denoted by shaded bars) prevented limit of the fishery; denoted by shaded bars) prevented from
from mating (unmated) and sacrificed 0, 3, 9, and 20 days after mating (unmated) and sacrificed 0, 3, 9, and 20 days after two
two consecutive matings (small males not tested at 9 and consecutive matings (small males not tested at 9 and 20 days).
20 days). Means * standard error of the mean are plotted. Means * standard error of the mean are plotted.
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Immediately after mating, large males had a very low mearsperm, respectively); these values were significantly lower
vas deferens weight (1.31 g) that was significantly lowerthan those of small unmated males (1.2 x° l€perm)
than that of large males allowed even a 3-day recoveryt = 2.84,p < 0.008 and = 2.89,p < 0.007, respectively), de-
(2.16 g) € = 2.07,p < 0.04). The mean vas deferens weight spite no significant difference in vas deferens weight (Fig. 3).
of large males allowed to recover for 3 days was signifi- Mating history also had an influence on sperm concentra-
cantly lower than that of large unmated maldés=(2.52, tion in small males. Small unmated males had a higher mean
p < 0.02) or large males allowed to recover for 20 dayssperm concentration (1.01 x 48perm cells x (vas deferens
(t = 3.14,p < 0.004; Fig. 2). Nine days following mating, weight (g)J}) than small males evaluated just after mating
large males had a mean vas deferens weight significantlf2.97 x 1¢ sperm cells x (vas deferens weight (g))
higher than that of males sacrificed immediately after mat{t = 3.99, p < 0.0004) or those allowed a 3-day recovery
ing (t = 3.39,p < 0.002) but not significanly different from (4.25 x 1@ cells x (vas deferens weight (gJ) (t = 3.33,
that of large unmated males and those allowed a 20-day re < 0.002; Fig. 4). No significant differences in sperm €on
covery. centration were found among large males or large and small
Regardless of recovery time, small males consistently hachales with similar mating histories.
low vas deferens weight that was significantly below that of The quantity of reproductive resources delivered by males
large males (except large males allowed a 0- or 3-day recowvas estimated by measuring differences in vas deferens
ery time following mating). There were no differences in weight and sperm counts before and after the experimental
mean vas deferens weight among small unmated malamatings. Large males experienced an average drop of 2.92 g
(1.41 g), small males that had just mated (1.27 g), and sma(l70%) in seminal material and 1.78 x *1(F0%) sperm as a
males allowed a 3-day recovery (1.19 g). result of the two mating events, whereas for small males,
Sperm counts revealed no significant differences betweerseminal fluid decreased by only 0.14 g (10%) and sperm by
small unmated males and large unmated males (Fig. 3¥.9 x 1¢ (70%) as a result of the two mating events.
despite the weight of the vasa deferentia of small males be
ing only a fraction of that of a large male (Fig. 2). Large Reproductive condition of males in the Rhode River
males sacrificed immediately after mating and those allowed The sex ratio for crabs caught in trawls was highly variable
a 3-day recovery had very low sperm counts (7.2 46d  over the course of the reproductive season in both years. The
8.4 x 1¢ sperm, respectively) that were significantly less mean ratio of males with a CW over 110 mm (the minimum
than those of large unmated males (2.5 x° ¥perm) size at which males were observed paired with females in the
(t=2.74,p < 0.01 andt = 2.32,p < 0.03, respectively) and field) to pubertal females was ~2:1 in 1996 and ~7:1 in 1997.
large males allowed a 20-day recovery (2.1 > Bperm) There were no differences in mean vas deferens weight
(t=2.64,p<0.01 and = 2.22,p < 0.04, respectively). Nine among locations in the Rhode River subestudfy; =
days following mating, the sperm counts of large males were2.29, p < 0.25) or among months~(, , = 3.01,p < 0.26),
intermediate between (and statistically indistinguishableduring the reproductive season. Intact crabs had a higher
from) those of unmated males and those that had just matednean vas deferens weight than crabs missing or regenerating
Small males allowed a 0- or 3-day recovery time had thdimbs (pooled mean, 1.57 vs. 1.24 &4 = 4.85,
lowest sperm counts of all groups (4.1 x818nd 4 x 16  p < 0.028). Molt stage B crabs had significantly lower mean
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Fig. 4. Sperm concentration (number of sperm/vas deferens a high incidence of mating in the population leaves many
weight) for small males (with carapace width (CW) below the  males depleted.

legal limit of the fishery (<127 mm); denoted by open bars) and At first consideration, the absolute sex ratios of 2:1 and
large males (with CW > 140 mm, well above the legal limit of  7:1 for the 2 years of this study suggest that there are plenty
the fishery; denoted by shaded bars) prevented from mating (un of males to mate with the female population (without regard
mated) and sacrificed 0, 3, 9, and 20 days after two consecutiveto the amount of sperm females receive). However, these are
matings (small males not tested at 9 and 20 days). Means = probably very liberal estimates of the “operational sex ratio,”
standard error of the mean are plotted. a value that provides a more accurate depiction of which
males in the population are likely to mate. To estimate this
value, we should eliminate or devalue the males that are not
$ 1.2 X 10°4 {» likely to be mating (e.g., males that are molt stages A, B, D,

._.
~
X
—_
S)
=}

and E (which are never observed paired in the field) and
those that have lost even one cheliped and are significantly
2 90 % 1084 less able to defend females from intact competitors; Smith
1992). Competitive interactions between males can also in
6.0 X 10%+ fluence the operational sex ratio. Laboratory experiments re

20 x 104k vealed that large males have better pairing and mate-stealing
: success than small males (Jivoff 189799h). The mating
S 2.0 x 108+ history of males is also a determinant of pairing success
(Jivoff 19973, 199). Males that have recently mated (and
0.0 : :  —
0 3 9 20

1.0 X 10°+

/vas def. wt.)

therefore have low vas deferens weight and sperm count; see
Results) are, in fact, better competitors for mates than males
without recent experience (Kendall and Wolcott 1999).
Given these considerations, the operational sex ratio will al
ways be less than the absolute ratio of adult males to puber-

vas deferens weight than molt stage C crabs (0.52 vs. 1.46 {f! fémales, and an estimate of 1:1 may be more appropriate
tr44 = 5.05,p < 0.0001). No other differences in vas deferensio" the Rhode River system. _ _

weight among molt stages were found, although a larger sam- 1heré were no significant differences in mean vas
ple size for molt stage A, D, and E crabs would allow the ef_defe'rens We|ght_ among Iocatlon.s or months over the repro-
fects of molt stage to be interpreted with more confidence. ductive season in the Rhode River. However, these are not

At all times during the 1996—1997 mating seasons, at leadhe most informative comparisons for examining spatial and

50% of the males in the population were scored as «gelemporal trends in male reproductive condition. Females do

pleted” (had vas deferens weight below that expected haf0t Maté with the dveragé male crab; females receive
they mated a single time following complete recovery ofSPerm fromindividual males in the population. Examining

sperm volume: Figs. 5 and 6). In both years, during memean reproductive condition instead of reproductive condi-
when the mating season begins in earnest, depleted malign Of individuals can be misleading. For example, in apop
comprised as much as 64-74% of the male populatiohlation, the average amount of stored sperm per male may
(Figs. B and &). Furthermore, there was a large humber ofP€ high but, if individual males that have very low sperm

males that even had vas deferens weights much lower thafp!lume mate with some percentage of the females, those fe

the average value expected had they mated once after fu@?ales may be sperm limited. Conversely, the average level

recovering their sperm volume (i.e., below 1.38 g). f stored sperm per male in a population may be very low
but, if the few males in the population with a large volume

of stored sperm are competitive dominants, they may do
most of the mating and provide their mates with ample
sperm. Therefore, rather than examining mean vas deferens
A large proportion of the males across all size-classes iveight over some time interval or location, we suggest that
the Rhode River had low vas deferens weight. A variety ofscatter plots of vas deferens weight versus crab size yield a
causes may be responsible. We demonstrated that smallore meaningful biological perspective on the reproductive
males simply have low vas deferens weight. Other malesondition of the male population.
may have gametogenesis and production of seminal fluid We observed a large number of males in the population
precluded by the energetic requirements of molting or limbwith a vas deferens weight much lower than that expected
regeneration. At any given time, 20-30% of crabs in thehad they just mated a single time after fully recovering their
Rhode River basin are either premolt or post molt (Hines esperm volume. This suggests that these males lack a full
al. 1987) and 17-25% of crabs are missing and (or) regenecomplement of sperm and (or) seminal fluid between-con
ating at least one limb (Smith and Hines 1991). Males withsecutive mating events. In fact, many males in the field were
significant limb loss are less competitive for mates than in observed to have vas deferens weights much lower than even
tact males (Smith 1992). For molting or injured males, enerthe most depleted groups observed in the laboratory study.
getic expenditure on sperm production may not contribute td-emales mated with these males would receive particularly
their reproductive success as much as energy put towalddw quantities of sperm and seminal fluid.
regeneration of chelae or limbs or calcification of their Following mating, large males recover most of their semi
exoskeleton. Another contributing factor may be simply thatnal resources (sperm and seminal fluid) in less than 9 days.

Unmated

Concentration (sperm no

No. of days since 2nd mating

Discussion
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Fig. 5. Scatter plots of vas deferens weight (g) versus carapace width (mm) for pooled trawls during July—Sepaeo)lrtiie
1996 reproductive season. The horizontal line in each plot denotes the vas deferens weight of a crab allowed full recovery of sperm
resources and then mated a single time.
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Vas deferens weight is recovered very quickly; as few agleclines (Jivoff 199&), which will reduce the time available

9 days were required for large males to have a vas defererier recovery of reproductive resources between consecutive
weight significantly higher than that of males which had justmatings. Furthermore, small males that escape the fishery
mated and statistically indistinguishable from the vasare left to service a large portion of the female population.
deferens weight of fully recovered males. However, the reField observations in the Rhode River revealed that sublegal
covery of sperm number probably takes longer and is appamales are paired with approximately one-third of receptive
ently still underway at 9 days following copulation; at this females (Jivoff 1995, 19%). Males below the legal size
point, large males have levels of sperm that are intermediatémit of the fishery generally have available only a fraction
between just-mated males and fully recovered males andf the seminal material of large males. Females mated with
overlap statistically with both. Despite these small differ males of below 127 mm CW probably received smaller
ences in the recovery rate of sperm number and seminguantities of seminal fluid and, possibly, fewer sperm than if
fluid for large males, the experimental samples demonstratthey had mated with a large recovered male.

that, for large males, complete recovery of all seminal mate We were also able to infer the amount of seminal material
rial is attained between 9 and 20 days following mating.that males delivered to females by comparing vas deferens
Small males require more than 3 days to recover spernwveight and sperm number observed in males before and af
number (vas deferens weight does not vary), although theer mating. In our experiments, both large and small males
time required for complete recovery cannot be determinedlelivered approximately 70% of their stored sperm, although
from this study (we did not follow a group of small males the difference in absolute numbers was bigger for large
for a longer recovery period, because vas deferens weighales. In fact, large males delivered 2.25 times as much
levels had not dropped much following mating). Since malessperm and 21 times as much seminal fluid as small males.
typically guard females for 2-5 days after mating and forInterestingly, small males experienced essentially no change
~5 days prior to mating (these values are estimated fronin vas deferens weight following mating, whereas large
field observations and laboratory experiments, respectivelymales lost nearly 70% of their premating vas deferens
Jivoff 1995), the sum of these times suggests that largaveight, indicating that small males deliver scant amounts of
males that mate repeatedly would have sufficient time to reaccessory seminal fluid with their sperm.

plenish most of their number of spermatozoa and at least The delivery of male reproductive resources is affected by
some of their seminal fluid (vas deferens weight) betweerthe interaction of male size and mating history. Additionally,
consecutive matings. However, large males are being-seletevels of reproductive resources are characterized by high
tively removed from the population by the fishery. The fish variability, both in the experimental crabs and in the field
eries mortality F) on age 1+ is estimated to be as high aspopulation. While large fully recovered males appear to be
0.8-0.9 in some years (Sauls et al. 1995). Those males thaapable of delivering much greater quantities of seminal
remain will spend less time guarding mates as the sex ratifiuid and sperm than small males, the levels of reproductive
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Fig. 6. Scatter plots of vas deferens weight (g) versus carapace width (mm) for pooled trawls during June—Septeiploértife
1997 reproductive season. The horizontal line in each plot denotes the vas deferens weight of a crab allowed full recovery of sperm
resources and then mated a single time.
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resources for many large males in nature may be similar tgibility of sperm limitation. Since smaller males have less
those of small males, especially if the large male has beeseminal fluid, their sperm plugs may be less effective. While
mating recently. this may result in some sperm leakage (making sperm lmita
Females mating with large depleted males or small maleion more likely), it could increase the potential for a female
of any reproductive history receive small quantities of semito receive sperm from two males because of an ineffective
nal fluid. The long-term consequences of receiving lesglug; this would reduce her likelihood of being sperm limited.
seminal fluid are unclear. Seminal fluid is not only the-me  We have documented high incidences of males with very
dium in which sperm are transferred but also has been sugeduced seminal resources in a natural population and dem
gested to influence reproductive success by serving as eénstrated that stored sperm and seminal fluid become de
source of sperm nutrition during storage (Subramonianpleted as a result of mating and remain so for some days.
1993), as an antibacterial agent protecting the female reprdhese results confirm the importance of two potential mech
ductive tract (Jayasaker and Subramoniam 1999), and asamisms by which the reproductive potential of the blue crab
“sperm plug” that may both prevent deposited sperm frommating system could be limited by reproductive resources
leaking out of a female’s seminal receptacles and dery acontributed by males (sperm and (or) seminal fluid): (1) a
cess to a female’s reproductive tract to subsequent malg@gduction in the male:female operational sex ratio and (2) a
(Ryan 1964; Hartnoll 1969). Males delivering reduced guanhigh incidence of mating by small or frequently mating
tities of seminal fluid but normal numbers of spermatocytesmales with low vas deferens weight (for large males; fre
may experience reduced reproductive success due to speiaent mating is probably not a source of reduced fertiliza
loss from inadequate nutrition, bacterial infection, or simpletion success, if mate-guarding times observed in the
leakage from a female’s reproductive tract. laboratory accurately reflect those in the field). To under
It should be noted that the dual role of the “sperm plug”stand the impact of these mechanisms on the reproductive
might have both positive and negative influences on the posoutput of females and definitively determine if sperm limita
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tion is occurring, it remains toi) determine the amount of Jayasankar, V., and Subramoniam, T. 1999. Antibacterial activity

sperm and seminal fluid received by females in the field, of seminal plasma of the mud cracylla serrata(Forskal). J.

(i) examine the influences of male size and mating history EXxp. Mar. Biol. Ecol. No. 236. pp. 253-259.

on the amount of sperm and seminal fluid actually transJivoff, P.R. 1995. The role of mate guarding, male size, and male

ferred to females, ii{) quantify the relationship between investment on individual reproductive success in the blue crab,

sperm number, seminal fluid Vo|ume1 and fertilization suc Callinectes SapldUSPhD thesis, UniVerSity of Maryland, Gol

cess, i) identify additional influences on operational sex lege Park. _ _

ratio and their effects on the reproductive potential of thelivoff, P.R. 199@. The relative roles of predation and sperm eom

population, andy) identify the role(s) of seminal fluid in the petition on the du_ratlon of the post-populatory association be

blue crab mating system. tween the_ sexes in the blue craBallinectes sapidusBehav.
Proper management of the fishery must incorporate all as_ ECl- Sociobiol.40: 175-185. o

pects of the stock—recruit relationship. Often, managemertVOff: P-R. 199B. The advantages of large body size in sexual

strategies consider only mature females in this regard (Jones COMPetition among males in the blue cralallinectes sapidus

et al. 1990; Sauls et al. 1995; Prager 1996). Blue crabs an Biol. Bull. (Woods Hole, Mass.)193 368-380. .

other crustacean species appear to be susceptible to ﬁsher??nes’ C., McConaugha, J., Geer, P, and Prager, M. 1990. Estimates

induced sperm limitation (Smith and Jamieson 1991; Paul of spawning stock size of the blue craballinectes sapidysin

. - - - Chesapeake Bay, 1986—1987. Bull. Mar. Si8: 159-169.
and Paul 1992; Sainte-Marie and Lovrich 1994). Our StUdyKendaII, M.S., and Wolcott, T.G. 1999. The influence of male-mat
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productive potential at the population level in the blue crab. Milliin, M.R., and Williams, A.B. 1980. Synopsis of biological

data on the blue cral@allinectes sapiduRathbun. NOAA (Natl.
Acknowledgements Ocean Atmos. Adm.) Tech. Rep. NMFS (Natl. Mar. Fish Serv.),
] ] No. 1. pp. 1-39.
We thank Dave Eggleston and Marianne Niedzlek-Feavefye, L. 1989. Variation in feeding behavior of the blue cralli-

for their assistance and comments on early versions of the nectes sapidu@Rathbun). M.S. thesis, North Carolina State Uni-
manuscript; Kelly Clark, Jen Gavin, Sharon Handley, Midge versity, Raleigh.

Kramer, Laura Nye, Keith Ruffin, Jeff Terwin, and the rest paul, A.J., and Paul, J.M. 1992. Second clutch viability of
of the Smithsonian Environmental Research Center staff for Chionoecetes bairdRathbun (Decapoda: Majidae) inseminated
many hours of field assistance; and Wynne Bost for many only at the maturity molt. J. Crustacean BidR: 438—441.
hours of laboratory work. This research was supported byowell, G.C., James, K.E., and Hurd, C.H. 1973. Ability of male
SERC’s Graduate Fellowship Program, SERC’s Environ- king crab,Paralithodes camtschaticgo mate repeatedly. Fish.
mental Sciences Program, a Disney Wildlife Conservation Bull. (Washington, D.C.)72: 171-179.

Fund grant to A.H. Hines and T.G. Wolcott, and National Prager, M.H. 1996. A simple model of the blue crazllinectes
Science Foundation grants OCE-9711522 to T.G. Wolcott sapidus spawning migration in Chesapeake Bay. Bull. Mar. Sci.
and D.L. Wolcott and OCE-9711843 to A.H. Hines. A por 58 421-428.

tion of the work presented here is drawn from a thesis subPrager, M.H, McConaugha, J.R., Jones, C.M., and Geer, P.J. 1990.
mitted in partial fulfillment of the requirements for the  Fecundity of blue crabCallinectes sapidysn Chesapeake Bay:

Master of Science degree at North Carolina State University. biological, statistical and management considerations. Bull. Mar.
Sci. 46: 170-179.

Ref Ryan, E.P. 1964. Structure and function of the reproductive system of
ererences the crabPortunus sanguinolentuslerbst) (Brachyura: Portunidae):
Abbe, G.R., and Stagg, C. 1996. Trends in blue ci@all{nectes the male system. Mar. Biol. Assoc. India Symp. Ser506-521.
sapidusRathbun) catches near Calvert Cliffs, Maryland, from Sainte-Marie, B., and Lovrich, G.A. 1994. Delivery and storage of
1968 to 1995 and their relationship to the Maryland commercial SPerm at first mating of femal€hionoecetes opiligBrachyura:
fishery. J. Shellfish Resl5: 751-758. Majidae) in relation to size and morphometric maturity of male
Casey, J.F., Daugherty, B., Davis, G., and Uphoff, J.H., Jr. 1990, Parent. J. Crustacean Bidl4: 508-521. _
Blue Crab Management Project: stock assessment of the blugainte-Marie, G., and Sainte-Marie, B. 1999. Reproductive prod
crab in Chesapeake Bay. Maryland Department of Natural Re Uucts in the adult snow cratChionoecetes opiljo Il. Multiple
sources, 580 Taylor Ave., Annapolis, MD 21401. pp. 1-21. types of sperm cells and of spermatophores in the spermathecae
Darsono, P. 1992. Investigations on mating and fertilizationr suc  Of mated females. Can. J. Zodi7: 451-462.
cess in the blue cralallinectes sapidusM.Sc. thesis, Univer ~ Sauls, B., Spier, H., Whilden, M., and O'Connell, T. 1995. Summary

sity of Charleston, Charleston, S.C. of Maryland blue crab information. 1995 Blue Crab Steering €om
Ennis, G.P. 1980. Size—-maturity relationships and related observations mittee Briefing Document. Maryland Department of Natural Re

in Newfoundland populations of the lobstétdmarus americanys sources, 580 Taylor Ave., Annapolis, MD 21401. pp. 1-13.

Can. J. Fish. Aquat. ScB7: 945-956. Smith, L.D. 1992. The impact of limb autotomy on mate competi
Hartnoll, R.G. 1969. Mating in Brachyura. Crustaceana (Leiden), tion in blue crabsCallinectes sapiduRRathbun. Oecologiag9:

16: 161-181. 494-501.

Hines, A.H., Lipcius, R.N., and Haddon, A.M. 1987. Population Smith, L.D., and Hines, A.H. 1991. Autotomy in blue crabafli-
dynamics and habitat partitioning by size, sex, and molt stage of nectes sapiduRathbun) populations: geographic, temporal, and
blue crabsCallinectes sapidu@ a subestuary of central Chesa ontogenetic variation. Biol. Bull. (Woods Hole, Mass18Q
peake Bay. Mar. Ecol. Prog. S&6: 55-64. 416-431.

© 2001 NRC Canada



Kendall et al. 1177

Smith, B.D., and Jamieson, G.L. 1991. Possible consequences of ifram, U., and Wolfner, M.F. 1999. Male seminal fluid proteins are
tensive fishing for males on the mating opportunities of Dunge  essential for sperm storage Drosophila melanogasteGenet

ness crabs. Trans. Am. Fish. SA20 650-653. ics, 153 845-857.

Subramoniam, T. 1991. Chemical composition of spermatophore¥an Engel, W.A. 1990. Development of the reproductively func
in decapod crustacearns. Crustacean sexual biologidited by tional form in the male blue crabCallinectes sapidusBull.
R.T. Bauer and J.W. Martin. Columbia University Press, New Mar. Sci.46: 13-22.

York. pp. 308-321. Waddy, S.L., and Aiken, D.E. 1986. Multiple fertilization and consec

Subramoniam, T. 1993. Spermatophores and sperm transfer-in ma utive spawning in large American lobstekdpmarus americanus.
rine crustaceans. Adv. Mar. Bio29: 129-214. Can. J. Fish. Aquat. Scil3: 2291-2294.

Sulkin, S.D., Branscomb, E.S., and Miller, R.E. 1976. InducedZar, J.H. 1996. Biostatistical analysis. 3rd ed. Prentice Hall Inc.,
winter spawning and culture of larvae of the blue cra&alli- Upper Saddle River, N.J.

nectes sapidufathbun. Aquacultured: 103—-113.

© 2001 NRC Canada



