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ABSTRACT: This study examined whether sperm allocation by males can limit sperm passed to
females in fished spiny king crab populations in which large males are selectively fished. We in-
vestigated the recovery rate of sperm in vasa deferentia of males of different body sizes, sperm allo-
cation passed to females of different body sizes by males of different body sizes, and sperm allocation
in different male:female sex ratios (1:1 or 1:6) by males of different body sizes by laboratory experi-
ments. The recovery rates of sperm were very slow regardless of male size, suggesting that a sperm
allocation strategy is important to increase male reproductive success in this species. In large males,
the ejaculate size increased significantly with increasing female size, but the ejaculate size of small
males did not vary with female size, indicating that small males cannot increase ejaculate size by
more than a certain number. Females mated with small males showed significantly lower fertilization
rates than females mated with large males. Males showed no difference in pattern of sperm alloca-
tion between the different sex ratios in both male size classes. These results suggest that a decrease
in mean male size due to male-only fishing would increase the number of females mated with small
males without an ability to increase ejaculate size with increasing female size, so that females mating
with small males would receive an insufficient sperm supply and have a low fertilization rate due to
sperm limitation.
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INTRODUCTION

Sperm production is costly and slow in many organ-
isms (e.g. Dewsbury 1982, Pitnick & Markow 1994).
Therefore, males should economize on their sperm by
efficiently partitioning it among successive matings
depending on the expected reproductive return and
future mating opportunities (Dewsbury 1982, Pitnick &
Markow 1994, Warner et al. 1995, Parker et al. 1997).
Various animal taxa have a sperm allocation strategy,
which is especially well documented in terrestrial
insects (e.g. Pitnick 1993, Pitnick & Markow 1994,
Gage & Barnard 1996, Wedell 1998, Wedell & Cook
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1999, Rondeau & Sainte-Marie 2001, Pizzari et al.
2003). To maximize their reproductive success, males
allocate their sperm reserves depending on various
factors. For example, risk of sperm competition (e.g.
presence of a rival male) may induce males to increase
their sperm number per mating to have a greater fertil-
ization rate (e.g. Gage & Barnard 1996, Marconato &
Shapiro 1996, Wedell et al. 2002, Pizzari et al. 2003).
Males have greater reproductive success by strategi-
cally increasing their sperm numbers to females that
provide larger fertilization returns (e.g. Gage &
Barnard 1996, Marconato & Shapiro 1996, Wedell
1998, Wedell & Cook 1999, Wedell et al. 2002, Pizzari
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et al. 2003). Males also allocate their sperm reserves
depending on the probability of how many females will
be encountered (e.g. Pitnick 1993, Pitnick & Markow
1994, Rondeau & Sainte-Marie 2001, Wedell et al.
2002).

The sperm allocation strategy is sometimes a dis-
advantage for females due to severe reduction in
sperm numbers from males. For example, a female-
biased sex ratio means an increase in future mating
opportunities for males, which may cause males to con-
serve their sperm reserves for future mating oppor-
tunities by decreasing the ejaculate size per mating
even at the expense of a reduced fertilization rate, that
is sperm limitation, because it is less costly to males
than depleting their sperm before mating opportuni-
ties have ended (Warner et al. 1995). In snow crab
Chionoecetes opilio, males prudently allocate their
sperm to successive mating by decreasing ejaculate
size per mating whem sex ratio (SR) skews toward
females (Rondeau & Sainte-Marie 2001), resulting in
sperm limitation in mated females. Theoretical models
suggest that the pattern of sperm allocation is more
pronounced with increasing variance of female re-
productive quality (Galvani & Johnstone 1998); this
pattern also varies with the number of sperm retained
by the male at the start of the reproductive season
(Galvani & Johnstone 1998).

In addition, sperm limitation in females may result
from a difference in sperm allocation by males of dif-
ferent body sizes. Larger male spiny lobster Panulirus
argus adjust the sperm numbers passed to females
depending on the body size of females and pass larger
ejaculates to larger females. However, smaller males
have a limited capacity to increase the ejaculate size,
and so larger females that mate with smaller males
have smaller clutches (MacDiarmid & Butler 1999).
Therefore, the probability that female fertilization suc-
cess will be constrained by an insufficient sperm sup-
ply may be high in a population in which the SR is
skewed toward females or the number of larger males
is small.

Fisheries cause changes in population structure.
Fisheries in many large decapod crustaceans selec-
tively harvest only large males (e.g. Ennis et al. 1990,
Smith & Jamieson 1991, Abbe & Stagg 1996, Sato et al.
2005a), which decreases the mean male size and
skews the sex ratio toward females in populations
(Paul & Adams 1984, Ennis et al. 1988, Abbe & Stagg
1996, Sato et al. 2005a). A decrease in male crab den-
sity reduces the intensity of male competition for
receptive females. Therefore, small mature males may
replace fished large males for reproduction (Ennis et
al. 1988, 1990, Sainte-Marie 1993). The remaining few
larger males and small males mate more often than in
non-fished populations (Powell et al. 1974, Ennis et al.

1988, 1990, Sainte-Marie 1993). Thus the probability
may increase that females will suffer from sperm
limitation due to male sperm allocation. However,
compared with terrestrial insects, only a few studies
have shown a sperm allocation strategy by marine
crustaceans (Jivoff 1997, MacDiarmid & Butler 1999,
Rondeau & Sainte-Marie 2001). The occurrence of
sperm limitation in commercially fished decapod
populations have been investigated (e.g. Smith &
Jamieson 1991, Hankin et al. 1997, Paul & Paul 1997,
Kendall et al. 2001, Rondeau & Sainte-Marie 2001,
Sato et al. 2005a), but a comprehensive understanding
of the mechanisms that limit sperm passed to females
in such fished populations does not exist.

The spiny king crab Paralithodes brevipes inhabits
the Sea of Okhotsk off northern Japan and in the
Bering Sea (Miyake 1982). It is an important fishery
resource off eastern Hokkaido, but catches have
declined in recent years. Since 1991, only males larger
than 80 mm carapace width (CW), corresponding to
about 69.7 mm carapace length (CL) from the relation-
ship between CL and CW shown by Mori (1993), have
been fished. The fishery for this species starts every
year on April 1 at Hamanaka (43°30'N, 145°60'E) and
lasts until July. The male-only fishing decreases the
size of males available for mating and skews the SR
toward females in the fished population of Hamanaka
(Sato et al. 2005a).

Larger males of the spiny king crab have larger
sperm reserves and a superior ability to mate with
females and to fertilize their clutches successively
compared with smaller males (Sato et al. 2005a). In a
fished population, the number of sperm retained by
males decreases throughout the reproductive season
and some males deplete their sperm reserves, so much
that they cannot mate, even in the middle of the re-
productive season (Sato et al. 2005a). Some mature
females are lacking or have only partial clutches, and
many females with clutches have a low fertilization
rate in fished populations. Temporary shortages of
sperm and males for females cause a reduction in the
fertilization rate (T. Sato et al. unpubl. data). Thus
sperm limitation would exist in the fished populations
(Sato et al. 2005a). However, a comprehensive under-
standing of the mechanisms limiting sperm passed to
females in fished spiny king crab populations does not
exist. Because the number of mating opportunities for
males increases in fished spiny king crab populations,
males may allocate their sperm to successive matings
by decreasing the ejaculate size at each mating at the
expense of a reduced fertilization rate. So far, there is
no study examining sperm allocation strategy of the
spiny king crab.

The reproductive ecology of this crab has been little
studied (Wada et al. 1997, 2000, Sato et al. 2005a,b).
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Our field and laboratory observations have shown that
females have one reproductive season from late April
to late May per year at Hamanaka and that the recep-
tivity of females is rather synchronous in time. Females
molt once in the reproductive season before mating,
mate once just after molting (Wada et al. 1997), and
usually start to spawn within ca. 1 h after mating
(T. Sato et al. unpubl. data). Females have no sper-
matheca, so they are highly susceptible to sperm limi-
tation. Females spawn larger numbers of eggs with
increasing female body size (Sato & Abe 1941). Males
have a larger amount of sperm with increasing male
body size (Sato et al. 2005a). This size-dependent
reproduction by each sex may influence the pattern of
a sperm allocation strategy by males (Galvani & John-
stone 1998, Reinhold et al. 2002). To understand the
sperm allocation patterns, whether the recovery rate of
sperm in vasa deferentia varies with male size should
be examined because the recovery rate influences the
amount of sperm held by males.

This study examined by 3 laboratory experiments if
sperm allocation by males can limit sperm passed to
females in fished spiny king crab populations in which
large males are selectively fished. We investigated the
recovery rate of sperm in vasa deferentia of different
male body sizes, the sperm allocation to females of dif-
ferent body sizes by males of different body size, and
the sperm allocation strategy at different SR with
males of different body sizes.

MATERIALS AND METHODS

All laboratory experiments were conducted at the
Akkeshi Station of the Incorporated Administrative
Agency, Fisheries Research Agency, National Center
for Stock Enhancement, Hokkaido, Japan, from April
to September 2003 and 2004. At this station, many
mature spiny king crabs are reared to produce seed
crabs for a stock enhancement program. Mature crabs
were collected off eastern Hokkaido. Male crabs were
collected in early April before the reproductive season
in 2003 and 2004. Smaller crabs (<CL 69.7 mm) were
caught in crab pots at various sites and depths (<40 m)
off the coast of Hamanaka. Larger crabs (>CL 69.7 mm)
were bought from fishermen who also harvested male
crabs off the coast of Hamanaka. The collected males
were transported to the Akkeshi Station, and they
were sexed by shape of the abdomen. Their CL was
measured to the nearest 0.1 mm with vernier calipers.
Only intact individuals with all limbs and nonmolted
males in the intermolt stage were used in this study.
Crabs were divided into 4 groups based on sex and
body size (small male: CL 80-85 mm, large male: CL
100-110 mm, small female: premolt CL 80-85 mm,

large female: premolt CL 100-110 mm). Each group
was reared in different tanks (8 m®). During the ex-
periments, a light—dark regime matched the local con-
ditions, the water temperature was —0.6 to 4.3°C, and
the water was filtered and aerated. Fresh seawater
flowed through all tanks and aquaria, and the crabs
were fed shishamo smelt Hypomesus japonicus, short-
neck clams Ruditapes philippinarum and sand shrimps
Crangon spp.

Expt 1. Relationship between male size and sperm
recovery rate. We used 16 small males (CL 80-
85mm), 20 large males (CL 100-110 mm) and many
nonmolted large females (premolt CL 100-110 mm).
Each male was placed in a separate circular aquarium
(0.5 m®). We observed large females in an 8 m® tank
every morning. If a female had molted, we trans-
ferred it to a circular aquarium that had a male.
After the transfer, we checked if the molted female
had spawned every morning. After spawning, the
spawned female was moved from the circular aquar-
ium and another molted female was transferred to the
circular aquarium the next day. If molted females did
not spawn within 2 d after transfer, they were
checked for spermatophores attached to their ab-
domen. Females without spermatophores were trans-
ferred to another tank (8 m?® that contained over 30
males to determine if the spawning failure was due to
the male or the female. If the female spawned and
had a fertilized clutch in the tank with 30 males, we
assumed that the male in the circular aquarium was
the cause of the spawning failure.

Every male was given access to 1 molted female a
day until the male was incapable of inducing a female
to spawn within 2 d after the female molt and transfer.
A preliminary examination revealed that all successful
matings that induced a female to spawn were within
the 2 d. Males that did not induce a female to spawn
after more than 2 d were judged unable to induce
the female to spawn; these males were defined as
‘depleted males' and were then isolated from other
individuals in the separate circular aquarium.

Males store many spermatophores containing many
sperm in the vasa deferentia before mating (Sato et al.
2004, 2005a). Only sperm inside the spermatophores in
the vasa deferentia is available for mating. To estimate
recovery of exhausted sperm, at 0, 14 and 28 d after
male depletion, the vasa deferentia were removed and
were put into a 50 ml tube filled with 10 ml of 20%
NaOH solution to extract sperm from the sperma-
tophores (Sato et al. 2004). After 120 min, the tube con-
tents were mixed using a vortex-type mixer. The
mixed solution was immediately placed in a Thoma
hemacytometer, and the solution was allowed to settle
for 3 min. The sperm in 0.1 pl of the solution were then
counted under an optical microscope at 400x magnifi-
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cation and medium-high light. The total number of
sperm in the vasa deferentia was calculated as: (num-
ber of sperm counted/volume of NaOH counted [i.e.
0.1 pl]) x total volume (i.e. 10 ml). Four subsamples of
0.1 pl were taken, and the sperm were counted in each
tube; the average of the 4 counts was used as the num-
ber of sperm counted. Simple linear regressions were
used to find the relationships between the number of
sperm in the vasa deferentia and the number of days
after depletion of the males in each male size class. To
estimate the recovery rate of exhausted sperm, the
vasa deferentia were removed from unmated males
(small males, CL 80-85 mm, n = 11; large males, CL
100-110 mm, n = 13) before the reproductive season.
We counted the number of sperm in the vasa
deferentia retained by the unmated males using the
same method as for the above experiment except that
a 50 ml tube was filled with 40 ml of 20 % NaOH solu-
tion. The number of sperm retained by unmated males
was compared with that of males allowed to recover for
28 d using the t-test for each male size class after log-
transformed data sets were tested for homogeneity of
variances using the Levene test.

Expt 2. Effects of male and female size on ejaculate
size and fertilization rate. To examine the effects of
male and female size on the ejaculate size, we used
small males (CL 80-85 mm, n = 18), large males (CL
100-110 mm, n = 18), non-molting small females
(premolt CL 80-85 mm, n = 16), and non-molting large
females (premolt CL 100-110 mm, n = 20). Four groups
of male and female pairs were formed: small male and
small female, n = 8; small male and large female, n =
10; large male and small female, n = 8; large male and
large female, n = 10.

For each group, one male was placed into a separate
circular aquarium (0.5 m®. We observed the tanks
containing small or large females every morning to see
if they had molted. We transferred a molted female to
a circular aquarium to mate with a male, and we
observed them until they mated. Because female spiny
king crabs have no spermatheca, males attach sper-
matophores onto the abdomen of females near the
gonopores during mating (Sato et al. 2005a). Mated
females fertilize their eggs externally within the brood
chamber formed by a flap under the body (Sato & Abe
1941). In this study, the mated female was carefully
removed from the water just after mating, and the
spermatophores were removed from the fish's ab-
domen by cutting out parts of the female exoskeleton
where the spermatophores were attached. The exo-
skeleton parts were put into one 15 ml tube filled with
10 ml of 20 % NaOH solution. The total number of ejac-
ulated sperm was counted and estimated by using the
same method as for counting the number of sperm in
the vasa deferentia in Expt 1 except for soaking in

NaOH solution for 60 min (Sato et al. 2005a). Each
male mated only once with a small or large female. The
effects of male and female size on the number of
ejaculated sperm were analyzed using 2-way ANOVA
after log-transformed data sets were tested for homo-
geneity of variances using the Levene test.

To examine the effects of male and female size on
the fertilization rate, we used small males (CL 80—
85 mm, n = 13), large males (CL 100-110 mm, n = 12),
non-molting small females (premolt CL 80-85 mm, n =
11), and non-molting large females (premolt CL
100-110 mm, n = 14). Four groups of male and female
pairs were formed: small male and small female, n = 6;
small male and large female, n = 7; large male and
small female, n = 5; large male and large female, n = 7.

Similar to the experiment on the effect of male and
female size on ejaculate size, each male was placed
into a separate circular aquarium (0.5 m®) and tanks
containing females were observed every morning. If
females had molted in the tank, they were transferred
individually to a circular aquarium to mate with a
male. After the females mated and spawned in the
aquarium, they were transported to another tank
(2 m®). After about 12 d postspawning (T. Sato et al.
unpubl. data), when spawned and fertilized eggs
normally were divided into 32 cells, 150 eggs were
randomly collected from 3 parts of the clutch using a
pair of tweezers and examined for cell division under a
stereomicroscope. We used the percentage of dividing
eggs as the fertilization rate of the clutch. Each
male mated only once with a small or large female.
The effects of male and female size on fertilization
rate were analyzed using 2-way ANOVA after log-
transformed data sets were tested for homogeneity of
variances using the Levene test.

To investigate if small or large females were suitable
mates for spiny king crab males to maximize fertiliza-
tion returns by a finite sperm reserve, we calculated
the ‘'sperm-to-egg ratio’, which is the expected number
of fertilized eggs for each unit number of sperm passed
from male to female. Because all small and large
females that mated with large males showed an almost
100 % fertilization rate in the experiment on the effect
of male and female size on fertilization rate, we pre-
sumed here that all females show a 100 % fertilization
rate when they mate with a large male. The sperm-to-
egg ratio was calculated from (1) ejaculate size from
large male to female and (2) expected number of eggs
spawned by a mated female calculated from the rela-
tionship between the CL of mated females and number
of eggs spawned, log;, (number of eggs spawned) =
4.80 x log;, (premolting CL of female) — 4.74, r? = 0.86,
(Sato et al. unpubl. data). In this study, the sperm-to-
egg ratio indicating the expected number of fertilized
eggs for every 10000 sperm passed from a large male
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to a female was calculated as: (expected number of
eggs spawned/number of ejaculated sperm) x 10000.
The sperm-to-egg ratio was calculated for each pair
(large male and small female, n = 8; large male and
large female, n = 10). The (-test was used to identify
significant differences in the sperm-to-egg ratio
between different sized females.

Expt 3. Effect of sex ratio on ejaculate size. To exam-
ine if ejaculate size varies with male:female SR sur-
rounding males, we used small males (CL 80— 85 mm,
n = 19), large males (CL 100-110 mm, n = 18),
and many non-molting large females (premolt CL
100-110 mm). Two groups were formed: small male
and large female, n = 19; large male and large female,
n = 18, and we compared the ejaculate size between
social circumstances for the different SR (male:female
= 1:1 or 1:6) of each male size class.

To estimate the ejaculate size for SR =1, 10 small and
9 large males were placed in separate circular aquaria
(1 m3, n = 19). Similar to the above experiment investi-
gating effect of male and female size on ejaculate size,
the tanks containing large females were observed
every morning. One molted female in the tank was
transported to an aquarium containing a male to mate.
After the male and the molted female mated, the ejac-
ulated sperm was collected and estimated. The method
of collecting and estimating the number of ejaculated
sperm was the same as for counting the number of
ejaculated sperm for each male and female size in
Expt 2.

To estimate the ejaculate size for SR = 0.167, 10 small
and 9 large males were placed into separate circular
aquaria (1 m3 n = 19) at least 2 d before mating. Five
non-molting females were placed in each aquarium
containing 1 male about 3 h before the start of the mat-
ing experiment. Most non-molting females were likely
to molt soon and be sexually receptive. All males
immediately grasped 1 non-molting female, or some-
times more non-molting females simultaneously,
which is precopulatory guarding behavior. In the spiny
king crab, the SR affects the duration of precopulatory
guarding behavior, and the duration was markedly
shorter at a female-biased SR (1:5) than at a SR of 1
(Wada et al. 2000), indicating that males can distin-
guish social circumstances surrounding themselves
based on the SR and decide their optimal strategy. Our
experiment in this study was done under the same
conditions (e.g. SR and aquaria) as the experiments of
Wada et al. (2000). At the end of the period to acclima-
tize for a female-biased sex ratio, 1 molted female in
the tank was transported to an aquarium containing a
male and 5 non-molting females. After the male and
the molted female mated, the ejaculated sperm was
collected and ejaculated sperm count estimated
depending on male and female sizes in Expt 2.

Each male mated with 1 female per day and with 2
females within 2 d. We compared the number of ejacu-
lated sperm in successive matings between different
SR in each male size class using 2-way repeated
measures ANOVA after testing for homogeneity of
variances using the Levene test.

RESULTS
Expt1

After the males were depleted, some sperm re-
mained in the vasa deferentia. The number of sperm in
the vasa deferentia of small males and the number of
days after males were incapable of mating showed no
relationship (y = 0.06x + 10.50, where y is the number
of sperm in vasa deferentia (x10°) and x is the number
of days after depletion, r? = 0.024, n = 16, p = 0.57). The
number of sperm in the vasa deferentia differed signif-
icantly between unmated males and males allowed
28 d to recover after depletion ({-test, t = 7.78, df = 14,
p <0.001, Fig. 1). The number of sperm in the vasa def-
erentia of the males allowed 28 d to recover was signif-
icantly lower than for unmated males (Fig. 1). Thus, the
number of sperm in the vasa deferentia was not even
partially recovered even 28 d postdepletion.

The number of sperm in the vasa deferentia of large
males and the number of days after males were inca-
pable of mating had a significant relationship (y =
0.22x + 14.85, where y is the number of sperm in vasa
deferentia (x10%) and x is the number of days after
depletion, 2 = 0.23, n = 20, p = 0.031), and the number
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Fig. 1. Paralithodes brevipes. Recovery rate of number of
sperm in vasa deferentia and number of sperm in vasa
deferentia retained by unmated males by small (CL
80-85 mm) or large (CL 100-110 mm) males. CL: carapace
length. Error bars: + SE. Numbers above bars: sample size
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of sperm in the vasa deferentia increased with
increasing number of days after depletion (Fig. 1).
However, the number of sperm in the vasa deferentia
of unmated males differed significantly from that of
males allowed 28 d to recover after depletion (t-test,
t=14.39, df = 18, p < 0.001), and the number of sperm
in the vasa deferentia of males allowed 28 d to
recover was significantly lower than for unmated
males (Fig. 1). Thus, the number of sperm in the vasa
deferentia of large males recovered very little even
28 d post-depletion.

Expt 2

In all pairs, spermatophores were correctly attached
to the female abdomen. 2-way ANOVA showed male
and female sizes were significant for the ejaculate size
and detected a 2-way interaction between male and
female sizes on the ejaculate size (Table 1). In large
males, the ejaculate size increased significantly with
increasing female size (Fig. 2a), but female size had no
effect on the ejaculate size of small males. Thus, the
ejaculate size passed to large females by different
sized males was significantly different (Fig. 2a). How-
ever, despite this, only male size was significant for the
fertilization rate (Table 2), male and female sizes
showed no interaction for fertilization rate (Fig. 2b),
and the fertilization rate of large females mated with
small males showed a small difference from that of
females mated with large males.

The sperm-to-egg ratio was significantly higher
when large males mated with large females than when
they mated with small females (t-test, t = -3.53, df = 16,

Table 1. Paralithodes brevipes. Two-way ANOVA of effects of
male and female sizes on number of ejaculated sperm

Source df Mean sq. F P
Male size (MS) 1 0.397 28.350 <0.001
Female size (FS) 1 0.09113 6.513 0.016
MS x FS 1 0.08668 6.195 0.018
Error 32 0.01399

Table 2. Paralithodes brevipes. Two-way ANOVA of effects of
male and female sizes on fertilization rate

Source df Mean sq. F P
Male size (MS) 1 110.912 6.854 0.016
Female size (FS) 1 21.466 1.372 0.262
MS x FS 1 13.065 0.807 0.397
Error 21 16.182

p = 0.003); thus large males had a larger fertilization
success for every 10 000 sperm passed to females when
mated with larger females than when mated with small
females (Fig. 3).
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Expt 3

The spermatophores of all pairs were correctly
attached to the female abdomen. In both small and
large male size classes, 2-way repeated measures
ANOVA showed only mating frequency was signifi-

Table 3. Paralithodes brevipes. Two-way repeated measures

ANOVA of effects of sex ratio and male mating frequency on

number of ejaculated sperm in successive matings by small
males (CL 80-85 mm)

Source df Mean sq. F P

Between subjects

Sex ratio (SR) 1 14.671 0.464 0.505
Error 17 31.618

Within subjects

Mating frequency (MF) 1 2780.650 117.664 <0.001
SR x MF 1 0.472 0.018 0.895
Error 17 23.632

Table 4. Paralithodes brevipes. Two-way repeated measures

ANOVA of effects of sex ratio and male mating frequency on

number of ejaculated sperm in successive matings by large
males (CL 100-110 mm)

Source df Mean sq. F P

Between subjects

Sex ratio (SR) 1 55.254 1.304 0.270
Error 16 42.387

Within subjects

Mating frequency (MF) 1 4268.444 96.234 <0.001
SR x MF 1 6.588 0.149 0.705
Error 16 44.355
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cant for ejaculate size and detected no 2-way interac-
tion between SR and mating frequency for ejaculate
size (Tables 3 & 4). Large males always passed larger
ejaculates to females than small males regardless of
mating frequency, and the ejaculate size decreased
with increasing mating frequency (Fig. 4).

DISCUSSION

Various taxa recover sperm reserves (e.g. Birkhead
1991, Westneat et al. 1998). In large male blue crab
Callinectes sapidus, exhausted sperm recovers com-
pletely between 9 and 20 d after mating (Kendall et al.
2001). Because large blue crab males typically guard
females for 2 to 5 d before mating (Jivoff 1995), large
males that mate may recover some sperm and their
seminal fluid by the next mating (Kendall et al. 2001).
In this study, large but not small male spiny king crab
significantly increased the number of sperm in the
vasa defentia with increasing number of days after
depletion. However, compared with blue crab, the
increase in number of sperm in the vasa defentia of
large males was very slight, and it occurred at a slow
rate, which suggests that spermatophore production is
costly for males. Males are unable to recover most of
their sperm reserve before the next mating and would
recover their sperm reserve completely by the next
reproductive season. This characteristic of the spiny
king crab male means males economize on their sperm
reserve and allocate their sperm efficiently among suc-
cessive matings to increase their reproductive success.

In species in which females vary in mate quality,
males attain higher reproductive success by allocating
larger sperm reserves to females that provide a larger
fertilization return (Wedell et al. 2002). Much evidence
exists that males provide larger ejaculates to larger
females in various species in which female reproduc-
tive potential usually depends on body size (e.g. Mar-
conato & Shapiro 1996, Wedell 1998, MacDiarmid &
Butler 1999, Wedell & Cook 1999). Large spiny king
crab males also adjust the ejaculate size depending on
female size and pass larger ejaculates to larger
females, which are more fecund than small females
(Sato & Abe 1941). Large sperm numbers passed to
large females result from the fact that the sperm effi-
ciency is significantly higher when males mate with
large females than when males mate with small
females, that is, larger females provide larger fertiliza-
tion returns.

The ejaculate size of small males did not vary with
female size, indicating small males cannot increase the
ejaculate size more than a certain number (ca. 22.5 x
10°® sperm, Fig. 2a). Small spiny lobster males have a
limited capacity to increase the ejaculate size with
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increasing female size, and clutches of large females
that mate with a smaller male are significantly smaller
than clutches fertilized by a larger male because sperm
supplies from the smaller males are insufficient for
complete fertilization (MacDiarmid & Butler 1999).
This female struggle with insufficient sperm supply by
small males is likely in spiny king crab. However, in
this study, the fertilization rate of large females mated
with small males showed only a small difference from
that of large females mated with large males, even
though the small spiny king crab males also passed
significantly smaller ejaculates to large females than
did larger males.

This discrepancy may result from artificial envir-
onments in the experimental aquaria in which the
females spawned and fertilized their clutches: the
aquaria had little water current even though aerated
seawater flowed through all aquaria. In free-spawning
species, the fertilization rate decreases as the velocity
of water current increases around spawning females at
spawning (Pennington 1985, Denny & Shibata 1989),
mainly due to dilution of the sperm in the water. Spiny
king crab females spawn and fertilize their eggs exter-
nally within the brood chamber formed by a flap under
the body. This process of fertilizing eggs increases the
chance of sperm loss and decreases the fertilization
rate (Subramoniam 1993), and the amount of loss and
decrease is influenced by the velocity of the water cur-
rent around spawning females at fertilization.

Smaller male stone crab, Hapalogaster dentata, in
which the process of fertilizing eggs is the same as in
the spiny king crab, pass much smaller ejaculates to
larger females than do larger males (T. Sato et al.
unpubl. data). However, when larger females mate
with smaller or larger males in an aquarium without a
water current, the fertilization rate of the females
mated with smaller males does not differ from females
mated with larger males, and it is high. However,
when larger females mate with smaller or larger males
in a natural habitat with a water current (velocity of
water current: mean + SE, 4.04 + 0.14 cm s7!), the fer-
tilization rate of females mated with smaller males is
markedly lower than for females mated with larger
males (small male x large female: 83.8 %, large male X
large female: 99.9 %, T. Sato et al. unpubl. data). Thus,
fertilization rate is influenced by the water current
around spawning females.

In this study, the result that small males had dispro-
portionate high fertilization rates by passing marked
smaller ejaculates than did large males may have been
caused by the artificial environment without a water
current in the experimental aquarium. Judging from
the difference in ejaculate size passed to large females
by different sized males, the sperm supply from small
males would be insufficient to fertilize a whole clutch

spawned by large females in the field. The reproduc-
tive success of such larger females may be limited by
sperm limitation in fished populations with few males
larger than females. In the future, we should examine
the relationship between fertilization rate and the
velocity of water current around a female.

The reproductive success of females may be limited
by female mate choice, which is seen in various ani-
mals, including crustacean species (Snedden 1990,
Jormalainen et al. 2000, Diaz & Thiel 2003). Female
mate choice should evolve whenever males differ in
ability to fertilize eggs (Trivers 1972). Spiny king crab
females should avoid mating with small males that
pass an insufficient sperm supply, and especially
larger females that spawn many eggs should be more
selective in choosing mates compared with smaller
females. However, larger females have difficulty in
finding males larger than themselves in fished spiny
king crab populations because of the size-selective
fishery (Sato et al. 2005a). If females have such a
choice criterion, females may delay mating due to a
decrease in availability of suitable mates and may fail
to mate within the optimal period after molting (Sato et
al. 2005b), resulting in a decrease in reproductive suc-
cess of females. Because larger females spawn many
eggs (Sato & Abe 1941), larger females have a great
impact on the reproductive rate of populations. Studies
to determine if large females successfully mate with
males and spawn in the fished populations would be of
great importance.

In most animals, mate choice is usually made by
females because the reproductive investment of fe-
males is thought to be larger than for males (Trivers
1972). However, males also choose mates in reproduc-
tive systems with relatively higher male reproductive
investment or in cases in which the number of male
matings is limited (Wiernasz 1995). Crustacean species
also have male mate choice (Shuster 1981, Wen 1993,
Goshima et al. 1996). The sperm recovery rate of the
spiny king crab is very slow, and the number of mat-
ings by males is few due to limited sperm reserves
(Sato et al. 2005a). Therefore, males must maximize
reproductive success by efficiently allocating their
limited sperm reserves to females that provide larger
fertilization returns. Males should be selective in
choosing mates. In this study, the sperm-to-egg ratio
was significantly higher for males mating with large
females than for males mating with small females, indi-
cating that large females have a high quality as mates
and therefore males with limited sperm reserves can
maximize their reproductive success by mating with
large females. Spiny king crab males may prefer large
females as mates. Little is known of the relationship
between the sperm-to-egg ratio varying with female
size and male mate choice.
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In this study, the pattern of sperm allocation of spiny
king crab males showed no difference between the dif-
ferent SR in both male size classes. However, snow
crab males allocate their sperm among successive mat-
ings by decreasing the ejaculate size at each mating
and pass insufficient sperm for successful fertilization
when the SR becomes heavily skewed toward females
(Rondeau & Sainte-Marie 2001), resulting in sperm
limitation in the mated female. Snow crab males usu-
ally risk sperm competition whenever males mate with
a female because females can be polyandrous (Sainte-
Marie et al. 1997, 1999). Snow crab males cannot pre-
dict when they can mate with females with low risk of
sperm competition. In addition, the last male that
inseminates a female just before spawning usually has
paternity through sperm stratification in the spermath-
eca of snow crab (Urbani et al. 1998, Sainte-Marie et al.
2000). An optimal sperm allocation strategy to maxi-
mize male reproductive success is to mate with as
many females as possible by decreasing the ejaculate
size at each mating. Snow crab behaviour can be
explained by sperm competition theory (Pitnick &
Markow 1994, Parker et al. 1997). Therefore, snow
crab males decrease their ejaculate size in response to
increased female availability to maximize their num-
ber of mates (Rondeau & Sainte-Marie 2001).

Spiny king crab females would be monandrous
because they have no spermatheca and the period
between mating and spawning is very short (ca. 1 h)
(T. Sato et al. unpubl. data), indicating that males may
have less risk of sperm competition and that 1 male fer-
tilizes the whole clutch of a female. In addition, large
spiny king crab females with the lower sperm-to-egg
ratio molt and mate earlier in the reproductive season
compared with small females with low sperm effi-
ciency (T. Sato et al. unpubl. data), indicating that
more beneficial mating opportunities for males occur
early in the reproductive season. Males should attempt
to mate early in the reproductive season with large
females to invest efficiently their limited sperm re-
serve. Even if many future mating opportunities exist
in a reproductive season, it is not adaptive for males to
conserve their sperm reserve for future mating oppor-
tunities and allocate equally among successive mat-
ings because mating with smaller females means a
higher sperm-to-egg ratio than mating with larger
females. Males should exhaust their sperm reserve as
early as possible in the reproductive season to mate
with larger females and to avoid mating with smaller
females. Therefore, in this study, spiny king crab males
did not change the ejaculate size in response to an
increase in number of females when the SR skewed
toward females. In order to maximize make reproduc-
tive success, it is important to allocate an optimal
sperm number to females depending on female size,

and to mate with larger females with a lower sperm-to-
egg ratio, i.e., to finish their sperm reserve as early as
possible in the reproductive season.

Our study suggests that spiny king crab males have
no sperm allocation strategy in response to a change in
SR, indicating that a SR skewed toward females due to
male-only fishing have no effect on the sperm allo-
cation strategy and does not limit sperm passed to
females in fished populations. However, spiny king
crab males showed a size-dependent ability to in-
crease the ejaculate size at each mating with increas-
ing female size. A decrease in mean male size due to
the male-only fishing would increase the number of
females mated with small males without a capacity to
increase the ejaculate size more than a certain num-
ber, which results in females receiving an insufficient
sperm supply and showing a low fertilization rate due
to sperm limitation. The present fishery regulations for
the spiny king crab may be based on an oversimplified
concept of the reproductive system of this species. To
maintain the resource of the spiny king crab, these
regulations, particularly the minimum legal size, based
on the reproductive potential of male size, should be
reconsidered. Also, for other large crustacean species
that have similar male-only fishing regulations (e.g.
MacDiarmid & Butler 1999, Rondeau & Sainte-Marie
2001), we should investigate the details of the repro-
ductive ecology of each species to maintain resources.
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