Betra Leol Sociobiol (1997) 401 175~ 185

P

© Springer-VYerlag 1997

PaellJivoll

Tt relative roles of predation and sperm competition
ortthe duration of the post-copulatory association
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Abstact In  many species, post-copulatory mate
guarding prevents other males from mating with the
guanded female. In crabs, males stay with their mates (o

protect the female from predators because. i some
specks, mating occurs when she is soft and vulnerable

after molting. I tested the relative roles of %pu'm com-
petition d.ld predation on the duration of the post-
copilatory association in the blue crab. Callinectes
sapidus. Unpaired females suffered greater predation
morlity than paired females and males stayed with the
female tonger m the presence of predators than in their
absence, suggesting that the post-copulatory association
protects females during their vulnerable period. How-
cver. the association may also occur m blue crabs be-
carrse of sperm competiion since spermathecal contents
of females i the field indicate that 12.4% mated twice,
Females expenimentally mated with two males contamed
both males ejaculates and each cjaculate had access (o
the unfertiized egps, suggesting that the size of a male’s
ejaculate influences his fertilization rate i a multiply-
muted female, Mades stayed longest in response to a high
risk of sperm competition. Longer post-copulatory as-
soctations allowed the first male’s epaculate to harden
mto a type of sperm plug. which linnted the size of a
second mseminator’s L]dLU[dlC n a non-virgin female as
compared with a virgin, Males passed ldlgu ejaculates
m the presence of rivals and when previous ejaculates
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Caliinectes sapidus

were in the female spermuthecae, another response (o
sperm competition. Larger ¢jaculates may need longer
post-copulatory associatiens before a more elfective
sperm plug forms. Large males stayed with the female
fonger, which is consistent with their ability to pass
larger cjaculates than small males and suggests that there
may be cosls to minimizing the duration of the post-
copulatory association. In the field. associations last
long enough 1o protect the female during her vulnerable
phase and may ensure that the guarding male fertifizes
the most eges in the female, even if she remates. Thus,
the post-copulatory association protects female blue
crabs from additional inseminators as well as from
predators.

Kev words Sperm competition Predation:
Post-copulatory mate assoctation - Blue crab

Introduction

Darwin (1871 defined the two man forces shaping the
cvolution of male secondary sexual characteristics as
female ¢hojce and male-male competiton. Male-male
competition takes many forms, although previous re-
scarcly s fovused mainly on aggressive mteractions
among males (LeBoceuf 1974 Bberhard 1979 Watson
1990 Madsen ¢t al, 1993), However males also compete
VId sporm competiton. which occurs when the sperm
from multiple males compete within the fensale for o
Tned fortihzations (Parker 1970a;
i owhoch the dilferent msennmae
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fion can provide strong selection for the evolution of
nale adaptations designed to limit the number of eggs
iny subsequent male’s sperm will fertilize; these adap-
fations include sperm plugs that block the female re-
froductive tract (Parker 1970a; Diesel 1990; Barker
1994), sperm displacement {Waage 1986; Arnqvist 1988:
Fady 1994). and post-copulatory mate guarding (Smith
1984).

Post-copulatory mate guarding is widespread (Smith
1984) and can be an effective way for a male to insure
that be 1s the primary inseminator of a particular female
(Parker 1970b; Smith 1984). The duration of guarding
will be a balance between the eggs gained from guarding
versus those that could be received from a similar
E a new mate (Pmkm ]()75“ Pogt-
Lopuldtory mate oumdmg oceurs in many crabs but its
role n sperm competition has rarely been examined,
despite evidence that sperm competition may occur in
crabs (Salmon 1983; Christy 1987; Diesel 1991; Koga
et al. 1993). In some species, females mate with multiple
partners (Murai et al. 1987, Brockmann 1990; Diesel
1991; Henmi et al. 1993), females store sperm for ex-
tended periods of time (Paul 1984; Bauer 1986; Diesel
1988; Sainte-Marie 1993), and male ejaculates harden to
form what may be a sperm plug (Bigford 1979; Elner
et al. 1980: Bawab and El-Sherief 1989; Diesel 1990). If
the hardened ejaculate prevents other males from mating
with the female, the duration of guarding may coincide
with sperm plug formation.

Post-copulatory mate guarding has been assumed (o
protect lemale crabs Irom predation because guarding 1s
common in spectes that mate shortly after the female
molts (Hartnoll 1969: Salmon 1983). when her exoskel-
eton 15 soft and she s valnerable to predators (Ryer et al.
1990; Shirley et al. 1990) and/or cannibals (Laughlin
F982: Hines et al. 1987 Mansour 1992). The costs and
benefits of guarding against predation are mfluenced by
the probability of predation on the female, how long the
female remains vulnerable, and the male’s expected egg
gain., which may be influenced by the size of his ejaculate
and/or his mate (Sivinski 1983) Few predators may
successiully prey on a fully hardened, post-molt female
blue crab, thus reducing the male’s gain from guarding
after the female’s carapace hardens. On the other hand.
it may take longer for the new exoskeleton of large post-
molt females (o harden, requinng longer post-copula-
tory mate guarding times. Mate guarding may protect
the female against predation: however, post-copulatory
mate ewrding has come to mean gumdmg Against
sperny competinon. Theretore. the 1erm “post-copula-
will be used to deweribe the association
between o mule und his e after coyp
functians for the behavior of the male wall be
examimed:
AZMRSL Sperm competition.

The blue crab. Callinecios sapidus. offers the oppor-
funity to test the relative roles nf predation and sperm
competition on the duration of the post-copulatory as-
sociation between the blue crabs mate
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Lory associenon’
wlation and two
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protecton agamst predators and protection

sexes. Female

after their final molt to maturity, suggesting that there
are benefits to protecting the female from predation, In
Chesapeake Bay, molting crabs and juveniles are vul-
nerable to fish (e.g., striped bass, American eel) and es-
pecially intermolt crabs (Hines et al. 1987, Mansour
1992; Dittel et al. 1995; Hines and Ruiz 1995). Molting
crabs may occupy refuge habitats that effectively prevent
predation by fish but cannot eliminate the threat of
cannibalism (Hines et al. 1987). It has becn assumed that
the association lasts until the female is no longer vul-
nerable to predation (Van Engel 1958). Alternatively,
the duration of the association may coincide with the
female’s susceptibility to remating. The seminal fluid
portion of a male’s ejaculate hardens over time and may
form a spermi phyg (Wenner 1989), suggesting a role for
sperm competition in the post-copulatory association of
males and females. However, it is not known whether
female blue crabs can remate while their exoskeleton is
hardening or whether post- -molt females continue to
attract males thh a urine-borne pheromone (Gleeson
1980).

This paper tests the predation and sperm competition
hypotheses for the duration of the post-copulatory as-
sociation between the sexes in blue crabs. If predation on
females during their soft, post-molt phase favors males
that guard females while their exoskeleton hardens, then
we can predict that (1) females should be particularly
vulnerable during their post-molt phase and (2) that a
greater risk of predation will result in longer associa-
tions. To test these predictions, the mortality and injury
rates of paired females was compared with that of un-
paired females in the presence of potental predators,
The duration of the association in the presence and
absence of potential predators was also compared.

Sperm competition favars males that limit the num-
ber of eggs subsequent inseminators fertilize. The sperm
competition hypothesis predicts (1) that females will
sometimes mate with more than one male, (2) that each
inseminator’s sperm will gain access (not neccessarily
equal) to the unfertihzed eggs, and (3) that the post-
copulatory association will Tast longer when the risk of
sperm competition is higher. To test these predictions,
the mcidence of female multiple-mating was determined.
the fate of both male’s ejaculates in females that mated
twice was assessed, and the duration of the post-copu-
latory association in the presence and absence ol other
males was compared.

11 sperm from the different msemmators mix m the
wact. then the male with the fargest
Thix tvpe of

female reproductive
sporm contrihution will ferthze more epos.
sperm competition predicts that the durston of the s
sociation should ot the size of o sul'racqucw 'n'llc'<
craculite and that males should pitss lavger
when m risk af sperme competigon s increased. H‘w
eflect of the duration of the assocration on the amount af
ejaculiate males pass 1o females was determuned and
compared with estimates of the duration of the assoct-
ation i the field. The size of male cjaculates o the
presence and absence of

ejaculat

vals was also compared




fAethods

This research was carried out at the Smithsonian Environnental
Regearch Center (SERC) on the Rhode River, a sub-estuary of
Chesipeake Bay, in Maryland (38° SU'N, 76° 32'W) from mid-June
through late September 19911994, All crabs used in experiments
were collected in the field. Seines and trawls were sometimes used
but most specimens were taken with a dip net, two or three times
per week, from the sides of 150- to 200-m-long commercial pound
nets stretched between vertical posts near the mouth of the Rhode
River. Crabs were transported to SERC, measured, separated by
sex, maintained in floating field cages in the Rhode River and fed
fish daily until used in experiments.

Data collected from field captured crabs included sex, paired
status (pre-copulatory, pest-copulatory, copulating, or unpaired),
molt stage (see below), sexual maturity (juvenile, pre-pubertal or
pre-woit, mature), carapace widih {distance, in miilimeters, be-
tween the tips of the lateral spines), and the number and identity of
autotomized limbs, Molt stage was determined by examining the
propodus on the fifth appendage for evidence of epidermal re-
traction and color variation (Van Engel 1958). Pre-molt females
were designated: early/Dg (9-10 days pre-molt); early-mid/Dy (7-8
days pre-molt); mid/D, (5-6 days pre-molt), mid-late/DD; (3-4 days
pre-molt) and late/Dy (1-2 days pre-molt) (Drach 1939). The time
required to harden the newly formed carapace after molting was
used to designate the molt stages of post-molt crabs as follows:
early ( < 24 h post-molt), mid ( > 48 h post-molt), latc ( > 72 h
post-molt) and intermolt ( > 96 h post-molt). Pre-molt females
have a triangular, darkened abdomen while adults have a semi-
circular abdomen. Males were designated sexually mature if the
second pleopods lay within the first pleopods (intromittent organs),
if the penes were inserted into the second pleopods and if the ab-
domen casily pulled away from the sternum (Van Engel 1990). 1
used only mature. intermolt males that possessed both chelae and
that were missing not more than one walking leg. a condition that
does not affect mating behavior and/or mating success (Smith
1992). Crabs in experiments were never held in field cages for more
than | week or reused.

Statistical procedures

The field and experimental data were analyzed using Systat (SY-
STAT 1992). In all instances, data were tested for normality using
the Kolmogorov-Smirnov test and for homogencous variances
using Bartett's test (Sokal and Rohlf 1981). When transformed
data failed o meet the assumptions of parametsic tests. the ap-
propriate non-parametric test was used. Tests include one-way and
two-wuy ANOVA with Tukey multiple comparisons test to detect
differences between treatments, the r-test, paired /-test and G-test
with William’s correction. The William’s correction was used be-
cause it improves the approximation of G to chi square especially
when sample sizes are low (Sokal and Rohlf 1951). In the text
means are presented with their standuard ervor (£ 810,

Pool experiments

Al of e experiments described below were patommed i plisice
pools (2 m n diameter and 0.3 m deepy. Tach poat contamed ap
proximutels 10 cm depth of sand and was Blled with witer from the
Rhode River: The pools were constantly acrated and the water was
completely changed every 12 days. A O5-m-high Clence™ of
hardwire cloth was placed around the inside perimeter of cach pool
and covered with o prece of phwood
from teirestiial predators (e,

The cover protected crabs
raccoons) dieet sunlights and o
evated water temperatures, The water salinites matched twr of the
Ritade River (5 10 ppt) and water [emperaiures were approxi-
mately 570 helow that of the Rhode River, varving hinde among
pools (22 27 ¢y Crabs were exposed to the amibiem hehtdark
cvele (14l 100y Pools were monitored five 1o ien taes datly for
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the presence of courtship, copulation, a'nd' pre- of post‘-q}pulatory
association. The post-copulatory assocration ?@gr‘r_xs d‘necdy after
copulation, which may last 512 h (Van Engel 1958). When the end
of copulation was not observed, I assumed quulatxon lasted 12 1,
By over-estimating the duration Qf copulation when it was not
directly observed, the estimates of the duration of the post-copu-
latory association were conservative. AIl.pooIs‘wcre equally mon-
itored, lence there were no observation bx"ascs towards any
treatment in any of the experiments. Crabs in pools were (ed

mussels (Mytilus sp.) daily.

Measuring ejaculate size: the pleopod removal technique

In the experiments described below, ejaculate weight was used as d
measure of the amount of sperm males pass to females. The
number of spermatophores (INS) increases with ejaculate weight
(EW) (NS = 0613EW +2.49, 2 =0332, n=29, P=0.001).
However, the average size of spermatophores (which mnay influence
the number of sperm they contain) does not vary signthcanly with
cither ejaculate weight (n = 29, P = 0.592) o1 male size (n = 29,
P = 0.446) (Jivoff 1995). Male blue crabs store spcrma}ophoycs and
semtinal fluid in paired vas deferentia. Each vas deferens is con-
nected to an external pleopod, through which seminal fluid and
spermatophores are passed to one of the fgjmalc’s two spcr‘mathcc‘ue
(Van Engel 1958). 1 found no difference mn the weight of material
males store in their vas deferentia (paired = 0300, df =10,
P =0.766) or pass through cach pleopod (paired 1=10.276,
df =158, P =0.783) (Jivofl 1995). Therefore, the fqllowmg pro-
tocol was used as an unbiased measure of the weight of male
ejaculates.

One (randomly assigned) pleopod from each male was removed
with dissecting scissors af least 24 h prior to mating. After one
copulation, each vas deferens was weighed (to the nearest 0.01 g).
The intact vas deferens transferred the normal amount of ejaculate
while the vas deferens lacking a pleopod (“unmated™) transferred
none. As a result, the weight of the unmated and intact vas def-
erentia represented the amount of seminil fluid ;n)_d spermatoph-
ores stored before and after mating, respectively. Ejaculaie weight
wits caleutated by the dilference between the weights of the intact
and unmated vas deferentis. The proportion of availuble material
passed was also caleulated by dividing the cjaculate weight by H‘ml
of the unmated vas deferens. The surgical procedure proved effec-
tive because neither spermatophaores or seminal fluid were lost after
pleopod removal. and no difference was found between thg Ckl]CU—.
Jated weight of ejaculate passed and the measured  weight f»l
spermathecae contents (paired 1= 0.704, df : 42: /f ()_-_18.\).
Pleopod removal did not adversely affect the functioning of the
ntact vas deferentia since no difference was found between the
amount of material passed by the remaining pleopod. cnlhm_' left
(Mann-Whitney U = 120, P > 0.05) or right {Mann-Whitney
U= 128, P> 005, and that of a corresponding pleopod {rom
mtact males.

Post-copulatory sssociations: duration i the ficld

The duriation of post-copulatory assoditons i the field were es
Hmated using observitions of the amount of e required (o
harden the newly formed catapace of females that mojted i ex
perrmental e sols and holdiny caoes: A post-capulaton assoction
Beviis smedintel after copulition. wihich i coupled woth moh
e Thetelore an estimate of the amount of e that s clapsed
aince o siarded fernale molied {earapace farmaion) v good aps
pl«\\im\.\zwu for the duration of a post-capulatorny assocution
Ol simeleomaied femates were inchided ns this sampl

Protective vidue of the post-copulatorny assochdion

I evamined whether the postcopulitary assochtion protected

: : I nades i e
molting fentales qoainst the risk of predaton Adalt benrales i the

intermolt stree were ueed as potentied predatornon moltne pre
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molt females. Adult females were used rather than large fish pre-
dators because {1) gut contents (Laughlin 1982; Hines et al. 1987:
Mansour 1992) and my own observations of adult blue crabs in-
dicate they are cannibalistic, and therefore a realistic threat, (2)
adult females are more readily available than other predators, and
(3) their behavior under taboratory conditions is more predictable
than that of large fish predators. One male, two size-matched, pre-
melt females (late molt stage) and one adult female were placed in
each pool. Male blue crabs have never been observed in association
with two females simultancously. Therefore, 1 assumed only ane of
the pre-molt females would be associated with the male. The pools
were monitored daily for evidence of cannibalism on either pre-
molt female. After both pre-molt females molted, they were scored
for mortality, limb loss and body damage. Only those cases in
which the pre-molt females molied simultaneously and thus equally
susceptible to cannibalism during their soft phase were used. The
G-test was used to test if mortality, limb loss and body damage
were d%SOUd[Ld withi patred status. The numbels of limbs lost by

SR VN
d fernales were comipaied with a i-lest.

The effect of sex ratio and male size on post-copulatory
issociations

I'manipulated sex ratios and male size (o determine if the potential

for predation and sperm competition influence (1) the duration of

the post-copulatory association, (2) the size of male ejaculates, and
(3) if male size influences the ejaculate or association response (0
sperm competition or predation. The experiment was a 3 x 3 fac-
torial design, with sex ratio and male size as the independent
variables. The operational sex ratio was used to manipulate the risk
of sperm competition and males were divided into thyee size cate-
gories: small (120135 mm), medium (135145 mm) and large
(> 145 mmj. Two sex ratios (number of males:nuntber of pre-molt
femalesy were used: 31 and U The third teatment (“cannibal
treatment”) consisted of an operational sex ratio of 11 plus two,
mtermolt adult females, and thus had the same density of crabs as
the 31 treatment without the risk of sperm competition (g, 1),
The males in the 31 treatment were well fed, and therefore |

assumed the risk of sperm competition was greater than that of

cannibalism,

The pleopod removal technique was used o
measurement of cjuculates. The males m the sume pool had a
common (i.c. left or right) pleopod removed o compare the
eraculates of simitar sized first and sccond mseminators. Males that
mated or that were associated with a post-molt female were sac-
rificed at the end of the experiment. The female's spermathecae
were also weighed (Lo the nearest 0.01 g). Two-way ANOVA (with
Tukey multiple comparisons test) was used to compare the dura-
tlons of the post-copulatory associations wnd pereent of material
passed umong the treatments.

facilitate the

Fig. 1 Sex rano experimental desien. Three
SeX ralio breatments are shown and (he sexes
e Jabeled as Toltows: males opesi squares
pre-medt females open cirefes. and adul
Fach sex ravuo teat
phicited osig three size cliasses of

tenvales doried cirelos
ment i

madess smadh (1200 135 mm). medium (133
F3s g and farpe ¢ = BES mn

Treatiment

Female multiple mating in the ficld

Ounce an C_]dcufatf’ is passed to the female, the pmk seminal finid
hardens over time and most of the 5pumamp 1ores accumulate in g
single, large mass at the distal end of the qpumalhe cae (Johnson
980) The spermathecal contents from field collected females were
visually coxmm;cd with those from females that mated with two or
three males in experimental pools. | noted the number of sperm-
atophore masses and their position within the spermathecae, and
the color (dml( versus light) and texture (hard versus soft) of the
seminal fiuid. The spermathecae of the adult females from each
collection date were weighed (to the nearest 0.01 g). The weight of
the spermatheca itself was subtracted using the linear regression
equation obtained between adult female width (AFW) and empty
spermathecac weight (ESW) (i == 40, ESW = 0.003AFW-0.230,
r=0214, P = OOO% (Jivoff 1995). T compared the sum of the
weights of both spermathecae contents betwu:n singly- and doubly-
mated females from the field using the r-fest.

The duration of the post-copulatory association
and the size of subsequent ejaculates

To test the effect of the duration of the post-copulatory association
on the ejaculate size of future inseminators, non-virgin females
were remated after different assoctation durations and the cjaculate
weight of each inseminator was compared. Females were mated
with two males in succession: the first had one pleopod removed,
while the second was normal (both pleopods intact} and size-mat-
ched with the first inseminator.

After the first mating, each {emale contained one mated and one
unmated spermatheca (FFig. 2). The mated females were subse-
quently isolated Tor one of four periods (24, 48, 72 or 96 h), and then
remated with an intact male. Each period simulated a different du-
ration of the post-copulatory association. H the second male copu-
Jated successfully. then each female contained one spermatheca
inseminated by both males (4 doubly-mated spermatheca) and one
spermatheca inseminated onlv by the second male (a singly-mated
spermatheca) (Fig. 2). Both spermathecae were weighed (1o the
nearest (.01 ¢, The difference between the weights of the !n\l male’s
unmated and ntact vasdeferentia was his contribution to the doubly-
muied spermatheca. 1he second made’s contribution to the doubly-
mated spermatheca was the weight of the spermatheca minus the first
male’s contribision. Fially, the werght of the singly-mated sperm-
atheca was the second male’s contribution to that spermatheca. The
werght ol the spermatheca itsell” was subtracted from the above
weights using the lincar regression equation obtained between pre-
molt female width (PFW) and empty spermathecace weight (ESW)
(ESW = 0.009PFW-0.458. +7 = 0363, n == 28, P = 0.001) (hvoll
1993). At cach time interval, parred r-tests were used to compire: (1)
the first versus second male’s cjaculate n the doubly-mated sperm-
atheca. and (2) the second male’s cpaculate in the doubly-mated
versus the singlv-mated spormatheca. T tested the effect of ussocition
time on the second male’s ejaculate in the doubly-mated spermatheca
using onv-way ANOVA.

3 1 b+

2 Canmbals




Multiple Mating Experimental Design
Female Spermathecae Contents

First Mating Results: Right plecpod removed

ieft

Right

Female remated after | of 4 periods: 24, 48, 72 or 96 hours
n= 15, 22,23, 16

Second Mating Results: [ntact Male

Left

Right

Comparisons Measures Statistical Test
Male #1 vs Male #2 AvsB paired t-test
Male #2 doubly mated vs
Male #2 singly mated BvsC paired t-test

Male #2 to donbly mated

guarded for different times B among times ANOVA

Fig. 2 Muliple mating expermmental design. This shows the results of

ablating the right pleopod of the first male 10 mate. Fach male’s
contribution to cach spermathedt s shown

Resulis

The duration of post-copulatory associations in the field

Al adult Temales less than 24 hours post-molt were
patred. The majority (79.5 % ) of adult females 48 h
post-molt were also paired. However, adult females 72
and 96 hours post-molt were paired only 21.2 % and
7.9% _respecuvely (e 3). These results indicate that
post-copulatory assoctations often last longer than 48 h
and may continue for over 96 1y

The post-copulitorn association:

predators

protection  avimst

There wis o greater madence of mortality (G = 1662
di= 1P o000 and body dumage (G 14,45
A= 0001) among unpaired females tian paired
femades Althingh the merdence of himb loss was ot
statisticad v simficant (¢ L df - 107 = 005 the
number of hinbs Jost by unpatired females was signmifi-
canthy ereater than that of pared females (1 231
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100 - 22

90t
80

50 -
501
40

Percent

Bl raicea
[:I Unpaired
14 !

late intermolt
>T2h »96hr

Adult Female Post-Molt Stage

1or

L
nud
>48hr

early
<24hr

Fig. 3 Percentage of paired and unpaired adult fomales captured in
the field during four post-molt stages. Percent is the number of paired
or unpaired females in each molt stage, divided by the total number of
females in that stage. The number of hours since the females molted i
shown for cach molt stage. The manbers above the bars are sample
sizes, Data are pooled from all years (1991-1994) of the study

144
c
1
120 + 39
o
Nt
z 96 +
m5 h
S omf )
S 2
gg a 27
& 48 + T
ki 18
z
& 24
0 1 1 ]
11 1:14 31
Cannibals

Sex Ratio

Fig. 4 Diflerences in the duration of the post-copulatory association
among the sex ratio treatments. The munbers i the bars are sample
sizes. The Jerters above the bars ave the resubs of a Tukey muluple
compurisons test. Bars sharing the same Jerer ave not signiticantly
different tall 22 = 00040y, The verseod bars are 1 SE

df 6. P -
wanth tonocr in the presence of porential conmihads than
m then absence (A0 0 6203 2 o0l Tukey FISD
P01 (e 4y,

00275 Ty addimon, micdes puarded s1igmit-

The post-copulatory assocntiion: the sperm competition
hypothess

Fhe sperm competition iy potieea eginres that at Jeast
some femades mate with more U one male Based on
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** P<0.001

Fig. 5 Sum of both spermathecal contents from adult females
captured in the field identified as either mating once or twice. The
weights of the empty spermathecace have been removed. The munbers
in the bars are sample sizes. The vertical bars are 1 SE. Note that the
incidence of double mating is 12.4%

visual comparisons of spermathecae from females that
were known to mate with two or three males, female
spermathecal contents (rom field collected crabs indicate
that 12.4% mated twice. There were no cases of females
that mated more than twice. In females that mated once,
there was one spermatophore mass at the distal end of
the spermathecae, whercas double matings resulted n
one spermatophore mass at each end of the sperm-
athecae. The first insemimation was dark and completely
hardened whercas the second was hight and sull soft.
Doubly-mated females had nearly twice the amount of
spermatophores and scminal flid than singly-mated
females (Fig. 5).

Sperm competition and male size effects on post-copu-
latory association duration and cjaculate size

Sex ratio (Fhgy = 65.03, P < 0.001) (Fig. 4) and male
size (1597 = 3.64, P = 0.03) (Fig. 6) had significant ef-
fects on the duration of mate guarding. The interaction
hetween sex ratio and male size was not significant
(Fige = 0106, P = 0.98). Males staved with fomales
significantly longer when the sex ratio was male biased
than under the equal sex ratio treatment (Fukey HS.
< 0.001) or the cannibal treatment (fukey HSD
o= 0001 Large males staved with femades sigmficantly
longer than small males (Tukey HSD. £ 2 0.05). There
were significant differences i the proportion of ¢jaculate
passed 1o females among the sex ratio treatments
(5 = 307 P = 0.03) and among the male sive cate:
gories {Fagg <4090 P = 0.02), Males passed large
proportions of therr avaable material under the male
brased sex ratio than the equal sex rato without canni-

120

96 - ]
5 .
2 37
82 T2 1 I 25
8 35
e
SE
=8 48 b
=9
S
£ M

o L | i i ]

small medium large
Male Size

Fig. 6 Differences in the duration of the post-copulatory association
among the male size classes. The size ranges (in mim) for each category
are as follows: small (120-135), medium (135-145) and large { > 145).
The smanbers in the bars are sample sizes. Large males guarded longer
than small males (Tukey HSD P < 0.05). The vertical bars are 1 SE.

bals (Tukey HSD, P :==0.015) (Fig. 7). Small males
passed a larger percentage of material than medium
sized males (Tukey HSD, P = 0.020). Neither male size
(Fry = 2.50, P =0.09) nor sex ratio (5,0, = 216,
P = 0.12) had a significant eflfect on the percentage of
seminal fluid passed to females. The percentage of
spermatophores passed (o females was also not influ-
enced by male size (5401 = 1.06, P = 0.35) or sex ratio
(I3 m = 007, P = 0.94).
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I observed 12 double matings and 3 triple matings
du;ﬂz}g this experiment. In the double matings, I found
no difference in the proportion of ejaculate second males
passed compared with that of the first inseminator
(t = 0.820, df =21, P = 0.42). The average duration of
the post-copulatory association by first males was 53.3 h
(n =12, SE * 12). :

The dk‘lration of the post-copulatory association and the
size of subsequent ejaculates

Female blue crabs remated even 96 hours after their first
insemination. When the time between matings was 24 h,
I found no difference in the ejaculate that second males
passed to the doubly-mated spermatheca as compared
with the smgly-mated spermatheca (paired (= 0.24,
df =14, P =082) (Fig. 8). When the time between
matings was 48 h (patred = 2.92, df =21, P = 0.01),
72 h (paired (=573, df =22, P<0.001) and 96 h
(paired 1 = 8.14, df = 15, P < 0.001), the second male
passed significantly less to the doubly-mated sperm-
atheca than to the singly-mated spermatheca (Fig. 8).
While there was a trend for second males to pass less
material to the doubly-mated spermatheca with in-
creasing time between matings, the differences among
doubly-mated spermathecae over time were not signifi-
cant ([;1,()4 =0.96, P > 0.05).

Compared to the ejaculates that first males passed to
the doubly-mated spermatheca, second maies passed
signtficantly more material after 24 h (pamred 1 = 6.27,
df =13. P <0.001), 48 h (paired =847, df =19,
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P <0000, and 72 h (paired =4.09, df =18,
P < 0.001) (Fig. 8). I found no difference in the gjacu-
lates of first and second males after 96 h (paired ¢ = 0.74,
df = 14, P = 0.47). Furthermore, second males passed
significantly more to a singly-mated spermatheca than
did the first male after all times between matings (24 h,
paited 1= 23.14, df =13, P=0.008; 48 h, paired
[ =497, df =19, P <0.001; 72 h, paired ¢ =651,
df =18, P < 0.001; 96 h, paired (= 6.53, df = 14,
P < 0.001) (Fig. 8). Overall, second males passed more
to the singly than to the doubly mated spermatheca and
passed more than first males.

Discussion

Predation and the duration of the post-copulatory as-
sociation

It has long been assumed that the post-copulatory as-
sociation in crabs functions to protect the recently
molted female from predation (Van Engel 1958; Hart-
noll 1969). The coupling of molting and mating 15 un-
ique in crabs such that females are most vulnerable at
the time of mating. My experimental data show that
unpaired females are more vulnerable to attack from
cannibals and have higher mortality rates during molt-
ing than paired females, which is consistent with field
experiments done on blue crabs (Shirley et al. 199G). in
other taxa. the act of mating makes females (or pairs)
more vulnerable to predation and typically reproductive
activities (¢ g.. guarding or copulation times) are short-
ened (Gwynne 1989: Magnhagen 1991). However, male
blue crabs stay longer in the presence of predators than
in their absence. which is also true for the stone crab,
Menmppe mercenaria, another species that mates when
the female 1s soft and vulnerable(Wilber 1989).

Post-copulatory associations should continue untl
the henefits from protecting the female from predators
and/or other males are outweighed by those of finding a
new mate. In the blue crab, the hardening of the new
exoskeleton reaches an ionic equilibrium after 48 h (Vigh
and Dendinger 1982), suggesting that post-molt females
remain vulnerable for at least 48 h. Therefore. if the
post-copulatory association functions to protect the fe-
male from predators, 1t should last at least 48 ho In the
absence ol canmbals, males stayed with females for
about 48 h. and m the field. 79.5% of females post-molt
for more than 48 h were paired; both findmes indicate
that females are protecied while they are valnerable.
Males staved with females almost 24 h longer m the
presence of cannibals than i then absence, stggesting
that males will stay with females for 72 b order 1o
protect them from predavon. However, m the ficld,
29174 of females post-molt for more than 72 b were sull
parred. sugeesting that males benefit from association
times that exceed those needed o protect the female
from predation,
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Sperm competition in blue crabs

In the field, [ found evidence that female blue crabs had
remated and that each inseminator’s ejaculate has access
to the unfertihized eggs, indicating that sperm competi-
tion may occur in blue crabs. However, the incidence of
female multiple-mating was only 12.4% | suggesting that
the male’s presence effectively deters female remating
and that sperm competition is not common. In contrast,
most female insects mate with at least two males (Parker
1970a; Ridley 1988). The level of sperm competition may
not be as high in blue crabs, because non-virgin females
may be more difficult to find and mate with than virgins,
Pre-molt females attract males with a pheromone;
however, post-molt females may be unable to produce
the pheromone as they harden (Gleeson 1980). As a
result, search times for non-virgins may be high and/or
encounter rates may be low. Non-virgins may seck out
additional males to mate with if they are released while
still vulnerable to predation or if, as in a variety of other
species, they receive a small amount of sperm (Gromko
et al. 1984; Simmons 1988; Waddy and Aiken 1990;
Samte-Marie 1993). Otherwise, non-virging may resist
the mating advances of males because paired females
miss feeding opportunities necessary for growth after
molting. Adult female blue crabs may succeed in resist-
ing males because they are usually larger (Jivoff 1995).

Spernt competition and the duration
of the post-copulatory association

Even if sperm competition oceurs rarely in blue crabs,
when 1 experimentally created conditions that may lead
to high levels of sperm competition. males altered themr
behavior m a way that was consistent with increasing
therr egg gain within the female. The expermmental re-
sults indicate that the increased possibility of sperm
competition prolonged the post-copulatory association
by more than 48 h beyond the time needed to protect
females against predators. At high male sex ratios. males
stayed with females for approximately 125 h, which,
according to the multiple mating experiment, may en-
sure that the first male’s ejaculate 1s farger than another
mseminator’s, Large males stayed with females longer
than small males perhaps because large males pass larger
ejaculates Chvoll 1995) and thus may receive greater cgg
gans Large males may also have assessed a greater risk
of femaule remating than small males. Paved males may
estimate the risk of fomale remating by the frequency
and/or intensity of aggressive encomters with competr-
tors. As males oot farger. they may have more frequent
and/or more intense aggressive mteractions with similar
sized rivals (Soith et al 1994; Hunungford et al. 1995)
In the expermment. the males were size-matched: hence
Fred paired males may have received more frequent and/
Or more mtense tikeover attempts than small males.
Takcovers and the subsequent amount of cjaculate u

second male can pass also help explan the occurrence of

multiple mating in the experiment. When multiple mat-
ing occurred, the second male obtained the female, on
average, 53 h after the first male copulated. If the second
male successfully displaced the paired male, he did so in
time to pass a larger ejaculate than the first male be-
cause, according to the multiple mating experiment,
second inseminators pass larger ejaculates than the first
male when they mate with & non-virgin less than 72 h
after her first mating.

When females mate multiply, males that prevent
competitors from mating with their female or that Limit
the size of a competitor’s ejaculate within their female
can fertilize more of her eggs (Parker 1970a). My ex-
perimental results suggest that post-copulatory associa-
tions of greater than 24 h significantly limit the ejaculate
that second males pass to non-virgins as compared to
virgins. Specifically, 48-h associations reduce another
inseminator’s ejaculate by 20% compared to what the
second male will pass to a virgin. In the field, 79.5% of
females post-molt for more than 48-h were paired, sug-
gesting that males remain long enough (o limit the
ejaculate of competitors by 20% . The largest reductions
in the ejaculates passed to non-virgins, as compared with
those passed to virgins, occurred after associations of 96
h. However, in the field, most males remain for less than
96 h, suggesting that the first male’s ejaculate continues
to limit the ejaculate of rival males after the female has
been released and thus may act as a type of sperm plug.
In some insects the sperm plug completely prevents rival
males {rom inseminating non-virgin females (Parker
19702); however, i blue crabs, sccond msemmators can
pass larger cjaculates than the first male to mate.
Therefore, the first male’s ejaculate may simply be a
“space occupier”, which reduces the volume of sperm-
athecae available in a non-virgin female as compared
with a similar sized virgin. As a resull. males pass
smaller cjaculates to non-virging than to virgins.

In some crabs, females may be unable to mate when
their exoskeleton is hard (Hartnoll 1968, 1969}, sug-
gesting that the exoskeleton ol female blue crabs may
also limit the ejaculates that males pass to non-virgins.
Furthermore, if the ejaculate functions as a type of
sperm plug. then second males may have an mcentive to
pass smaller ejaculates as the female hardens because
there is less risk of female remating. However. the
eraculates that second males passed to virgms did not
decrease over ume indicating that the female's exo-
skeleton did not It the ability of males o pass cjac-
ulates or that males passed smaller ejaculates based on
the femade’s opportunity 1o remate

Sperm competition and cjaculate size

In o multphv-mated Temales a male’s ceo g may be
mituenced by his cqaculate size and/or the order o which
he mated (Parker 1970a). In other species. the Tast male
has precedence in fertihzing cges 1t (1) he removes pre-
vious ciaculates from the fomale sporm storage orpin



(Waage 1986), (2) his ejaculate displaces previous ejac-
ulates from the sperm storage organ (Parker 1970a), or
(3) his cjaculate prevents previous ejaculates from ac-
cessing unfertilized eggs (Diesel 1990). My observations
of doubly mated females suggest that in blue crabs each
inseminator’s ejaculate is present and will have access to
some unfertilized eggs. In female blue crabs that are
preparing to spawn, the seminal fluid softens and grad-
ually disappears, allowing the spermatophores to mix in
the spermathecae (Wenner 1989 and personal observa-
tion). Therefore, the size of a male’s ejaculate may in-
fluence his egg gain in a non-virgin more than the order
in which he mated.

The experimental results suggest that second insemi-
nators increase the size of their ejaculate, which may raise
their fertilization rate above that of the first male, Second
inseminators passed larger ejaculates than the first male
when the post-copulatory association lasted less than 96
h. However, first and second inseminators passed similar
sized ejaculates if the association lasted more than 96 h.
In the field, 7.9% of females post-molt for 96 h were still
paired, suggesting that some males that remain with the
female prevent rivals from passing ejaculates larger than
their own but that staying longer may limit additional
mating opportunities. Second inseminators also passed
significantly more to a virgin spermatheca than first
males, suggesting that the presence of the first male’s
ejaculate in the other (non-virgin) spermatheca may have
provided a cue for second males to alter their ejaculate
size while first males had no such cue (e.g . the presence
of competitors or previous ejaculates).

In some species, males have the ability (o manipulate
their ejaculate according to the risk of sperm competi-
tion (Baker and Bellis 1989, 1993; Svard and Wiklund
1989; Baker ct al. 1990; Gage 1991). My results suggest

that male blue crabs respond to the increased risk of

sperm competition (c.g., the presence of competitors
during mating or previous cjaculates) by passing larger
ejaculates but that they do not manipulate the individual

components (spermatophores and semunal fluid) of

ejaculates. No difference was found in male ejaculate size
between the cannibal and high sex ratio treatments, in-
dicating that males did not pass larger ejaculates simply
in response to a higher density of crabs. Larger ejacu-
lates may be more effective at preventing other males
from mating with a non-virgin and/or limiting the ejac-
ulate size of rivals. In blue crabs. if the first male’s
ejaculate Iimits the cjaculate that rival males pass (o non-
virgins as compared with virging by occupying space
within the spermathecac. then a larger cjaculate would
be more effective. However, larger ejaculates mav re-
quire longer post-copulatory associations before they
harden. Male blue crabs also stayed longer when the risk
of sperm competition was higher. suggesting that lareer
ejaculates do indeed require more time 1o becone an
effective sperm plug.

This paper is the first o show that sperm conpetition
may occur 1 blue crabs The results suggest that females
van remate, that the size of each male’s ejaculate in the
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fernale may influence the number of eggs cach male
fertilizes and that males remain with females longer and
pass larger ejaculates under greater risk of sperm com-
petition. The post-copulatory association protects fe-
males from both predators and other males and the
experiments identified how long of an association may
be needed for each function. Association durations of 72
h or less protect the female from predators and other
males but longer associations function primarily to
prevent sperm competition.
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