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INTRODUCTION

Reproductive strategies in Crustacea are the result of
a complex process in which mating behaviour plays an
important role. Although numerous aspects of mate
choice, male–male competition and sperm competition
(defined as competition between ejaculates of 2 or
more males for the fertilisation of the ova of a single
female, Parker 1970) have been extensively studied for
birds and insects (see reviews of Smith 1984, Anderson
1994, Eberhard 1996, Birkhead & Møller 1998), these
processes are relatively poorly understood for most
Crustacea. For example, it is often not known to what
extent female choice (i.e. before and after copulation)
exists, and how it influences male–male and sperm
competition in Crustacea. 

Much of the information available on decapod crus-
tacean mating behaviour, sperm storage and sperm
competition comes from studies on either commercially
important species, such as edible crabs and lobsters, or
ocypodid crabs. Studies on commercially important
species were often undertaken to understand the re-
productive biology of a species to avoid over-exploita-
tion, and to estimate the quantitative and qualitative
impact of size-selective or gender-selective fisheries on
reproductive success (e.g. Stevens et al. 1993, Sainte-
Marie & Lovrich 1994, Hankin et al. 1997, Moriyasu &
Benhalima 1998, MacDiarmid & Butler 1999, Sainte-
Marie et al. 2000, 2002, Kendall et al. 2002). 

Mating in Brachyura can either be restricted to a cer-
tain period of time when females are morphologically
able to mate (e.g. postmoult mating in several Portu-
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nidae and Cancridae) or when their gonopore opercula
become temporarily decalcified during the intermoult
(e.g. some Grapsidae and Ocypodidae), or it can be un-
restricted in time and females are morphologically able
to mate at any time during the intermoult (e.g. some
Grapsidae, Majidae and Ocypodidae, Hartnoll 1969,
Diesel 1991). The timing and duration of female recep-
tivity is important as this determines the operational
sex ratio (receptive females per mature males), which
has an impact on the extent of male–male competition.
In Hemigrapsus sexdentatus, it is the timing and dura-
tion of the decalcification of the female gonopore that
is important, as this is the time females are receptive
and engage in mating activities (see ‘Results’).

Studies on male–male competition in crabs have
demonstrated that male size is often a major factor in
male success (e.g. Abele et al. 1986, Donaldson &
Adams 1989, Reid et al. 1994, Moriyasu & Comeau
1996, Jivoff 1997a, Sainte-Marie et al. 1999). Male–
male competition for receptive females typically occurs
before or after moulting and during the time of oviposi-
tion, and is often evident as pre-copulatory or post-cop-
ulatory guarding. Males guard to protect soft-shelled
females from predation and cannibalism (when mating
is linked to moulting), to prevent other males from mat-
ing with the female (Jivoff 1997b), and to prevent
sperm competition within the female’s spermathecae
(see below). The time crustacean males spend guarding
the female can be considerable (2 mo in the portunid
crab Arenaeus cribrarius, Pinheiro & Fransozo 1999)
and costly (reduced growth of 45% in the amphipod
Gammarus lawrencianus, Robinson & Doyle 1985).

In addition, larger males of Callinectes sapidus have
been shown to transfer larger amounts of ejaculate
than smaller males and these larger ejaculates contain
more sperm (Jivoff 1997a,b; however, see Kendall et al.
2002). Furthermore, male Jasus edwardsii vary the
amount of sperm transferred according to female size
(MacDiarmid & Butler 1999). Sperm allocation in
Brachyura has so far been poorly studied. 

The occurrence of sperm competition seems likely
for many brachyuran crabs as females often store
enough viable sperm for several broods and through
moulting (Greenspan 1982, Paul 1984, Salmon 1987,
Fukui 1990, Yamaguchi 1998), and are capable of mul-
tiple matings within a single reproductive period
(Diesel 1989, Donaldson & Adams 1989, Orensanz et
al. 1995, Jivoff 1997b, González-Gurriarán et al. 1998,
Urbani et al. 1998). However, the importance (extent)
of sperm competition amongst Brachyura remains
largely unknown.

The aim of this study was: (1) to describe the general
mating behaviour of Hemigrapsus sexdentatus in the
laboratory, (2) to investigate factors that influence the
duration of female receptivity, (3) to examine the

extent of male–male and sperm competition, and (4) to
investigate the relationship of crab size and amount of
ejaculate transferred. 

In particular, we wanted to test whether females
could extend the duration of their receptivity if males
are absent or shorten it after they had a certain number
of matings. Furthermore, we wanted to test whether
male size influences mating success and whether
males display behaviour that reduces the risk of sperm
competition. 

MATERIALS AND METHODS

Study species. The intertidal crab Hemigrapsus sex-
dentatus (formerly known as H. edwardsii) is endemic
to New Zealand, where it occurs on relatively shel-
tered rocky or stony shores (McLay 1988). H. sexdenta-
tus has 1 short and highly synchronised breeding sea-
son every year, in which all mature females lay eggs
within about 3 wk (end of March to beginning of April,
Brockerhoff 2002). Females of H. sexdentatus have
gonopores that are covered by opercula. For most of
the year, these opercula are calcified and immobile,
which inhibits any mating activity. The sex ratio of the
mature population is usually slightly female biased;
however, the operational sex ratio is highly male
biased (Brockerhoff 2002). H. sexdentatus was selec-
ted because it is a common species at the study site and
it is part of a comparative study of other grapsids.

Hemigrapsus sexdentatus were collected randomly by
hand at an intertidal boulder field in Canterbury, South
Island, New Zealand (43° 06’ S, 172° 53’ E) on 15 January,
15 February, 15 March, 13 April and 18 December 1998;
and 18 February, 10 and 21 March 1999, 15 March and
7 April 2000. All crabs were measured (carapace width,
CW) using Mitutoyo digital callipers to the nearest
0.1 mm, sexed (using the relative abdomen width, fe-
males have a wider/broader abdomen than males), and
the reproductive stage of the female determined (i.e.
ovigerous or not, and whether the gonopore opercula
were mobile, see below this section). Mature crabs (CW
> 24 mm, Brockerhoff 2002) were taken to the laboratory,
where they were held under a 12:12 h light:dark cycle in
tanks with circulating seawater of 12 to 15°C. All but 11
females were non-receptive at the time of capture.
Males, non-receptive females and receptive females
were kept in separate group tanks and fed opened blue
mussels Mytilus galloprovincialis 3 times a week unless
otherwise stated. In addition, field observations were
carried out during the breeding season in March and
April of 1999 and 2000.

To assess female receptivity, which is a prerequisite
for assessing the time of mating, the gonopore oper-
cula of all captive females were probed weekly from
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January 1998 and December 1998 until the end of Feb-
ruary, and daily in March and April in 1998 and 1999
(which coincides with the time before and during the
breeding season). To determine operculum mobility,
the abdomen was slightly lifted and 1 of the 2 opercula
was probed carefully with fine forceps. When the oper-
cula were mobile, and could be pushed inwards easily
like a trapdoor, females were considered receptive. If
the opercula were immobile and could not be moved,
females were counted as being non-receptive. The
duration of female receptivity is defined as the time
from the first day a female has mobile gonopore oper-
cula up to the day she lays eggs. Ovigerous females
had mobile opercula up to 4 d after oviposition, but
were assumed to be non-receptive, as matings were
never observed in the laboratory once a female had
laid eggs (see ‘Results’). Females were individually
marked on their first receptive day with small, num-
bered bee tags (round plastic discs of 3 mm diameter,
glued to the carapace with cyanoacrynalat glue).

Female receptivity in the absence and presence
(temporary or constant) of males. Daily male exposure
(short-term trials): To examine the receptivity and mat-
ing behaviour of females during short encounters with
males, a series of short-term experiments were carried
out each day during the receptive period of females.
One female and 2 different sized males (small, 29.4 to
45.0 mm CW, and large 36.1 to 51.7 mm CW) were
placed in a tank and their behaviour observed. This ex-
periment also examined whether male size influences
male mating success. The large males selected for those
experiments were always larger than the female. The
mean size difference between large and small males
was 9.9 mm. The tank (25 × 25 × 25 cm) was filled with
seawater (12 to 15°C) to a depth of 15 cm, contained 1
rock for shelter and was kept at ambient room tempera-
ture (ca. 19°C). The crabs were observed for a minimum
of 1 h each day. If a female mated within this first hour,
the male she mated with was removed after copulation
and the remaining 2 crabs were observed for another
hour to see whether the second male mated with the fe-
male. After a maximum of 2 h, crabs were separated
and returned to their group tanks. Males that mated
were usually not used in the following 2 d to avoid
sperm depletion and a decrease in male activity; how-
ever, it is likely that this species has adapted to a short
synchronous mating season by having a large store of
spermatophores and seminal fluid (see also ‘Results’).
Notes were taken on the general mating behaviour,
and the frequency and duration of copulation. A total of
71 females were observed during their receptive pe-
riod, resulting in 297 trials. 

Constant male exposure (long-term trials): To exa-
mine mating behaviour over the entire receptive
period of individual females, long-term experiments

were carried out starting on the female’s first receptive
day and continuing until she laid eggs using continu-
ous video recording (recorder on 24 h time-lapse
mode, 0.18 s video recording interval). For each trial,
1 receptive female and 3 different sized males (large
males, CW ≥ 40.0 mm, medium males, CW 34.0 to
39.9 mm, small males, CW < 34.0 mm) were placed in a
glass tank. The tank (51 × 25 × 25 cm) was filled with
seawater to about 15 cm depth, contained 2 rocks for
shelter, and was kept in a 15°C constant temperature
room with a 12:12 h light:dark cycle. Infrared light was
used during night hours to allow video recording. The
water was changed daily using plastic tubes for care-
fully draining and refilling to keep disturbance for the
crabs to a minimum. Two opened blue mussels were
placed in the tank 1 to 2 h before the water change and
then removed just before the tanks were refilled. Four-
teen females were monitored continuously resulting in
a total of 1909 h of observation. When the recordings
were viewed, the time, frequency and duration of mat-
ing, guarding and attacks by males on pairs were
recorded.

No exposure to males: To examine the duration of
female receptivity in the absence of males, 74 females
were kept isolated and their receptivity monitored.
Females were held in groups of 20 to 30 under a
12:12 h light:dark cycle in tanks with circulating sea-
water of 12 to 15°C.

Other mating behaviour observations. To investi-
gate whether ovigerous females mate, 60 ovigerous
females were placed in tanks each with 2 males (large
and small males as in short-term experiments above)
on the day of egg laying (n = 20), and 1 (n = 20) and 2
(n = 20) d after oviposition and observed for 1 h.

To examine whether males can distinguish between
non-receptive and receptive females, a male was
placed in a tank with a receptive and a non-receptive
female (n = 22), and their behaviour observed for 1 h.
In addition, a male was placed in a tank with 2 similar
sized, non-receptive females (n = 22). This experiment
also provided the opportunity to detect pre-copulatory
mate guarding prior to the female being physically ca-
pable of mating. The glass tanks and general set-up for
both experiments was the same as for the short-term
experiments (see ‘Female receptivity in the absence
and presence (temporary or constant) of males’). 

To test whether the difference in male size influ-
ences male success, 1 receptive female and 2 males
were placed in a tank and observed for 1 h. Receptive
females were randomly chosen on any of their first 4
receptive days. The set-up for this experiment, includ-
ing the size range of large and small males, was identi-
cal as for previously described short-term experiments
and data concerning the male–male competition in re-
lation to differences in male size were combined. A
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total of 169 trials where matings were observed were
analysed, and included male size differences of 3 to
4 mm (n = 26), 5 to 8 mm (n = 43), 9 to 12 mm (n = 55),
13 to 16 mm (n = 34) and 17 to 22 mm (n = 11).

To examine the pairing pattern with regard to male
size in the field, the field site was extensively searched
for paired crabs (i.e. males guarding a female, such as a
male holding a female with at least 1 of his chelipeds or
a male caging a female underneath with his walking
legs) during the breeding season in March and April in
1999 and 2000. The carapace widths of the paired crabs
and the reproductive state of the female were noted.

Sperm storage and ejaculate size. To investigate
whether females mate during each breeding season,
the spermathecae of ovigerous females collected from
the field in April 1998 and 2000 were examined and
weighed. To estimate whether mating activities are
similar in the field and in the laboratory, the weight of
these spermatheca was compared with those of oviger-
ous females held and observed in the laboratory (i.e.
with a known number of matings), and with females
held in field cages in a 1 female to 1 male ratio, during
the 2000 breeding season. 

To examine whether changes in the weight of the
vasa deferentia of males (where spermatophores and
sperm fluid are stored) occur during the mating sea-
son, males were collected from the field 1 wk before
and 2 wk after the breeding season in 2000, and their
vasa deferentia removed and weighed.

The amount of ejaculate transferred during the first
mating in the season was determined by subtracting
the predicted ‘empty’ spermathecae weight for a fe-
male of a given size (derived from regression analysis)
from the observed weight of the spermathecae for an
identically-sized female. ‘Empty’ spermathecae are
defined as spermatheca of unmated females, meaning
they have not mated in the current mating season.
However, these ‘empty’ spermathecae could contain
some sperm stored from the previous mating season if
the female had mated then. The relationship between
the empty spermathecae weight and female CW was
determined using linear regression. Similarly, to esti-
mate the size of the second ejaculate, the weight differ-
ence between spermathecae which were filled during
2 copulations and the calculated weight of the sper-
mathecae after 1 mating of a given female size was cal-
culated. In 6 cases, negative values were calculated for
the second ejaculate, which were not used in the statis-
tical analysis comparing first and second ejaculate. In
excluding these 6 negative values, the average weight
of the second ejaculate was increased slightly; how-
ever, the first ejaculate was still significantly larger
than the second (see ‘Results’).

Crabs were killed by placing them in a freezer at
–15°C for about 1 h. The carapace and the upper inter-

nal organs were removed to expose the gonads. Both
spermathecae of each female were examined and dis-
sected out by a cut close to the gonopore. Spermathe-
cae were considered full when they were clearly visi-
ble as 2 large, round, fully filled ‘balloons’ as soon as
the overlying internal organs were removed. The vasa
deferentia of the males were removed and weighed.
The wet weight of the spermathecae (2 combined from
each female) and the 2 vasa deferentia was deter-
mined to the nearest 0.1 mg.

RESULTS

General mating behaviour

The gonopore opercula of females were mobile dur-
ing the intermoult stage a few days before and after
oviposition. Only females with mobile gonopore oper-
cula prior to oviposition were observed to mate. Males
showed no interest in mating with non-receptive fe-
males (i.e. with immobile gonopore opercula). Without
courtship, males quickly approached, grasped and
manoeuvred receptive females into a female-on-male
mating position, which usually only took a few min-
utes. Subsequently, males guarded females constantly
and they mated repeatedly until oviposition unless the
pair was disrupted by another male. Males guarded a
female by holding one of her walking legs with his
chelipeds and/or covering her between his legs.
Females appeared inactive during pair formation and
postcopulatory guarding, unless they tried to resist the
initial mating attempts by the males or tried to escape
directly after copulation. Females were also inactive
when another male tried to disrupt an established pair.
While fighting the other male, the defending male
would try to hold the female who got dragged around
and pulled back and forth. Sometimes females ran
away during the fight, thereby avoiding injury such as
the occasional loss of a limb or damage to her cara-
pace. 

Males housed with 2 non-receptive females did not
approach these females (n = 22). When given a choice,
males initially had difficulty distinguishing between
receptive and non-receptive females. Males ap-
proached and briefly held non-receptive females first
in 10 out of 22 experiments (45.5%); however, they
only tried to mate (5 out of 22), and succeeded in mat-
ing (12 out of 22) with receptive females. Males, there-
fore, only approached non-receptive females in the
presence of receptive females. 

In the laboratory, females mated with males that
were larger or smaller than themselves. In the field,
receptive females were guarded by males, which were
all larger than themselves (paired t-test: t = 6.266, df =
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10, p < 0.001) and from the upper half of the size range
of mature males (≥39.5 mm CW) (Fig. 1). These recep-
tive females had mobile gonopore opercula, carried no
eggs and had full spermatheca indicating that they had
recently been inseminated and were being guarded
after having mated. There was no correlation between
male and female size (Pearson’s r2 = 0.413). Mating was
never observed in the field despite intense searching
of the field site and examination of 1490 females dur-
ing 3 mating seasons. This was most likely due to the
fact that mating itself only lasts about 10 min. 

All non-receptive females isolated in the laboratory
became receptive and eventually laid fertile eggs
without mating.

Female receptivity in the absence and presence of
males, and mating frequency

Females were receptive, on average, for 6.3 d when
isolated, for 5.2 d when males were temporarily
present every day, and for 5.5 d when males were
constantly present over the entire receptive period
(Table 1). A significant positive correlation was found
between the receptivity duration and female size when
males were temporarily present. No correlation was
found when males were absent or constantly present
(Table 1). The duration of female receptivity was sig-
nificantly longer when males were absent compared to
present (ANCOVA: males temporarily and constantly
present combined, female size as covariant, R2 = 0.126,
F1,156 = 16.57, p < 0.001). 

About half the females mated for the first time on the
first day of their receptive period (47.9%). Others
mated for the first time on the second (33.8%), third
(11.3%) or fourth (7.0%) day when males were tem-
porarily present. Mating frequency decreased signifi-
cantly over the receptive period (Fig. 2). A positive cor-
relation was found between the duration of receptivity
and the number of matings when males were tem-
porarily present every day (Table 1). The longer the
receptive period, the more often females mated. In
contrast, no correlation was found between the dura-
tion of receptivity and the number of matings when
males were constantly present (Table 1). In this case, a
longer receptive duration did not significantly increase
the number of matings.

The mean number of matings of females was signifi-
cantly higher when males were constantly present
(7.8 matings), compared to when males were only tem-
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Table 1. Hemigrapsus sexdentatus. Female receptivity and mating frequency in the absence or presence of males. Mean values
given are followed by the standard error of the mean. Results of linear regression are given in parentheses. Superscript letters 

indicate statistically significant differences. N/A: not applicable

Parameter Males absent Males present Male present
(n = 74) temporarily constantly

(n = 71) (n = 14)

Receptivity duration (d) 6.3 ± 0.2 5.2 ± 0.2 5.5 ± 0.4
(range: 3 to 11) (range: 2 to 10) (range: 3 to 9)

Receptivity duration vs. female size no correlation Positive correlation No correlation
(R2 = 0.004, p = 0.590) (R2 = 0.201, p < 0.001) (R2 = 0.035, p = 0.522)

No. of matings vs. receptivity duration N/A Positive correlation No correlation
(R2 = 0.185, p < 0.001) (R2 = 0.17, p = 0.143)

Mating duration (min) N/A 9.8 ± 0.4 9.4 ± 0.5
(range: 3 to 22; n = 75) (range: 3 to 27; n = 109)

Mating duration vs. female size N/A Positive correlation Positive correlation
(R2 = 0.283, p < 0.001) (R2 = 0.066, p = 0.007)

Mating frequency per female N/A 2.7 ± 0.2a 7.8 ± 0.8b 

(range: 1 to 6) (range: 2 to 13)

Mating frequency vs. female size N/A No correlation No correlation
(R2 = 0.029, p = 0.153) (R2 = 0.005, p = 0.802)
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porarily present for a short time every day (2.7 mat-
ings) (ANOVA: R2 = 0.526, F1,83 = 92.24, p < 0.001),
most likely because the former have more time avail-
able for mating. Mating duration was positively corre-
lated with female size, but did not differ significantly
when males were temporarily (9.8 min) or constantly
present (9.4 min) (Table 1). Mating duration did not
change with subsequent matings (i.e. first, second and
third mating of a female). Mating frequency was inde-
pendent of female size (Table 1).

The time of day (day versus night) had no significant
effect on the mating frequency (paired t-test: t = –1.75, df
= 13, p = 0.104) in the trials where males were constantly
present. Out of a total of 109 matings, 43 matings oc-
curred during the day and 66 matings during the night. 

Male–male competition

Males temporarily present

A total of 189 matings were observed in 297 short-term
trials that were carried out on each day individually
marked females were receptive. Females either did not
mate at all (n = 160), mated once (n = 85) or mated twice

(n = 52) per trial. Large males were in 54.1% (46 out of
85) of cases the only ones to mate if the female mated
only once (χ2 = 1.15, df = 1, p = 0.283), and significantly
more often the first male to mate if the female mated
twice (37 out of 52, 71.2%) (χ2 = 18.62, df = 1, p < 0.001).
The total number of matings was, however, similar for
large (98 matings) and small males (91 matings), most
likely because the first male to mate was removed after
copulation, giving the second (i.e. smaller) male an eas-
ier opportunity. Smaller males mated in 44.6% of the
cases when the larger male was removed (37 out of 83),
and 27.8% of the larger males mated after the smaller
male was removed (15 out of 54). In both cases, females
were likely to mate again when the first male left,
indicating high competition for the female as well as
high receptivity of the female.

The same trend was found when we investigated the
mating frequency of males competing with other males
of varying size differences in short-term experiments
(n = 169). Large males were again more often the only
(61 out of 103, 59.2%) or first male to mate (47 out of
66, 71.2%), and the total number of matings was simi-
lar for large (127 matings) and small males (108 mat-
ings). In addition, it was shown that large males gener-
ally obtained more matings, almost irrespective of the
size difference between the large and small male; i.e.
whether it was only 4 or 20 mm carapace width differ-
ence (Fig. 3), suggesting that there is a strong advan-
tage for large males.

Males constantly present

There was no difference in the duration of matings by
males of different sizes (ANCOVA, female size covariate,
R2 = 0.001, F2,106 = 0.059, p = 0.943). However, larger (L)
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males mated significantly more often than medium (M)
and small (S) males (ANOVA: relative male size, F2,39 =
7.413, p = 0.002, Tukey’s test: L vs. M, p = 0.049 and L vs.
S, p = 0.001) (Fig. 4). No significant differences in mating
success were found between medium and small males
(Tukey’s test: p = 0.377). Large males were more likely to
be the last to mate before the females laid eggs com-
pared to medium and small males (64% compared to
15 and 21%, respectively). Male size had a significant
effect on being the last male to mate (chi-squared test:
χ2 = 6.14, df = 2, p = 0.046). Large males were the last to
mate in 9 out of 14 cases compared to 2 times for medium
males and 3 for small males.

Frequently, 1 or 2 males simultaneously attacked a
pair that was either mating or where the male was
guarding the female. A total of 219 attacks on pairs
were observed that resulted in either the separation of
the pair and the female escaping (56.2%), the pair
withstanding the attack and remaining together
(36.5%), or 1 attacking male taking over the female
(7.3%). Defenders were mostly large males (51.6%),
followed by the medium (33.8%) and small males
(14.6%), whereas the probability of being an attacker
was comparable for all male sizes (small males 28.3%,
medium males 40.9%, large males 30.7%). Out of the
16 take overs, most were won by large males (n = 12),
followed by medium (n = 3) and small males (n = 1).

Sperm storage and ejaculate size

Isolated females were able to fertilise their ova using
at least 1 yr old sperm stored in the spermathecae from
the previous mating season. In addition, females must
have been able to retain sperm throughout the moult-
ing cycle, as mature females moult before the next
breeding season, typically shortly after the larvae
hatch (A. M. Brockerhoff pers. obs.). 

The spermathecae weight increased with female size
whether females were isolated (no matings) (linear re-
gression: R2 = 0.707, F1,60 = 144.52, p < 0.001), mated once
(R2 = 0.837, F1,28 = 143.44, p < 0.001) or twice (R2 = 0.751,
F1,16 = 48.38, p < 0.001) in the laboratory or had been col-
lected as ovigerous females (mated unknown number of
times) in the field (R2 = 0.801, F1,52 = 209.69, p < 0.001)
(Fig. 5). The number of matings had a significant effect on
spermathecae weight (ANCOVA: R2 = 0.804, F7,180 =
27.235, p < 0.001). The spermathecae of unmated females
were significantly lighter than females that had mated
1 to 6 times or mated in the field (unknown number of
matings) (Fisher’s LSD: p < 0.001 for all). After the first
mating, the spermatheca weight increased only slightly
with second and further matings (Fig. 5), and the sper-
mathecae weight of females that mated 1, 2 or 3 times
were not significantly different from each other
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(Fisher’s LSD: not significant). Furthermore, females that
mated 2 and 3 times did not have significantly lighter
spermathecae than females that mated 4 times. However,
the spermatheca weight of females that mated once was
significantly different from females that mated 4, 5 or 6
times (Fisher’s LSD: p = 0.005, p = 0.016 and p = 0.002,
respectively). It appears, therefore, that the spermathe-
cae are filled almost to capacity during the first mating
event in the breeding season (Fig. 5). Subsequent mat-
ings only add a small amount to the spermathecae. 

All ovigerous females in the field had full spermath-
ecae indicating that they had all mated during the cur-
rent mating season. Furthermore, field ovigerous
females had significantly heavier spermathecae than
isolated (unmated) females from the laboratory
(Fisher’s LSD: p < 0.001) (Fig. 5). There was no differ-
ence between the spermatheca weight of field oviger-
ous females and females that mated once or twice in
the laboratory (Fisher’s LSD: p = 0.736 and p = 0.114,
respectively). However, field ovigerous females had
significantly lighter spermathecae than females that
mated 3 and 4 times in the laboratory (Fisher’s LSD: p =
0.039 and p = 0.001, respectively). This suggests that
females in the field often mate more than once, but it
might be less common that they mate more than twice.
Field ovigerous females (uncaged) had significantly
lighter spermathecae than females held with males in
field cages during the breeding season (ANCOVA:
R2 = 0.619, F1,45 = 34.88, p < 0.001) (Fig. 6). Caged
females most likely mated more often than uncaged
females, possibly because they were receptive for
longer (2 to 8 d) than uncaged females (less than 1 d) or
because they could not escape repeated mating
attempts by males.

The calculated size of the first ejaculate transferred
to ‘empty’ (=unmated in current mating season) sper-
mathecae increased with female size (linear regres-
sion: R2 = 0.564, F1,23 = 29.80, p < 0.001) (range: 7.6 mg
to 79.6 mg) (Fig. 7a) and was independent of male size
(Fig. 7b) (R2 = 0.004, F1,23 = 0.087, p = 0.77). This means
that males of different sizes were equally able to fill
empty spermathecae and that there is no advantage, in
this regard, for a female to mate with a larger male.
The first ejaculate received by a female with empty
spermathecae was significantly heavier than the sec-
ond ejaculate (ANCOVA: R2 = 0.341, F1,34 = 7.062, p =
0.012). Observations of the exterior of the female gono-
pore directly after mating, did not reveal any traces of
ejaculate that were spilled.

The weight of the vasa deferentia increased with
male size and was not significantly different before
and after the mating season for uncaged field males
(ANOVA: R2 = 0.733, F1,44 = 0.11, p = 0.741) (Fig. 8).
However, after the breeding season, the weight of the
vasa deferentia of caged males held with a female

were significantly different (lighter) from free field
males collected before (ANCOVA: R2 = 0.673, F1,38 =
20.93, p < 0.001) and after (ANCOVA: R2 = 0.714,
F1,41 = 13.12, p = 0.001) the breeding season (Fig. 8).
This indicates that uncaged field males had a large
reproductive storage that did not decrease signifi-
cantly over the breeding season, and that caged males
most likely mated more often than uncaged field
males. 
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DISCUSSION 

General mating behaviour

Hemigrapsus sexdentatus mates during the inter-
moult prior to oviposition when the gonopore opercula
are mobile. Other grapsid crabs such as H. nudus,
H. oregonensis, Sesarma sp., and Gaetice depressus
have also been observed mating shortly prior to ovipo-
sition (Knudsen 1964, Lindberg 1980, Zimmerman &
Felder 1991, Fukui 1993). We conclude from observa-
tions on H. nudus and H. oregonensis (Knudsen 1964,
Lindberg 1980), and our own on H. sexdentatus and
H. crenulatus (Brockerhoff 2002), that the overall mat-
ing behaviour of species within the genus Hemigrap-
sus is very similar in that: (1) these species show no
apparent courtship behaviour, (2) males initiate copu-
lation by approaching females, (3) copulation takes
about 10 min, (4) males try to guard females after
mating (remains to be shown for species other than H.
sexdentatus and H. crenulatus), and (5) females fre-
quently escape and mate with several males in a short
period of time.

Precopulatory mate guarding has been predicted
for species with a male-biased operational sex ratio
(OSR, i.e. ratio of fertilisable females to sexually
active males; Emlen & Oring 1977) and when mating
is restricted to a short, predictable event (see Grafen
& Ridley 1983). However, although the OSR of Hemi-
grapsus sexdentatus is male biased in the field
(Brockerhoff 2002) and female mating is restricted to
a short period (mobile opercula), no precopulatory
mate guarding was observed. The crab density of

these highly mobile crabs in the field is relatively
high (3 to 6 crabs m–2) (Brockerhoff 2002). A high
male–female encounter rate is, therefore, likely and
males consequently follow a ‘pure searching-
intercept’ mating system as described by Wickler &
Seibt (1981), except that there is post-copulatory
mate guarding (see below).

Females were guarded until oviposition and this
occurred whether or not a competitor was present.
Post-copulatory guarding in this species is not as nec-
essary as in species where mating occurs with a soft-
shelled, vulnerable female that would need to be pro-
tected. As most females mated multiple times in the
short and long-term observations, it is therefore likely
that post-copulatory guarding in this species is exhib-
ited by the male mainly to deny other males access to
the female and, therefore, to reduce the risk of sperm
competition. Against this putative benefit of reducing
sperm competition, males may have to bear the cost
of increased predation risk while guarding the
females due to an increase in conspicuousness and
predation vulnerability (e.g. Strong 1973, Magnhagen
1991), and must forgo opportunities to mate with
other females. An elevated predation risk changes
the mating behaviour and courtship of the fiddler
crab Uca beebei (Koga et al. 1998) and duration of
precopula in the amphipod Hyalella azteca (Strong
1973).

In the laboratory, females mated with males of all
sizes, relative to their own size (however, larger males
were more successful in a competitive situation),
whereas in the field, females were mainly paired with
males larger than themselves. According to Ridley
(1983), size assortative mating is likely to occur in spe-
cies where larger females produce larger clutches,
larger males are more successful in obtaining mates,
and the duration of mating is relatively long.
Although the first 2 of these criteria apply to many
crabs, with the duration of mating being variable,
size-assortative pairing has been found in some crabs
(i.e. the ocypodid crabs Uca tetragonon [Goshima et
al. 1996] and Uca rapax [Greenspan 1980], the stone
crab Hapalogaster dentata [Goshima et al. 2000]), but
not in others (i.e. the calappid crab Matuta lunaris
[Perez & Bellwood 1989], Cancer gracilis [Orensanz et
al. 1995] and the spider crab Inachus phalangium
[Diesel 1988]). Consequently, it has been suggested
for I. phalangium that the fitness advantage to males
in choosing large females might be offset by the costs
of longer search time and the loss of mating opportu-
nities with smaller females (Diesel 1988). A similar sit-
uation is likely to apply for Hemigrapsus sexdentatus,
where receptive females are spatially and temporally
limited even during the peak of the mating season
(Brockerhoff 2002). 
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Female receptivity in the absence and presence of
males, and mating frequency

Isolated females stayed receptive significantly
longer than females that had access to males and had
mated. This indicates that females can extend their
receptive period to increase the probability of mating if
necessary. The same pattern of a longer receptive
period of isolated females compared to females held
with males was also found for females observed in field
cages (Brockerhoff & McLay 2005). This is an impor-
tant finding as females can, therefore, influence the
operational sex ratio, which in turn will influence the
intensity of male–male competition. The duration of
receptivity of females was similar when males were
either temporarily or constantly present, but females
mated more often when males were constantly pre-
sent. This is not surprising as females had much more
time available for mating. In addition, this result shows
that females, given the opportunity, mated multiple
times and did not reduce the receptive duration after
1 or 2 copulations. 

Male–male competition

Overall, larger male Hemigrapsus sexdentatus were
more successful in mating and female guarding. How-
ever, a substantial proportion of the matings occurred
with males smaller than their competitors. Larger
males have relatively larger and stronger chelipeds
than smaller males, and this most likely provides them
with an advantage in handling the female and during
male fights. In addition to being more successful in
mating, as is the case with H. sexdentatus, larger
male Callinectes sapidus were found to pass larger
ejaculates to females than smaller males (Jivoff
1997a), which is likely to increase their fertilisation
success. However, this was not the case for males of
H. sexdentatus (see below). In contrast to male size
being a strong selective factor, the 3 morphs of the
marine isopod Paracerceis sculpta have developed
alternative mating strategies in which each morph
follows its own reproductive strategy which eventu-
ally gives them equal mating success (Shuster & Wade
1991). In this species, large males defend harems,
medium size males mimic female behaviour and
morphology, and small males establish themselves in
large harems.

Sperm storage and ejaculate size

In the long-term experiments, large male Hemigrap-
sus sexdentatus were more often the last to mate

before oviposition. This is likely to increase their
chance to fertilise the ova, as female H. sexdentatus
have ventral-type spermathecae where the oviduct
and vagina are at the ventral end of the spermatheca
(see Diesel 1991). In other species, such spermathecae
have been reported to favour the last male’s sperm
during fertilisation. For example, the last male to mate
seals off the rival’s sperm and fertilises most of the ova
in Inachus phalangium (Diesel 1989, 1991). Similarly,
over 90% of the eggs in the crab Scopimera globosa
are fertilised by the last male (Koga et al. 1993). Male
Chionoecetes opilio are also advantaged when they
are the last to mate, due to the stratification pattern of
ejaculates in the female spermatheca (Urbani et al.
1998). However, the storage pattern of the sperm could
be disrupted in spermathecae with large loads, which
can result in multiple-male paternity in C. opilio
(Sainte-Marie et al. 2000). 

It has been shown for the grapsid crab Metopo-
grapsus messor that changes start to occur within the
spermathecae shortly after copulation. Initially, sper-
matophores are clearly discernible within the sper-
mathecae. After the first day, the spermatophore wall
starts to disintegrate and 3 d after copulation the sper-
matophore wall starts to completely dissolve, causing
spermatozoa to become dispersed in the spermathecal
lumen (Anilkumar et al. 1999), which might eventually
lead to the mixing of ejaculates. Similarly, spermatozoa
within the spermathecae of Chasmagnathus granulata
were found not to be stored in discrete packages and it
was suggested that spermatozoa from different mat-
ings could mix (López Greco et al. 1999). However, the
number of matings was unknown in the latter study
and could, therefore, not be related directly. Investiga-
tions on the short- and long-term pattern of sperm stor-
age are necessary for H. sexdentatus (which might
involve sperm mixing or stratification), to establish the
exact fertilisation process which will determine pater-
nity in this species. 

All ovigerous females from the field had full sper-
mathecae, indicating that they all mated during the
breeding season. It appears that most females in the
field mate once or twice, some possibly 3 or 4 times,
based on a comparison with spermathecae weight of
females which mated in the laboratory. Females in the
laboratory mated between 1 and 13 times in the short
and long-term trials, and therefore appeared to mate
more often than females in the field, possibly due to a
longer receptive period compared to field females. The
spermathecae weight increased with female size
whether females had mated or not. An increase of
spermatheca weight with female size was also
observed for Uca lactea (Murai et al. 1987), Callinectes
sapidus (Jivoff 1997a), and Macrophthalmus hirtipes
(Jennings et al. 2000). Isolated females (in the labora-
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tory) were able to lay fertilised eggs, presumably using
stored sperm from the previous mating season.

During the first mating in the season, male Hemi-
grapsus sexdentatus adjusted the ejaculate size
according to the size of the female, i.e. transferred rel-
atively large ejaculates to large females. Similarly,
male Panulirus argus vary the amount of ejaculate pos-
itively with female size (MacDiarmid & Butler 1999).
Furthermore, large and small male H. sexdentatus
were equally able to transfer the first ejaculate to small
and large females. However, this was not the case for
Callinectes sapidus, where smaller males transfer
smaller ejaculates than larger males (Jivoff 1997a,b). It
has been shown for Chionoecetes opilio and Call-
inectes sapidus, that larger ejaculates contain more
sperm compared to smaller ejaculates (Sainte-Marie &
Lovrich 1994, Jivoff 1997a). Although, we did not
examine this relationship for H. sexdentatus, it is likely
that a similar relationship between ejaculate size and
sperm number would be found. In this case, larger
males would therefore transfer more sperm to larger
females which produce more eggs compared to
smaller females.

In Hemigrapsus sexdentatus, the spermathecae
were filled almost to their maximum after the first cop-
ulation and subsequent matings increased the sper-
mathecae weight only slightly. This could be due to an
increased resistance while filling the relatively full
spermatheca any further. It appears, therefore, that
ejaculate size (transferred to the female spermathecae)
decreases with subsequent matings due to the fullness
of the spermathecae. Alternatively, males could try to
flush out the previous contents to be able to get some
of their ejaculate into the spermathecae, which has
been reported for insects (see Birkhead & Møller 1998).
However, this is not very likely, because the gonopods
are too big to be inserted into the female spermathecae
and a narrow vagina probably does not permit flushing
of viscous ejaculates. 

Furthermore, our assumption that the amount of
ejaculate stored by the female represents what was
passed to her is also supported by the observations that
female Hemigrapsus sexdentatus have no sperm plugs
(A. M. Brockerhoff pers. obs.) and females are not
likely to be able to flush out unwanted ejaculates
because no morphological structures on the spermath-
ecae were observed that would facilitate this. How-
ever, it is known that part of the ejaculate of some
brachyurans can protrude from the spermathecae,
erodes and is lost soon after mating (Hankin et al.
1997), and that in other animal taxa, females can flush
unwanted ejaculate from their spermathecae (Pizarri &
Birkhead 2000).

In summary, male Hemigrapsus sexdentatus search
for and defend receptive females until they lay eggs.

Although male-male competition appears to be the
dominant factor in pair-formation in this species, the
ability of females to extend their receptivity in the
absence of males will have an impact on the extent of
male-male competition and sperm competition.
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