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Sperm-limited males continue to mate, but females cannot detect
the male state in a parasitoid wasp
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Abstract
Female mating frequency and male ejaculate allocation are likely to interact. Females may adjust their propensity for remating
based on the amount of provided sperm to ensure a sufficient sperm supply, and males may determine sperm allocation based on
female availability and female mating frequency. In this study, I investigated male and female mating behaviors in the parasitoid
wasp Anisopteromalus calandrae. The wasp exhibits the haplo-diploid sex determination, in which sperm-depleted females are
constrained to produce only sons by laying unfertilized eggs. The first experiment showed that a rapid succession of male mating
decreased the production of daughters (fertilized eggs) by the inseminated females, suggesting that sperm-limited males provided
an insufficient amount of sperm to the females. Although the males appeared to replenish their sperm store after 6 h, they mated
upon encountering females despite their sperm shortage. The second experiment showed that copulation reduced the subsequent
mating receptivity of the inseminated females irrespective of whether the females received a sufficient amount of sperm.
Moreover, although approximately 26% of females accepted a second mating and recovered a certain degree of daughter
production, remating was independent of the mating status of their first mating partner or the social environment. These results
suggest that sperm-limited males may benefit from continuing to mate because their copulation prevents competing males from
reproducing with their mates. Females incur a cost from not remating depending on the amount of sperm provided, which may
result from weak environmental selection pressure or manipulation by the initial mate.

Significance statement
Male and female mating strategies are likely to evolve interdependently. Specifically, in species that produce limited numbers of
sperm, the mating behavior of males and females is likely to be influenced by sperm transfer. The results of the present study
suggest that males of the parasitoid wasp Anisopteromalus calandrae can replenish their sperm stores over time. However,
sperm-limited males that encounter a potential mating partner mate rather than wait for sperm recovery. Females do not
discriminate the male state before copulation, and those that mate with sperm-limited males suffer from sperm shortage.
Although females can augment their sperm supply by remating, only a portion of females do so, regardless of sperm supply.
The lack of a female facultative response suggests weak environmental selection on the species or the existence of sexual conflict
over sperm transfer.
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Sexual conflict

Introduction

The ubiquity of polyandry in nature implies that multiple mat-
ing yields benefits that can offset the costs imposed on females
(Arnqvist and Nilsson 2000; Pizzari and Wedell 2013; Parker
and Birkhead 2013). In turn, female multiple mating causes
postcopulatory male competition over fertilization (sperm
competition; Parker 1998). Although the ultimate cost of re-
production is smaller for males than for females, male
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resources for reproduction are far from limitless and are ex-
pected to be optimally allocated among successive matings
(Wedell et al. 2002; Parker and Pizzari 2010). Males may
strategically vary the amount of their ejaculate based on the
risk and intensity of sperm competition, which are dictated by
the degree of polyandry (Parker 1990; Parker et al. 1996).
Therefore, female mating frequency and male sperm alloca-
tion are likely to be interdependent and to establish coevolu-
tionary feedbacks (Abe and Kamimura 2015; Bocedi and Reid
2016).

To examine the interaction between male and female
reproductive strategies, Abe and Kamimura (2015) proposed
a novel framework called the Bsperm economy^ theory and
developed a model that investigated the coevolutionary dy-
namics betweenmale ejaculate allocation and female remating
frequency (see also Bocedi and Reid 2016). The interaction
between these strategies is likely to be influenced by factors
that determine the level of sperm limitation in the population,
such as operational sex ratios. Consequently, the model pre-
dicted that under an even sex ratio, females mate only once, as
in traditional models. However, under female-biased condi-
tions, males are predicted to favor decreasing the amount of
ejaculate in each mating to partition their reproductive budget,
such as sperm, among many females, which could lead to
sperm limitation for their mates. In contrast, females are pre-
dicted to favor multiple matings to acquire sufficient male
reproductive budgets to prevent reproductive constraint (Abe
and Kamimura 2015). While this and other theoretical works
have incorporated coevolutionary feedbacks, the sperm econ-
omy theory emphasizes the importance of simultaneously ex-
amining both male ejaculate allocation and female mating
frequency to reveal the balance of sperm supply in empirical
investigations.

Parasitoid wasps are a taxonomic group in which the level
of sperm limitation may influence male and female reproduc-
tive strategies (Godfray 1994; Abe and Kamimura 2015).
These wasps show a variety of sex ratios, including various
female-biased sex ratios (Godfray 1994), so the females can
suffer from sperm depletion and be constrained in their repro-
duction (Hardy and Godfray 1990). Hymenopteran insects
have haplo-diploid sex determination, in which fertilized and
unfertilized eggs develop into female and male individuals,
respectively. Therefore, although sperm-depleted females
can still reproduce, they can be constrained to produce non-
optimal sex ratios. Most species of parasitoid wasps are char-
acterized by monandry (Ridley 1993), but there is interspecif-
ic variation in female mating frequencies across species
(Hardy 1994). Ridley (1993) explored the literature on female
mating frequency among parasitoid species and found a ten-
dency of polyandry to appear more frequently in gregarious
species than in solitary species. One explanation could be
sperm shortage due to female-biased sex ratios (Godfray
1994). In contrast to solitary species, whose individuals

disperse to mate globally, the mating of gregarious species
typically occurs among individuals who emerged from the
same hosts, and these species show female-biased sex ratios,
as predicted by local mate competition (LMC) theory
(Hamilton 1967). Under such a female-biased condition, fe-
males are expected to mate multiple times to obtain sufficient
sperm to be able to adaptively allocate sex, because the
amount of ejaculate by a single male may be insufficient due
to sperm depletion or ejaculate partitioning (Godfray 1994;
Abe and Kamimura 2015). Although these predictions were
originally made to explain the interspecific variation in female
mating frequency resulting from an evolutionarily adaptive
response, a similar prediction is likely to be made for faculta-
tive response by individual females (Charlat et al. 2007; Abe
and Kamimura 2015). Females are likely to remate, when they
recognize that the ejaculate provided by the first mating is
insufficient or when they are in a situation in which males
are expected to provide a small amount of sperm.

Anisopteromalus calandrae (Hymenoptera: Pteromalidae)
is an ectoparasitoid wasp that attacks the larvae and pupae of a
wide range of coleopteran pest insects that infest several
grains (van den Assem et al. 1984). Although it is a solitary
parasitoid, the wasp parasitizes spatially clumped hosts, so its
population structure is characterized by a clumped distribution
(it is categorized as a quasi-gregarious parasitoid). Its sex ra-
tios change largely in accordance with the predictions both of
Hamilton’s (1967) LMC model (Lebreton et al. 2010) and
Charnov et al. (1981) host quality model (van den Assem
et al. 1984; Ji et al. 2004) and vary between 0% female and
nearly 90% female (Nishimura and Jahn 1996). Considering
the variable sex ratios and the intermittent emergence timing
of males, the frequency of encounters with the opposite sex is
likely to fluctuate greatly, and mating opportunities may be
biased in favor of specific males (Martel and Boivin 2007).
Moreover, although male A. calandrae are synspermatogenic
(i.e., they continue producing sperm after emergence), they
exhibit reduced amounts of sperm in seminal vesicles over
consecutive matings (Bressac et al. 2009). If the reduction of
sperm influences the reproductive performance of females,
then females may make decisions regarding mating accep-
tance or adjust their remating tendency depending on the mat-
ing status of the males (Boivin 2013; Boulton et al. 2015).

In this study, I examine both male sperm allocation among
successive matings and female remating behavior to reveal the
transfer of sperm frommales to females in A. calandrae. In the
experiments below, the amount of sperm transferred to the
females was estimated based on the proportion of daughters
(fertilized eggs) produced by the females. The rationale for
this approach is that studies of A. calandrae that have directly
counted the number of sperm in female spermathecae have
revealed that females efficiently use the stored sperm when
they fertilize eggs in oviposition (Khanh et al. 2005; Bressac
et al. 2009; Kasamatsu and Abe 2015). In our previous study,
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we confirmed that after laying clutches with mixed sexes
(demonstrating that they have been inseminated), females pro-
duce only sons (unfertilized eggs), suggesting that they have
run out of sperm. This finding was confirmed by dissecting
such females, which had no or very few sperm in their
spermathecae (Kasamatsu and Abe 2015; unpublished data).

In the first experiment, I assess how males allocate their
ejaculate among successive matings and how this allocation
impacts the fecundity and offspring sex ratio of inseminated
females. In the second experiment, I investigate whether fe-
males can distinguish sperm-limited males before or after cop-
ulation. If females recognize the status of males upon encoun-
ter and have an absolute preference for the male state, they
might accept copulation at a higher rate after courtship by
virgin males than after courtship by sperm-limited males. If
females recognize the amount of ejaculate after copulation and
can replenish their sperm supply through additional matings,
they might adjust their tendency to remate depending on the
status of their first partner. I consider the possibility that fe-
males not only directly recognize the amount of ejaculate pro-
vided but also indirectly estimate it based on the social envi-
ronment in terms of the operational sex ratios. Finally, based
on the results of the two experiments, I discuss the evolution-
ary consequences for sperm transfer between males and fe-
males, specifically in relation to the selection pressure experi-
enced in the environment and the context of sexual selection.

Materials and methods

Parasitoid wasps

The strain ofA. calandrae used in the experiments was created
from wild-caught wasps collected from Kyoto, Japan, in 1938
and maintained in laboratories. The wasps for the experiments
and in the stock cultures were reared on one of their host
species, Callosobruchus chinensis (Coleoptera: Bruchidae),
which infests the cowpea Vigna unguiculata (Fabales:
Fabaceae). Stock cultures were initiated every 2 weeks, and
each culture was founded by introducing approximately 20
females and some males from the previous culture into a
new petri dish, in which beans were provided containing 14-
day-old hosts. Under this condition, roughly 70% of individ-
uals develop into females (M. Shimada and Y. Nagase, per-
sonal communication). To obtain the individuals used in the
following experiments, subcultures were created, in which
fivemales and five females weremoved from the stock culture
into a new petri dish with 120 beans, with each bean contain-
ing a few hosts. To standardize the size of the experimental
individuals, hosts that had developed for more than 14 days
were used (Kasamatsu and Abe 2015). Prior to the emergence
of the offspring generation, the 120 beans in each subculture
were divided into units of three or four beans each that were

kept in plastic cases (40 × 30 × 20 mm3). The cases were
checked on a daily basis, and newly emerged virgin individ-
uals who did not coexist with the opposite sex after emergence
were collected and kept individually in 0.2-ml plastic tubes or
with groups of the same sex in new plastic cases (40 × 30 ×
20 mm3) until they were used in the mating treatments de-
scribed below. Therefore, individuals were ready for the ex-
periments within 24 h after emergence. Adults are already
sexually mature on the day of emergence: females are ready
to accept copulation, and males possess a sufficient amount of
sperm to inseminate females (Bressac et al. 2009; Kasamatsu
and Abe 2015). All the experiments were conducted under a
constant temperature of 28 °C and a photoperiod of L16:D8 h.
To minimize observer bias, blind methods were used when
recording all behavioral data in the following experiments.

Experiment 1: male mating potential and the impact
on female reproduction

In the first experiment, I investigated male mating behavior
across successive matings, the males’ recovery capacity from
sperm shortage, and the impact on female reproduction.
Twenty males were sequentially subjected to eight mating
trials and an additional two subsequent mating trials conduct-
ed 6 h and 24 h later. In each mating trial, a male was placed
with a virgin female in a mating chamber (8 mm diameter,
20 mmwidth) composed of a transparent plastic cylinder with
silicon caps on both ends. The courtship behavior and copu-
lation success were directly observed for 10 min or until cop-
ulation occurred, whichever came first. Even if a courtship did
not result in a successful copulation, the pair was allowed to
have other mating opportunities within 10 min. The trial time
of 10 min was considered sufficient because, among copulat-
ing pairs, most copulations occurred within 10 min in contin-
uous observations of more than 30 min (H. Ayabe, personal
communication). Regardless of whether mating occurred in
the first mating trial, the male was immediately transferred
to a clean mating chamber after the end of copulation for the
mated males or after the end of the trial time for the refused
males. In the new mating chamber, the male was provided
another virgin female, and his mating behavior was observed
again; this procedure was repeated a total of eight times. After
the eighthmating trial, the males weremoved and individually
kept in the 0.2-ml tube. The males were provided with two
more subsequent mating opportunities 6 h and 24 h later in the
same manner described above. The last two mating trials were
conducted to examine whether and when their sperm stocks
are replenished and how the males behave.

To evaluate male insemination capacity and its influence
on female reproduction, a subset of inseminated females was
allowed to produce offspring. Offspring production was ex-
amined for the first, third, fifth, and seventh females among
those that mated successfully in the first eight successive
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mating and for females that mated 6 h and 24 h later. The
detailed procedures for measuring offspring production are
described elsewhere (Kasamatsu and Abe 2015). Briefly, a
lone inseminated female was allowed to produce a clutch just
after the 24 h later mating trial by laying eggs on a batch of
cowpea seeds containing at least 100 bean beetle hosts for
4 days. To allow the female to produce subsequent clutches,
the cowpea seeds with the hosts were renewed every 4 days
until the death of the female. The females were checked for
mortality every 4 days, and the number of clutches produced
by a female reflected her longevity. After the offspring were
allowed to develop into adults, the number of male and female
offspring was counted. Lifetime fecundity was measured as
the total number of offspring that emerged from all the
clutches produced by a single female, and the sex ratio was
represented as the proportion of female offspring. Under this
condition, a female is predicted to produce a clutch with ap-
proximately 60% females if she mates with a virgin male
(Kasamatsu and Abe 2015). One female out of those that were
mated with the males a third time produced only one offspring
and was excluded from analysis (the final number of replicates
used to analyze offspring production is presented in Fig. 2).

Experiment 2: influence of male state and social
environment on female mating propensity

In the second experiment, I investigated whether females are
able to recognize the male state either before or after copulation
and adjust their mating behavior accordingly. Females might
perceive the mated status of males during courtship or copula-
tion or directly recognize the amount of ejaculate provided after
copulation. Alternatively, they might use cues from the social
environment to determine the mated status of encountered
males; in an environment with abundant females, males are
likely to become sperm limited after repeated copulations. We
may expect that females recognize that they might be supplied
a smaller amount of ejaculate when they frequently encounter
other females or must wait a long time for a mating opportunity
compared to easily finding a potential mating partner.
Therefore, this experiment consisted of two treatments regulat-
ing the state of male mates and females’ experience before
mating. First, to vary the amount of ejaculate transferred to
females in their first mating, a virgin female was allowed to
mate with either (i) a virgin male or (ii) a sperm-limited male
(male state treatment). Based on the results of the first experi-
ment, males that mated four or more times (up to seven times)
in rapid succession were used as sperm-limited males. Second,
to vary the social environment that females experienced prior to
mating, a virgin female was allowed to mate (i) on the day of
emergence, (ii) after being kept alone for 2 days, or (iii) after
being maintained with a group of 10 females for 2 days (social
environment treatment). Females were placed in a 0.2-ml plas-
tic tube or in a plastic case (40 × 30 × 20 mm3) for 2 days when

kept alone (category ii) or in a group (category iii), respectively.
In categories (i) and (ii), females were used that did not coexist
with any other individuals after emergence. For category (iii),
the females in the groups were randomly collected from a sin-
gle subculture. After females experienced one of the three en-
vironmental contexts, they were exposed to a virgin or sperm-
limited male in the mating chamber, and their courtship and
copulation success were recorded for 10 min, as described in
experiment 1.

After performing each treatment above, females that mated
in the first mating attempt were then randomly assigned to one
of two groups. One set of mated females was used to investi-
gate offspring production by once-mated females. After the
first mating, the females that mated with virgin or mated males
were allowed to produce offspring on the host batches, which
were successively provided following the same procedure as
in experiment 1, and their fecundity and offspring sex ratios
were examined. The other set of mated females was used to
investigate the female propensity to remate. Once a pair
finished their copulation in the first mating, the mated
female was moved to a new mating chamber, and isolated
from males for 60 s. Then, a new virgin male was
introduced into the mating chamber, and the mating
behavior of the pair was observed for 10 min to determine
copulation success. The interval length of 60 s was selected
to contrast the dual mating reported in the same species by
Khanh et al. (2005) and Bressac et al. (2009), which occurs
within 10 s after the end of the first copulation without pro-
viding additional courtship. If the females accepted the second
mating attempt, they were also used to examine offspring
production. Offspring production was examined for once-
mated and twice-mated females in the present experiment.
Note that once-mated females are not those that rejected a
second mating attempt but those that were offered only one
mating attempt. Two once-mated and one twice-mated fe-
males produced no offspring, and one once-mated female
had only five offspring. Therefore, these females were exclud-
ed from the analysis (the final number of replicates used to
analyze offspring production is presented in Fig. 4).

Statistics

All data analyses were performed by generalized linear mixed
models (GLMMs) using R 3.3.1 software (R core team 2016).
Binary data such as mating success and proportional data such
as sex ratios were fitted with a binomial error structure and a
logit link function, and count data such as clutch size and the
number of clutches produced were fitted with a Poisson error
structure and a log link function. For analysis of mating ac-
ceptance data, a male was provided with mating attempts with
different females in experiment 1, a female was provided with
mating attempts with up to two males in experiment 2, and a
female was allowed to sequentially produce multiple clutches
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in experiments 1 and 2. In these cases, the terms male individ-
ual, female individual, and female individual, respectively,
were added to the models as random effects to avoid
pseudo-replication by using the same individuals. In addition,
for proportional and count data, additional terms that represent
the block of data were also added as random factors to resolve
the problem of overdispersion. In each analysis, a full model
was conducted, including all fixed effects of interest, the
second-order interaction terms, and the random effects de-
scribed above. The statistical significance of each fixed main
effect and interaction was evaluated by the likelihood ratio
test. Non-significant terms (α > 0.05) were removed to ac-
quire minimal adequate models following the backward step-
wise deletion procedure (Crawley 2007).

Data availability

All data generated and analyzed during this study are included
in the supplementary information file.

Results

Experiment 1: male mating potential and the impact
on female reproduction

Male mating success was independent of the order of the male
mating trials (Fig. 1) when the mating order was analyzed as a
continuous variable within the first eight successive mating
trials (χ2 = 0.014, df = 1, P = 0.91) or when it was treated as
a categorical variable in the overall mating trials, including the

two additional trials after the intervals (χ2 = 3.84, df = 9, P =
0.92). This tendency persisted when the same data set was
analyzed with the explanatory variable being the male prior
mating frequency instead of the mating trial order (Fig. S1).

All females laid smaller, more male biased clutches after
ovipositing on multiple host batches, suggesting that they ran
out of sperm. This apparent sperm depletion started earlier
when females had mated with males that had mated multiple
times already (see Fig. S2 for the analyses and results). The
lifetime fecundity of the females over all their clutches was not
influenced by male mating order within the first successive
mating (χ2 = 0.43, df = 1, P = 0.51) or in the overall mating
(χ2 = 4.6, df = 5, P = 0.47; Fig. 2). However, the lifetime sex
ratios decreased significantly within the first successive mat-
ing (χ2 = 52.8, df = 1, P < 0.001) and were significantly dif-
ferent in the overall mating (χ2 = 87.7, df = 5, P < 0.001), sug-
gesting that although the amount of sperm provided by males
decreased over the first successive mating, it had recovered in
the males that mated with females after 6 or 24 h (Fig. 2; Fig.
S2).

Experiment 2: influence of male state and social
environment on female mating propensity

Female receptivity significantly decreased between the first
and second mating attempts (χ2 = 60.5, df = 1, P < 0.001;
Fig. 3). However, female receptivity to mating was not signif-
icantly influenced by the male state in the first mating (χ2 =
0.10, df = 1, P = 0.75), the social environment (χ2 = 1.46, df =
2, P = 0.48), or their interactions (all p > 0.16; Fig. 3).
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Lifetime fecundity was not different depending on female
mating frequency (χ2 = 1.20, df = 1, P = 0.27), male state in
first mating (χ2 = 0.23, df = 1, P = 0.63), social environment
(χ2 = 1.55, df = 2, P = 0.46), or their interactions (all p > 0.10;
Fig. 4). However, lifetime sex ratios had a significant interac-
tion term between female mating frequency and male state in
first mating (χ2 = 9.42, df = 1, P < 0.01), although neither the
main effect of social environment nor other interaction terms
were significant (social environment χ2 = 0.46, df = 2, P =
0.80; interactions all P > 0.22; Fig. 4). The significant interac-
tion suggests that females that mated once with sperm-limited

males produced clutches with a smaller proportion of females
than females that mated once with virgin males or females that
subsequently remated with virgin males (Fig. 4). When the
once-mated and twice-mated females were analyzed separate-
ly, the sex ratios of both types of females were not significant-
ly affected by social environment (once-mated χ2 = 0.54, df =
2, P = 0.76; twice-mated χ2 = 0.30, df = 2, P = 0.86) or by the
interaction between social environment and male state in the
first mating (once-mated χ2 = 1.75, df = 2, P = 0.42; twice-
mated χ2 = 2.72, df = 2, P = 0.26); however, there was a sig-
nificant effect of male state in the first mating for both types of
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females (once-mated χ2 = 21.8, df = 1, P < 0.001; twice-
mated χ2 = 5.72, df = 1, P < 0.05). These results indicate that
although females that initially mated with sperm-limited
males could recover their sex ratios by remating with virgin
males, their sex ratios were less female biased than those of
twice-mated females that initially mated with virgin males
(Fig. 4). When only the data set of females that had mated
once with a virgin male was analyzed, the sex ratios were not
significantly influenced by the social environment experi-
enced by the females (χ2 = 3.04, df = 2, P = 0.22; Fig. 4a).
This suggests that although the social environment could be
a cue used by the females to strategically alter their offspring
sex ratios (Hamilton 1967; Charnov et al. 1981), this was not
the case in the present experiment.

Discussion

The present study revealed that sperm limitation could be a
restricting factor that regulates the reproduction of male and
female A. calandrae. The results of the first experiment
showed that over successive male matings, the inseminated
females produced a lower proportion of female offspring (fer-
tilized eggs); the production of daughters was progressively
reduced and only male offspring were laid in the late repro-
ductive stage. This suggests that male sperm stores were re-
duced over successivematings, and females that mated later in
the succession were constrained in daughter production due to
haplo-diploid sex determination. Although the male sperm
store appeared to be replenished after a period, males contin-
ued to mate upon encountering females, even in later succes-
sion despite the sperm shortage. The results of the second
experiment showed that females accept copulation without
distinguishing the malemating status.When females first mat-
ed with a sperm-limited male, they could recover some degree
of daughter production by remating with a virgin male, sug-
gesting that their sperm supply was replenished. However,
female remating was not influenced by the mated status of
the first male or social environmental conditions.

Why was conditionally dependent remating not observed
in the females of A. calandrae? One of possible explanations
could be the weakness of environmental selection pressure. If
individuals in nature do not experience the female-biased sex
ratio experienced by the wasps in the present experiments,
then male and female mating strategies to counteract sperm
shortage may not evolve. In a less female-biased condition,
the abundance of males in the environment reduces the com-
petition between females over mating opportunities to acquire
sperm, and the females do not require a large number of sperm
to produce female-biased clutches. The present study sug-
gested that male mating in quick succession with more than
four females leads to sperm limitation in the inseminated fe-
males. Considering the variable sex ratios in the species (0–

90% females; van den Assem et al. 1984; Nishimura and Jahn
1996; Ji et al. 2004) and spatially and temporally aggregated
mating opportunities (Martel and Boivin 2007), such sperm-
limiting situations may occur in natural populations of
A. calandrae, as documented in other parasitoid species in
the field (Ode et al. 1997; Henter 2004). However, the longev-
ity of females may be shorter under natural conditions com-
pared to in the laboratory, or the availability of hosts may be
restricted in the wild. In such cases, females may not be
constrained by sperm shortage in nature as much as indicated
in the present study. Moreover, the male and female reproduc-
tive behaviors observed in the present experiments may have
evolved under laboratory conditions (Burton-Chellew et al.
2007; Boulton and Shuker 2015). The laboratory cultures
were founded by multiple females over multiple generations,
which reduce the LMC and leads to a less female-biased con-
dition in the stocks. Under such a circumstance, selection
pressure on sperm shortage may have been mitigated
(Boulton and Shuker 2015; Boulton et al. 2017).

Alternatively, the results of the present experiments could
be explained as a consequence of sexual conflict (Chapman
et al. 2003; Arnqvist and Rowe 2005). Under a female-biased
condition, sperm shortage is likely to cause sexual conflict
over male and female mating strategies. If single ejaculates
from sperm-limited males are not sufficient to produce opti-
mal sex ratios, then female counterstrategies are expected to
evolve so that females can avoid being constrained. First, fe-
males may make a decision to accept copulation based on the
male sperm store state. The only evidence of female
choosiness for virgin males in parasitoids was documented
in N. vitripennis, in which males release lower amounts of a
sex pheromone as their sperm stores decrease and females are
more attracted to males that release higher amounts of the
pheromone (Ruther et al. 2009; Blaul and Ruther 2011).
However, similar to other parasitoid species (Jacob and
Boivin 2004; Steiner et al. 2008; King and Fischer 2010),
the present research on A. calandrae suggested that females
do not discriminate between virgin and sperm-limited males.
Second, if females cannot distinguish sperm-limited males
before copulation, they are expected to remate to compensate
for the shortage in sperm supply (Godfray 1994; Abe and
Kamimura 2015). The present study showed that approxi-
mately 26% of females accepted a second mating and recov-
ered their sperm supply to some extent. However, the decision
to remate was not associated with the state of the male from
the first mating. Studies of other parasitoid wasps have report-
ed that females under sperm limitation indiscriminately re-
mate and recover the number of stored sperm (Chevrier and
Bressac 2002; Damiens and Boivin 2006; Steiner et al. 2008;
Pérez-Lachaud 2010). Even if females do not facultatively
remate depending on the conditions, indiscriminate multiple
mating by females could be advantageous by ensuring against
the risk of sperm depletion (Boivin 2013).

Behav Ecol Sociobiol (2019) 73: 52 Page 7 of 10 52



Males, however, will be selected to inhibit females from
remating to prevent sperm competition. In insects, males can
physiologically manipulate the inseminated female to reduce
subsequent mating receptivity by transferring certain proteins
in seminal fluids together with sperm (Chapman 2001; Gillott
2003; Avila and Sirot 2011). The present study showed that in
A. calandrae, previously mated females are less receptive to
matings than virgin females. Moreover, even if they accepted
a secondmating, they could not produce daughters in the same
amount as females that mated with a virgin male in the first
mating, suggesting that these females were affected by a lower
level of sperm supply. Similarly, mated females of
Trichogramma evanescens accept subsequent mating, but a
first mating with a sperm-depleted male inhibits the females
from fully replenishing their sperm supply through subsequent
matings, which is likely because the seminal fluids from a
previous copulation physically block sperm from subsequent
matings from entering the spermatheca of the female
(Damiens and Boivin 2006).

Similar to A. calandrae males, males of many parasitoids
are reported to transfer only small amounts or no sperm to
females after a succession of matings and to continue to en-
gage in matings, resulting in sperm shortages in females
(Nadel and Luck 1985; King 2000; Jacob and Boivin 2004;
Damiens and Boivin 2005, 2006; Bressac et al. 2008; Ruther
et al. 2009; Steiner et al. 2008; Pérez-Lachaud 2010; Kant
et al. 2012; Chirault et al. 2016). For sperm-limited males,
continuing to mate could be adaptive because it increases their
relative fitness by inhibiting females from remating and de-
creasing the paternity of competing males (Damiens and
Boivin 2006; Boivin 2013). This may be particularly applica-
ble to prospermatogenic species, where males emerge with
full sperm stores but do not produce any more sperm; such
males have no opportunities to directly increase their fitness
by producing offspring after sperm depletion. However, the
present study showed that sperm-limited males continue to
mate in a synspermatogenic species despite the fact that they
can recover their sperm store after a period.

Finally, the present study provided results that contradict
the reports of previous studies for the same parasitoid species.
First, in A. calandrae, females have previously only been
shown tomate once except for dual mating, which occurs only
within a short time interval (< 10 s) when a second male cop-
ulate immediately after the end of the first copulation without
providing additional courtship (Khanh et al. 2005; Bressac
et al. 2009). However, the present study showed that several
females accepted a second mating after being provided with
another courtship with an interval of at least 1 min after the
previous copulation, which is consistent with the report in
Baker et al. (1998). Second, in previous work, paternity after
dual mating was considered proportional to the amount of
sperm ejaculated by each male, suggesting that there was no
sperm precedence (Khanh et al. 2005; Bressac et al. 2009). In

contrast, the present study showed that a second mating in-
completely recovered the sperm supply from the first copula-
tion, suggesting first male precedence as demonstrated in a
variety of other parasitoid species (Boulton et al. 2015). This
discrepancy might be due to differences in the sperm-
processing mechanism. In the dual mating investigated in pre-
vious studies, the ejaculates from two males were thought to
be mixed in the uterine cavity of the females before their
migration to the spermatheca (Bressac et al. 2009).
However, in the present study, before the ejaculate from the
second male was passed to the female, the ejaculate from the
first male likely started to migrate to the spermatheca and
blocked additional sperm from entering (the details of sperm
processing are discussed for N. vitripennis, which belongs to
the same family as A. calandrae, in Boulton et al. 2017).

In conclusion, the present study of A. calandrae showed
that although potentially sperm-depleted males appeared to be
able to replenish their sperm stock by resting, they continue to
mate, which constrains females from producing an optimal
sex ratio throughout their reproduction. However, the females
do not respond facultatively by avoiding mating with sperm-
limited males or remating after such mating. These results
may arise from sexual conflict over sperm transfer between
males and females, which are likely dictated by the selection
pressure that the species experiences in nature or in the labo-
ratory environment. Future studies are suggested to produce
different selection lines with varying sex ratios (Macke et al.
2011) and to examine the evolutionary consequences of the
reproductive behavior of males and females to identify the
relative importance of sexual conflict. More generally, the
present results emphasize the usefulness of simultaneously
examining male and female mating strategies to reveal the
economics of sperm transfer between the sexes. A better un-
derstanding in this area could be obtained by considering the
interplay between theoretical and empirical works.
Theoretical works have recently been launched to reveal the
coevolutionary feedback between male and female reproduc-
tive behaviors (Abe and Kamimura 2015; Bocedi and Reid
2016). In the future, existing models should be extended to
incorporate the empirical findings, such as mating by sperm-
depleted males and antagonistic coevolution between the
sexes, which were newly suggested in the present study.

Acknowledgements I am grateful to M. Shimada, Y. Maekawa, and Y.
Nagase for supplying the wasps and beetles and for providing useful
information about these organisms, H. Ayabe and H. Nakamura for help-
ing collect the preliminary data for the present study, T. Konagaya for the
useful discussions, Y. Ichikawa for the encouragement, and Y. Kamimura
and three anonymous referees for their constructive and thoughtful com-
ments on previous versions of the manuscript.

Funding This study was funded by a Japan Society for the Promotion of
Science grant-in-aid for scientific research (JSPS KAKENHI grant
17K07574).

52 Page 8 of 10 Behav Ecol Sociobiol (2019) 73: 52



Compliance with ethical standards

Conflict of interest The author declares that there is no conflict of
interest.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Abe J, Kamimura Y (2015) Sperm economy between female mating
frequency and male ejaculate allocation. Am Nat 185:406–416.
https://doi.org/10.1086/679586

Arnqvist G, Nilsson T (2000) The evolution of polyandry: multiple mat-
ing and female fitness in insects. Anim Behav 60:145–164. https://
doi.org/10.1006/anbe.2000.1446

Arnqvist G, Rowe L (2005) Sexual conflict. Princeton University Press,
Princeton

Avila F, Sirot L (2011) Insect seminal fluid proteins: identification and
function. Annu Rev Entomol 56:21–40. https://doi.org/10.1146/
annurev-ento-120709-144823.Insect

Baker JE, Perezmendoza J, Beeman RW (1998)Multiple mating potential
in a pteromalid wasp determined by using an insecticide resistance
marker. J Entomol Sci 33:165–170. https://doi.org/10.18474/0749-
8004-33.2.165

Blaul B, Ruther J (2011) How parasitoid females produce sexy sons: a
causal link between oviposition preference, dietary lipids and mate
choice in Nasonia. Proc R Soc B Biol Sci 278:3286–3293. https://
doi.org/10.1098/rspb.2011.0001

Bocedi G, Reid JM (2016) Coevolutionary feedbacks between female
mating interval and male allocation to competing sperm traits can
drive evolution of costly polyandry. Am Nat 187:334–350. https://
doi.org/10.1086/684746

Boivin G (2013) Sperm as a limiting factor in mating success in
Hymenoptera parasitoids. Entomol Exp Appl 146:149–155.
https://doi.org/10.1111/j.1570-7458.2012.01291.x

Boulton RA, Shuker DM (2015) The costs and benefits of multiple mat-
ing in a mostly monandrous wasp. Evolution 69:939–949. https://
doi.org/10.1111/evo.12636

Boulton RA, Collins LA, Shuker DM (2015) Beyond sex allocation: the
role of mating systems in sexual selection in parasitoid wasps. Biol
Rev 90:599–627. https://doi.org/10.1111/brv.12126

Boulton RA, Cook N, Green J, Greenway EV, Shuker DM (2017) Sperm
blocking is not a male adaptation to sperm competition in a parasit-
oid wasp. Behav Ecol 29:253–263. https://doi.org/10.1093/beheco/
arx156

Bressac C, Damiens D, Chevrier C (2008) Sperm stock and mating of
males in a parasitoid wasp. J Exp Zool B Mol Dev Evol 310B:160–
166. https://doi.org/10.1002/jez.b

Bressac C, Khanh HDT, Chevrier C (2009) Effects of age and repeated
mating on male sperm supply and paternity in a parasitoid wasp.
Entomol Exp Appl 130:207–213. https://doi.org/10.1111/j.1570-
7458.2008.00810.x

Burton-Chellew MN, Beukeboom LW, West SA, Shuker DM (2007)
Laboratory evolution of polyandry in the parasitoid wasp Nasonia
vitripennis. Anim Behav 74:1147–1154. https://doi.org/10.1016/j.
anbehav.2006.09.028

Chapman T (2001) Seminal fluid-mediated fitness traits in Drosophila.
Heredity 87:511–521

Chapman T, Arnqvist G, Bangham J, Rowe L (2003) Sexual conflict.
Trends Ecol Evol 18:41–47. https://doi.org/10.1086/659947

Charlat S, Reuter M, Dyson EA, Hornett EA, Duplouy A, Davies N,
Roderick GK, Wedell N, Hurst GDD (2007) Male-killing bacteria
trigger a cycle of increasing male fatigue and female promiscuity.
Curr Biol 17:273–277. https://doi.org/10.1016/j.cub.2006.11.068

Charnov EL, Los-Den Hartogh RL, Jones WT, Van Den Assem J (1981)
Sex ratio evolution in a variable environment. Nature 289:27–33

Chevrier C, Bressac C (2002) Sperm storage and use after multiple mat-
ing in Dinarmus basalis (Hymenoptera: Pteromalidae). J Insect
Behav 15:385–398. https://doi.org/10.1023/a:1016269210140

Chirault M, van de Zande L, Hidalgo K, Chevrier C, Bressac C, Lécureuil
C (2016) The spatio-temporal partitioning of sperm by males of the
prospermatogenic parasitoid Nasonia vitripennis is in line with its
gregarious lifestyle. J Insect Physiol 91–92:10–17. https://doi.org/
10.1016/j.jinsphys.2016.06.002

Crawley MJ (2007) The R book. Wiley & Sons Ltd, West Sussex
Damiens D, Boivin G (2005) Male reproductive strategy in

Trichogramma evanescens: sperm production and allocation to fe-
males. Physiol Entomol 30:241–247. https://doi.org/10.1111/j.
1365-3032.2005.00453.x

Damiens D, Boivin G (2006) Why do sperm-depleted parasitoid males
continue to mate? Behav Ecol 17:138–143. https://doi.org/10.1093/
beheco/arj009

Gillott C (2003) Male accessory gland secretions: modulators of female
reproductive physiology and behavior. Annu Rev Entomol 48:163–
184

Godfray HCJ (1994) Parasitoids: behavioral and evolutionary ecology.
Princeton University Press, Princeton

Hamilton WD (1967) Extraordinary sex ratios. Science 156:477–488
Hardy ICW (1994) Polyandrous parasitoids: multiple mating for variety’s

sake? Trends Ecol Evol 9:202–203
Hardy ICW, Godfray HCJ (1990) Estimating the frequency of

constrained sex allocation in field populations of Hymenoptera.
Behaviour 114:137–147

Henter HJ (2004) Constrained sex allocation in a parasitoid due to vari-
ation in male quality. J Evol Biol 17:886–896. https://doi.org/10.
1111/j.1420-9101.2004.00746.x

Jacob S, Boivin G (2004) Insemination potential of male Trichogramma
evanescens. Entomol Exp Appl 113:181–186. https://doi.org/10.
1111/j.0013-8703.2004.00221.x

Ji J, Choi WI, Ryoo MI (2004) Fitness and sex allocation of
Anisopteromalus calandrae (Hymenoptera: Pteromalidae): relative
fitness of large females and males in a multi-patch system. Ann
Entomol Soc Am 97:825–830. https://doi.org/10.1603/0013-
8746(2004)097[0825:FASAOA]2.0.CO;2

Kant R, Trewick SA, Sandanayaka WRM, Godfray AJR, Minor MA
(2012) Effects of multiple matings on reproductive fitness of male
and female Diaeretiella rapae. Entom Exp Appl 145:215–221.
https://doi.org/10.1111/eea.12007

Kasamatsu E, Abe J (2015) Influence of body size on fecundity and
sperm management in the parasitoid wasp Anisopteromalus
calandrae. Physiol Entomol 40:223–231. https://doi.org/10.1111/
phen.12106

Khanh HDT, Bressac C, Chevrier C (2005) Male sperm donation conse-
quences in single and double matings in Anisopteromalus
calandrae. Physiol Entomol 30:29–35. https://doi.org/10.1111/j.
0307-6962.2005.00423.x

King BH (2000) Sperm depletion and mating behavior behavior in the
parasitoid wasp Spalangia cameroni (Hymenoptera: Pteromalidae).
Gt Lakes Entomol 33:117–127

King BH, Fischer CR (2010) Male mating history: effects on female
sexual responsiveness and reproductive success in the parasitoid

Behav Ecol Sociobiol (2019) 73: 52 Page 9 of 10 52

https://doi.org/10.1086/679586
https://doi.org/10.1006/anbe.2000.1446
https://doi.org/10.1006/anbe.2000.1446
https://doi.org/10.1146/annurev-ento-120709-144823.Insect
https://doi.org/10.1146/annurev-ento-120709-144823.Insect
https://doi.org/10.18474/0749-8004-33.2.165
https://doi.org/10.18474/0749-8004-33.2.165
https://doi.org/10.1098/rspb.2011.0001
https://doi.org/10.1098/rspb.2011.0001
https://doi.org/10.1086/684746
https://doi.org/10.1086/684746
https://doi.org/10.1111/j.1570-7458.2012.01291.x
https://doi.org/10.1111/evo.12636
https://doi.org/10.1111/evo.12636
https://doi.org/10.1111/brv.12126
https://doi.org/10.1093/beheco/arx156
https://doi.org/10.1093/beheco/arx156
https://doi.org/10.1002/jez.b
https://doi.org/10.1111/j.1570-7458.2008.00810.x
https://doi.org/10.1111/j.1570-7458.2008.00810.x
https://doi.org/10.1016/j.anbehav.2006.09.028
https://doi.org/10.1016/j.anbehav.2006.09.028
https://doi.org/10.1086/659947
https://doi.org/10.1016/j.cub.2006.11.068
https://doi.org/10.1023/a:1016269210140
https://doi.org/10.1016/j.jinsphys.2016.06.002
https://doi.org/10.1016/j.jinsphys.2016.06.002
https://doi.org/10.1111/j.1365-3032.2005.00453.x
https://doi.org/10.1111/j.1365-3032.2005.00453.x
https://doi.org/10.1093/beheco/arj009
https://doi.org/10.1093/beheco/arj009
https://doi.org/10.1111/j.1420-9101.2004.00746.x
https://doi.org/10.1111/j.1420-9101.2004.00746.x
https://doi.org/10.1111/j.0013-8703.2004.00221.x
https://doi.org/10.1111/j.0013-8703.2004.00221.x
https://doi.org/10.1111/eea.12007
https://doi.org/10.1111/phen.12106
https://doi.org/10.1111/phen.12106
https://doi.org/10.1111/j.0307-6962.2005.00423.x
https://doi.org/10.1111/j.0307-6962.2005.00423.x


wasp Spalangia endius. Behav Ecol Sociobiol 64:607–615. https://
doi.org/10.1007/s00265-009-0878-3

Lebreton S, Chevrier C, Darrouzet E (2010) Sex allocation strategies in
response to conspecifics’ offspring sex ratio in solitary parasitoids.
Behav Ecol 21:107–112. https://doi.org/10.1093/beheco/arp156

Macke E, Magalhães S, Bach F, Olivieri I (2011) Experimental evolution
of reduced sex ratio adjustment under local mate competition.
Science 334:1127–1129. https://doi.org/10.1126/science.1212177

Martel V, Boivin G (2007) Unequal distribution of local mating opportu-
nities in an egg parasitoid. Ecol Entomol 32:393–398. https://doi.
org/10.1111/j.1365-2311.2007.00895.x

Nadel H, Luck RF (1985) Span of female emergence and male sperm
depletion in the female-biased, quasi-gregarious parasitoid,
Pachycrepoideus vindemiae (Hymenoptera: Pteromalidae). Ann
Entomol Soc Am 78:410–414

Nishimura K, Jahn GC (1996) Sex allocation of three solitary ectopara-
sitic wasp species on bean weevil larvae: sex ratio change with host
quality and local mate competition. J Ethol 14:27–33. https://doi.
org/10.1007/BF02350089

Ode PJ, Antolin MF, Strand MR (1997) Constrained oviposition and
female-biased sex allocation in a parasitic wasp. Oecologia 109:
547–555. https://doi.org/10.1007/s004420050115

Parker GA (1990) Sperm competition games: raffles and roles. Proc R
Soc B Biol Sci 242:120–126. https://doi.org/10.1098/rspb.1990.
0114

Parker GA (1998) Sperm competition and the evolution of ejaculates:
towards a theory base. In: TRB P,Møller A (eds) Sperm competition
and sexual selection. Academic Press, San Diego, pp 3–54

Parker GA, Birkhead TR (2013) Polyandry: the history of a revolution.
Philos Trans R Soc B Biol Sci 368:20120335–20120335. https://
doi.org/10.1098/rstb.2012.0335

Parker GA, Pizzari T (2010) Sperm competition and ejaculate economics.
Biol Rev 85:897–934. https://doi.org/10.1111/j.1469-185X.2010.
00140.x

Parker GA, Ball MA, Stockley P, Gage MJG (1996) Sperm competition
games: individual assessment of sperm competition intensity by
group spawners. Proc R Soc B Biol Sci 263:1291–1297

Pérez-Lachaud G (2010) Reproductive costs of mating with a sibling
male: sperm depletion and multiple mating in Cephalonomia
hyalinipennis. Entomol Exp Appl 137:62–72

Pizzari T, Wedell N (2013) The polyandry revolution. Philos Trans R Soc
B Biol Sci 368:20120041–20120041. https://doi.org/10.1098/rstb.
2012.0041

R Core Team (2016) R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/

Ridley M (1993) Clutch size and mating frequency in parasitic
Hymenoptera. Am Nat 142:893–910

Ruther J, Matschke M, Garbe L-A, Steiner S (2009) Quantity matters:
male sex pheromone signals mate quality in the parasitic wasp
Nasonia vitripennis. Proc R Soc B Biol Sci 276:3303–3310.
https://doi.org/10.1098/rspb.2009.0738

Steiner S, Henrich N, Ruther J (2008) Mating with sperm-depleted males
does not increase female mating frequency in the parasitoid
Lariophagus distinguendus. Entomol Exp Appl 126:131–137.
https://doi.org/10.1111/j.1570-7458.2007.00641.x

van den Assem J, Putters FA, Prins TC (1984) Host quality effects on sex
ratio of the parasitic wasp Anisopteromalus calandrae
(Chalcidoidea, Pteromalidae). Netherlands J Zool 34:33–62

Wedell N, Gage MJG, Parker GA (2002) Sperm competition, male pru-
dence, and sperm-limited females. Trends Ecol Evol 17:313–320.
https://doi.org/10.1007/978-0-387-28039-4_3

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

52 Page 10 of 10 Behav Ecol Sociobiol (2019) 73: 52

https://doi.org/10.1007/s00265-009-0878-3
https://doi.org/10.1007/s00265-009-0878-3
https://doi.org/10.1093/beheco/arp156
https://doi.org/10.1126/science.1212177
https://doi.org/10.1111/j.1365-2311.2007.00895.x
https://doi.org/10.1111/j.1365-2311.2007.00895.x
https://doi.org/10.1007/BF02350089
https://doi.org/10.1007/BF02350089
https://doi.org/10.1007/s004420050115
https://doi.org/10.1098/rspb.1990.0114
https://doi.org/10.1098/rspb.1990.0114
https://doi.org/10.1098/rstb.2012.0335
https://doi.org/10.1098/rstb.2012.0335
https://doi.org/10.1111/j.1469-185X.2010.00140.x
https://doi.org/10.1111/j.1469-185X.2010.00140.x
https://doi.org/10.1098/rstb.2012.0041
https://doi.org/10.1098/rstb.2012.0041
https://www.R-project.org/
https://doi.org/10.1098/rspb.2009.0738
https://doi.org/10.1111/j.1570-7458.2007.00641.x
https://doi.org/10.1007/978-0-387-28039-4_3

	Sperm-limited males continue to mate, but females cannot detect the male state in a parasitoid wasp
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Parasitoid wasps
	Experiment 1: male mating potential and the impact on female reproduction
	Experiment 2: influence of male state and social environment on female mating propensity
	Statistics
	Data availability

	Results
	Experiment 1: male mating potential and the impact on female reproduction
	Experiment 2: influence of male state and social environment on female mating propensity

	Discussion
	References


