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Abstract Male promiscuity sometimes results in inter-

specific reproductive interaction, also known as reproduc-

tive interference. Reproductive interference entails costs

for the individuals involved and affects the community

structure by reducing the population growth rate. However,

our understanding of the mechanisms generating repro-

ductive interference is still insufficient. Two congeneric

bean weevils, Callosobruchus chinensis and C. maculatus,

show asymmetric reproductive interference; only C. chin-

ensis males reduce the fecundity of the other species. Here

we investigated the mechanism of reproductive interfer-

ence by C. chinensis males on C. maculatus females in

terms of lifetime fecundity. Callosobruchus chinensis

males with ablated genitals, which could harass C. mac-

ulatus females but not copulate with them, did not reduce

the C. maculatus fecundity, suggesting that interspecific

copulation was necessary. However, a single interspecific

copulation did not affect C. maculatus fecundity as long as

the females also copulated with a conspecific male.

Exposure to C. chinensis males for 24 h prior to oviposi-

tion significantly reduced C. maculatus fecundity, and

fecundity was negatively correlated with the number of

C. chinensis males the females were exposed to. Addi-

tionally, C. maculatus females experienced more inter-

specific copulations when they were housed with more

C. chinensis males. Together these findings suggest that

multiple interspecific copulations by C. chinensis males

reduce the fecundity of C. maculatus females. Thus in

general, even if a single interspecific copulation is appar-

ently harmless, repeated interspecific copulations can be

costly for the individuals involved. Furthermore, only by

quantifying reproductive success were we able to identify

the precise mechanism of reproductive interference.

Keywords Bean weevil � Heterospecific mating �
Heterospecific sexual harassment � Interspecific copulation �
Reproductive interference � Satyrization

Introduction

Male promiscuity sometimes results in interspecific

reproductive interaction, also known as reproductive

interference (Gröning and Hochkirch 2008), which because

of the costs it entails for the individuals involved affects the

population growth rate (Ribeiro and Spielman 1986; Kuno

1992) and is an important factor determining community

structure (Gröning and Hochkirch 2008). Reproductive

interference has been documented in a wide range of tax-

onomic groups (Andrews et al. 1982; Söderbäck 1994;

Hettyey and Pearman 2003; Dame and Petren 2006; Liu

et al. 2007; Thum 2007; Valero et al. 2008), but our

understanding of the mechanisms generating reproductive

interference is still insufficient. In particular, it is still

unclear whether one mechanism of reproductive interfer-

ence is more prevalent than others across taxonomic

groups. Because reproductive interference can potentially
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occur at any stage of mate acquisition (Gröning and

Hochkirch 2008), it is difficult to elucidate its precise

mechanism. For example, interspecific copulation is usu-

ally accompanied by pre-mating heterospecific sexual

harassment (Okuzaki et al. 2010). Solely from behavioral

observations, it is hard to distinguish whether the actual

fitness reduction is due to the sexual harassment or to the

interspecific copulation itself. Therefore, when multiple

alternatives exist, the fitness cost of each potential mech-

anism must be examined separately to differentiate the

contribution of each to reductions in reproductive success.

Few studies, however, have examined the precise mecha-

nisms of reproductive interference in terms of reproductive

success.

Two congeneric bean weevils, Callosobruchus chinensis

(Linnaeus) and C. maculatus (Fabricius), show asymmetric

reproductive interference. In a laboratory experiment,

Kishi et al. (2009) found that C. chinensis males caused a

larger fecundity reduction in C. maculatus females than

C. maculatus males, whereas C. maculatus males hardly

affected the fecundity of C. chinensis. Two possible

mechanisms, which are not mutually exclusive, might

explain the fecundity reduction in C. maculatus caused by

heterospecific males: heterospecific sexual harassment and

interspecific copulation. Males of both species attempt to

mate with heterospecific females indiscriminately even in

the presence of conspecific females (Kishi et al. 2009).

These symmetric interspecific mating attempts might be

expected to result in a symmetric fecundity reduction,

suggesting that a behavioral difference in heterospecific

sexual harassment between the species might be responsi-

ble for the observed asymmetry of the fitness cost. On the

other hand, C. chinensis males and C. maculatus females

sometimes copulate with each other, but C. maculatus

males and C. chinensis females seldom do (Yamane and

Miyatake 2010). To date, no study has compared the

effects of these two possible mechanisms of reproductive

interference to identify which is responsible for the

fecundity reduction in C. maculatus by C. chinensis males.

Disentangling the costs of sexual harassment and cop-

ulation is a challenge when a female is subjected to both by

the presence of a male. Several studies have experimentally

quantified the effect of sexual harassment by using males

that can attempt to mate with a female but cannot actually

copulate (Sakurai and Kasuya 2008; Gay et al. 2009), and

the cost of interspecific copulation can be estimated by

excluding the cost of heterospecific sexual harassment

from the total cost caused by both. In this study, we ablated

the genitals of C. chinensis males to prevent them from

copulating while enabling them to court normally. Thus, a

C. maculatus female housed with a C. chinensis male

with ablated genitals experiences persistent heterospecific

sexual harassment but no interspecific copulation.

The aim of this study was to elucidate the mechanism

of reproductive interference by C. chinensis males on C.

maculatus females by comparing how each mechanism

affected lifetime fecundity. First, we differentiated the

costs of heterospecific sexual harassment and interspecific

copulation: we placed a C. maculatus female that had

previously mated with a conspecific male together with an

ablated or an intact C. chinensis male and then allowed her

to lay eggs in the presence of the heterospecific male,

keeping them together throughout the remainder of their

lives. Then, we quantified the effects of this treatment on

the fecundity of the C. maculatus female. We then con-

ducted two additional experiments to further explore how

the number of interspecific copulations affected the

fecundity of C. maculatus females. In these experiments,

we first examined the effect of a single interspecific cop-

ulation with a C. chinensis male on the fecundity of

C. maculatus females. We then investigated the fecundity

of C. maculatus females exposed to various numbers of

C. chinensis males for 24 h prior to oviposition to estimate

the effect of multiple interspecific copulations on the

fecundity of C. maculatus, under the assumption that a C.

maculatus female exposed to more C. chinensis males

would experience more interspecific copulations. Finally,

we examined whether the number of C. chinensis males

housed with a C. maculatus female actually altered the

number of interspecific copulations that the C. maculatus

female experienced.

Materials and methods

Insects

We used the jC-F strain of C. chinensis (see Harano and

Miyatake 2005) and the hQ strain of C. maculatus (see

Miyatake and Matsumura 2004), because the same strains

were used in the studies that confirmed asymmetric

reproductive interference by C. chinensis on C. maculatus

(Kishi et al. 2009; Kyogoku and Nishida 2012). Both

strains were derived from strains maintained at Okayama

University. Unless they have also copulated with a con-

specific male, C. maculatus females do not lay eggs after

interspecific copulation with a C. chinensis male, and no

ejaculate is transferred during the interspecific copulation

(Yamane and Miyatake 2010). Hatched eggs are readily

distinguishable from those that have not hatched because

they become opaque. In our experiments, we used only

virgin individuals that had emerged within 24 h from the

bean in which they developed, and when necessary we

allowed them to copulate with a conspecific male before

the experiments. In a preliminary analysis, we determined

the effect of C. chinensis males on the hatching rate of C.
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maculatus eggs to establish how the definition of fecundity

(number of eggs or number of hatchlings) might affect the

analysis results. For this purpose, we investigated the

hatchability of eggs laid by C. maculatus females (previously

mated with a conspecific male) in the presence or absence of

a C. chinensis male (16 replications of each treatment). We

analyzed the data using a generalized linear mixed model

(GLMM; Wolfinger and Oconnell 1993) with a binomial

error structure and a logit link function, incorporating indi-

vidual C. maculatus females as a random effect and calcu-

lating the likelihood by Laplace approximation. We found

that males of C. chinensis had no significant effect on the

hatching rate of C. maculatus eggs, which was 82.9 ± 3.5 %

(mean ± SE) in the presence of a C. chinensis male and

84.2 ± 3.9 % in the absence of a C. chinensis male

(Wald test C. chinensis male, coefficient = -0.12 ± 0.34,

z = -0.35, P = 0.73). Therefore, we defined fecundity as

the number of hatched eggs, because the number of hatched

eggs is a better predictor of the population growth rate than

the total number of eggs. We performed all experiments

under fixed environmental conditions (30 �C, 70 % relative

humidity, and 16 h:8 h light:dark).

Continuous exposure of C. maculatus females

to a genital ablated and an intact C. chinensis male

While C. chinensis males were copulating, we anesthetized

them briefly and used a razor to ablate their genitals (see

Sakurai and Kasuya 2008). Neither the number of mating

attempts nor longevity differed significantly between males

with ablated genitals and non-ablated males. Ablated C.

chinensis males attempted to mate 5.00 ± 1.34 times

within 20 min and lived 10.25 ± 0.50 days, whereas non-

ablated males attempted to mate 5.81 ± 0.76 times and

lived 11.13 ± 0.24 days (Wilcoxon rank sum test: mating

attempts, W = 152, N1 = N2 = 16, P = 0.37; longevity,

W = 90.5, N1 = N2 = 16, P = 0.15). Therefore, we

assumed that genital ablation had no effect on C. chinensis

males other than preventing them from copulating. In this

experiment, we first allowed a C. maculatus female to

copulate with a conspecific male. Within an hour after the

copulation, we housed the mated C. maculatus female

together with an ablated C. chinensis male throughout the

remainder of their lives in a plastic Petri dish (/
70 9 15 mm) and provided 20 adzuki beans, Vigna ang-

ularis (Willd.) cv. Dainagon, as an oviposition substrate.

We counted the number of hatched eggs in the Petri dish

20 days after the introduction of the beetles, by which time

all of the beetles, which have a 1–2 week lifespan, had

died. We similarly investigated the fecundity of a C. mac-

ulatus female housed with an intact (i.e., without ablated

genitals) C. chinensis male or alone (without any C.

chinensis male) as positive and negative controls,

respectively. We performed 16 replications of each treat-

ment. We first used Bartlett test to examine the homoge-

neity of the variances of the fecundity among treatments.

Because the Bartlett test result showed significant hetero-

geneity of the variances (see ‘‘Results’’), we then used the

F test to determine which pairs of treatments showed sig-

nificant differences in the variances. We used Welch’s

t test to detect a significant difference in mean fecundity

between treatments when we found a significant difference

in the variances. If we did not detect a significant differ-

ence in variances, we used a pairwise t test assuming equal

variance to compare fecundity between treatments. We

controlled the false discovery rate by the method of Holm

(1979). We conducted all statistical analyses with R soft-

ware version 2.14.1 (R Development Core Team 2011).

Single interspecific copulation

First, we allowed a C. maculatus female to copulate with a

conspecific male. Within an hour after the copulation, we

placed the mated C. maculatus female with a C. chinensis

male in a mating arena (/56 9 17 mm) until they copu-

lated with each other. After one interspecific copulation,

we transferred the C. maculatus female to a plastic Petri

dish (/70 9 15 mm) and allowed the female to lay eggs

on 20 adzuki beans until she died. We also prepared

another female and reversed the order of the conspecific

and heterospecific copulations: we allowed a C. maculatus

female to copulate with a C. chinensis male before she

copulated with a conspecific male and then after the con-

specific copulation, the female was allowed to lay eggs in

the same manner. As a control, we allowed a mated C.

maculatus female that had not copulated with a C. chin-

ensis male to lay eggs in a plastic Petri dish. We counted

the number of hatched eggs in each Petri dish 20 days after

the introduction of the female. We performed 16 replica-

tions of each treatment. In the first treatment (interspecific

copulation after conspecific mating), we observed no

interspecific copulation during one hour of observation in

two replications. We therefore excluded these two repli-

cations from our analysis, replacing them with two more in

which interspecific copulation was observed. We used the

Bartlett test to check whether variances were equal among

treatments. Then, because the result showed no significant

difference in the variances (see ‘‘Results’’), we used anal-

ysis of variance (ANOVA) to analyze the effect of a single

interspecific copulation on the fecundity of C. maculatus.

Exposure of C. maculatus females to C. chinensis males

prior to oviposition

We housed a C. maculatus female that had mated with a

conspecific male within an hour with one, two, or three
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C. chinensis males in a plastic Petri dish (/70 9 15 mm)

without any oviposition substrate for 24 h. Then, we

removed the C. chinensis males, provided the C. maculatus

female with 20 adzuki beans, and allowed her to lay eggs

until she died. We also housed a C. maculatus female that

had mated with a conspecific male within an hour alone in

a plastic Petri dish for 24 h without any oviposition sub-

strate, and then provided her with 20 adzuki beans and

allowed her to lay eggs until she died. We performed 16

replications of each treatment. We counted the number of

hatched eggs in each Petri dish 20 days after the intro-

duction of the beetles. To analyze the effect of the number

of C. chinensis males on the fecundity of the C. maculatus

female, we used a GLMM with a Poisson error structure

and a log link function, incorporating the individual

females of C. maculatus into the model as a random effect

and calculating likelihood by Laplace approximation.

Interspecific copulation rate

We housed a C. maculatus female that had mated with a

conspecific male within an hour with one, two, or three

C. chinensis males in a plastic Petri dish (/70 9 15 mm).

One minute after the introduction, we started to observe

interspecific copulations and we recorded the number that

occurred during a 20-min period. We allowed the beetles to

acclimate for 1 min before beginning our observations

because some beetles feigned death at first. We examined

whether the incidence rate of interspecific copulations was

proportional to the number of C. chinensis males by using a

generalized linear model with a Poisson error structure and

a log link function.

Results

Continuous exposure of C. maculatus females

to a genital ablated and an intact C. chinensis male

The variance of the fecundity of C. maculatus differed

significantly among treatments (Bartlett test v2 = 8.88,

df = 2, P = 0.01). The fecundity of C. maculatus females

that laid eggs in the presence of an intact C. chinensis male

varied significantly more than that of C. maculatus females

that laid eggs in the presence of an ablated C. chinensis

male (F test with Holm correction: F15, 15 = 5.16, P =

0.009). We found no significant difference in the other

comparisons (F test with Holm correction: negative control

versus positive control, F15, 15 = 0.58, P = 0.30; negative

control versus genital ablation treatment, F15, 15 = 3.00,

P = 0.08). The average fecundity of C. maculatus was

38.69 ± 4.33 (mean ± SE) hatched eggs in the presence of

an intact C. chinensis male, and 54.19 ± 3.30 hatched eggs

in the absence of any C. chinensis male (Fig. 1), a signif-

icant difference (pairwise t test with Holm correction:

t30 = 2.85, P = 0.02). The average fecundity of C. mac-

ulatus in the presence of an ablated C. chinensis male was

57.56 ± 1.90 hatched eggs (Fig. 1), which was not sig-

nificantly different from that in the absence of a C. chin-

ensis male (pairwise t test with Holm correction t30 = 0.89,

P = 0.38), but which was significantly larger than the

average fecundity in the presence of an intact C. chinensis

male (Welch’s t test with Holm correction t20.60 = 3.99,

P = 0.002).

Single interspecific copulation

The variances of fecundity did not differ significantly

among treatments (Bartlett test v2 = 3.03, df = 2,

P = 0.22). Fecundity of C. maculatus was not significantly

affected by a single interspecific copulation with a

C. chinensis male, regardless of whether the heterospecific

or the conspecific copulation occurred first (ANOVA

F2,45 = 1.00, P = 0.38, Fig. 2).

Fig. 1 The fecundity (number of hatched eggs) of C. maculatus
females that were allowed to lay eggs in the presence or absence of a

C. chinensis male (intact or not): Negative control, a mated

C. maculatus female alone; Positive control, a mated female in the

presence of an intact C. chinensis male; and Genital ablation, a mated

female in the presence of a C. chinensis male with ablated genitals.

The bold horizontal line in each box is the median, and the top and

bottom of the box are one quartile above and below the median,

respectively. The whiskers extend to the most extreme data within a

1.5 interquartile range. Dots are data beyond the whiskers
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Exposure of C. maculatus females to C. chinensis males

prior to oviposition

The average fecundity of C. maculatus not exposed to a

C. chinensis male was 55.94 ± 4.19 hatched eggs (Fig. 3).

The average fecundity of C. maculatus decreased with the

number of C. chinensis males to which the female was

exposed prior to oviposition; average fecundity was

48.44 ± 4.73, 17.88 ± 5.80, or 13.00 ± 5.48 hatched eggs

after exposure to one, two, or three C. chinensis males,

respectively (Fig. 3). This reduction in fecundity as the

number of C. chinensis males increased was significant

(Wald test C. chinensis males, coefficient = -1.35 ± 0.32,

z = -4.26, P \ 0.001).

Interspecific copulation rate

When housed with a single C. chinensis male, females of

C. maculatus experienced on average 0.63 ± 0.18 inter-

specific copulations in 20 min. When housed with two or

three C. chinensis males, females of C. maculatus experi-

enced on average 1.00 ± 0.24 or 1.75 ± 0.47 interspecific

copulations, respectively, in 20 min. The number of

interspecific copulations increased significantly with the

number of C. chinensis males (Wald test C. chinensis

males, coefficient = 0.52 ± 0.18, z = 2.93, P = 0.003).

Discussion

Being housed continuously with a C. chinensis male reduced

the fecundity of C. maculatus females but only when the

males had intact genitals (Fig. 1). These results indicate that

interspecific copulation, rather than heterospecific sexual

harassment, caused the fecundity reduction in C. maculatus.

A single interspecific copulation, however, did not signifi-

cantly affect the fecundity of C. maculatus, regardless of the

order of the heterospecific and conspecific copulations

(Fig. 2). On the other hand, the fecundity of C. maculatus

decreased when females were exposed to C. chinensis males

for 24 h prior to oviposition, and their fecundity was nega-

tively correlated with the number of C. chinensis males to

which they were exposed (Fig. 3). We also found that the

incidence rate of interspecific copulation increased when a

C. maculatus female was housed with more C. chinensis

males. These results suggest that the fecundity of C. mac-

ulatus females decreases depending on the number of

interspecific copulations with C. chinensis males that a

female experiences. Taken together, our results lead us to

conclude that the fecundity reduction in C. maculatus

females by C. chinensis males most likely resulted from

their repeated interspecific copulations.

With regard to the reproductive interference by C.

chinensis males on C. maculatus females, our experiments

elucidated the importance of interspecific copulation

between C. chinensis males and C. maculatus females by

separating the effects of this mechanism of reproductive

interference from the effect of heterospecific sexual

Fig. 2 The fecundity (number of hatched eggs) of C. maculatus
females that copulated with only a C. maculatus (conspecific) male,

or both a C. maculatus male and a C. chinensis (heterospecific) male.

See the legend of Fig. 1 for the explanation of the box and whisker
plots

Fig. 3 The fecundity (number of hatched eggs) of C. maculatus
females exposed to different numbers of C. chinensis males for 24 h

prior to oviposition. See the legend of Fig. 1 for the explanation of the

box and whisker plot
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harassment and by quantifying lifetime fecundity (Fig. 1).

Though Kishi et al. (2009) previously reported that

C. chinensis males persistently harass C. maculatus

females, the fitness cost of sexual harassment alone was not

statistically significant in our experiment (Fig. 1). This

result indicates that to reveal the behavioral mechanism of

reproductive interference, it is not sufficient to document

the incidence of interspecific reproductive interaction; the

effects of different potential mechanisms of reproductive

interference must be distinguished and reproductive suc-

cess must be quantified. Many previous studies have

investigated mechanisms of reproductive interference

without quantifying reproductive success (reviewed by

Gröning and Hochkirch 2008). Unless reproductive success

is quantified, the fitness costs of reproductive interference

cannot be exactly known but might be either over- or

underestimated. The relative prevalence of different

mechanisms of reproductive interference might be revealed

by quantifying their effects on reproductive success across

various taxonomic groups.

We found that the incidence rate of interspecific copu-

lation increased when C. maculatus females were housed

with more C. chinensis males, which suggests that

C. maculatus females did not show any refractory period

against C. chinensis males. Although the remating recep-

tivity of C. maculatus females with conspecific males is

reported to be low (Miyatake and Matsumura 2004; Ed-

vardsson and Tregenza 2005), interspecific copulation with

a C. chinensis male does not induce a refractory period in a

C. maculatus female (Yamane and Miyatake 2010).

However, the frequent incidence of interspecific copulation

of C. maculatus females with C. chinensis males is prob-

ably attributable to a behavioral difference between

C. chinensis and C. maculatus males, because in our

experiments we used already mated C. maculatus females,

which should have shown low remating receptivity. For

example, mating attempts by C. chinensis males may not

induce fleeing behavior in C. maculatus females.

Several studies have examined the ecological signifi-

cance of interspecific copulations that do not result in

hybrid formation (Vick 1973; Nakano 1985; Takafuji 1986;

Collins and Margolies 1991; Ben-David et al. 2009;

Yamane and Miyatake 2010). However, when a single

interspecific copulation is observed to have only a negli-

gible effect, researchers have rarely considered inter-

specific copulation to be of potential ecological importance

(e.g., Vick 1973; Nakano 1985; but also see Okuzaki et al.

2010), perhaps because they considered only heterospecific

fertilization to have ecological significance. Besides sperm

transfer, however, copulation sometimes involves the

transfer of toxic substances (Chapman et al. 1995; Rice

1996) or causes injury to the genital organs (Crudgington

and Siva-Jothy 2000; Rönn et al. 2007), both of which are

evolutionary consequences of sexual conflict. Furthermore,

a morphological genital mismatch may cause the genitals

of both sexes to be destroyed during interspecific copula-

tion (Sota and Kubota 1998). If any of these phenomena

quantitatively affect the fitness of the individuals involved,

then even apparently harmless interspecific copulation may

be costly, especially if it occurs repeatedly. Our results

indicate that interspecific copulation can quantitatively

affect reproductive success (Fig. 3). Therefore, even

apparently harmless interspecific copulation can play an

ecologically important role in nature. A possible example

from nature may be the host plant partitioning that occurs

in two sympatric ladybird species, Henosepilachna vigin-

tioctomaculata and Henosepilachna pustulosa (Katakura

1981), which might be caused by repeated interspecific

copulations. Interspecific copulations between these spe-

cies have been observed when their host plants are adjacent

(Nakano 1985). Most eggs from an interspecific copulation

do not hatch, but females that mate once with a conspecific

and once with a heterospecific male produce as many

offspring as females that mate with conspecific males twice

(Nakano 1985). Thus, a single interspecific copulation

between these species is apparently harmless, as long as the

female also copulates with a conspecific male. However,

repeated interspecific copulation might result in reproductive

interference, that is, a reduction in the fitness of the indi-

viduals involved, and thus might contribute to the observed

host plant partitioning (Colwell 1986; Kuno 1992).

The results of this study suggest that repeated interspe-

cific copulations, but not a single interspecific copulation or

heterospecific sexual harassment, cause reproductive

interference by C. chinensis males on C. maculatus

females. Further, apparently harmless interspecific copu-

lations are of potential ecological importance because

multiple interspecific copulations can be costly for the

individuals involved even if the effect of a single one is

negligible. Moreover, it was necessary to quantify lifetime

fecundity to show the importance of multiple interspecific

copulations as a mechanism of reproductive interference.

Such quantification is essential to advance our under-

standing of the mechanisms of reproductive interference.
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112–119

Okuzaki Y, Takami Y, Sota T (2010) Resource partitioning or

reproductive isolation: the ecological role of body size differ-

ences among closely related species in sympatry. J Anim Ecol

79:383–392

R Development Core Team (2011) R: a language and environment for

statistical computing. R Foundation for Statistical Computing,

Vienna, Austria. URL: http://www.R-project.org

Ribeiro JMC, Spielman A (1986) The satyr effect—a model

predicting parapatry and species extinction. Am Nat 128:

513–528

Rice W (1996) Sexually antagonistic male adaptation triggered by

experimental arrest of female evolution. Nature 381:232–234
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