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Mothers can modify the phenotype of their offspring both genetically and epigenetically, in response to
the environment they experience. The role of maternal experience in affecting offspring clutch size is
often difficult to measure, because parenteoffspring conflict over this trait is common. In polyembryonic
parasitoids, where each egg proliferates to form a clone of genetically identical siblings, the conflict is
minimized. Therefore, they are good models for studying maternal effects on clutch size. In the
haplodiploid parasitoid wasp Copidosoma koehleri, female clones contain more individuals than male
clones. This may result from differences in genome size or in optimal body size between the sexes.
Alternatively, maternal mating may mediate epigenetic physiological changes in eggs, leading to
increased proliferation. We evaluated these hypotheses by comparing the body size and number of clone
mates produced by mated versus virgin females. Sons of mated females were significantly smaller and
formed larger clones than sons of virgins. Daughters formed the largest clones, but resembled sons of
mated females in body size. Clone sizes of parents and offspring were not correlated. These findings
suggest that both offspring sex and maternal experience (mating status) affect clone size, and that this
trait’s heritability is low. The increased proliferation by offspring of mated females may enhance paternal
fitness by producing extra daughters, or benefit the offspring under conditions where the associated
decrease in body size does not greatly reduce fitness. We estimated the contribution of large body size to
male reproductive success through a mate choice assay.
� 2011 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Offspring phenotypes are affected by the genes they have
received from their parents and the environment they experience,
but can also be modified epigenetically in response to maternal
environment (Mousseau & Fox 1998a, b). For example, environ-
mental conditions experienced by ovipositing females affect the
size of eggs produced, their nutrient composition and the choice of
oviposition sites, in numerous invertebrate and vertebrate taxa.
These modifications can be based upon the mothers’ perception of
their living conditions before offspring production, and upon their
evaluation of future offspring environment (Bernardo 1996).

Two variables that are likely to be influenced by maternal,
nongenetic effects are the number of offspring produced in a clutch
and their size (Mousseau & Fox 1998a). In many species, resources
for offspring development are limited, and thus a larger clutch may
result in a smaller body size per offspring (Godfray 1994). Gener-
ally, larger body size is correlated with higher fitness because it
increases life span, competitive ability and reproductive success
(e.g. Honek 1993; Mayhew & Glaizot 2001, for hymenopteran
parasitoids). Thus, optimal clutch size should reflect a balance
between the selective benefits of many offspring versus the bene-
fits of large ones (Lack 1947). The relative benefits of large size may
depend on environmental conditions (Godfray 1994). Thus, if
females can modify clutch size and offspring body size, they should
do so in accordance with the conditions they expect their offspring
to experience (Mousseau & Fox 1998a, b). Such modifications can
be carried out by merely adjusting the number of eggs laid per
clutch, but also through active maternal care, for example via
transfer of nutrients or hormones to the offspring. At the molecular
level, mothers may epigenetically silence some of their offspring’s
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genes while activating others, through genome modifications such
as methylation (Mousseau & Dingle 1991; Bossdorf et al. 2008).

Studying maternal effects on clutch and body size may be
complicated by parenteoffspring conflict. Such a conflict is
expected, as parental fitness is often maximized at a larger clutch
size than is optimal for each descendant (Trivers 1974). Controlling
the degree of this conflict can help identify the relative contribu-
tions of parents versus offspring to clutch size variation. This can be
achieved through the study of polyembryonic species. In this group,
a clone of several genetically identical offspring develops from
a single egg. Thus, both conflicts among siblings and conflicts
between offspring and their parents are expected to be minimal.

Previous studies have investigated the factors that affect clutch
size and body size in the wasp Copidosoma koehleri (Encyrtidae:
Hymenoptera). This polyembryonic parasitoid parasitizes the
potato tuber moth, Phthorimaea operculella (Gelechiidae: Lepidop-
tera; Kfir 1981). Each egg divides repeatedly (proliferates) to
produce approximately 40 genetically identical embryos, hence-
forth called a clone (Segoli et al. 2009a). However, clone size is not
fixed: it can vary from 20 to 80 individuals (Morag 2009) and
correlates negatively with the body size of the clone members
(Segoli et al. 2009b). If more than one egg is laid within a host,
several clones of varying relatedness may compete for the host
resources. In this case, the number of offspring emerging from the
host is influenced by the competitive interactions between devel-
oping embryos. Competition is mediated by female soldier larvae,
which attack both male and female clones that develop within the
same host (Segoli et al. 2009b). Dissections along embryonic
development suggest that each female clone produces one soldier
larva, which is already active before the rest of the larvae differ-
entiate. Male clones, on the other hand, do not produce a soldier
(Segoli et al. 2009a). The soldiers’ aggression increases as the
genetic relatedness between competitors decreases. Consequently,
broods of unrelated female clones contain fewer individuals than
broods consisting of related clones (Segoli et al. 2009b). These
findings point to the combined roles of offspring environment
(intraspecific competition) and offspring genetics (relatedness to
competitors) in shaping the number and size of offspring. However,
they do not address the potential effects of parental genes and
environment on these offspring traits.

To address this gap we studied the contributions of hereditary
and epigenetic parental effects to phenotypic differences in number
and body size between male and female clones in C. koehleri. As in
other haplodiploid hymenopterans, in C. koehleri diploid, fertilized
eggs develop into female offspring, while haploid, unfertilized eggs
result in male offspring (Cook 1993). When only one C. koehleri egg
develops within a host, female clones contain significantly more
wasps than male clones, and female individuals are accordingly
smaller than males (Doutt 1947; Segoli et al. 2009a, b). We first
analysed the contribution of parental genetic background to the
variation in offspring clone size and body size by calculating
regressions for these traits between parents and offspring. Next, we
tested whether the differences between male and female clones,
regarding the wasps’ number and size, may be attributed to the
ovipositing mothers’ environment. Such an environmental factor
can be the mothers’ mating status. Evidence for the effects of
maternal mating on offspring phenotype includes laying of larger
eggs by multiply mated seed beetles, Callosobruchus maculatus,
compared to singly mated females (Fox 1993); lower reproductive
success in sons of multiply mated bulb mites, Rhizoglyphus robini,
versus sons of singly mated ones (Kozielska et al. 2004); and
interactions between maternal mating regime and rearing
temperature, which affect offspring fitness (Tregenza et al. 2003).
This line of reasoning can be extended to haplodiploid species, in
which females that produce daughters are necessarily mated,

whereas both mated and virgin females can produce haploid sons.
Differences in clone size may therefore arise between sons and
daughters, if maternal mating induces increased offspring prolifer-
ation. This maternal environment hypothesis predicts similar clone
sizes in sons of mated females and daughters, since both are
produced bymated females, and smaller clones of sons produced by
virgin females. Owing to the trade-off between clone and body sizes,
the sons of virgin females are predicted to be larger than sons and
daughters of mated females.

A second hypothesis for intersexual differences in clone and
body sizes, which does not preclude the first one, implicates
C. koehleri’s haplodiploid genetic system (Doutt 1947). According to
this view, females owe their extensive proliferation to their diploid
genome, whereas haploid males are not capable of proliferating to
the same extent. A variant of this argument suggests that differ-
ences in optimal body size between males and females may select
for different optimal proliferation levels between the sexes. This
hypothesis thus stresses the role of offspring genetic make-up in
affecting their phenotype. It predicts that clone size and body size
would differ between males and females because of their different
ploidy or different selection pressures for body size, regardless of
their parents’ mating experience.

If both offspring genetic make-up and maternal environment
additively affect offspring proliferation, then clone sizes are pre-
dicted to be largest for females, intermediate for sons of mated
females and smallest for sons of virgin females. This is because two
factors (maternal mating and a diploid genome) favour larger clone
sizes in females. In sons of mated females, only one factor (maternal
mating) promotes increased clone sizes, whereas in sons of virgins
none of these factors operate. The inverse trend in body size is
expected, with sons of virgin females predicted to be the largest
and daughters’ body size the smallest. We tested these predictions
by comparing clone and body sizes among daughters of mated
females, sons of mated females and sons of virgin females.

METHODS

Study Species and Rearing Conditions

Copidosoma koehleri females parasitize their host, P. operculella,
during its egg stage. The host goes through four larval instars after
emerging from the egg,while the parasitoid embryos develop inside
it. Eventually, the parasitoid larvae consume the host tissues until
only its cuticle remains, pupate in the host mummy and emerge as
adults. Egg-to-adult development requires ca. 30days at 27 �C.Adult
body length is ca. 1.5 mm. Adult wasps live for about 10 days after
emergence anddonotprovide care to their offspring after egg laying
(Keasar et al. 2006). Male-only, female-only and mixed-sex broods
occur in natural populations, with frequencies of 0.4, 0.2 and 0.4,
respectively (Segoli et al. 2009b). The extent of sib mating, virginity
and dispersal under natural conditions is unknown.

A laboratory stock of C. koehleri that originated from South
Africa was used in the study. The laboratory culture was initiated in
1991, and was supplemented with field-collected wasps in 2005.
Thewasps were raised according to Berlinger & Lebiush-Mordechi’s
(1997) protocol. The stock of P. operculella was raised at 27 �C, 40%
relative humidity and a 12:12 h light:dark schedule. They were fed
on potato tubers during larval stages, and on honey and water
through adulthood.

Experimental Design

Effects of maternal mating status and genotype on offspring traits
As the F0 generation for the experiment, we used 41 mixed-sex

broods (containing males and females that emerged from the same
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host) obtained from the insectary stock, 24 h after emergence.
Copidosoma koehleri females are receptive immediately after
emerging as adults (unpublished observation); therefore these 24 h
old females were assumed to have mated. One female from each
brood was allowed to oviposit five times, each time in a different
host. Oviposition was confirmed by direct observation. The single
oviposition ensured that the F1 offspring emerging from each of the
hosts belonged to one clone only.

As F1 offspring started to emerge, we selected 11 male clones
and 11 female clones as parents of the next (F2) generation. To
avoid pseudoreplication, clones of the same sex had different
mothers. Fifteen females from each clone were allowed to mate,
and 10 females per clone remained virgin. Mating partners for
females from the same clone were taken from a single male clone,
to reduce variability in potential paternal effects. Each pair was
placed in a petri dish and observed until mating. Most pairs mated
within 1 h of their encounter. Females that did not mate within 8 h
were either provided with other mates or were removed from the
experiment. Both mated (N ¼ 165) and virgin (N ¼ 110) females
were then allowed to oviposit once in a single host. Hosts were
reared until emergence of the wasps of the F2 generation.

Time to parasitoid pupation, the mass of the parasitized host
(mummy) at wasp pupation and time to adult emergence were
recorded. After emergence, the F2 offspring were sexed and
counted. The head width of five individuals per clone was
measured in mm, using the software ‘AnalySIS’, as an indicator of
body size (Segoli et al. 2009a, b). Data on head width were averaged
for each clone; hence each clone comprises a unit of replication and
contributes one data point for body size. In some of the clones,
offspring did not complete pupation and did not emerge. Thus, we
were not able to measure the head width of these offspring. This
reduced sample sizes for the head width data.

Only seven female clones emerged from the parasitized hosts in
the F2 generation. We therefore used previous unpublished data on
clone and body sizes of 61 additional female clones from single,
directly observed ovipositions to learn about the differences
between male and female phenotypes. Mothers and fathers of the
61 additional clones were not related to each other. The clones from
both data sets had parents from the same insectary stock, and were
reared under identical conditions.

Size effects on fitness via reproductive success
The differences in body size between sons of mated and virgin

females, if they exist, may affect their fitness by influencing repro-
ductive success. To test whether large body size confers a repro-
ductive benefit, we placed twomales of different sizes in a petri dish
with a single, unrelated virgin female (N ¼ 34) and recorded which
malewas thefirst tomate.Maleswere sorted into large and small by
visual inspection before mating; however, their body sizes were
measured only after copulation, so that the measuring procedure
would not interference with their mating performance. The female
was removed from the dish immediately after her first copulation,
and was allowed to oviposit five times, once in each host, 1 h later.
The parasitized hostswere reared until offspring emergence and the
sex, number and size of the offspring were documented. Repro-
ductive success of males was estimated by their mating success and
the number and size of female offspring.We used the sex ratio of the
offspring as an indication for the fraction of eggs fertilized by the
male, an additional measure of reproductive success.

Data Analysis

Parenteoffspring correlations in clone size and body size
Linear regressions were employed to examine the relationships

between clone size and head width of parents and their offspring.

The clone size and body size of sons were regressed against those of
their mothers, and the clone size and body size of daughters were
regressed against the mean of both of their parents’ traits and the
trait value of each parent separately. Regressionwas also conducted
to test for the effect of mothers’ traits on the traits of all offspring
combined. Trait heritability was calculated as twice the regression
slope (Liu & Smith 2000).

Effects of reproductive status on offspring traits
Body size data for male and female offspring were normally

distributed, while clone size data were not (ShapiroeWilk tests:
male body size: W ¼ 0.94, P ¼ 0.13; female body size: W ¼ 0.95,
P ¼ 0.06; male clone size: W ¼ 0.92, P ¼ 0.02; female clone size:
W ¼ 0.94, P ¼ 0.01). Differences in number and body size between
female andmale cloneswere therefore evaluated using a two-tailed
t test,whiledifferences in thenumberofwaspsper clonewere tested
by a two-tailedManneWhitney U test. After the group ofmales was
separated into sons of virgins (N ¼ 23) versus sons ofmated females
(N ¼ 14), the small sample sizesdidnotpermit comparisons through
parametric tests. Thus, differences between the three groups
(daughters, sons of mated females and sons of virgin females) were
evaluated using KruskaleWallis tests, and each two groups were
compared post hoc using ManneWhitney U tests with Bonferroni
corrections for multiple comparisons. The descriptive statistics
reported for these comparisons are medians and interquartile
ranges. Pearson correlations were used to characterize the rela-
tionshipbetween thenumberofwaspsper clone and their body size.

Size effects on male reproductive success
The probability of obtaining the observed numbers of copula-

tions with large and small males, under the null hypothesis of
random pairing, was calculated using a binomial test. Two-tailed
ManneWhitney U tests were used to reveal differences in offspring
primary sex ratio (i.e. the sex ratio of the eggs laid, inferred from the
sex of each of the offspring clones) as well as in their tertiary sex
ratio (i.e. the proportion of adult males in all offspring of each
female). We also used two-tailed ManneWhitney U tests to
compare the clone size and offspring head width among offspring
of large and small males.

RESULTS

Parenteoffspring Correlations in Clone Size and Body Size

The regression between offspring and maternal clone sizes was
not statistically significant nor were there significant regressions
between the sons’ or the daughters’ clone sizes and maternal clone
size when analysed separately or between the clone size of
daughters and their fathers’ clone size. There was also no signifi-
cant regression between the mean clone size of both parents and
the clone size of daughters (Table 1).

The regression between maternal head width and offspring
head width (sons and daughters combined) was significant, but the
low r2 indicates that only about 3% of the variation in offspring head
width is explained by the mother’s head width. This result was not
significant for sons or for daughters, when the data were analysed
separately for each sex. The regression between daughters’ head
widths and their fathers’ head widths was not significant either.
Similarly, no significant regression between daughters’ head width
and the mean head width of both parents was found (Table 2).

Effects of Maternal Reproductive Status on Offspring Traits

Only 16% of all ovipositions (N ¼ 275) resulted in parasitoid
pupation. Offspring of mated females did not differ in pupation
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success from those of virgin females (Fisher’s exact test: P ¼ 0.179).
The primary sex ratio in offspring of mated females was 2:1 in
favour of males.

The mean clone size of daughters was significantly larger than
the mean clone size of sons (U ¼ 1462, Ndaughters ¼ 68, Nsons ¼ 44,
P < 0.001). After distinguishing between sons of virgin and ofmated
females, we found significant differences in clone sizes between the
three groups of offspring (KruskaleWallis: c2

2 ¼ 36.372, P < 0.001).
Post hoc tests revealed fewer sons per clone produced by virgin
females compared to male clones produced by mated females
(U ¼ 120, P ¼ 0.016), which were in turn significantly smaller than
female clones (U ¼ 307.5, P ¼ 0.007; Fig. 1a).

Mean head width of daughters (N ¼ 45) was significantly
smaller than sons’ head width (N ¼ 37; t test: t80 ¼ �2.134,
P ¼ 0.036). After separating the sons’ data by maternal mating
status, we found a significant difference in head width between the
groups (KruskaleWallis: c2

2 ¼ 12.13, P ¼ 0.002). The Manne
Whitney post hoc procedure revealed that head width of sons of

virgin females was significantly larger than that of sons of mated
females (U ¼ 76, P ¼ 0.007) and daughters (U ¼ 270, P ¼ 0.001);
however, the two latter groups did not differ in head width
(U ¼ 275, P ¼ 0.476; Fig. 1b). None the less, the negative correlation
between body and clone sizes was maintained in all three treat-
ment groups (Pearson correlation: females: r43 ¼ 0.32, P ¼ 0.035;
sons of mated females: r12 ¼ 0.64, P ¼ 0.013; sons of virgin females:
r21 ¼ 0.71, P < 0.001). We corrected for the trade-off between clone
number and head width by multiplying the number of individuals
in each clone by their mean head width. This provides an estimate
of the total resources acquired per clone. The product of clone size
and head width was highest for females (18 625.10 � 4288.64),
intermediate for sons of mated females (16160 � 4230.99) and
lowest for sons of virgin females (12 859.23 � 4776.20). The
differences between the three groups were statistically significant
(KruskaleWallis: c2

2 ¼ 23.89, P < 0.001).
Host pupal mass did not differ between the three wasp groups

(medians and interquartile ranges: 13.2, 12.1e15.4 mg for hosts
with females; 14.7, 12.4e16.2 for hosts with sons of mated females;
12.8, 10.5e13.9 for hosts with sons of virgin females; Krus-
kaleWallis: c2

2 ¼ 1.942, P ¼ 0.379). Time from oviposition to para-
sitoid pupation did not differ significantly between the groups
either (23, 18.5e24.5 days for females; 20, 19e21 days for sons of
mated females; 22, 21e22 days for sons of virgin females; Krus-
kaleWallis: c2

2 ¼ 4.666, P ¼ 0.097). Time from pupation to adult
emergence was also similar among treatments (13.5, 12.5e14 days
for females; 13, 12e13 days for sons of mated females; 13.5, 12e14
days for sons of virgin females; KruskaleWallis: c2

2 ¼ 4.678,
P ¼ 0.78).

Size Effects on Fitness via Reproductive Success

The head width of the large males we used was 14.6% larger, on
average, than that of small males, and the two groups differed
significantly from one another (paired t test: t33 ¼ 11.443,
P < 0.001). Larger males mated significantly more often: 24 of the
females that were introduced to two males mated with the larger
individual, and only 10 mated with the smaller one (binomial test:
P ¼ 0.012). Paternal head width did not significantly influence the
number of daughters (linear regression: Y ¼ 70.388X þ 9.35,
r2 ¼ 0.222, N ¼ 13, P ¼ 0.104) or the daughters’ head width
(Y ¼ 0.821X þ 0.07, r2 ¼ 0.153, N ¼ 8, P ¼ 0.337).

On average, 25.5% of each mother’s ovipositions resulted in
successful development and emergence of offspring. The primary
and the tertiary sex ratios of the offspring were not correlated with
the size of the mating male (linear regressions: primary sex ratio:
Y ¼ 0.096X þ 0.568, r2 ¼ 0.000,N ¼ 24, P ¼ 0.973; tertiary sex ratio:
Y ¼ �0.36X þ 0.62, r2 ¼ 0.000, N ¼ 24, P ¼ 0.99).

DISCUSSION

Recent research on epigenetic inheritance has highlighted the
interplay of parental environment, offspring environment and
offspring genotype in shaping phenotypic traits (Wolf et al. 1998).

Table 1
Clone size: parameters of the parenteoffspring regression

Offspring of both sexes
with mothers

Sons and mothers Daughter and mothers Daughters and fathers Daughters and both parents

Regression equation Y¼�0.3005Xþ48.025 Y¼�0.3989Xþ51.476 Y¼2.6486Xþ89.308 Y¼1.1147Xþ2.4516 Y¼�1.9839Xe41.766
r2 0.030 0.067 0.289 0.105 0.200
P 0.258 0.122 0.213 0.482 0.314
N 44 37 7 7 7
Heritability NS NS NS NS NS
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Figure 1. The effects of maternal mating status (mated and virgin females) and
offspring sex (daughters and sons) on (a) the number of individuals per clone and (b)
the progeny’s head width. Medians and interquartile ranges are shown. Different
letters above the bars denote significant differences between groups in post hoc tests.
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The heritability estimates in the present study indicate that the
genetic effects on clone size are rather weak, whereas head width
shows higher correlation between mothers and offspring. Larger
samples than used here are probably required to evaluate the
heritability of these traits for sons and daughters separately.
Nevertheless, both characteristics were also influenced by epige-
netic effects, as the reproductive status of females affected their
offspring’s number and size.

Clone sizes of sons of virgin females were significantly smaller
than those of sons of mated females, and both types of male clones
were significantly smaller than female clones. These trends
remained significant after they were corrected for differences in
head width between the three groups. Thus the results suggest that
both the mother’s reproductive status and offspring’s sex affect
clone size. The results are therefore compatible with the combined
predictions of the ‘maternal environment’ and of the ‘offspring
genetic make-up’ hypotheses. A survey of six haplodiploid poly-
embryonic parasitoid species reveals that female clones are larger
than male clones in three of the species (C. koehleri, Copidosoma
floridanum and Phyllocnistis citrella). In the other three species
(Copidosoma gelechiae, Copidosoma bakeri and Macrocentrus
gifuensis), the opposite trend occurs (Leiby & Raleigh, 1922; Parker
1931; Doutt 1947; Ode & Strand 1995; Zappala & Hoy 2004;
Crowley et al. 2009). This suggests that the ‘offspring genetic
make-up’ hypothesis, which suggests effects of offspring ploidy on
their proliferation rates (Doutt 1947), cannot solely explain inter-
sexual differences in clone sizes. However, different selection
pressures acting on male and female optimal body size, which may
vary between species, may account for these observed sex-related
differences in clone sizes. For example, differences in the intensity
of sexual selection operating on males may affect male size,
whereas selection for higher fecundity may affect that of the female
(Fairbairn & Preziosi 1994; Fox et al. 2007).

The differences in clone size and head width between the two
groups of sons in our experiments support the hypothesis that the
females’ reproductive status affects their offspring’s traits. Alter-
natively, these differences may be caused by the mere presence of
another individual with the female prior to oviposition, regardless
of the female’s mating experience. This interpretation is less likely,
however, because rearing of virgin C. koehleri females in groups of
25 individuals for 48 h did not affect the clone or body sizes of their
sons (Morag et al., in press). To control fully for the possible effects
of male presence on offspring clone size, virgin females would need
to be housed with sterile males.

Another possible interpretation is that virgin females are less
choosy than mated females when selecting their hosts. They may
therefore be more likely to oviposit in suboptimal host eggs, which
will ultimately result in smaller clone sizes. We evaluated this
possibility using data from two previous studies. The first followed
the development of hosts parasitized by mated versus virgin
C. koehleri females (Segoli et al. 2009a). The proportion of cases in
which ovipositionwas observed but adult moths emerged from the
hosts (i.e. possible cases of host rejection) did not depend on the
wasps’ mating status. The second study scored host rejections of

focal females presented with two previously parasitized hosts. One
of the hosts had been parasitized by a virgin C. koehleri female, and
the other by a mated female (see Segoli et al. 2010 for experimental
set-up and the wasps’ host choices). Rejection was defined as
antennal contact with hosts that did not lead to oviposition within
3 min. Of 32 focal virgin females, 31 rejected one of the hosts and
one did not reject any of them. The picture was similar for focal
mated females, where 30 of 34 wasps rejected one of the hosts and
four rejected none. These observations suggest that mated and
virgin females show similar host selectivity; thus hosts parasitized
by virgins are not likely to be of lower quality than those parasitized
by mated females.

The observed maternal effects can be interpreted as adaptive
responses to the environment experienced, or as constraints forced
on the ovipositing mothers. According to the adaptive view, virgin
females may evaluate their environment as having a low density of
males, and therefore anticipate an excess of males in the next
generation because of haploidediploid genetics. Therefore, sons of
virgin females are not expected to encounter many mates as adults,
unless they disperse to other patches. In several insect species,
dispersal abilities increase with body size (e.g. Ellers et al. 1998).
According to this reasoning, virgin females may have been selected
to produce larger sons in the absence of males, as this could
increase their sons’ dispersal and/or mating prospects. The
production of larger sons can be achieved by producing fewer
offspring per clone. Mated females, on the other hand, may
perceive their environment as rich in males, and anticipate a high
abundance of females in the next generation. Under such condi-
tions, selection for competitive and dispersal abilities among sons is
expected to be weaker. Consequently, mated females may be
selected to produce larger male clones, as their sons encounter an
excess of females and benefit less from large body size than sons of
virgin females.

As a partial test of the assumptions underlying this hypothesis,
we compared the mating success of larger versus smaller males in
a choice situation. The mating assay indeed revealed an advantage
to large males over small ones in terms of number of copulations.
None the less, mated females did not produce a larger proportion of
female clones, evenwhen their mate was large. Moreover, paternal
body size did not significantly influence the number and sizes of
daughters. These results are congruent with the low fathere
daughter heritability values recorded for clone and body size, and
suggest that the main reproductive advantage of large males lies in
increased access to mates. Measuring the effect of body size on
fitness via increased dispersal is very difficult in a small insect such
as C. koehleri, and we did not attempt it in the present study.
A positive correlation between body size and longevity was found
in a previous experiment (Keasar et al. 2006).

An alternative explanation for the differences between sons of
mated versus virgin females is a constraint forced upon the mated
females by their mates. Mating elicits major changes in the repro-
ductive behaviour of many insect females, such as increased egg-
laying rate and reduced receptivity. In Drosophila, these effects are
mediated through ‘sex peptides’ transferred in the male’s seminal

Table 2
Head width: parameters of the parenteoffspring regression

Offspring of both sexes
with mothers

Sons and mothers Daughter and mothers Daughters and fathers Daughters and both parents

Regression equation Y¼0.3525Xþ426.13 Y¼0.227Xþ343.97 Y¼0.633Xþ156.2 Y¼1.111Xe95.944 Y¼1.182Xe97.384
r2 0.029 0.071 0.107 0.423 0.325
P 0.044 0.117 0.473 0.114 0.181
N 44 36 7 7 7
Heritability 0.70 NS NS NS NS

Na’ama Morag et al. / Animal Behaviour 81 (2011) 865e870 869



Author's personal copy

fluid during copulation (Chapman et al. 2003; Liu & Kubli 2003).
Similarly, we speculate that C. koehleri males may transfer signals
that enhance offspring proliferation to their partners during
mating. These effects may increase a male’s fitness when its mate
produces daughters, but may also induce proliferation in clones of
sons that develop from unfertilized eggs. Thus, the offspring of
mated females are expected to be more numerous and conse-
quently smaller than the sons of virgin females, even if the
increased proliferation does not optimize female fitness or influ-
ence male reproductive success. This provisional interpretation
could be tested by searching for analogues of the Drosophila ‘sex
peptides’ in the ejaculates of C. koehleri males.

To conclude, our study suggests a role for both parental envi-
ronment and offspring genetics in shaping important phenotypic
traits in a polyembryonic parasitoid. One of these traits, body size,
also shows considerable heritability. Variation in clone size in
response to maternal mating status can be interpreted as an
adaptive maternal effect, or as the result of restrictions forced upon
the ovipositing mothers by their mates. The effect of offspring
genetics, on the other hand, may result from differences in prolif-
eration induced by ploidy. At the ultimate level, they may provide
an adaptive adjustment of clone size to achieve optimal body size
for males versus females.
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