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Theoretical and empirical research on the evolution of clutch size has proved to be an extremely productive area of evolutionary
biology. A general prediction is that individuals should produce a smaller number of offspring when resources are more limited,
such as when multiple individuals compete for the same resources for their development. However, we expect that the opposite
prediction arises with virgin females of haplodiploid species, which are subject to extreme local mate competition. We test the key
assumption and predictions of this theory with the parasitoid wasp Melittobia australica. Our data demonstrate that there is a trade-
off between the size of the first and subsequent clutches and that virgin females adjust their production of sons according to the
mating status (mated or not) of cofounding females. We also found that mated females facultatively change their offspring sex ratio
in response to the mating status of cofoundresses. We discuss the potential mechanisms used to recognize the mating status and the
implications of our results in the context of the extremely female-biased sex ratios observed across Melittobia species. Key words:
clutch size, constrained female, local mate competition, Melittobia australica, reproductive strategy, sex allocation. [Behav Ecol

21:730-738 (2010)]

Research on clutch size has played a key role in the devel-
opment and testing of theory predicting how natural selec-
tion molds the behavior of individuals (Seger and Stubblefield
1996; Krebs and Davies 1997). When females reproduce, the
number of offspring produced is mediated by a trade-off be-
tween number (clutch size) and quality of offspring (Darwin
1871, p. 317-320; Smith and Fretwell 1974; Wilson 1994). A
general prediction that has gained considerable empirical
support is that as resources become more limited, a lower
clutch size is favored (Godfray et al. 1991; Mayhew and Glaizot
2001). For example, birds lay smaller clutch sizes when they
occupy poorer territories (Hogstedt 1980), and parasitoid
wasps lay smaller clutches when multiple females are laying
eggs on the same host (Parker and Courtney 1984; Skinner
1985; Godfray 1994).

Here, we examine a situation in which the opposite prediction
arises for patterns of clutch size—when virgin females reproduce
under conditions of extreme local mate competition (LMC).
Hamilton (1967) showed that if mating occurs between the
offspring of a small number of mothers and females disperse
after mating on their natal patch, the sex ratio produced by
each foundress is influenced by a process that he termed
LMC. When a small number of foundress females oviposit on
a patch, a female-biased sex ratio is favored because it reduces
competition between sons (brothers) and increases the number
of mates (daughters) available to those sons (Taylor 1981). LMC
has been shown to explain female-biased sex ratios in a wide
range of organisms, including parasitic protozoa, insects, mites,
fish, snakes, and plants (West et al. 2005; West 2009).
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Much work on sex ratio behavior has focused on organisms
with haplodiploid sex determination, such as parasitoid wasps.
With haplodiploidy, males develop from unfertilized (haploid)
eggs, and females develop from fertilized (diploid) eggs (Cook
1993). As well as providing a mechanism for mothers to con-
trol the sex ratio of their offspring, haplodiploidy means that
virgin females are able to reproduce, albeit only by producing
sons. In species subject to LMC, the selection for female-
biased sex ratios means that the fitness of virgins is severely
reduced relative to mated females (Godfray 1990; Godfray
and Hardy 1993; Heimpel 1994; West et al. 1997; West and
Herre 1998). In the extreme, if only 1 female lays eggs per
patch and this foundress is a virgin, then the production of
sons by a virgin is essentially worthless because there will not
be any female offspring available for the sons to mate. In some
parasitoid wasps and scolytid beetles, this has been argued to
have led to an egg-laying behavior in which virgin females lay
a small number of male eggs, wait for these sons to mature,
and then mate with one or more of them. This strategy could
enable females to produce a subsequent mixed sex brood that
brings substantially greater fitness returns than an all-male
brood (Balfour Browne 1922; Godfray 1994; Ueda 1997;
Hardy et al. 1999).

In this paper, we examine the egg-laying behavior of virgin
females in the presence of cofounding mated females that lay
mixed sex broods, providing potential mates for the sons of the
virgin females. Briefly, when a virgin oviposits alone, she is pre-
dicted to lay only a small number of eggs to avoid wasting
resources that could be saved for the future production of
a mixed sex brood after mating with her own sons. In contrast,
when ovipositing with another foundress, the virgin female is
predicted to lay a larger clutch size because the female-biased
sex ratio (due to LMC) produced by the mated foundress will
result in mating opportunities for the virgin’s sons, dramati-
cally increasing the fitness returns from sons. Although this
prediction may rely on the relative importance of the
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reproductive values of first (sons only) and subsequent (mixed
sex) clutches, a game theoretical model shows that virgin
females should always produce a larger number of male off-
spring when laying with a mated female than when laying alone
(Appendix). We then test the main assumption and predic-
tions of this model with the parasitoid wasp Melitiobia austral-
ica. The mating system of this genus is characterized by LMC,
where a single virgin female is able to produce a small number
of male eggs, await their emergence on the host, and subse-
quently mate with her own son(s) (Balfour Browne 1922;
Dahms 1984; Matthews et al. 2009). Specifically, we test
whether 1) there is a trade-off between the number of off-
spring laid in sequential clutches and 2) virgin females lay
a larger clutch size when ovipositing in the presence of
a mated female than when ovipositing alone.

METHODS
Parasitoid wasps

Melittobia is a gregarious parasitoid wasp that parasitizes the
(pre)pupae of various solitary wasp and bee species nesting
above ground (Balfour Browne 1922; Dahms 1984; Matthews
etal. 2009). Females mate on their natal patch and disperse to
find hosts on which to feed (to mature their eggs; synovigeny)
and then lay eggs. However, because of the extremely female-
biased sex ratios and lethal combat among adult males in this
genus, sometimes females cannot acquire males and must
disperse as virgins (Hobbs and Krunic 1971). Accordingly,
patches without males and all-male broods have been re-
ported from field studies (Maeta and Yamane 1974; Iwata
1980). In the laboratory, the frequency of unmated females
dispersing from mixed sex clutches is 1% (Abe J, unpublished
data). Although data on the structure of natural populations
of Melittobia are scare, there are reports of multiple females
laying eggs on the same host (Iwata and Tachikawa 1966;
Freeman and Ittyeipe 1976, 1993; Freeman 1977; van den
Assem et al. 1980; Cooperband et al. 2003; Matthews et al.
2009). Here, we used a strain of M. australica collected in
Shiga, Japan, in 2000 (Abe et al. 2005, 2009). A microsatellite
marker can be used to identity the mothers of offspring de-
veloping on the same host. The design of the primer set
(MMS7-2) and detailed procedures to analyze the microsatel-
lite are described elsewhere (Abe et al. 2005), and we used the
ABI GeneMapper and a capillary sequencer (ABI 3730) for
fragment analysis. We used the long-wing, dispersing female
morph (Dahms 1984; Abe et al. 2005, 2009; Matthews et al.
2009; Innocent et al., unpublished data) and prepupae of the
leaf cutter bee Megachile sculpturalis (Hymenoptera: Megachi-
lidae) as hosts. We carried out all stock culturing and experi-
ments at 25 °C and 16:8 h light:dark conditions.

Experiment 1: trade-off between present and future clutch
sizes

Here, we tested the assumption that there is a trade-off be-
tween the sizes of current and future clutches. Specifically,
we tested for a negative correlation between the size of brood
produced by females during an initial period of oviposition (re-
ferred to as first clutch size) and the number of offspring sub-
sequently produced during the rest of their lives (referred to as
subsequent clutch size). To maximize our power to detect this
trade-off, we created a broad range of brood sizes for the first
clutches by manipulating both the mating status (mated or vir-
gin) and the oviposition period (10 or 15 days) in 4 treatment
combinations. We expected virgins to produce smaller clutches
than mated females and fewer eggs to be laid in the shorter
oviposition period. We set up 8 replicates for each of the treat-
ment combinations.
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We collected male and female individuals in late pupal stage
from mass culture. We housed male pupae individually to pre-
vent lethal combat between emerged adult males (Dahms 1984;
Reece et al. 2007; Matthews et al. 2009) and kept female pupae
in groups isolated from males. We collected females within 24 h
of emergence and incubated them individually for 24 h either
with an adult male (to produce mated females) or alone (to
produce virgins). For all mating treatments, we placed virgin
and <48-h-old males in small plastic cages (35 mm in diameter
and 20 mm in height). After the mating treatment, we placed
individual females in larger plastic cages (86 mm in diameter
and 30 mm in height) containing a host and allowed them to
lay their first clutch. After producing their first clutches (i.e.,
either on the 16th or 11th day), we allowed all females to mate
by housing each individually with a male for 24 h. After 24 h, we
removed males and placed females in new large plastic cages
and provided a host to begin their second clutch. Every 16 days,
we repeated the mating treatment and subsequently provided
females with a new host until they died. By repeating this treat-
ment, we measured the lifetime reproductive success of fe-
males, subsequent to their first clutches, and could also
ensure that females were not constrained by either sperm or
host limitation.

Once females had died, we dissected and measured their
tibia length as a body size index using a digital microscope
(Keyence VHX-200), recording the intermediate values of
their 2 tibia lengths. Under our experimental conditions,
the death rate of developing offspring is low (Abe, Kamimura,
Kondo et al. 2003; Abe et al. 2009), so we counted the number
of offspring produced on each host by undertaking daily
checks and removing late stage pupae or newly emerged
wasps. This also avoided the potential problem of the exper-
imental foundress females being able to remate with their
sons. Two females did not produce a clutch on their first host,
and 1 female failed to mate, so we removed these replicates
from the analysis.

Experiment 2: clutch size adjustment of virgin females

We then tested whether virgin females recognized the mating
status of a cofoundress and adjusted their egg-laying behavior.
In this experiment, we allowed virgin females to lay eggs with
either a mated cofoundress, with another virgin, or alone. We
specifically predicted that the virgin females would produce
a larger number of (male) offspring when their cofoundress
was a mated female compared with when ovipositing with an-
other virgin or alone. We followed the procedures for the pre-
treatment of foundress females and the oviposition period in
Abe et al. (2005) in which 2 mated females were sequentially
allowed to lay eggs on the same host, and their offspring were
individually genotyped using the microsatellite DNA marker.
Then, we conducted the following treatments in which each
replicate consisted of a “first female,” allowed to oviposit on
a host for 3 days, before a “second female” was added for
a further 9 days: (i) mated first and virgin second, (ii) virgin
first and mated second, and (iii) virgin first and virgin second.
In addition, we set up control treatments with (iv) 1 virgin
female ovipositing for 12 days and (v) 1 virgin female oviposit-
ing for 9 days. We set up 8 replicates for each treatment.

To create females whose genotypes were known, we ran-
domly collected female pupae from a mass culture, allowed
them to mate with their sons, and genotyped them. We used
the daughters of homozygous females as foundress females
for this experiment. We created mated and virgin females by
placing 8 females with 1 sibling male and without males, re-
spectively, for a period of 3 days. We then randomly allocated
the 8 females to each of the 5 different treatments (the remain-
ing 3 females were not used for this experiment). In the
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treatments in which 2 females laid eggs on the same host (treat-
ments (i) to (iii)), we used females with different genotypes. We
checked the parasitized hosts daily and removed and sexed all
newly emerged offspring. In treatments (i) to (iii), we genotyped
all the male offspring to identify their mothers. We discarded 3
replicates in which the females did not oviposit within 3 days.

Statistical analysis

Clutch size and male offspring numbers were analyzed using
generalized linear models with the quasi—Poisson distribution
and identity link because the data were overdispersed (Crawley
2007). We first constructed full models, including all main
effects and the second order interactions, and deleted non-
significant terms (o > 0.05) to acquire minimal adequate
models following backward stepwise deletion (Crawley
2007). Significance was tested using likelihood ratio tests to
compare the change in model deviance after deleting each
term. Along with the above analysis, we also analyzed the
clutch size and offspring sex ratio produced by mated females
using the data from the present experiment and Abe et al.
(2005) in which the same oviposition treatments were applied
to mated females. The sex ratio data (proportion of males)
were analyzed using the quasi-binomial and logit link func-
tion. All analyses used R version 2.7.1 (The R Foundation
for Statistical Computing; http://www.R-project.org).

RESULTS

Trade-off between present and future clutch sizes
(Experiment 1)

Females produced between 3 and 5 clutches in their lifetime
(Table 1). We found a significant negative relationship be-
tween the size of the first clutch and that produced in the
subsequent second to fifth clutches (F; 97 = 25.9, P < 0.001,
R? = 0.47; Figure 1). The subsequent clutch size was not
significantly influenced by oviposition period (F 96 = 3.54,
P = 0.07), mating status (F] 95 = 0.004, P = 0.95), or tibia

Table 1
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length (I 94 = 0.0001, P = 0.99). There were no significant
interactions (all P> 0.26 except that the interaction between
first clutch size and tibia length was marginal: F} o3 = 3.73, P=
0.07). We did not find a significant interaction between first
clutch size and mating status (19,15 = 0.15, P = 0.70), indicat-
ing that subsequent clutch sizes are not influenced by the
sexes of offspring produced in the first clutch. No significant
interaction between first clutch size and oviposition period
(F1,20 = 0.50, P = 0.49) also indicates that there are no aging
effects on subsequent clutch size between the 2 oviposition
periods in the first clutch. In order to examine the clutch sizes
produced by the females of each mating status, we also ana-
lyzed the data separately within each mating status treatment.
For mated females, the same pattern was found, with a nega-
tive correlation between the size of the first and later clutches
(F515 = 11.7, P < 0.005, R = 0.46; Figure 1), and no signif-
icant relationship with oviposition period (I, = 0.80, P =
0.39), tibia length (£ ;o = 1.88, P= 0.20), nor any significant
interactions (all P> 0.25). In contrast, when we analyzed the
clutch sizes produced by virgin females, there was no correla-
tion between the size of the first brood and later clutches
(F1,10 = 0.058, P = 0.82), oviposition period (/o = 1.19,
P = 0.30), tibia length (£ ;; = 1.32, P = 0.27), nor any sig-
nificant interactions (all P > 0.17).

Clutch size adjustment of virgin females (Experiment 2)

As expected, virgin females produced much smaller clutch
sizes than mated females (F 56 = 2643.5, P < 0.001, R =
0.96; Figure 2A). Although there was no direct significant
correlation between clutch size and oviposition period (F 56 =
0.18, P = 0.67), the interaction between the mating status of
the focal female and oviposition period was significant (9 55 =
20.1, P < 0.001, R = 0.007). This is because although mated
females produced larger clutches over 12 days than 9 days
(Figure 2A), the virgin females produced a similar number of
male offspring irrespective of oviposition period (Figure 2B).
The other main effects and interactions were not significant

The average longevities of experimental females, the numbers of replicates in which offspring emerged, average clutch sizes, and average sex
ratios (proportion of males), when either a virgin or a mated female were allowed to lay eggs for either 10 or 15 days in the first clutch

Virgin for 10 days

Virgin for 15 days

Mated for 10 days Mated for 15 days

Mean longevity of females (days) (£SE)*

67.3 £ 2.7 60.0 = 4.5 59.9 + 2.6 57.3 = 3.2
Number of replicates-produced offspring
1st clutch 7 7 8
2nd clutch 7 7 7 8
3rd clutch 7 7 7 8
4th clutch 7 4 7 3
5th clutch 5 1 0 0
Mean clutch size (=SE)?*
1st clutch 2.0+ 04 2.1 *03 426.7 * 38.6 735.4 = 49.5
2nd clutch 550.6 = 41.4 610.3 *= 88.8 605.0 * 43.4 560.1 * 64.3
3rd clutch 5159 = 81.6 458.9 * 49.0 374.7 = 60.3 177.0 = 49.4
4th clutch 228.0 = 37.4 91.7 = 41.9 111.4 = 40.2 2.6 = 2.1
5th clutch 104 £ 7.5 0.1 =0.1 0 0
Mean sex ratio (+SE)”
1st clutch 1+0 1+0 0.014 = 0.001 0.01 = 0.001
2nd clutch 0.015 = 0.002 0.014 = 0.003 0.012 = 0.001 0.014 = 0.004
3rd clutch 0.013 = 0.002 0.025 = 0.014 0.043 * 0.031 0.141 = 0.123
4th clutch 0.041 = 0.009 0.03 = 0.008 0.227 * 0.14 0.353 * 0.324
5th clutch 0.407 = 0.242 1

SE, standard error.
* The averages and SEs were calculated with all replicates analyzed.

" The averages and SEs were calculated with replicates-produced offspring.
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Figure 1

The relationship between the number of offspring produced in the
first clutch and the sum of the numbers produced in the subsequent
second to fifth clutches. The experimental females were allowed to
lay eggs in the first clutch and were either virgin or mated females,
given either for 10 or 15 days for oviposition. The minimal adequate
model of the GLM with Poisson errors and identity link function was:
(subsequent clutch size) = 1259.3 — 0.641 X (first clutch size).

(mating status of cofounding female: 554 = 1.62, P = 0.21;
genotype of focal female: F 53 = 0.03, P = 0.86; and other
interactions: all P> 0.37).

To examine the response of virgin females to the mating sta-
tus of a cofounding female, we analyzed the number of male
offspring produced by virgin females and found a highly signif-
icant effect of cofounding female status (i.e., either mated, vir-
gin, or none; 549 = 6.62, P = 0.003, R = 0.22; Figure 2B).
Although the effect of oviposition period was not significant
(I5,40 = 0.09, P= 0.77) as a main effect, the interaction with
mating status was significant (F ss = 4.32, P = 0.020, R =
0.15; Figure 2B). When a virgin female was the first foundress
to start laying eggs on a fresh host (12-day oviposition), she
produced a similar clutch size regardless of whether or not
another female later oviposited on the host (Figure 2B). In
contrast, when a virgin female was the second female laying
eggs on a host where another female had already started lay-
ing eggs (9-day oviposition), she changed her clutch size ac-
cording to the mating status of the first females, producing
a larger number of male offspring with a mated female than
with another virgin female or alone (Figure 2B). Neither the
effect of the genotype of the virgin females nor the interac-
tion terms regarding the genotype were significant (genotype:
I 39 = 0.08, P = 0.78 and interactions: all P > 0.93).

Response of mated females to a virgin versus another mated
female (Experiment 2)

We can compare the response of mated females to a virgin versus
another mated female using the data from the present experi-
ment and Abe et al. (2005). The clutch size of mated females
had no significant relationship with the mating status of a co-
founding female (/] 95 = 1.64, P=0.21), although it increased
with oviposition period (F 99 = 6.62, P < 0.001, R = 0.52).
There were no significant effects of the genotype of the mated
females nor any interactions (genotype: F; 97 = 0.17, P = 0.68
and interactions: all P> 0.12). However, the offspring sex ratio
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Mean clutch size (the number of sons and daughters; A) and the
mean number of sons (B). A pair of females, comprised either

a mated and a virgin female, a virgin and a mated female, or 2 virgin
females or a single virgin female, were allowed to lay eggs on a host.
The first female was allowed to lay eggs on a host for 12 days, and the
second female was allowed to lay eggs on the same host starting

3 days later for 9 days (i.e., within a replicate, females were removed
at the same time). Error bars indicate standard errors. Values above

bars (A) indicate the number of replicates that were analyzed.

was significantly influenced both by the mating status of a co-
founding female (I 95 =4.71, P=10.039, R?=10.09) and by the
oviposition period (F 95 =12.6, P=0.001, R®=10.25), and the
interaction between these 2 effects was also significant (I 97 =
9.20, P = 0.005, R = 0.18). This indicates that the mated
females produced less female-biased sex ratios when oviposit-
ing after another mated female than after a virgin female or
before another female (Figure 3). There were no significant
effects of the genotype of the mated females (F; 97 =1.07, P=
0.31) or the other interactions (all P> 0.73).

DISCUSSION

We investigated the egg-laying behavior of virgin females in re-
sponse to the presence of mated females in the same patch. We
predicted that virgin females should produce a larger number
of (male) offspring when laying with a mated female than when
laying alone (Appendix). This prediction was based on the
assumption of a trade-off between current and future repro-
duction, with the production of more offspring in the present
clutch decreasing the number of offspring that could be pro-
duced in future clutches. We found empirical support for
both this assumption (Figure 1) and prediction (Figure 2)
in the parasitoid wasp M. australica.

In panmictic species, virgin females are predicted to pro-
duce all-male clutches, whereas mated females produce fe-
male-biased clutches to compensate for the excess of males
in the population (Godfray 1990; Godfray and Hardy
1993)—a prediction that has been empirically examined in
many haplodiploid species (Godfray 1994; West 2009).
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Offspring sex ratio produced by mated females that were allowed to
lay eggs on the same host either with a virgin female or with an
another mated female. First females laid eggs for 12 days and second
females did for 9 days by a 3-day interval. Error bars indicate standard
errors. Data in which mated females oviposit with another mated
female are derived form Abe et al. (2005). Values above bars indicate
the number of replicates that were analyzed.

However, LMC alters this selective pressure because sons pro-
duced by virgin females have no mating opportunities unless
mated females also produce offspring locally. We showed that
the virgins of Melittobia produced larger clutches in the pres-
ence of mated females (Figure 2). These facultative adjust-
ments are predicted when organisms encounter variable
situations, and their fitness consequences largely depend on
what strategy they choose in each situation (Herre 1987; West
and Herre 1998). Currently, information about virgins in nat-
ural populations is lacking, but our data indicate that virgin
and mated females lay eggs on the same host (see also below).

The direction of clutch size adjustment by virgin females is in
contrast to the prediction of general clutch size models where
smaller clutch sizes are predicted with increasing number of
competitors (Parker and Courtney 1984; Skinner 1985; Mayhew
and Glaizot 2001). Another example where we expect to see
this atypical direction of clutch size adjustment is in species
with contest competition, such as solitary parasitoid wasps. In
these species, females are likely to lay larger number of eggs to
ensure their own parentage, when the probability that conspe-
cific females add eggs on the same patch is higher (Ives 1989;
Rosenheim and Hongkham 1996; Pexton and Mayhew 2005).
More generally, our results stress that although there are
many cases where sex ratios can be examined independently
of clutch size (West 2009), this is not always the case. Other
situations where the coevolution of sex ratio and clutch
size must be considered include when there is asymmetric
larval competition between the sexes for resources (Godfray
1986; Sykes et al. 2007), small clutch sizes (Williams 1979;
Mayhew 1998), superparasitism with limited number of eggs
(Nagelkerke 1994; Greeff 1997), and single sex broods (West
et al. 1999, 2001).

The adjustment of clutch size by virgin females did not occur
when the cofounding female was also a virgin (Figure 2B),
which can be explained by the fact that virgin cofoundresses
do not supply female mates for the focal virgin’s sons. Al-
though we do not know whether virgin females can directly
recognize the mating status of cofoundresses, there are several
possible indirect mechanisms that could be used as cues. One
possibility involves estimating the number of eggs (or the
attendant cues) laid by other females because by day 3, mated
females produced much larger clutches than virgins (Figure
2A). This hypothesis fits with results from other parasitoid
species in which the sex ratios of mated females were adjusted
in response to the presence of eggs laid by other females
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rather than the presence of other females (Shuker and West
2004). We also found that mated females of Melittobia adjusted
their offspring sex ratios depending on whether they lay eggs
after a virgin or another mated female (Figure 3). There have
been no reports that mated females of other parasitoid spe-
cies adjust their offspring sex ratios depending on the mating
status of other females laying eggs on the same host (Werren
1984; King and D’Souza 2004; see also King 2002). Recently,
Lebreton et al. (2010) showed that the females of a solitary
parasitoid wasp adjusted their offspring sex ratios in response
to the sexes of eggs previously laid by conspecific females.

Although the virgin females of Melittobia facultatively ad-
justed their clutch size in the direction as predicted, the
change seems to be small. Our model provides quantitative
predictions, suggesting that virgins should invest in a much
larger number of males when they lay eggs with a mated fe-
male (Appendix). Why didn’t the observed clutch size ratio
quantitatively fit with the predictions of our model? First, the
intensity of selection for clutch size adjustment is likely to be
correlated with the frequency that virgin females lay eggs with
a mated female in natural populations (Herre 1987; West and
Herre 1998). Although our data indicate that the circumstan-
ces favoring facultative clutch size adjustment do occur in
nature, this might happen at low frequency. There are 3 fur-
ther potential explanations for the lack of quantitative fit be-
tween our model and data, which are linked to possible
reasons why mated Melittobia females adjust their offspring
sex ratios only slightly with increasing numbers of females
laying eggs per patch, in contrast to the predictions of LMC
models (Abe, Kamimura, Kondo et al. 2003; Abe et al. 2005,
2009; Innocent et al. 2007). Second, lethal male-male combat
may select for ovipositing females to refrain from producing
many males because later emerging males would just be killed
by older adult males (Abe, Kamimura, Ito et al. 2003; Abe,
Kamimura, Kondo et al. 2003; Abe et al. 2005, 2007, 2009;
Shuker et al. 2005; Innocent et al. 2007). Third, if the virgin
and mated females laying eggs on the same host are related,
they may produce smaller numbers of male offspring to avoid
competition among related males (Grafen 1984; Frank 1985,
1986; Shuker et al. 2004). Finally, females may avoid produc-
ing many males due to “mutual policing” (Kamimura et al.
2008), although this requires ovipositing females to recognize
the sexes of eggs laid by other females. Data on the natural
population structure of this genus would be extremely useful
to distinguish between these possibilities.

Under LMC, ovipositing females face a trade-off between not
wasting excess resources on sons and the need to produce
enough sons to ensure against the possibility that they all die
(Heimpel 1994; Nagelkerke and Hardy 1994; West et al.
1997; West and Herre 1998). The behavior of virgin females
in Melittobia that mate with their own sons and facultatively
adjust their clutch sizes in response to their cofoundresses mat-
ing status ensures their reproductive successes, even if they are
virgins. Along with precise sex ratio adjustments over a pro-
longed oviposition period (Abe et al. 2009), this might be
one of factors that facilitate the extremely female-biased sex
ratios in this genus.
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APPENDIX

Here, we develop a model to predict the unbeatable clutch size ratio
that virgin females should invest in their first clutch. We consider a sit-
uation where there are occasionally virgin females in a population that
consists of numerous isolated patches (e.g., hosts). Virgin females only
produce male eggs in their first clutch, then mate with one of their
emerging sons; subsequently, mated virgin females (hereafter called
ex-virgin females) can produce both sexes in their subsequent later
clutches. For simplicity, we assume that virgin females produce at most
2 clutches. If an organism reproduces more than 2 clutches, we can
regard the second clutch as an average of all later clutches.

We assume that a virgin female invests a proportion s (0 < s < 1) of
her total resources in her first clutch and the remainder 1 — s of her
resources in her second clutch (i.e., that there is a trade-off between
clutch sizes). Our main aim here is to seek the unbeatable value of s
that cannot be outcompeted by any other strategies. When a virgin
female is the only foundress in a patch, the unbeatable strategy for the
first clutch is to produce the minimum number of sons required for
insemination (s* = 0). Hereafter, we seek the unbeatable clutch size
ratio (s¥) when virgin females lay eggs with a cofounding mated fe-
male. Whereas virgin females need to wait until their second clutch to
produce both sexes, we suppose that mated females invest all their
resources in 1 clutch. We also assume that each patch is visited by at
most 2 females and define 7;; as the sex ratio (the proportion of male
offspring) of i female laying eggs with j female in the same patch,
where iand jare either vl (a virgin female in her first clutch), v2 (an
ex-virgin female in her second clutch), m (a mated female), or o (no
females). Hereafter, to simplify, we use 7,1, 19, 7,1, and 7, in place of
Tol,m 1v2,m Tyl and 7, .0, respectively. In this case, r,; is always equal
to 1 because virgin females are constrained in their sex allocation in
their first clutches.

After producing her first clutch of sons and mating, the ex-virgin
female is assumed to disperse to look for a new patch and to find
a new patch with a probability P (0 < P < 1,1 — Pis the cost of
dispersal). When producing her second clutch, the ex-virgin female
lays eggs either alone or with another mated female with the proba-
bility 1 — g or ¢ (0 < ¢ < 1), respectively. To allow for offspring
suffering from increasing resource competition with the number of
eggs laid in the patch, we employ exponential competition function of
Waage and Godfray (1985) for the developmental survival probability
of their offspring (f(b) = exp(—kb), bis clutch size and kis a constant).
Although we also applied quadratic form of Parker and Courtney
(1984), the results were qualitatively identical.

We define W, as the fitness of a virgin female and W,,; and W,,, as
the fitness of cofounding mated females laying eggs during the first
and second clutches of virgin females, respectively. The fitness consists
of the number of daughters and the number of females that sons
mate with, weighted by the relatedness and reproductive values. Al-
though the sons mate both the daughters and also the virgin females
themselves, the effect of the virgin females is negligible unless their
clutch size is very small. Then,

1- Tm1
s+ Tm1

+P(1—s) {qf(c(? - s)){RFvF(l —Ty2)
1—r9)(1—s)+1~— 7'm2}

ryo(1 = 8) + rimg

Wv = Sf(C(l + 8))RMVA,[

+ RMVMTM(
+ (1 =q)f(c(1 =) (Rpvr + RMVM)} ,

(Ala)

1—- T'm
Wit = f(c(1+ 5)){RFVF(1 —7rm) + RMVM"'mlil}7
s+ T'ml

(Alb)

735

ng = f(C(Q - S)){RFVF(I - T'mg)

(I=rp)(1—=8)+1—=rpe
7"‘,2(1 — 8) + me

+ Ryvamme

}, (Alc)

where Ry (Ry) is the relatedness coefficient of the female to her
daughters (sons) and vy (vy) is the class reproductive value for daugh-
ters (sons) (Taylor, 1996). We assume that species are haplodiploid
here, hence vy = 2/3 and vy, = 1/3 (Taylor 1996), Rp= 1/(2 — k),
where £ is the proportion of sibmating in the population, and Ry =1
(Taylor 1993). Because virgin females are rare in this population,
therefore,

C1—q+q(3/2)J-1/2  4—(4—3J)q

k= = , A2
1-qg+q(3/2)J 4-2(2—3J)q (42)

where Jis an inbreeding factor (Suzuki and Iwasa 1980):
2Ryvy (A3)

- Rpvp + RMVM.

The unbeatable clutch size ratios and sex ratios depend on the in-
formation available to ovipositing females. We prove the 2 derivations
of these ratios according to whether or not the females can distinguish
the mating status of a cofounding female and facultatively alter their
strategy.

In the case that females cannot recognize a virgin

In this case, mated females are assumed to lay eggs with fixed sex ratios,
as if they were laying eggs with a mated cofoundress female (note that
virgin females are rare in this population). We now seek the optimum
strategies (s¥ and r,9*) that maximize the fitness of the virgin females
when the strategies of mated females (7,,; and 7,9) are fixed. The
optimum strategies are found by simultaneously solving the following
2 equations,

am‘/ashzs* = 07 (A4a)
oW, / 67'1-2’ =0. (Adb)

Ty =Ty

These were numerically solved using a bisection method for a given
parameter set after they were analytically reduced to 1 equation. We
verified local evolutionary stability for all given parameter sets. We nu-
merically (Frane and Bairstow methods) checked that the real parts of
all eigenvalues of the following matrix were negative:

oW, W,
0s? 0s0ry
’wW, o*W,

Or,90s 87"‘2,2

We derive the following results (Figure Al). The virgin female is
predicted to invest fewer resources in her first clutch when there is
a greater probability that 1) she can find a new host on which to lay
a second clutch (larger P; Figure Al) and 2) she will be the only
foundress on a patch for her second clutch (smaller ¢; Figure Al).
These predictions arise because the virgin female is favored to save
a greater proportion of resources for her second clutch because she is
likely to gain greater reproductive success from it. However, if her
offspring suffer from competition for resources in their developmen-
tal stage (k> 0), the virgin female should 3) distribute her resources
more evenly between her first and second clutches (Figure A1C,D).
Finally, when a cofounding mated female produces a less female-
biased sex ratio, the virgin female 4) produces a larger number of
sons due to competition between males for mates (Figure Al), but
this relationship is reversed in an extreme case when the virgin
female is expected to acquire a relatively large reproductive success
in her second clutch (large P and small ¢; Figure A1B,D).
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In the case that females can recognize a virgin

In this case, the mated females also adjust their strategies of sex ratios
(7,1 and 7,,9) depending on the mating status of a cofounding female.
The unbeatable strategies are characterized by evolutionary stable
strategies (ESSs; ¥, 1,,1%, 1,0%, and 7,,9*) that simultaneously maximize
their own fitness values. We solved the following simultaneous equa-
tions to obtain the ESSs:

oW, /0s|,_,. =0, (Aba)
W, /orl, .. =0, (A5D)
anl /6rnl,l |7‘ml=7‘ml* = 07 (A5C)
8VVm2/8rm2|rm2:rm2* =0. (A5d)

These equations could be reduced to 1 equation by solving analytically,
and it was numerically (bisection method) solved for a given parameter
set. We verified local evolutionary stability by numerically checking
(Frane and Bairstow methods) that the real part of the eigenvalue
of the following matrix was negative:

W, 0*W, W, W,
0s? 0s0r, 080T 080T 9
W,  0PW, W, 0*W,
Oryeds  Or, Oryorm1  Orye0rme
Wy Wy W Wy
Orm10s  Orpidrye  Or%, 1O me
62 Wm2 82 VVmQ 82 Wrn? 82 Wm2
Orma0s  OrpmaOrys  Ormedrm1  Or,

We derive the following results (Figure A2) along with the same
qualitative results (1-3) described above. 5) The mated female is
predicted to compensate for the excess of males produced by the
virgin female by producing a more female-biased sex ratio in her
clutch (Figure A2). This contrasts to the situation in which females
cannot recognize the mating status of cofoundresses under LMC con-
ditions in which the effect of compensation by mated females is neg-
ligible (Godfray 1990). 6) When females contribute clutches to the
same patch, the ex-virgin and mated females are predicted to produce
less female-biased sex ratios as their contributions to the clutch de-
crease (Suzuki and Iwasa 1980; Werren 1980; Figure A2A,C).

Overall, the unbeatable first clutch size ratios of virgin females (s¥)
were larger than zero for any combination of parameters examined
(Figures Al and A2), indicating that virgin females should always pro-
duce larger number of sons when they lay eggs with mated females
than when alone. Along with qualitative predictions, our models also
provide a number of quantitative predictions that could be tested with
our experimental results (Figures Al and A2), although it should be
noted that our models are largely heuristic and included effects re-
garding population structure (P and ¢) that are difficult to parame-
terize. In the case of Melittobia, we can estimate the level of
developmental competition (k) using the data in Figure 2A in Abe,
Kamimura, Kondo et al. (2003) where variable numbers of foundress
females parasitized the same host species as in the experiments of the
main text. We used a maximum likelihood method assuming that all
the foundresses produced constant clutch sizes and that the errors of
the clutch sizes are represented by the Poisson distribution. The re-
sulting parameters are estimated as k = 1.2 X 10™* and ¢ = 561.7.
Given this and the observed sex ratios of mated females, our model
predicts that virgin females should invest at least 6% of their resources
in their first clutch (s¥ > 0.06). Although our model predicts smaller
clutch size ratios in the cases of larger Pand smaller ¢, these cases are
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not likely to occur in Melittobia. Because their common host species
are distributed in clumps, dispersing females will find hosts within the
same clump with a high probability (high P), but this means that they
need to compete for host resources with other dispersing females
(high ¢) and more than 2 foundresses are expected. Therefore, we
predict much higher clutch size ratio (s* >> 0.06).
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