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Classic sex role theory predicts that sexual selection should be stronger in males in taxa showing conventional sex roles and

stronger in females in role reversed mating systems. To test this very central prediction and to assess the utility of different

measures of sexual selection, we estimated sexual selection in both sexes in four seed beetle species with divergent sex roles

using a novel experimental design. We found that sexual selection was sizeable in females and the strength of sexual selection

was similar in females and males in role-reversed species. Sexual selection was overall significantly stronger in males than in

females and residual selection formed a substantial component of net selection in both sexes. Furthermore, sexual selection in

females was stronger in role-reversed species compared to species with conventional sex roles. Variance-based measures of sexual

selection (the Bateman gradient and selection opportunities) were better predictors of sexual dimorphism in reproductive behavior

and morphology across species compared to trait-based measures (selection differentials). Our results highlight the importance of

using assays that incorporate components of fitness manifested after mating. We suggest that the Bateman gradient is generally

the most informative measure of the strength of sexual selection in comparisons across sexes and/or species.

KEY WORDS: Bateman gradient, mating system, sexual dimorphism, sperm competition.

Sexual selection is a major generator of diversity, both in terms
of trait diversity (Darwin 1871; Andersson 1994) and speciation
(Ritchie 2007). Although it is clear that sexual selection regimes
are related to variation in mating systems in a very general sense
(Trivers 1972; Shuster and Wade 2003), the causal evolutionary
relationship between mating system parameters and the strength
of sexual selection is much less obvious (Emlen and Oring 1977;
Arnqvist and Rowe 2002). Furthermore, there is little consen-
sus on how sexual selection is best defined (Bonduriansky 2001,
2009; Carranza 2009; Shuker 2010; Rosvall 2011) and quantified
(Arnold and Duvall 1994; Jones 2009; Klug et al. 2010a; Krakauer
etal. 2011). Although Darwin’s (1871) original definition of sex-
ual selection was broad and did not exclude sexual selection in
females, subsequent research became focused almost entirely on
males. However, this view has recently been reevaluated and it
is now widely recognized that sexual selection can occur in fe-
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males (Bonduriansky 2009; Clutton-Brock 2009; Rosvall 2011).
Yet, the relative strength of sexual selection in females is largely
unknown at this stage, as very few empirical studies have directly
compared the strength of sexual selection in males and females
(see Lorch et al. 2008 for review; Fitze and Le Galliard 2011) and
no single study has provided comparable estimates of sexual se-
lection in males and females across species with divergent mating
systems and sex roles. This is an unfortunate gap in the empirical
foundation of the Bateman—Trivers paradigm (Bateman 1948;
Trivers 1972).

Comparisons of sexual selection across the sexes and species
are made problematic by the fact that there is little consensus
over the relative utility of different measures of sexual selection
(Table 1; Shuster and Wade 2003; Jones 2009; Klug et al. 2010a,b;
Fitze and Le Galliard 2011; Krakauer et al. 2011). Three points,
in particular, are discussed. First, is there a single sufficient
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Table 1. Empirical measures of sexual selection (see Jones 2009).

Abbreviation Name Calculation Description
Bss Bateman gradient Slope of the least squares regression The strength of selection on
(sexual selection of relative reproductive success on mating rate
gradient) relative mating success
1 Opportunity for selection Variance in relative reproductive The maximal strength of net
success sexual selection (i.e., pre-
and postmating)'
I Opportunity for sexual Variance in relative mating success The maximal strength of
selection premating sexual selection’
s’ Standardized selection Covariance between a trait The strength of net sexual
differential (standardized) and relative selection on a trait (i.e., pre-
reproductive success and postmating)'
m Standardized mating Covariance between a trait The strength of selection on a
differential (standardized) and relative mating trait due to mating success!
success
cov(z, €) Residual selection Covariance between a trait The strength of selection on a

differential

(standardized) and the residual
reproductive success from the

trait due to factors other than
mating success'

Bateman gradient

1Assuming that the experimental design renders other sources of selection (e.g., mortality) negligible.

quantitative measure of sexual selection or do we need multi-
ple measures to fully characterize sexual selection? Second, are
measures based on variance across individuals (measures of sex-
ual selection unrelated to phenotypic traits) preferable or do those
that are based on phenotypic traits better reflect sexual selection?
Finally, how important is it to measure sexual selection in both
sexes? To date, the few studies that have compared different mea-
sures of selection within and across species (e.g., Bjork and Pit-
nick 2006; Mills et al. 2007; Paczolt and Jones 2010; Fitze and Le
Galliard 2011; Munroe and Koprowski 2011) have done so within
a single mating system and have provided somewhat contrasting
answers to these questions. Empirical studies that systematically
compare sexual selection in both sexes across species with dis-
tinct sexual selection regimes and/or mating system parameters,
such as from sex role reversed to conventional mating systems,
could help settle these issues (Jones et al. 2000).

The controversy over how to measure sexual selection is ex-
acerbated by the fact that many studies estimating the strength
of sexual selection suffer from two problematic limitations. First,
there may not be direct observational data on all matings occur-
ring. This will, unsurprisingly, render all sexual selection metrics
that are based on mating success very difficult to interpret. This
is common in field-based studies where mating success is mea-
sured as the number of genetic mates (i.e., the number of partners
with which offspring is produced), using microsatellite parent-
age assignment. However, this will yield biased results both be-
cause matings that do not result in offspring will not be detected
and/or because nonmating individuals will be missing from the

data (Shuster and Wade 2003). This is particularly problematic
(i) when only offspring, and not adults, are genotyped (adults
with zero reproductive success undetected); (ii) when litter sizes
are small (more matings undetected); (iii) only a fraction of off-
spring are genotyped (some sires undetected); and/or (iv) postmat-
ing sexual selection occurs (more matings undetected). Second,
laboratory-based studies sometimes estimate sexual selection in
the absence of reproductive competition, which can be seen as
estimating the upper limit of sexual selection (Lorch 2005). How-
ever, how such measures relate to factual selection is unclear as
they exclude the two key processes of sexual selection: intrasexual
reproductive competition and intersexual mate choice.

Generating a rich and maximally informative set of empirical
measures of sexual selection is, thus, clearly very challenging. We
suggest that studies should at least (i) gather data for both sexes;
(ii) record all matings by direct observation; (iii) be conducted
in a competitive setting where males and females can compete
for and choose among mates; (iv) measure key phenotypic traits;
(v) be conducted over a reasonably long period of time; and (vi)
determine paternity/maternity of all offspring produced.

Our objective was to provide a quantitative comparison of
the strength of sexual selection in both sexes in several species
that vary in their mating system parameters. We conducted a
standardized and controlled mating experiment, allowing for mate
choice and reproductive competition, where mating success was
determined by direct observations and reproductive success was
recorded. Our main goals were (i) to test classic theory (Shuster
and Wade 2003) by comparing the strength of sexual selection
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in males and females in role reversed and conventional mating
systems and (ii) to assess various measures (Table 1) of sexual
selection in terms of how well they reflect the sex roles. We
used four related seed beetle species of two genera (Coleoptera,
Bruchidae) that differ strikingly in sexual dimorphism and sex
roles (Fox 1993; Eady 1994; Fox et al. 1995; Takakura 1999,
2001; Sakurai and Kasuya 2008; Salehialavi et al. 2011). The
mating system of the genus Callosobruchus is “conventional,” in
the sense that males actively search for, court and compete for
females (Ronn et al. 2006) whereas females are reluctant to mate
and show female choice (Maklakov and Arnqvist 2009). In the
genus Megabruchidius, the mating system is role “reversed” such
that females actively search for and court males whereas males
are choosy and often reject courting females (Takakura 1999;
Salehialavi et al. 2011).

Comparisons of trait-specific measures of sexual selection
across sexes and species require that selection is measured on a
shared phenotypic trait that is under sexual selection in all sexes
and species (Krakauer et al. 2011). We chose to measure sex-
ual selection on body size for four related reasons. First, there is
marked sexual dimorphism in body size in seed beetles, sug-
gesting a history of sex specific selection on body size (Fox
et al. 2007). Second, body size is a highly integrative trait that
reflects both phenotypic (e.g., condition) and genetic variation in
life-history traits (Fox et al. 2007). Third, the selection differential
on body size does not only measure direct selection on body size
but also indirect selection on all unmeasured phenotypic traits
that correlate with overall size (Lande and Arnold 1983). Finally,
several previous studies have indeed revealed pre- and postmating
sexual selection on both male and female body size in seed beetles
(e.g., Eady 1994; Fox et al. 1995; Savalli and Fox 1998, 1999;
Takakura 2001; Salehialavi et al. 2011).

Materials and Methods

MODEL SYSTEM

We used four related (Tuda and Morimoto 2004) seed beetle
species that share a common general ecology but differ in their
mating system parameters; Callosobruchus maculatus (South In-
dia), Callosobruchus chinensis (Okayama), Megabruchidius dor-
salis (Tokyo), and Megabruchidius tonkineus (Budapest). Beetles
were reared on their natural host seeds in 1 L glass containers kept
in climate chambers set to reproduce their natural climate and light
conditions. C. maculatus and C. chinensis were reared on Vigna
radiata (mung beans) and Vigna angularis (adzuki beans), respec-
tively, at 29°C and 50% (£ 10%) relative humidity (RH) under
a 12 h : 12 h light : dark cycle. M. dorsalis and M. tonkineus
were maintained on seeds of Gleditsia triacanthos (honey locust)
at 26°C and 70% (£ 10%) RH under a 16 h : 8 h light : dark cy-
cle. All beetles were fed with 20% sucrose solution, pollen, and
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water. Under these conditions, Callosobruchus spp. have a devel-
opmental time of approximately 3—4 weeks and Megabruchidius
spp. of about 7 weeks. We generated virgin individuals for our
experiments by isolating single beans (in 24-well culture plates)
with larvae, collecting individual beetles as they hatched from the
beans and keeping them isolated until the onset of the experiments.

In the genus Callosobruchus, one mating is sufficient to fer-
tilize all of a female’s eggs (Eady 1994; Harano et al. 2008). Yet,
females mate multiply during their life (Fox 1993; Savalli and
Fox 1998; Arnqvist et al. 2005; Harano et al. 2006) and there
are several distinct costs and benefits of mating. For example,
although females are injured by the male genitalia during mating
(Crudgington and Siva-Jothy 2000) they also benefit from the
ejaculates transferred by males (Savalli and Fox 1998) which can
be sizeable (about 5% of their body weight in C. maculatus and
1% in C. chinensis; Ronn et al. 2008). Previous work suggests,
however, that females do not gain significantly more offspring
with each further mating (Arnqyvist et al. 2005). Within this genus,
there is marked sexual dimorphism in size (females are larger) and
antennal morphology (male antennae enlarged; e. g., Fox 1993;
Fox et al. 1995; Savalli and Fox 1998; Colgoni and Vamosi 2006).
Males use their antennae to detect female pheromones (Tanaka
et al. 1981; Shimomura et al. 2008) during active mate search
and males persistently court/harass females (Ronn et al. 2006).
Females, in contrast, are generally reluctant to mate and resist
male mating attempts (Maklakov and Arnqvist 2009).

In the genus Megabruchidius, females mate multiply and
female offspring production increases with number of matings
(Takakura 1999). Males transfer a large and nutritious ejacu-
late (about 7% of their body weight; Takakura 1999) that repre-
sents a costly reproductive investment by males (Takakura 2006;
Salehialavi et al. 2011). Females actively search for and court
males whereas males are choosy and often reject courting females
(Takakura 1999; Salehialavi et al. 2011). Within this genus, sex-
ual dimorphism is less pronounced and is opposite in direction
compared to Callosobruchus, both in size (males are larger) and
antennal morphology (female antennae enlarged; Takakura 1999;
Salehialavi et al. 2011). Female Megabruchidius are also equipped
with a secondary sexual character: the enlarged female abdominal
plate has two red oval depressions (Tuda and Morimoto 2004) that
are presented to males during courtship and which carry numerous
pores that seem to emit pheromones (Salehialavi et al. 2011).

MATING SUCCESS ASSAYS

The experiments were conducted separately for all species us-
ing the same protocol. We first collected 150 virgin individuals
of each sex and species, aged 1-2 days posteclosion in Calloso-
bruchus spp. and less than 5 days in Megabruchidius spp. We
then scored individual mating and reproductive success across
many replicated “mating populations,” each consisting of five
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males and five females introduced into a mating dish (6 cm @ for
Callosobruchus, 9 cm @ Megabruchidius), using a design simi-
lar to that employed by Bjork and Pitnick (2006). We estimated
sexual selection independently for males and females, using sep-
arate male (N = 20 mating populations per species) and female
(N = 10 mating populations per species) assays. To enable recog-
nition of individuals during the experiment, we anesthetized all
beetles lightly with CO, (<1 min) prior to the experiment and
color-marked them individually on their elytra (uni Paint marker
PX-21; Mitsubishi®). Postexperimental tests showed that color
marking had no effect on mating success and reproductive suc-
cess (P > 0.05 in all cases). In the male assays, four randomly
selected males in each mating population were made sterile for
life by irradiation (100 Grey, cesium source) whereas a single
focal randomly selected male was a normal fertile male. Sperm
cells of irradiated males are fully motile and are able to success-
fully compete for fertilizations, but eggs fertilized by sperm of
irradiated males do not hatch after laying (Harano et al. 2008;
Maklakov and Arnqvist 2009). In the female assays, in contrast,
all males were normal and fertile. Each replicate mating popu-
lation yielded data on the mating and reproductive success of a
single male in the male assays, whereas it yielded the same data
for five females in the female assays.

In each mating population, we recorded the total number of
copulations per individual by direct observation for 4 h each day,
for five consecutive days, for all five females in the female as-
says and for the focal male in the male assays. These form our
measures of mating success. Between these 4-h mating episodes,
all beetles were isolated for 20 h in their individual petri dishes
in climate chambers. They were provided with 20% sucrose so-
lution, pollen (Bee Pollen Capsules, Manuak Health Ltd., New
Zealand), and water and female dishes were also provided with
an ad libitum supply of beans for oviposition (13 g of Vigna beans
for Callosobruchus spp. and 100 g of Gleditsia for Megabruchid-
ius spp.). Individual dishes of Megabruchidius spp. were 12 cm ¢
glass petri dishes and those of Callosobruchus spp. were 9 cm ¢
plastic petri dishes.

REPRODUCTIVE SUCCESS

Females were kept isolated in their individual petri dishes between
the five mating episodes (above) and continuously after the last
mating episode. They were allowed to oviposit until death, at most
33 days after the final mating episode. Beans were subsequently
incubated in climate chambers (5 weeks for Callosobruchus and
9 weeks for Megabruchidius) after which all hatched offspring
were counted. In the female assays, reproductive success of an
individual female was measured as the total number of offspring
she produced. In the male assays, reproductive success of the focal
male was measured as the sum of the total number of offspring
produced by all five females in his mating population.

BODY SIZE

We measured the mean length of the left and right elytra of each
individual as an estimate of body size, as elytra length correlates
very closely with body weight (Wilson and Hill 1989). Elytra
length was measured using a digitizing tablet (Summsketch III;
Summagraphics Corp., Austin, TX) placed under a dissecting
microscope equipped with a side-mounted camera lucida (Leica®
MZ8; Leica Microsystems GmbH, Wetzlar, Germany).

STATISTICS

We included all focal individuals, also those with zero mating suc-
cess and/or zero reproductive success, in our analyses (Shuster and
Wade 2003; Wade and Shuster 2004). We estimated all common
measures of sexual selection (see Table 1), using the methods
detailed in Jones (2009) (see also Wade 1979; Arnold and Duvall
1994). Standard errors for variances (I and /) were estimated by
bootstrapping data (10,000 iterations). Data on mating rate and
reproductive success was relativized, by dividing with the mean,
and body size data were standardized to a mean of zero and unit
variance prior to analyses (see Jones 2009). Data for males were
relativized/standardized across all males (one per mating popula-
tion) whereas data on females was relativized/standardized on a
per mating population level (i.e., per dish), because relative fit-
ness is best expressed as being relative to those individuals that a
given individual directly competes with. We stress, however, that
the alternative way of standardizing the data on females (i.e., over
all females) yielded results that were very similar indeed to those
reported here (see Supporting Information).

To compare the estimates of sexual selection across sexes and
mating systems, we used F-ratio tests for variance-based mea-
sures and partially nested analyses of covariance (where species
was nested within mating system) for all other measures of sexual
selection. Statistical analyses were performed with Systat 13.0,
JMP 9.0.0, and R 2.6.2 (R Development Core Team). Means are
given £ SE. We note that our manner of analyzing data on fe-
males could potentially be biased if selection differed markedly
across mating populations. We assessed this and found no evi-
dence for differences across mating populations (see Supporting
Information).

Results

The average number of matings per individual differed across
species (F519¢ = 37.6, P < 0.001), and was higher in species
with reversed sex roles than those with conventional sex roles (fo-
cused post hoc contrast; F 196 = 103.2, P < 0.001; M. tonkineus:
5.26 £ 0.40; M. dorsalis: 5.66 £+ 0.27; C. chinensis: 2.2 £ 0.19;
C. maculatus: 3.3 + 0.15; data from female assays).
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Table 2. Partially nested analyses of covariance of various measures of sexual selection. Inferential models also included mating system,
sex, mating system x sex and species (mating system) but these are not reproduced below as their marginal effects were all zero

(marginal means of response variables were, by definition, identical across mating systems, sexes, and species).

Measure of

sexual selection  Response variable Source TypeISS F ad P

Bss Relative reproductive success Mating success 16.99 1439 1 <0.001
Sex x mating success 0.54 45 1 0.034
Mating system X mating success 5.99 507 1 <0.001
Mating system X sex X mating success 0.015 0.1 1 0.720

m Relative mating success Body size 1.98 10.8 1 0.001
Sex x body size 0.04 02 1 0.642
Mating system x body size 0.81 44 1 0.037
Mating system x sex x body size 0.27 14 1 0.231

s Relative reproductive success Body size 2.30 121 1 <0.001
Sex x body size 0.12 0.7 1 0.422
Mating system x body size 0.20 1.1 1 0.307
Mating system x sex x body size 0.83 44 1 0.038

cov(z, €) Residuals Body size 1.17 115 1 <0.001
Sex x body size 0.20 20 1 0.158
Mating system x body size 0.12 12 1 0.283
Mating system X sex x body size 0.10 10 1 0.328

VARIANCE-BASED MEASURES OF SEXUAL
SELECTION

Relative reproductive success increased overall with mating suc-
cess (see Table 2, Bss). Bateman gradients were steeper in males
than in females, as evidenced by a significant interaction between
sex and mating success. Mating system had an even stronger ef-
fect, such that the Bateman gradients were steeper in role reversed
species (Fig. 1A).

A graphical inspection of the results suggests that the oppor-
tunity for premating sexual selection was higher in males than in
females in species with conventional sex roles (see Fig. 1B). In
contrast, in role-reversed species, the opportunity for premating
sexual selection was similar across sexes or higher in females
than in males. However, variance in mating success differs sig-
nificantly between the sexes in only one species (C. maculatus:
Fu9.19 = 0.48, P = 0.042).

The opportunity for selection seemed higher in males than in
females in all species (see Fig. 1C). However, the difference be-
tween the sexes was only significant in species with conventional
sex roles (C. maculatus: F49 19 = 0.30, P = 0.001; C. chinensis:
Fu913 =0.12, P < 0.001).

TRAIT-BASED MEASURES OF SEXUAL SELECTION
Body size was positively related to mating success in both sexes
(Fig. 1E) and overall mating differentials were higher in species
with conventional sex roles, as evidenced by a significant inter-
action between body size and mating system (Table 2, m’). The
mating differential did, however, not differ significantly between
the sexes.
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Relative reproductive success was also positively related to
body size (Fig. 1F) and the selection differentials were signif-
icantly higher in males than in females. This difference was,
however, contingent upon mating system: the sex differences in
selection differential were stronger in species with conventional
sex roles (see Table 2, s; three-way interaction).

The residuals from the Bateman gradient were positively
related to body size. A visual inspection of the residual selection
differentials suggest that they were higher in males than in females
(Fig. 1D), but the difference between the sexes was not statistically
significant (Table 2, cov(z, €)).

COMPARISON BETWEEN VARIANCE- AND
TRAIT-BASED MEASURES

There are theoretical reasons to expect I and s’ to be related to one
another and /; and m’ to be related to one another. An inspection of
the correlation between measures of sexual selection (Table 3) and
a comparison between Figure 1C and F and between Figure 1B
and E verified these expectations. The residual selection, cov(z, €),
has been interpreted as a trait-based measure of postmating sex-
ual selection and/or fecundity selection (Jones 2009). Our data are
consistent with such an interpretation, as residual selection cor-
related with 5" (which includes components of fitness manifested
after mating) but not with ' (which does not include such compo-
nents). We note, however, that residual selection will include both
components of sexual (sperm competition in males, differential
allocation in both sexes) and natural (fecundity selection in both
sexes) selection. In an effort to assess the relative contribution of
selection due to mating success and selection due to factors other
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Figure 1. Six sex-specific measures of sexual selection (see Table 1) across four different seed beetle species (CM = Callosobruchus
maculatus; CC = Callosobruchus chinesis; MD = Megabruchidius dorsalis; MT = Megabruchidius tonkineus; white bars = males; black
bars = females). SRR+ denotes species that are sex-role-reversed and SRR— denotes species with conventional sex roles. Error bars

represent SE.

than mating success to variation in s" across sexes and species,
we regressed s' on m’ and cov(z, €) simultaneously using multiple
regression. The standardized partial regression coefficients sug-
gested that the contribution of residual selection was about twice
as large as that of m’ (m’: B’ = 0.30; cov(z, €): p’ = 0.67). Finally,
the lack of a positive correlation between the Bateman gradient
and m’ is noteworthy. This demonstrates a poor correspondence
between selection on mating success (i.e., the Bateman gradient)
and how important body size is in terms of determining mating
success.

Discussion

Our work yields a series of novel insights into differences in
the strength of sexual selection between the sexes and across
mating systems. Below, we will discuss three distinct aspects of
our work. We will first consider how well various measures of
sexual selection reflect the underlying mating system parameters.
We will then discuss differences in sexual selection in males
and females across divergent mating systems. Finally, our work
suggests that residual selection is an important and often omitted
component of selection.
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Table 3. Matrix of correlation coefficients (rp) between the vari-
ous measures of sexual selection across all species and both sexes
(n = 8)

Bss 1 I s m'
I 0.69
I 0.18 0.76
s 0.45 0.76 0.49
m —0.12 0.44 0.81 0.50
cov(z, €) —0.06 0.25 0.12 0.76 0.29

We first note that the experiments reported upon here were
very labor intensive and, as a result, our taxon sampling was
limited to four species from two genera. This prohibits the use
of quantitative phylogenetic comparative methods and represents
a limitation of our study. Although we thus cannot formally test
for correlated evolution between, for example, mating system
and sexual selection across species, we suggest that observations
of the predicted association between mating system and sexual
selection are informative and expand our understanding beyond
single species studies.

MEASURES OF SEXUAL SELECTION

Previous comparisons of the correspondence between variance-
and trait-based measures of sexual selection within-species have
yielded somewhat mixed results (e.g., Jones et al. 2000, 2004;
Bjork and Pitnick 2006; Mills et al. 2007; Paczolt and Jones
2010; Fitze and Le Galliard 2011; Munroe and Koprowski 2011).
When comparing species with evolved differences in behavior
and sexual dimorphism, we found a fairly close correspondence
between variance-based measures of sexual selection (/ and /) and
trait-based measures (s" and m’). We suggest that this is due in part
to the fact that the opportunity of sexual selection places an upper
limit on trait-based measures of sexual selection (Shuster and
Wade 2003) and in part to the fact that body size is an integrative
key trait for both sexes in all four species.

The Bateman gradient measures the strength of selection on
mating success and as such should predict the degree of com-
petition for matings (Bateman 1948; Arnold and Duvall 1994;
Shuster and Wade 2003; Wade and Shuster 2005; Shuker 2010).
It is reasonable to assume that phenotypic variation should be
more important for mating success (i.e., higher m’) in situations
where there is a high degree of competition for matings. Yet, we
failed to find any correspondence between estimates of Bateman
gradients and m’. This may be due to a fundamental difference
between the Bateman gradient and trait-based measures of sexual
selection. Bateman (1948) suggested that the Bateman gradient
reflects inherent properties of male and female reproduction. As
such, the Bateman gradient will primarily reveal basic aspects of
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the economics of mating and relative parental investment and be
less affected by variation in phenotypic traits and environmental
conditions (Arnold and Duvall 1994; Wade and Shuster 2005).
In contrast, trait-based variance-standardized estimates of sexual
selection are affected by the absolute amount of phenotypic vari-
ation at any given point (Hereford et al. 2004) and often vary
temporally and spatially with environmental conditions (Arnqvist
1992; Bussiere et al. 2008; Gosden and Svensson 2008). This
problem is aggravated by the fact that strong directional selec-
tion may exhaust genetic variation in those traits that are under
selection. For example, Reinhold (2011) recently found that traits
under stronger sexual selection showed lower phenotypic variabil-
ity. This is problematic when the aim is to compare the strength
of sexual selection across sexes or species, because strong selec-
tion will reduce phenotypic variance which, in turn, will lower
trait-based estimates of sexual selection.

Which measure of sexual selection is most appropriate will
depend on the purpose of any given study (Krakauer et al. 2011).
Our aim was to compare the overall strength of sexual selec-
tion across sexes and species. Sexual selection is, following the
most general definition, generated by competition for matings or
fertilizations (Darwin 1871; Andersson 1994). The strength of
sexual selection should thus reflect the intensity of competition
for matings or fertilizations. We suggest that, for our purposes,
the Bateman gradient is the most relevant measure of the strength
of sexual selection. This is due, in part, to the fact that it reflects
latent properties of the mating system representing both male and
female adaptations to mating. Furthermore, the explicit purpose
of the Bateman gradient is to provide a measure of the strength
of competition for matings (Arnold and Duvall 1994; Wade and
Shuster 2005). Our suggestion is supported by two observations.
First, sexual dimorphism in body size is more pronounced in
Callosobruchus than in Megabruchidius. This is consistent with
the fact that the relative difference between sexes in the Bate-
man gradient is smaller in Megabruchidius than Callosobruchus
(Fig. 1A) and the observation that this is primarily due to steeper
Bateman gradients in females in Megabruchidius. Furthermore,
the difference in opportunity for selection between the sexes was
larger in species with conventional sex roles. Second, and more
importantly, the Bateman gradient, along with 7 and /;, were bet-
ter predictors of sexual dimorphism in reproductive behavior and
secondary sexual traits across species. In fact, a survey (see Sup-
porting Information) showed that the assignment of mating system
to data was not significantly different from the random expecta-
tion for trait-based measures of sexual selection. The results of
the survey show that the data for the Bateman gradient, / and I
better mirror theoretical expectations, especially in terms of
the relative strength of sexual selection in males and females

(Fig. 1).
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DIFFERENCES IN SEXUAL SELECTION IN FEMALES
AND MALES

Overall, sexual selection was stronger in males than in females
(Fig. 1A-F). In this very general sense, our comprehensive re-
sults are consistent with the view that sexual selection is typically
stronger in males than in females (Bateman 1948; Trivers 1972;
Andersson 1994; Arnold and Duvall 1994; Shuster and Wade
2003). Sexual selection was, however, sizeable in females and
the relative strength of selection in males and females varied
with mating system. In particular, we found that the strength of
sexual selection in females was stronger in role-reversed mating
systems compared to conventional ones (Fig. 1A—C). Because
role reversal is typically rooted in male mate provisioning or
male parental investment, our observation accords with theory
(Trivers 1972). Male mate provisioning will elevate female Bate-
man gradients, as females may accumulate direct resources with
each additional mating (Arnold and Duvall 1994; Lorch 2002),
and females should thus compete for matings in role-reversed
mating systems (Trivers 1972). Accordingly, strong sexual selec-
tion in females has been documented in a few role-reversed taxa,
such as seahorses (Kvarnemo et al. 2007), jacanas (Emlen and
Wrege 2004), and orthopterans (Simmons 1992; Gwynne 1993),
although no previous study has been able to directly compare the
relative intersexual strength of selection across related species
with divergent mating systems. Male Megabruchidius donate a
nutritional ejaculate to females and previous research has shown
that female M. dorsalis gain approximately 10 eggs for each ad-
ditional mating (Takakura 2006), which corresponds very well
with the slope of the female Bateman gradient in this study (M.
dorsalis: 9.8 + 2.3; M. tonkineus: 14.9 & 2.3). In contrast, there
is no obvious increase in female fecundity with mating success
in female C. maculatus (Arnqvist et al. 2005) and C. chinensis
(Harano et al. 2006).

Male mate provisioning (e.g., “nuptial gifts”) should also af-
fect male Bateman gradients. In the absence of a trade-off in males
between mate provisioning and mating success, the evolution of
increased mate provisioning should increase the Bateman gradient
in males as much as in females (Lorch 2002, 2005) and Bateman
gradients should be higher in males than in females even in the
presence of male mate provisioning (Arnold and Duvall 1994). A
higher Bateman gradient in females than males requires a strong
trade-off in males between mating success and per-mating fertil-
ization success, and is made more likely if the cost/value of the
provision is high, resource levels are low, and male mating suc-
cess is random with regards to male condition (Lorch 2002). Two
facets of our results are consistent with these general predictions.
First, the highest Bateman gradients were observed in males of
the role-reversed Megabruchidius species, as expected if male
provisioning elevates male Bateman gradients. Second, matings
are clearly costly to male Megabruchidius (Takakura 2006) in

terms of decreased life span (Salehialavi et al. 2011), and a trade-
off between mating success and per-mating fertilization success
therefore seems likely. However, such a trade-off might not have
had a strong effect in our experiments because we provided males
with ad libitum food resources. This said, we note that the cost of
mating to males is unaffected by food provisioning (Salehialavi
et al. 2011). In addition, the fact that male mating success is
positively related to male body size and phenotypic condition in
Megabruchidius (Fig. 1D-F; Salehialavi et al. 2011) suggests that
the males that mated most frequently were primarily those that
could “afford” to mate at a high rate. Males may thus vary in terms
of resources acquisition, which would further lessen the effect
of a trade-off in terms of depressing the male Bateman gradient
(Lorch 2002). These considerations suggest that the Bateman gra-
dients need not necessarily be higher in females than in males in
Megabruchidius, although the behavioral sex roles are reversed.
We note that the larger opportunity for premating sexual selection
in females than in males is consistent with the reversal of the sex
roles in Megabruchidius species (Fig. 1B).

POSTMATING SEXUAL SELECTION

Postmating sexual selection through sperm competition and/or
cryptic female choice is a major component of sexual selection in
general (e.g., Birkhead and Mgller 1998), and in seed beetles in
particular (Eady 1994; Wilson et al. 1997; Brown and Eady 2001;
Fricke and Arnqvist 2004). Because sperm competition can affect
both variance-based measures of net sexual selection (Simmons
and Parker 1996) and the slope of the Bateman gradient (Lorch
2002; Wade and Shuster 2005), estimating its impact would be
informative. Jones (2009) noted that residual selection will in-
clude both postmating sexual selection and fecundity selection.
In males, residual selection measures both covariance between a
trait z and mate fecundity and covariance between z and sperm
competition success. The former could be caused by, for exam-
ple, paternal investment or differential allocation by females. In
females, residual selection measures covariance between a trait z
and female fecundity. This could be caused by, for example, di-
rect effects of the trait z on female fecundity or the effect that the
trait z in females has on paternal investment (through differential
allocation by males). Disentangling these possibilities requires
specific experimental efforts (Jones 2009).

We suggest that both postmating sexual selection and fecun-
dity selection contributes to the residual selection seen on z (body
size). Both female body size and male body size are known to cor-
relate with female fecundity in seed beetles, although the strength
of these relationships are rather weak and variable across species
(Savalli and Fox 1998; Fox et al. 2007). Similarly, large size
in males is known to be favored by postmating sexual selection
in seed beetles: large males tend to produce a larger ejaculate,
which delays remating in females (Takakura 2001; Fox et al.
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2007). Although our data does not allow us to assess the relative
contribution of postmating sexual selection and fecundity selec-
tion to residual selection, it is clear that residual selection is a
sizeable component of net selection. Moreover, the fact that vari-
ation in the Bateman gradient and /; collectively predicted 90%
of the variation in / across sexes and species (multiple regres-
sion; Bateman gradient: p’ = 0.58, I: B’ = 0.66, multiple R> =
0.90) suggests that the contribution of residual selection to the
opportunity for selection was similar across sexes and species in
our assays. We wish to highlight two points. First, the sign of the
residual selection differential was significantly positive (Fig. 1D,
Table 2), such that large individuals of both sexes gained more
offspring per mating. We note that there were no significant dif-
ferences across mating systems or sexes in residual selection
(Table 2). Second, in the absence of residual selection, the prod-
uct of m’ and the Bateman gradient should equal 5" (Jones 2009).
In our assays, the average product was significantly lower than s’
overall (0.07 vs. 0.16; paired t-test; t; =4.52, P = 0.003), showing
that residual selection was a significant contributor to variation in
net selection on body size (mean cov(z, €) = 0.09). Similarly, the
fact that the correlation between the residual selection differential
and s’ was higher than that between m’ and s" (Table 3), shows
that a sizeable proportion of variation in net selection on body
size across sexes and species is due to residual selection.

Conclusion

Variation in the estimated strength of sexual selection across seed
beetle species corresponded to evolved variation in sex roles and
sexual dimorphism. Although we found a correspondence be-
tween variance- and trait-based measures of sexual selection, the
variance-based measures were better predictors of sexual dimor-
phism in reproductive behavior and secondary sexual traits across
species. We conclude that the Bateman gradient is the most infor-
mative measure of variation in the overall strength of sexual se-
lection. Studies comparing the strength of sexual selection within
and across species should ideally be conducted in a setting allow-
ing for both pre- and postmating reproductive competition and
should record all occurring matings.
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Figure S1. Rater success in identifying mating system (conventional or role reversed) for various measures of sexual selection,
when ratings were blind (i.e., raters were uninformed of which mating system was associated with a particular observation).
Table S1. Alternative ways of estimating sexual selection in females of the four species studied.
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