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ABSTRACT

Question: Do females choose males according to their level of acoustic sexual activity,
fluctuating asymmetry, size, condition or do they select for genetic compatibility according
to relatedness? What are the relative strengths of selection on these traits and what might be the
benefit of the choice – large nuptial gifts, heritable attractiveness or quality?

Organism: Laboratory colony of decorated crickets (Gryllodes sigillatus).
Methods: Behavioural trial of female preference on male traits, multivariate logistic regression

of male traits on female preference, and heritability estimation of the traits with an animal
model.

Results: Female attraction strongly discriminated in favour of certain male courtship call
rates. None of the other potential cues, such as size-dependent traits, fluctuating asymmetry
or relatedness were involved in sexual selection. In addition, no evidence of benefits of the
attraction was found. However, if the cost of choice for females is low, then the potential
genetic benefits outweighing it might be smaller than what can be estimated with this data set.
Moreover, the signal itself is a strong species-specific signal that facilitates mate location and
helps to prevent maladaptive hybridization. Thus, the signal itself may be considered a benefit
without any additional correlated benefits.

Keywords: attraction, direct benefits, genetic compatibility, indirect benefits,
pre-mating sexual selection.

INTRODUCTION

Sexual selection through female choice suggests that females prefer males with elaborate
sexual signals as mates because they can gain direct or indirect, heritable, benefits from
mating with such males (e.g. Andersson, 1994; Andersson and Iwasa, 1996; Kokko et al., 2003; Andersson and

Simmons, 2006). A prerequisite for a trait to have potential to indicate benefits is that the trait
is related to the benefit. On the other hand, any benefits the trait might indicate cannot be
realized if male mating success is not biased in relation to the trait. By examining these
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relations and features, we can determine whether the trait has the potential to be used
as an indicator trait and whether this potential could be realized via pre-mating sexual
selection.

Indirect, additive genetic benefits may be obtained through increased mating success of
sexy sons or through the increased fitness of offspring inheriting good genes (e.g. Lande, 1981;

Kirkpatrick and Barton, 1997). For indirect genetic benefits to be realized in an indicator trait, it
must be heritable. In the good genes hypothesis, a positive genetic correlation between the
surrogate of the good genes and the indicator trait is also needed (Andersson, 1994; Alatalo et al.,

1997; Kotiaho et al., 2001). Often, a large indicator trait is expected to convey information about
male quality, since only high-quality males can bear the cost associated with an elaborate
sexual signal (e.g. Andersson, 1982, 1986). Another suggested avenue for the good genes type of
indirect genetic benefit is through assessing the symmetry of the traits. An individual’s
ability to withstand genetic and environmental stress during development may be expected
to result in perfectly symmetrical bilateral traits; random deviations from perfect symmetry
(i.e. fluctuating asymmetry) should indicate poor genetic quality (Watson and Thornhill, 1994;

Møller, 1997; Møller and Swaddle, 1997; Simmons et al., 1999; Tomkins and Kotiaho, 2001). In crickets, it has been
suggested that information about male quality is acquired via acoustic signalling; the
quality of the signal may indeed be reflected through the symmetry of the primary sound
radiators (Simmons and Ritchie, 1996).

Sexual selection based on sexy sons or good genes, or in fact any mechanism based on
additive genetic benefits, assumes that a particular male that is a good choice for one female
is a good choice for every female. However, indirect genetic benefits to females may also be
based on genetic compatibility of male and female genotypes (Tregenza and Wedell, 2000; Colegrave

et al., 2002; Mays and Hill, 2004; Neff and Pitcher, 2005). Intra-genomic conflict, such as selfish genetic
elements (Zeh and Zeh, 1996), heterozygote advantage, avoidance of deleterious mutations or
avoidance of a co-adapted gene complex breakage may drive female choice for genetic
compatibility (Tregenza and Wedell, 2000; Puurtinen et al., 2005). Recognition of compatible partners is
suggested to be possible by using information on similarity, as in the case of MHC-alleles
(Roberts and Gossling, 2003). In insects, there is some evidence that compatibility information
may be acquired from cuticular hydrocarbons functioning as pheromones (e.g. Simmons, 1989;

Tregenza and Wedell, 1997).
Acquiring indirect genetic benefits by pre-copulatory choice is strictly determined by

the genetic architecture of the trait: additive genetic variation may drive the choice for
good genes, while epistatic and dominance variation dictate compatibility choice. However,
direct benefits are always possible if they are correlated with the indicator trait or signal.
Moreover, the signal itself may be considered a benefit without any additional benefits:
strong species-specific signals may benefit the females in terms of easing the mate location
(Kirkpatrick and Ryan, 1991; Alatalo et al., 1998; Hack, 1998; Kokko and Mappes, 2005) and preventing
maladaptive hybridization (Dobzhansky, 1951; Sætre et al., 1997; Tynkkynen et al., 2005, 2006).

Theories of sexual selection are often tested separately and choosing for compatibility
is rarely even considered. In crickets in particular, the emphasis has been strongly biased
towards acoustic signals (e.g. Hedrick, 1986; Gray and Cade, 1999; Wagner and Reiser, 2000). In fact, even
studies that concentrate on indirect and direct benefits simultaneously via pre-copulatory
choice are scarce (Widemo and Saether, 1999; Kokko et al., 2003; Neff and Pitcher, 2005). Although it might be
fashionable (under the current paradigm) and more practical to test only one theory at a
time, it nevertheless prevents estimation of the relative importance of different components
of mate choice and hence hinders obtaining a more general picture of sexual selection.
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Our aim in this study was to build a comprehensive picture of sexual selection
through mate choice in the decorated cricket Gryllodes sigillatus (Orthoptera: Gryllidae).
To do this, we estimated the magnitude of sexual selection on courtship call rate, various
morphological traits, and on genetic compatibility. In addition, we determined whether the
trait that had an effect on male mating success fulfilled the prerequisites for being an
indicator of potential benefits. We tested the potential for direct benefits by relating the
trait with the size of the nuptial gifts. The potential for indirect benefits was examined by
estimating the additive genetic variance and heritability of the trait, and by determining the
genetic correlation between the trait and surrogates of genetic quality such as physical
condition and longevity.

METHODS

Pair formation of the decorated cricket includes acoustic signals, which are produced by a
resonating harp, a thickened membrane on each wing that functions as a primary sound
radiator. Male crickets produce two types of acoustic signals: a long-range calling song used
to attract females from a distance, and a courtship song used just before mating (Sakaluk, 1987;

Loher and Dambach, 1989). These acoustic signals might inform females about potential benefits
males provide. For example, sound quality may be affected by fluctuating asymmetry
(Simmons and Ritchie, 1996) and the calling is energetically demanding (e.g. Hack, 1998). Therefore,
calling might mediate information about heritable male quality. In addition, pheromones
are involved in pair formation in some cricket species, including Gryllus bimaculatus (Simmons,

1989; Tregenza and Wedell, 1997), Gryllus integer (Kortet and Hedrick, 2005), and Gryllodes sigillatus (Ivy et al.,

2005), hence providing a possibility for females to accrue information about relatedness
(Simmons, 1989) and genetic compatibility of the males. Gryllodes sigillatus males produce
spermatophores with large gelatinous spermatophylax, which may act as a nuptial gift and
hence provide direct benefits (e.g. Ivy et al., 1999).

Study population and structure of the pedigree

Gryllodes sigillatus individuals for this study were obtained from a population that was kept
in our laboratory at the University of Jyväskylä, Finland for six generations prior to the
experiment. The first generation was initiated from eggs of 48 females that were wild caught
from a large, and hence likely outbred, population at the campus of the University of
Western Australia. Families have been kept at a 12 h :12 h photoperiod at 30�C with
a relative humidity of 58%. They were provided with food (dried cat and rabbit food)
and water ad libitum. A pedigree of all individuals was maintained from the initiation of
the laboratory population. Each generation was initiated by pairing several males from
each family to females from different families to form 50–150 families. Throughout all
generations, close inbreeding was avoided. The final pedigree used for the analysis consisted
of descendants of 25 wild-caught females (∼52% of the initial starting population). In the
analysis, we considered the first-generation families to have different and unrelated fathers.
Altogether our pedigree totalled approximately 500 individuals. The sixth-generation
individuals measured were from about 30 families (Table 1). In addition to this within-
family relatedness, the individuals were more distantly related with members of some other
families. Coefficients of co-ancestries between individuals within families varied between
0.25 and 0.3, whereas variation between individuals belonging to different families was
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either 0 or varied between 0.025 and 0.075. Individuals for the study were collected from the
F6-generation and they were reared individually from very early developmental stages in
one-litre plastic containers with food and water ad libitum. This was done to exclude as far
as possible any common environmental effects and to control for experience as well as
virginity of the individuals.

Data analysis was performed mainly using SPSS v.12.0 (SPSS Inc., Chicago, IL, USA).
However, genotypic and phenotypic variances and co-variances for traits were extracted
using an animal model and restricted maximum likelihood methods in ASReml 1.10
software (VSN International Ltd., Hemel Hempstead, UK). Throughout this paper we
only consider male traits. The only exception is longevity, where also female values are
reported. The longevity of individuals was measured from individuals that were related to
the assessed individuals. These individuals were reared in conditions similar to those
of assessed individuals until death. Longevity was calculated as a time, in days, from
maturation to death.

Courtship behaviour

Courtship behaviour trials were performed on crickets at the age of 7 days (±1 day) after
the final moult to ensure maturation, at a mean temperature of 30�C (±2�C) with dim red

Table 1. Descriptive statistics, heritabilities (h2), and coefficients of additive genetic variation (CVA)
of measured traits

Trait Families n Mean
Phenotypic

variance
h2 (standard

error) CVA

Courtship call rate 25 110 0.3047 0.0788 0.249 (0.188) 46.18
(frequency) P = 0.089
Harp size (mm2) 25 96 0.0694 0.570 × 10−4 0.541 (0.243) 8.09

P = 0.013
FA harp (mm2) 25 96 0.00253 0.259 × 10−5 0 (0) —
FA global (PC1) 25 86 0.0309 0.890 0.341 (0.245) 1804.77

P = 0.082
Weight (mg) 24 121 252.6 1978.4 0.402 (0.199) 11.27

P = 0.018
Condition (RBM) 24 100 252.7 558.2 0.350 (0.194) 5.08

P = 0.035
Size (PC1) 24 102 0.014 1.042 0.548 (0.238) 5416.34

P = 0.011
Relatedness (θm,f ) 25 124 0.0496 0.001 — —
Longevity (days) 30 138 46.72 658.8 0.517 (0.201) 39.62

P = 0.005
Longevity, males 30 55 48.95 578.6 0.643 (0.376) 39.52
(days) P = 0.044
Longevity, females 30 83 45.42 715.2 0.386 (0.245) 36.52
(days) P = 0.057

Note: CVA was not obtainable from the harp. See ‘Materials and methods’ for explanation of spuriously high CVA

in principal components. The significances of heritabilities were obtained by one-way tests with the a priori
expectation that heritabilities are greater than zero. FA = fluctuating asymmetry, RBM = residual body mass.
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lighting. The trial arena was a 25 × 25 × 20 cm plastic container with 5 cm of vermiculite on
the bottom. Trials were initiated by placing a weighed male and female in their own small
containers inside the arena. After 5 min acclimation, the small containers were carefully
removed. For each trial, we monitored courtship call rate for the first 2 min or until
mating occurred if it was before the 2 min had elapsed. Courtship call rate was obtained by
observing the male calling (call, not call) every 10 s. We did not consider male long-distance
calling since it is actually the courtship song that proximately precedes the female’s decision
to mate with a male. In G. sigillatus, a female mounts on top of a male when she is ready
to mate. Therefore, it is likely that there is no opportunity for males to force copulation.
We chose this definite measure of male mating success, because a female’s decision to
mount a male potentially also includes pheromones or cuticular hydrocarbons. These types
of chemical cues might play a role in kin recognition or provide information on the male’s
social status [e.g. in G. bimaculatus (Simmons, 1989; Tregenza and Wedell, 1997) and G. integer (Kortet and

Hedrick, 2005)]. Each trial lasted up to 20 min. In total, we performed 126 trials, of which
50 ended on mating.

Immediately after mating, the female was placed on dry ice to prevent consumption of
spermatophylax and transfer of sperm from ampulla. The collected ampulla (n = 45) and
spermathophylax (n = 35) of the spermatophore were weighed. We were able to obtain
sperm traits only from those males that females mated with and hence neither ampulla nor
spermatophylax weight was included in the selection analyses. As the sample size of these
traits was relatively small, we excluded them also from the genetic analyses. Thus, these
traits were only compared phenotypically to other traits to determine whether females
might gain direct benefits from mating with particular males. Due to the pedigree spanning
over six generations, we were able to calculate the coefficient of co-ancestry between the
male and female [θm,f (Lynch and Walsh, 1998)] and determine whether relatedness, indicated by
this coefficient, was under selection due to choice for compatibility.

Morphological measurements

Morphological traits that we measured were tibia length, pronotum width, size of the
forewings, and size of the harp. Tibia length and pronotum width were measured with a
binocular microscope with eyepiece graticule. To assess repeatability of the measurements,
every individual was measured twice on separate occasions and repeatability was calculated
according to Lessells and Boag (1987); all measurements were highly repeatable [pronotum
width: r = 0.991, F113,105 = 21.48, P < 0.001; tibia length (right): r = 0.826, F107,98 = 10.47,
P < 0.001; tibia length (left): r = 0.888, F109,101 = 16.85, P < 0.001]. Wing morphology was
measured from photographs of the wings that were taken using a binocular microscope
attached to a video camera. Areas of the wings and the harps were measured from digitized
images using Image-Pro v. 4.5 (Media Cybernetics, Silver Spring, MD, USA). To assess
repeatability of this method, we performed a separate test with 20 pairs of wings and
repeated the whole measurement protocol twice. We found that the difference between the two
computer-assisted measurements was practically non-existent [wing size (right): r = 0.998,
F40,41 = 1226.79, P < 0.001; wing size (left): r = 0.991, F40,41 = 220.64, P < 0.001; harp size
(right): r = 0.968, F37,38 = 61.73, P < 0.001; harp size (left): r = 0.993, F38,39 = 28.88,
P < 0.001).

From morphological measurements, we calculated fluctuating asymmetry, which is the
unsigned difference of left and right sides of a structure (e.g. wings). We did not observe
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directional asymmetry (signed fluctuating asymmetry) in any of the measurements – that is,
deviation from the mean of zero (tibia: t95 = −0.523, P = 0.602; wing: t93 = 0.012, P = 0.990;
harp: t97 = −0.123, P = 0.902). Fluctuating asymmetry was not related to trait size (tibia:
β95 = 0.023, P = 0.213; wing: β93 = −0.029, P = 0.163; harp: β97 = −0.01, P = 0.924).

Altogether, eight males with deviating morphology were excluded from the data. Five
individuals had notably long wings (able to fly), which is known to have an effect on
reproductive investment (Sakaluk, 1996). Two individuals had tegmena folded opposite the
normal direction, and their wing morphology was overall very deviant. One male had very
small female-like tegmena incapable of making calls.

Morphological measurements were used to form composite measures of size and
fluctuating asymmetry. As the size of the individual is a sum of several morphologies, we
summed morphological data in the first principal component (PC) out of pronotum width
and tibia length (PC1 explained 77.19% of variation in size, with an eigenvalue of 1.54,
while the correlation between PC1 and both variables was 0.879). We also extracted
a principal component using unsigned fluctuating asymmetry of wing and tibia as
components of global fluctuating asymmetry (PC1 explained 52.29% of variation in
fluctuating asymmetry, with an eigenvalue of 1.046, while the correlation between PC1 and
both variables was 0.723). These principal components were made to reduce the number of
traits that are included in the analyses. This also removes the correlated characters and thus
reduces the collinearity problem in logistic regression, increases the power of the logistic
regression, reduces the problems associated with multiple comparisons, and simplifies the
discussion. As an estimate of condition, we used residual mass extracted from a linear
regression of mass on PC1 of size (i.e. the weight that is not explained by size). This
measurement is supposed to reveal fat content and hence allocation ability of an individual.
It is often used for this purpose, although there are problems with its interpretation
(see Jacob et al., 1996; Kotiaho, 1999).

Estimating selection

We estimated female preference on standardized male traits by using logistic regression.
This method was chosen since female choice was a binary trait. Traits considered in the
analysis were: courtship call rate, mean size of the harp, fluctuating asymmetry of harp,
‘global fluctuating asymmetry’ (PC1 of fluctuating asymmetry), body mass, condition, PC1
of size, and relatedness. In addition to these linear effects, we also included the quadratic
effect of coefficient of co-ancestry in the analysis. This was done because the theoretical
expectation is explicitly about non-linear selection on relatedness (Puurtinen et al., 2005) – that
is, a negative quadratic selection gradient. Regression coefficients were transformed to
selection gradients according to Janzen and Stern (1998). We first considered the total data set
by analysing mating success of all males. However, a dull fact is that silent males might
not be successful. Therefore, we also estimated mating success among males that called. In
both selection analyses, PC1 of size was excluded from logistic regression due to strong
collinearity between other size-informing traits (weight and mean harp size).

Estimating variance components

To calculate genotypic and phenotypic variances and covariances for traits, we used an
animal model and restricted maximum likelihood method (REML). This method fits a
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linear mixed model to estimate variance components for continuous traits. In our
case, individuals were raised individually from very early stages, and therefore the only
explanatory variable was the identity of the individual, which was fitted as a random effect.
The identity of the individual links data from all relationships of the interconnected
pedigree and allows the estimation of phenotypic variation that is due to the coefficient of
co-ancestry between individuals. In complex pedigrees, there is a variety of different
relationships between individuals and hence this method is more powerful than
traditionally employed methods for obtaining estimates of additive genetic variation
(Lynch and Walsh, 1998).

Since data consisted of individuals from full sib families with additional relationships
to members of other families, despite individual rearing, there is a possibility that family
effects (e.g. common maternal effects or dominance effects) might cause inflation of
estimated additive genetic variance (Lynch and Walsh, 1998). Thus, the family effect was included
in the univariate analysis in addition to the additive genetic effects. Log likelihood ratio
tests revealed that the inclusion of the family effect on the model did not improve model
fit significantly, as statistical probabilities obtained from the χ2-distribution ranged from
1 to 0.4. Hence further analyses were conducted without the family effects.

We continued the analysis by bivariate analyses, estimating variance and covariance
components of two traits simultaneously. From these estimates, we calculated heritabilities
(h2) and genetic and phenotypic covariances (see Lynch and Walsh, 1998; Gilmour et al., 2002).
Statistical significance of the estimates was assessed by comparing the estimates to their
standard errors. Because heritability cannot be less than zero (i.e. the null hypothesis is that
heritabilities are not greater than zero), one-tailed tests were used in their significance
testing. Genetic and phenotypic correlations were tested with two-tailed tests.

We did not measure the longevity of the test individuals. However, using their relatives
reared in the laboratory in a comparable environment without manipulations, we were able
to obtain estimates of additive genetic variance of longevity and genetic covariance between
longevity and the other traits. In addition, we calculated estimates of evolvability of the
traits as a coefficient of additive genetic variation (CVA) (Houle, 1992; Lynch and Walsh, 1998).

RESULTS

Descriptive statistics of measured traits are given in Table 1. Based on the multivariate
logistic regression analyses, the mating success of a male was clearly determined by his
courtship call rate (Table 2; Fig. 1). We did not find any other traits significantly affecting
male mating success. We analysed our data set also by considering only males that called.
This did not change the results and courtship call rate was still the only determinant of
male mating success (Table 2). In both analyses, the quadratic regression coefficient of
relatedness on male mating success was high and negative as expected, but not significant.

There tended to be a weak positive phenotypic correlation between male courtship call
rate and body mass (Table 3). Other traits did not correlate with courtship call rate. However,
there were several highly positive correlations between various morphological traits. In
addition, the size of the spermatophore’s sperm-ampulla correlated positively with body
mass and body size. The size of the nuptial gift measured as the weight of the spermato-
phore of the spermatophylax did not correlate with any of the measured traits (Table 4).

There was a relatively high heritability for harp size, PC1 of size, and longevity of males
(Table 1). Heritability of female longevity was moderate, but not significantly different from
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zero. Condition, measured as residual mass, and weight were moderately heritable, while
both courtship call rate and global asymmetry had only a small amount of heritable
variation and were not significantly different from zero (Table 1). Fluctuating asymmetry of
harp possessed zero variance when analysis was bound not to produce negative variance
components (Table 1). When negative variance components were allowed, fluctuating
asymmetry of the harp showed a negative variance component (−0.179, standard
error = 0.094). This estimate is presented, although the expectation is that variance cannot
be negative, because reporting just zero heritability might bias future meta-analyses to a
more positive direction (Kotiaho and Tomkins, 2002; Tomkins and Kotiaho, 2004). Negative variance
components are commonly found if data analysis is done on rather small data sets. This
means that real variance components are small but estimates converge to negative values
(Lynch and Walsh, 1998).

Table 2. Strength of sexual selection on male traits and relatedness between males and females
(mean values with standard errors in parentheses)

Logistic regression analysis

All males Active males

Trait α βavgrad P α βavgrad P

Courtship call rate 1.342
(0.384)

0.779
(0.223)

<<0.001 1.375
(0.434)

0.716
(0.226)

0.002

Harp size (mm2) −0.260
(1.112)

−0.151
(0.646)

0.815 −0.736
(1.147)

−0.383
(0.598)

0.521

FA harp (mm2) −0.193
(0.331)

−0.112
(0.192)

0.561 −0.152
(0.356)

−0.079
(0.186)

0.669

FA global (PC1) 0.514
(0.345)

0.299
(0.200)

0.136 0.612
(0.404)

0.319
(0.211)

0.129

Body mass (mg) −0.111
(1.235)

−0.065
(0.718)

0.929 0.661
(1.303)

0.344
(0.679)

0.612

Condition (RBM) −0.333
(0.633)

−0.194
(0.367)

0.598 −0.638
(0.657)

−0.333
(0.342)

0.331

Relatedness (θm,f ) 20.579
(11.571)

11.95
(6.724)

0.075 19.28
(12.48)

10.05
(6.508)

0.122

Relatedness (θm,f )2 −5.311
(3.180)

−3.086
(1.848)

0.094 −4.767
(3.420)

−2.484
(1.783)

0.163

Intercept 2.691
(1.460)

1.132
(0.848)

0.121 2.119
(1.582)

1.105
(0.824)

0.180

Model statistics: Ntotal /Nchosen = 74/31 Ntotal /Nchosen = 64/29
R2

Cox & Snell = 0.277,R2
Nagelkerke = 0.372 R2

Cox & Snell = 0.288, R2
Nagelkerke = 0.385

Note: Values were estimated from all males and only from those males that called (active males) with logistic
regression on female preference. Logistic regression coefficients were transformed to linear selection gradients
(βavgrad) as described in Janzen and Stern (1998). The linear selection gradient on relatedness (θm,f )2 equals the
quadratic selection gradient (i.e. γ-gradient). A negative quadratic selection gradient indicates stabilizing selection.
This convex selection indicates that intermediate trait values are associated with higher positive selection.
FA = fluctuating asymmetry, RBM = residual body mass.
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Strong positive genetic correlations existed between size-related traits and between harp
size and male longevity (Table 3). Courtship call rate, condition (measured as residual
mass), and global fluctuating asymmetry were not genetically correlated with any of
the traits (Table 3). Note that the negative estimate of additive genetic variance of harp
fluctuating asymmetry precludes the calculation of genetic correlations. A negative estimate
of variance also prevented standardization of variation by mean (Houle, 1992). Moreover, our
results also pinpoint the difficulties of this kind of standardization, as they rely on many
assumptions (see Lynch and Walsh, 1998, ch. 11). For example, the relationship between variance and
mean is expected to be linear and to intercept the origin, which is not the case in composite
measures such as principal components (Table 1).

DISCUSSION

By exploring several potential male traits that could affect male mating, we found that male
mating success was clearly and mostly explained by male courtship call rate. In contrast to
several other cricket studies (see below), we examined whether, in addition to acoustic
signalling, other cues might affect mate choice. In the present study, popular compatibility
choice was not found to be significantly involved in mate choice. The previously common
expectation of fluctuating asymmetry affecting male success was not supported either.
Potential other traits such as size, weight, and condition measured as residual mass did not
have an effect on mate choice. Moreover, we did not find clear evidence for any benefits to be
associated with female choice: spermatophylax size was not correlated with sexual signals,
and we did not find evidence for heritable attractiveness or a genetic correlation between
attractiveness and components of fitness. It is possible that some other, here unmeasured,
trait confers benefits or that immaterial direct benefits such as a species-specific sexual
signal may be beneficial enough to drive mate choice in this system. Another possibility
is that the cost of expressing attraction towards males may be so small that the benefits
needed to outweigh the costs are minute and cannot be observed with the sample sizes in
our data set.

Fig. 1. Effect of courtship call rate on female preference. Ticks indicate male courtship call rate and
circles indicate predicted values of logistic regression of male courtship call rate on female preference.
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Male G. sigillatus mating success was strongly affected by courtship call rate. Our results
in this respect do not differ from much of the literature, as acoustic signals are commonly
found to attract crickets (e.g. Loher and Dambach, 1989). This is the case, for example, with Gryllus
integer (Hedrick, 1986; Gray and Cade, 1999), Gryllus lineaticeps (Wagner and Reiser, 2000; Wagner and Basolo,

2007), and Teleogryllus commodus (e.g. Brooks et al., 2005; Bentsen et al., 2006). However, a large
proportion of the published studies, including those cited above, do not consider or measure
cues other than acoustic signals that could be used in female mate choice.

In addition to courtship call rate, another possible avenue for acquiring information
about male quality is through song properties; it has been suggested that the quality of the
sound can be affected by the morphology (e.g. symmetry) of the primary sound radiators
(Simmons and Ritchie, 1996). However, we found no indication of harp morphology, such as
asymmetry or size, affecting male mating success. This is in contrast to a study on Gryllus
campestris in which females preferred calling songs with pure tones of low carrier frequency
common to large and symmetrical harps (Simmons and Ritchie, 1996). However, it is worth noting
that we did not analyse courtship song components directly, as did for example Rantala and
Kortet (2003) with Gryllus bimaculatus, and thus are unable to relate the morphology to the
song quality. We found no indication that direct visual cues such as size, condition, weight
or overall asymmetry would have an effect on male mating success.

As well as acoustic and visual cues, information may also be mediated through
pheromonal cues: pheromones may also reveal relatedness or social status (e.g. Moore et al., 1997)

in crickets, as in Gryllus bimaculatus (Simmons, 1989) and Gryllus integer (Kortet and Hedrick, 2005).
Provided that pheromonal cues can reveal relatedness between males and females, evolution
of the preference for optimal outbreeding (i.e. avoiding inbreeding and outbreeding) might

Table 4. Correlations (r) and their significance (P) between sperm ampulla and spermatophylax of
the spermatophore and other measured traits

Ampulla Spermatophylax

Ampulla — r = 0.027, P = 0.879, n = 35

Spermatophylax r = 0.027, P = 0.879, n = 35 —

Courtship call rate r = −0.244, P = 0.129, n = 40 r = 0.166, P = 0.363, n = 32

Harp size r = 0.252, P = 0.150, n = 34 r = 0.266, P = 0.188, n = 26

FA harp r = −0.074, P = 0.671, n = 35 r = −0.059, P = 0.771, n = 27

FA global r = 0.226, P = 0.222, n = 31 r = 0.206, P = 0.334, n = 24

Body mass r = 0.209, P = 0.179, n = 43 r = 0.428, P = 0.011, n = 34

Condition (RBM) r = −0.247, P = 0.141, n = 37 r = 0.230, P = 0.239, n = 28

Size r = 0.265, P = 0.108, n = 38 r = 0.477, P = 0.009, n = 29

Note: Significant correlations are highlighted in bold. FA = fluctuating asymmetry, RBM = residual body mass.
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be possible (Neff and Pitcher, 2005; Puurtinen et al., 2005). However, we found no support for this
hypothesis, as the required negative quadratic selection gradient was non-significant,
although high. Nevertheless, in field crickets Gryllus bimaculatus, Simmons (1989) found
that females indeed mated sooner with males that were non-related, suggesting a role for
pheromones. However, to maintain its viability, our cricket population was relatively
outbred, yielding low mean and variance in the degree of relatedness between assessed
males and females. This may cause estimation inaccuracy in regression analysis but also
during mate choice, since selection for compatibility might be restricted to very simple and
coarse rules of thumb such as familial imprinting (Penn and Potts, 1998; Hurst et al., 2005; Puurtinen et al.,

2005). In fact, there is also some evidence that G. sigillatus females may use simple self-reference
cues in mate choice (Ivy et al., 2005).

Pairing with males possessing a strong heritable sexual signal, females may benefit by
having attractive sons or, if the sexual signal is also genetically correlated with viability or
some other component of genetic quality, also by increased offspring fitness. However, we
found non-significant heritability of courtship call rate and no genetic correlation between
courtship call rate and any of the quality surrogates such as condition, weight or longevity.
It should be noted that courtship call rate contained a moderate amount of heritable
variation, albeit statistically non-significant, with this sample size. It is also worth noting
that we, like most others, are examining only components of fitness such as condition
or longevity. Even though condition and longevity might be selectively important traits,
these alone are not equal to the total fitness on which the selection is supposed to act on
(Hunt et al., 2004).

Morphological traits such as mean harp size, size (PC1), and weight had relatively
high and significant heritabilities. In addition, our surrogate of condition, the residual
body mass, possessed a moderate amount of heritable variation. Heritability of morpho-
logical traits (e.g. size) is normal, but perhaps more uncommon is the high heritability
of longevity. This finding is most likely due to controlled laboratory rearing, since the causes
of death in the wild are often random and hence easily yield non-significant heritability
estimates (Price and Schluter, 1991). Our results are in line with several other recent studies
that have found fluctuating asymmetry to be non-heritable (e.g. Blanckenhorn and Hosken, 2003;

Kruuk et al., 2003).
Low heritability can be due to low additive genetic variance or high residual variance

if phenotypic variance consists mostly of environmental or non-additive genetic variance
(Price and Schluter, 1991; Merilä and Sheldon, 1999). Indeed, the standardization of variance components
has shown that there is a comparable or even higher amount of additive genetic variance in
life-history traits than in morphological traits (Houle, 1992; Pomiankowski and Møller, 1995). Our
study revealed similar results, as the moderately but non-significantly heritable courtship
call rate had a higher CVA than highly heritable morphological traits. However, even if there
is a large amount of additive genetic variation in the trait, and hence potential for selection,
it is useless for females, in terms of obtaining genetic benefits, if a large amount of residual
variance masks it.

Despite the obvious benefits of controlled laboratory rearing environments (e.g. enabling
the construction of a pedigree), laboratory rearing can also have unwanted effects on
results. The most common concern is how laboratory rearing affects variance components
and hence heritability estimates. Controlling for environment might cause inflation of
heritability estimates in the laboratory due to a reduction of the environmental variance.
However, an opposite effect can be found if ad libitum food allows individuals with poor
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quality to compensate their trait expression in the laboratory, causing reductions in the
visibility of the genetic effects. However, there is no general consensus as to the direction
of the bias (Lynch and Walsh, 1998). Another potential bias that might arise due to laboratory
rearing and controlled mating is persistence of genetic correlations in the absence of sexual
selection, especially if the genetic correlation is due to gametic phase disequilibrium.
Then, depending on the recombination frequency between loci, the correlation might
disappear after one or a few generations of relaxed selection (Lynch and Walsh, 1998). Moreover,
the lack of significant heritabilities or correlations could be due also to the size of our
data set, which may not have had the power to detect the expected (Kirkpatrick and Barton, 1997) and
generally found (Møller and Alatalo, 1999; Qvarnström et al., 2006) low good genes effects.

In contrast to strict requirements involved in acquiring genetic benefits via pre-mating
selection, the direct benefits require only positive phenotypic correlation between signal
intensity and benefit. Examples of these kinds of benefits might be territorial quality or
nuptial gifts (e.g. Andersson, 1994). Gryllodes sigillatus males produce a large spermatophore
consisting of sperm ampulla and large gelatinous spermatophylax. During sperm transfer
after mating, the female consumes this spermatophylax. These kinds of spermatophores
are frequently suggested to offer energetic (Vahed, 1998) or hydration (Ivy et al., 1999) benefits
to females. Thus, a strong sexual signal could convey information about size of these
nuptial gifts to a female (e.g. Ivy et al., 1999). However, we found no evidence of this kind of
direct benefit: there was no correlation between size of the nuptial gifts and courtship
call rate.

In addition to the normally considered benefits mediated, for example, via nuptial gifts or
via genetic effects, the females may benefit directly from the male signal itself. Such a benefit
could be due to reduced mate searching costs mediated by the phonotaxis (Hack, 1998; Kokko

and Mappes, 2005), although in this study we only examined courtship call rate that is used for
the final courtship prior to mating in close proximity. However, strong species-specific
phonotaxis may be beneficial via avoidance of maladaptive hybridization (Dobzhansky, 1951;

Sætre et al., 1997). These kinds of benefits are available by simply responding after any
conspecific signal and thus are likely to be relatively cost free. This kind of sensory trap can
also lead to sexual conflict via post-copulatory exploitation or non-optimal mating rates
(Holland and Rice, 1998), underpinning the negative aspects of sensory exploitation/bias. However,
this is determined by how mate- or sperm-limited females are (e.g. Kokko and Mappes, 2005;

Kokko and Rankin, 2006). Nonetheless, if there are no additive genetic benefits available, and as
non-additive benefits are practically impossible to predict (Puurtinen et al., 2005), the other way to
obtain genetic benefits might be to mate multiple times and acquire genetic benefits through
post-copulatory choice. This is exactly what Ivy and Sakaluk (2005) found in their recent
study with the same species: polyandry conferred genetic benefits in terms of increased
offspring survival. Thus, male sexual signalling in this species might just facilitate mating
and ensure the species of potential mating companions and, therefore, is beneficial on
its own.

To summarize, our results show that there appears to be directional sexual selection on
male signalling, and the lack of clear benefits corresponds to the lek-paradox in the
traditional sense: why females tend to choose if there is apparently nothing to be gained.
Three resolutions were offered for resolving this paradox: sexy sons, good genes, and direct
benefits (Kirkpatrick and Ryan, 1991). We did not find clear evidence for good genes sexual
selection, or direct benefits mediated via size of nuptial gifts. Lack of genetic benefits may
be due to relatively low power to detect small benefits. However, it should be remembered
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that females might benefit directly from the signal itself by facilitating mating per se, more
than they might lose if not responding to the species-specific courtship call.

ACKNOWLEDGEMENTS

We thank V. Porma, S. Porma, H. Puromäki, and D. Pennese for assistance in the laboratory and
S. Paukku for maintaining and providing the pedigree. We thank H. Kokko, K. Tynkkynen,
and J. Mappes for inspiring discussions about sexual selection and M. Mökkönen, M. Puurtinen, R.
Snook, A. Moore, J. Radwan, W. Blanckenhorn, and anonymous referees for constructive comments
on previous versions of this manuscript. This study was funded by the Academy of Finland, the
Finnish Centre of Excellence in Evolutionary Ecology Research (T.K., J.S.K.), and Finnish Cultural
Foundation (T.K.).

REFERENCES

Alatalo, R.V., Mappes, J. and Elgar, M.A. 1997. Heritabilities and paradigm shifts. Nature, 385:
402–403.

Alatalo, R.V., Kotiaho, J.S., Mappes, J. and Parri, S. 1998. Mate choice for offspring performance:
major benefits or minor costs. Proc. R. Soc. Lond. B, 265: 2297–2301.

Andersson, M. 1982. Sexual selection, natural selection and quality advertisement. Biol. J. Linn. Soc.,
17: 375–393.

Andersson, M. 1986. Evolution of condition-dependent sex ornaments and mating preferences:
sexual selection based on viability differences. Evolution, 40: 804–816.

Andersson, M. 1994. Sexual Selection. Princeton, NJ: Princeton University Press.
Andersson, M. and Iwasa, Y. 1996. Sexual selection. Trends Ecol. Evol., 11: 53–58.
Andersson, M. and Simmons, L.W. 2006. Sexual selection and mate choice. Trends Ecol. Evol., 21:

296–302.
Bentsen, C.L., Hunt J., Jennions, M.D. and Brooks R. 2006. Complex multivariate sexual selection

on male acoustic signaling in wild population of Teleogryllus commodus. Am. Nat., 167:
E102–E116.

Blanckenhorn, W.U. and Hosken, D.J. 2003. Heritability of three condition surrogates in the yellow
dung fly. Behav. Ecol., 14: 612–618.

Brooks, R., Hunt, J., Blows, M.W., Smith M.J., Bussière, L.F. and Jennions, M.D. 2005. Experimental
evidence of multivariate stabilizing sexual selection. Evolution, 59: 871–880.

Colegrave, N., Kotiaho, J.S. and Tomkins, J.L. 2002. Mate choice or polyandry: reconciling genetic
compatibility and good genes sexual selection. Evol. Ecol. Res., 4: 911–917.

Dobzhansky, T. 1951. Genetics and the Origin of Species, 3rd edn. New York: Columbia University
Press.

Gilmour, A.R., Gogel, B.J., Cullis, B.R., Welham, S.J. and Thompson, R. 2002. ASReml User Guide,
release 1.0. Hemel Hempstead, UK: VSN International Ltd.

Gray, D.A. and Cade, W.H. 1999. Quantitative genetics of sexual selection in the field cricket, Gryllus
integer. Evolution, 53: 848–854.

Hack, M.A. 1998. The energetics of male mating strategies in field crickets (Orthoptera : Gryllinae :
Gryllidae) J. Insect Behav., 11: 853–867.

Hedrick, A.V. 1986. Female preferences for male calling bout duration in a field cricket. Behav. Ecol.
Sociobiol., 19: 73–77.

Holland, B. and Rice, W.R. 1998. Perspective. Chase-away sexual selection: antagonistic seduction
versus resistance. Evolution, 52: 1–7.

Houle, D. 1992. Comparing evolvability and variability of quantitative traits. Genetics, 130:
195–204.

Ketola et al.882



Hunt, J., Bussiére, L.F., Jennions, M.D. and Brooks, R. 2004. What is genetic quality? Trends Ecol.
Evol., 19: 329–333.

Hurst, J.L., Thom, M.D., Nevison, C.M., Humphries, R.E. and Beynon, R.J. 2005. MHC odours
are not required or sufficient for recognition of individual scent owners. Proc. R. Soc. Lond. B,
272: 715–724.

Ivy, T.M. and Sakaluk, S.K. 2005. Polyandry promotes enhanced offspring survival in decorated
crickets. Evolution, 59: 152–159.

Ivy, T.M., Johnson, J.C. and Sakaluk, S.K. 1999. Hydration benefits to courtship feeding in crickets.
Proc. R. Soc. Lond. B, 266: 1523–1527.

Ivy, T.M., Weddle, C.B. and Sakaluk, S.K. 2005 Females use self-referent cues to avoid mating with
previous mates. Proc. R. Soc. Lond. B, 272: 2475–2478.

Jacob, E.M., Marshall, S.D. and Utez, G.W. 1996. Estimating fitness: a comparison of body indices.
Oikos, 77: 61–67.

Janzen, F.J. and Stern, H.S. 1998. Logistic regression for empirical studies of multivariate selection.
Evolution, 52: 1564–1571.

Kirkpatrick, M. and Barton, N.H. 1997. The strength of indirect selection on female mating
references. Proc. Natl. Acad. Sci. USA, 94: 1282–1286.

Kirkpatrick, M. and Ryan, M.J. 1991. The evolution of mating preferences and the paradox of the
lek. Nature, 350: 33–38.

Kokko, H. and Mappes, J. 2005. Sexual selection when fertilization is not guaranteed. Evolution,
59: 1876–1885.

Kokko, H. and Rankin, D.J. 2006. Lonely hearts or sex in the city? Density dependent effects in
mating systems. Phil. Trans. R. Soc. Lond. B, 361: 319–334.

Kokko, H., Brooks, R., Jennions, M.D. and Morley, J. 2003. The evolution of mate choice and
mating biases. Proc. R. Soc. Lond. B, 270: 653–664.

Kortet, R. and Hedrick, A.V. 2005. The scent of dominance: female field crickets use odour to
predict the outcome of male competition. Behav. Ecol. Sociobiol., 73: 77–83.

Kotiaho, J.S. 1999. Estimating fitness: a comparison of body condition indices revisited. Oikos,
87: 399–400.

Kotiaho, J.S. and Tomkins, J.L. 2002. Meta-analysis, can it ever fail? Oikos, 96: 551–553.
Kotiaho, J.S., Simmons, L.W. and Tomkins, J.L. 2001. Towards a resolution of the lek paradox.

Nature, 410: 684–686.
Kruuk, L.E.B., Slate, J., Pemberton, J.M. and Clutton-Brock, T.H. 2003. Fluctuating asymmetry in a

secondary sexual trait: no associations with individual fitness, environmental stress or inbreeding,
and no heritability. J. Evol. Biol., 16: 101–113.

Lande, R. 1981. Models of speciation by sexual selection on polygenic traits. Proc. Natl. Acad. Sci.
USA, 78: 3721–3725.

Lessels, C.M. and Boag, P.T. 1987. Unrepeatable repeatabilities: a common mistake. Auk, 104:
116–121.

Loher, W. and Dambach, M. 1989. Reproductive behaviour. In Cricket Behavior and
Neurobiology (F. Huber, T.E. Moore and W. Loher, eds.), pp. 43–82. Ithaca, NY: Cornell
University Press.

Lynch, M. and Walsh, B. 1998. Genetics and Analysis of Quantitative Traits. Sunderland, MA:
Sinauer Associates.

Mays, H.L., Jr. and Hill, G.E. 2004. Choosing mates: good genes versus genes that are a good fit.
Trends Ecol. Evol., 19: 554–559.

Merilä, J. and Sheldon, B.C. 1999. Genetic architecture of fitness and nonfitness traits: empirical
patterns and development of ideas. Heredity, 83: 103–109.

Møller, A.P. 1997. Developmental stability and fitness: a review. Am. Nat., 149: 916–932.
Møller, A.P. and Swaddle J.P. 1997. Asymmetry, Developmental Stability, and Evolution. New York:

Oxford University Press.

Testing theories of sexual selection in crickets 883



Møller, A.P. and Alatalo, R.V. 1999. Good genes effects in sexual selection. Proc. R. Soc. Lond. B,
266: 85–91.

Moore, P.J., Reagan-Wallin, N.L., Haynes, K.F. and Moore, A.J. 1997. Odour conveys status on
cockroaches. Nature, 389: 25.

Neff, B.D. and Pitcher, T.E. 2005. Genetic quality and sexual selection: an integrated framework for
good genes and compatible genes. Molec. Ecol., 14: 19–38.

Penn, D. and Potts, W. 1998. MHC-disassortative mating preferences reversed by cross fostering.
Proc. R. Soc. Lond. B, 265: 1299–1306.

Pomiankowski, A. and Møller, A.P. 1995. A resolution of the lek paradox. Proc. R. Soc. Lond. B,
260: 21–29.

Price, T. and Schluter, D. 1991. On the low heritability of life-history traits. Evolution, 45: 853–861.
Puurtinen, M., Ketola, T. and Kotiaho, J.S. 2005. Genetic compatibility and sexual selection. Trends

Ecol. Evol., 20: 157–158.
Qvarnström, A., Brommer, J.E. and Gustafsson, L. 2006. Testing the genetics underlying the

co-evolution of mate choice and ornament in the wild. Nature, 441: 84–86.
Rantala, M.J. and Kortet, R. 2003. Courtship song and immune function in the field cricket Gryllys

bimaculatus. Biol. J. Linn. Soc., 79: 503–510.
Roberts, S.C. and Gossling, L.M. 2003. Genetic similarity and quality interact in mate choice

decisions by female mice. Nature Genet., 35: 103–106.
Sætre, G.-P., Moum, T., Bures, S., Král, M., Adamjan, M. and Moreno, J. 1997. A sexually selected

character displacement in flycatchers reinforces premating isolation. Nature, 387: 589–592.
Sakaluk, S.K. 1987. Reproductive behaviour of the decorated cricket, Gryllodes supplicans

(Orthoptera: Gryllidae): calling schedules, spatial distribution, and mating. Behaviour, 100:
202–225.

Sakaluk, S.K. 1996. Cryptic female choice predicated on wing dimorphism in decorated crickets.
Behav. Ecol., 8: 326–331.

Simmons, L.W. 1989. Kin recognition and its influence on mating preference of the field cricket,
Gryllus bimaculatus (de Geer). Anim. Behav., 39: 68–77.

Simmons, L.W. and Ritchie, M.G. 1996 Symmetry in the songs of crickets. Proc. R. Soc. Lond. B, 263:
305–311.

Simmons, L.W., Tomkins, J.L., Kotiaho, J.S. and Hunt. J. 1999. Fluctuating paradigm. Proc. R. Soc.
Lond. B, 266: 593–595.

Tomkins, J.L. and Kotiaho, J.S. 2001. Fluctuating asymmetry. In Encyclopaedia of Life Sciences
(http://www.els.net). London: Nature Publishing Group.

Tomkins, J.L. and Kotiaho, J.S. 2004. Publication bias in meta-analysis: seeing the wood for the trees.
Oikos, 104: 194–196.

Tregenza, T. and Wedell, N. 1997. Definitive evidence for cuticular hydrocarbons in a cricket. Anim.
Behav., 54: 979–984.

Tregenza, T. and Wedell, N. 2000. Invited review: Genetic compatibility, mate choice and patterns of
parentage. Molec. Ecol., 9: 1013–1027.

Tynkkynen, K., Kotiaho, J.S., Luojumäki, M. and Suhonen, J. 2005. Interspecific aggression causes
negative selection on sexual characters. Evolution, 59: 1838–1843.

Tynkkynen, K., Kotiaho, J.S., Luojumäki, M. and Suhonen, J. 2006. Interspecific territoriality
between Calopteryx splendens and Calopteryx virgo damselflies: the role of secondary sexual
characters. Anim. Behav., 71: 299–306.

Vahed, K. 1998. The function of nuptial feeding in insects: a review of empirical studies. Biol. Rev.,
73: 43–78.

Wagner, W.E., Jr. and Basolo, A.L. 2007. The relative importance of different direct benefits in the
mate choices of a field cricket. Evolution, 61: 617–622.

Wagner, W.E., Jr. and Reiser, M.G. 2000. The relative importance of calling song and courtship song
in female mate choice in the variable field cricket. Anim. Behav., 59: 1219–1226.

Ketola et al.884



Watson, P.J. and Thornhill, R. 1994. Fluctuating asymmetry and sexual selection. Trends Ecol. Evol.,
9: 21–25.

Widemo, F. and Saether, S.A. 1999. Beauty is in the eye of the beholder: causes and consequences of
variation in mating preferences. Trends Ecol. Evol., 14: 26–31.

Zeh, J.A. and Zeh, D.W. 1996. The evolution of polyandry I: intragenomic conflict and genetic
incompatibility. Proc. R. Soc. Lond. B, 263: 1711–1717.

Testing theories of sexual selection in crickets 885




