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Table 5 
The vector of  standardized linear selection gradients (� ), and the matrix (� ) of  standardized quadratica and correlational selection 
gradients for the courtship song parametersb of  male Teleogryllus oceanicus

β CD CP# CPI CPD CI TD TP# TPI TPD

CD −0.16 1.3 −0.69 0.51 −0.03 0.21 −0.66 −0.10 0.02 0.43
CP# 0.08 0.31 −0.76 −0.13 0.05 0.40 0.30 0.10 −0.39
CPI 0.02 0.07 0.33 −0.23 0.27 −0.16 0.06 −0.25
CPD 0.03 0.51 −0.26 0.20 −0.19 −0.01 −0.26
CI −0.07 −0.03 −0.16 0.17 −0.15 −0.04
TD −0.24 1.62 −1.86 −0.43 −0.65
TP# 0.17 1.9 0.38 0.64
TPI 0.07 0.12 −0.05
TPD 0.02 −0.04

aQuadratic gradients quoted as twice the coefficients returned by the regression models (Stinchcombe et al. 2008).
bSee Table 4 for definition of  parameter abbreviations.

Table 6 
M matrix of  eigenvectors from the canonical analysis of  �  for the courtship song parametersa of  male Teleogryllus oceanicus

mi λ CD CP# CPI CPD CTI TD TP# TPI TPD

m1 4.075* 0.176 −0.055 −0.062 −0.098 0.055 −0.663 0.661 0.122 0.240
m2 2.228 0.707 −0.494 0.364 0.114 −0.069 −0.086 −0.291 −0.035 0.109
m3 0.809 −0.261 −0.094 0.369 0.742 −0.309 −0.020 0.256 0.176 −0.211
m4 0.119* 0.557 0.633 −0.270 0.288 −0.022 −0.033 −0.060 0.246 −0.262
m5 0.017 −0.028 −0.071 −0.343 0.541 0.423 −0.149 −0.088 −0.588 0.168
m6 −0.044 0.118 0.048 0.427 −0.097 0.662 0.214 0.333 −0.100 −0.432
m7 −0.120** −0.236 −0.207 −0.090 −0.005 0.306 −0.532 −0.448 0.390 −0.405
m8 −0.512 0.014 0.126 0.116 −0.204 −0.410 −0.350 −0.032 −0.617 −0.506
m9 −1.037 −0.144 0.527 0.577 0.012 0.128 −0.279 −0.298 −0.053 0.428

aSee Table 4 for definition of  parameter abbreviations.
*P < 0.05, **P < 0.01.

Figure�3 
Visualization of  significant nonlinear female preference (measured as relative male mating success) acting on the first (m1) and seventh (m7) axes of  the 
multivariate Teleogryllus oceanicus courtship song fitness surface.
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m7 (r  =  −0.348, df  155, P  <  0.001) suggesting mutually exclusive 
routes by which male trills can be attractive to females, either by 
having many long pulses (m1) or by having fewer pulses but with 
a high duty cycle (m7). Attractiveness on the m4 song axis was not 
significantly correlated with attractiveness on the m1 (r = 0.068, df  
155, P = 0.397) or m7 song axis (r = −0.106, df  155, P = 0.188). 
A male’s attractiveness on the m1 CHC axis was not correlated with 
attractiveness on any of  the courtship song axes (m1, r = 0.020, df  
155, P = 0.802; m4, r = 0.094, df  155, P = 0.241; m7, r = −0.070, 
df  155, P = 0.386).

Finally, to examine the relative contributions of  courtship song 
and CHC profiles to male mating success, we entered attractiveness 
on the 3 courtship axes and the CHC axis into a nominal logistic 
regression, predicting the probability of  a male mating successfully 
based on his attractiveness on these axes (Table 7). Nonsignificant 
interaction terms were removed from the model. A  male’s court-
ship song attractiveness on the axes m1, m4, and m7 independently 
predicted his mating success, as did his attractiveness on the CHC 
axis. There was also a significant interaction effect on male mat-
ing success, between courtship attractiveness on axis m4 and CHC 
attractiveness. Comparison of  the partial effect sizes suggests that 
song and CHC signals have equal weight in predicting male mating 
success (Table 7).

dIscussIon
Preference for CHC profiles

Our selection analyses revealed significant multivariate nonlinear 
female preferences acting on the CHC profiles of  male T. oceanicus. 
Female preference appeared disruptive, such that males with posi-
tive or negative scores on the first major axis of  the response sur-
face (m1) had the greatest mating success, and males with average 
scores had the lowest mating success. Preferred males were char-
acterized by CHC profiles with a relatively high or low abundance 
of  sexually dimorphic compounds. The results of  this study partly 
replicate those of  a previous study. Using a different experimental 
paradigm in which a male’s mating success was assessed across 5 
different females, Thomas and Simmons (2009b) also found that 
female preferences favored males with CHC profiles at the extremes 
of  the first major axis that was similarly loaded predominantly by 
hydrocarbon compounds exhibiting sexual dimorphism. However, 
stabilizing female preference was also found acting on a number 
of  additional sexually dimorphic peaks, a pattern of  selection not 
replicated in the current study.

CHC profiles may convey information regarding genetic com-
patibility. Previous studies of  CHC signals in T. oceanicus have shown 

that females and males exhibit mutual mate preferences based on 
CHC profiles (Thomas and Simmons 2009b, 2010). Importantly, 
mating success depends on the similarity in CHC profiles between 
pairs; those pairs that mate successfully have lower CHC similarity 
than pairs that fail to mate (Thomas and Simmons 2011). CHC 
similarity is predictive of  underlying genetic similarity, such that 
preferences based on CHCs result in matings between individuals 
that differ in genotype (Thomas and Simmons 2011).

One form of  genetic incompatibility arises when potential mates 
are closely related. Inbreeding avoidance has been documented in 
both Gryllus bimaculatus (Simmons 1989, 1991; Bretman et al. 2004, 
2009) and T.  oceanicus (Simmons et  al. 2006; Tuni et  al. 2013). In 
G.  bimaculatus, CHCs are important cues for these kin-based mat-
ing preferences (Simmons 1990). Genetic compatibility may have 
more general effects however. Significant genotype-by-genotype-by-
environment interaction effects have been found for several fitness 
components in T.  oceanicus, illustrating the potential genetic benefits 
available for females and males that base their choice of  mate on 
genetic compatibility (Nystrand et  al. 2011). The form of  female 
preference acting on CHCs we report here is entirely consistent with 
the mate preference for genetic dissimilarity reported previously by 
Thomas and Simmons (2011); across females, males with CHC pro-
files that differed from the average CHC profile had the greater mat-
ing success.

Preference for courtship song parameters

Females were more likely to mate with males producing courtship 
songs that had shorter trill elements either with many trill pulses 
of  long duration or with fewer trill pulses of  long duration and 
short intervals, trills with high sound content per unit time. Similar 
preferences were found among females from a population of   
T.  oceanicus from Oahu, HI; preferred courtship songs in the 
Hawaiian population had higher duty cycles, both in the chirp and 
trill elements (Rebar et  al. 2009). However, Rebar et  al.’s (2009) 
analysis did not address the form of  selection acting on courtship 
song. Our data show that female preferences for the sound content 
of  trills are directional, though nonlinear, favoring males with the 
highest sound content. This pattern of  selection is very different to 
that found in the closely related Teleogryllus commodus, where female 
preference exerts stabilizing selection on both trill and chirp ele-
ments of  their courtship song (Hall et al. 2010).

Courtship song is energetically expensive for males to produce 
(Hack 1998), and there is evidence to suggest that it may be condi-
tion dependent. In G. bimaculatus, males with high tick rates in their 
courtship song also had a greater capacity to mount an immune 
response when experimentally challenged, and females preferred 
the courtship songs of  these immunocompetent males (Rantala 
and Kortet 2003). In T.  oceanicus, males given an immune chal-
lenge are less likely to produce courtship song than unchallenged 
males (Tregenza et  al. 2006). Moreover, when males are exposed 
to females so that they are forced to sustain high levels of  court-
ship activity, they show a decline in sperm viability (the proportion 
of  live sperm in their ejaculates) (Dowling and Simmons 2012). 
Quantitative genetic analyses show that these trade-offs between 
courtship song, immunity, and sperm viability have a genetic basis. 
Specifically, components of  the trill element of  the song that are 
the focus of  female preference are genetically correlated with these 
fitness traits such that attractive songs are associated with low 
immunocompetence and sperm viability (Simmons et  al. 2010). 
Such trade-offs between male sexual signals and important life-
history traits are the foundation of  good genes models of  sexual 

Table 7 
Nominal logistic model predicting the probability of  successful 
mating based on a male’s attractiveness scores on the 
significant axes of  courtship song (m1, m4, and m7) and CHC 
profile (m1) response surfaces

df χ2 P
Partial effect  
size, r 95% CI

Whole model 5 30.41 <0.001
Courtship m1 1 6.82 0.009 0.209 0.054, 0.355
Courtship m4 1 6.36 0.012 0.202 0.046, 0.348
Courtship m7 1 12.36 <0.001 0.281 0.130, 0.420
CHC m1 1 11.76 <0.001 0.275 0.123, 0.414
CHC m1 × court m4 1 4.66 0.031 0.173 0.016, 0.321
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selection, which predict that good quality males should be able to 
produce attractive signals despite their inherent costs (Zahavi 1975; 
Andersson 1994). Thus, directional preferences for costly trill ele-
ments of  the T. oceanicus song may target indirect genetic benefits.

Interactions between olfactory and acoustic 
signals

We found no correlation between the attractiveness of  a male’s 
courtship song and the attractiveness of  his CHC profile, suggest-
ing that these signals convey multiple messages (Candolin 2003). 
Similar conclusions have been drawn from studies of  other cricket 
species. Using male CHCs deposited on filter paper, Leonard and 
Hedrick (2010) showed that some G. integer males had more attrac-
tive CHCs than others, measured as the amount of  time females 
spent investigating CHC deposits. However, the attractiveness of  a 
male’s CHC deposit was not correlated with the attractiveness of  
his calling song in phonotaxis trials (see also Hedrick and Kortet 
2012). The different forms of  preference we have observed acting 
on T. oceanicus CHCs and courtship songs provide some insight into 
the different messages that these signals may convey. The available 
evidence suggests that acoustic signals may convey information per-
taining to genetic quality, whereas CHC profiles convey informa-
tion on genetic compatibility.

Good gene and compatible gene benefits from mate choice are 
unlikely to be correlated (Puurtinen et al. 2009), so that females are 
expected to maximize offspring fitness by optimizing their choice 
of  mates based on signals of  good genes and compatible genes 
(Colegrave et al. 2002; Roberts and Gosling 2003; Puurtinen et al. 
2005). Nevertheless, if  the benefits from either good genes or com-
patible genes are greater, then we should expect to see the signal 
indicating the greater benefit given more weight in female mating 
decisions (Puurtinen et al. 2009). Our analysis revealed that CHC 
profiles and courtship song had equal effect sizes when predicting 
a male’s probability of  mating. Interactions between multiple male 
sexual signals have not been widely studied (Candolin 2003). Our 
data suggest that CHCs and courtship songs are involved in a mul-
tiplicative interaction in which females prefer males with both dis-
tinctive CHCs and courtship songs with high trill and chirp sound 
content.

The female preferences for multiple male sexual signals we have 
observed can have important implications for the maintenance of  
genetic variation (Candolin 2003). Both CHC profiles (Thomas 
and Simmons 2008a) and courtship song parameters (Simmons 
et al. 2010) exhibit high levels of  additive genetic variance in this 
population of  crickets. The maintenance of  genetic variation in 
CHCs is perhaps not surprising given that female preferences tar-
get relative CHC profiles, so that a male’s attractiveness depends on 
the individual female’s own CHC profile (Thomas and Simmons 
2011). However, female preferences for CHC attractiveness could 
also relax selection on acoustic signals and thereby contribute to 
the maintenance of  genetic variation in courtship song (Colegrave 
et al. 2002).

In conclusion, female preference in T.  oceanicus acts on 2 male 
sexual signals: the courtship song and the CHC profile. The form 
of  preferences differs between these traits, being directional and 
nonlinear for the sound content of  the trill element of  courtship 
songs and disruptive for CHC profiles. Male CHC attractiveness 
was not correlated with courtship song attractiveness suggesting 
that these 2 signals convey multiple messages. Previous work on this 
species suggests that courtship song may be condition dependent 
and provide females with cues to potential indirect genetic benefits. 

In contrast, CHCs provide cues to underlying male genetic simi-
larity, perhaps providing cues to genetic compatibility. Interactions 
between preferences for these acoustic and olfactory signals hold 
important implications for the maintenance of  genetic variation in 
male sexual traits.
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