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Table 5

The vector of standardized linear selection gradients ( ), and the matrix ( ) of standardized quadratic® and correlational selection
gradients for the courtship song parameters® of male Teleogryllus oceanicus

B 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

2Quadratic 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 parameters® of male Teleogryllus oceanicus

m; A CD CP# CPI CPD CTI D TP# TPI TPD
m 4.075% 0.176 —0.055 —0.062 —0.098 0.055 —0.663 0.661 0.122 0.240
my 2.228 0.707 —0.494 0.364 0.114 —0.069 —0.086 —-0.291 —0.035 0.109
ms 0.809 —0.261 —0.094 0.369 0.742 —0.309 —0.020 0.256 0.176 —0.211
my 0.119* 0.557 0.633 —-0.270 0.288 —-0.022 —0.033 —0.060 0.246 —0.262
ms 0.017 —-0.028 —0.071 —0.343 0.541 0.423 —0.149 —0.088 —0.588 0.168
mg —0.044 0.118 0.048 0.427 —0.097 0.662 0.214 0.333 —0.100 —0.432
m; —0.120%* —0.236 —-0.207 —0.090 —0.005 0.306 —0.532 —0.448 0.390 —0.405
mg —-0.512 0.014 0.126 0.116 —0.204 —0.410 —0.350 —-0.032 —0.617 —0.506
mg —-1.037 —0.144 0.527 0.577 0.012 0.128 —-0.279 —0.298 —0.053 0.428

2See 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 (m;) and seventh (m;) axes of the
multivariate Teleogryllus oceanicus courtship song fitness surface.
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m; (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 (m;) or by having fewer pulses but with
a high duty cycle (m;). Attractiveness on the my song axis was not
significantly correlated with attractiveness on the m; (r = 0.068, df
155, P = 0.397) or m; song axis (r = —0.106, df 155, P = 0.188).
A male’s attractiveness on the m; CHC axis was not correlated with
attractiveness on any of the courtship song axes (m;, r = 0.020, df
155, P = 0.802; my, r = 0.094, df 155, P = 0.241; m;, 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 m,, my, and m; 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 my and CHC
attractiveness. Comparison of the partial effect sizes suggests that
song and CHC signals have equal weight in predicting male mating
success (lable 7).

DISCUSSION
Preference for CHC profiles

Our selection analyses revealed significant multivariate nonlinear
female preferences acting on the CHC profiles of male 7. oceanicus.
Female preference appeared disruptive, such that males with posi-
tive or negative scores on the first major axis of the response sur-
face (my) 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 7. oceanicus have shown

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 (m,, m,, and m;) and CHC
profile (m,) response surfaces

Partial effect

ar 2 P size, r 95% CI
Whole model 5 30.41  <0.001
Courtship m, 1 6.82 0.009  0.209 0.054, 0.355
Courtship m, 1 6.36 0.012  0.202 0.046, 0.348
Courtship m; 1 12.36 <0.001 0.281 0.130, 0.420
CHC m, 1 11.76  <0.001 0.275 0.123,0.414
CHC m; X courtmy 1 4.66 0.031 0.173 0.016, 0.321
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that females and males exhibit mutual mate preferences based on
CHC profiles (T'homas 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 1s predictive of underlying genetic similarity, such that
preferences based on CHGs 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 ct al. 2004,
2009) and 7. 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 7. 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 7. oceanicus, males given an immune chal-
lenge are less likely to produce courtship song than unchallenged
males (Iregenza 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
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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 7. 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 1. 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 eflect 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
CHG:s 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 7. 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.

Behavioral Ecology

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.

FUNDING

This work was supported by Australian Research Council awards to
L.W.S. (DP0771680) and the University of Western Australia.

We thank Ricarda Fenske for help with GCMS and the Morels of
Carnarvon for continued access to their plantation.

Handling editor: Bob Wong

REFERENCES

Adamo SA, Hoy RR. 1994. Mating behaviour of the field cricket Gryllus
bimaculatus and its dependence on social and environmental cues. Anim
Behav. 47:857-868.

Alexander RD. 1961. Aggressiveness, territoriality, and sexual behavior in
field crickets (Orthoptera: Gryllidae). Behaviour. 17:130-223.

Andersson M. 1994. Sexual selection. Princeton: Princeton University Press.

Andersson M, Simmons LW. 2006. Sexual selection and mate choice.
Trends Ecol Evol. 21:296-302.

Bailey N. 2011. Mate choice plasticity in the field cricket Teleogryllus oceanicus:
effects of social experience in multiple modalities. Behav Ecol Sociobiol.
65:2269-2278.

Balakrishnan R, Pollack GS. 1997. The role of antennal sensory cues in
female responses to courting males in the cricket Teleogryllus oceanicus. ]
Exp Biol. 200:511-522.

Blomquist GJ, Bagneres A-G, editors. 2010. Insect hydrocarbons: biology,
biochemistry, and chemical ecology. Cambridge: Cambridge University
Press.

Blows MW, Allan RA. 1998. Levels of mate recognition within and between
two Drosophila species and their hybrids. Am Nat. 152:826-837.

Blows MW, Brooks R. 2003. Measuring nonlinear selection. Am Nat.
162:815-820.

Bretman A, Newcombe D, Tregenza T. 2009. Promiscuous females avoid
inbreeding by controlling sperm storage. Mol Ecol. 18:3340-3345.

Bretman A, Wedell N, Tregenza 'T. 2004. Molecular evidence of post-copu-
latory inbreeding avoidance in the field cricket Gryllus bimaculatus. Proc R
Soc Lond B. 271:159-164.

Candolin U. 2003. The use of multiple cues in mate choice. Biol Rew.
78:575-595.

Colegrave N, Kotiaho JS, Tomkins JL. 2002. Mate choice or polyandry:
reconciling genetic compatibility and good genes sexual selection. Evol
Ecol Res. 4:911-917.

Dowling DK, Simmons LW. 2012. Ejaculate economics: testing the effects
of male sexual history on the trade-off between sperm and immune func-
tion in Australian crickets. PLoS One. 7:¢30172.

Drayton JM, Hall MD, Hunt J, Jennions MD. 2012. Sexual signaling and
immune function in the black field cricket Zeleogryllus commodus. PLoS
One. 7:¢39631.

Gray DA, Cade WH. 2000. Sexual selection and speciation in field crickets.
Proc Natl Acad Sci USA. 97:14449-14454.

Hack MA. 1998. The energetics of male mating strategies in field crickets
(Orthoptera: Gryllinae: Gryllidae). J Insect Behav. 11:853-868.

Hall MD, Bussiére LE, Hunt J, Brooks R. 2008. Experimental evidence that
sexual conflict influences the opportunity, form and intensity of sexual
selection. Evolution. 62:2305-2315.

Hall MD, Lailvaux SP, Blows MW, Brooks RC.. 2010. Sexual conflict and the
maintenance of multivariate genetic variation. Evolution. 64:1697-1703.

Hebets EA, Papaj DR. 2005. Complex signal function: developing a frame-
work of testable hypotheses. Behav Ecol Sociobiol. 57:197-214.

Hedrick AV, Kortet R. 2012. Effects of body size on selectivity for mating
cues in different sensory modalities. Biol J Linn Soc. 105:160-168.

Honda-Sumi E. 2005. Difference in calling song of three field crickets
of the genus Zeleogryllus: the role in premating isolation. Anim Behav.

69:881-889.

$T0Z ‘92 Yofe N U0 B10Sauul A 10 AlSleAluN e /610°s feunopio 1xo 03eysq/:dny wolj pepeoumod


http://beheco.oxfordjournals.org/
http://beheco.oxfordjournals.org/

Simmons et al. « Male crickets send multiple messages

Jang YW, Greenfield MD. 2000. Quantitative genetics of female choice in
an ultrasonic pyralid moth, Achroa grisella: variation and evolvability of
preference along multiple dimensions of the male advertisement signal.
Heredity. 84:73-80.

Janzen FJ, Stern HS. 1998. Logistic regression for empirical studies of mul-
tivariate selection. Evolution. 52:1564—1571.

Johnstone RA. 1995. Honest advertisement of multiple qualities using mul-
tiple signals. ] Theor Biol. 177:87-94.

Johnstone RA. 1996. Multiple displays in animal communication:
‘backup signals’ and ‘multiple messages’. Phil Trans Roy Soc Lond B.
351:329-338.

Kortet R, Hedrick A. 2005. The scent of dominance: female field crick-
ets use odour to predict the outcome of male competition. Behav Ecol
Sociobiol. 59:77-83.

Lande R, Arnold SJ. 1983. The measurement of selection on correlated
characters. Evolution. 37:1210-1226.

Leonard AS, Hedrick AV. 2009. Single versus multiple cues in mate dis-
crimination by males and females. Anim Behav. 77:151-159.

Leonard AS, Hedrick AV. 2010. Long-distance signals influence assessment
of close range mating displays in the field cricket, Gryllus integer. Biol J
Linn Soc. 100:856-865.

Loher W, Rence B. 1978. The mating behavior of Zeleogryllus commodus
(Walker) and its central and peripheral control. Z Tierpsychol. 46:225-259.

Mardia KV, Kent JT, Bibby JM. 1979. Multivariate analysis. London:
Academic Press.

Moller AP, Pomiankowski A. 1993. Why have birds got multiple sexual
ornaments? Behav Ecol Sociobiol. 32:167-176.

Neems RM, Butlin RK. 1995. Divergence in cuticular hydrocarbons
between parapatric subspecies of the meadow grasshopper, Chorthipus par-
allelus (Orthoptera, Acrididae). Biol J Linn Soc. 54:139-149.

Nystrand M, Dowling DK, Simmons LW. 2011. Complex genotype by envi-
ronment interactions and changing genetic architectures across thermal
environments in the Australian field cricket, Zeleogryllus oceanicus. BMC: Evol
Biol. 11:222. http://www.biomedcentral.com/1471-2148/1411/1222.

Phillips PC, Arnold SJ. 1989. Visualizing multivariate selection. Evolution.
43:1209-1222.

Puurtinen M, Ketola T, Kotiaho JS. 2005. Genetic compatibility and sexual
selection. Trends Ecol Evol. 20:157-158.

Puurtinen M, Ketola T, Kotiaho JS. 2009. The good-genes and compatible-
genes benefits of mate choice. Am Nat. 174:741-752.

Rantala M]J, Kortet R. 2003. Courtship song and immune function in the
field cricket Gryllus bimaculatus. Biol J Linn Soc. 79:503-510.

Rebar D, Bailey NW, Zuk M. 2009. Courtship song’s role during female
mate choice in the field cricket Teleogryllus oceanicus. Behav Ecol.
20:1307-1314.

Reynolds RJ, Childers DK, Pajewski NM. 2010. The distribution and
hypothesis testing of eigenvalues from the canonical analysis of the
gamma matrix of quadratic and correlational selection gradients.
Evolution. 64:1076-1085.

Roberts SC, Gosling LM. 2003. Genetic similarity and quality interact in
mate choice decisions by female mice. Nat Genet. 35:103-106.

Rowe C. 1999. Receiver psychology and the evolution of multicomponent
signals. Anim Behav. 58:921-931.

Scheuber H, Jacot A, Brinkhof MWG. 2004. Female preference for multiple
condition-dependent components of a sexually selected signal. Proc R
Soc Lond B. 271:2453-2457.

1107

Simmons LW. 1989. Kin recognition and its influence on mating prefer-
ences of the field cricket, Gryllus bimaculatus (De Geer). Anim Behav.
38:68-77.

Simmons LW. 1990. Pheromonal cues for the recognition of kin by female
field crickets, Gryllus bimaculatus. Anim Behav. 40:192-195.

Simmons LW. 1991. Female choice and the relatedness of mates in the field
cricket, Gryllus bimaculatus. Anim Behav. 41:493-501.

Simmons LW, Beveridge M. 2010. The strength of postcopulatory sex-
ual selection within natural populations of field crickets. Behav Ecol.
21:1179-1185.

Simmons LW, Beveridge M, Wedell N, Tregenza T. 2006. Postcopulatory
inbreeding avoidance by female crickets only revealed by molecular
markers. Mol Ecol. 15:3817-3824.

Simmons LW, Ritchie MG. 1996. Symmetry in the songs of crickets. Proc
R Soc Lond B. 263:1305-1311.

Simmons LW, Tinghitella RM, Zuk M. 2010. Quantitative genetic varia-
tion in courtship song and its covariation with immune function and
sperm quality in the field cricket Zeleogryllus oceanicus. Behav Ecol.
21:1330-1336.

Stinchcombe JR, Agrawal AF, Hohenlohe PA, Arnold SJ, Blows MW. 2008.
Estimating nonlinear selection gradients using quadratic regression coef-
ficients: double or nothing? Evolution. 62:2435-2440.

Thomas ML, Simmons LW. 2008a. Cuticular hydrocarbons are heritable in
the cricket Teleogryllus oceanicus. ] Evol Biol. 21:801-806.

Thomas ML, Simmons LW. 2008b. Sexual dimorphism in cuticular hydro-
carbons of the Australian field cricket Zeleogryllus oceanicus (Orthoptera:
Gryllidae). J Insect Physiol. 54:1081-1089.

Thomas ML, Simmons LW. 2009a. Male dominance influences pheromone
expression, ejaculate quality, and fertilization success in the Australian
field cricket, Teleogryllus oceanicus. Behav Ecol. 20:1118-1124.

Thomas ML, Simmons LW. 2009b. Sexual selection on cuticular hydrocar-
bons in the Australian field cricket, Zeleogryllus oceanicus. BMC Evol Biol.
9:162.

Thomas ML, Simmons LW. 2010. Cuticular hydrocarbons influence female
attractiveness to males in the Australian field cricket, Teleogryllus oceanicus.
J Evol Biol. 23:707-714.

Thomas ML, Simmons LW. 2011. Crickets detect the genetic simi-
larity of mating partners via cuticular hydrocarbons. J Evol Biol.
24:1793-1800.

Tregenza T, Simmons LW, Wedell N, Zuk M. 2006. Female preference for
male courtship and its role as a signal of immune function and condition.
Anim Behav. 72:809-818.

Tregenza ‘I, Wedell N. 1997. Definitive evidence for cuticular pheromones
in a cricket. Anim Behav. 54:979-984.

Tuni C, Beveridge M, Simmons LW. 2013. Female crickets assess related-
ness during mate guarding and bias storage of sperm toward unrelated
males. J Evol Biol. doi: 10.000/jeb.12118.

Weddle CB, Steiger S, Hamaker CG, Ower GD, Mitchell C, Sakaluk SK,
Hunt J. 2013. Cuticular hydrocarbons as a basis for chemosensory self-
referencing in crickets: a potentially universal mechanism facilitating
polyandry in insects. Ecol Lett. 16:346-353.

Zahavi A. 1975. Mate selection—a selection for a handicap. ] Theor Biol.
53:205-214.

Zuk M, Rebar D, Scott SP. 2008. Courtship song is more variable than
calling song in the field cricket TZeleogryllus oceanicus. Anim Behav.
76:1065-1071.

$T0Z ‘92 Yofe N U0 B10Sauul A 10 AlSleAluN e /610°s feunopio 1xo 03eysq/:dny wolj pepeoumod


http://www.biomedcentral.com/1471-2148/1411/1222
http://beheco.oxfordjournals.org/
http://beheco.oxfordjournals.org/

