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GEOGRAPHIC VARIATION IN FEMALE PREFERENCE FUNCTIONS AND MALE 
SONGS OF THE FIELD CRICKET TELEOGRYLLUS OCEANICUS 

LEIGH W. SIMMONS,1,2 MARLENE ZUK,3 AND JOHN T. ROTENBERRY3 
lEvolutionary Biology Research Grouip, Department of Zoology, University of Western Australia, Nedlands WA 6907, Australia 

2E-mail: lsimmons @ cyllene. uwa. edu. au 
3Departmnent of Biology, University of California, Riverside, California 92521 

Abstract.-Male crickets (Teleogryllus oceanicus) produce a complex call consisting of two elements, the long chirp 
(three to eight sound pulses) followed by a series of short chirps (each with two sound pulses). There is significant 
geographic variation in the temporal structure of calls, and the long chirp is selected against by acoustically orienting 
parasitoids in some populations. Here we examine geographic variation in female preference functions for the amount 
of long chirp. In general, females prefer calls with greater proportions of long chirp, although the strength and nature 
of selection varied across populations. Variation in preference functions did not match variation in call structure. 
There was a mismatch between the proportion of long chirp produced by males in a population and the proportion 
of long chirp preferred by females. The convergent preferences of predators and females are likely to maintain genetic 
variation in song traits in parasitized populations. The apparent mismatch between preference and trait is discussed 
in relation to theoretical models of preference evolution. 
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In recent years theoretical models have identified a number 
of conditions under which female mating preferences for ex- 
aggerated male secondary sexual traits can evolve (for a re- 
view, see Andersson 1994). Most of these models predict the 
establishment of genetic covariance between the preference 
in females and the preferred trait in males (Kirkpatrick and 
Ryan 1991); assortative mating between females with the 
strongest preferences and males with the most exaggerated 
traits will establish and maintain a correlation between these 
traits in offspring (for an empirical demonstration, see Blows 
1999). Evolutionary change in the trait in males is therefore 
predicted to result in a correlated change in the preference 
in females. 

Genetic covariance between trait and preference was the 
basis of Fisher's (1958) original runaway model of preference 
evolution. A similar correlation is expected in handicap mod- 
els, again because of assortative mating, although genes that 
contribute to trait expression are also thought to influence 
other aspects of fitness such as viability (Pomiankowski 
1988). In contrast, under direct selection female preferences 
should be correlated with immediate survival or reproductive 
success (Kirkpatrick 1985). One group of models suggest that 
female preferences arise under direct selection because they 
influence aspects of female fitness outside of reproduction, 
such as foraging efficiency or predator avoidance. Male traits 
evolve because of the preexisting bias in the females sensory 
system (Ryan and Rand 1990, 1993a). Often females exhibit 
preferences for male traits outside of the phenotypic trait 
distribution seen in males (Ryan and Rand 1990; Basilo 
1995). So-called sensory bias models do not require a cor- 
related response in female preference to evolutionary change 
in the male trait. Rather, male traits evolve independently to 
track changes in female sensory systems. Nevertheless, a pos- 
itive genetic correlation between female preference and the 
secondary sexual trait can still result from assortative mating 
due to genetic variance in preferences (Lande 1981). 

Empirical work on preference evolution has lagged behind 

theoretical debate. In particular, although patterns of phe- 
notypic and genotypic variation in male secondary sexual 
traits has been widely studied (Andersson 1994) variation in 
female preference has not (Wagner et al. 1995). Bakker and 
Pomiankowski's (1995) review identified 11 studies that lent 
support to the fundamental assumption of genetic covariance 
between mate preferences and sexual traits, and the number 
of studies supporting a covariance model of preference evo- 
lution continues to grow (Ritchie 1997; Gray and Cade 
1999a). One successful empirical approach has been to com- 
pare patterns of variation in female preferences and male 
sexual traits across populations (Houde 1993; Foster and En- 
dler 1999). The now classic work on guppies (Poecilia re- 
ticulata) found significant variation in the degree of orange 
coloration in males between and within the river basins of 
Trinidad (Houde 1997). Across populations, variation in or- 
ange is positively associated with variation in preference for 
orange in females (Houde and Endler 1990; Endler and Houde 
1995). Within-population studies showed significant genetic 
variation in male coloration and, more importantly, that di- 
rectional selection on the degree of male orange coloration 
resulted in a correlated response in female preference (Houde 
1994). Different populations of guppies appear to have 
reached different points on an equilibrium between trait and 
preference, dependent on naturally selected pressures arising 
through predation (Endler 1980, 1988). These data strongly 
support covariance models of preference evolution, although 
they cannot be used to distinguish between them (Houde 
1993). 

The shape of a female mating preference is the relationship 
between a quantitative measure of the male sexual trait (e.g., 
size or degree of coloration) and the probability of acceptance 
of the male as a mating partner (Lande 1981; Ritchie 1997). 
Although the shape of mating preferences can provide im- 
portant information regarding the nature of selection acting 
on male sexual traits, there are currently only a handful of 
studies that have examined preferences in this way (Gilburn 
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et al. 1993; Gilburn and Day 1994; Wagner et al. 1995; Rit- 
chie 1997, 2000; Basolo 1998; Shaw and Herlihy 2000). An 
understanding of the nature of selection acting on male traits 
is critical to the testing of theoretical models of preference 
evolution. Moreover, preference functions can provide crit- 
ical information regarding covariance between preferences 
and traits (Ritchie 1997) and the evolution of signaling sys- 
tems in general (Ryan and Rand 1993b). 

The acoustic signals produced by many insects, birds, and 
anuran amphibians are among the best-known examples of 
sexual signals used by males to attract mates. In crickets 
(Orthoptera: Gryllidae) some evidence indicates that male 
calling behavior exhibits additive genetic variance (Cade 
1981; Hedrick 1988; Webb and Roff 1992; Mousseau and 
Howard 1998). Recent work with Gryllus integer revealed 
that both the temporal structure of the male's call and female 
preference for aspects of call structure have significant her- 
itable variation and that in natural populations these traits 
are genetically correlated (Gray and Cade 1999a). These data 
are consistent with the hypothesis that male calling song and 
female preferences have coevolved under sexual selection. 
However, there is also evidence that the temporal structure 
of cricket calling song can be important in species recognition 
(Hoy et al. 1982; Shaw 1996; but see Mousseau and Howard 
1998). Speciation models also predict genetic covariance be- 
tween female preferences and sexual traits (Butlin and Ritchie 
1989). If male calls are important species recognition param- 
eters, we might expect females to have strong stabilizing 
(with respect to the range of trait values in males) rather than 
directional preference functions (Ryan and Rand 1993b; Rit- 
chie 1997). Two studies have attempted to assess preference 
functions in crickets. Wagner et al. (1995) found preference 
functions to be repeatable within female G. integer, although 
deviations from linearity (directional selection) were not ex- 
amined. Gray and Cade (1999a) showed that female prefer- 
ence in this species is stabilizing rather than directional. Shaw 
and Herlihy (2000) found stabilizing selection for pulse rate 
and carrier frequency, but directional selection for pulse du- 
ration in Laupala cerasina. 

We have previously reported significant geographic vari- 
ation in the temporal structure of calls produced by male 
Teleogryllus oceanicus (Zuk et al. 1993; Rotenberry et al. 
1996). Unlike most crickets, male T. oceanicus produce a 
complex call consisting of two elements, the long chirp (three 
to eight sound pulses) followed by a series of short chirps 
(each with two sound pulses). About 7% of the observed 
variation in call structure across populations is associated 
with variation in the prevalence of an acoustically orienting 
parasitoid fly, Ormia ochracea (Rotenberry et al. 1996). Com- 
pared with unparasitized populations, parasitized populations 
typically have reduced values for a number of call parameters, 
including the duration of the long chirp (Zuk et al. 1993). 
Consistent with this observation, we have found that within 
parasitized populations males with longer long chirps are 
more likely to be parasitized than males with shorter long 
chirps; survival selection is directional for reduced long chirp 
duration but there is no selection acting on any aspect of the 
short chirp sequence (Zuk et al. 1998). An additional 13% 
of the variation between populations was due to geographic 
location and 80% was associated with other unmeasured eco- 

logical or environmental attributes (Rotenberry et al. 1996). 
Between-population variation in call structure is genetically 
based, and it has persisted for five generations of common- 
garden rearing (L.W. Simmons, unpubl. data). 

Studies of 0. ochracea parasitising other cricket species 
have shown that the call traits in males that are more likely 
to attract flies are also the traits most preferred by females 
(Wagner 1996; Gray and Cade 1999b). Given the obvious 
importance of the long chirp for fly predation on T. oceanicus, 
we here examine geographic variation in female preference 
functions for the duration of the long chirp across nine pop- 
ulations within Australia and across two populations that 
have been introduced to islands in the Hawaiian archipelago, 
where they are subject to predation by 0. ochracea. We ex- 
amine preferences both within and outside the observed phe- 
notypic range of male calls. Variation in female preference 
functions with variation in the amount of long chirp are used 
to assess the potential relevance of models of preference evo- 
lution to the communication system of T. oceanicus. 

MATERIALS AND METHODS 

Within Australia, T. oceanicus has a coastal distribution 
and is found north of Carnarvon in Western Australia and 
Rockhamton in Queensland (Otte and Alexander 1983). We 
sampled nine populations throughout this geographic range 
in Australia. In March 1996 we sampled a population in 
Carnarvon, Western Australia. Between March and April 
1996 we sampled four populations from coastal northern 
Queensland: Townsville, Ingham, Mission Beach, and 
Cairns. The distance between populations ranged 110-123 
km. In June 1996 we sampled two more populations in West- 
ern Australia, Broome and Derby, separated by 220 km and 
about 2440 km from Carnarvon. An additional two popula- 
tions were then sampled in the Northern Territory: Darwin 
and Katherine, separated by 320 km. We have no knowledge 
of the dispersal or migration capabilities of this species. How- 
ever, we assume that there would be limited gene flow be- 
tween populations in eastern and western Australia, and our 
aim was to choose population that were separated by more 
than 100 km to increase the probability that populations were 
reproductively isolated. We also sampled two populations 
that have been introduced to the Pacific islands of Hawaii 
and Oahu in the Hawaiian archipelago (Kevan 1990). On 
Hawaii a population in and around the city of Hilo was sam- 
pled, and on Oahu a population on the grounds of the Uni- 
versity of Hawaii, Manoa. We recorded a 1-min sequence of 
calling song from males directly in the field using a Sony 
Professional Walkman. The ambient temperature during the 
recording was noted. We collected between 30 and 60 adult 
females and returned them to the laboratory, where they were 
allowed to oviposit. Phonotaxis trials were performed with 
10-15-day-old virgin female offspring of these wild-collect- 
ed females. 

Song Analysis 

Calls were analyzed using the software package Canary 
1.2 (Laboratory of Ornithology, Cornell University, Ithaca, 
NY) on a Macintosh PowerPC. From a previous study, we 
know that the long chirp is important in the attractiveness of 
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FIG. 1. Sonogram of the calling song of Teleogryllus oceanicus. Each sound pulse is produced by a single wing closure. Terminology 
after Otte (1992). 

song to acoustically orienting parasitoid flies, but that the 
short chirp sequence plays no role in attractiveness (Zuk et 
al. 1998). We therefore confined our analysis in this study 
to the importance of the long chirp for female phonotaxis. 
We measured the duration of the long chirp, the duration of 
the sequence of short chirps, and the total duration of the 
song (Fig. 1). Ten songs were analyzed for each male and 
the average values calculated as an estimate of that male's 
song structure. 

Phonotaxis Trials 

We constructed artificial songs using the software package 
SoundEdit 16 (Macromedia, San Francisco, CA). Our aim 
was to examine how variation in the amount of long chirp 
influenced female phonotaxis. We therefore needed to hold 
constant the frequency and temporal properties of long and 
short chirps while varying the number of sound pulses in, 
and thus duration of, the long chirp. We used a field recording 
made at 25?C as our template and manipulated the song by 
either cutting or copying and pasting sections of long chirp 
into the song. The call was of a male from the Cairns pop- 
ulation. The total duration of the song was held constant at 
1.36 sec so that the duration of the short chirp sequence was 
either increased or decreased as the long chirp was manip- 
ulated. We extended the proportion of long chirp outside of 
the observed phenotypic range to assess the relevance of 
sensory bias models of preference evolution to our system. 
Our final models therefore consisted of songs with either 0 
(100), 20 (80), 40 (60), 60 (40), 80 (20), or 100% (0)% long 
chirp (short chirp sequence). The duration of pulses within 
long chirps was 41 msec, the interval between pulses within 
the long chirp 23 msec, the duration of short chirps 73 msec, 
the intervals between short chirps 64 msec, the duration of 
pulses within short chirps 32 msec, and the interval between 
short chirp pulses 9 msec. The carrier frequency was 4.68 
kHz. Songs were broadcast continually using the loopback 
command in SoundEdit 16, via an amplifier through two 
tweeter horns (Radio Shack 40-1228A, Fort Worth, Texas). 

Before proceeding with preference trials we examined the 
efficacy of our models in eliciting phonotaxis responses in 
females. Following the protocol described below, we pre- 
sented females with the 40% (60%) long chirp (short chirp) 
model broadcast from one speaker and silence from the other. 
Females from three different populations exhibited positive 
phonotaxis to the song model (Mission Beach: 10 of 10 fe- 

males, binomial probability with expected random response 
to sound producing speaker equal to 0.5, P = 0.001; Ingham: 
10 of 10, P = 0.001; Oahu: 9 of 10, P = 0.011). 

We used a two-speaker paradigm in our preference trials. 
Two song models were broadcast simultaneously from either 
end of an arena utilizing the two sound channels available 
in SoundEdit. The arena measured 100 cm in length and 25 
cm in width and was lined with fan-folded black fly screen 
mesh for cover during phonotaxis (Hedrick and Dill 1993). 
A small shelter was placed equidistant from the two speakers 
and covered with a glass beaker. Prior to presentation, the 
intensity of song models broadcast from each speaker was 
set to 70 dB (72 dB peak) at the release point using a Realistic 
33-2050 (Radio Shack, Fort Worth, Texas) sound level meter. 
This intensity is typical of normal calls at a distance of 50 
cm from the male. We used the 40% long chirp model as the 
reference call for all phonotaxis trials and presented this with 
an alternative model that varied in the proportion of long 
chirp. Our rationale was that if females prefer greater amounts 
of long chirp, the proportion responding to the alternative 
should decrease with decreasing long chirp relative to the 
reference call and increase with increasing long chirp. Fe- 
males were placed under the glass beaker and left for 2 min 
to settle. Females invariably entered the shelter provided. 
After 2 min the beaker was removed and the calls broadcast. 
Females were allowed 5 min to respond. Typically females 
left the shelter immediately and walked to, and often entered, 
one of the speakers. Females were allocated a score of one 
for positive phonotaxis to the alternative song model or zero 
when they were attracted to the reference song. Females that 
did not respond within the 5-min period were retested the 
following day. Females were tested only once per day. A 
total of 25 females from each population were tested. Each 
female was tested once with each of the five alternative song 
models. This allowed us to examine the change in response 
of females to variation in the amount of long chirp using the 
Cochran Q-test (Zar 1984). The order of presentation of songs 
was randomized between females, and the speaker broad- 
casting the reference call was randomized both within and 
between females. In a few cases females died before com- 
pleting the entire set of trials or failed to respond in all of 
their five trials, thus reducing the sample size of females for 
the analysis. All trials were conducted within an anechoic 
room at 25?C. The shape of female preference functions were 
analysed using cubic splines (Schluter 1988). Ties were bro- 
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TABLE 1. Geographic variation in the long and short chirp components of the call of Teleogryllus oceanicus. 

Long chirp Short chirp sequence Percentage long 
Population duration (sec) + SE duration (sec) + SE chirp + SE N 

Carnarvon 0.22 ? 0.01 0.84 ? 0.04 20.53 ? 0.91 23 
Broome 0.24 ? 0.01 1.00 ? 0.02 19.50 ? 0.72 23 
Derby 0.29 + 0.02 1.38 ? 0.19 18.85 ? 1.21 3 
Darwin 0.23 + 0.01 1.06 + 0.06 17.89 ? 0.90 20 
Katherine 0.26 ? 0.01 1.00 + 0.08 19.86 ? 1.15 19 
Cairns 0.23 + 0.00 0.92 + 0.06 19.89 + 0.90 25 
Ingham 0.21 ? 0.01 0.86 ? 0.04 19.62 ? 0.81 23 
Mission Beach 0.21 ? 0.01 0.98 ? 0.04 17.82 ? 0.57 25 
Townsville 0.22 ? 0.01 0.99 ? 0.03 17.54 ? 0.54 25 
Oahu 0.25 ? 0.01 0.65 ? 0.04 25.47 ? 0.93 35 
Hilo 0.39 ? 0.01 0.95 ? 0.05 26.17 + 1.13 21 

ken by adding a random error of ? 0.25% to the amount of 
long chirp in the song model. Errors were fitted to the pref- 
erence functions using 1000 bootstrapped replications. 

RESULTS 

Male Calls 

Derby was not included in song analyses because of the 
small number of recordings available. Ambient temperature 
was used as a covariate in all song analyses because of its 
general influence on rates of song production (Walker 1962). 
However, none of the analyses returned a significant tem- 
perature effect (long chirp duration, F1,228 = 2.55, P = 0.110; 
short chirp duration, F1,228 = 1.27, P = 0.260; proportion 
long chirp, F1,228 = 0.35, P = 0.557), so we report unadjusted 
population mean parameters in Table 1. There was significant 
population variation in the duration of the long chirp (F9,228 
= 37.28, P < 0.0001) and the duration of the short chirp 
sequence (F9,228 = 6.29, P < 0.0001). Population differences 
explained much more of the variation in long chirp duration 
(r2 = 0.666) than they did in short chirp duration (r2 = 0.247). 
We examined the relative amount of long chirp by calculating 
the proportion of total song devoted to long chirp. There was 
significant variation across populations in the proportion of 

TABLE 2. Cochran Q-tests of the change in response of female Te- 
leogryllus oceanicus to changes in the percentage of long chirp in 
stimulus songs, and a meta-analysis of the effect sizes (r) across pop- 
ulations. 

Population X24 P N 

Carnarvon 2.51 0.642 21 -0.100 
Broome 24.62 0.0001 23 0.811 
Derby 5.59 0.232 23 0.152 
Darwin 3.08 0.545 23 0.125 
Katherine 2.42 0.659 20 -0.096 
Cairns 12.27 0.016 23 0.448 
Ingham 1.02 0.907 20 -0.027 
Mission Beach 2.51 0.643 21 -0.103 
Townsville 9.54 0.049 21 0.326 
Oahu 10.86 0.028 25 0.382 
Hilo 2.04 0.728 17 -0.085 
Unweighted mean effect size2 0.206 ? 0.114*1 
Weighted mean effect size2 0.227 
x210 test for heterogeneity 27.36** 

1 Effect sizes calculated from one-tailed probabilities. 
2Based on Fisher's Zr (* one-tailed P = 0.05; ** P = 0.002). 

long chirp (ANOVA using arcsine-transformed proportions, 
F9,228 = 12.41, P = 0.0001; Table 1). Post hoc comparisons 
with P ' 0.05 showed that the populations from Oahu and 
Hilo had significantly greater proportions of long chirp in 
male calls than any other population. Within Australia, males 
from Carnarvon had a significantly greater proportion of long 
chirp than males from Darwin, Mission Beach, and Towns- 
ville. There were no significant differences between any other 
populations. It is interesting to note that populations differed 
in the means by which the proportion of long chirp was 
increased. For example, in Oahu males reduced the duration 
of the short chirp sequence, whereas in Hilo males increased 
the absolute duration of the long chirp. 

Preference Functions 

There was variation across populations in the shape of 
female preference functions. Analysis of individual popula- 
tions showed a significant change in response of females to 
the alternative song models for four of the populations tested 
(Table 2). To examine variation in effects across populations 
we adopted meta-analytical techniques (Rosenthal 1991, p. 
72). There was significant heterogeneity in effect sizes across 
populations (Table 2) indicating significant geographic var- 
iation in female preferences for long chirp. Because of het- 
erogeneity in effect sizes, the average effect size cannot be 
interpreted as evidence for the same general response to in- 
creasing percentage long chirp across populations (Rosenthal 
1991). Preference functions are depicted in Figure 2. There 
was evidence of directional selection on the proportion of 
long chirp within the populations sampled from Carnarvon, 
Katherine, Cairns, and Mission Beach, although clearly the 
steepness of these slopes and the lack of individual signifi- 
cance in three of these populations is indicative of variation 
in the intensity of this selection. Selection appears directional 
in the population sampled from Broome up to about 40% 
long chirp and stabilizing around 80% long chirp in popu- 
lations sampled from Derby and Oahu. Townsville females 
exhibited a preference function suggestive of disruptive se- 
lection, with models having less than 20% long chirp or great- 
er than 20% long chirp being more attractive. There was little 
evidence of selection on the proportion long chirp in popu- 
lations from Darwin, Ingham, or Hilo; preference functions 
were flat. 

The temporal properties of stimulus songs used in our 
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FIG. 2. Variation in female preference functions for the percentage of long chirp in the call of Teleogi-ylluts oceanicuts across 11 different 
populations. The bold lines represent the proportion of females responding at a given value of the song trait and the thin lines ? SE 
from 1000 bootstrap replications of the cubic spline (Schluter 1988). Inset is the mean (solid symbol) standard deviation (error bars) 
and maximum and minimum values (open symbols) of the proportion long chirp in the calls of males recorded in the source populations. 

phonotaxis trials were fixed at a value typical of that produced 
by males in the Cairns population. We know that there is 
geographic variation in the temporal properties of calls (Zuk 
et al. 1993; Rotenberry et al. 1996) so that the observed 
geographic variation in preference for the proportion of long 
chirp may result, in part, from variation in the degree to which 
the temporal patterning of Cairns song matches that in the 
female's local population. The syllable period (the time from 
the onset of one syllable to the onset of the next) of the long 
chirp is the only parameter that is important for calling song 
recognition (Hennig and Weber 1997). We calculated the 
absolute deviation of the syllable period in the exemplar song 
from that of the local populations and examined its influence 
on female preference for long chirp estimated from the effect 

sizes in Table 2. There was no significant influence of the 
deviation in syllable period of the exemplar from the local 
population, on the strength of female preference for per- 
centage long chirp (r = -0.369, n = 11, P = 0.263). The 
exemplar syllable period fell within the range of observed 
values in all populations studied with the exception of Hilo, 
which was the population with the greatest deviation from 
the exemplar and also had no apparent preference for the 
percentage long chirp (Fig. 3). Given this, we cannot con- 
clude that females of the Hilo population lack a preference 
for long chirp. 

Overlaid onto the preference functions in Figure 2 are the 
mean and distributions of the percentage long chirp within 
the calls of males for each population. For all populations in 
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Broom; (3) Derby; (4) Darwin; (5) Katherine; (6) Cairns; (7) In- 
gham; (8) Mission Beach; (9) Townsville; (10) Oahu; (11) Hilo. 

which there is evidence of female preference, the males call 
is displaced to the left of the most preferred call. The female 
preference functions depicted in Figure 2 cannot reliably in- 
dicate how selection is currently acting on available phe- 
notypic variation in male songs because it extends beyond 
the natural range of percentage long chirp. We therefore an- 
alyzed the response of female to songs containing either 20% 
or 40% long chirp (the current observed species range in 
percentage long chirp is 10-42%). In all but two populations, 
a greater proportion of female oriented to the song model 
containing 40% long chirp. The numbers of individual fe- 
males run provide low statistical power for within-population 
estimates of preference, particularly in the light of the dif- 
ferences between populations in strength of preferences noted 
in Figure 2. However, meta-analysis showed no significant 
variation between populations in effect size and a significant 
general effect of females preferring the song model with the 
greater percentage long chirp (Table 3). Again, there was no 
significant influence of the deviation in syllable period of the 
exemplar from the local population on the strength of female 
preference for percentage long chirp (r = -0.206, n = 11, 
P = 0.543). Thus, female preferences do appear to be weakly 
directional for increased long chirp. There was no correlation 
across populations between the strength of preference for 
longer chirp, as estimated from the effect sizes in Table 3 
and the phenotypic variation in percentage long chirp in male 
calls (r = -0.219, n = 11, P > 0.50). 

DISCUSSION 

Our finding that female T. oceanicus prefer male calls with 
a greater proportion of long chirp is consistent with previous 
studies of phonotaxis in this species. Using synthesised song 
models, Pollack and Hoy (1981) showed that female T. ocean- 
icus found songs composed entirely of long chirp more at- 

TABLE 3. Meta-analysis of the proportion of female Teleogryllus 
oceanicus orienting to a stimulus song model containing 40% long 
chirp (LC40) when offered a 20% long chirp alternative. 

Binomial 
Population LC40 probability N r'I 

Carnarvon 0.67 0.095 21 0.286 
Broome 0.34 0.953 23 -0.010 
Derby 0.65 0.105 23 0.263 
Darwin 0.48 0.661 23 -0.092 
Katherine 0.70 0.058 20 0.351 
Cairns 0.57 0.338 23 0.088 
Ingham 0.60 0.252 20 0.150 
Mission Beach 0.52 0.500 21 0.000 
Townsville 0.71 0.039 21 0.384 
Oahu 0.56 0.345 25 0.080 
Hilo 0.53 0.500 17 0.000 
Unweighted mean effect size2 0.141 ? 0.051* 
Weighted mean effect size2 0.138 
X2io test for heterogeneity 5.188 

l Effect size calculated from one-tailed probability. 
2 Based on Fisher's Zr- (* onie-tailed P = 0.01). 

tractive than songs composed entirely of short chirps, irre- 
spective of whether these songs were presented to flying or 
walking crickets. They also found that females preferred nor- 
mal song to song composed entirely of short chirps, presum- 
able because it contained a small proportion of long chirp, 
and that females preferred calls composed entirely of long 
chirp to normal calls in flight trials; in walking trials females 
were equally attracted to normal calls and calls composed 
entirely of long chirp. Hennig and Weber (1997) found that 
the temporal parameters of the long chirp are essential for 
song recognition, but those of the short chirp sequence played 
only a minor role. Finally, as in our own study, Hennig and 
Weber found calls with increased proportions of long chirp 
more attractive to females than normal calls. Once males have 
successfully attracted a female, they also produce a courtship 
song that, although of lower intensity, has a similar temporal 
structure to the call; there is a long chirp that is structurally 
similar to the long chirp of the calling song, followed by a 
series of single pulses called a trill (Balakrishnan and Pollack 
1996). The chirp was found to be necessary and sufficient 
for normal mounting behavior by the female, whereas the 
trill is only partially effective in inducing mounting. 

We have demonstrated quantitative and qualitative differ- 
ences in the preference functions of females for long chirp 
across 11 different populations. Although there were signif- 
icant differences across populations in the amount of long 
chirp produced by males, there was no evidence for covari- 
ance between the female preference and the trait in males. 
Rather, we found that, in general, the amount of chirp in- 
corporated into male calls does not match the amount of long 
chirp most preferred by females. This was true in four pop- 
ulations that had statistically significant preference functions 
as well as four populations that showed weak, nonsignificant 
preferences for greater proportions of long chirp. The results 
of Pollack and Hoy (1981) on calling song and those of 
Balakrishnan and Pollack (1996) on courtship song clearly 
support our conclusion of a mismatch between female pref- 
erence and male traits. 

Mismatches between preferences and traits have been re- 
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ported for the acoustic signals of the tungara frogs (Ryan and 
Rand 1990; Ryan et al. 1990) and the visual signals of sword- 
tailed fishes (Basolo 1995), and were the impetus for the 
development of sensory bias models of preference evolution. 
Phylogenetic evidence suggests that in tungara frogs, the 
preference for the "chuck" element present in the calls of 
some species predates the evolution of the "chuck." In the 
case of swordtailed fishes, female preferences for elongations 
of the caudal fin predate the appearance of the sword in males. 
Nevertheless, an observation of a mismatch between trait and 
preference is not in itself evidence for a sensory bias model 
of preference evolution. There are a number of reasons why 
male traits may not evolve to match the preference in females. 
Houde and Hankes (1997) identified two populations of P. 
reticulata in which there was a mismatch between preference 
for orange and orange coloration in males. As they point out, 
the populations may be shifted away from the general equi- 
librium seen across populations because of founder effects 
or intense predation pressure on orange males or because 
preferences observed in the laboratory are constrained in 
more natural field conditions (Houde and Hankes 1997). 
Hill's (1994) study of house finches similarly found a mis- 
match between female preference for large bright chest patch- 
es in males and chest patch morphology in some populations. 
Using a phylogeny of the populations under study, Hill 
(1994) was able to show that one population had experienced 
a secondary reduction in the size of the chest patch and an- 
other in the brightness of the chest patch. Secondary reduc- 
tions in male traits appeared due to the availability of ca- 
rotenoids in the diet and are consistent with good-genes mod- 
els of preference evolution; males reduce the size of the trait 
to maintain the concentration of carotenoids, and therefore 
patch brightness, under dietary constraint (Hill 1994). Fi- 
nally, Shaw and Herlihy (2000) note that open-ended pref- 
erences (where extreme male trait values are preferred) are 
necessarily associated with mismatches with the population 
mean trait value. In their study of L. cerasina, females pre- 
ferred extreme values of pulse duration and the pulse duration 
produced by males was lower than the most preferred value. 
Such a pattern can arise with Fisherian or good-genes models 
of sexual selection (see also Ritchie 2000). 

There are a number of reasons why the proportion of long 
chirp in the calls of male T. oceanicus may not respond to 
selection imposed by female preferences. First, the short 
chirps may have some function in sexual selection outside 
of mate attraction. Pollack (1982) found that, in contrast to 
females, male T. oceanicus respond more to short chirps than 
to long chirps. Our own observations suggest that males be- 
come less attracted to calls as the proportion of short chirp 
sequence is increased (L. W. Simmons and M. Zuk, unpubl. 
data), implying that short chirps may function in intermale 
competition. Boake and Capranica (1982) have provided 
strong support for both mate attraction and competitor ex- 
clusion parameters within cricket song. Thus, the observed 
proportion of long chirp relative to short chirp sequence in 
the calls of males could represent some optimal value de- 
pendent on the necessity to attract females and repel rivals. 

Second, predation pressure may be a significant barrier to 
any increase in the proportion of long chirp produced by 
males. In the field we have found that the long chirp is the 

focus of predation selection in populations parasitized by 0. 
ochracia (Zuk et al. 1998). In a laboratory study of predation 
on T. oceanicus by bats, Bailey and Haythornthwaite (1998) 
found that bats were more successful in locating and preying 
upon calling males than silent males. Moreover, experimental 
manipulations of the call showed that bats were more suc- 
cessful in locating calls with longer long chirps than those 
with shorter long chirps. These observations demonstrate that 
opposing selection for increased long chirp is both theoret- 
ically possible and currently operates in natural populations. 
A rapid response to predation could shift the amount of long 
chirp away from that currently preferred by females. A mis- 
match between trait and preference such as that observed in 
T. oceanicus could reflect preference evolution via a coevo- 
lutionary model with the secondary reduction in the preferred 
trait due to strong opposing selective pressures coupled with 
a slower correlated response in female preference. Given the 
selection against long chirp in Hawaii, it is perhaps surprising 
to have found that males from these populations have the 
longer proportion of long chirp. We have no knowledge of 
the intensity of predation pressure acting on males within 
Australia, and the patterns observed may reflect greater pre- 
dation in these populations. Alternatively, the greater pro- 
portion of long chirp in Hawaiian populations may represent 
founder effects; T. oceanicus may have been introduced to 
Hawaii from populations closer than Australia. In this regard, 
we have found that populations in French Polynesia are more 
similar in song structure to Hawaiian populations than Aus- 
tralian populations, even though they are not subject to par- 
asitoid flies (Zuk et al. 1993; Rotenberry et al. 1996; in Moo- 
rea, the call consists of about 24% long chirp, close to that 
found in Hawaiian populations). 

Third, the energetic costs of calling may constrain phe- 
notypic expression of the long chirp component of the call. 
Calling increases metabolic rate in T. commodus by four times 
the resting metabolic rate (Kavanagh 1987). Moreover, en- 
ergy consumption is directly proportional to the wing stroke 
rate (or rate of pulse production) so that long chirps or trills 
are energetically more expensive to produce than short chirps 
(Prestwich and Walker 1981). It is entirely possible, there- 
fore, that females could assess male viability from their abil- 
ity to expend energy in the long chirp component of the call, 
with the duration of the long chirp produced being con- 
strained by male energy reserves. Wagner and Hoback (1999) 
found that the chirp rate and, more importantly, the duration 
of chirps in G. lineaticeps are both reduced by nutrient lim- 
itation. 

Hybrid crosses between T. oceanicus and T. commodlus 
have shown that both calls and preferences have a common 
genetic basis (Leroy 1966; Bentley 1971; Bentley and Hoy 
1972; Hoy and Paul 1973; Hoy 1974). Hybrid males tend to 
produce calls that are intermediate between their parental 
species. However, parameters of the short chirp sequence of 
the calls resembled those of the parental females indicating 
sex linkage for this part of the call (Bentley 1971; Bentley 
and Hoy 1972). Genes responsible for parameters of the long 
chirp appear to be autosomally inherited. Hoy et al. (1977) 
also found that female hybrids preferred the calls of their 
hybrid siblings, rather than parental calls. Interestingly, T. 
oceanicus X T. commodus females prefer the calls of their 
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own siblings over T. commodus X T. oceanicus hybrids (and 
vice versa), again suggesting either sex-linked inheritance or 
maternal effects on preferences. Hoy et al. (1977) concluded 
that the call in males and the preference in females were 
coupled via genes that control both call and preference, so- 
called genetic coupling. As pointed out by Butlin and Ritchie 
(1989), however, these results are equally consistent with the 
coevolution of male calls and female preferences in the ab- 
sence of genetic coupling. Certainly genetic coupling would 
facilitate the genetic correlation between trait and preference 
necessary for indirect models of preference evolution. Nev- 
ertheless, a genetic correlation between trait and preference 
can also arise from the direct sensory bias model of prefer- 
ence evolution (Lande 1981). Hybridization studies such as 
those performed with T. oceanicus establish that there has 
been genetic variation in traits and preferences in the past 
(Bakker and Pomiankowski 1995). We now need studies of 
quantitative genetic variation within and between popula- 
tions. 

Phylogenetic data are necessary to confidently distinguish 
between sensory bias and covariance models of preference 
evolution; sensory bias explicitly requires that the preference 
evolved in a common ancestor and the trait evolved some 
time later. Harrison and Bogdanowicz (1995) constructed a 
phylogeny of 11 species of Gryllus from variation in mito- 
chondrial DNA. Teleogryllus oceanicus appeared as an out- 
group in this analysis, being placed ancestral to the genus 
Gryllus. Harrison and Bogdanowicz mapped onto their phy- 
logeny the type of calling song produced by males, following 
the descriptive terminology of Alexander (1962). A chirped 
call structure with three to eight pulses per chirp, which is 
structurally equivalent to the long chirp of T. oceanicus, was 
remarkably conserved throughout the evolution of the Gryl- 
lids. Interestingly, although female G. bimaculatus and G. 
campestris will respond to continuous trains of pulses (trilled 
song) presented at the correct pulse repetition rate, both spe- 
cies prefer chirped calls (Weber and Thorson 1989). The 
preference for long chirps in a common ancestor, such as T. 
oceanicus, could have led to the loss of the short chirp se- 
quence in the Gryllus lineage. However, there is no evidence 
to suggest that a preference for long chirps arose before the 
appearance of long chirps. There is evidence for a reappear- 
ance of short chirps in G. fultoni and for the appearance of 
trilled song in G. assimilis (Harrison and Bogdanowicz 1995), 
suggesting that call structure is evolutionarily labile. There 
is a wealth of empirical data on variation in temporal prop- 
erties of cricket calling songs (Alexander 1962), but until we 
have more information on female preferences and a more 
complete phylogeny of the Gryllidae we will be unable to 
fully appreciate the sequence of evolutionary changes in 
cricket calls. 

In conclusion, we report a third case of convergent song 
preferences of females and acoustically orienting predators 
(Wagner 1996; Gray and Cade 1999b). The opposing selec- 
tion pressures resulting from such convergence are likely to 
contribute to the maintenance of heritable variation in the 
call traits of males. We find geographic variation in female 
preference functions for the amount of long chirp contained 
in the male's call. However, this is not related to geographic 
variation in call structure. Rather, there appears to be a gen- 

eral mismatch between female preference and the preferred 
trait in males. Although mismatches of this nature are con- 
sistent with a sensory bias model of preference evolution, 
they do not exclude models based on genetic covariance. 
Quantitative genetic studies are now required to examine ge- 
netic variation in preferences, call characteristics, and the 
covariance between these traits. 
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