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In many sexually reproducing organisms, females choose mates based on multiple male traits. This study examined
how two temporal components of the male mating call — chirp rate and chirp duration — affect female mating pref-
erence in five populations of a widely distributed North American cricket, Allonemobius socius (Orthoptera, Gryl-
lidae). Chirp rate and chirp duration of the A. socius mating call were varied independently, and the responses of
virgin females to these experimentally manipulated calls were repeatedly measured using a sequential single-stim-
ulus design. Significant among- and within-population variation in chirp-duration preferences of females were
found. Contrary to many previous studies, call chirp rate had no effect on female phonotaxis. Also there was no evi-
dence of an interaction between chirp rate and chirp duration on female response to male mating calls. Moreover,
female responsiveness to average and above-average chirp duration appeared to decline with female (adult) age.
Overall, these results suggest evolved differences among populations in chirp-duration preferences, and that selec-
tion can act within populations on female chirp-duration preference. © 2004 The Linnean Society of London,
Biological Journal of the Linnean Society, 2004, 83, 461-472.
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INTRODUCTION

Sexual selection results from variation among males
in their ability to compete for mates or in their attrac-
tiveness to females (Darwin, 1871). Once controversial
(Andersson, 1994), sexual selection through female
mate choice now remains a vigorous area of theoreti-
cal and empirical study (Heisler, 1984, 1994; Eber-
hard, 1996; Gavrilets, Arnqvist & Friberg, 2000).
Today, many behavioural biologists focus attention on
why female mating preferences evolve (Andersson,
1994, Jennions & Petrie, 1997).

Despite broad interest in the evolution of female
mating preferences, most studies examine group
preferences rather than preferences of individuals
(Jennions & Petrie, 1997; Wagner, 1998). In group-
preference studies, the experimenter typically exposes
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each female only once to a given stimulus or pair of
stimuli, establishing preference when females of a
given population respond more strongly or more often
to one trait value than they do to alternative values.
Such tests allow rapid assessment of population-level
preferences. In contrast, documenting individual pref-
erences requires many preference trials with each
female. As a result, few studies, for example, Godin &
Dugatkin (1995), Wagner, Murray & Cade, 1995), and
Brooks & Endler (2001a, b), have examined variation
in mating preferences within and among females.
Measuring individual preferences allows examina-
tion of the fitness consequences of preference varia-
tion. Females might benefit from different preferences
in two general ways. First, different preferences based
on a given male trait may confer different fitness ben-
efits (Zeh & Zeh, 1997a, b; Tregenza & Wedell, 1998,
2000), or else arise when the benefits of mating with
preferred males outweigh the costs of searching for or
associating with them. In such cases, variation among
females in physiological condition, age, and other fac-
tors can influence these trade-offs. Second, females
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may receive fitness benefits by using different male
traits in mate choice. Different male traits can vary in
relative importance to females (Jang & Greenfield,
2000), perhaps providing information about different
mating benefits (e.g. Moller & Petrie, 2002; Wagner &
Harper, 2003). Should females vary in how these dif-
ferent mating benefits affect net fitness, females may
then differ in how they rank male traits when choos-
ing mates. Understanding how selection shapes
preference, therefore, requires careful analysis of indi-
vidual preferences.

This study examines sources of variation in female
mating preference of Allonemobius socius (Ortho-
ptera, Gryllidae), a ground-dwelling cricket inhabiting
grassy fields throughout the North American temper-
ate zone (Vickery & dJohnstone, 1973; Tanaka &
Brookes, 1983; Howard & Furth, 1986; Mousseau &
Roff, 1989). The male-limited mating call of A. socius
consists of repeating short chirps, and varies in chirp
rate, chirp duration and other components (Howard &
Furth, 1986; Mousseau & Howard, 1998). To date, only
one study has examined female call preference in this
species: in a test of whether reinforcement accounts
for reproductive character displacement between
A. socius and the closely related A. fasciatus, Doherty
& Howard (1996) failed to find a preference in
A. socius females for songs typical of conspecifics over
songs typical of A. fasciatus.

Here, after confirming species specificity of female
phonotaxis, we measured the responses of individual
females from five geographically distinct A. socius
populations to male mating calls that varied in both
chirp rate and chirp duration. We presented a ran-
dom sequence of population-specific mating calls to
each female (see Discussion of sequentially vs. simul-
taneously presented stimuli in Wagner (1998) and in
Bush, Gerhardt & Schul, 2002), and then applied
repeated-measures analysis of variance to female
responses to assess population- and individual-level
variation in chirp-rate and chirp-duration prefer-
ences.

MATERIAL AND METHODS

FIELD COLLECTIONS AND STOCK MAINTENANCE

Crickets (total N ~1500) were caught with a collecting
net at several sites around south-eastern USA (Fig. 1).
They were later identified from publicly available tax-
onomic keys as A. socius (Walker & Moore, 2001).
Adults were placed individually in separate polysty-
rene cages (HxWxD=4x11x9cm) and kept at
room temperature (22-24 °C). Each cage was provi-
sioned ad libitum with dry cat food, cardboard cut-
tings, and a water vial. Field-caught juveniles, in
contrast, were housed in plastic bins (HxW xD =

21 x30 x 21 cm) and reared to adulthood under eco-
logically plausible conditions (14 h daily light and
30 + 1 °C). All juvenile rearing bins were stocked with
cat food, unbleached paper, and several water vials.

Gravid field-caught females were allowed to oviposit
in dampened cheesecloth rolled into 7-dram vials, and
these were kept at 12 h daily light and 25.5 £ 3 °C.
Females not ovipositing after 7 days were presumed
virgin, and each was arbitrarily and exclusively paired
with same-population males. The large collection of
males and females minimized incestuous (e.g. parent—
offspring) matings.

Eggs were collected 7 d after initial male—female
pairing. Newly hatched juveniles were transferred to
polystyrene cages (HXxWxD=4x11x9cm) with
< 10 nymphs per cage, and reared to adulthood at 14 h
daily light and 30 + 1 °C. Females were isolated from
males as early in nymphal development as possible, or
else immediately after the final moult.

CONSTRUCTION OF SYNTHETIC CALLS

Mating calls of field-collected males were recorded at
23 £ 1 °C in anechoic boxes fitted with microphones
(Sennheiser model ME-64). Natural calls were sam-
pled at 22 kHz and saved as 12-bit digitized files using
a multichannel event recorder and ‘Spike2’ software
(Cambridge Electronic Design). Customized scripts
(Andrew Hill & Cambridge Electronic Design) facili-
tated analysis of digitized calls.

We then used an A. socius sound file from publicly
available taxonomic keys (Walker & Moore, 2001) to
construct synthetic calls, allowing independent varia-
tion of chirp rate and chirp duration without altering
the basic pulse structure from which other call traits
are derived (Bennet Clark, 1989; Moore, 1989). For
example, decreasing chirp rate in a 3-s digitized sam-
ple required increasing only the intervals between
adjacent chirps (i.e. the interchirp intervals). Simi-
larly, we increased chirp duration by increasing only
the intervals between pulses (i.e. the interpulse inter-
vals), maintaining identical interpulse intervals
throughout. Thus, other properties of the A. socius
call, such as pulse duration, pulses per chirp, and dom-
inant frequency, remained identical across synthetic
calls. We modelled synthetic calls after the natural call
characteristics of each study population (Fig. 1).

MEASURING CALL PREFERENCE

Test subjects were offspring of field-matured A. socius
females, and had <24 h exposure to calling males
before commencement of behavioural trials. Hence,
except for slight differences in population density
among replicate rearing containers, all test subjects
experienced similar juvenile and adult environments.
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MO DA DP TC HL
Site Elevation, m 203 281 314 314 1237
No. of Males, N 29 159 93 104 13
CR (+ SD), #Is 3.02+054 311+064 340+071 3.36+0.69 3.06+0.37
CD (+s.d.), ms 92.7 +94 91.5+9.38 81.0+10.0 83.8+87 956+10.3
Correlation, rcreo —-0.030 —-0.055 —-0.158 -0.143 -0.237

Figure 1. Sampling of Allonemobius socius in the south-eastern USA, along with mean call chirp rate (CR) and chirp
duration (CD) of field-caught males. Site elevation is given in metres above sea level (Wood, 1996). All calls were recorded
at room temperature (2224 °C). No phenotypic correlation between CR and CD differed from zero (5% Type I error).

Female behaviours were recorded under infra-red
light (wavelength >700 nm) with a camcorder mounted
above an arena (L x W x H =80 x 30 x 30 cm) housed
in an echo-dampened room. Near one end of the arena,
we placed one speaker (Radioshack catalogue no. 40—
1400) encircled by a metallic wire (diameter ~17.5 cm)
defining an area <10% of that of the entire arena floor,
with which we scored phonotaxis. Near the opposite
end of the arena, we fixed a holding cell from which one
female would be released into the arena.

We allowed each female 5 min to acclimate to test-
ing conditions while we calibrated a continuously
looped call stimulus to 66 = 2 dB sound pressure level
(SPL) [fast root mean squared (RMS), Briiel & Kjeer
Type 2236 sound level meter] at ~5 cm from the base
of the speaker’s front grill. Test subjects were allowed
to exit the holding cell voluntarily. Females remaining
motionless in the holding cell for > 10 min were gently
prodded with a pen to exit through an opening at the
base of the holding cell. Each videotaped trial began

when the exiting female lifted one hind leg up off the
floor of the holding cell, and continued for a targeted
duration of 20 min. Except for one trial lasting only
10 min (due to video equipment malfunction), varia-
tion in trial duration reflected extremely precise not-
ing of elapsed time by the experimenter (i.e. entering
spreadsheet data and, after a trial, reaching for a light
switch).

Females each underwent 25 trials involving unique
combinations of population-standardized chirp rates
and chirp durations, plus one trial using a heterospe-
cific (A. tinnulus Fulton) call obtained unmodified
from publicly available taxonomic keys (Walker &
Moore, 2001). Females also underwent separate, silent
trials under otherwise identical test conditions to dis-
count putative olfactory cues.

Females that completed all 25 trials involving
A. socius stimuli were analysed for positive phono-
taxis, quantified initially as the proportion of the total
trial duration spent inside the speaker area (delimited
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by the circular wire). Responses of females completing
silent and heterospecific-stimulus trials were mea-
sured likewise but analysed separately.

We minimized ‘carry-over effects’ in repeated pho-
notaxis measurements (Wagner, Smeds & Weigmann,
2001) by allowing 12-96 h between adjacent trials per
female. Each call stimulus (or null stimulus, as in the
silent trials) was presented in arbitrary order and only
once per female.

STATISTICAL ANALYSES

To minimize heteroscedasticity (Sokal & Rohlf, 1981),
we transformed time-dependent observations (i.e.
adult age, trial duration and phonotaxis) to normal-
ized ranks, which allow for statistical tests that
attain asymptotic relative efficiencies (~ statistical
power) equal to or greater than those of any paramet-
ric or non-parametric test (Conover, 1999:396).
Unlike ranks per se, normalized ranks facilitate unbi-
ased tests of interactions (Conover, 1999: 419).

To analyse female phonotaxis, we constructed the
following ANOVA model:

Yju = u..+ POP, + FEM,, + CRAT, + CDUR, +
(POP x CRAT); + (POP x CDUR); + (FEM x
CRAT),, + (FEM x CDUR);, + (CRAT x CDUR)y

+(POP x CRAT x CDUR) + €,

where Y is normalized-rank stimulus response,
W is a common mean, POP; is a random-effect term
denoting population origin, FEM;;, is a random-effect
term denoting female nested within population,
CRAT) is a fixed-effect term denoting population-stan-
dardized chirp rate (repeated factor), CDUR; is a fixed-
effect term denoting population-standardized chirp
duration (repeated factor), and &gq) is the random-
effect error term. We declared interaction effects ran-
dom when involving a random-effect main factor.

Because test subjects were measured once per stim-
ulus (given the repeated-measures design), the error
term in the above model is not only unreplicated, but
also includes a term denoting three-way interaction
among test subject, chirp rate and chirp duration, i.e.
(FEM x CRAT x CDUR);u), as well as terms denoting
interactions with female age (analysed separately; see
below). However, the lack of within-subject, within-
treatment replication only produces conservative tests
of interactions (Neter, Wasserman & Kutner, 1990:
1050).

We obtained descriptive statistics, correlation esti-
mates, and mean squares (under the GLM procedure)
with SAS for Windows 6.12 (SAS Institute, 1999).
Only 15 of the original 23 females completed the min-
imum required 25 trials. Hence, the total sample size
was 15 x25=375 repeated observations on 3+ 1
(mean + SD) females per population: three females

from the DA population, four from DP, two from HL,
two from MO, and four from TC (see Fig. 1). Finally,
we used the VARCOMP procedure in SAS 6.12 to
assess the effect of female adult age on call preference.
We quantified relative contribution of each term in the
following ANOVA model to total variance in normal-
ized-rank stimulus response:

Yijamn = L. + POP; + FEM;) + AGE,; + CRAT, +
CDUR,, + (POP x CRAT); + (POP x CDUR),,, + (FEM
x CRAT);5) + (FEM X CDUR)ji) + (AGE x CRAT) ;) +
(AGE x CDUR )i + (CRAT x CDUR), + Eniictm)-

This is similar to our repeated-measures ANOVA
model, except for the incorporation of a term denoting
female age (in weeks posteclosion) nested within test
subject and population, AGE,, and the absence of
three—way interactions. Non-independence of error
terms renders the above model inappropriate for for-
mal significance testing, but provides quantitative
description of the relative importance of different fac-
tors to female phonotaxis. We chose the method of
restricted-maximum likelihood (REML) to estimate
variances (e.g. Shaw, 1987), and omitted three-way
interactions to enable convergence of the REML
algorithm.

RESULTS

VALIDITY OF BEHAVIOURAL MEASUREMENTS

Despite differences in trial duration among test sub-
jects (one-way ANOVA, Fy 5, =16.02, P<0.0001),
stimulus response remained uncorrelated with trial
duration (r =-0.47, two-tailed ¢=2.14, P =0.0691,
N =16). Thus, it appears that our phonotaxis mea-
surements were not confounded with female
habituation to stimuli, or other similar experimental
artefacts.

RESPONSES TO NON-SPECIFIC STIMULI

There was no difference among populations in their
tendency to associate with the silent speaker (one-way
ANOVA, F,1,=1.04, P =0.4337). In silent trials, there
was no significant variation among populations in
female age (one-way ANOVA, Fy,,=2.77, P =0.0615).

Also, populations did not differ from each other in
response to heterospecific calls (one-way ANOVA,
F,15=0.55, P=0.7048). There was no significant vari-
ation among populations in the ages of females tested
with heterospecific calls (one-way ANOVA, F, ;, = 1.74,
P =0.2066).

EXPERIMENTAL FACTORS AFFECTING CALL
PREFERENCE

The CRAT and CDUR main effects examined varia-
tion in response to across-population variation in
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A. socius call chirp rate and chirp duration, respec-
tively (i.e. species-level preferences). We found no sig-
nificant species-level preference based on chirp rate,
but significant species-level preference based on chirp
duration (Table 1).

The POP main effect examined variation among
populations in general responsiveness (i.e. the mean,
or else summed, female response to all stimuli, regard-
less of preference for any stimulus). There was no
significant variation among populations in female
responsiveness (Table 1). The POP x CRAT and
POP x CDUR interactions examined variation among
populations in female preference based on chirp rate
and chirp duration, respectively. There was no signif-
icant variation among populations in female chirp-
rate preferences, but there was significant variation
among populations in female preference for chirp
duration (Table 1). Unlike with call chirp rate, there
appeared to be subtle and systematic increases in pho-
notaxis with increasing chirp duration in three
A. socius populations, while the remaining popula-
tions showed maximum responses near the mean
value of chirp duration (Fig. 2).

The FEM(POP) main effect examined variation
among females within a population in overall respon-
siveness to call stimuli, and appeared statistically
significant (Table 1). The FEM(POP)x CRAT and
FEM(POP) x CDUR interaction effects examined vari-

Table 1. Repeated-measures analysis of variance on con-
specific call preference of female Allonemobius socius

Source of variation df TypeIIMS F

(1) Population 4 6.3235 0.65N

(2) Female within 9 9.7937 27.20%%*
population

(3) Call chirp rate 4 0.5505 0.94%8

(4) Call chirp duration 4 14.2736 4.38%

Interaction of (1) & (3) 16 0.5879 1.65

Interaction of (1) & (4) 16 3.2600 4. 75%%%

Interaction of (2) & (3) 36 0.3557 0.99N8

Interaction of (2) & (4) 36 0.6861 1.91%*

Interaction of (3) & (4) 16 0.4318 1.33%8

Interaction of (1), 64 0.3250 0.90%s
3) & (4)

Errorf 169 0.3600

NP> 0.05, *0.05>P>0.01, **¥0.01>P>0.001, ***P <

0.001.

fTechnically, the error mean-squares (MSE) contains the
interaction among test subject, chirp-rate preference,
and chirp-duration preference, i.e. FEM(POP) x CRAT x
CDUR, as well as those arising from age of test subject,
which is not incorporated in this analysis. See Methods
for details.

ation among females within populations in response to
chirp rate and chirp duration, respectively. Females
within populations appeared not to vary in their chirp-
rate responses, but varied in their chirp-duration
responses (Table 1). Females appeared to differ in
location of peak preference and in shape of preference
functions (Fig. 3), suggesting within-population varia-
tion in strength of individual response to preferred
values of chirp duration.

The CRAT x CDUR effect examined the interaction
between chirp rate and chirp duration on female
response across populations. At the species level,
female response based on chirp rate showed no depen-
dence on chirp-duration values, and vice versa
(Table 1). The POP x CRAT x CDUR effect examined
variation among populations in the intensity of inter-
action between chirp rate and chirp duration. There
was no significant variation among populations in the
nature of interaction between these two male traits
(Table 1).

VARIANCE CONTRIBUTION OF ADULT AGE

The AGE(POP, FEM) term quantified the effect of
adult age on female response to call stimuli. Despite
lacking formal tests of REML variances (in SAS 6.12),
we could infer statistical significance of the AGE(POP,
FEM) term because its variance contribution
exceeded the smallest known non-zero variance, i.e.
FEM(POP) x CDUR (Tables 1 and 2). Similarly, we
could infer a significant contribution from the interac-
tion between female age and chirp duration,
AGE(POP, FEM) x CDUR, because its variance con-
tribution exceeded the FEM(POP) x CDUR variance

Table 2. Restricted-maximum likelihood estimation of
variance components for female response to male mating
call in Allonemobius socius

Source of variation Relative contribution (%)

POP 0.0
FEM(POP) 194
AGE(POP, FEM) 8.8
CRAT 0.6
CDUR 27.6
POP x CRAT 0.0
POP x CDUR 11.1
FEM(POP) x CRAT 0.7
FEM(POP) x CDUR 4.7
AGE(POP, FEM) x CRAT 0.0
AGE(POP, FEM) x CDUR 5.5
CRAT x CDUR 0.0
Error 21.6
Total 100.0
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‘MO’ population ‘MO’ population
15 15 -
1.0 } 1.0 b
05 0.5
0.0 - 0.0 |
-0.5 -0.5 |
-1.0 1.0 }
-15 -1.5
-2 -1 0 +1 +2 -2 -1 0 +1 +2
Normalized chirp rate (SD) Normalized chirp duration (SD)
15 ¢ ‘DA’ population 151 ‘DA’ population
1.0 1.0 t
05 05
00 | {”{\M\{ 00}
-0.5 0.5
-1.0 -1.0
-1.5 -1.5
-2 -1 0 +1 +2 -2 -1 0 +1 +2
Normalized chirp rate (SD) Normalized chirp duration (SD)
15 ¢ ‘DP’ population 1.5 ¢ ‘DP’ population
1.0 1.0 b
05 0.5
0.0 0.0 |
-05 %/d{—§\{_/—{ -0.5
-1.0 -1.0
15 -1.5
-2 -1 0 +1 +2 -2 -1 0 +1 +2
Normalized chirp rate (SD) Normalized chirp duration (SD)
15 - TC’ population 15 . TC’ population
1.0 1.0
05 05
00 | W 00 |
-0.5 -0.5
-1.0 -1.0
15 -15
-2 -1 0 +1 +2 -2 -1 0 +1 +2
Normalized chirp rate (SD) Normalized chirp duration (SD)
15 . ‘HL’ population 15 . ‘HL’ population
1.0 t 1.0 t
0.5 05 |
0.0 + 0.0 |
0.5 -0.5
-1.0 } -1.0 |
15 -1.5
-2 -1 0 +1 +2 -2 -1 0 +1 +2
Normalized chirp rate (SD) Normalized chirp duration (SD)

Figure 2. Preference functions of Allonemobius socius females for chirp rate and chirp duration of male mating calls. The
vertical axis in each panel is normalized-rank stimulus response (mean * SE).
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DA Population

-2 -2 0 +1 +2
Normalized chirp duration

Figure 3. Variation in shape of individual preference func-
tions for Allonemobius socius mating call. Cubic regres-
sions (range of r* = 0.65-1.00) are fitted to mean response
averaged across chirp-rate responses of select females
(female 1 = A, female 2 =[], female 3=0) to population-
specific chirp duration (in SD). The vertical axis in each
panel is normalized-rank stimulus response (mean + SE).

term. Phonotactic response to preferred values of
chirp duration appeared to decline with age of test
subjects (Fig. 4). In contrast, the interaction between
female age and chirp rate contributed nothing to
female phonotaxis (AGE(POP, FEM) x CRAT in Table
2), which remained consistent with the repeated-mea-
sures ANOVA results: chirp rate and interactions
involving chirp rate showed no effect on female pho-
notaxis (Table 1).

DISCUSSION

These findings illustrate the complex nature of varia-
tion in female A. socius mating preferences. Our use of
sequential, single-stimulus presentations and crossed-
nested ANOVA with repeated factors allowed exami-
nation of among- and within-population preference
variation, as well as the potential interaction of pref-
erences based on two male traits.

POPULATION VARIATION IN RESPONSIVENESS AND
PREFERENCE

There was no significant variation among the study
populations in overall responsiveness of females to
call stimuli (Fig.2). Females from all populations,
thus, appeared to respond equally well to preferred
mating calls, and equally well to less preferred mating
calls.

There was neither a significant main effect of chirp
rate on female responses nor significant variation
among populations in female chirp-rate preferences,
suggesting no chirp-rate preference at the species
level and no variation among populations in chirp-
rate preferences (Fig.2). In contrast, variation in
chirp duration had a strong effect on female
responses. First, there was a main effect of chirp
duration. At the species level, females showed
preferences based on chirp duration. Second, there
was significant variation among populations in chirp-
duration preferences. Across populations, females
were least responsive to chirp-duration values at
-2 SD from the population mean (Fig.2). Above
-2 SD, female preferences either remained consis-
tently high (e.g. in the HL and MO populations), or
else peaked at or slightly above the mean value for
chirp duration (Fig. 2). Hence, chirp-duration prefer-
ence appears to have stabilizing and directional com-
ponents, the stabilizing component consisting of
preferences at or above the mean chirp duration of the
population, and the directional component consisting
of preferences for chirp-duration values above the
lowest extreme. Together, these call preferences sug-
gest selection favouring A. socius mating calls with
chirps near or slightly above the mean chirp duration.
While female mating preferences are often described

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 83, 461-472
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Adult age (weeks post-eclosion)

Figure 4. Decline in Allonemobius socius female responsiveness to male mating call with increasing adult age. Weeks 3—
13 post-eclosion define the middle 90th percentile for stimulus response. The vertical axis is normalized-rank stimulus
response averaged across populations and chirp-rate responses. Error bars are omitted for clarity. Chirp duration of —2

SD=0,-1SD=0,0SD==,+1SD=M,+2SD = @.

as stabilizing or directional (Lande, 1981), prefer-
ences of many species have both stabilizing and direc-
tional components (e.g. Gerhardt, 1991; Ritchie, 1996;
Simmons, Zuk & Rotenberry, 2001).

Previous studies have reported geographical varia-
tion in female mating preferences (Houde, 1988; Ryan
& Wilcezynski, 1988; Houde & Endler, 1990; Ritchie,
1991; Simmons & Zuk & Rotenberry, 2001). Variation
among populations can result from evolved genetic
and/or environmental differences. Our study used a
‘common garden’ approach to examine variation
among populations in female mating preferences, i.e.
testing laboratory-reared offspring of field-caught
females. Because test subjects were reared under com-
mon environmental conditions, the observed variation
among populations in chirp-duration preferences may
have a strong genetic basis, though non-genetic mater-
nal effects, i.e. caused by differences in the environ-
ments experienced by the field-caught dams, can
account for some or all of this variation. Female fecun-
dity may also have varied among populations, and the
variation in population density among family contain-
ers used in rearing offspring of field-caught dams may
have affected female responses to mating calls. Future
work should determine the degree to which observed
differences among populations in chirp-duration pref-
erences result from purely genetic vs. purely environ-
mental differences.

Doherty & Howard (1996) reported that female
A. socius failed to discriminate conspecific calls from
those of A. fasciatus, a congener with which it natu-
rally hybridizes. To test for female preferences,
Doherty & Howard (1996) constructed synthetic calls
that varied only in chirp rate (i.e. chirp period was var-
ied but chirp duration remained the same for the two

species) or dominant frequency. Our results can
explain this documented absence of female discrimi-
nation: while displaying call preferences based on
chirp duration, which is not known to differ between
the species, A. socius females appear unresponsive to
variation in chirp rate (~ chirp period in Doherty &
Howard, 1996), which indeed differs between the spe-
cies (Veech, Benedix & Howard, 1996; Mousseau &
Howard, 1998).

One strength of our experimental approach was
the use of synthetic signals in which we could inde-
pendently vary two male signalling traits. Only a few
studies have explicitly examined the relative impor-
tance of different male traits to female mate choice,
and many of these used live males and/or natural
stimuli as models, which often precludes indepen-
dent manipulation of different traits (but see Zuk,
Ligon & Thornhill, 1992 and Basolo, 1998). In con-
trast, numerous studies have examined female pref-
erences based on multiple male traits using
independent choice tests in which all but one trait
was held constant (e.g. Gerhardt, 1991; Moller, 1992;
Ritchie et al., 2001). While such tests can identify
targets of female mating preferences, they also pre-
clude direct comparison of the relative effect of each
trait on female mating decisions.

Why female A. socius responded more strongly to
variation in chirp duration than in chirp rate remains
unclear. Both chirp rate and chirp duration are com-
mon targets of female mating preferences in ortho-
pterans producing chirped calls (e.g. Pollack & Hoy,
1981; Simmons, 1988; Stout & McGhee, 1988; Wagner,
1996). In A. socius, chirp duration — and not chirp rate
— may provide information about mating benefits. One
possible pathway through which females might bene-
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fit from their chirp-duration preferences is through
‘age effects’ on male calling behaviour. Because older
males may appear better at acquiring and defending
resources (Marchetti & Price, 1989), age may adver-
tise superior physiological condition such that females
mating with older males might obtain greater direct
benefits. Some studies have found correlations
between sexual display and age (Zuk, 1988; Petrie,
Halliday & Sanders, 1991; Brown et al., 1996). How-
ever, our preliminary correlation estimates for field-
caught but laboratory-matured males yielded a signif-
icant chirp duration-by-age correlation in only one of
the five study populations (TC population, N =46,
partial r°=-0.37, two-tailed ¢=-2.264, P=0.0114).
Moreover, the direction of this correlation suggests
that TC females actually preferred consorting with
younger — not older — males (Fig. 4). Further investi-
gation into the information content of sexual signals is
warranted.

INDIVIDUAL VARIATION IN RESPONSIVENESS AND
PREFERENCE

Overall, variation among females within populations
accounted for 19.4% of the total variation in female
response to mating call (Table 2). Females might differ
in responsiveness for several reasons: a female might
have low motivation to respond, or else respond very
strongly and consistently to only one stimulus or to a
few stimuli. The determinants of female responsive-
ness should be investigated in greater detail.

Phenotypic variation makes possible selection on
preferences and evolutionary response to selection.
While showing no variation in chirp-rate responses,
A. socius females within populations displayed prefer-
ences for different values of call chirp duration
(Fig. 3). Absence of individual variation in chirp-rate
preferences, combined with the population-level
result, suggests that A. socius females uniformly
ignore variation in chirp rate, an unexpected result
given previous studies reporting individual variation
in preferences (e.g. Stout & McGhee, 1988; Godin &
Dugatkin, 1995; Wagner et al., 1995; Brooks & Endler,
2001a, b; but see Boake, 1989 and Ritchie, 1992). One
explanation for not finding variation in chirp-rate
responses might be insufficient statistical power to
detect individual preferences. However, our success in
documenting among-female variation in chirp-dura-
tion preferences (small sample size notwithstanding)
renders such an explanation unlikely. Indeed, if there
is no phenotypic variation in chirp-rate preferences,
then contemporary selection cannot act on this pref-
erence, at least not to the salient degree with which it
can act on chirp-duration preferences.

Females tended to prefer above-average values of
chirp duration, but within populations they varied in

their chirp-duration preferences: except for the DP
population, no consistent pattern emerged to indicate
an optimal chirp duration (Fig. 3). Among-female vari-
ation in chirp-duration preferences suggests that
some of the observed variation is genetically based,
and that selection can act on this preference. Whether
or not among-population differences reflect geograph-
ical variation in the nature of selection is unknown.
Our documentation of among- and within-population
variation in call preferences, however, suggests this as
a productive avenue of research.

NO INTERACTION BETWEEN CHIRP RATE AND CHIRP
DURATION

The nature of interactions between attractiveness of
male traits can have important consequences for the
evolution of sexual displays. First, a male that pro-
duces preferred values of one trait may benefit little in
producing preferred values of another, even when
females prefer both traits. Under such conditions,
males should only produce preferred values for one of
the traits, particularly when producing preferred trait
values proves costly. Second, a male may only benefit
from producing preferred values of one trait when it
produces preferred values of another. Under such con-
ditions, males that can sustain the costs of producing
preferred traits should produce preferred values for
both traits.

Our experimental design yielded no interaction
between chirp-rate and chirp-duration responses.
Moreover, there was no variation among populations
in the nature of interaction between female responses
to these two traits (i.e. no three-way interaction
among population origin, chirp rate and chirp dura-
tion), suggesting that female response to chirp rate
has no bearing on chirp-duration response, and vice
versa. The absence of such interaction may not neces-
sarily arise from the lack of population-level chirp-
rate preference: there might be no overall effect of
chirp rate on (average) mating responses of females,
yet individual female responses based on chirp rate
might still vary depending on chirp duration.

When the interaction between two male traits
affects female mating responses, long-term sexual
selection should affect the pattern of phenotypic cor-
relation among male traits. Males producing more
preferred values of one trait, for example, may receive
only marginal benefits when producing preferred val-
ues of another trait, thus favouring a negative pheno-
typic correlation between the two male traits.
Alternatively, males may benefit substantially from
producing more preferred values of one trait when
they produce preferred values of another, a scenario
favouring a positive phenotypic correlation between
the two traits. Our analysis of mating calls from field-

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 83, 461-472



470 A.E. OLVIDO and W. E. WAGNER

collected adult males indicated no significant
phenotypic correlation between chirp rate and chirp
duration within the five study populations (Fig. 1), a
finding that remains consistent with the absence of
interaction between the two calling traits on female
phonotaxis.

EFFECT OF AGE ON FEMALE MATING PREFERENCES

Adult age explained a small proportion of the total
variance in female phonotaxis (Table 2). Because pho-
notactic females necessarily travelled a large dis-
tance towards the stimulus area, the age-related
decline in female responsiveness to chirp duration
(Fig. 4) might be due to several physiological changes,
including deterioration of auditory perceptiveness
and of neuromotor skills (Kodric-Brown & Nicoletto,
2001 and references therein). Such a decline in
female somatic condition implies increasingly costly
preference with age. However, the extent to which
physiological fitness affects female mating prefer-
ences over the reproductive life of A. socius remains
to be demonstrated.

CONCLUSIONS

In summary, A.socius females uniformly ignored
variation in the chirp rate of male calls. In contrast,
conspecific calls with long chirps attracted females;
there was both among- and within-population varia-
tion for chirp-duration preference. There was no
interaction between female preference for chirp rate
and that for chirp duration, suggesting no influence
of chirp rate (of calling males) on chirp-duration
preferences of A.socius females. Lastly, female
responsiveness to mating calls with average to above-
average chirp duration appeared to decline with
adult age.

ACKNOWLEDGEMENTS

We thank Chris Harper for processing most of the
videotaped behavioural trials, Ron Douglas for travel
assistance, and Alex Basolo, Robert Gibson, Ann
Hedrick, John Allen and several anonymous reviewers
for insightful commentary on previous drafts. This
study was supported by National Science Foundation
(USA) grant IBN-9604226 to W. E. Wagner Jr. and
National Science Foundation (USA) minority postdoc-
toral research fellowship to A. E. Olvido.

REFERENCES

Andersson M. 1994. Sexual selection. Princeton, New Jersey:
Princeton University Press.

Basolo AL. 1998. Evolutionary change in a receiver bias: a
comparison of female preference functions. Proceedings of
the Royal Society of London B 265: 2223—2228.

Bennet Clark HC. 1989. Songs and the physics of sound pro-
duction. In: Huber F, Moore TE, Loher W, eds. Cricket behav-
ior and neurobiology. Ithaca, New York: Cornell University
Press, 227-261.

Boake CRB. 1989. Repeatability: Its role in evolutionary
studies of mating behaviour. Evolutionary Ecology 3: 173—
182.

Brooks R, Endler JA. 2001a. Direct and indirect sexual
selection and quantitative genetics of male traits in guppies
(Poecilia reticulata). Evolution 55: 1002-1015.

Brooks R, Endler JA. 2001b. Female guppies agree to differ:
Phenotypic and genetic variation in mate choice behavior
and the consequences for sexual selection. Evolution 55:
1644-1655.

Brown WD, Wideman J, Andrade MCB, Mason AC,
Gwynne DT. 1996. Female choice for an indicator of male
size in the song of the black-horned tree cricket, Oecanthus
nigricornis (Orthoptera, Gryllidae: Oecanthinae). Evolution
50: 2400-2411.

Bush SL, Gerhardt HC, Schul J. 2002. Pattern recognition
and call preferences in treefrogs (Anura: Hylidae): a quanti-
tative analysis using a no-choice paradigm. Animal Behav-
lour 63: 7-14.

Conover WdJ. 1999. Practical nonparametric statistics, 3rd
edn. New York: John Wiley and Sons.

Darwin C. 1871. The descent of man, 2nd edn. London: John
Murray.

Doherty JA, Howard DdJ. 1996. Lack of preference for con-
specific calling songs in female crickets. Animal Behaviour
51: 981-990.

Eberhard WB. 1996. Female control: sexual selection by cryp-
tic female choice. Princeton, New Jersey: Princeton Univer-
sity Press.

Gavrilets S, Arnqvist G, Friberg U. 2000. The evolution of
female mate choice by sexual conflict. Proceedings of the
Royal Society of London B 268: 531-539.

Gerhardt HC. 1991. Female mate choice in treefrogs: Static
and dynamic acoustic criteria. Animal Behaviour 42: 615—
635.

Godin JGdJ, Dugatkin LA. 1995. Variability and repeatabil-
ity of female mating preferences in the guppy. Animal
Behaviour 49: 1427-1433.

Heisler IL. 1984. A quantitative genetic model for the origin
of mating preferences. Evolution 38: 1283-1295.

Heisler IL. 1994. Quantitative genetic models of the evolution
of mating behavior. In: Boake CRB, ed. Quantitative genetic
studies of behavioral evolution. Chicago: University of Chi-
cago Press, 101-125.

Houde AE. 1988. Genetic differentiation in female choice
between two guppy populations. Animal Behaviour 36: 510—
516.

Houde AE, Endler JA. 1990. Correlated evolution of female
mating preferences and male color patterns in the guppy,
Poecilia reticulata. Science 248: 1405-1408.

Howard DdJ, Furth DG. 1986. Review of the Allonemobius

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 83, 461-472



SEXUAL SELECTION ON CRICKET MATING CALL 471

fasciatus (Orthoptera, Gryllidae) complex with the descrip-
tion of two new species separated by electrophoresis, songs,
and morphometrics. Annals of the Entomological Society of
America 79: 472—481.

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

Jennions MD, Petrie M. 1997. Variation in mate choice and
mating preferences: a review of causes and consequences.
Biological Reviews of the Cambridge Philosophical Society
72: 283-3217.

Kodric-Brown A, Nicoletto PF. 2001. Age and experience
affect female choice in the guppy (Poecilia reticulata). The
American Naturalist 157: 316-323.

Lande R. 1981. Models of speciation by sexual selection on
polygenic traits. Proceedings of the National Academy of Sci-
ences, USA 78: 3721-3725.

Marchetti K, Price T. 1989. Differences in the foraging of
juvenile and adult birds: the importance of developmental
constraints. Biological Reviews of the Cambridge Philosoph-
ical Society 64: 51-70.

Moller AP. 1992. Female swallow preference for symmetric
male sexual ornaments. Nature 357: 238-240.

Moller AP, Petrie M. 2002. Condition dependence, multiple
sexual signals, and immunocompetence in peacocks. Behav-
toral Ecology 13: 248-253.

Moore TE. 1989. Glossary of song terms. In: Huber F, Moore
TE, Loher W, eds. Cricket behavior and neurobiology. Ithaca,
New York: Cornell University Press, 485-487.

Mousseau TA, Howard DdJ. 1998. Genetic variation in
cricket calling song across a hybrid zone between two sibling
species. Evolution 52: 1104-1110.

Mousseau TA, Roff DA. 1989. Geographic variability in the
incidence and heritability of wing dimorphism in the striped
ground cricket, Allonemobius fasciatus. Heredity 62: 315—
318.

Neter J, Wasserman W, Kutner MH. 1990. Applied linear
statistical models, 3rd edn. Homewood, Illinois: Richard D.
Irwin.

Petrie M, Halliday T, Sanders C. 1991. Peahens prefer pea-
cocks with elaborate trains. Animal Behaviour 41: 323-331.

Pollack GS, Hoy R. 1981. Phonotaxis to individual rhythmic
components of a complex cricket calling song. Journal of
Comparative Physiology 144: 367-373.

Ritchie MG. 1991. Female preferences for ‘song races’ of
Ephippiger ephippiger (Orthoptera, Tettigoniidae). Animal
Behaviour 42: 518-520.

Ritchie MG. 1992. Variation in male song and female pref-
erences within a population of Ephippiger ephippiger
(Orthoptera, Tettigoniidae). Animal Behaviour 43: 845-
855.

Ritchie MG. 1996. The shape of female mating preferences.
Proceedings of the National Academy of Sciences, USA 93:
14628-14631.

Ritchie MG, Saarikettu M, Livingstone S, Hoikkala A.
2001. Characterization of female preference functions for

Drosophila montana courtship song and a test of the tem-
perature coupling hypothesis. Evolution 55: 721-727.

Ryan MdJ, Wilczynski W. 1988. Coevolution of sender and
receiver: Effect on local mate preference in cricket frogs. Sci-
ence 240: 1786-1788.

SAS Institute. 1999. Selected SAS documentation for biome-
try 902: advanced experimental design, 2nd edn. Cary, North
Carolina: SAS Institute.

Shaw RG. 1987. Maximum-likelihood approaches applied to
quantitative genetics of natural populations. Evolution 41:
812-826.

Simmons LW. 1988. The calling song of the field cricket, Gryl-
lus bimaculatus (DeGeer): Constraints on transmission and
its role in intermale competition and female choice. Animal
Behaviour 36: 380-394.

Simmons LW, Zuk M, Rotenberry JT. 2001. Geographic
variation in female preference functions and male songs of
the field cricket, Teleogryllus oceanicus. Evolution 55: 1386—
1394.

Sokal RR, Rohlf FdJ. 1981. Biometry, 2nd edn. San Francisco:
Freeman.

Stout JF, McGhee R. 1988. Attractiveness of the male Acheta
domestica calling song to females. II. The relative impor-
tance of syllable period, intensity, and chirp rate. Journal of
Comparative Physiology 164: 277-287.

Tanaka S, Brookes VdJ. 1983. Altitudinal adaptation of the
life cycle in Allonemobius fasciatus DeGeer (Orthoptera,
Gryllidae). Canadian Journal of Zoology 61: 1986—-1990.

Tregenza T, Wedell N. 1998. Benefits of multiple mates in
the cricket Gryllus bimaculatus. Evolution 52: 1726-1730.

Tregenza T, Wedell N. 2000. Genetic compatibility, mate
choice and patterns of parentage: invited review. Molecular
Ecology 9: 1013-1027.

Veech JA, Benedix JH Jr, Howard DdJ. 1996. Lack of call-
ing song displacement between two closely related ground
crickets. Evolution 50: 1982-1989.

Vickery VR, Johnstone DE. 1973. The Nemobiinae (Ortho-
ptera, Gryllidae) of Canada. Canadian Entomologist 105:
623-645.

Wagner WE Jr. 1996. Convergent song preferences between
female field crickets and acoustically orienting parasitoid
flies. Behavioral Ecology 7: 279-285.

Wagner WE Jr. 1998. Measuring female mating preferences.
Animal Behaviour 55: 1029-1042.

Wagner WE Jr, Harper CdJ. 2003. Female life span and fer-
tility are increased by the ejaculates of preferred males. Evo-
lution 57: 2054—-2066.

Wagner WE Jr, Murray AM, Cade WH. 1995. Phenotypic
variation in the mating preferences of female field crickets,
Gryllus integer. Animal Behaviour 49: 1269-1281.

Wagner WE Jr, Smeds MR, Weigmann DD. 2001. Experi-
ence affects female responses to male song in the variable
field cricket, Gryllus lineaticeps (Orthoptera, Gryllidae).
Ethology 107: 769-776.

Walker T, Moore T. 2001. Crickets. In: Singing insects of
North America. http://buzz.ifas.ufl.edu/crickets.htm

Wood RA, ed. 1996. Weather of US cities, 5th edn. New York:
Gale Research.

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 83, 461-472


http://buzz.ifas.ufl.edu/crickets.htm

472 A E. OLVIDO and W. E. WAGNER

Zeh JA, Zeh DW. 1997a. The evolution of polyandry. I. male field crickets (Orthoptera, Gryllidae): effects on sexual
Intragenomic conflict and genetic incompatibility. Proceed- selection. Evolution 42: 969-976.
ings of the Royal Society of London B 263: 1711-1717. Zuk M, Ligon JD, Thornhill R. 1992. Effects of experimental
Zeh JA, Zeh DW. 1997b. The evolution of polyandry. II. Post- manipulation of male secondary sex characters on female
copulatory defences against genetic incompatibility. Proceed- mate preference in red jungle fowl. Animal Behaviour 44:
ings of the Royal Society of London B 264: 69-75. 999-1006.

Zuk M. 1988. Parasite load, body size, and age of wild-caught

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 83, 461-472



