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abstract: Mate choice may impose both linear (i.e., directional)
and nonlinear (i.e., quadratic and correlational) sexual selection on
advertisement traits. Traditionally, mate recognition and sensory tuning have been thought to impose stabilizing (i.e., negative quadratic)
sexual selection, whereas adaptive mate choice effects directional selection. It has been suggested that adaptive choice may exert positive
quadratic and/or correlational sexual selection. Earlier, we showed
that five structural components of the advertisement call of male
field crickets (Teleogryllus commodus) were under multivariate stabilizing selection under laboratory conditions. Here we experimentally estimate selection on these five traits plus a measure of calling
activity (the number of repeats in a looped bout of calling) in the
field. There was general support for multivariate stabilizing selection
on call structure, and calling activity was under strong positive directional selection, as predicted for a signal of genetic quality. There
was, however, also appreciable correlational selection, suggesting an
interaction between male call structure and calling effort. Interestingly, selection for short interbout durations of silence favored longer
intercall durations in the field, in contrast to results from continuous
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portance of nonlinear selection in the honest signaling of genetic
quality.
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How mating signals evolve by sexual selection depends on
both the shape of the female preference function and its
relationship to the underlying phenotypic distribution of
the male signal (Ryan and Rand 1993a, 2003; Ritchie 1996;
Greenfield 2002). Open-ended preference functions will
always exert directional selection on male signals (Gerhardt 1991; Ryan and Keddy-Hector 1992; Ryan and Rand
1993a; Greenfield 2002), although this is not necessarily
linear in form. Preference functions that peak at specific
values of the male signal (i.e., unimodal preference functions sensu Shaw and Herlihy 2000) may exert stabilizing
and/or directional sexual selection on the signal. When
the peak of the female preference function coincides with
the mean value of the male signal in the population, sexual
selection will be stabilizing (Gerhardt 1991; Ryan and Rand
1993a; Greenfield 2002). By contrast, when the peak differs
from the population mean but is within the range of male
signals expressed in the population, selection will have
both directional and stabilizing components (Ryan and
Keddy-Hector 1992). Finally, if the preference peak is outside the phenotypic distribution of the male signal, selection will always be directional (Ryan and Rand 1993a).
Biologically, the shape of the preference function is determined by the capabilities of the female’s sensory organs
and nervous system, which are also the products of selection. Unimodal preference functions arise when the receivers’ sensory organs are best tuned to detecting signals
within a particular range (e.g., auditory tuning frequency
in the cricket frog; Ryan and Wilczynski 1988; Ryan et al.
1992) or when filters in the nervous system ensure that
only phenotypes in a restricted range are recognized as
potential signals (Stumpner and von Helversen 2001). The
recognition of appropriate mates (Paterson 1982, 1985;
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Butlin et al. 1985; Ryan and Rand 1993b; Hennig and
Weber 1997), the transmission properties of the environment (Bennet-Clarke 1970; Patten et al. 2004), and natural
selection operating in contexts other than mate choice
(Endler and Basolo 1998) have all been shown to bias
female sensory capabilities, leading to greater responses to
stimuli with a limited range of values.
By contrast, open-ended preference functions commonly exist for signals with greater energetic content (reviewed by Ryan and Keddy-Hector [1992]). In acoustic
species, greater signal energy is typically manifested as
greater call intensity, higher repeat rate, or longer call duration (Klump and Gerhardt 1987; Gerhardt 1991; Greenfield 2002). At a proximate level, such signals are known
to provide a greater stimulus to both the receptor organs
and the nerve filters that process the signal (Endler and
Basolo 1998). It has been argued that such signals reliably
convey information about the signaler’s phenotypic or genetic quality because of the energetic costs of increased
signal production (Klump and Gerhardt 1987; Ryan and
Keddy-Hector 1992; Welch et al. 1998; Gerhardt and
Huber 2002; Brandt and Greenfield 2004; Greenfield and
Rodriguez 2004; Hunt et al. 2004a). Although honestsignaling theory has predominantly focused on the relative
costs of signaling by high- and low-quality males (Zahavi
1975; Grafen 1990; Johnstone 1995), differential benefits
may also play a crucial role in handicap signaling (Getty
1998a, 1998b, 2002). In order for signals to honestly advertise genetic quality, the net benefits of a given level of
investment in a signal must be greater for males of high
quality than they are for males of low quality. Such a
relationship could arise if the open-ended preference function was not linear but had a concave (positive quadratic)
curvature. Indeed, many theoretical treatments of sexual
selection model mating success as an exponentially increasing function of signal expression (e.g., Kokko 2001;
Kokko et al. 2002).
We know a great deal about stabilizing and directional
selection on acoustic mating signals from phonotaxis trials
in which females can respond to experimentally manipulated signals (Klump and Gerhardt 1987; Gerhardt 1991;
Ryan and Rand 1993b; Polakow et al. 1995; Ritchie 1996;
Murphy and Gerhardt 2000; Shaw and Herlihy 2000; Simmons et al. 2001; Klappert and Reinhold 2003). The majority of studies have, however, considered only the effect
of manipulating one call character at a time. In reality,
selection seldom operates on a single trait independently
of other traits, and combinations of traits could have effects on individual fitness that cannot be predicted from
consideration of the effect of varying a single trait in an
experimental study (Lande and Arnold 1983). Indeed,
nonlinear selection analysis (Lande and Arnold 1983; Phillips and Arnold 1989) has formally shown that combi-
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nations of traits can have multiplicative effects on fitness
via the action of correlational selection (e.g., Brodie 1992;
Blows et al. 2003; LeBas et al. 2003). The resulting pattern
of selection operating on a suite of traits can thus be
complex (e.g., Blows et al. 2003; Blais et al. 2004; McGlothlin et al. 2005) and impossible to predict from univariate analyses alone. Interestingly, correlational selection,
in which two or more signal components influence attractiveness multiplicatively, has been invoked as a possible
cause of directional, concave sexual selection (LeBas et al.
2003; McGlothlin et al. 2005).
In the native Australian black field cricket Teleogryllus
commodus, males broadcast an advertisement call from a
simple burrow structure to attract a mate (Loher and
Rence 1978; Evans 1988). The advertisement call begins
with a single chirp sequence followed by a variable number
of trill sequences that have a higher pulse repetition rate
(fig. 1; Bentley and Hoy 1972; Hill et al. 1972). Previously,
we used two-choice, laboratory-based phonotaxis trials
where we simultaneously, yet independently, manipulated
five male call properties (see fig. 1; the five are dominant
frequency, chirp pulse number, the duration of the interval
between the chirps, trill number, and the interval between
call phrases; Brooks et al. 2005) and showed that females
exert multivariate stabilizing selection on these structural
call characters. In the field, however, males call in bouts
that may last from a few minutes to more than half a
night, and so they may vary greatly in their “time on air.”
Even though we know that the total amount of time per
night that a male spends broadcasting his call (hereafter
termed “calling effort”) is condition dependent and imposes a large cost to male survival in T. commodus (Hunt
et al. 2004a), we still know very little about how selection
shapes this form of male advertisement and how, or

Figure 1: Schematic representation of the advertisement call of male
Teleogryllus commodus. Each call consists of a chirp (a) followed by a
series of one or more trills (b). We manipulated the number of pulses
in the chirp, the duration of the interval between pulses in the chirp (c),
the intercall duration (d), the dominant frequency of the call (not shown),
and the number of times a call was repeated in a 5-min continuous loop.
All other aspects of the call were kept constant. See table 1 for the mean
values used.
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whether, variation in calling effort affects selection on
structural components of the call.
Here we use an experimental field study to estimate
linear and nonlinear selection on the same five characters
(hereafter collectively referred to as the “structural call
characters”), plus a measure of calling effort (number of
calls per 5 min). We wished to test whether the five structural characters manipulated in our laboratory study were
under a similar pattern of multivariate stabilizing selection
in the wild. Close-range (!1.5 m) two-choice phonotaxis
experiments in the laboratory might provide estimates of
selection of limited relevance to the field for several reasons, including the degradation of calls with certain structural properties over greater distances and in less controlled environmental conditions (Greenfield 2002) and
the presence of potential predators (Bailey and Haythornthwaite 1998) and parasitoids (Cade 1975; Zuk and
Kolluru 1998; Gray and Cade 1999). Further, we wished
to test whether calling effort is under strong directional
selection, as would be expected for a costly signal of genetic
quality. Last, we wished to test whether selection operates
largely independently on call structure and call effort or
there is any correlational selection.

Table 1: Call property values of the six manipulated call
properties
Properties manipulated

Abbreviation

SD

Mean

Chirp pulse number
Trill number
Intercall duration (s)
Chirp interpulse duration (s)
Dominant frequency (kHz)
Repeat number

CPN
TN
ICD
CIPD
DF
RN

.82
1.12
435.37
3.48
.14
13.73

6.42
2.78
501.52
28.16
3.83
26.50

constructed a 5-min loop using this number of repeats of
the call. Consequently, loops with calls that were longer
in duration and that contained a greater number of calls
had a longer duration of sound (i.e., bout length) and a
shorter interval of silence between the end of the last call
in the loop and the first call in the next playback of the
loop (i.e., shorter interbout intervals). There were, therefore, no correlations among manipulated characters in our
artificial call loops, and our selection analysis explores the
full range of phenotypic combinations of call parameters,
including those that may be biophysically impossible to
generate, by removing any natural correlations that may
exist between these traits (see also Brooks et al. 2005).

Methods
Call Construction

Playback Experiment

To estimate linear and nonlinear selection on male call
properties, we conducted a large-scale field experiment in
which we measured the number of wild female Teleogryllus
commodus attracted to artificially constructed male calls.
Many aspects of our current study are based on our previous laboratory-based phonotaxis study (Brooks et al.
2005), and we direct the reader to that study for a more
detailed description.
Briefly, we constructed artificial calls that varied independently in the following five structural characters: chirp
pulse number, trill number, intercall duration, chirp interpulse duration (see fig. 1), and dominant frequency. We
calculated the natural distribution of these five structural
characters from a random sample of field-caught males
(see table 1; Brooks et al. 2005, p. 873). We then constructed 300 unique calls with values for each parameter
selected independently from one another, each drawn at
random from the univariate natural distribution of that
parameter (these are the 300 calls constructed by Brooks
et al. [2005]; see their article for further details on call
distributions, sampling, and construction). Each unique
call was then assigned to a 5-min playback loop with a
randomly assigned number of call repeats (RN). To achieve
this, we assigned each unique call a random number from
a normal distribution of values between 1 and 50 and

We conducted our field playback experiment at Smith’s
Lake Field Station, situated near Forster, New South Wales,
Australia (32⬚22⬘S, 152⬚30⬘E), between March 1 and
March 30, 2004. This corresponds with the peak breeding
season of T. commodus (Otte and Alexander 1983).
We constructed a circular arena (figs. A1–A3) 20.4 m
in diameter on a level patch of maintained pasture. We
placed 13 playback units at regular 4.88-m intervals
around the circumference. Each playback unit comprised
a pair of 9-V speakers (placed back to back, one facing
directly toward the center of the circle and one facing
directly away from it), a CD player (Magnavox MPCD12), and a tent cover over the top for weather protection
(see appendix). The speakers were placed on a 60 # 60cm sticky trap that consisted of a piece of Corflute board
covered in Tangletrap insect trap coating, secured to the
ground at each corner using tent pegs. The CD players
and speakers were connected to the main power supply
via cords that ran around the outside of the arena. Call
playback intensity was calibrated daily to 80 dB (root mean
square) at 0.8 m from each speaker using a Radio Shack
(Fort Worth, TX) SPL meter.
Each night we ran a trial of the experiment from 9:00
p.m. to 5:30 a.m. One pair of speakers was a silent control
in which the acoustic equipment was set up and powered
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yet no call was played. A second pair of speakers played
a control call, representing the mean call properties for
this population (see table 1). Each of the remaining 11
pairs of speakers continuously played one of the 300
unique call loops. The 11 unique call loops, the control
loop, and the silent control were assigned at random to
playback stations in the arena each night before the trial
commenced. The 11 unique call loops used each night
were also drawn at random from the 300 constructed calls
(of which only 275 were used).
Each night, we collected 50 females from the nearby (5
km away) Bungwahl graveyard and released them under
cardboard egg cartons at the center of the arena immediately before the start of each trial. To ensure that females
attracted to calls did not escape the sticky trap and/or were
not consumed by predators while on the trap, we marked
and monitored any captured females hourly between
10:00 p.m. and 1:00 a.m. and then at 5:00 and 5:30 a.m.,
after which the units were turned off. We used the total
number of females caught on a sticky trap as our measure
of the attractiveness of the call loop played from the corresponding speakers. The purpose of the two controls was
to measure the background rate at which females were
trapped in a silent control. The selection estimates do not
differ substantially with the two controls included in the
analyses, and we therefore omit them to avoid possible
pseudoreplication.
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is given by its eigenvalue, li. The strength of linear selection (vi) along each eigenvector and the significance of
both linear and nonlinear selection along each eigenvector
were obtained by including linear and quadratic forms of
all eigenvectors in a new multiple-regression model (i.e.,
the double–linear regression [DLR] method described by
Bisgaard and Ankenman [1996]). As our response variable
was not normally distributed, we used randomization testing (as suggested by Mitchell-Olds and Shaw [1987]) to
assess the significance of estimated selection gradients in
both the original linear and nonlinear regressions and the
second regression (DLR). The statistical methodology is
outlined and applied in greater detail in Brooks et al.
(2005).

Visualizing the Fitness Surface
We used nonparametric approaches to visualizing the fitness surface because they provide a less constrained view
than the best quadratic approximation (Schluter 1988;
Schluter and Nychka 1994). To view the fitness surface
along a single axis, we used Schluter’s GLMS 4.0 (available
at http://www.zoology.ubc.ca/∼schluter/splines.html) to fit
a cubic spline with bootstrapped standard errors (Schluter
1988). To view the fitness surface along pairs of axes, we
fitted thin-plate splines (Green and Silverman 1994), using
the Tsp function in the fields package in R (available at
http://www.r-project.org).

Estimating Linear and Nonlinear Selection
We used standard multiple-regression-based linear and
nonlinear selection analysis (Lande and Arnold 1983) to
estimate gradients of linear and quadratic selection on the
six traits and correlational selection on pairs of traits. We
followed the usual practice of standardizing each trait to
have zero mean and unit variance and dividing our response variable (number of females per call loop) by the
mean across all samples to provide a measure of relative
fitness (Lande and Arnold 1983). We then built separate
multiple-regression models to estimate the vector of linear
selection gradients, b, and the matrix of nonlinear selection
gradients, g, as described by Lande and Arnold (1983).
It can be difficult to obtain a full appreciation for the
strength and significance of nonlinear selection by interpreting the size and sign of g-coefficients individually
(Phillips and Arnold 1989; Blows and Brooks 2003). We
therefore performed a canonical rotation of the g matrix
to find the major axes of the response surface (Phillips
and Arnold 1989; see method in app. 1 of Blows and
Brooks 2003). This results in a matrix, M, comprising i
eigenvectors, mi, each describing a major axis of the response surface (where i is the original number of traits).
The strength of nonlinear selection along each eigenvector

Results
Over 25 nights, we caught six females in the silent control
trap (0.24 females trap-night⫺1), 18 females in the trap at
the standard control call (0.72 females trap-night⫺1), and
192 females in the traps at the unique call loops (0.77
females trap-night⫺1). There was significant linear selection
favoring greater numbers of call repeats in the 5-min loop
(table 2). Nonlinear selection analysis revealed significant
negative quadratic selection on trill number, positive quadratic selection on chirp interpulse duration, and correlational selection between intercall duration and both
dominant frequency and number of call repeats (table 2).
Canonical rotation of the g matrix of nonlinear selection
gradients resulted in three eigenvectors with positive eigenvalues (m1–m3) and three with negative eigenvalues
(m4–m6; table 3). There was significant stabilizing selection
along three of the four major axes of nonlinear selection,
m4–m6, as illustrated in figure 2. The axis of strongest
stabilizing selection, m6, was heavily affected by intercall
duration and dominant frequency. The remaining two axes
of significant nonlinear selection are heavily weighted by
a single structural character, chirp pulse number in the
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Table 2: The vector of standardized linear selection gradients (b) and the matrix of standardized quadratic and correlational selection
gradients (g)
g
Property
CPN
TN
ICD
CIPD
DF
RN

CPN

b
⫺.037
.020
.143
.016
⫺.171
.385

Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ

TN

ICD

.094
⫺.122 Ⳳ .068
.093
⫺.064 Ⳳ .107 ⫺.121 Ⳳ .062*
.093
⫺.070 Ⳳ .124
.008 Ⳳ .101
.092
.110 Ⳳ .086 ⫺.021 Ⳳ .090
.093
.154 Ⳳ .090 ⫺.058 Ⳳ .094
.093**
.089 Ⳳ .087 ⫺.102 Ⳳ .094

⫺.081
⫺.161
⫺.349
⫺.239

Ⳳ
Ⳳ
Ⳳ
Ⳳ

CIPD

DF

RN

.046
.109
.117 Ⳳ .055*
.086***
.161 Ⳳ .092 ⫺.011 Ⳳ .068
.118*
⫺.092 Ⳳ .091 ⫺.145 Ⳳ .090 .071 Ⳳ .100

Note: CPN p chirp pulse number; TN p trill number; ICD p intercall duration; CIPD p chirp interpulse duration; DF p dominant frequency;
RN p repeat number. Gradients are presented Ⳳ standard error.
* Randomization test P ! .05.
** Randomization test P ! .01.
*** Randomization test P ! .001.

case of m5 and trill number in the case of m4, and by
minor contributions from the other call attributes.
The axis of strongest linear and nonlinear selection was
m1 (table 3; fig. 3), which was heavily loaded by calling
effort (repeat number) and three structural characters of
the male call: intercall duration, chirp interpulse duration,
and dominant frequency. Selection strongly favored low
values of m1, which would involve lower dominant frequencies, greater calling effort, longer intercall durations,
and shorter interpulse durations in the chirp. The fitness
function appears to flatten out at the lower boundary of
values tested, and there is some indication that very high
values are favored over average values (fig. 3). In figure 4,
we present the fitness surface described by the two major
axes of nonlinear selection, m1 and m6, which illustrates
both stabilizing selection favoring intermediate values of
m6 and the extreme directional and concave-up selection
favoring low values of m1.
There was also significant directional selection toward
high values of m2, which are associated with greater calling
effort, longer chirp interpulse duration, and more pulses
per chirp (table 3). This provides further evidence for

directional selection on both the duration of the chirp and
the number of repeat calls in a looped bout. Intriguingly,
however, fitness is not maximized at low values of m1 and
high values of m2. Rather, there appears to be strong disruptive selection (fig. 5), with a peak at low values of m1
and intermediate values of m2 and another peak at high
values of both m1 and m2. The presence and size of this
second peak must be interpreted with caution, however,
because it is based on only three data points (fig. 5b). This
second peak arises when there is greater calling effort and
longer chirps because of more pulses per chirp and longer
gaps between pulses.
Discussion
Our analyses indicate that both linear and nonlinear selection are significant on the manipulated male call characters in the field. As predicted by pairwise choice trials
in the laboratory (Brooks et al. 2005), there was strong
stabilizing selection on structural call characters. Furthermore, our prediction that calling effort (the number of
repeat calls in a looped bout) would be under strong di-

Table 3: The matrix M of eigenvectors from the canonical rotation of g
M

Selection

Eigenvector

CPN

TN

ICD

CIPD

DF

RN

v

l

m1
m2
m3
m4
m5
m6

.15
.34
.28
.18
.86
⫺.13

⫺.01
⫺.26
⫺.26
.93
.00
.03

⫺.48
.11
⫺.28
⫺.08
.27
.78

.53
.54
⫺.64
⫺.02
⫺.08
.05

.51
.06
.54
.15
⫺.24
.60

⫺.45
.71
.25
.27
⫺.36
⫺.13

⫺.456***
.221*
⫺.061
.160
⫺.116
.118

.320***
.088
.004
⫺.147**
⫺.178**
⫺.234***

Note: The linear (vi) and quadratic (li, the eigenvalue) gradients of selection along each eigenvector
(mi) are given in the last two columns. CPN p chirp pulse number; TN p trill number; ICD p
intercall duration; CIPD p chirp interpulse duration; DF p dominant frequency; RN p repeat number.
* Randomization test P ! .05.
** Randomization test P ! .01.
*** Randomization test P ! .001.
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Figure 2: Thin-plate spline visualizations of the fitness surfaces, which demonstrate significant convex stabilizing selection between m5 and m6 (a),
m4 and m5 (b), and m4 and m6 (c).

rectional sexual selection was upheld. Interestingly, however, there were also strong interactions between structural
characters and calling effort. This results in a complex
pattern of multivariate sexual selection on male call properties, a finding that is becoming increasingly apparent for
sexual signals of a variety of other animal taxa (Ceratitis
capitata, Rodriguero et al. 2002; Poecilia reticulata, Blows
et al. 2003; Rhamphomyia tarsata, LeBas et al. 2003; Drosophila serrata, Blows et al. 2004; Gasterosteaus aculeatus,
Blais et al. 2004; Teleogryllus commodus, Brooks et al. 2005;
Junco hyemalis, McGlothlin et al. 2005). More generally,

our findings highlight the need to view sexual selection in
multiple dimensions and to examine both linear and nonlinear forms of multivariate selection (Lande and Arnold
1983; Blows and Brooks 2003). While this approach has
long been advocated (Lande and Arnold 1983; Arnold and
Wade 1984), it is still considerably underutilized in studies
of sexual selection.
Structural Characters and Stabilizing Selection
Our results indicate that in the wild, female T. commodus
exert significant multivariate stabilizing selection on three
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Figure 3: Cubic spline visualization of selection on m1, the axis of strongest nonlinear and linear selection. Solid line shows the fitted spline;
dotted lines represent bootstrapped upper and lower standard errors.

of the four major axes of nonlinear selection (m4–m6).
These axes are heavily loaded toward four of the five structural call characters that we manipulated, trill number
(m4), chirp pulse number (m5), intercall duration, and
dominant frequency (m6). This finding is consistent with
our laboratory phonotaxis study (Brooks et al. 2005), in
which the five structural characters that we manipulated
were under multivariate stabilizing sexual selection. Further, the lack of evidence for stabilizing selection on chirp
interpulse duration is consistent with the weak effect of
this character on the major axes of the stabilizing selection
surface identified in our laboratory study (table 3 of
Brooks et al. 2005).

Call Effort and Directional Selection
As predicted, there was strong directional selection on male
calling effort, with females showing a strong preference
for male calls with greater numbers of repeats. This finding
is largely consistent with previous studies on field crickets
(French and Cade 1989; Crnokrak and Roff 1995; Holzer
et al. 2003) and frogs (Arak 1983; Ryan 1983; Klump and
Gerhardt 1987; Passmore et al. 1992) that have demonstrated that call rate is a major determinant of male mating
success. However, while call repeat number was the only
trait for which we detected significant linear selection, it
was not the only trait implicated in directional sexual selection. The major feature of the rotated fitness surface is
the prominent and statistically well-supported peak at low
values of m1, which corresponds with high repeat numbers,
long intercall durations, and low dominant frequencies.
Long intercall durations and low dominant frequencies
were also under strong but not significant linear selection,
suggesting not only that m1is the major axis of nonlinear

selection but that it corresponds closely with the vector of
linear selection gradients.
The secondary fitness peak at high values of both m1
and m2 also suggests strong selection favoring chirps containing large number of pulses and long interpulse intervals. The evidence that the number of pulses in the chirp
and the duty cycle (proportion of the call in which sound
is actually transmitted; Greenfield 2002) of the chirp may
have directional effects on male attractiveness independent
of bout length (i.e., repeat number) is consistent with
evidence for the importance of the chirp component in
the congeneric species Teleogryllus oceanicus (Hill et al.
1972; Simmons et al. 2001).
In our earlier univariate (Hunt et al. 2005) and multivariate (Brooks et al. 2005) laboratory experiments, female T. commodus preferred continuously looped calls with
shorter intervals between calls (i.e., shorter intercall durations). We interpreted this as a preference for greater
calling effort in much the same way as we have here for
high repeat numbers. However, the results we present here
demonstrate selection for longer intercall durations. The
key difference between our earlier laboratory experiments
and the current field-based study is that, in the laboratory
study, the calls were on a continuous loop without any
division into bouts of calling versus periods of silence. In
contrast, in our current field study, calls were manipulated
so that every 5 min there was one new bout of calling
followed by silence. Consequently, both greater repeat
numbers and longer intercall durations within each call
extended the overall bout length and concomitantly shortened the interbout duration. It therefore appears that selection for shorter interbout durations overrides selection
for shorter intercall durations within bouts. Such a finding
would be expected if females prefer male calls with greater
energy content or if it is easier for females to localize a
male whose calls are spread over a longer time interval.
A point of difference between this study and our earlier
univariate laboratory study (Hunt et al. 2005) is that Hunt
et al. (2005) found that females preferred males with
slightly higher than average call frequencies, whereas here
we show that lower-frequency calls attract more females
over larger spatial scales in the field. There are a number
of differences between the two studies that may account
for this discrepancy, one of which is the relationship between frequency and sound attenuation. Higher-frequency
sounds typically attenuate more rapidly than lowerfrequency sounds (Greenfield 2002). Therefore, even
though call intensity was equal at 0.8 m from each speaker
in our current study, beyond this range low-frequency calls
are likely to have had a greater broadcast area and consequently reached and attracted more females. If this is
indeed the case, it highlights the need for caution when
interpreting female preferences measured in short-range

Figure 4: Thin-plate spline visualization of the fitness surface demonstrating the two major axes of selection, m1 and m6. a, Perspective view; b,
shaded contour plot with supporting data points overlaid. Darker regions indicate higher fitness.
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Figure 5: Thin-plate spline visualization of the fitness surface representing selection on m1 and m2. a, Perspective view; b, shaded contour plot with
supporting data points overlaid. Darker regions indicate higher fitness.
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phonotaxis trials, particularly those that involve dominant
frequency.
Interaction between Call Structure and Effort
Although we found evidence of stabilizing selection on call
structure and directional selection on call effort, the most
interesting feature of our results is the interaction between
call structure and calling effort. This interaction is apparent from several strong correlational selection gradients in
the g matrix, involving all traits except trill number. Nowhere is this interaction more clear, however, than in the
strong concave-up selection on the major axis of the fitness
surface (m1). The substantial contributions of intercall duration, chirp interpulse duration, and dominant frequency
to this axis indicate that in the wild, sexual selection is far
more complex than the multivariate stabilizing pattern
observed in the laboratory. Our findings suggest that
laboratory-derived selection estimates based exclusively on
call structure should be interpreted with caution when
trying to understand how sexual selection operates on male
signaling behavior.
In our recent laboratory study, we showed that the mean
phenotype of Smith’s Lake males closely matched the peak
of the acoustic fitness surface for the five structural traits
studied here (Brooks et al. 2005). This suggests that interactions between calling effort and call structure have
not displaced the population mean phenotype from the
most effective call structure. Whether the interaction between call structure and calling effort that we have documented here tends to displace the population away from
the most acoustically effective signal or, conversely,
whether it constrains the evolution of calling effort remains to be tested.
Honest Signaling of Genetic Quality
Call rate strongly influences the amount of time that a
male spends calling in a given night. In a proximate sense,
this provides females with a temporally larger “target” for
passive attraction (sensu Parker 1983). From a more adaptive standpoint, females are expected to benefit from seeking out and mating with males that call for longer periods
because such calling effort is expected to be condition
dependent and thus more likely to signal genetic quality
(Andersson 1982; Rowe and Houle 1996; Tomkins et al.
2004). Calling effort is consistently found to be subject to
directional preference in univariate studies of acoustically
signaling species (Klump and Gerhardt 1987; Ryan and
Keddy-Hector 1992; Snedden and Sakaluk 1992; Crnokrak
and Roff 1995; Welch et al. 1998; Castellano et al. 2000;
Holzer et al. 2003; Klappert and Reinhold 2003; Hunt et
al. 2005) and has been shown to be condition dependent
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in wax moths (Jia et al. 2000; Greenfield and Rodriguez
2004), gray tree frogs (Welch 2003), and field crickets
(Holzer et al. 2003). We have recently shown that the
amount of time spent calling per night and the timing of
this call effort during a male’s adult lifetime are strongly
condition dependent in T. commodus (Hunt et al. 2004a).
Signals that attract mates at a greater-than-linear rate
per unit investment in signaling may be particularly likely
to be honest signals of quality. Two recent studies, one on
male mate choice for large males in the empidid dance fly
R. tarsata (LeBas et al. 2003) and another on plumage in
the dark-eyed junco J. hyemalis (McGlothlin et al. 2005),
have demonstrated accelerating benefits of increased signaling and implicated correlational selection. Both studies
argue that the measured signal traits are honest signals of
male quality (LeBas et al. 2003; McGlothlin et al. 2005).
Furthermore, analysis of lifetime lekking performance in
black grouse Tetrao tetrix (Kokko et al. 1999) indicates
that male mating success is disproportionately high among
males with high lek attendance and high activity when on
the lek. Although it is not presented in the form of standardized selection gradients, this result strongly resembles
positive correlational selection (see fig. 2 of Kokko et al.
1999). Once again, the interaction between lek attendance
and activity is thought to be an important feature underpinning signal honesty (Kokko et al. 1999).
In our study, selection on male calling effort and the
interaction between calling effort and four out of five manipulated call structure characters generate a strong pattern of accelerating benefits of signaling (toward lower
values of m1). Our results therefore uphold Getty’s (1998a)
prediction and, taken together with recent findings in species with very different mating systems (Kokko et al. 1999;
LeBas et al. 2003; McGlothlin et al. 2005), suggest that
accelerating benefits of signaling and correlational selection may be common features of honest signals.
More generally, correlational selection is expected to
influence the evolution of the genetic covariance between
traits by favoring linkage disequilibria and/or pleiotropy
at the loci governing the traits (Arnold and Wade 1984;
Brodie 1992; Blows et al. 2004; Blows and Hoffmann
2005). Strong and persistent correlational selection may
also facilitate trait integration (Lande 1980; Cheverud et
al. 1983; Cheverud 1984) and the common inheritance of
functionally related traits as modular units (Schlosser and
Wagner 2004). Quantitative genetic analyses, currently underway in our research group, of the six call traits that we
have measured here will allow us to explore how a regime
of strong correlational selection has shaped the genetic
architecture of these traits. For multiple traits subject to
complex selection, simply demonstrating that there is sufficient additive genetic variation in condition, or in the
sexually selected trait itself, is insufficient evidence that
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attractive signalers are of high genetic quality (Hunt et al.
2004b; Blows and Hoffmann 2005). Quantitative genetic
analysis will allow us to determine a male’s breeding value
for the six call traits examined and, more important,
whether there is sufficient multivariate genetic variation
along the major axes of sexual selection for these call characters to evolve (Schluter 1996; Blows and Hoffmann
2005).
Conclusion
Here, we demonstrate that both linear and nonlinear selection play an important role in the evolution of male
acoustic signals in Teleogryllus commodus under field conditions. Male calling effort is under strong linear selection,
with a linear selection gradient (b p 0.385) that is well
in excess of mean or median values reported for other
traits in the published literature (median FbF p 0.16
[Kingsolver et al. 2001]; median FbF p 0.15 [Hoekstra et
al. 2001]; mean FbF p 0.28 [Hereford et al. 2004]). Structural characters of male calls are associated strongly with
the features of the fitness surface that are under stabilizing
selection, lending support to findings that under laboratory conditions (Brooks et al. 2005), these traits are under

multivariate stabilizing selection. However, there is also
strong correlational selection due to complex interactions
between call structure characters and calling effort. This
adds complexity to the pattern of multivariate sexual selection acting on male acoustic signals. Our findings caution against using laboratory-derived selection estimates
based exclusively on call structure characters that have
been manipulated in a single dimension. Such studies
dominate the literature in acoustic signaling and may underestimate the strength and complexity of selection operating on male acoustic signals.
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APPENDIX
Supplementary Figures

Figure A1: Schematic diagram of the design of the arena used for experimental phonotaxis trials at Smith’s Lake Field Station.

Figure A2: Photograph of experimental arena at Smith’s Lake Field Station, with all 13 playback units visible.

Figure A3: Photograph of a single playback unit from inside the circle.
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