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Abstract
Signal-timing adjustment is common in communally signaling species,
and there is large variation in signal-timing formats found in nature.
We conducted a survey of geographic variation in female signal-timing
preferences and male signaling behavior of a tree frog to test predictions
of two hypotheses about the sources of selection acting on signal-timing
behavior. We found that female preferences are important in shaping
male signal timing, affecting the absolute placement of signals relative to
the temporal limits of female preferences. Variation in other signal characters, particularly signal period, also affects signal timing, albeit in a
more complicated pattern: the influence of signal period on signal timing varied between populations. Overall, our findings indicate that the
evolution of male signal-timing behavior is strongly influenced by
female preferences and by an interaction with other aspects of male signaling behavior such as male signal period.

Introduction
Advertisement signals play a central role in mate
choice and pair formation in many animal species
(Andersson 1994). These activities often occur in a
complex social environment created when many
individuals display in close proximity (Gerhardt &
Huber 2002; Greenfield 2002). Within this competitive framework, males often modify their signals to
increase their attractiveness, producing longer or
more intense signals, or signaling at a faster rate
(e.g. Gerhardt 1987; Jia et al. 2001). One of the
most striking features of signaling in groups is the
adjustment of the timing of signals relative to those
of neighbors (Zelick & Narins 1985; Greenfield & Roizen 1993; Schwartz 1993; Grafe 1996). Signal-timing adjustment creates patterns in which males
appear to coordinate their signals in group displays.
However, the underlying interactions may be as
competitive as in modifications of other signal traits
(Greenfield 2005). Signal-timing adjustment is taxonomically widespread, and occurs in a range of signal modalities, such as visual, acoustic and chemical
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(i.e. Zelick & Narins 1985; Buck 1988; Greenfield &
Roizen 1993; Lim & Greenfield 2007). The format of
adjustment varies widely between species, from perfect synchrony to perfect alternation, with many
intermediate forms (Gerhardt & Huber 2002; Greenfield 2005).
Two main, non-exclusive hypotheses have been
proposed to explain the evolution of signal timing
and its diversity (see also Schwartz 1987; Wells &
Schwartz 2007). The first is female choice. When
presented with two identical signals differing only in
their relative timing, females of many species prefer
one to the other (Gerhardt & Huber 2002; Greenfield
2005). These preferences create a ‘forbidden interval’
– a window around a signal in which other signals
are rendered unattractive (Greenfield 1994). The
hypothesis that female preferences have shaped the
evolution of male signal timing makes three predictions. First, as with preferences for other signal traits,
male signal timing should fit the values preferred by
females (e.g. Ritchie 1996; Shaw 2000; Brooks et al.
2005; Gerhardt 2005a,b; Greenfield 2005; Rodrı́guez
et al. 2006). In the few cases in which information
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on female preferences and male signal-timing behavior is available, this prediction is met (Grafe 1999;
Bosch & Márquez 2001; review in Greenfield 2005).
Second, when preferences vary in strength, stronger
preferences should result in lower variability in the
male trait (Rodrı́guez et al. 2006). The third prediction is based on variation in preferences. Signal-timing preferences vary substantially between species.
Females often prefer the leading of two signals
(Grafe 1996; Snedden & Greenfield 1998; Bosch &
Márquez 2002), but there are examples of females
preferring the lagging signal (Wells & Schwartz
1984; Grafe 1999), as well as examples of no preference (Forester & Harrison 1987; Schwartz & Rand
1991). If female signal-timing preferences vary,
males should vary accordingly.
The second hypothesis proposes that diversity in
signal timing arises from interplay with other aspects
of signaling behavior (Greenfield 1994, 2005). The
basis for this hypothesis is the mechanism regulating
signaling behavior. For a male, signaling by himself,
a signal generator (i.e. a neural oscillator) may control signal period. The generator rises from a basal
level to a trigger level, eliciting the production of a
signal. The generator then returns to basal level and
the process repeats, generating rhythmic signaling.
Signal-timing adjustments are produced when perception of the signal of a neighboring male resets
the generator to the basal level, preventing the production of a signal in an unattractive position. After
an interval of inhibition, the generator rebounds and
triggers a signal. Differences in the duration of the
rebound may generate different signal-timing formats. For example, alternation may result when the
rebound is short compared with the signal period,
while synchrony may result when the rebound is
relatively long (Greenfield 1994). This pattern has
been observed in insects, where short signal periods
(i.e. fast signal rates, >1 signal s)1) are associated
with synchronous signaling, whereas long signal
periods (slow rates, <1 signal s)1) are associated with
alternation (Greenfield 1994). Thus, variation in signal period may generate diversity in signal timing.
This hypothesis predicts a correlation between signal
period and signal timing.
We tested these hypotheses with a survey of
geographic variation in male signal timing and
female preferences in green tree frogs, Hyla cinerea.
Male H. cinerea adjust their signals relative to their
neighbors, and female choice is affected by signal
timing (Klump & Gerhardt 1992). There is geographic
variation in several signal characters, notably signal
period (Asquith et al. 1988; G. Höbel, unpublished
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Fig. 1: Geographic distribution of Hyla cinerea in the south-eastern
USA, and location of study sites (inset). The western sites are at
Welder Wildlife Refuge, San Patricio Co., Texas (W1) and Richland
Creek Wildlife Management Area, Freestone Co., Texas (W2). The central site is located at Private John Allen National Fish Hatchery, Lee
Co., Mississippi (C). The eastern sites are located at Grand Bay Wildlife
Management Area, Lowden Co., Georgia (E1) and Hobcaw Barony,
Georgetown Co., South Carolina (E2).

data). We conducted playback experiments with
male and female frogs at five sites throughout the
range of distribution of the species (Fig. 1). We were
unable to test the prediction based on preference
variation, because H. cinerea preferences did not vary
among sites (see Results). We tested the two other
predictions of the female-preference hypothesis: male
timing should cater to female preferences (Grafe
1999; Bosch & Márquez 2001; Greenfield 2005); and
traits under stronger selection by female choice
should show lower variation. Finally, we assessed the
influence of signal period on signal-timing behavior
by comparing the signal-timing behavior of males
from populations that vary in signal period.
Materials and Methods
General

Hyla cinerea is broadly distributed in the southeastern part of the USA (Conant & Collins 1998).
We sampled five field sites across the geographic
range of the species (Fig. 1). Two sites are located in
the western part of the range (sites W1, W2), one is
centrally located (C), and two are in the eastern part
of the range (E1, E2). Although we did not make
formal measurements, we estimated that chorus
densities were generally high and comparable among
sites. Experiments were conducted during the 2000,
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2001 and 2006 breeding seasons (May to Aug.). All
trials were performed in the field.
Stimulus Design

We used a custom-written DOS program (courtesy of
J.J. Schwartz) to generate stimuli modeled on an
H. cinerea advertisement signal, with characteristics
set close to the mean values of the species. Stimuli
had three frequency components (0.9 + 2.7 + 3.0
kHz), a rise time of 25 ms (inverse exponential), a fall
time of 50 ms (inverse exponential) and a duration
of 150 ms. We used editing software (CoolEdit96;
Syntrillium Software Corp., Phoenix, AZ, USA) to
control stimulus timing.
To generate two-choice playback trials for females,
we created stereo files, with each channel containing
one of two identical stimuli. We used the following
values for the delay of the lagging stimulus (see
Fig. 2a): 0 (complete overlap), 25, 50, 75 (50% overlap), 100, 125, 150 (abutting), 175, 200, 300, and
400 ms (perfect alternation). Thus, there were 11
two-choice stimulus combinations. For both channels the signal period was the same (800 ms). For

playbacks to males, we generated mono files that
repeated the stimulus with silent intervals between
180 and 1800 ms. We recorded the sound files on a
cassette tape, which we later used during field playback trials. Stimuli were presented in random order.
Female Signal-Timing Preferences

Experiments took place either in the night the females
were collected, or the following night. All females
were released at the site of capture within 1 d of being
tested. Trials were performed in a portable playback
arena (1 · 2 m2). The sides of the arena were lined
with black cloth (opaque but acoustically transparent). We placed the arena sufficiently far away from
the breeding pond to ensure acoustic isolation from
the chorus noise (>500 m). Two speakers (Radio
Shack Optimus XTS 40, RadioShack Corporation, Fort
Worth, TX, USA) were placed 180 apart, on the center of the short sides of the arena. Signals were broadcast from an IBM-compatible computer at a sampling
rate of 44 kHz. The sound pressure level (SPL) of each
stimulus was equalized to 85 dB SPL (re: 20 lPa)
using a Lutron SL-4001 sound level meter (fast

(a)

(b)

Fig. 2: Signal-timing preferences of female Hyla cinerea. (a) The proportion (and lower 95% credible intervals) of females that approach the leading alternative. The significance criterion (lower 95% credible intervals >0.6) is indicated by the dashed horizontal line, and the resulting estimate
for the duration of the forbidden interval of female preferences is indicated by the horizontal arrow. The black horizontal bar indicates the position
and duration of the leading stimulus. (b) Comparison between preferences and male signal timing. The black horizontal bar denotes the duration
and timing of a stimulus. Preferences (line graphs) and male signal timing (box-whisker plots) are shown in relation to this stimulus. The box-whisker plots show the top (25th percentile), median (50th percentile) and bottom quartile (75th percentile) respectively. The whiskers on the bottom
extend to the 10th percentile and top 90th percentile.
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root-mean-square setting; Lutron Electronic Enterprise, Teipei, Taiwan).
For testing, we placed a female in an acoustically
transparent container (small round hardware cloth
cage, 10-cm diameter) midway between the loudspeakers. Once the stimuli had been played back for
five repetitions each, we remotely removed the lid of
the release box so that the female could move freely.
We observed the frogs under dim red light and scored
a positive response if a female touched or moved
within 10 cm of a speaker. We conducted these
experiments with females from western (W1, n = 42),
central (C, n = 29) and eastern (E1, n = 22) sites.
We presented each of the 11 two-choice stimulus
combinations to 10–23 females (mode: 10) per site,
and report the proportions of females that responded
to each of the alternatives, along with the 95% lower
credible limits on these proportions (Gerhardt 1992).
We consider a preference to be statistically significant
if the lower 95% credible limit on the proportion of
females choosing one alternative is >0.60; results
meeting this criterion would also be significant at the
0.05 level in a two-tailed binomial test.
To evaluate geographic variation in female preferences, we conducted a two-step statistical analysis.
First, we tested for an effect of site and for linear
and quadratic effects of stimulus duration and their
interaction with site (Table 1; full model). In this
test, the magnitude of F-ratio for stimulus delay suggests that low power, rather than no effect was
responsible for the non-significant result. To increase
power, we removed the non-significant quadratic
and interaction terms (whose low F-ratios did indicate no effect) and tested for the effect of site, stimulus duration and their interaction (Table 1;
simplified model). The interaction term tests for differences in preferences between sites (see Olviedo &
Wagner 2004; Rodrı́guez et al. 2006).
Table 1: Female signal-timing preferences in three sites (W1, C and E1)
Factor

(a) Full model

Study site
Stimulus delay
Interaction
Quadratic
Quadratic · site

F2,19
F1,19
F2,19
F1,19
F2,19

=
=
=
=
=

0.56,
2.72,
0.08,
0.45,
0.19,

p
p
p
p
p

(b) Simplified model
=
=
=
=
=

0.58
0.12
0.92
0.51
0.82

F2,22 = 0.43, p = 0.65
F1,22 = 6.92, p = 0.015
F2,22 = 0.05, p = 0.95

We conducted a two-step analysis in which we first tested for effect
of site and linear and quadratic effects of stimulus duration and their
interaction with site (full model). After verifying that the quadratic
terms were not significant, we removed the quadratic term and the
interaction to improve power and repeated the model testing only for
the effect of site, stimulus duration and their interaction (simplified
model).
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Male Signal-Timing Behavior

We elicited male responses with playbacks of synthetic stimuli. We selected an isolated male (nearest
neighbor >10 m) that was signaling regularly.
We then presented stimuli with a speaker and microphone, mounted on tripods, placed 2 m away from
the male. Each male was presented with 100 stimulus repetitions. The playback set-up consisted of a
RadioShack Optimus XTS-40 speaker (RadioShack
Corporation, Fort Worth, TX, USA), driven by a Sony
WM-D6C recorder (Sony Corporation, Tokyo, Japan)
and amplified by a RadioShack Optimus XL-50
Stereo Amplifier (RadioShack Corporation, Fort
Worth, TX, USA). The signal from the playback
recorder was split so it could be recorded on one
channel of a Sony TC-D5M stereo tape recorder
(Sony Corporation, Tokyo, Japan), which on the
other channel was recording the focal male with
an Audio-Technica US ATR55 microphone (AudioTechnica U.S., Inc., Stow, OH, USA).
Because males may use the beginning or the end
of a stimulus to time their own signal, we first determined which stimulus features serve as the trigger
for signal timing. We compared signal timing in
response to stimuli with 120, 150 and 180 ms
duration. These values span the range of variation of
signal duration in H. cinerea (G. Höbel, personal
observation). Other stimulus features (rise ⁄ fall time
and spectral composition) were set to average values
(see above), and stimuli were presented in random
order and with 800 ms of silence between consecutive stimuli. We measured the time from the
beginning of the stimulus to the beginning of the
following male signal (delay, Fig. 3, left column), as
well as from the end of the stimulus to the beginning
of the following male signal (latency, Fig. 3, right
column). If males use the beginning of the stimulus
to time their signals, then delay should not be
affected by stimulus duration; if males use the end of
the stimulus, latency should not be affected. We conducted this experiment in one western (W1) and two
eastern sites (E1, E2). We tested 12 males at W1, 12
males at E1 and 18 males at E2. We measured seven
to 49 (mode 35) responses per male for each stimulus. Once we determined the stimulus feature that
influenced male signal timing, we compared geographic differences in signal timing using this value.
To describe geographic variation in male signal
timing we conducted playback experiments at two
western (W1 and W2) and two eastern (E1 and E2)
sites. We tested 10 males at W1, 10 males at W2, 13
males at E1 and 17 males at E2. We measured
Ethology 113 (2007) 973–982 ª 2007 The Authors
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(a)

(b)

Fig. 3: Changes in delay (first column) and latency (second column) in
response to stimuli of different duration (see Table 2). Shown are the
top (25th percentile), median (50th percentile) and bottom quartile
(75th percentile) respectively. The whiskers on the bottom extend to
the 10th percentile and top 90th percentile.

responses to 13–100 (mode 60) stimuli per male.
The average SPL of the stimuli at the point of the
male was 83  2 dB, and the average temperature at
the signaling site of the male was 24  2 ºC. There
was no significant difference in stimulus amplitude
(F3,49 = 0.48, p = 0.70) nor temperature (F3,49 =
0.43, p = 0.43) between sites.
We digitized (at 22.5 kHz) and analyzed the
recordings of male signal-timing responses with
CoolEdit96 (Syntrillium Software Corp., Phoenix,
AZ, USA). We measured the interval between the
beginning of a stimulus to the beginning of the
following signal of the male, and plotted signal delay
histograms for visual inspection of the pattern of
male responses (Fig. 4a). We obtained the following
data for each male: (1) the proportion of signals that
were overlapped by playback stimuli and occupied
Ethology 113 (2007) 973–982 ª 2007 The Authors
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Fig. 4: Within- and between-site variations in signal timing in Hyla
cinerea. (a) Examples of signal delay histograms of the two response
patterns. Shown is the proportion of signals that began within each of
40 consecutive 20-ms bins, bin one starting at the onset of the playback stimulus (beginning and duration of stimulus is indicated by gray
horizontal bar). Some males strongly entrained to the playback stimulus, and placed most calls within a short time window quickly after
the end of the stimulus (top). Other males placed signals within a
broad window at later delays (bottom). (b) Distribution of response
patterns across study sites (clear pattern – late response, dark pattern
– fast response).

a lagging position; (2) the timing of the earliest
signal the male gave after the end of a stimulus
(post-stimulus suppression); and (3) the timing at
which the male placed most of its signals (modal
latency; see Fig. 4). We consider suppression and
latency to be different traits, because the timing of
the first signal after a stimulus might be due to a
physiological, stimulus-induced suppression response, whereas the timing of most signals could be
due to males’ choosing a particular timing relationship between the stimulus and their signal. We
calculated post-stimulus suppression and modal
latency by noting the minimum delay of signals that
did not overlap with the stimulus as well as the
modal signal delay of each male. After verifying that
males time their signal from the end of stimuli
(Fig. 3, Table 2), we converted the values obtained
for minimum and modal signal delay to latency
estimates by subtracting 150 ms (the duration of the
stimuli used in the trials).
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Table 2: Effect of variation of stimulus duration on the delay and
latency of the signals elicited from Hyla cinerea males in three test
populations (W1, E1 and E2)
Factor

Delay

Latency

Study site
Stimulus
duration
Interaction

F2,117 = 176.43, p < 0.001
F2,117 = 18.96, p < 0.001

F2,117 = 176.43, p < 0.001
F2,117 = 0.96, p = 0.39

F4,117 = 0.54, p = 0.70

F4,117 = 0.54, p = 0.70

We calculated a one-way anova to compare
responses between sites. Proportional data were arcsine transformed before statistical analysis.
Preference – Signal-Timing Correspondence

To test the prediction that male signal timing should
match female preferences, we characterized the forbidden interval in the preferences and compared it
with the timing of male responses to playback stimuli. We evaluated: (1) whether males overlap fewer
signals with the playback stimuli than expected if
they were unaffected by the playback. We obtained
the expected value from the average duty cycle
(proportion of the cycle that is occupied by a signal) of a sample of 30 males recorded at each site.
(2) The duration of the post-stimulus suppression.
(3) The duration of modal latency. We used a
Welch-anova (which takes heterogeneity of variance
into account) to test for among-site variation.
To test the prediction that the trait under stronger
selection from female preferences should be less variable, we compared the variance in post-stimulus
suppression and modal latency. Post-stimulus suppression results in signal placement closer to the
forbidden interval than modal latency. Thus, poststimulus suppression should have lower variance
than modal latency. We used one-way anova’s to
obtain the between-site and within-site variance
components for post-stimulus suppression and modal
latency (Sokal & Rohlf 1997, pp. 211–212). We
tested whether the variance component for poststimulus suppression is lower than for modal latency
with F-ratios. Because the measurements for each
trait came from the same individuals, the degrees of
freedom for the numerator and denominator of the
F-ratios are the same. To scale the variance components to the same units, we divided each variance
component by the mean of the trait. With this scaling, the expectation under the null hypothesis that
the variance component for post-stimulus suppression is not lower than for modal latency is that
F = 1.
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Relationship Between Male Signal Period and Signal
Timing

We recorded the undisturbed signaling behavior of
each male for 1 min before starting the playback
trial. We describe signal period with the time from
the beginning of one signal to the beginning of the
following signal of a male, and calculate mean values based on the measurement of 10 signals. To test
whether signal timing (represented by modal
latency) was affected by signal period, we first calculated a two-way anova that included data from all
males from all four test sites. This test indicated that
the influence of signal period on signal latency varied between study sites (significant interaction;
Table 4). We thus tested the correlation between the
two traits in each population separately with Pearson
product moment correlations.
Results
Female Signal-Timing Preferences

Females from all sites showed preferences on the
basis of signal timing. When confronted with identical but overlapped stimuli (delays from 25 to
125 ms), females preferred the stimulus in leading
position. Females ceased to do so (lower 95% credible values <0.6) once the lagging stimuli were presented at relative delays of 150 ms (site C) or
175 ms (sites W1 and E1). These delays correspond
to stimuli given in abutting position or stimuli with
a short silent period between them (Fig. 2a).
Females did not discriminate between stimuli presented simultaneously (0 ms delay), i.e. overlapped
but without relative timing information.
This female preference creates a ‘forbidden interval’ during which males should avoid producing a
signal. The duration of the forbidden interval was as
long or a little longer as the duration of the leading
stimulus and did not vary significantly between sites
(Fig. 2b, see non-significant site · stimulus delay
interaction in Table 1).
Male Signal Timing

In all three populations tested in this preliminary
assay, stimulus duration influenced stimulus delay,
but not stimulus latency (Fig. 3; Table 2). From this
result, we conclude that males use the end of the
stimulus to time their signals. Accordingly, we used
post-stimulus suppression and modal latency to
describe signal-timing behavior of male H. cinerea.
Ethology 113 (2007) 973–982 ª 2007 The Authors
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Table 3: Test of geographic variation in expected ⁄ observed amount
of signal overlap
Factor
Study site
Expected ⁄ observed overlap
Interaction

F3,159 = 47.42
F1,159 = 619.83
F3,159 = 27.14

p < 0.0001
p < 0.0001
p < 0.0001

Males showed substantial within- and betweensite variation in signal overlap and signal-timing
adjustments. First, although for all tested males the
observed number of calls that overlapped with the
stimulus was much lower than expected (Table 3),
signal overlap was overall significantly rarer in eastern sites than in western sites (Fig. 5a, Table 3). Second, some males placed most of their signals within
a brief window shortly after the end of the stimulus,
a pattern of time-locked response referred to as
entrainment (Fig. 4a, top). Other males placed their
signals much later, in a wider window (Fig. 4a, bottom). Although there were males that placed calls in
the fast-response pattern as well as the late-response
pattern, there was not a smooth continuum between

Fig. 5: Geographic variation in Hyla cinerea signal-timing traits. (a)
Males in all populations overlap less signals with the playback stimulus
than expected. Open bars indicate the expected level of signal overlap, the filled bars show the mean proportion (+SD) of signal overlap
observed in each site (see Table 3). Letters indicate results of Tukey’s
post hoc comparisons. (b) Post-stimulus suppression (F3,49 = 12.17,
p < 0.001) and (c) modal latency (F3,49 = 23.02, p < 0.001) also varied.
Shown are the top (25th percentile), median (50th percentile) and bottom quartile (75th percentile) respectively. The whiskers on the bottom extend to the 10th percentile and top 90th percentile.
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the two patterns. Rather, males either adhered
mainly to one format or the other, which ultimately
led us to group males into only two response format
categories. The proportion of males responding in
each of these formats varied between sites
(v23 = 34.2, p < 0.001; Fig. 4b). As a consequence of
this variation in the proportion of males that signaled in the two formats, there were differences in
the average values of post-stimulus suppression and
modal latency between populations. Post-stimulus
suppression and modal latency were longer in western sites than in eastern sites. Whereas variation in
post-stimulus suppression was clinal and of relatively
small magnitude (Fig. 5b), variation in modal
latency was more pronounced and showed a bimodal distribution (Figs 5c and 6a): males either signal
with a latency of approx. 50 ms, or of 200–300 ms.
Preference – Signal-Timing Correspondence

We compared the forbidden interval of females with
the distribution of signal-timing traits. We found a
remarkable correspondence between male behavior
and female preferences (Fig. 2b). In all populations,
males produced fewer overlapped signals than
expected if they did not attend to the stimulus
(Figs 4a and 5a). Signal overlap generally occurred
only during the initial portion of the stimulus
(Fig. 4a). There was a period of complete signal suppression, which not only extended for the remaining
portion of the stimulus, but also included a poststimulus suppression period of 30–70 ms (Figs 4a
and 5b). Finally, males placed most of their signals
at least 50 ms after the end of the playback stimulus
(Figs 4a and 5c).
Post-stimulus suppression (Welch-anova: F3,20 =
11.1, p = 0.002) and modal latency (F3,16.7 = 56.4,
p < 0.001) showed significant between-site variation
(Fig. 5b, c). We thus performed two separate tests of
the prediction that the variance in post-stimulus
suppression should be lower than the variance in
modal latency: one test for between-site variation
and one for within-site variation. The between-site
variance component was lower for post-stimulus
suppression than for modal latency, and the comparison was marginally significant (F3,3 = 6.94; 0.1 >
p > 0.05). The magnitude of the F-ratio indicates
that the lack of significance was due to low power
(as there were only four populations) and not
caused by a small difference in the variance components. The within-site variance component for poststimulus suppression was significantly lower than for
modal latency (F46,46 = 3.52, p < 0.001).
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(a)

(b)

Fig. 6: Relationship between signal period
and modal latency. (a) Average (SD) signal
period and latency across sites (4 W1, h W2,
E1, d E2). (b) The relationship between
period and modal latency varied between
sites.

Relationship Between Male Signal Period and Signal
Timing

There was substantial geographic variation in signal
period and modal latency (Fig. 6a, b). Across populations, mean period was negatively correlated with
mean modal latency (Fig. 6a). This correlation was
not significant, but with n = 4 sites, statistical power
is adequate (1 ) b ‡ 0.80) only for r ‡ 0.98 (Cohen
1988; Zar 1999, p. 385). Further, to explore the relationship between signal period and latency, we
tested the effect of period and site on modal latency.
There was a significant effect of site and an interaction between site and period (Table 4), suggesting
geographic variation in the relationship between
period and modal latency. We thus examined the
relationship within each site. In the western sites,
the two traits were correlated, with one site showing
a positive correlation and the other site showing a
negative correlation (Fig. 6b, left plots; only one correlation was significant, but with n = 10 individuals
per site, statistical power is adequate only for
r ‡ 0.79; Cohen 1988; Zar 1999, p. 385). We thus
focused on the effect size of the correlations: in W1
it was strong and positive; in W2 it was moderate
and negative. In the eastern sites there was no correlation.

Table 4: Effect of signal period and test site on modal latency
Factor
Study site
Signal period
Interaction

980

F3,41 = 15.56
F1,41 = 0.11
F3,41 = 3.23

p < 0.001
p = 0.74
p = 0.032

Discussion
We conducted a survey of geographic variation in
female signal-timing preferences and male signaling
behavior to evaluate hypotheses about the sources
of selection and variation in signal timing. We tested
two predictions of the hypothesis that female preferences have been important in shaping male signal
timing: (1) male signal placement should match the
temporal limits of female preferences; and (2) the
male trait under stronger selection from female preferences should have lower between- and within-site
variances. We found strong support for both predictions, indicating that in H. cinerea female choice is an
important source of selection on male signal timing.
However, there was no between-site variation in signal-timing preferences, so female choice does not
appear to account for the observed variation in male
signal timing. A previous study of H. cinerea (Klump
& Gerhardt 1992) found that the forbidden interval
extended for 120 ms beyond the end of the overlapped signal, a substantially longer interval than
detected for any of the populations tested in the
present paper. This difference may suggest geographic variation in signal-timing preferences. However, an alternative explanation is that the results
may have been affected by stimulus duration
(180 ms long in Klump & Gerhardt 1992; 150 ms
long in the present paper). We have preliminary
data suggesting that stimulus duration may influence
the length of the forbidden interval (G. Höbel,
unpubl. data).
We also tested the hypothesis that signal period
influences signal timing. The magnitude and sign of
the correlation between signal period and timing
Ethology 113 (2007) 973–982 ª 2007 The Authors
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varied across sites, suggesting that there is interplay
between signal timing and period, which is influenced by additional sources of diversity. One potential factor may be variation in female preferences for
different signal traits. Hyla cinerea females show preferences on the basis of signal frequency, duration,
period and amplitude (Gerhardt 1987; Höbel & Gerhardt 2003). If there is geographic variation in these
preferences, it may result in a trade-off between the
effectiveness of different signal traits. For example,
females in some sites may attend more to signal period than to timing of calls relative to those of a
neighbor, whereas females in other sites may attend
more to timing than to period. The result could be
differential selection on male signaling, selecting
either for short signal periods or accurate signal timing. Consistent with this possibility are differences in
male signaling behavior that we observed in our
study sites. Males from western populations had the
shortest signal periods and produced the highest proportion of overlapped signals, while males from eastern sites had longer signal periods and more often
avoided signal overlap. If in some populations there
is a premium on fast signal rates, while in others
there is a premium on overlap avoidance; this variation in selection on signaling behavior may promote
divergence.
In conclusion, our findings indicate that the evolution of signal-timing behavior is strongly influenced by both female preferences and an interaction
with other aspects of male signaling behavior. The
multiplicity of influences on signal timing may be an
important cause of divergence in this spectacular
aspect of group-signaling behavior.
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