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Abstract
Females commonly exhibit directional preferences for males that produce more exaggerated, elaborate, or energetic sig-
nals. Key questions remain regarding individual variation in the expression of such preferences, particularly when per-
formance related trade-offs in signaling occur in social environments (e.g., leks and choruses) where males dynamically 
compete for females. In this study of Cope’s gray treefrog (Hyla chrysoscelis), we investigated directional female prefer-
ences for longer calls and faster call rates, two performance-related traits that negatively covary. Subjects repeatedly chose 
between two simulated males with different call durations and call rates, but with equal overall calling efforts (pulses per 
unit time). In half of tests, call duration and rate were dynamically swapped between the two simulated males prior to 
females reaching a speaker. Females chose randomly with respect to differences in call duration and call rate and ignored 
dynamic shifts in calling behavior. The repeatability of female choice was not different from zero, and females were 
highly committed to choosing the simulated male they initially approached, even when stimuli differing in call duration 
and rate were dynamically swapped between speakers as she approached. There was no evidence that subpopulations of 
females differentially weighted call duration or rate in making their choices. Individual differences in body size, condition, 
and corticosterone levels had no effects on female responses. Together, these results support an inter-signal interaction 
hypothesis in showing that females choose mates by attending to the emergent signal property of calling effort instead of 
its constituent components of call duration and rate.

Significance statement
Mate choice can impose selection on communication signals and signaling behaviors, but key questions remain regard-
ing the expression of mate preferences, particularly when multiple signals or signal components related to a signaler’s 
overall performance potentially interact to influence mating decisions. In this study of a treefrog, we used two-alternative 
choice tests to investigate female preferences for higher values of two performance-related traits in male advertisement 
signals (call duration and call rate) that negatively covary but together determine a male’s overall signaling output (calling 
effort). We found that females chose randomly with respect to differences in both traits, suggesting they integrate tempo-
ral information across multiple signals to choose mates based on differences in their overall signaling output and not its 
constituent components. These results highlight the potential importance of inter-signal interactions in mating decisions.
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It’s the effort that counts: female gray treefrogs ignore differences in 
call duration and rate when calling efforts are equal

Katie J. Krueger1 · Alexander T. Baugh2 · Mark A. Bee1,3

Introduction

Communication signals frequently form the basis for recog-
nizing and discriminating among potential mates (Anders-
son 1994; Rosenthal 2017). In mating systems characterized 
by leks or choruses, males gather in a common area and 
dynamically compete for access to mates using repeated 
and metabolically demanding sexual advertisement signals 
(Prestwich 1994; Höglund and Alatalo 1995; Gerhardt and 
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Huber 2002; Clark 2012). Females assess signalers and tend 
to mate preferentially with males that engage in the costliest 

or most exaggerated signaling behaviors (Ryan and Keddy-
Hector 1992; Andersson 1994; Rosenthal 2017). Female 
mate preferences stem from sensory, perceptual, or cogni-
tive traits that predispose individuals to choose mates dif-
ferentially with respect to their signaling phenotypes (Ryan 
and Keddy-Hector 1992; Jennions and Petrie 1997; Ryan 
and Cummings 2013). Elucidating how female preferences 
give rise to mating decisions remains fundamental to under-
standing both the evolution of sexually selected traits and, 
more broadly, signaler-receiver co-evolution.

Acoustically signaling insects and anurans are among 
the best studied lek- and chorus-breeding species in terms 
of female preferences and mate choice (reviewed in Ger-
hardt and Huber 2002). In both taxa, signals often consist of 
temporally discrete pulses, and signals are repeated through 
time during bouts of signaling. Numerous playback studies 
of insects and frogs have revealed directional female pref-
erences favoring longer and more intense acoustic signals 
repeated at faster rates, a pattern broadly consistent with 
those observed across other taxa and sensory modalities 
(Ryan and Keddy-Hector 1992; Gerhardt and Huber 2002; 
Rosenthal 2017). While directional biases for longer signals 
produced at faster rates are well documented, key questions 
remain regarding their phenotypic expression and evolu-
tion, as well as their underlying mechanisms. For example, 
how do directional preferences for signal duration and rate 
interact when choosing a mate, particularly if signalers face 
tradeoffs in performance-related signal attributes (Møller 
and Pomiankowski 1993; Candolin 2003; Hebets and 
Papaj 2005; Podos 2022)? How are preferences expressed 
in complex signaling environments where multiple sig-
nalers dynamically compete for mates (Bee and Micheyl 
2008; Tanner and Hemingway 2025)? To what extent are 
receiver preferences expressed consistently both within and 
among individuals, populations, and related species (Bell et 
al. 2009; Rosenthal 2017)? And what mechanisms under-
lie preference expression (Adkins-Regan 1998; Leary and 
Baugh 2020)? We addressed these questions in the present 
study.

We investigated female preferences for differences in call 
duration and call rate in Cope’s gray treefrog (Hyla chrys-
oscelis), the diploid member of a cryptic diploid-tetraploid 
species complex; the eastern gray treefrog (Hyla versicolor) 
is the morphologically indistinguishable tetraploid species 
(Holloway et al. 2006; Booker et al. 2022). Males of these 
two closely related species attract females in dense breed-
ing choruses by repeatedly producing short (< 1 s) advertise-
ment calls, each consisting of a series of nearly identical 
pulses (Fig. 1A; Gerhardt 2001). Each pulse within a call 
is produced separately by contraction of the laryngeal and 
trunk musculature (McLister et al. 1995; Girgenrath and 
Marsh 1997, 1999). The number of pulses per call is the 

Fig. 1  Acoustic stimuli and test apparatus. A Example waveforms (top 
trace) showing the first 1 min of the stereo sound file used to present 
the ± 2 SD stimuli in some choice tests (22 pulses versus 38 pulses; see 
Table 1). The three insets depict (top to bottom) a 10-s segment show-
ing three 22-pulse calls and two 38 pulse calls, a 1-s segment showing a 
single 38-pulse call, and a 30-ms segment showing one pulse from the 
middle of a call. In all choice tests, an equal period of silence (ΔT, top 
trace) separated the first three calls, but thereafter, calls were repeated 
according to their specified call rates. B A view of the sound chamber 
through the overhead camera showing the two speakers located 2 m 
and 180° apart from each other and 1 m from the central release cage, 
each with its associated preference boundary and choice boundary. In 
dynamic tests, stimuli were swapped between speakers when a female 
first crossed one of the two preference boundaries
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main determinant of call duration at a given temperature. 
Together, call duration (pulses/call) and call rate (calls/min) 
determine a male’s overall “calling effort,” defined here 
as the product of call duration and call rate (also termed 
“total call energy,” Ryan and Keddy-Hector 1992; “call 
effort”, Ward et al. 2013; Reichert et al. 2024; and “pulse 
effort,” Schwartz et al. 2001, 2002). Calling is metabolically 
demanding, and call duration, call rate, and calling effort 
predict a male’s metabolic investment in calling (Taigen and 
Wells 1985; Wells and Taigen 1986; Grafe 1997; McLister 
2001). Males appear to be under performance limitations 
related to physiological constraints on their ability to pro-
duce relatively longer calls at relatively faster rates (Reichert 
and Gerhardt 2012; Welch et al. 2014), and calling effort 
reflects the overall performance of a male’s cardiovascular 
and respiratory systems (Schwartz and Rahmeyer 2006). 
Both call duration and call rate are repeatable and exhibit 
moderate heritability, and there is negative phenotypic and 
genetic covariance between these two traits, such that males 
producing longer calls tend to do so at slower rates (Sullivan 
and Hinshaw 1992; Gerhardt et al. 1996; Schwartz et al. 
2002; Welch et al. 2014; Reichert et al. 2024). In competi-
tive signaling environments, males increase call duration 
(by adding pulses) and reduce in a compensatory way their 
rate of calling while maintaining relatively constant calling 
effort. The adaptive function or functions of these dynamic 
shifts in calling behavior are not yet well established 
(Schwartz et al. 2002, 2008, 2013; Love and Bee 2010).

Mate choice has been well studied in gray treefrogs at 
the population level (reviewed in Gerhardt 2001; Gerhardt 
and Huber 2002). It is well established for both species that 
females exhibit directional preferences for longer calls with 
more pulses when call rate is held constant, and for faster call 
rates when call duration is held constant (Klump and Ger-
hardt 1987; Gerhardt et al. 1996, 2000; Bush et al. 2002; Bee 
2008; Ward et al. 2013; Tanner et al. 2017, 2025; Underhill 
and Höbel 2017; Feagles and Höbel 2022a, b; Li et al. 2022; 
Stratman and Höbel 2024). Interestingly, in the diploid (H. 
chrysoscelis), robust population-level preferences for lon-
ger calls and faster call rates were abolished or significantly 
attenuated when females chose between two alternatives 
differing in both properties simultaneously so long as the 
overall calling effort of the two alternatives was equal (Ward 
et al. 2013). This result suggested females might base their 
choice of mates on calling effort and not on call duration or 
call rate per se. Here, we tested two hypotheses that might 
explain this population-level result in the diploid.

First, the simultaneous assessment of multiple features 
or components of signals can interact in additive or mul-
tiplicative ways to influence a female’s choice of a mate 
(Candolin 2003; Hebets and Papaj 2005). An inter-signal 
interaction hypothesis (Hebets and Papaj 2005) holds that 

the preferences of individual females for longer calls and 
faster call rates – the two constituent components of call-
ing effort – are epiphenomena stemming from a preference 
based on higher values of the emergent property of call-
ing effort. Provided two (or more) males have sufficiently 
similar calling efforts, this hypothesis predicts individual 
females should choose a mate randomly with respect to dif-
ferences in their call durations and rates. This hypothesis 
thus reduces to a null hypothesis of no preference based 
on call duration or call rate under conditions of equal call-
ing effort. Furthermore, this hypothesis predicts individu-
als should exhibit little or no consistency in their choice of 
males, and ignore real-time, dynamic variation in these two 
signal attributes, provided the calling efforts of available 
alternatives remain relatively constant. Under the scenario 
of equal calling efforts, the choices of individual females 
should mirror the lack of any preference observed at the 
population level (Ward et al. 2013).

Second, the preferences of individual females for differ-
ent features of male signals and signaling behavior could 
vary reliably among individuals within populations (Jen-
nions and Petrie 1997; Brooks and Endler 2001; Bell et 
al. 2009; Fowler-Finn and Rodriguez 2013). According 
to a differential feature weighting hypothesis (Jennions 
and Petrie 1997), individual phenotypes differ in how call 
duration versus call rate are weighted in choosing a mate. 
For H. chrysoscelis, this hypothesis predicts individual 
females should differ, on average, both in how consistently 
they choose males that produce either longer calls or calls 
at faster rates and in how willing they are to update their 
choice of a male in real time when call duration and call 
rate dynamically vary among alternatives, provided calling 
efforts remain similar. Moreover, because population-level 
preferences for both features largely disappeared when call-
ing effort was held constant (Ward et al. 2013), this hypoth-
esis would further predict that the proportions of individual 
females that differentially weight longer calls over faster 
rates, and vice versa, should be similar in the population.

Our primary goal was to test the inter-signal interaction 
and differential feature weighting hypotheses by examining 
the choices of individual females that were tested repeat-
edly. Using two-alternative choice tests and female phono-
taxis behavior, we measured both the consistency of female 
choices of stimuli having different call durations and rates 
but equal calling efforts and female commitment to choosing 
an initially preferred signaler under conditions of dynamic 
changes in call duration and rate. Because differences 
among receivers in factors such as size, condition, or hor-
mone levels can create individual variation in mate choice 
and preferences (Jennions and Petrie 1997; Hunt et al. 2005; 
Cotton et al. 2006; Rosenthal 2017; Leary and Baugh 2020), 
our secondary goal was to also investigate potential sources 
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of preference variation among female gray treefrogs. To this 
end we assessed the influences of body size, body condition, 
and circulating corticosterone (CORT), all of which can 
influence mating decisions in treefrogs (Ryan et al. 1992; 
Davis and Leary 2015; Kuczynski et al. 2017; Bastien et al. 
2018; Baugh et al. 2021; Feagles and Höbel 2022a).

Materials and methods

Subjects

Our protocols for collecting and testing gravid female tree-
frogs followed those described in previous studies (Bee 
2008; Ward et al. 2013; Tanner et al. 2017, 2025; LaBar-
bera et al. 2020). Briefly, we collected 115 gravid females 
of the Western clade of H. chrysoscelis (Holloway et al. 
2006; Booker et al. 2022) as potential subjects for this study. 
Gravid female treefrogs collected in amplexus are as dis-
criminating as females collected prior to making a mating 
decision in the field (Murphy and Gerhardt 1996). Subjects 
were collected in amplexus from wetlands near the Twin 
Cities campus of the University of Minnesota in the Tama-
rack Nature Center (Ramsey County, MN, USA), the Carver 
Park Reserve (Carver County, MN, USA), and the Hyland 
Lake Park Reserve (Hennepin County, MN, USA). Collec-
tions were made between 2100 h and 0100 h in May and 
June of 2022. Amplexed pairs were placed in separate small 
(700 mL) plastic containers and transported back to the Uni-
versity of Minnesota, where they were provided with clean, 
aged tap water and maintained at approximately 4 °C until 
testing. This protocol delays egg-laying; extends the period 
over which gravid females respond to acoustic stimuli; and 
does not impact endogenous (baseline) CORT levels (Ger-
hardt 1995; Gall et al. 2019). Females were tested within 
24 h of collection and were housed with their chosen male 
at all times aside from behavioral testing, body size mea-
surements, and blood sampling. Prior to testing, amplexed 
pairs were transferred to a darkened, temperature-controlled 
incubator, and their body temperatures were allowed to 

reach approximately 20 °C during a 30 min acclimatization 
period. We released subjects at their site of capture within 
48 h of the completion of testing.

Study design

Across a series of 10 choice tests, each female was allowed 
to choose between two simulated calling males having 
equal calling efforts and located 2  m apart. Only 104 (of 
115) females that made a choice in all 10 tests were used as 
subjects in the study; data from the remaining 11 collected 
females was not used. Calling effort was always held constant 
for the two alternatives (i.e., speakers) across all 10 choice 
tests for both a control group and two experimental groups. 
In the control group (Table 1), call duration and call rate (and 
hence calling effort) were identical for both alternatives, and 
all three signal attributes were close to their population mean 
values. In the two experimental groups, the two alternatives 
had call durations that differed in standard deviation (SD) 
units by either ± 1 SD or ± 2 SD around the population mean 
(Table 1; Fig. 1A). Because call rates were adjusted to equal-
ize calling effort across stimuli, longer stimulus calls repeated 
at slower rates, and shorter calls repeated at faster rates 
(Fig. 1A). For each female, five of her 10 choice tests were 
considered “static tests” because the differences between 
alternatives were maintained until she made a final choice. 
The other five of 10 choice tests were considered “dynamic 
tests.” In dynamic tests, females were allowed to move a por-
tion of the way (Fig. 1B) toward one simulated calling male, 
at which point we dynamically swapped the signal attributes 
of the two simulated males. Females that stayed the course 
and chose the simulated male toward which they initially 
exhibited phonotaxis were considered committed to their 
initial choice of signaler (Baugh and Ryan 2009). Reversing 
course and choosing the initially preferred signal in the oppo-
site location was interpreted as females temporally updating 
their mate choice decision based on a real-time assessment of 
signal attributes (Baugh and Ryan 2010). Static tests served 
as a negative control by allowing us to assess the number of 
times subjects reversed in the absence of swapping of stimuli.

Table 1  Experimental stimuli
Condition Stimulus Difference from  

population mean  
call duration
(in SD units)

Call duration
(pulses/call)

Call rate
(calls/min)

Calling effort
(pulses/min)

Control Alternative 1   0 30 11.0 330
Alternative 2   0 30 11.0 330

Experimental (± 1 SD) Alternative 1  -1 26 12.7 330
Alternative 2 +1 34 9.7 330

Experimental (± 2 SD) Alternative 1  -2 22 15.0 330
Alternative 2 +2 38 8.7 330

Values of call duration, call rate, and calling effort used in the two-alternative choice tests of the control and experimental treatments
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In local populations, the mean ± SD call duration, call 
rate, and calling effort are approximately 30 ± 4 pulses, 
11 ± 3 calls/minute, and 334 ± 65 pulses/min, respectively 
(see Supplementary Material in Ward et al. 2013). As illus-
trated in Table 1, these values were used to create acoustic 
stimuli that had equivalent calling efforts (330 pulses/min) 
but differed in call duration (either 0 SD, ± 1 SD, or ± 2 SD 
from the population mean) and call rate. The shortest call 
used in this study (22 pulses) exceeds the range of varia-
tion in the number of pulses required to elicit phonotaxis at 
85 dB SPL (range: 4–16 pulses; median = 7.5 pulses; Gupta 
et al. 2021). All values of call rate, which were determined 
based on call duration and calling effort, were within 1.4 SD 
of the population mean call rate. Differences in call dura-
tion and call rate on the order of 1 to 2 SD units around 
the mean are commonly present among males calling on the 
same night in the same chorus in gray treefrogs (Gerhardt et 
al. 1996). In the ± 1 SD condition, the call durations of the 
two stimuli differed by 2 SD units, and in the ± 2 SD condi-
tion, they differed by 4 SD units (Fig. 1A; Table 1). Females 
readily discriminate stimulus differences of this magnitude 
and smaller (e.g., Gerhardt et al. 2000; Stratman and Höbel 
2019; LaBarbera et al. 2020).

Apparatus

Behavioral tests were conducted in a semi-anechoic sound 
chamber (IAC Acoustics, North Aurora, IL, USA) with a 
vibration isolating floor covered in low pile gray carpet. 
The inside walls and ceiling were lined with Sonex acous-
tic foam panels (Model VLW-60; Pinta Acoustic, Inc. Min-
neapolis, MN, USA), resulting in interior dimensions of 
2.9 × 2.7 × 1.9  m (L×W×H). Stimuli were broadcast using 
Adobe Audition 3 (Adobe Systems, Inc. San Jose, CA, USA) 
running on a Dell 5520 computer (Dell Technologies Inc., 
Round Rock, TX, USA) equipped with a MOTU M4 sound 
card (MOTU, Inc., Cambridge, MA, USA). The sound card 
output was amplified using a Crown XLS 1000 amplifier 
(Crown International, Los Angeles, CA, USA) connected to 
two Orb Mod1 speakers (Orb Audio LLC, New York, NY, 
USA) located 2 m apart on the floor midway along oppo-
site walls of the sound chamber (Fig.  1B). On the sound 
chamber floor, located 1 m from and centered between the 
two speakers, was a small (9-cm diameter) subject release 
cage that could be operated remotely from outside the sound 
chamber using a rope and pulley system (Fig. 1B). Using 
infrared-reflective tape, we marked two concentric circles 
around the face of each speaker having radii of 70 cm and 
5 cm; these are denoted as the “preference boundary” and 
the “choice boundary,” respectively (Fig.  1B). The two 
stimuli used in each choice test (Table 1) were combined in 
a stereo sound file, and each stimulus was output through a 

separate channel and delivered to a different speaker. Using 
the Swap Channels effect in Adobe Audition, each stimulus 
could be instantaneously reassigned to the opposite speaker 
during a choice test with a single mouse click.

Prior to testing each day, the sound pressure levels (SPL, 
LCFmax re 20 µPa) of stimuli were calibrated to 85 dB by 
placing the microphone of a Larson Davis 831 sound level 
meter (Larson Davis, Inc., Depew, NY, USA) at a distance 
of 1 m from the speaker at a height equivalent to that of a 
female frog’s head in the release cage. At 1 m, 85 dB SPL 
approximates natural call amplitudes in H. chrysoscelis 
(Gerhardt 1975). All tests were performed under infrared 
light using an overhead mounted IR-sensitive camera (ELP, 
Shenzhen Ailipu Technology Co., Ltd, Shenzhen, Guang-
dong, China) and were viewed on a monitor located outside 
the chamber using OBS Studio (Open Broadcaster Software, 
version 27.2.4). Behavioral responses were video recorded 
and simultaneously scored in real time by two observers 
seated outside the sound chamber. Video recordings allowed 
us to subsequently verify all data using blinded methods.

Stimuli

We used SynSing (v1.0; Tanner et al. 2020) to synthesize 
6-min long stimuli that simulated calling males (44  kHz, 
16-bit). Each stimulus consisted of a series of identical 
repeated calls having a call duration and call rate specified 
by the given control or experimental conditions (Table 1). 
Each call consisted of a series of identical pulses modeled 
after the average pulse produced by males in local popu-
lations (Ward et al. 2013). Call rise time was shaped by 
linearly increasing the amplitude of the first three pulses 
from baseline to full amplitude. Each pulse within a call 
was constructed from two phase-locked and harmonically 
related sinusoids with frequencies [and relative amplitudes] 
of 1250 Hz [-11 dB] and 2500 Hz [0 dB]. While temperature 
has a strong influence on pulse rate within a call (r2 = 0.67), 
the effects of temperature on call duration (r2 < 0.01), call 
rate (r2 = 0.06), and calling effort (r2 = 0.06) are much less 
pronounced (see Table S1 in Ward et al. 2013). Because 
temperature inside the sound chamber varied with ambient 
room temperature, we generated three replicate sets of stim-
uli having pulse rates (range: 50 to 58.8 pulses/s) specified 
for three different temperature ranges: 19.0 to 20.9 °C, 21.0 
to 22.9 °C, and 23.0 to 24.9 °C. These values are based on 
an analysis of 1000 calls (50 calls from each of 20 males) 
recorded in local populations across a range of temperatures 
(Ward et al. 2013), and they comport with the ranges of 
temperature-dependent pulse rates observed in other pop-
ulations (McLister et al. 1995; Reichert et al. 2024). The 
stimuli constructed for the 20.0 to 21.9 °C temperature range 
consisted of 10-ms pulses separated by 10-ms interpulse 
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intervals (20-ms pulse period, 50% pulse duty cycle). Pulse 
rise time was 3.4 ms and pulse fall time was 5.8 ms. Faster 
pulse rates for higher temperatures were created by propor-
tionally decreasing pulse duration, interpulse interval, and 
pulse rise and fall times while maintaining a constant pulse 
duty cycle of 50%. We selected the stimuli presented to each 
subject based on the temperature inside the sound chamber 
at the time testing of that subject commenced; these tem-
peratures varied between 21.2 °C and 24.2 °C (x̄ = 23.0 °C) 
across subjects.

Protocol

Subjects were randomly assigned to the control condition (0 
SD; n = 33) or one of the two experimental conditions (± 1 
SD: n = 37; ±2 SD: n = 34). Because some subjects were col-
lected from a population that is syntopic with a population 
of the morphologically indistinguishable tetraploid species, 
H. versicolor, the first phonotaxis test for all subjects was 
a test of species identification (Fig. S1). In this initial test, 
we gave females a choice between alternating synthetic H. 
chrysoscelis calls and H. versicolor calls broadcast from the 
two speakers (after Gupta et al. 2021; Kalra et al. 2025; Bee 
and Kalra 2025; Kalra and Bee 2025). Only females that 
were motivated to respond by choosing the H. chrysosce-
lis stimulus in this test were used as subjects in subsequent 
behavioral tests.​​

After completing the initial test of species identification, 
subjects in the control and experimental conditions were 
tested individually in the series of 10 choice tests (five static, 
five dynamic) determined according to their assigned treat-
ment. For each subject, we randomly determined whether 
the first test was a static or dynamic test, and test order alter-
nated between the two types of tests thereafter (Fig. S1). The 
purpose of alternating test types was to sequentially block 
one static test and one dynamic test into each of five con-
secutive test pairs to examine and control for any changes 
that might have occurred separately within each test type 
(static or dynamic) over the course of repeated testing. For 
the control condition, we randomized which speaker played 
the first of the two identical calls. When identical calls 
were played through each speaker in this condition, sub-
jects exhibited no bias toward either speaker (Fig. S2). In 
the experimental conditions, we randomized which speaker 
initially played the stimulus having the longer call dura-
tion. In dynamic tests, we used the Swap Channel effect in 
Adobe Audition to instantaneously change the speaker from 
which each stimulus played as soon as possible after the 
subject first crossed a preference boundary (Fig. 1B). Upon 
making a channel swap, the stimulus that had played from 
the left speaker started playing from the right speaker, and 
vice versa. For static tests, we performed a “sham” channel 

swap using the same protocol, but stimuli were reassigned 
to their original channels and, therefore, were not redirected 
to opposite speakers. Note that in the control condition, 
in which the two calls were identical, static and dynamic 
tests were acoustically and functionally equivalent. Channel 
swaps were always made during the silent intervals between 
calls to avoid interrupting a stimulus call.

To begin both static and dynamic tests, subjects were 
placed in the release cage at the center of the sound cham-
ber. Subjects were allowed to freely move inside the release 
cage. Each subject experienced a 1-min acclimation period 
in the release cage after which we commenced stimulus 
broadcasts. The two stimuli were broadcast for an additional 
1-min listening period while the female remained in the 
release cage. The computed call efforts of the stimuli were 
approximately equal and near 330 pulses/min by the end of 
the 1-min listening period prior to subject release (Fig. S3). 
Following the listening period, the release cage was opened, 
and the subject was able to move freely in the sound cham-
ber. Subjects were given up to 5 min to respond by cross-
ing the choice boundary in front of one of the speakers. We 
recorded each subject’s initial preference as the stimulus 
towards which it was moving when it first crossed one of the 
preference boundaries (see Supplementary Material), and 
we noted the elapsed time required to do so. Each subject’s 
choice and latency to choose (hereafter “choice latency”) 
were recorded, respectively, as the stimulus playing from 
the speaker associated with the choice boundary it first 
crossed and the elapsed time between being released and 
first crossing a choice boundary. Subjects were tested one 
at a time, and after each test, the subject was immediately 
placed back into the release cage, and the next test began 
with a 1-min acclimation period. There is little evidence 
that repeat phonotaxis testing in female frogs has carryover 
effects that would influence female preferences and choices 
between tests separated by short time intervals (Gerhardt 
1981; Gerhardt et al. 2000; Baugh and Ryan 2009). Subjects 
typically finished all tests within 1 h.

Hormone collection and morphological 
measurements

Immediately after a subject completed its last behavioral 
test, approximately 50 µL of whole blood was collected 
via cardiac puncture for later analysis of CORT concentra-
tions using a heparin rinsed, 30-gauge insulin syringe (BD 
Micro-fine U-100, 0.3 mL). At the time of blood collection, 
we also measured each subject’s tibia-fibula length (TFL) to 
the nearest 0.1 mm using dial calipers (SPI Polymid Plastic 
Dial Caliper 150 m, MSC Industrial, Melville, NY, USA). 
Subjects were then reunited with their chosen mates in their 
original container, given fresh aged tap water, and placed in 
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a dark incubator at a temperature of 20 °C. Usually within 
6–8  h (and no longer than 10  h) females oviposited eggs 
within the container (Feagles and Höbel 2022a). Following 
oviposition, we measured each subject’s body mass to the 
nearest 0.1 g using a digital balance (Smart Weigh SWS100; 
Smart Weigh Instrument Co., LTD, Changzhou, China). All 
blood draws and measures of body size and mass were taken 
by the same person to ensure uniformity. We extracted and 
measured CORT following methods previously validated in 
gray treefrogs (Baugh et al. 2019, 2021; Gall et al. 2019; 
Baugh 2024; Rodriguez-Santiago et al. 2024), and these 
methods are described in detail in the Supplemental Mate-
rial. We used TFL and post-oviposition mass to compute the 
scaled mass index (SMI) as a measure of body condition 
(Peig and Green 2009). Complete data for CORT, TFL, and 
SMI were available for 90 of the 104 subjects, and descrip-
tive statistics for these measures are included in the Supple-
mental Material.

Statistical analyses

All statistical analyses were performed using R version 
4.41 (R Core Team 2024) and RStudio v2023.6.2.561 (Posit 
team 2023). Unless indicated otherwise, we used a signifi-
cance criterion of α = 0.05.

Female choice at the population-level

We assessed female choice at the population level using 
binomial tests, as is customary in statistical analyses of 
two-alternative choice tests of phonotaxis behavior (e.g., 
Gerhardt 1995). For each of 10 choice tests, we separately 
tested the null expectation that a proportion equal to 0.50 
would choose each alternative. For these binomial analy-
ses (and for these analyses only), we assumed repeated 
tests of a female were independent. Given the large num-
ber of repeated tests per individual (10 tests pooled across 
static and dynamic tests in each condition), we separately 

corrected for multiple comparisons (10 total) within each 
experimental condition (± 1 SD, ± 2 SD) using the Holm-
Šídák method.

We further analyzed female choices in the experimen-
tal conditions by fitting a set of generalized linear mixed-
effects models (GLMMs) (lme4 package, Bates et al. 2015). 
The binary response variable was whether the female chose 
the longer call produced at a slower rate (yes = 1, no = 0). We 
compared candidate models (Table 2) that included an inter-
cept only model and models incorporating various experi-
mental design factors and the individual subject-related 
variables of TFL, SMI, and log10(CORT). CORT concen-
trations were log10-transformed to reduce right skew and 
better meet assumptions of linearity and homogeneity. Sub-
ject ID was included as a random effect in all models. Two 
primary factors of interest were the magnitude difference 
in call duration (and hence call rate) between the two alter-
natives in a choice test (“Stimulus”; ±1 SD versus ± 2 SD 
difference in call duration) and whether the test was a static 
or dynamic test (“Test Type”). We also included a factor 
(“Test Pair”) to account for sequential test order by block-
ing tests into five sequential pairs, each consisting of a static 
and dynamic test. To improve model stability, we rescaled 
subject-related variables as z scores (x̄ = 0, SD = 1). Model 
selection was based on the corrected Akaike Information 
Criterion (AICc), which balances model fit and complex-
ity, and all models with a ΔAICc value less than or equal to 
2.0 were retained (Burnham and Anderson 2002). Addition-
ally, if retained models were nested (i.e., differed by a single 
predictor term), we assessed whether additional predictors 
statistically improved model fits using likelihood ratio tests 
(LRTs). Finally, model fits were evaluated using conditional 
and marginal coefficients of determination (R2) (Nakagawa 
and Schielzeth 2013; Nakagawa et al. 2017).

We analyzed choice latency using a similar GLMM 
approach and the same candidate models (Table 2) with the 
following differences. Because choice latencies were con-
tinuous, positive, and right skewed, models were fit using 

Table 2  Candidate GLMM models
Model Fixed Effects
Intercept only
Stimulus
Test Type
Stimulus + Test Type
Stimulus + Test Type + Stimulus:Test Type
Stimulus + Test Type + Stimulus:Test Type + Test Pair
Stimulus + Test Type + Stimulus:Test Type + Test Pair + Stimulus:Test Pair
Stimulus + Test Type + Stimulus:Test Type + TFL + SMI + CORT
Stimulus + Test Type + Stimulus:Test Type + SMI + CORT + SMI:CORT
Factors used in the GLMM analyses of female choice, choice latencies, and reversals. The reference conditions for each predictor were as fol-
lows: Stimulus (± 1 SD for choices; 0 SD for choice latencies and reversals), Test Type (static tests), Test Pair (pair 1). All models included an 
intercept and a random effect of subject ID
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a gamma distribution with a log link function (glmmTMB 
package, Brooks et al. 2017). The predictor of Stimulus 
included all three levels of difference in call duration, which 
allowed us to compare latencies in the choice tests involving 
differences in call duration and rate (± 1 SD and ± 2 SD) to 
those in the control conditions, in which these two proper-
ties did not differ (0 SD).

Individual consistency of choice

We evaluated individual consistency of female choices in two 
ways. First, we determined Repeatability (R) from the best 
GLMM models (rptR package, Stoffel et al. 2017). We report 
adjusted repeatability, which takes into account the influences 
of both random and fixed effects in the GLMM model, as 
well as unadjusted repeatability, which reflects solely the vari-
ance explained by the random effect of subject ID (Nakagawa 
and Schielzeth 2010; Dingemanse and Dochtermann 2013). 
Repeatability values for female choices and other response 
variables are reported on the latent scale and have confidence 
intervals [2.5%, 97.5%] derived from 1000 bootstrap iterations 
and 1000 permutations. The statistical significance of repeat-
ability was assessed using both LRTs and permutation tests.

Second, we compared observed distributions of the num-
ber of times real subjects chose the same stimulus across 
sequential tests in the experimental conditions to expected 
distributions that modeled different levels of individual con-
sistency in simulated subjects. In static and dynamic tests, 
both real and simulated subjects (n = 71) could choose the 
longer call between zero times (i.e., never chose the longer 
call) and 5 times (i.e., always chose the longer call). We 
manipulated the degree of individual consistency in simu-
lated subjects by incorporating a memory effect (hereafter, 
M̂ ), implemented as 0.0 ≤ M̂  ≤ 1.0 in 0.2 steps. The out-
come of a simulated subject’s first choice test (i.e., chose 
the longer call or the shorter call) was always determined as 
a random “coin flip” (i.e., with a 50/50 chance of each pos-
sible outcome). On all subsequent choice tests, the outcome 
was either the same as the immediately preceding test (with 
probability M̂ ) or again determined as another random coin 
flip (with probability 1-M̂ ). Hence, when M̂  = 0.0, each test 
outcome for each simulated subject was randomly deter-
mined and independent of all other tests; when M̂  = 1.0, all 
test outcomes for a simulated subject were the same after 
being randomly determined in its first test. We compared 
observed distributions to expected distributions for 0.0 ≤ M̂  
≤ 0.80 using Chi-square goodness-of-fit tests with a Monte 
Carlo approximation (10,000 simulations) to estimate p-val-
ues. Statistical comparisons for M̂  = 1.0 were not possible 
because all simulated subjects, by design, chose one or the 
other stimulus 100% of the time resulting in bins with no 
simulated subjects, which violates the assumption that the 

sampling distribution of the test statistic follows the Chi-
square distribution. We explored streamlining the number 
of comparisons by using Chi-square tests of homogeneity 
to determine whether the observed distributions could be 
aggregated across the two levels of difference in stimulus 
call duration (± 1 SD and ± 2 SD). We aggregated observed 
distributions that were not significantly different.

Commitment to initial preferences

We investigated an individual’s commitment to the simulated 
signaler (i.e., speaker) associated with the first preference 
boundary crossed by scoring whether it reversed course after 
crossing the preference boundary. A reversal in both static 
and dynamic tests indicated a subject ultimately chose the 
speaker on the opposite side of the arena from the speaker 
it initially approached. Recall that in dynamic tests, but 
not in static tests, the two alternative stimuli were swapped 
between speakers when the subject first crossed a preference 
boundary. Hence, a reversal in a dynamic test corresponds 
to a subject that ultimately chose the stimulus it was initially 
approaching prior to the stimulus swap. In a static test, in 
which stimuli were not swapped, a female that reversed 
chose the alternative to the stimulus it initially approached. 
A non-reversal corresponded to a subject that did not reverse 
course and, thus, ultimately chose the speaker (not necessar-
ily the stimulus) associated with the first preference bound-
ary it crossed. A non-reversal also corresponds to a choice of 
the stimulus with the higher relative SPL at the position of a 
frog that had just crossed the preference boundary (and was 
thus closer to one speaker than the other). To assess com-
mitment, we used the GLMM models and model selection 
approach described above for female choices (see Table 2) 
with the binary response variable of reversal during the trial 
(reversal = 1; non-reversal = 0). All candidate models used a 
binomial distribution with a logit link function and included 
subject ID as a random effect. In contrast to our previous 
analyses, the factor of Stimulus in models of reversals also 
included the control condition (0 SD), such that all three lev-
els of difference in call duration (0 SD, ± 1 SD, and ± 2 SD) 
were tested. By including the 0 SD condition, we were able 
to assess whether reversals were more common when stimuli 
differed in call duration and rate compared to a control in 
which these call properties did not change.

Results

Female choice at the population-level

At the population level, we found little evidence to sug-
gest that females’ initial preferences (Table S1, S2; Fig. 
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S4) or their final choices were strongly influenced by dif-
ferences in call duration or call rate when calling effort 
was held constant. Across the five test pairs, the propor-
tions of subjects choosing the longer call at a slower rate 
ranged from 0.38 (14 of 37 subjects) to 0.65 (24 of 37 

subjects) in the ± 1 SD condition and from 0.29 (10 of 34 
subjects) to 0.65 (22 of 34 subjects) in the ± 2 SD condi-
tion (Fig. 2A). With only one exception (static test of ± 2 
SD in test pair 5; Fig. 2A), the 95% exact binomial confi-
dence intervals for all tests included 0.50. The proportion 
of subjects choosing the longer call was not significantly 
different from 0.50 in any binomial test after corrections 
for multiple comparisons.

Model selection based on AICc scores identified two 
competitive GLMM models, neither of which explained 
much of the variation in the choices females made (con-
ditional and marginal R2 ≤ 0.03; Table 3). The best GLMM 
model included a significantly negative intercept and a sig-
nificantly positive effect of Test Type as the only predictor 
(Tables 3 and S3). These results suggest, overall, that the 
proportions of subjects choosing the longer call were below 
0.50 and higher in dynamic tests compared to static tests 
after controlling for other effects in the model (Fig. 2A). The 
other model (ΔAICc ≤ 2) included the effects of Stimulus 
and Test Type, but only the intercept and the effect of Test 
Type were significant (Tables 3 and S3). Adding Stimulus 
as a predictor did not significantly improve model fit com-
pared to the best model with Test Type as the only predictor 
(ꭓ2

(1) = 0.028, p = 0.867).
Median choice latencies (Fig. 2B) ranged between 58 s 

and 106 s across the 20 factorial combinations of Stimulus 
(± 1 SD, ± 2 SD), Test Type (static, dynamic), and Test Pair 
(1–5). The best GLMM for choice latency included Stimu-
lus, Test Type, their interaction, and Test Pair as predictors. 
There were no other competitive models (Tables 4 and S4). 
After controlling for other effects in the best model, choice 
latencies were significantly longer when the difference in 
call duration was ±1SD (p = 0.017) and significantly shorter 
in all test pairs after the first test pair (p ≤ 0.014) (Table 4). 
Overall, the best model explained about 23% of the varia-
tion in choice latencies (conditional R2 = 0.23); however, 
little variance in latency was explained by the predictors in 
the model (marginal R2 = 0.05). Thus, even the best model 
was a poor predictor of choice latencies after accounting for 
individual differences.

Table 3  GLMM results for female choice
Model Term Estimate SE Wald z p Cond. R2 Marg. R2

Test Type Intercept -0.323 0.122 -2.638 0.008 0.03 0.02
Test Type (dynamic) 0.519 0.169 3.074 0.002

Stimulus + Test Type Intercept -0.336 0.146 -2.303 0.021 0.03 0.02
Stimulus (± 2 SD) 0.030 0.177 0.167 0.867
Test Type (dynamic) 0.519 0.169 3.074 0.002

The two top GLMM models (AICc ≤ 2.0) for female choice based on differences in call duration and call rate. The reference for Test Type was 
static tests, and the reference for Stimulus was ± 1 SD. The estimate, standard error (SE), statistic (Wald z) and p-value are shown for each term 
in each model, and the conditional R2 and marginal R2 are shown for each model. Results from model selection are included in the Supplemen-
tary Material

Fig. 2  Female choices and choice latencies. A Proportions (± 95% 
exact binomial confidence intervals) of subjects that chose the call 
with the longer duration (produced at a slower rate), shown separately 
for static tests (gray symbols) and dynamic tests (white symbols), 
when the difference in call duration was ± 1 SD (n = 34) and ± 2 SD 
(n = 37) around the population mean call duration. B Boxplots show 
choice latencies in static tests (gray boxes) and dynamic tests (white 
boxes) when the difference in call duration was ± 1 SD (n = 34) and ± 2 
SD (n = 37). Plots depict group latency medians (line), IQRs (box), and 
1.5 × IQR (whiskers). Latencies greater than 1.5 × IQR are depicted 
as individual points

 



1 3

   70   Page 10 of 18 Behavioral Ecology and Sociobiology           (2026) 80:70 

Individual consistency of choice

Females were largely inconsistent in the choices they 
made, but there was some consistency in how long it took 
them to make a choice. For female choice, repeatability 
was low (0.008 ≤ R ≤ 0.010) and not significantly different 
from zero (Table  5). In contrast, repeatability estimates 
for choice latency (0.142 ≤ R ≤ 0.148) were more than an 
order of magnitude higher and were significantly nonzero 
(Table 5).

The observed distributions of the number of times 
subjects consistently chose the longer call did not differ 
between the ± 1 SD and ± 2 SD distributions for either static 
tests (Fig. S5A, n = 71; ꭓ²(5) = 5.35, p = 0.375) or dynamic 
tests (Fig. S5B, n = 71; ꭓ²(5) = 1.11, p = 0.953). Consequently, 
we separately pooled observed data for static and dynamic 
tests across the two differences in call duration before com-
paring with simulated data. The observed distributions for 
these pooled data were centered around two or three (out of 
five) choices of the longer call in static and dynamic tests, 
respectively (static tests: mode = 2, median = 2, Fig.  3A; 
dynamic tests mode = 3, median = 3, Fig.  3B). Compari-
sons of observed data from real subjects (Figs. 3A, B) to 
the expected distributions from simulated subjects across 
varying degrees of individual consistency indicate females 
exhibited little or no consistency in making the same choice 
across multiple tests. Expected distributions (Fig.  3C) 
shifted between a Gaussian distribution and a completely 
bimodal distribution as the individual consistency of simu-
lated subjects increased from M̂  = 0.0 (completely random) 
to M̂  = 1.0 (initially random but completely consistent 
thereafter). For static tests, the observed and expected dis-
tributions were not different for M̂  equal to 0.0, 0.2, and 0.4 
(Fig. 3C), but differed significantly (p < 0.05) for values of 
M̂  equal to 0.6 and 0.8. In dynamic tests, the observed and 
expected distributions were not different for M̂  equal to 0.0 
and 0.2 (Fig. 3C) but differed significantly (p < 0.05) for 
values of M̂  equal to 0.4, 0.6, and 0.8.

Commitment to initial preferences

Most subjects were committed to choosing their initial pref-
erence; that is, they ultimately chose the speaker associated 
with the first preference boundary they crossed (Fig. 4A). 
Moreover, they did so regardless of any differences in call 
duration and rate between the two alternatives and whether 
stimuli were swapped between speakers. Across all facto-
rial combinations of Stimulus (0 SD, ± 1 SD, and ± 2 SD) 
and Test Type (static and dynamic), the proportions of tests 
in which subjects reversed course (Fig. 4B) after crossing 
the initial preference boundary were uniformly low, varying 
between 0.07 and 0.18 (Fig. 4C). Model selection yielded 
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two top GLMM models (Table S5), but the marginal coef-
ficients of determination for these models indicate the fixed 
effects included were poor predictors of reversals (mar-
ginal R2 = 0.04; Table  6). Stimulus was the only predictor 
included in the best GLMM model for reversals (Tables 6 
and S5). Compared with the 0 SD difference in call dura-
tion, reversals were significantly more likely when the dif-
ference in call duration was ± 1 SD (p = 0.003) but not ± 2 
SD (p = 0.061), though the latter was marginally significant 

(Table  6; Fig.  4C). The only other competitive model 
included Stimulus and Test Type as predictors (Table S5). 
The effect of Test Type in this second-best model was not 
significant (p = 0.680).

There was variation among individuals in reversal rates. 
The difference between marginal and conditional coefficients 
of determination from the best GLMM models indicated 
the random effect of subject ID was relatively important 
compared to fixed effects (marginal: R2 = 0.04; conditional: 
0.19 ≤ R2 ≤ 0.20; Table 6). The repeatability of reversals was 
significantly nonzero and fell between estimates of repeat-
ability for choice and choice latency (Table 5).

Table 5  Repeatability
Response variable Type R [95% CI] p (LRT) p (permutation test)
Choice Adjusted 0.010 [0, 0.053] 0.314 0.254

Unadjusted 0.008 [0, 0.047] 0.347 0.272
Choice latency Adjusted 0.142 [0.087, 0.205] < 0.001 0.001

Unadjusted 0.148 [0.090, 0.207] < 0.001 0.001
Reversals Adjusted 0.066 [0.013, 0.113] < 0.001 0.001

Unadjusted 0.081 [0.028, 0.135] < 0.001 0.001
Estimates of adjusted and unadjusted repeatability (R), 95% confidence intervals, and results from likelihood-ratio tests (LRT) and permutation 
tests derived from the best GLMM models for the response variables of choice, choice latency, and reversals

Fig. 4  Reversals in choice tests. A and B show two examples of 
traced phonotaxis paths (with circled frog) as monitored through the 
overhead camera. A Most females chose the speaker associated with 
the first preference boundary they crossed. B A minority of females 
reversed course and ultimately chose the speaker on the opposite side 
of the arena from the preference boundary they first crossed. C The 
proportions (± 95% exact binomial confidence intervals) of tests in 
which subjects reversed in the 0 SD, ± 1 SD and ± 2 SD conditions, 
shown separately for static and dynamic tests

 

Fig. 3  Observed and expected distributions of individual consistency. 
Observed distributions of the number of times real subjects consis-
tently chose the longer call in A static tests and B dynamic tests. C 
Expected distributions of the number of times simulated subjects con-
sistently chose the longer call as a function of the degree of consis-
tency (M̂ ). Arrows (with associated χ2 and p values) connect observed 
and expected distributions that did not differ significantly
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Discussion

Our results support an inter-signal interaction hypothesis 
and refute the differential feature weighting hypothesis. At 
the population level, there was no evidence females chose 
between simulated males based on differences in call dura-
tion and call rate when calling effort was held constant. 
Instead, choices were random with respect to differences 
in call duration and call rate. Estimates of repeatability of 
choice were low and non-significant, and the outcomes of 
repeated tests were similar to expectations based on repeat-
edly flipping a coin. Hence, the choices of individual females 
mirrored the lack of female choice observed at the popula-
tion level. Finally, females were highly committed to the 
simulated male they initially approached, even when calls 
differing in duration and rate were dynamically swapped 
between speakers. Based on these results, we conclude there 
is a multiplicative interaction between call duration and call 
rate, such that individual females choose mates by attending 
to the emergent property of calling effort instead of its con-
stituent components. This conclusion rests on two caveats.

First, as noted earlier, an inter-signal interaction hypothe-
sis equates to a null hypothesis of “no difference” given our 
chosen study design. We held calling effort constant because 
there is already robust evidence female gray treefrogs pre-
fer longer calls and faster call rates when calling effort is 
allowed to covary. But could our results represent a failure 
to reject a false null hypothesis? Such an interpretation rests 
on the unlikely outcome of obtaining the same null result 
across ten sequential tests. Moreover, our results replicate 
earlier work by Ward et al. (2013) showing that females 
largely ignore differences in call duration and rate when 
calling effort is held constant. Beyond providing greater 
confidence in negative results, replicating behavioral stud-
ies – particularly those using wild or field-collected animals 
– is fundamental to overcoming bias associated with the 
selective reporting of positive results or results consistent 
with theory (Palmer 2000; Kelly 2006, 2019; Ryan 2011; 
Fraser et al. 2020).

Second, an inter-signal interaction hypothesis, as it per-
tains to calling effort, makes the same predictions as the 
influential sensory bias hypothesis (sensu Ryan and Keddy-
Hector 1992), which holds that females prefer signals with 
more total acoustic energy because such signals elicit greater 
sensory stimulation. While “energy” and “sensory stimula-
tion” are certainly important considerations in studies of 
signal design, these terms possess a certain vagueness that 
does not always connect in clear ways to underlying neuro-
sensory mechanisms. Both insects and frogs, for example, 
possess well-described neural mechanisms for processing 
their temporally structured signals (Gerhardt and Huber 
2002; Hartbauer and Römer 2014; Rose 2018). In frogs, 
including Cope’s gray treefrog (Edwards et al. 2002, 2007; 
Rose et al. 2015; Kamath et al. 2026), electrophysiologi-
cal studies have ruled out temporal summation of acoustic 
energy as a mechanism for how pulsatile calls are processed 
by the central nervous system. Specifically, pulse rate is not 
processed by summing acoustic energy, but rather by neural 
computations that integrate precisely-timed excitation and 
inhibition to “count” discrete interpulse intervals (reviewed 
in Rose 2018). Carried out by so-called “interval-counting 
neurons” in the midbrain, these computations mediate spe-
cies recognition as well as discrimination among different 
conspecific call types (e.g., advertisement versus aggres-
sive calls). Such findings raise the intriguing possibility 
that receiver preferences based on calling effort also engage 
counting mechanisms that are more complex than summa-
tion of acoustic energy. While our results cannot rule out a 
sensory bias explanation, we prefer a hypothetical frame-
work that makes fewer (implicit) assumptions about sensory 
mechanisms.

Different classes of inter-signal interaction hypotheses 
have been proposed to explain aspects of communication 
from the separate perspectives of signalers and receivers 
(Candolin 2003; Hebets and Papaj 2005). From the signal-
er’s perspective, the negative phenotypic and genetic cova-
riance between call duration and call rate are consistent with 
a multitasking hypothesis (Hebets and Papaj 2005; Ward et 

Table 6  GLMM results for reversals
Model Term Estimate SE Wald z p Cond. R2 Marg. R2

Stimulus Intercept -2.712 0.275 -9.857 < 0.001 0.19 0.04
Stimulus (± 1 SD) 0.985 0.336 2.934 0.003
Stimulus (± 2 SD) 0.673 0.359 1.877 0.061

Stimulus + Test Type Intercept -2.756 0.296 -9.325 < 0.001 0.20 0.04
Stimulus (± 1 SD) 0.985 0.336 2.934 0.003
Stimulus (± 2 SD) 0.673 0.359 1.877 0.061
Test Type (dynamic) 0.085 0.207 0.413 0.680

The two top GLMM models (AICc ≤ 2.0) for reversals based on differences in call duration and call rate. The reference conditions for the pre-
dictors of Stimulus and Test Type were 0 SD and static tests, respectively. The estimate, standard error (SE), statistic (Wald z) and p-value are 
shown for each term in each model, and the conditional R2 and marginal R2 are shown for each model. Results from model selection are included 
in the Supplementary Material
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al. 2013). According to this hypothesis, a signaler’s ability 
to produce one signal or signal component is constrained by, 
and thus negatively correlated with, their ability to produce 
another. In gray treefrogs, males are constrained, almost cer-
tainly by performance costs, in terms of how fast they can 
repeat long calls (Taigen and Wells 1985; Wells and Taigen 
1986; Grafe 1997; McLister 2001; Reichert and Gerhardt 
2012). But what about the perspective of female receivers? 
Our data are broadly in line with the emergence hypoth-
esis (Hebets and Papaj 2005), which holds that receivers 
are better able to discriminate among signalers based on 
properties that emerge from combining multiple signals or 
signal components in such a way that a new, unique sig-
nal is formed. Within the experimental parameters of our 
study, we demonstrated that females chose simulated mates 
randomly and ignored differences in call duration and call 
rate provided calling effort was equal. This result suggests 
females integrate information about the number of pulses 
males produce over multiple calls before making their final 
choice of a mate. But over what time window? Our best 
estimate comes from a study of the tetraploid gray treefrog 
by Schwartz et al. (2004). That study combined field and 
laboratory tests of female choice to estimate the most likely 
assessment time window as being on the order of 58  s to 
161 s. While females may listen longer to calling males in 
a chorus, their final choice of a mate appears influenced by 
differences in calling effort that occur on the order of tens 
to hundreds of seconds just prior to choosing. At present, 
the mechanistic basis of how females assess calling effort 
is unknown. An intriguing direction for future studies of 
the anuran auditory system would be to compare the neural 
basis of temporal information processing over the different 
times scales of mate choice. For example, how does rec-
ognizing a conspecific by counting pulses within calls over 
the course of tens to hundreds of milliseconds compare to 
discriminating among conspecifics based on differences in 
their calling effort over the course of tens to hundreds of 
seconds (e.g., Hartbauer and Römer 2014)? As discussed 
next, such studies should be conducted in a carefully con-
sidered comparative framework.

The present study highlights the potential for evolution-
ary lability in female preferences among closely related 
lineages (Ritchie 1996; Boughman et al. 2005; Rodriguez 
et al. 2006). Extant populations of the diploid Cope’s gray 
treefrog (H. chrysoscelis) can be assigned to two genetically 
distinct lineages, a Western clade and an Eastern + Central 
clade, with a monophyletic Eastern clade nested within 
the Central lineage (Holloway et al. 2006; Booker et al. 
2022). Subjects in the present study were from the Western 
clade. The tetraploid eastern gray treefrog (H. versicolor) 
arose through a single autopolyploid genome duplication 
event within a now-extinct clade of the diploid. Previous 

studies have identified differences between the two species, 
or between lineages within one species, in female prefer-
ences for pulse shape (Gerhardt and Doherty 1988; Ger-
hardt 2005), pulse rate (Gerhardt 1994, 2008; Schul and 
Bush 2002), spectral content (Gerhardt et al. 2007; Gupta 
and Bee 2023), and spectral cues related to body size (Mor-
ris and Yoon 1989; Schrode et al. 2012). In contrast to the 
present study of the Western Clade of the diploid in Min-
nesota, females of both the tetraploid (Klump and Gerhardt 
1987; Gerhardt et al. 1996; Schwartz et al. 2001) and the 
Central lineage of the diploid in Missouri (Gerhardt et al. 
1996) prefer longer calls at slower rates even when call-
ing effort remains constant. The apparent lineage differ-
ence within the diploid deserves additional study, but also 
additional comment here. Recall that our stimuli differed 
symmetrically in call duration around the population mean 
(± 1 SD, ± 2 SD). In their tests of the diploid, Gerhardt et al. 
(1996) used longer and shorter call alternatives that were − 1 
SD and − 3 SD, respectively, below the mean call duration 
in local Missouri populations. This is relevant, because both 
diploid and tetraploid females exhibit nonlinear preferences 
that strongly favor longer over shorter calls when both are 
of lower-than-average duration (Gerhardt et al. 2000; Bee 
2008; LaBarbera et al. 2020). Additional work is needed to 
determine whether the lineage difference described here is 
real or reflects heretofore unidentified nonlinearities in pref-
erences for greater calling effort.

The study of individual variation in mate choice gained 
attention following the influential review by Jennions and 
Petrie (1997). The repeatability of female choice based on 
differences in call duration and call rate in the present study 
was not significantly different from zero. This result under-
scores the role of calling effort as an emergent property on 
which females based their choices, which were random with 
respect to call duration and call rate. Repeatability varies 
substantially across different behaviors, with mate choice 
being among the most studied and often least repeatable, 
and the low repeatability for female choice reported here is 
consistent with values reported in other vertebrates (Bell et 
al. 2009). A similar lack of repeatability in frog mate choice 
was observed in experiments with túngara frogs (Kime et al. 
1998). Notably, our study and that by Kime et al. (1998) dem-
onstrated low repeatability despite what are ideal conditions 
for detecting it: a controlled laboratory assay using call alter-
natives of similar attractiveness at the population level and 
back-to-back repeat testing of individual females. When mate 
choice alternatives vary dramatically in attractiveness such 
that one is strongly preferred by females, there can be lim-
ited variation to parse (and hence low repeatability); shorter 
time intervals between repeat tests are also associated with 
higher repeatability (Bell et al. 2009). Hence, studies to date 
suggest population-level preferences in female frogs may 



1 3

   70   Page 14 of 18 Behavioral Ecology and Sociobiology           (2026) 80:70 

largely reflect within-individual variation; that is, evidence 
is weak for strong polymorphisms in female preferences for 
male call characteristics. In a recent study of the tetraploid 
gray treefrog, Stratman and Höbel (2024) documented con-
siderable within-population variation in female preferences 
for call duration, call rate, and dominant frequency. However, 
females were not tested repeatedly with the same stimuli, so 
the extent to which the observed within-population variation 
reflects within-individual variation remains unclear. Within-
individual variation in frog mate choice might be due to a 
variety of factors, including rapidly shifting female condi-
tion, and therefore behavior, during reproductive readiness 
(Baugh and Ryan 2009), which in turn could be driven by 
positive feedback activity in gonadal hormones like estrogens 
(Chakraborty and Burmeister 2009). Such rapidly fluctuating 
reproductive states could obscure among-individual differ-
ences in mate choice behavior.

Other aspects of mate choice behavior in gray treefrogs 
may, in fact, be highly repeatable. Evidence from the tet-
raploid gray treefrog suggests a female’s mate preferences 
are distinct from the effort she is willing to invest to acquire 
a preferred mate (Feagles and Höbel 2022a). This invest-
ment of effort is taken to be an indicator of a female’s 
“choosiness” (Jennions and Petrie 1997; Kuczynski et 
al. 2017; Feagles and Höbel 2022a, b; also referred to as 
“preference strength,” Gerhardt et al. 2000). In gray tree-
frogs, choosiness for longer calls has been measured as the 
extent to which the SPL of a preferred call can be attenu-
ated – thereby simulating a preferred male calling from a 
greater distance – and still elicit a preference. Measured in 
this manner, there is often substantial repeatability in female 
choosiness for longer calls (Gerhardt et al. 2000; Feagles 
and Höbel 2022a, b). Importantly, these previous metrics of 
choosiness are functionally analogous to reversal behavior 
in the present study: both quantify the degree of persistence 
or effort a female invests when pursuing the preferred alter-
native under conditions that impose real or perceived loco-
motor costs. By holding calling effort constant, our design 
removed strong attractiveness differences, thereby limiting 
the opportunity for females to express stable differences in 
choice. Yet, like Baugh (2009) and consistent with previ-
ous findings with the tetraploid gray treefrog (Bastien et al. 
2018), we found significant repeatability in how females 
executed their decisions—specifically, in choice latency 
and reversal behavior. Hence, consistent among-individual 
differences in mate choice may be more likely to appear in 
components of the decision process itself, especially under 
conditions that expose tradeoffs and allow preferences and 
choosiness to be expressed quantitatively.

None of the individual subject variables we measured 
(body size [TFL], condition [SMI], and endogenous baseline 
glucocorticoid levels [CORT]; Table S6) predicted choice 

latency or reversals, nor did any of these variables predict 
the choices females ultimately made. This outcome provides 
a mixed level of support and corroboration for findings in 
earlier studies. In the tetraploid gray treefrog, Kuczynski 
et al. (2017) found a positive relationship between female 
body size and the likelihood of choosing a more attractive 
(and more distant) male having a higher calling effort asso-
ciated with producing longer calls. In túngara frogs, individ-
ual differences in reversal rates were associated with body 
condition (based on pre-oviposition mass); higher condi-
tion females reversed less often (Baugh and Ryan 2009). 
This result led to the hypothesis that greater oviposition 
urgency (more hydrated egg masses leading to higher SMI) 
is linked to reduced female reversals. In contrast to túngara 
frogs, which were collected and tested before they had com-
menced construction of the foam nest that coincides with 
oviposition, we had no knowledge about how many, if any, 
of each subject’s eggs had been oviposited prior to collec-
tion. We found no relationship between SMI (based on post-
oviposition mass) and reversals, which is consistent with 
a similar finding in the tetraploid gray treefrog (Kuczyn-
ski et al. 2017). Lastly, in a related study of the tetraploid, 
there was no relationship between oviposition timing and 
reversals (Bastien et al. 2018). Together, these studies sug-
gest body size and condition may have limited explanatory 
power as determinants of features of mate choice in some 
frogs, such as latency to choose and commitment.

The influence of glucocorticoids on female choice has 
received increased attention in recent years (Leary and 
Baugh 2020). In a previous study by Baugh et al. (2021) 
that experimentally manipulated CORT levels in the dip-
loid gray treefrog (H. chrysoscelis), moderate exogenous 
increases in circulating CORT increased female reversal 
rates in dynamic two-choice tests in which alternatives dif-
fered simultaneously in call duration and calling effort; low 
and high CORT elevations resulted in nominal declines in 
reversal rate. This inverted-U hormone-behavior relation-
ship was further explained by individual variation in the 
expression of the glucocorticoid receptor (GR) in the fore-
brain (Rodriguez-Santiago et al. 2024). Given the nature of 
the dynamic mate choice assay used in these studies (which 
has a locomotor cost associated with choosy behavior), it is 
not surprising that metabolic hormones such as glucocorti-
coids are involved in modulating costly decision making. 
However, these results contrast with those of the present 
study, in which calling effort was held constant and endoge-
nous levels of plasma CORT failed to predict female choice, 
choice latency, consistency of choice, or commitment to ini-
tial preferences, despite a large range of endogenous CORT 
concentrations across individuals (Table S6). In addition to 
the difference in whether calling effort was held constant, 
these contrasting effects of CORT on commitment might 
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also reflect fundamental differences of action between rap-
idly elevated (‘stress-induced’) CORT levels, as measured 
by Baugh et al. (2021), and baseline endogenous levels, as 
measured in this study.

In conclusion, we suggest multitasking and emergence 
are two complementary inter-signal interaction hypotheses 
that explain the directional preferences of female H. chrys-
oscelis for two attributes of signaling males – call duration 
and call rate – that negatively covary due to performance-
related constraints. Future neuroethological studies are 
needed to determine how the emergent property of calling 
effort is coded in receivers’ nervous systems. We speculate 
that the observed absence of individual variation in female 
choice, but the presence of individual variation in choice 
latency and commitment, may reflect differences in under-
lying modulatory mechanisms involving the forebrain. Dor-
sal thalamic lesions that target forebrain processing do not 
impact responsiveness and preferences during mate choice 
in gray treefrogs (Endepols et al. 2003). But real-time plas-
ticity in preference expression may involve forebrain pro-
cessing. Therefore, we might expect individual differences 
in how choices are made to result from differences among 
females in physiological factors such as hormone levels 
(e.g. elevated CORT; Baugh et al. 2021) and neural receptor 
expression in the forebrain (e.g., GR; Rodriguez-Santiago et 
al. 2024). In other words, basic preferences and acoustically 
guided locomotion might be coded in more ‘hard-wired’ 
midbrain sensory and sensorimotor circuits, which might 
then be modulated by more plastic (hormone-dependent) 
forebrain circuits (reviewed in Wilczynski and Lynch 2011).
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