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Optimal mate choice based on the assessment of communication signals can be
constrained by multiple sources of noise. One well-known impediment to acoustically
guided mating decisions is the ambient noise created by multiple signaling individuals
in large social groups, in which ambient noise can mask signals by impairing
signal recognition and discrimination by receivers. Although studied far less often,
another potential source of noise in communication systems stems from variability
or inconsistency in how signalers produce their signals. Consistency is especially
important in the context of mate choice because sexual advertisement signals are
frequently produced repeatedly through time and are composed of constituent parts
(e.g., notes and pulses) that are repeated within signals. Inconsistent signal production
within individuals has the potential to mask between-individual differences that are
often the target of receiver decision-making. In this study of Cope’s gray treefrog, Hyla
chrysoscelis, we tested the hypothesis that ambient noise and inconsistent signaling,
both independently and synergistically, impair discrimination of species identity. We
assayed female discrimination based on pulse rate, a signal of species identity, in
quiet and at three levels of ambient noise designed to simulate a breeding chorus. We
used synthetic advertisement calls that were invariant or generated with one of three
experimental levels of inconsistency in pulse rate, chosen based on levels of within-
individual variation observed in natural calls. Pulse rate discrimination was impaired by
average and above-average levels of chorus noise, but not by inconsistency in signal
production. Receivers spent slightly more time making decisions at the highest level of
chorus noise, but response latencies were unaffected by inconsistency. There was no
evidence of synergism between ambient noise and inconsistency. Our results suggest
that ambient noise, but not inconsistency in signal production, may limit sexual selection
on a signal of species identity in natural settings.

Keywords: acoustic communication, anuran, mate choice, noise, sexual selection, signaling, species recognition,
within-individual variation
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INTRODUCTION

“Noise” refers to any factor that causes signal detection or
discrimination errors (Shannon, 1948; Brumm and Slabbekoorn,
2005; Wiley, 2015). As such, noise is a potent source of
selection on animal communication systems (Brumm, 2013),
particularly on acoustic signals and auditory perception (Brumm
and Slabbekoorn, 2005). The potency of noise stems from
its ability to impair receiver decisions with critical impacts
on evolutionary fitness, such as mate choice, that depend on
recognizing and discriminating among signals. Many acoustically
communicating species, for example, produce high amplitude
signals and breed in dense social aggregations, where the ambient
noise generated by the sounds of conspecific and heterospecific
signalers is an important aspect of the acoustic environment in
which mate choice occurs (Gerhardt and Huber, 2002; Brumm
and Slabbekoorn, 2005). In some frog and insect communication
systems, for example, the ambient noise in breeding choruses is
known to impede signal recognition and signal discriminability
on the basis of temporal and spectral properties (Wollerman
and Wiley, 2002; Bee, 2008a; Vélez and Bee, 2011; Romer,
2013; Ward et al., 2013a; Reichert and Ronacher, 2015; Lee
et al., 2017; Tanner and Bee, 2019, 2020). Consequently,
ambient noise can affect the strength and direction of sexual
selection imposed by receivers on signalers by limiting female
preference expression.

While the impacts of biotic, abiotic, and anthropogenic
sources of ambient noise are increasingly recognized (Romer,
2013; Reichert and Ronacher, 2015; Wiley, 2015; Slabbekoorn
et al, 2018; Dominoni et al, 2020), other potential sources
of noise in animal communication are rarely explored. One
such source is inconsistency in signal production (Gerhardt
and Watson, 1995; Nehring et al., 2013; Tanner and Bee, 2019,
2020). In some systems, the degree of consistency in signal
production might itself function as a signal if consistent motor
performance is a reliable indicator of mate quality (Ballentine,
2009; Byers et al., 2010). However, inconsistent signal production
is also an important source of noise to consider. As Nehring
et al. (2013) note, when “intra-individual variation does not
convey any information that is useful for the receiver, it is
noise, since it potentially makes it harder for the receiver to
identify and interpret the information” (p. 378). Noise in signal
production is particularly important in the context of mate
choice because it has potential to obscure the between-individual
differences that are frequently considered the targets of mate
selection by receivers (Gerhardt and Watson, 1995; Tanner and
Bee, 2019, 2020). Acoustic signals, for example, are typically
produced repeatedly during sexual advertisement or courtship
and also comprise repeated constituent elements, such as pulses
or notes, that are not produced identically upon every iteration.
Substantial inconsistency in signal production, even over short
time intervals such as a single bout of signaling, has been widely
reported in diverse taxa (e.g., orthopterans, Shaw and Herlihy,
2000; fish, Amorim and Vasconcelos, 2008; anurans, Gerhardt,
1991; reptiles, Crews, 1975; mammals, Mitani and Brandt,
1994). Despite widespread documentation of inconsistent signal
production, and the comparative wealth of data demonstrating

female preferences with regard to between-individual differences,
few studies have investigated if and how inconsistent signaling
affects signal recognition and discriminability either using
simulations (Lengagne et al., 2016) or empirically (Gerhardt and
Watson, 1995; Tanner and Bee, 2019, 2020). Even fewer studies
have investigated the potential interaction between ambient noise
and inconsistent signaling. One likely reason for the dearth of
previous work on inconsistent signaling is the historical primacy
of investigating the criteria that receivers use to discriminate
among signalers using experimental stimuli designed explicitly
to remove natural levels of within-individual variation in signal
production as a potential experimental confound.

Variation in advertisement call traits within and among males,
and associated female preferences, have been particularly well-
studied in North American treefrogs (Hylidae) (Gerhardt, 2001;
Gerhardt and Huber, 2002), such as Cope’s gray treefrog (Hyla
chrysoscelis) (Gerhardt and Doherty, 1988; Gerhardt, 2001, 2008;
Bush et al., 2002; Bee, 2008b; Ward et al., 2013b; Tanner et al.,
2017). We recently showed that both ambient chorus noise and
inconsistent signaling impair the ability of female H. chrysoscelis
to discriminate among potential mates based on differences in
their rate of call production (“call rate”) (Tanner and Bee, 2020),
a potential non-arbitrary signal of male quality due to the high
metabolic cost of signaling (Taigen and Wells, 1985). In the
present study, we investigated the effects of ambient chorus noise
and inconsistent signaling on the ability of female H. chrysoscelis
to discriminate among potential mates based on a signal of
species identity. Male H. chrysoscelis produce advertisement calls
that consist of a series of repeated constituent elements, that
is, a sequence of about 12 to 43 sound pulses generated via
independent contractions of the body wall (McLister et al,
1995; Girgenrath and Marsh, 1997). Based on analyses of 1000
calls (20 calls/male; 50 males) the temperature-corrected (20°C)
mean rate of pulse production within individual calls was 48.8
pulses per second [pps], and across males in the population,
temperature-corrected mean pulse rates ranged between 41 and
64 pps (Ward et al, 2013b). Female H. chrysoscelis rely upon
pulse rate to distinguish between conspecific males and males
of the closely related eastern gray treefrog (Hyla versicolor), a
cryptic, tetraploid sister species that breeds syntopically across
their shared range (Bush et al., 2002; Schul and Bush, 2002). Males
of H. versicolor produce an acoustically similar call with a slower
temperature-corrected (20°C) mean pulse rate of 21.5 pps (based
on analyses of 368 calls from 13 males; 14 to 58 calls/male) (Ward
et al., 2013b). Across males in the population, the temperature-
corrected mean pulse rate of H. versicolor calls ranged between
17 and 35 pps. Female H. chrysoscelis reject calls with pulse
rates substantially lower or higher than the species typical rate
(Bush et al., 2002; Gerhardt, 2008; Ward et al., 2013a). Within
the natural range of variation in conspecific pulse rates, females
have directional preferences for faster pulse rates (Bush et al.,
2002; Tanner et al., 2017). Mismating with H. versicolor is costly
because resulting offspring are sterile triploids (Gerhardt et al.,
1994; Tucker and Gerhardt, 2012).

Previous studies of H. chrysoscelis have measured the extent
of within-individual variation in pulse rates (Ward et al., 2013b)
and established that inconsistency does not signal body condition
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or size (Tanner and Bee, 2019) and thus potentially acts as a
source of noise in the communication channel in that it could
obscure receiver estimates of meaningful call characteristics.
Furthermore, while female H. chrysoscelis have preferences for
more consistent (less variable) call rates, they do not discriminate
among signals on the basis of inconsistency in pulse rate alone
(Tanner and Bee, 2019). Here, we tested the hypothesis that
ambient noise and inconsistent signaling, both independently
and synergistically, impair the expression of female preferences
for the pulse rates of male advertisement calls. Female preference
functions were assayed across a biologically relevant range
of mean pulse rates using two-alternative choice tests in
which subjects were able to choose between two sequences of
synthetic calls that simulated two calling males. Realistic levels
of pulse rate inconsistency were introduced in both sequences
by manipulating the within-individual coeflicient of variation
(CVy,) in this call property. We performed the experiment in
quiet and at three levels of ambient noise designed to reflect
variation in the background noise levels of gray treefrog choruses.
We predicted that high levels of both ambient noise and
inconsistency would impair signal discrimination on the basis of
differences in mean pulse rate, and that a synergistic effect of both
noise sources would further impair pulse rate discrimination.
We further predicted that response latencies would increase
in noisy conditions and when subjects discriminated between
highly inconsistent and more similar pulse rates because, in
these difficult discrimination tasks, subjects might benefit from
increased assessment times.

MATERIALS AND METHODS
Subjects

Subjects were 289 gravid female H. chrysoscelis of the western
mtDNA lineage (Ptacek et al., 1994) captured in amplexus.
Amplectant pairs were collected by hand at night (2200-0200)
during the breeding season (mid-May to early July) in 2015,
2016, and 2017. Gravid female treefrogs collected in amplexus
are as discriminating as those captured prior to pair formation
(Murphy and Gerhardt, 1996). Capture sites were located
in east-central Minnesota and included Carver Park Reserve
(44.52490, —93.43031; Carver County), Richardson Nature
Center (44.84214, —93.37148; Hennepin County), Crow-Hassan
Park Reserve (45.19471, —93.65368; Hennepin County), and
Lake Maria State Park (45.32012, —93.94389; Wright County).
Treefrog pairs were housed in plastic containers that were labeled
with unique ID numbers and taken to the laboratory, where
the frogs were placed in aged tap water and maintained at
approximately 2-4°C for up to 36 h to delay the deposition of
eggs. Prior to testing, we placed each pair in room-temperature
aged tap water inside a temperature-controlled incubator at 20°C
for at least 30 min, until they reached a body temperature of
20 £+ 1°C. In empirical studies of pulse rate discrimination,
temperature control is essential because male signal production
and female mating preferences are temperature dependent
(Gerhardt, 1978; Gerhardt and Huber, 2002). We released all
treefrogs at their original capture sites within 3 days of collection.

The subjects were not marked. Because females probably breed
only once or at most twice during the relatively short breeding
season in Minnesota (Ritke et al., 1990), and because we collected
frogs from multiple, large wetlands over multiple years, the
risk of recapturing the same individuals, and associated risk of
pseudoreplication, is very low. We chose to tolerate this small
risk of unknowingly testing the same individual twice rather than
subjecting each individual to invasive marking procedures that
carry some risk to the animals (e.g., toe-clipping) and typically
do not last multiple years.

Acoustic Stimuli
We generated synthetic treefrog calls and ambient noise de novo
using custom scripts in MATLAB® versions 2015a and 2016a
(The Mathworks, Natick, MA, United States). All stimuli were
generated at a sample rate of 44.1 kHz and a bit-depth of 16. Each
of the two stimuli generated for a given two-alternative choice
test consisted of a sequence of synthetic calls that simulated a
male treefrog producing an advertisement call at a constant rate.
A total of 1,820 unique stimuli were used in our phonotaxis tests,
and no call sequence was assigned to more than one subject. We
modeled the stimuli after natural advertisement calls produced by
Cope’s gray treefrogs in east-central Minnesota, using the mean
trait values published in Ward et al. (2013D) to set the values of
all call traits not under consideration. Calls comprised 30 pulses
with a constant, 50% pulse duty cycle. We manipulated the mean
pulse rates of calls and the within-individual variation in pulse
rate across the calls in a given call sequence. Within each call,
pulse duration and interpulse interval were equal and determined
as functions of the experimentally determined pulse rate and
the fixed 50% pulse duty cycle. Call duration was always fixed
in terms of the number of pulses per call (30 pulses), but the
absolute duration of each call, measured in milliseconds, was
allowed to vary as necessary to accommodate different pulse
rates (the study-wide slowest pulse rate of 31.68 pps yielded
a call duration of 931.2 ms; the study-wide fastest pulse rate
of 54.19 pps yielded a call duration of 544.4 ms). Individual
pulses were constructed by adding two phase-locked sinusoids
with frequency components at 1,250 Hz (—11 dB) and 2,500 Hz
(0 dB) and the amplitude envelope of each pulse was shaped
with species-typical onsets and offsets that were fixed proportions
(0.36 and 0.64, respectively) of pulse duration. The amplitude
envelope of each call was given a linear onset over the first 50 ms.
Stimuli were played back at 85 dB (SPL re 20 wPa, fast RMS,
C-weighted), measured at a distance of 1 m, to approximate the
level of a natural call (Gerhardt, 1975). Previous studies have
demonstrated that females respond readily in choice tests with
similarly designed synthetic stimuli and playback methodology
(Ward et al., 2013b; Tanner et al., 2017; Tanner and Bee, 2019).
We generated ambient, “chorus-shaped” noise by filtering
white noise to have the average long-term spectral characteristics
of a gray treefrog chorus following the procedures outlined in
Vélez and Bee (2011). To ensure any effects of chorus-shaped
noise were not artifacts of a particular realization of a randomly
generated stimulus, we replicated the noise files (N = 34). No
more than ten subjects were assigned the same noise replicate.
We generated the noise replicates at a sample rate of 11.025 kHz
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and then upsampled to 44.1 kHz; this was done to circumvent
limited computing power during stimulus construction.

Experimental Design

We used a series of two-alternative choice tests to measure
the shapes of female preference functions for pulse rate in the
presence of ambient noise and signal inconsistency. Stimuli
consisting of sequences of calls were constructed by randomly
drawing a value for the pulse rate of each consecutive call within a
sequence from a normal distribution having a mean and standard
deviation that were specified to allow us to manipulate both mean
pulse rate and inconsistency in pulse rate across treatments. The
means of separate distributions were centered on pulse rates that
were either —3, —2, or —1, or 0 SD from the population mean,
generating nominal mean pulse rates of 35.6, 40.0, or 44.4, and
48.8 pps, respectively. We assayed female preferences between
—3 and 0 standard deviations of the population mean pulse rate
because, as noted previously, female H. chrysoscelis use pulse
rate to discriminate between conspecific and heterospecific males
(Schul and Bush, 2002). Males of the closely related H. versicolor
produce acoustically similar calls with slower pulse rates and
female H. chrysoscelis discriminate against slower-than-average
conspecific pulse rates (Gerhardt et al., 1994; Bush et al., 2002;
Ward et al., 2013a; Tanner et al., 2017). Note that a value of
—2 SD (40.0 pps) corresponds to the lower end of the range
of variation in conspecific (H. chrysoscelis) pulse rates (adjusted
to 20°C), whereas —3 SD (35.6 pps) falls outside the range of
conspecific pulse rates but approximates the upper end of the
range of variation in heterospecific (H. versicolor) pulse rates
(adjusted to 20°C).

To investigate the impacts of ambient noise, we replicated
all two-alternative choice tests in quiet and at three levels of
ambient noise (60, 70, and 80 dB SPL). In the quiet condition,
no noise was broadcast. The three levels of broadcast ambient
noise were chosen to approximate the mean (70 dB SPL) and
£1 SD (10 dB) of the sound pressure levels of background
noise measured in east-central Minnesota gray treefrog choruses
(Tanner and Bee, 2019).

We manipulated inconsistency in pulse rate by controlling in
our synthetic signals the within-individual coefhicient of variation
in this property across calls within a sequence simulating a calling
male (CVy, = SD/X). That is, the pulse rate of each individual
call within a stimulus sequence was fixed, but pulse rate was
allowed to vary across calls within a sequence. In addition to calls
that were invariant within a sequence (CVw = 0.000), we chose
three nominal levels of within-individual (i.e., within-sequence)
variation (CV,, = 0.004, 0.010, 0.030; Figure 1) to match the
minimum, mean, and maximum CV, previously measured in the
population (Ward et al., 2013b). These population estimates of
pulse rate inconsistency are based on analyses of single call bouts
comprising 20 consecutively produced calls from each of 50 males
(1,000 calls total); the average 20-call bout lasted 133.5 s (range:
70.4-291.3 s) (Ward et al.,, 2013b). To introduce realistic levels
of inconsistency in pulse rate into our stimuli, we manipulated
the standard deviation of the normal distributions centered on
each target mean pulse rate to achieve the three desired levels
of CV,, for each mean pulse rate. Hence, the pulse rates of

consecutive calls in each sequence were independently chosen
from a distribution that allowed pulse rate to vary inconsistently
according to the nominal level of CV,, around the specified
nominal mean pulse rate of the stimulus (see Figures 1A,B).
Higher levels of inconsistency (larger CV,,) correspond to
broader normal distributions and thus generated more variable
synthetic signals. To ensure that randomly chosen pulse rates
fell within a behaviorally relevant range, we excluded pulse rate
values that were higher than the fastest H. chrysoscelis pulse rate
reported in Ward et al. (2013b) or lower than three standard
deviations slower than the mean H. versicolor pulse rate.

We designated separate experimental and control treatment
groups. For subjects in the experimental group, we measured
how female preferences for pulse rates at the population mean
(48.8 pps) over slower pulse rates changed in the presence of
ambient noise and inconsistency using a 3 x 4 x 4 factorial
design in which we manipulated the mean pulse rate of the
slower alternative stimulus (PR = 35.6 [—3 SD], 40.0 [—2 SD],
44.4 pps [—1 SDJ; within subjects), ambient noise levels (quiet, 60,
70, and 80 dB SPL; within subjects), and levels of inconsistency
(CVy = 0.000, 0.004, 0.010, 0.030; between subjects). Thus,
each subject in the experimental group was assigned to a single
level of inconsistency and tested in up to 12 behavioral trials
(Nsubjects = 2465 Nyrials = 2,641) in which the choice was between
two equally inconsistent signals with different mean pulse rates
(i.e., population mean versus —3, —2, or —1 SD) across four levels
of ambient noise. Subjects in the control group (Ngypjects = 435
Nyials = 657) chose between two signals with equal nominal mean
pulse rates set at the population mean of 48.8 pps (i.e., population
mean versus —0 SD) across all 16 factorial combinations of
ambient noise (quiet, 60, 70, and 80 dB SPL; within subjects) and
inconsistency (CV,, = 0.000, 0.004, 0.010, 0.030; within subjects).

It is important to note that for both treatment groups, the
two alternative stimuli in a given choice test always had the
same experimentally specified, nominal level of inconsistency.
Hence, all subjects in both treatment groups chose between two
equally inconsistent alternatives; subjects in the experimental
group were given choices of stimuli having different nominal
mean pulse rates, whereas subjects in the control group chose
between two stimuli with the same nominal mean pulse
rate of 48.8 pps.

Testing Protocol

We conducted choice tests in a custom-built, temperature
controlled, semi-anechoic chamber (2.8 m x 2.3 m x 2.1 m,
length x width x height; IAC Acoustics, North Aurora,
IL, United States) at 20 £ 1°C. The chamber walls and
ceiling were acoustically insulated and covered in dark gray,
perforated material (IAC Planarchoic™ panel system). The
floor was covered with dark gray, low-pile carpet. The testing
arena was circular (2.0 m x 0.6 m, diameter x height) and
constructed from hardware cloth covered with black fabric. We
placed an acoustically transparent release cage (9 cm X 2 cm,
diameter x height) on the floor in the center of the arena.
The cage could be operated by means of a rope-and-pulley
system by an observer outside the chamber. We used two Mod1
Orb speakers (Orb Audio, New York, NY, United States) for
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FIGURE 1 | Relationships between realized and nominal trait values in experimental stimuli. Nominal values represent experimentally specified levels while realized
values reflect averages among the stimuli that were heard by the subject in each trial. The trait values of individual calls in stimuli with higher assigned CV,, were
drawn from broader distributions, making these stimuli more variable. (A) Random draws from normal distributions representing the population mean (light gray) and
—2 SD (dark gray) distributions used to generate two alternative signal sequences (waveforms) for a single behavioral trial. Equations (top) demonstrate the
computation of realized mean pulse rate and realized CV,, for a given sequence. (B) Waveforms of five representative calls with randomly drawn pulse rates (i to

i + 4) from a representative stimulus sequence whose nominal mean pulse rate was 0 SD (48.8 pps) in the CV,y, = 0.030 inconsistency level. The 20th pulse in each
call is highlighted in gray to aid in visualizing the variable pulse rate across calls. (C) Violin plots show the distributions of realized alternative pulse rates in
experimental stimuli grouped by nominal mean pulse rate. Subjects assigned to the experimental group were given a choice between a stimulus whose nominal
mean pulse rate matched the population mean of 48.8 pps (Mean) and an alternative stimulus with a nominally slower pulse rate (i.e., Mean versus -3, -2, or =1 SD).
Subjects assigned to the control group were given a choice between two equivalent stimuli whose nominal mean pulse rates matched the population mean (i.e.,
Mean versus -0 SD). Text annotations show the sample size, in number of tests, at each combination of nominal mean pulse rate and coefficient of variation within
stimuli (CVy). Because in each test subjects across both groups chose between a stimulus with a mean pulse rate (Mean) and one whose pulse rate was -3, -2, -1,
or -0 SD from the mean, the sample sizes of the Mean alternative are necessarily sums of the other four tests performed at the same nominal level of
within-individual variation. (D) Distributions of realized CV,, across three nominal levels of within-individual variation. Invariant stimuli necessarily have a realized CV,
of 0 and are not depicted in (D). In both panels (C,D), colors represent nominal levels of within-individual variation.

sound playback. We positioned the two speakers 90° apart
on the floor outside the arena wall. Phonotaxis trials were
conducted under infrared light (Tracksys, Ltd., Nottingham,
United Kingdom) and scored in real time by a trained observer

from outside the chamber by means of a closed-circuit television
system with an infrared-sensitive video camera (Panasonic WV-
BP334; Panasonic Corporation of North America, Secaucus, NJ,
United States) mounted from the chamber ceiling.
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FIGURE 2 | Pulse rate preference function in quiet conditions and the
absence of inconsistency (CVy, = 0). Subjects chose between a stimulus
whose nominal mean pulse rate was equal to the population mean (0

SD = 48.8 pps) and a stimulus whose nominal mean pulse rate was 0, 1, 2, or
3 SD slower (48.8, 44.4, 40.0, or 35.6 pps, respectively). The proportion
choosing the faster realized mean pulse rate declined as the two alternative
pulse rates became more similar. Individual points show the proportion of
tests in which subjects chose the faster stimulus calculated across all tests
with the same nominal mean pulse rate. The solid black line shows the logistic
regression line of best fit with gray shading illustrating standard error. The
dashed line shows 0.5, or the probability of choosing the stimulus with the
faster pulse rate by chance. The error bars show 95% Clopper-Pearson
(“exact binomial”) confidence intervals.

Synthetic signals and ambient noise were broadcast using
Adobe Audition 3.0 (Adobe Systems, Inc., San Jose, CA,
United States) on a Dell Optiplex 980 PC (Dell Computer
Corporation, Round Rock, TX, United States). We output audio
using a MOTU model 16A 16-channel sound card (MOTU,
Inc., Cambridge, MA, United States) and amplified it using
Crown XLS1000 High-Density Power Amplifiers (HARMAN
Professional, Northridge, CA, United States). We calibrated
sounds to their target SPLs using a Bruél and Kjer Type 4950
microphone (Bruél and Kjer, Neerum, Denmark) placed 1 m
from the speaker at the approximate position of a subjects
head at the beginning of a choice test. Signals and noise
were broadcast from the same speaker (co-located). In a given
choice test, we broadcast the same noise replicate from both
speakers simultaneously and calibrated the playback level of the
ambient noise with the microphone pointed directly between
the speakers such that noise from both sides contributed equally
to the summed SPL.

To prevent side bias and control for presentation order, we
randomized for each subject which signal was played first during
a choice test, the order in which tests were conducted, and which
speaker played the stimulus with the nominally slower pulse rate.
For subjects in the control group, we arbitrarily labeled the two
nominally equivalent stimuli and then randomized the playback
speaker. At the beginning of a choice test, we separated the subject
from her mate and placed her in the release cage. We allowed

each subject to acclimate in the quiet chamber for 60 s. At the
end of the acclimation period, we began playback. When ambient
noise was present, the noise began first and played for 30 s prior to
the broadcast of signals. When ambient noise was absent, silence
continued for a further 30 s to ensure subjects spent the same
amount of time in the release cage at the beginning of each test,
regardless of the ambient noise condition. The two alternative
signals were played back in an alternating and non-overlapping
temporal arrangement and spaced such that there was an equal
period of silence before and after each call.

When the two alternating signals had each played twice, the lid
of the release cage was lifted, and the subject was allowed to move
freely within the arena. Tests continued until one of the following
conditions was met: (1) the subject indicated a choice by entering
a response zone defined as a 10 cm radius semi-circle in front of
a playback speaker; (2) the subject touched the arena wall in the
quadrant of the arena opposite to the quadrant separating the two
playback speakers; (3) at the end of 3 min following the lifting of
the lid, the subject had not left the release cage; or (4) at the end
of 5 min, the subject had not entered a response zone.

We recorded the subject’s binary choice and her latency to
respond, measured as the time elapsed between release from
the cage and entering a response zone. Female treefrogs usually
make mating decisions in 1-3 min (Schwartz et al., 2004; Tanner
et al., 2017); the mean response latency across all subjects in the
present study was 88.0 £ 50.8 s. This corresponds closely to the
duration of the individual calling bouts over which inconsistency
in pulse rate was determined by Ward et al. (2013b). Between
tests, subjects were housed with their mates and returned to the
incubator for a “time out” of at least 3 min. When a choice was
not indicated within 5 min, the outcome of the test was scored
as “no response” and following a time out, the subject was re-
tested in the same test. Subjects that scored no response twice
for the same test (51 of 246 subjects in the experimental group
and 4 of 49 subjects in the control group) were not tested further,
but we included their responses from completed tests in our
statistical analyses. On average, subjects that did not complete
the entire battery of tests completed 6 of 12 tests (range 1 to 11)
in the experimental group and 8 of 16 tests (range 2-12) in the
control group. Responses from the two groups were combined
for statistical analyses.

Statistical Analysis

Experimental stimuli had trait values drawn from normal
distributions and were therefore intrinsically variable and
dependent on the response latency of the subjects (Figure 1). In
trials in which subjects listened longer before indicating a choice,
realized mean pulse rates and realized levels of inconsistency
more closely matched the nominal levels specified by our
experimental design. It was therefore necessary to account for the
trait values of experimental stimuli that were actually experienced
by a given subject during a given trial. Otherwise, stochastic
deviations from the nominal pulse rate and CV,, specified by
our treatment levels would introduce error into analyses. To
account for the trait values subjects actually experienced, we
performed a post hoc calculation of the realized mean pulse rate
and CV,, in the sequence of signals experienced by the subject
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during the trial (Figure 1). We used the response latency to
exclude calls from each sequence that the subject did not hear
(i.e., that did not occur) between the beginning of playback and
indicating a choice. We then calculated the average CV,, as the
arithmetic mean of the realized CV values computed for the
two alternative stimuli in each test. We did this to reduce the
dimensionality of predictor variables. Because both stimuli in a
given test always had the same nominal level of inconsistency,
across the experiment we observed that the mean difference
between the realized CV,, values for the two alternative stimuli
in a given choice test was very small (9.07 x 107>; 95% of
differences fell in the interval [—6.04 x 1072,2.42 x 10™4]; range
[—2.74 x 1072%,2.58 x 10~ 2]).

We fit two generalized estimating equation (GEE) models
to examine female preference functions based on two response
variables: binary choices (the probability that a subject chose
the stimulus with the faster pulse rate) and response latencies
(time elapsed prior to making a choice). GEE is an extension of
generalized linear models (GLM) compatible with either binary
or continuous response variables and designed for repeated
measures of the same individual (Hardin and Hilbe, 2012).
We specified exchangeable correlation structures, which assume
that correlations between observations of the same subject are
homogenous. Wald statistics with a significance criterion of
a = 0.05 were used for hypothesis testing. In each model, we
included the following independent variables: main effects of
the realized mean pulse rate of the stimulus with the slower
pulse rate, average realized CV,,, and ambient noise level, and all
two-way interactions.

RESULTS

Within the range of pulse rates tested, subjects showed
pronounced preferences for calls with realized mean pulse rates
(hereafter, “pulse rate”) near the population mean over calls with
slower pulse rates, but were less likely to choose the faster pulse
rate when the two alternatives had similar rates (§ = —0.288,
W =85.90, p < 0.001; Figure 2 and Table 1). The probability of
choosing the population mean pulse rate over a slower alternative
was 0.770 in two-choice tests overall (2,540 of 3,298 tests) and
0.819 in tests performed in quiet with invariant stimuli (186 of
227 tests). Subjects were most likely to choose the population
mean pulse rate when the pulse rate of the alternative was much
slower (Figure 2); in tests with a nominal pulse rate of 35.6 pps
(—3 SD), for example, subjects chose the faster, population-mean
pulse rate with probability 0.946 (827 of 874 tests; Figure 2).
Results from the control group confirmed that playback speaker
assignment (and thus side of the testing arena) did not affect
the outcome of trials (GEE: f = —0.077, W = 0.04, p = 0.840),
suggesting no side bias was present in our experimental set-up.
Ambient noise presented at the highest experimental
level impaired female expression of pulse rate preferences
(Figures 3A,B and Table 1). Subjects were significantly less
likely to choose the faster, population-mean pulse rate in the
80-dB condition (probability 0.723; 581 of 803 tests; f = —5.187,
W = 13.85, p < 0.001) than in quiet (probability 0.795; 662

of 833 tests). There was a significant two-way interaction
between the pulse rate of the slower stimulus and the highest
level of ambient noise (f = 0.107, W = 12.02, P < 0.001), such
that female preference functions for pulse rate were less steep
when measured in the presence of ambient noise at 80 dB.
In contrast, the level of inconsistency in the two alternative
stimuli, measured as the average realized CVy, had no effect
on the probability that subjects chose the stimulus with the
population-mean pulse rate (B = —65.351, W = 1.66, p = 0.197;
Figure 3B). Subjects chose the population-mean pulse rate
with probability 0.793 in tests with perfectly consistent stimuli,
compared to 0.744 (CV,, = 0.004), 0.768 (CVy, = 0.010), and
0.771 (CVy = 0.030) in tests using calls with inconsistent
pulse rates (Supplementary Figure S1). Inconsistency and
ambient noise did not interact synergistically to affect the
probability of choosing the faster pulse rate (Table 1 and
Supplementary Figure S2).

The mean (£SD) response latency across all trials was
88.0 = 50.8 s (range 6-300 s). Response latency modestly
increased as a function of the pulse rate of the slower stimulus
(B =1.156, W =9.27, p = 0.002; Figure 3C), such that on average,
subjects spent longer making decisions when two alternatives had
more similar pulse rates. When tests were performed in quiet
with perfectly consistent signals, mean response latencies were
81.9 £ 40.6, 87.0 & 47.9, 87.3 & 48.3, and 94.0 £ 54.3 s when
the nominal pulse rate of the designated slower alternative was
35.6 (—3 SD), 40.0 (—2 SD), 44.4 (—1 SD), and 48.8 (0 SD)
pps, respectively. Accounting for the pulse rate of the slower
alternative and inconsistency, ambient noise at both 70 dB
(B = 58235 W = 990, p = 0.002) and 80 dB (B = 88.897,
W =15.21, p < 0.001) significantly increased response latencies,
such that subjects spent more time making decisions when
listening in population-mean and above-average noise levels.
The pulse rate of the slower stimulus interacted significantly
with ambient noise at both 70 dB (B = —1.530, W = 12.29,
p < 0.001) and 80 dB (B = —1.888, W = 12.19, p < 0.001)
such that the effect of the slower mean pulse rate was reversed
at these levels of ambient noise relative to the quiet and
60 dB conditions (Figure 3C). There was no significant effect
of inconsistency on response latency (8 = 327.596, W = 0.21,
p =0.649; Figure 3D). Mean response latencies were 89.2 +46.3 s
(CVy, = 0.000), 89.6 + 552 s (CVy = 0.004), 87.7 & 52.3 s
(CVy = 0.010), and 85.6 &+ 499 s (CV,, = 0.030) within
nominal levels of inconsistency. Inconsistency and ambient
noise did not interact synergistically to affect the latency to
respond (Table 1).

DISCUSSION

We examined the impact of ambient noise and inconsistent
signal production on species recognition by female Cope’s gray
treefrogs. Our main results can be summarized as follows.
Consistent with earlier studies, we found pronounced directional
preferences for the population-mean pulse rate over slower pulse
rates (Gerhardt, 2008; Ward et al., 2013a; Tanner et al., 2017).
In general, subjects discriminated reliably between signals on
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TABLE 1 | Output from two GEE models — one for the proportion of subjects choosing the population mean pulse rate over a slower pulse rate and one for response
latency — examining the effects of the realized mean pulse rate (PR) of the slower pulse rate stimulus, arithmetic mean of the realized coefficients of variation in the two

alternative stimuli (CVy), and ambient noise level (Noise), including all two-way interactions (Nsupjects = 289, Nyiais = 3,298).

Response variable Term Estimate Standard error Wald statistic P

P(Chose faster alternative) Intercept 13.954 1.420 96.61 <0.001
PR —0.288 0.031 85.90 <0.001
CVy —65.351 50.696 1.66 0.197
Noise at 60 dB 1.430 1.491 0.92 0.338
Noise at 70 dB —1.336 1.381 0.94 0.333
Noise at 80 dB -5.187 1.394 13.85 <0.001
PR * CVy 1.321 1.107 1.42 0.233
CVy, * Noise at 60 dB 3.401 9.998 0.12 0.734
CVy, * Noise at 70 dB 16.102 9.946 2.62 0.105
CVy, * Noise at 80 dB 2.672 10.852 0.06 0.805
PR * Noise at 60 dB —0.033 0.033 1.01 0.315
PR * Noise at 70 dB 0.021 0.030 0.48 0.488
PR * Noise at 80 dB 0.107 0.031 12.02 0.001

Response latency Intercept 40.239 15.632 6.63 0.010
PR 1.156 0.380 9.27 0.002
CVy 327.596 719.170 0.21 0.649
Noise at 60 dB 7.557 19.474 0.15 0.698
Noise at 70 dB 58.235 18.506 9.90 0.002
Noise at 80 dB 88.897 22.791 15.21 <0.001
PR * CVy —7.158 15.646 0.21 0.647
CVy, * Noise at 60 dB —69.087 150.782 0.21 0.647
CVy, * Noise at 70 dB 156.150 154.751 1.02 0.313
CVy, * Noise at 80 dB —59.859 232.372 0.07 0.797
PR * Noise at 60 dB —0.190 0.481 0.16 0.694
PR * Noise at 70 dB —-1.530 0.436 12.29 <0.001
PR * Noise at 80 dB —1.888 0.541 12,19 <0.001

Significant model terms are shown in bold.

the basis of pulse rate, reflecting the robust nature of species
recognition mechanisms in gray treefrogs. Consistent with our
hypothesis, however, natural levels of ambient noise simulating
a gray treefrog chorus had significant impacts on mate choice.
Specifically, discrimination against slower-than-average pulse
rates was reduced, and subjects spent longer making mating
decisions, in high levels of ambient noise. In stark contrast
to our hypothesis, inconsistency in signal production had no
measurable effects on pulse rate discrimination, and it did not
interact synergistically with ambient noise.

Ambient Noise

While mate choice was unaffected by noise presented at the
lowest level, ambient noise presented at a high amplitude caused
females to choose the slower, non-preferred signal more often
than they did in quiet. In nature, the sound levels of gray treefrog
choruses can be highly variable from one night to the next
(Tanner and Bee, 2019) and the extent of the masking effect of
ambient noise experienced by receivers is also variable according
to the spatial relationship between the target signal and the
noise source (Bee, 2007, 2008a; Nityananda and Bee, 2012; Ward
et al., 2013a; Caldwell et al., 2016). Thus, both night-to-night
and spatial variation in the intensity of selection imposed on

males and signals by treefrog receivers are to be expected. As
a population-level consequence, selection on pulse rate may be
less intense than estimates made in quiet listening conditions
(e.g., Tanner et al., 2017) would otherwise suggest. Individual
H. chrysoscelis receivers should be at greater risk of making pulse
rate discrimination errors on nights when the chorus is better
attended and, thus, noisier. Errors in pulse rate discrimination
can potentially lead to errors in species recognition in this system
(e.g., Bee, 2008a), which would have potentially devastating
consequences, because heterospecific matings produce sterile,
triploid offspring (Gerhardt et al., 1994; Servedio and Noor, 2003;
Tucker and Gerhardt, 2012). Such call trait discrimination errors
are also expected to result in reduced receiver fitness if specific
features of the call signal mate quality (Bee, 2008b; Ward et al,,
2013b; Tanner and Bee, 2020).

Response latencies were also significantly higher in the
presence of high levels of ambient noise; however, the estimated
increase in response latencies reported here was modest in the
context of a single breeding episode. At present, it is difficult to
assess the extent to which such small noise-induced increases in
response latency might materially affect individuals under natural
mate searching conditions. This difficulty arises, in part, because
we currently lack sufficient data on female sampling strategies
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prior to mate choice in frogs (Murphy and Gerhardt, 2002;
Schwartz et al., 2004; Murphy, 2012) to definitively conclude
that increases in response latency in the presence of ambient
noise negatively impact females or their mating decisions under
natural listening conditions. However, one viable and potentially
relevant consequence of increased response latencies in the
presence of ambient noise could be an increased cost of mate
searching. For example, time spent searching for a mate may
incur missed opportunity costs (i.e., time not spent foraging),
or expose females to pond-dwelling predators (e.g., larger frogs,

giant water bugs) and parasites (e.g., leeches) to which they might
otherwise be less vulnerable (Crowley et al., 1991; Magnhagen,
1991; Grafe, 1997; Zuk and Kolluru, 1998; Martin and Wagner,
2010; Bonachea and Ryan, 2011; Beckers and Wagner, 2018).
In addition, mate searching in natural environments may be
further complicated, relative to controlled laboratory settings, by
the potentially larger distances females must traverse in ponds to
select a mate, the increased complexity of natural habitats, the
vastly more numerous potential choices in a breeding chorus,
and the fact that multicomponent advertisement signals vary
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along multiple behaviorally relevant dimensions at the same
time (Tanner et al., 2017). Thus, the effect of chorus noise on
the time spent making decisions may be more important in
natural populations. It follows from Signal Detection Theory
that increased listening time may serve to prevent errors in trait
discrimination because receivers are, in effect, sampling from a
distribution of male calls to estimate the central trait value of the
signaler and listening for longer is equivalent to drawing more
values from the distribution (Wiley, 2006). Consistent with this
idea, female tungara frogs may increase their response latencies
as the trait values of two alternative signals become increasingly
similar (Bosch et al., 2000) and errors in signal discrimination
become more likely. We hypothesized that longer listening times
might be especially important in the presence of ambient noise
when calls were inconsistent, and thus, increased sampling could
result in more accurate estimates of mean pulse rates. However,
we ultimately found no evidence of synergistic effects between
ambient noise and inconsistency.

Overall, our findings on the effects of ambient noise add to a
growing body of evidence that suggests receivers of diverse taxa
sometimes fail to express well-documented mating preferences
in natural soundscapes (Wollerman and Wiley, 2002; Bee and
Schwartz, 2009; Bee et al., 2012; Romer, 2013; Reichert and
Ronacher, 2015; Lee et al., 2017; Tanner and Bee, 2020). Ambient
noise thus provides at least a partial explanation for why between-
individual variation in sexually selected traits is maintained in
spite of apparently persistent sexual selection (“the lek paradox™;
Kirkpatrick and Ryan, 1991; Moller and Pomiankowski, 1993;
Pomiankowski and Moller, 1995). The impacts of ambient noise
on female preference expression probably also explain, at least
partially, why field experiments sometimes fail to show the
same sexual selection measured in laboratory studies (Sullivan
and Hinshaw, 1992; Friedl, 2006; Dawson and Ryan, 2009).
Such findings suggest that experiments performed under ideal
listening conditions, that is, in the absence of the ambient noise
that is a feature of many natural signaling contexts, may tend to
overestimate the intensity of sexual selection on signals because
they artificially inflate signal discriminability.

Inconsistent Signaling

Pulse rate preferences were reliably expressed in spite of natural
levels of inconsistency in signal production that effectively
widened the signal distributions. This key finding is not
consistent with our hypothesis and stands in stark contrast with
results from an earlier study showing that female preferences for
faster rates of call production during a bout of signaling eroded
as a function of inconsistency in signaling (Tanner and Bee,
2020). In that study, inconsistency in call rate more profoundly
limited expression of female mating preferences than the better-
known effects of ambient noise. The striking difference between
the impacts of inconsistency on call rate discrimination (Tanner
and Bee, 2020) and those on pulse rate discrimination presented
here might be explained by the different biological functions
of discrimination based on differences in pulse rate versus call
rate in H. chrysoscelis. Female H. chrysoscelis use pulse rate
(and not call rate) to distinguish between conspecific males and
males of the cryptic, tetraploid sister-species, H. versicolor (Schul

and Bush, 2002), which produce an acoustically similar call. In
contrast, call rate is considered a potential non-arbitrary signal
of male quality due to the high energetic costs of calling (Taigen
and Wells, 1985; Wells and Taigen, 1986). Compared with
mate quality assessment (i.e., call rate discrimination), species
recognition (i.e., pulse rate discrimination) may generally be
more robust against the impacts of inconsistent signaling because
the costs of mating with the wrong species are expected to far
outweigh those of mating with a low-quality conspecific (but see
Pfennig, 2007).

On the other hand, the difference between the results of
the present study and those of Tanner and Bee (2020) may be
attributable to the differing magnitudes of inconsistency in pulse
rate versus call rate in natural populations, which informed our
methodology. While both experiments introduced natural levels
of inconsistency, pulse rate is far less variable than call rate within
individuals (Gerhardt, 1991; Ward et al., 2013b). Consequently,
the distributions of signal traits with different means did not
overlap in the experiment described here, which limited the
opportunity for mistakes in mean trait value estimation by
receivers and thus might account for the absence of effects of
inconsistent pulse rates on pulse rate discrimination. A potential
linkage between the biological and methodological explanations
for the difference in experimental outcomes is that, given the
importance of pulse rate in species recognition, past selection
may have acted to minimize the level of inconsistency in this call
trait. The present study was not designed to test this hypothesis;
future studies could do so by incorporating experimental stimuli
with levels of inconsistency that exceed the current range of
natural variation. An additional factor that may have contributed
to these different results is that receiver estimation of pulse rate
and call rate take place over different timescales, with pulse rate
potentially being estimated within the space of a single call, while
call rate must be estimated by listening to multiple calls.

Within-individual variation in pulse rate may play some role
in communication in this species, but if so, that role remains
unknown. Tanner and Bee (2019) showed that inconsistency in
pulse rate did not signal male body size or condition. In the
congener Hyla avivoca, males dynamically adjust their interpulse
silent intervals (and consequently, the pulse rate) to avoid
overlapping pulses with calling neighbors, and females prefer
calls with interdigitated pulses to calls whose pulses overlap
with those of another call (Martinez-Rivera and Gerhardt, 2008).
However, no similar pulse rate adjustment occurs in the gray
treefrogs, H. chrysoscelis and H. versicolor (Gerhardt, 1991; Ward
et al,, 2013b). In recent years, there has been increasing interest
in understanding the causes and consequences of various aspects
of within-individual variation, including individual plasticity
(Nussey et al., 2007; Rodriguez et al., 2013), persistent individual
differences in behavior (“animal personality”; Dingemanse and
Wolf, 2010; Dingemanse et al, 2010, 2012), and between-
individual differences in intraindividual variability (Stamps et al.,
2012). However, the interplay of within- and between-individual
variation in the context of signal discrimination and mate
choice remains poorly understood. Further study is needed to
understand how the ubiquitous within-individual variation in
communication behaviors - particularly the inconsistency in
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signal production that occurs within signalers — impacts receiver
decision-making.

CONCLUSION

We conclude that ambient noise alters the landscape of
receiver-mediated selection on signals in Cope’s gray treefrog,
and likely in other species that communicate in noisy social
environments. We suggest that when receiver behavior is
measured in quiet, simplified laboratory conditions, we
are likely to overestimate the action of sexual selection
in natural environments due to artificially high signal
discriminability. Our data did not support the hypothesis
that inconsistent production of a species recognition signal
(pulse rate) acts, like ambient noise, to limit the expression
of female preferences. This finding is in contrast to a
similar assay performed in the same species manipulating
call rate, in which female preferences were even more
profoundly impacted by inconsistent signaling than by
ambient noise. Thus, we note that the sources of noise
that prevent expression of female preferences are variable
across contexts and systems, and even between individual
components of multicomponent signals (Tanner and Bee,
2020). A complete understanding of how communication
systems evolve will require close examination of noise
sources and their effects on receiver behavior in realistically
complex environments.
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