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Pulse-number discrimination by Cope’s gray treefrog
(Hyla chrysoscelis) in modulated and unmodulated noise
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In Cope’s gray treefrog (Hyla chrysoscelis), thresholds for recognizing conspecific calls are lower
in temporally modulated noise backgrounds compared with unmodulated noise. The effect of
modulated noise on discrimination among different conspecific calls is unknown. In quiet, females
prefer calls with relatively more pulses. This study tested the hypotheses that noise impairs selectiv-
ity for longer calls and that processes akin to dip listening in modulated noise can ameliorate this
impairment. In two-stimulus choice tests, female subjects were allowed to choose between an
average-length call and a shorter or longer alternative. Tests were replicated at two signal levels in
quiet and in the presence of chorus-shaped noise that was unmodulated, modulated by a sinusoid,
or modulated by envelopes resembling natural choruses. When subjects showed a preference, it was
always for the relatively longer call. Noise reduced preferences for longer calls, but the magnitude
of this reduction was unrelated to whether the noise envelope was modulated or unmodulated.
Together, the results are inconsistent with the hypothesis that dip listening improves a female gray

treefrog’s ability to select longer calls in modulated compared with unmodulated noise.
© 2013 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4820883]

PACS number(s): 43.80.Nd, 43.80.Lb, 43.66.Gf [MJO]

. INTRODUCTION

The noise and acoustic clutter generated in breeding
choruses of frogs present receivers with a communication
problem analogous to the human “cocktail party problem”
(Cherry, 1953; Bee and Micheyl, 2008; Bee, 2012; Vélez
et al., 2014). The vocalizations of many frogs reach or
exceed peak sound pressure levels of 90-100 dB SPL (re
20 yPa at 1 m) (Gerhardt, 1975). The sustained noise levels
in large, dense choruses of calling frogs can be quite high
(Narins, 1982; Schwartz et al., 2001) and choruses can be
audible to humans over large distances (e.g., 2 km; Arak,
1983). Chorus noise and overlapping calls can decrease a
signal’s active space, impair species recognition, interfere
with call-type discrimination, and constrain the expression
of female preferences for males producing certain types of
calls (reviewed in Bee, 2012; Vélez et al., 2014). These chal-
lenges notwithstanding, female frogs nevertheless select
appropriate mates based on analyses of the spectral and tem-
poral properties of acoustic signals under the noisy condi-
tions in a chorus (reviewed in Gerhardt and Huber, 2002).

There is increasing evidence to suggest frogs and
humans rely on many of the same perceptual features of
complex acoustic scenes in solving cocktail-party-like com-
munication problems (reviewed in Bee, 2012; Vélez et al.,
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2014). One such feature is temporal fluctuation in the level
of background noise. Studies of “dip listening” (Buus, 1985)
in humans show that speech-identification performance is
better, and speech-recognition thresholds are lower, in the
presence of temporally fluctuating speech and speech-shaped
noise than in the presence of unmodulated noise (Festen and
Plomp, 1990; Gustafsson and Arlinger, 1994; Bacon et al.,
1998; Fiillgrabe et al., 2006). These effects are attributed to
the auditory system’s ability to catch brief acoustic glimpses
of speech when the noise momentarily “dips” to a low level.
Dip listening constitutes one way by which the human audi-
tory system ameliorates the problem of communicating in
noisy environments, though it should be noted that hearing-
impaired listeners experience relatively less masking release
in fluctuating noise (e.g., Jin and Nelson, 2006). Questions
about the extent to which dip listening enables nonhuman
animals to solve analogous communication problems have
so far received little attention. The present study investigated
the effects of modulated and unmodulated noise on the abil-
ity of females of Cope’s gray treefrog (Hyla chrysoscelis) to
discriminate among conspecific vocalizations differing along
a biologically relevant continuum.

A. Pulse-number discrimination

Males of H. chrysoscelis produce pulsatile advertise-
ment calls (Gerhardt, 2001). The rate of pulses in the call is
a critical cue for species recognition (Schul and Bush, 2002).
In the context of sexual selection, the number of pulses in a
call varies reliably among males and is an important acoustic
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cue females use to discriminate among potential mates
(Gerhardt, 1994; Gerhardt et al., 1996; Gerhardt et al., 2000;
Schwartz er al., 2001; Bee, 2008; Ward et al., 2013). Pulse
number functions as a potentially honest indicator of a
male’s genetic quality. Males of a closely related sister spe-
cies (the eastern gray treefrog, H. versicolor) that produce
calls with more pulses also sire higher-quality offspring
(Welch et al., 1998). Hence, in evolutionary terms, there is a
potential fitness advantage to females who mate with males
producing longer calls.

In two-stimulus choice tests conducted in quiet, females
of both Cope’s and eastern gray treefrogs discriminate
between two alternative calls differing only in pulse number,
preferentially choosing longer calls with relatively more
pulses (Gerhardt, 1994; Gerhardt et al., 1996; Gerhardt
et al., 2000; Schwartz et al., 2001; Bee, 2008; Ward et al.,
2013). Both species also exhibit a nonlinear preference for
higher pulse numbers, in which discrimination against
shorter calls is stronger when both alternatives are relatively
short compared to when both alternatives are of average
length or longer. Although this nonlinearity would at first
appear consistent with Weber’s Law, preferences depend on
both the relative and absolute pulse numbers in alternative
calls (Gerhardt et al., 2000). Most relevant to the current
study is work showing that “chorus-shaped noise” (i.e., noise
with the frequency spectrum of natural choruses) reduces
some female preferences for longer calls (Bee, 2008; Ward
et al., 2013). Thus, chorus noise potentially functions to limit
the expression of adaptive female preferences for longer
calls (e.g., Schwartz et al., 2001).

B. Dip listening in modulated noise

The sound generated by choruses of Cope’s gray tree-
frogs simultaneously fluctuates at slow rates (<~2 Hz) and
at a faster rate (~40-50 Hz). The slow rate of fluctuation
appears to correspond to the call rates and call timing inter-
actions of males in the chorus. The faster rate corresponds to
the pulse rate of the advertisement call (Vélez and Bee,
2010). Evidence from studies that have measured masked
signal-recognition thresholds (Bee and Schwartz, 2009) indi-
cates that thresholds for responding to conspecific calls are
significantly lower in temporally modulated, chorus-shaped
noise than in unmodulated noise (Vélez and Bee, 2011,
2013; Schwartz et al., 2013). Thus, gray treefrogs benefit
from dip listening in temporally fluctuating noise in terms of
improved signal recognition.

The present study extends this earlier work by investi-
gating whether dip listening in modulated noise might also
ameliorate the negative impacts of chorus noise on pulse-
number discrimination. Noise that fluctuates with the enve-
lope of a natural chorus is attractive to female gray treefrogs
and, thus, has behavioral salience as a biological signal in-
dicative of a breeding chorus (e.g., Swanson et al., 2007).
Such noises, therefore, have potential to confound interpreta-
tions of behavioral responses in ways not characteristically
considered in studies of dip listening. To avoid these poten-
tially problematic confounds, we used two types of modu-
lated chorus-shaped noises in our experiment. We used
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sinusoidally amplitude modulated (SAM) noise because of
its widespread use in hearing research and because gray tree-
frogs experience masking release in SAM noises (Vélez and
Bee, 2011). Both unmodulated noise and SAM noise are
behaviorally neutral and are neither attractive nor repulsive
to gray treefrogs (Vélez and Bee, 2010, 2011). Because of
the increasing importance of using biologically relevant nat-
ural sounds in hearing research (Lewicki, 2002; Singh and
Theunissen, 2003; McDermott and Simoncelli, 2011), chorus
amplitude modulated (CAM) noise was used as a second
type of modulated noise. CAM noises were designed to have
the same modulation spectra as natural choruses (i.e., they
fluctuated at rates characteristic of natural choruses), but
lacked the discrete temporal fluctuations associated with
actual pulsatile calls, which make natural chorus noise
attractive to females (Swanson et al., 2007). As part of this
study, a control experiment was conducted to confirm that
CAM noises were, in fact, behaviorally neutral sounds.

C. The current work

The present study had two objectives. The first objective
was to replicate earlier work showing that females prefer
longer calls in quiet and that noise reduces this preference.
Only upon corroboration of these two findings could we
meaningfully achieve our second objective. This second
objective was to test the hypothesis that reductions in prefer-
ences for longer calls in noise are less severe in temporally
modulated noise compared with unmodulated noise. Results
consistent with this hypothesis would suggest a role for dip
listening in pulse-number discrimination under noisy listen-
ing conditions. To test this dip-listening hypothesis, we used
two-stimulus choice tests and a phonotaxis paradigm
(Gerhardt, 1995) in which subjects responded by choosing
one of two alternating calls differing only in pulse number in
quiet or in the presence of unmodulated, SAM, or CAM
noise. This study successfully replicated previously estab-
lished patterns of preferences for longer calls and the nega-
tive impacts of noise. However, there was no evidence to
suggest that pulse-number discrimination was less severely
impaired in SAM or CAM noises relative to unmodulated
noise. The importance of these negative results is discussed
in relation to previous work on dip listening in gray treefrogs
and other nonhuman animals.

Il. METHODS
A. Subjects

Our procedures for collecting, testing, and handling sub-
jects were approved by the University of Minnesota’s
Institutional ~ Animal Care and Use Committee
(#0809A46721, November, 2008) and were carried out in
strict accordance with recommendations in the Guide for the
Care and Use of Laboratory Animals of the National
Institutes of Health. Our procedures also closely followed
those described in detail in previous studies (e.g., Bee and
Schwartz, 2009; Bee et al., 2012). Readers are referred to
these studies for additional methodological details that are
not repeated here. Briefly, between May and June 2009 and
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2010, we collected females of the western mitochondrial
DNA lineage of Cope’s gray treefrog (Ptacek et al., 1994)
found in amplexus between 2100 and 0100 h in several
ponds and wetlands at the Carver Park Reserve (44°52'
49.29" N, 93°43/3.10" W; Carver County, MN, USA) and
the Crow Hassan Park Reserve (45°11 18.71” N, 93°39’
9.05"” W; Hennepin County, MN, USA). Subjects were trans-
ported to the lab and kept at 2°C to delay egg deposition
prior to testing. On the day of testing, subjects were trans-
ferred to an incubator at least 45 min prior to testing to allow
their body temperature to reach 20° £ 1 °C. After completing
all tests, subjects were released at their location of capture
(usually within 48 h of collection). In total, 374 females
were collected and tested as part of this study.

B. Apparatus

Phonotaxis tests were conducted inside one of two
temperature-controlled (20° =2°C), hemi-anechoic sound
chambers (details in Bee and Schwartz, 2009). In quiet condi-
tions, the background noise level in each chamber ranged
between 2 and 12 dB SPL (fast rms, flat weighting) in the 1-
octave bands between 500 and 4000 Hz, which span the fre-
quency range of interest in this study. Subjects were tested in a
circular arena (2-m diameter) made of 60-cm high walls that
were acoustically transparent but visually opaque. The perime-
ter of the test arena was divided into 24, 15° arcs using short,
thin strips of adhesive tape placed on the arena floor (see Fig.
3 in Nityananda and Bee, 2012). Digital acoustic stimuli were
broadcast using Adobe Audition v1.5 (Adobe Systems Inc.,
San Jose, CA) running on a Dell Computer (Optiplex GX620
or GX745; Dell Computer Corp., Round Rock, TX) that was
located outside the sound chamber. Sound output was deliv-
ered via a M-Audio FireWire 410 multichannel soundcard (M-
Audio USA, Irwindale, CA) and amplified using either a
Sonamp 1230 (Sonance, San Clemente, CA) or HTD 1235
(Home Theater Direct Inc., Plano, TX) multichannel amplifier.
The frequency response of the playback system was flat (£2.5
dB) between 500 and 5000 Hz.

Target signals (described in Sec. IIC 1) were broadcast
from two A/D/S L210 speakers (Directed Electronics, Inc.,
Vista, CA) placed on the floor of the sound chamber. Each
speaker was centered within one of the 15° arcs around the
perimeter, just outside the wall of the arena, and directed to-
ward a release point at the arena’s center. The two speakers
used to present the two alternative stimuli in a choice test
were located 180° apart and separated by 2 m on opposite
sides of the arena. Over the course of the experiment, the
absolute positions of the speakers around the arena’s perime-
ter were varied between tests of every two to four subjects to
eliminate any influence of directional response bias. Noises
(described in Sec. IIC2) were broadcast from a Kenwood
KFC-1680ie speaker (Kenwood USA Corporation, Long
Beach, CA) suspended from the ceiling of the chamber 190
cm above the center of the arena. This overhead speaker cre-
ated uniform noise levels (*2 dB) across the entire arena
floor. Sound levels were measured and calibrated using a
Briiel & Kjer type 2250 (Briiel & Kjer North America Inc.,
Norcross, GA) or a Larson Davis System 824 (Larson Davis,
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Depew, NY) sound-level meter. For calibrations, the micro-
phone of the sound-level meter was placed at the approxi-
mate position of a subject’s head at the release point.

C. Acoustic stimuli

All acoustic stimuli were digitally generated using
MATLAB v7.6 (MathWorks, Natick, MA) with a sampling
rate of 11025 Hz and 16-bit resolution.

1. Target signals

Target signals were synthetic models of advertisement
calls. Examples are depicted in Fig. 1. They consisted of
variable numbers of pulses, but all other acoustic properties
were held constant. We constructed stimuli by first
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FIG. 1. Spectra of target signals and noises and envelopes of target signals.
(a) Frequency spectra (fast-Fourier transformation, 256-point, Hamming
window) of the target signals (solid gray line) and chorus-shaped noises
(dashed gray line—average of 14 recordings; solid, dotted, dashed, and dot-
dashed black lines—average of three recordings each). (b)—(d) Waveforms
of synthetic calls with (b) 24 pulses (-2 SD), (c) 32 pulses (~average), and
(d) 40 pulses (+2 SD).
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generating a single pulse with spectral and temporal proper-
ties close to the temperature-corrected (20 °C) mean values
of our study population (Ward et al., 2013). The pulse was
11-ms long and consisted of two harmonically related,
phase-locked sinusoids having frequencies (and relative
amplitudes) of 1250 Hz (—9 dB) and 2500 Hz (0 dB) [Fig.
1(a)]. The amplitude envelope of the pulse was shaped with
a 4-ms inverse exponential rise time and a 7-ms exponential
fall time. To create calls, we repeated this pulse after a silent,
11-ms inter-pulse interval (i.e., using a 22-ms pulse period
and 50% pulse duty cycle) until the desired number of pulses
was reached. Within each call, pulses repeated at a rate of
45.5 pulses/s. The average-length call had 32 pulses. The
shorter and longer alternatives had 24, 28, 36, and 40 pulses
[Figs. 1(b)-1(d)]. In standard deviation (SD) units, the dif-
ference between the pulse numbers in the average call and
the shorter and longer alternative calls corresponded to —2
SD, —1 SD, +1 SD, and +2SD, respectively (Bee, 2008;
Ward ef al., 2013). Hereafter, this SD notation is used to
denote the pulse number in the alternative to the average
call. We shaped each call envelope using a linear rise over
the first 50 ms of the call. During a choice test, each stimulus
call repeated with a period of 5 s. The two calls were broad-
cast 180° out of phase with each other as measured from
their temporal midpoints, such that there were equal silent
intervals preceding and following each call.

All choice tests were replicated using two different
SPLs for the target signal, 85 dB and 79 dB (calibrated at the
release point). The 85-dB signal level simulated a naturalis-
tic call amplitude for this species (Gerhardt, 1975). We repli-
cated choice tests at two different signal levels in an attempt
to generalize our results and because the preferences of
female frogs can be level dependent (Gerhardt and Huber,
2002).

2. Unmodulated, SAM, and CAM noises

We created artificial, chorus-shaped noises [Fig. 1(a)]
that had a long-term frequency spectrum modeled after that
of gray treefrog choruses recorded between May and July of
2007, 2008, 2009, and 2010 (additional details of recording
protocols can be found in Vélez and Bee, 2010, 2011). Our
noises were based on average spectra determined from 90-s
digital recordings (44 100 Hz sampling rate, 16-bit resolu-
tion) of between 3 and 14 different choruses. As illustrated
in Fig. 1(a), there was little variation in average spectra
stemming from computing averages over different numbers
of choruses. During choice tests conducted in noise, the
noise was broadcast from the overhead speaker and had a
long-term equivalent rms amplitude of 73 dB SPL (LC,,) at
the release point. This noise level fell within the range of
background noise levels others and we have recorded in gray
treefrog choruses (Schwartz et al., 2001; Swanson et al.,
2007; M. S. Caldwell and M. A. Bee, unpublished data). In
conditions with noise, the 85-dB and 79-dB signal levels cor-
responded to signal-to-noise ratios (SNRs) of +12 dB and
+6 dB, respectively. These SNRs were chosen to be above
signal-recognition thresholds based on prior work with this
species (Bee and Schwartz, 2009; Vélez and Bee, 2011,
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2013; Nityananda and Bee, 2012). Noises that were 6 min in
duration were created for behavioral testing.

Unmodulated chorus-shaped noises were created as fol-
lows. First, chorus recordings were down-sampled to 11 025
Hz, transformed to the spectral domain (FFT size
= 4194304), and then the average spectrum across the
sampled choruses was computed (N = 3 to 14 choruses).
Next, this average spectrum was multiplied by the frequency
spectrum (FFT size = 4194 304) of an exemplar of white
noise. The resulting frequency spectrum was next band-
passed filtered between 850 and 3300 Hz by setting the
Fourier coefficients outside this range to zero and then trans-
formed back to the temporal domain with an inverse FFT. In
total, we generated eight exemplars of unmodulated,
chorus-shaped noise, each one based on a different sample
of white noise. Figure 2(a) depicts the amplitude
envelopes of unmodulated chorus-shaped noise, which
exhibited only the random level fluctuations inherent in
band-limited noise.

SAM noises were created by multiplying an unmodu-
lated chorus-shaped noise by a sine wave using the equation

n(t) = AL + msin(2f,t + p)le(1), (1)

where n(¢) is the resulting SAM noise, A is a scaling factor,
m is the modulation depth (1.0 in all cases), f,, is the modula-
tion frequency, p is the starting phase of the sine wave, c(f)
is the unmodulated chorus-shaped noise, and ¢ is time in sec-
onds. We used modulation frequencies of 0.625 and 45 Hz
to create slow [SAM(slow)] and fast [SAM(fast)] fluctuating
noises, respectively [Figs. 2(b) and 2(c)]. Rates of 0.625 and
45 Hz were chosen because they were within the most prom-
inent peaks in modulation spectra of recordings of gray tree-
frog choruses (Vélez and Bee, 2010). Four exemplars of
each SAM noise were created, each using a different exem-
plar of unmodulated noise. Each exemplar also had a differ-
ent starting phase for the sinusoidal modulator (0°, 90°,
180°, and 270°). Equivalent numbers of subjects were tested
with each exemplar.

We created CAM noises using four exemplars of
unmodulated, chorus-shaped noise, each with a frequency
spectrum computed by averaging the spectra of three differ-
ent chorus recordings. The first step in creating a CAM noise
was extracting the Hilbert envelope of each of the three cho-
rus recordings used to generate the frequency spectrum of
the corresponding unmodulated noise exemplar. We then
transformed these three envelopes to the frequency domain
(FFT size = 4194304) and calculated their average
temporal-modulation spectrum [Fig. 3(a)]. For each exem-
plar of unmodulated noise used, we created a CAM noise
with both the slow (<2 Hz) and fast (~40-50 Hz) rates of
amplitude modulation typical of natural choruses
[CAM(both)] as follows. First, the average modulation spec-
trum was low-pass filtered with a cutoff frequency of 80 Hz.
Next we back transformed the resulting spectrum to the time
domain using an inverse FFT. Finally, we imposed the
resulting envelope on the original exemplar of unmodulated
noise that had a frequency spectrum determined from the
same three chorus recordings used to generate the average
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FIG. 2. Envelope fluctuations of different noises. Shown here are 3.2-s seg-
ments of the amplitude envelopes of one exemplar each of the (a) unmodu-
lated, (b) SAM(slow), (¢) SAM(fast), (d) CAM(both), (¢) CAM(slow), and
(f) CAM(fast) noises used in this study.

modulation spectrum. Hence, each resulting CAM(both)
noise exemplar [Figs. 2(d) and 3(b)] had an average fre-
quency spectrum and an average modulation spectrum simi-
lar to those of the three original chorus recordings used to
create it. Similar procedures were followed to generate
exemplars of CAM(slow) noise and CAM(fast) noise, which
were restricted to have either the slower or the faster fluctua-
tions typical of natural choruses (Figs. 2 and 3). For
CAM(slow) noises [Figs. 2(e) and 3(c)] the average
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modulation spectrum was low-pass filtered with a cutoff fre-
quency of 15 Hz (instead of 80 Hz), and for CAM (fast)
noises [Figs. 2(f) and 3(d)] the average modulation spectrum
was band-pass filtered between 15 and 80 Hz. For compari-
son purposes, the modulation spectrum of an unmodulated
noise is depicted in Fig. 3(e). In total, we generated four dif-
ferent exemplars of CAM(both), CAM(slow), and
CAM(fast) noise using the same four exemplars of unmodu-
lated noise. Each exemplar was used to test an equivalent
number of subjects.

D. Behavioral testing
1. Choice tests

We conducted four, two-stimulus choice tests
(Gerhardt, 1995) in which subjects were presented with the
average call and either a shorter (—2 SD or —1 SD) or lon-
ger (+1 SD or 42 SD) alternative call. All four tests were
replicated at both signal levels (85 dB and 79 dB) in quiet
and in each of six different noise conditions [unmodulated,
SAM(slow), SAM(fast), CAM(both), CAM(slow), and
CAM(fast)]. All together, our experimental design yielded a
total of 56 tests (4 tests x 2 signal levels x 7 conditions).
Each test had a sample size of 40 subjects. Separate groups
of subjects were tested at each signal level (i.e., signal level
was a between-subjects factor). Within each signal level,
however, individual subjects were tested in a variable num-
ber of different tests (median = 5; mode = 5; maximum = 13).
Each subject contributed only one response per test and
was given a time-out of at least 5 min between consecutive
tests. Previous studies indicate female gray treefrogs do
not exhibit directional biases or carry-over effects as a
result of repeated testing in this manner (Gerhardt et al.,
2000). The combination of choice tests, signal level, and
noise conditions that each subject experienced was deter-
mined randomly.

To begin each phonotaxis trial, a single subject was
placed in an acoustically transparent holding cage located at
the release point in the center of the arena and allowed to sit
in quiet during a 1-min acclimatization period. In trials con-
ducted with noise, we began broadcasts of the noise immedi-
ately after the end of the acclimatization period.
Presentations of alternating signals commenced 30 s after the
noise onset. For trials conducted in quiet, subjects experi-
enced an additional 30 s of quiet after the end of the acclima-
tization period prior to onset of the alternating signals. An
experimenter positioned outside of the sound chamber
remotely released the subject using a rope and pulley system
to lift the lid of the holding cage after three repetitions of the
two alternating calls. We scored a choice as occurring when
subjects exhibited stereotyped phonotaxis behavior (e.g.,
Rheinlaender and Klump, 1988) and touched the wall of the
test arena inside a 15° arc centered on one of the two signal
speakers. Trials were conducted under infrared (IR) illumi-
nation. Choices were scored in real time using a video moni-
tor located outside the chamber and an IR-sensitive video
camera (Panasonic WV-BP334, Panasonic Corporation of
North America, Secaucus, NJ) mounted from the ceiling of
the chamber above the center of the test arena. We have
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FIG. 3. Modulation spectra depicting the rates of envelope fluctuations in
natural and artificial chorus noises. Shown here are the modulation spectra
for (a) three separate natural choruses (averaged over 90-s recordings for
each) and (b)-(e) one exemplar each of the (b) CAM(both), (c) CAM(slow),
(d) CAM(fast) chorus-shaped noises and (e) an unmodulated chorus-shaped
noise.

recently confirmed real-time scoring to be as accurate as
blind post-test scoring from videos (Bee et al., 2012).
Subjects were given up to 5 min to make a choice. Typical
response latencies are less than 2 min. Subjects that failed to
make a choice within 5 min (N = 28) were considered non-
responsive and were excluded from the final dataset, which
included 2240 choices made by 326 subjects.
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2. Control experiment

To assess whether CAM noises were behaviorally neu-
tral, we conducted an experiment in which these sounds
were presented as potential target signals. Our protocol used
phonotaxis tests generally similar to those described for
choice tests (Sec IID 1) and in parallel control tests con-
ducted with unmodulated and SAM noises in previous stud-
ies (Vélez and Bee, 2010, 2011, 2013; Vélez er al., 2012).
Readers are referred to those studies for details not reported
here. Briefly, using a within-subjects design, subjects (N = 20)
were tested in a series of single-stimulus phonotaxis tests
comprising three experimental treatments. In the experimen-
tal treatments, each CAM noise [CAM(both), CAM(slow),
and CAM(fast)] was broadcast continuously from a speaker
on the floor, just outside the wall of the arena, from the same
positions from which we broadcast one of the target signals
in choice tests. We calibrated the long-term rms amplitude
of all CAM noise stimuli to 73 dB SPL (LC,) at the release
point. After a 1-min acclimatization period, followed by 30 s
of noise, subjects were released and given up to 5 min to
touch the wall of the test arena. The response variable was
the 15° arc in which subjects first touched the wall of the
arena relative to the arc in which the speaker was located,
which was designated as 0°.

E. Statistical analysis

The Ime4 package (Bates et al., 2011) in R version 3.0.0
(R Core Team, 2013) was used to construct Generalized
Linear Mixed Models (GLMM) to analyze the responses of
subjects across different choice tests. The binary response
variable was the call chosen by each subject in each test. A
choice of the relatively longer call was assigned a value of 1
and a choice of the shorter call was assigned a value of 0. A
logit function was used to link the probability of choosing
longer calls to the linear predictors in all models. Subject
was included as a random factor in all models. Specifically,
we computed logistic mixed-effect models in which, for the
ith subject (i = 1, 2,..., N) and the jth observation nested
within subject (j = 1, 2,...n;), the linear predictor was aug-
mented with a single random effect for subject i according to
the following equations,

P(Y; = |y, o) = pij, (2

log (#) = Xj;p + o, 3)
- pij

where Y;;’s are the binary responses, x;;’s are the design vec-
tors for the fixed effects constructed from the predictors, f3 is
the vector of coefficients for the fixed effects and ;’s are the
subject-specific random effects with o; ~ N(0, 0‘2). Noise
exemplar (1-8) was included as a blocking variable in all
models. For tests conducted in quiet, we assigned the same
exemplar number used to test the same subject in noise.

An initial model assessed whether this study was able to
replicate earlier work on pulse-number discrimination in quiet
and in noise (Sec. I A). Specifically, this model assessed
whether subjects preferentially chose longer calls and whether

Vélez et al.: Dip listening and pulse-number discrimination

Author's complimentary copy



the presence of noise reduced the probability that subjects
would choose longer calls compared with quiet conditions. A
full model was constructed that included the following cate-
gorical fixed effects and their two-way and three-way interac-
tions: noise (present versus absent), signal level (85 dB versus
79 dB), and pulse number in the alternative to the average call
(=1 SD or =2 SD). We assessed whether the probability that
subjects chose longer calls was greater than expected by
chance (0.5) using Z-tests to determine whether the log odds
ratio was significantly greater than zero. A significant main
effect of noise was predicted if noise reduced preferences for
longer calls. To the extent that subjects were either more or less
selective depending on signal level, we predicted a significant
difference between responses measured at the 85-dB and 79-dB
playback levels. There was no a priori directional expectation
for the effect of signal level. We expected nonlinearity in prefer-
ences for longer calls to be reflected in a significant effect of
pulse number in the alternative, with a relatively higher proba-
bility of choosing longer calls when shorter-than-average alter-
natives were used (—2 SD and —1 SD). If the effects of noise
depended on either the SNR or the number of pulses in the alter-
native, we expected to find either a noise x signal level interac-
tion or a noise X pulse number interaction, respectively.

In a second model, we tested the main hypothesis of in-
terest, namely, that the temporal envelope of the noise influ-
enced the probability that subjects would choose longer
calls. The full model included the following categorical fixed
effects and their two-way and three-way interactions: noise
type [unmodulated, SAM(slow), SAM(fast), CAM(both),
CAM(slow), or CAM(fast)], signal level (85 dB versus 79
dB), and pulse number in the alternative to the average call
(=1 SD or =2 SD). According to a dip listening hypothesis,
our main prediction was that subjects should be more likely
to choose longer calls in modulated noise than in
unmodulated noise. This should be reflected in a significant
effect of noise type. We expected to find a significant noise
type x signal level interaction if the effect of noise type
depended on the SNR. A significant interaction between
noise type and pulse number in the alternative would indi-
cate that the effects of noise type varied depending on the
alternatives presented to subjects. Our expectations for the
effects of signal level and pulse number in the alternative
were the same as described for the first model.

Each of the two full models was compared against a cor-
responding additive model that included only main effects
using the Akaike Information Criterion (AIC) and a XZ test.
If there was no significant difference between the full and
additive models, we based our interpretation of results on the
reduced model. The significance of separate effects in the
final model was assessed using type II Wald 7 tests.

Results from the control test were analyzed using circu-
lar statistics (Batschelet, 1981) computed with the Oriana
3.0 software package. The null hypothesis that the angles at
which subjects first touched the wall of the test arena were
uniformly distributed was tested using Rayleigh tests. If
CAM noises either attracted or repelled females, we pre-
dicted orientation angles should be directed toward or away
from the stimulus, respectively. A significance criterion of
o = 0.05 was used for all statistical tests.
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lll. RESULTS
A. Pulse-number discrimination in quiet and in noise

Figure 4(a) depicts responses in quiet and in noise as a
function of the number of pulses in the alternative to the av-
erage call. The full model (AIC = 2944.66) did not provide
a significantly better fit to these data than the additive model
(AIC = 2936.90) (;° = 12.24, df = 10, P = 0.2690). In the
additive model (see Table I), there were significant effects of
noise, signal level, and pulse number in the alternative.
Noise exemplar was not significant. The probability that sub-
jects chose longer calls was significantly greater than 0.5 in
both quiet (Z = 6.08, P < 0.0001) and in noise (Z = 8.81, P
< 0.0001). As illustrated in Fig. 4(a), however, subjects
were significantly less likely to choose the longer alternative
in the presence of noise compared with quiet (Tables I and
II). Subjects were also less likely to choose longer calls at
the 79-dB signal level compared with the 85-dB signal level
[Fig. 4(a); Tables I and II]. The significant effect of pulse
number in the alternative indicates that preferences varied
according to the number of pulses in the choices offered to
subjects. As illustrated in Fig. 4(a), and as confirmed in a
contrast analysis (Z = 5.38, P < 0.0001), subjects were more
likely to choose longer calls when the short alternative was
shorter than average (—2 SD and —1 SD) than when the aver-
age call itself was the short alternative (+1 SD and 42 SD).

B. Pulse-number discrimination in modulated and
unmodulated noise

Figure 4(b) depicts responses in the six different noise
conditions for the 85-dB and 79-dB signal levels. The full
model (AIC = 2576.00) did not provide a significantly better
fit to these data than the additive model (AIC = 2551.72)
()(2 =51.73, df = 38, P = 0.0679). In the additive model, the
effect of noise type was not significant (Tables III and IV).
There were significant effects of signal level and pulse num-
ber in the alternative (Tables III and IV). The general pat-
terns in responses due to these two significant effects [Fig.
4(b)] were generally similar to those described for responses
collapsed over all noise types [Fig. 4(a)].

C. Control experiment

Table V summarizes the results of the control experi-
ment. None of the distributions of orientation angles in
response to CAM noises were different from uniform (all Zs
< 0.28; all Ps > 0.7). The lengths of mean vectors (r) were
less than or equal to 0.15 and circular standard deviations
were greater than 100°.

IV. DISCUSSION

Three results merit discussion before considering the
main finding of this study related to pulse-number discrimi-
nation in modulated versus unmodulated noise. Two of these
results corroborate earlier work on gray treefrogs (Gerhardt,
1994; Gerhardt et al., 1996; Gerhardt et al., 2000; Schwartz
et al.,2001; Bee, 2008; Ward et al., 2013). First, when given
a choice between two calls differing only in pulse number,
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subjects preferred longer calls. Moreover, preferences in
favor of longer calls were nonlinear, in that they were more
pronounced when the alternative was shorter than average.
Second, subjects were less likely to choose longer calls in
the presence of noise compared with quiet conditions.
Together, these two results confirm earlier work and suggest
that noise interferes with the expression of preferences for
longer calls. Finally, CAM noises were neither attractive nor
repulsive when presented as potential target signals. This
third result indicates that CAM noises were behaviorally
neutral stimuli and, thus, similar in this regard to the
unmodulated and SAM noises (Vélez and Bee, 2010, 2011).
Our replication of earlier work demonstrating preferen-
ces for longer calls and reduced preferences in noise was
critically important, because it provided the necessary frame-
work for evaluating evidence related to our main hypothesis
of interest. Recall that according to the dip listening

TABLE 1. Analysis of deviance table for the additive GLMM model of
pulse-number discrimination in quiet and in noise.

Effect 7 df P

Noise (present or absent) 5.21 1 0.0225
Signal level (85 dB or 79 dB) 11.81 1 0.0006
Pulse number in alternative (=1 or =2 SD) 47.53 3 <0.0001
Noise exemplar (1-8) 7.86 7 0.3449
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hypothesis, subjects should be more likely to choose longer
calls in modulated noise compared with unmodulated noise.
The evidence was not consistent with this prediction. There
were no significant differences in the proportions of subjects

TABLE II. Parameter estimates from the additive GLMM model of pulse-
number discrimination in quiet and in noise."

Fixed effects Estimate Std. Err. V4 P

Intercept 1.31 0.21 6.36 <0.0001
Noise (present) —0.30 0.13 —2.28 0.0225
Signal level (79 dB) —-0.32 0.09 —3.44  0.0006
Pulse number in alternative (—1 SD)  —0.48 0.13 —3.66  0.0002

Pulse number in alternative (+1 SD)  —0.89 0.13 —6.86 <0.0001
Pulse number in alternative (+2 SD) —0.56 0.13 —4.30 <0.0001

Noise exemplar (2) —0.08 0.20 —0.42 0.6772
Noise exemplar (3) —0.14 0.20 —-0.71  0.4787
Noise exemplar (4) 0.30 0.21 1.44  0.1503
Noise exemplar (5) 0.18 0.19 0.94  0.3482
Noise exemplar (6) 0.06 0.19 0.33  0.7431
Noise exemplar (7) 0.19 0.19 1.00 0.3154
Noise exemplar (8) 0.13 0.19 0.69 0.4906

Random effects Variance Std. Dev.
Subject 0.07 0.27

“The reference levels for each fixed effect were as follows: Noise (absent),
Signal level (85 dB), Pulse number in alternative (—2 SD), and Noise
exemplar (1).
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TABLE III. Analysis of deviance table for the additive GLMM model of
pulse-number discrimination in modulated and unmodulated noises.

TABLE V. Results of circular statistical analyses of orientation in response
to CAM noise.”

Effect 7 df P

Noise type (unmodulated, SAM(slow), 478 5 0.4439
SAM(fast), CAM(both),
CAM(slow), and CAM(fast))

Signal level (85 dB or 79 dB) 8.54 1 0.0035
Pulse number in alternative (£1 or =2 SD) 34.92 3 <0.0001
Noise exemplar (1-8) 7.98 7 0.3340

choosing longer calls between unmodulated noise and five
types of modulated noise. Hence, the new finding from the
present study is that pulse-number discrimination was not
improved in modulated noise conditions as a result of dip
listening.

Clearly some caution is necessary when interpreting
negative results consistent with a null hypothesis of “no dif-
ference.” We suggest the present study had a reasonably
good chance of detecting a difference in pulse-number dis-
crimination in unmodulated versus modulated noise if this
difference were not exceedingly small. This suggestion is
based, in part, on the large size of the present study relative
to other studies. In total, we tested the preferences of 326
subjects in 2240 choice tests, with a minimum of 80 subjects
and 320 choice tests in each particular noise condition.
These sample sizes are considerably larger than those used
to demonstrate dip listening by measuring signal-recognition
thresholds (e.g., N = 240 frogs, with 24 frogs per noise con-
dition in Vélez and Bee, 2011). In addition, this study used a
large factorial design to test five different types of modulated
noise, two signal levels, and four levels of difference in pulse

TABLE IV. Parameter estimates from the additive GLMM model of pulse-
number discrimination in modulated and unmodulated noise.”

Fixed effects Estimate Std. Err. Z P

Intercept 1.06 0.23 4.57 <0.0001
Noise [SAM(slow)] —0.01 020 —0.04 0.9650
Noise [SAM(fast)] —0.26 0.20 —1.30 0.1944
Noise [CAM(both)] —-0.22 020 —1.07 0.2859
Noise [CAM(slow)] —0.03 020 —0.13 0.8934
Noise [CAM(fast)] —0.07 020 —0.33 0.7380
Signal level (79 dB) —0.28 0.10 =292 0.0035
Pulse number in alternative (—1 SD) —0.47 0.14 —3.40 0.0007
Pulse number in alternative (+1 SD) —0.81 0.14 —5.89 <0.0001
Pulse number in alternative (+2 SD)  —0.49 0.14 —3.54  0.0004
Noise exemplar (2) —0.08 0.21 —0.40 0.6872
Noise exemplar (3) —0.16 0.21 —-0.79  0.4293
Noise exemplar (4) 0.32 0.21 1.50  0.1349
Noise exemplar (5) 0.15 0.29 0.51 0.6079
Noise exemplar (6) —0.02 0.29 —0.08 0.9387
Noise exemplar (7) 0.21 0.29 0.73  0.4637
Noise exemplar (8) 0.05 0.29 0.19  0.8520

Random effects Variance Std. Dev.
Subject 0.01 0.11

“The reference levels for each fixed effect were as follows: Noise type
(unmodulated), Signal level (85 dB), Pulse number in alternative (—2 SD),
and Noise exemplar (1).
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Length Circular
Mean of mean standard ~ Rayleigh Rayleigh
Treatment N vector (°) vector (r) deviation (°) test (Z)  test (P)

CAM(both) 15 2558 0.13 116.5 0.241 0.79
CAM(slow) 15 2523 0.07 132.9 0.069 0.94
CAM(fast) 13 452 0.15 112.5 0.275 0.77

“The column headed N reports the number of subjects (out of 20) that
reached the wall of the arena within 5 min of stimulus presentation.

number. Hence, the negative results reported here generalize
across a fairly broad range of stimulus conditions.
Nevertheless, we remain open to the possibility that some
benefit of dip listening to pulse-number discrimination might
be found in a future study over a very limited range of lower
SNRs (e.g., +3 dB) between those required to elicit behav-
ioral responses in noise (e.g., —3 to 0 dB) and the suprathres-
hold SNRs tested here (e.g., +6 to +12 dB). Schwartz et al.
(2013) failed to find evidence that signal-recognition thresh-
olds themselves varied according to pulse number in either
modulated or unmodulated noise.

Taking our main finding at face value, our results stand
in stark contrast with those from studies of dip listening that
measured perceptual performance in terms of signal-
recognition thresholds. Both Cope’s gray treefrogs (Vélez
and Bee, 2011, 2013) and eastern gray treefrogs (Schwartz
et al., 2013) have lower signal-recognition thresholds in
some modulated noises compared with unmodulated noises.
Females of Cope’s gray treefrog, for example, recognize
male advertisement calls at significantly lower SNRs when
the dips in slowly fluctuating SAM noises are long enough
to include a minimum of six to nine consecutive pulses of
the call (Vélez and Bee, 2011). Based on these earlier
results, and the finding that chorus noise is dominated by
low-frequency modulations (<2 Hz), we had predicted that
a male producing relatively longer calls should have a better
chance of placing more pulses of his calls into the dips in
chorus background noise and, therefore, a greater chance to
attract females (Vélez and Bee, 2011). Even if there were no
advantage of longer calls in terms of improved signal-
recognition thresholds (e.g., Schwartz et al., 2013), males
that produced relatively longer calls might still benefit from
doing so if dip listening resulted in females preferentially
choosing relatively longer calls. Results from the present
study, however, do not support this earlier prediction.

The contrast between our current results and previous
work showing a benefit of modulated noise is important
because it highlights the potential limits of dip listening in
frogs. In Cope’s gray treefrogs, the ability to catch acoustic
glimpses of signals during dips in background noise is benefi-
cial in terms of recognizing conspecific signals (Vélez and
Bee, 2011, 2013). Call recognition in this species is mediated
by perception of the signal’s species-specific pulse rate (Schul
and Bush, 2002). Similar benefits, however, do not appear to
extend to intraspecific call discrimination along a continuum
of individual differences in pulse number. It will be important

Vélez et al.: Dip listening and pulse-number discrimination 3087

Author's complimentary copy



in future work on gray treefrogs to investigate dip listening in
the context of call discrimination along other biologically rel-
evant continua, such as individual differences in call spectrum
(Schrode et al., 2012) and call rate (Ward et al., 2013).

Few previous studies have assessed dip listening in the
context of acoustic communication in animals other than
humans and frogs. Ronacher and Hoffmann (2003) investi-
gated the ability of male bow-winged grasshoppers
(Chorthippus biguttulus) to recognize a stridulatory signal
produced by females in the presence of modulated and
unmodulated noise. Interestingly, they found that males expe-
rienced a release from masking in the presence of slowly fluc-
tuating noises when the target signal was long (12 subunits),
but not when it was short (4 subunits). This result in grasshop-
pers, thus, contrasts with those reported here and elsewhere
(Schwartz et al., 2013) for gray treefrogs. Behavioral studies
of fish (Fay, 2011), birds (e.g., Klump and Langemann, 1995;
Jensen, 2007), and dolphins (Branstetter and Finneran, 2008;
Trickey et al., 2010; Branstetter et al., 2013) have shown that
thresholds for detecting simple acoustic stimuli (e.g., tones
and narrowband noises) are lower in the presence of tempo-
rally fluctuating noises compared with unmodulated noises.
The importance of these findings in relation to perceiving
acoustic communication signals remains to be determined.

V. CONCLUSIONS

Results from earlier work on Cope’s gray treefrog and
other frog species support the emerging view that frogs
exploit some of the same perceptual cues as humans for solv-
ing a communication problem analogous to the human cock-
tail party problem (reviewed in Bee, 2012; Vélez et al.,
2014). The negative results reported here are important in
the broader context framed by this earlier work on frogs
because they demonstrate that the perceptual benefits of
exploiting some cues also have limits. Based on the currently
available evidence, we provisionally conclude that dip listen-
ing is beneficial to gray treefrogs in the context of recogniz-
ing conspecific calls based on the species-specific pulse rate,
but not in the context of intraspecific discrimination among
individuals whose calls vary in pulse number.
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