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Abstract

How animals organize complex sensory inputs to form behaviorally meaningful percepts of their
environments is a fundamental question in animal behavior. For acoustically communicating
animals, behavioral decisions rely on their ability to recognize signals of interest in dense social
aggregations. In such environments, multiple individuals produce overlapping signals that sum to
form a composite sound wave impinging on a receiver’s eardrums. Signal recognition requires a
receiver to perceptually organize the composite sound wave such that the acoustic components
belonging to a signal of interest are integrated into a unified perceptual representation and are also
perceptually segregated from other overlapping signals. Although signal recognition has been
thoroughly studied, the principles governing perceptual organization have remained relatively
unexplored. Drawing parallels from studies on human perception, this dissertation aims to identify
the principles of perceptual organization in non-human animals. Specifically, this work builds on
the current understanding of vocal communication in treefrogs to investigate how female treefrogs
recognize signals of potential mates in dense breeding aggregations. First, | examine how receivers
perceptually organize simultaneous spectral components, like harmonics and formants, belonging
to overlapping signals. Second, | investigate the perceptual organization of temporally repeated
signal components into distinct signal sequences. Finally, | estimate how recognition of temporal
patterns within signals is impacted by the presence of multiple concurrent sequences in the
environment. Together, this work contributes to the understanding of perceptual mechanisms
underlying signal recognition in complex acoustic environments. This work also highlights some
key differences and similarities in how animals across diverse taxa perceptually organize complex

acoustic inputs.
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Introduction

Behavior requires animals to organize sensory inputs into behaviorally meaningful percepts of their
environments. Acoustically communicating animals face this challenge in dense social
aggregations, like leks and choruses, in which multiple signalers produce spectrally and temporally
overlapping signals (Gerhardt and Huber, 2002; Greenfield, 2005; McGregor, 2005). In such
complex acoustic environments, sound waves from multiple sources (i.e., signalers) sum to form a
composite sound wave that impinges on the ears of a receiver. Receivers must perceptually organize
this composite sound input to form ‘auditory objects’ or ‘auditory streams’ corresponding to the
unified perceptual representations of relevant signals, like the call of a potential mate, prey item,
or predator (Bizley and Cohen, 2013; Bregman, 1990; Dent and Bee, 2018; Griffiths and Warren,
2004). Perceptual organization requires two complementary processes in which the acoustic
components — like concurrent harmonics or formants (regions of concentrated acoustic energy) as
well as sequential pulses, notes, or syllables — composing a relevant signal are integrated into a
single auditory object (or auditory stream) that is segregated from other concurrent sounds in the

environment.

Studies of sensory ecology have extensively investigated how receivers assess multiple
signal components to recognize signals across behavioral contexts. However, we have limited
understanding of how signal components within complex acoustic mixtures are organized into
unified perceptual representations that can be recognized (Bee and Micheyl, 2008; Hulse, 2002;
Miller and Bee, 2012). By comparison, perceptual organization is extensively investigated in
humans for its role in speech recognition and music perception. Humans exploit various
commonalties and differences in the spectral, temporal, and spatial attributes of sounds as ‘cues’
for perceptual organization. For example, sounds that share a common fundamental frequency,
common amplitude modulation patterns, common onset and offset times, and common location of
origin are likely to be integrated into a unified perceptual representation. In contrast, sufficiently
large differences in these same attributes promote segregation of sounds (Bregman, 1990; Darwin,
1997; Moore and Gockel, 2012).

The broad objective of this dissertation is to identify principles of perceptual organization
underlying the recognition of biologically relevant signals in a non-human animal. This dissertation
adopts a comparative approach wherein various insights from human auditory perception were used

to test hypotheses pertaining to perceptual organization in non-human animals. Treefrogs, the study
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system for this dissertation, are considered ‘ethological specialists’ for communicating in
acoustically complex environments (Bee, 2015; Gerhardt and Huber, 2002). Treefrogs
communicate using vocalizations that are characterized by sequences of components like calls,
notes or pulses; each of these temporal components may further comprise multiple concurrent
spectral components (Gerhardt, 1991; Koehler et al., 2017; Narins and Capranica, 1978; Pettitt et
al., 2012; Ryan, 1985; Toledo et al., 2015). Perceiving the species-typical spectral and temporal
features is crucial for behavioral decision making across evolutionarily consequential contexts like
mate choice and intrasexual selection. Furthermore, treefrogs frequently vocalize in dense breeding
aggregations in which males from multiple species concurrently produce sexual advertisement
signals (Gerhardt and Huber, 2002; Nityananda and Bee, 2011). Females frequently recognize,
assess, localize and discriminate between potential mates in these environments by displaying a
behavior, termed ‘phonotaxis,’ that involves movement towards, and ultimately selection of, a
preferred mate (Gerhardt, 1982; Gerhardt, 1995; Gerhardt and Bee, 2007). This dissertation builds
on the extensive knowledge on vocal communication and mate choice in treefrogs to design
perceptual organization tasks in which phonotaxis behavior was used to assess signal recognition.
Across its chapters, this dissertation used three different species of treefrogs as a study system.
Here, the American green treefrog (Hyla cinerea) was used to study perceptual organization of
spectral components because individuals of this species recognize conspecific calls based on its
species-typical spectral features. Additionally, the eastern gray treefrog (Hyla versicolor) and
Cope’s gray treefrog (Hyla chrysoscelis) were used to investigate perceptual organization of
temporal components because species-typical temporal features like pulse rise-time and pulse rate,

respectively, are crucial for species recognition and mate choice in these two species.

Chapter 1 investigates how receivers perceptually organize concurrent spectral
components belonging to overlapping communication signals. | tested the hypothesis that
concurrent spectral components are segregated based on acoustic differences like temporal onset
asynchrony (AT # 0; i.e., concurrent sounds have different onset times) and inharmonicity (AF #
0; i.e., concurrent sounds do not share a common fundamental frequency). This hypothesis was
based on research in humans demonstrating that concurrent formants (spectral peaks) within a
vowel are perceptually segregated and, therefore, no longer perceived as a unified vowel category
when their temporal onsets are asynchronous and they share an inharmonic relationship (Darwin,
1984). This hypothesis was tested in the context of non-human vocal communication using the
green treefrog (Hyla cinerea). The advertisement signal of green treefrog consists of a call,
comprising multiple formant-like spectral components (Gerhardt, 1974a; Oldham and Gerhardt,

2



1975). Across its geographic range, green treefrogs breed in mixed species choruses with its sister
species, the barking treefrog (Hyla gratiosa), which also produces advertisement calls with multiple
formants but at relatively lower frequencies than those found in green treefrog calls (Oldham and
Gerhardt, 1975). Female green treefrogs were presented with synthetic composite calls that
comprised formants typical to both conspecific and heterospecific signals and that were
behaviorally attractive only when the conspecific and heterospecific formants were perceptually
segregated. Across treatments, the relative onset timing and harmonic relationship of the
heterospecific formants was shifted in relation to the conspecific formants. Results revealed that
asynchronous temporal onset as well as inharmonic relationship between the conspecific and
heterospecific formants promoted their perceptual segregation. The findings from this chapter
highlight that treefrogs may exploit relative onset timings and harmonic relatedness between
components of overlapping signals to perceptually segregate them. These findings are in line with
findings in humans demonstrating that relative onset timing and harmonic relatedness act as cues
for perceptual organization. As such, this chapter provides evidence for the presence of similar

principles mediating perceptual organization in humans and non-human animals.

Chapter 2 examines principles underlying the perceptual organization of temporally
repeated (sequential) components of overlapping signals into distinct signal sequences. | tested a
hypothesis from human psychoacoustics that any perceptually salient acoustic difference can
promote the perceptual segregation of overlapping acoustic sequences (sensu Moore and Gockel,
2002). Females of the eastern gray treefrog (Hyla versicolor) were used to test this hypothesis in
the context of vocal communication in non-human animals. Advertisement signals in this species
are characterized by pulsatile sequences that are recognized by a species-typical pulse rate (Bush
et al., 2002). This species exploits differences in the pulse rise time (duration from pulse onset to
peak amplitude) to differentiate between the signals of conspecific and heterospecific mates
(Gerhardt and Doherty, 1988; Gerhardt and Schul, 1999). | tested if perceptually salient differences
in this robust species recognition cue (pulse rise time) promote perceptual segregation of
overlapping signal sequences. Females were presented with interleaved pulsatile sequences
(ABAB...) in which alternate pulses (A and B) differed in the pulse rise time. Integration versus
segregation was estimated by whether the subjects perceived a single integrated sequence
(ABAB...) or two distinct sequences (A—A—... and B-B-...), each at half the pulse rate of the
integrated sequence. | found that while the rise-time difference between A and B pulses was
behaviorally salient, there was no evidence that the same difference promoted the segregation of

the interleaved pulsatile sequences. These findings suggest that perceptual salience of acoustic
3



differences may not be sufficient for segregation of sequences in all non-human animals. The
evidence presented here that perceptually salient differences in a robust species recognition cue did
not promote segregation of overlapping sequences did not support a prominent hypothesis based

on human psychoacoustic data.

Chapter 3 investigates how recognition of temporal patterns or the “rhythms” within
signals is impacted in the presence of multiple concurrent sound sequences in the environment,
such as might be encountered in a frog chorus (Nityananda & Bee 2011). Here, | specifically tested
the hypothesis that frogs experience the perceptual phenomenon of Rhythmic Masking Release
(RMR) (Turgeon et al., 2002a; Turgeon et al., 2005). RMR is described as an improvement in the
recognition of a masked signal upon the further addition of concurrent sequences in the
environment. Experimental paradigms to investigate RMR typically test the perceptual
organization of a pulsatile Target sequence and two other concurrent pulsatile sequences. The
distinct temporal pattern (rhythm) of the Target gets masked upon becoming perceptually
integrated with the spectrally identical pulses of a Distractor sequence. The masked rhythm of the
Target perceptually remerges when a Captor sequence, composed of pulses that are temporally
synchronous with the pulses of the Distractor, is added to the Target and Distractor complex. The
release from masking of the Target is induced because the Distractor sequence becomes
perceptually integrated with the temporally synchronous Captor and, in turn, gets perceptually
segregated from the Target. Using females of Cope’s gray treefrog (Hyla chrysoscelis), | examined
the perceptual organization of a Target sequence, modelled on the species’ advertisement call, in
the presence/absence of pulsatile Distractor and Captor sequences. My findings provide evidence
that frogs experience Rhythmic Masking Release. Recognition of the Target was impaired in the
presence of a spectrally identical Distractor. However, the addition of a Captor induced a release
from masking of the Target, as evidenced by an improvement in recognition of the Target. Broadly,
these findings highlight that both spectral and temporal commonalities can mediate perceptual
organization of multiple concurrent sequences. Although, similar to humans, treefrogs experienced
Rhythmic Masking Release, the magnitude of improvement in recognition was much smaller than
in humans. Further, these findings highlight that the presence of concurrent sound sequences within
a signal may not always impede signal recognition and, in certain circumstances, may even improve

signal recognition.



Chapter 1
Treefrogs exploit temporal onset synchrony and harmonicity in forming auditory
objects of vocal communication signals

Abstract

Animals frequently communicate in dense social aggregations characterized by the presence of
overlapping signals from multiple individuals. Receivers have to perceptually organize these
overlapping signals into distinct ‘auditory objects’, each corresponding to the perceptual
representation of an individual signal. All the signal components produced by the same individual
should be integrated into a unitary auditory object while those produced by distinct individuals
should be segregated. The principles of auditory object formation, and their importance in vocal
communication, is less understood in non-human animals relative to humans. Here, using American
green treefrogs, Hyla cinerea, we investigated how receivers exploit the relative timing and
harmonic relatedness of multiple spectral components to integrate or segregate sounds during
auditory object formation. Using phonotaxis as a behavioral assay, we tested the hypothesis that
females exploit temporal onset synchrony and harmonicity as perceptual cues in forming auditory
objects of male sexual advertisement signals. We presented females with synthetic ‘composite’
calls, constituting both conspecific and heterospecific spectral components, that were behaviorally
attractive only when the conspecific and heterospecific components were perceptually segregated.
Across treatments, we manipulated the relative onset timing and harmonic relatedness of the
heterospecific components in relation to the conspecific components. We predicted that
asynchronous temporal onset and inharmonic relationship between the conspecific and
heterospecific components would promote their perceptual segregation. Our findings are consistent
with this prediction. Females segregated the conspecific and heterospecific components within
composite calls when these components had asynchronous onset timing, inharmonic relationship
or both. We discuss these findings in the light of parallel perceptual processes across animal taxa

and neuroethological theories of auditory processing.



Introduction

Animals often communicate in complex acoustic environments like noisy social aggregations, leks
or choruses. Such environments are characterized by multiple signalers producing spectrally and
temporally overlapping signals (Bee and Micheyl, 2008; Brumm and Slabbekoorn, 2005;
Greenfield, 2005; McDermott, 2009). Behavioral decision-making requires a receiver to
perceptually organize such overlapping signals into distinct ‘auditory objects’, corresponding to
the perceptual representation of signals produced by distinct individuals (Bizley and Cohen, 2013;
Bregman, 1990; Griffiths and Warren, 2004). Auditory object formation requires two
complementary processes in which all the signal components (like simultaneous harmonics or
formants as well as sequences of words, notes, pulses) produced by the same signaler are
perceptually integrated into a unified auditory object while those produced by different signalers
are perceptually segregated into separate auditory objects.

Auditory object formation has been extensively studied in the context of speech recognition
in noisy social environments. Various acoustic commonalities and differences between sounds can
serve as ‘cues’ for auditory object formation in humans (reviewed in Bregman, 1990; McDermott
and Oxenham, 2008; Moore and Gockel, 2012). Sounds tend to be integrated if they possess
commonalities in their spectral and temporal features as well as spatial origin. In contrast,
sufficiently large differences in these same attributes promote segregation of sounds. Two such
cues, temporal synchrony and harmonic relatedness (harmonicity) of sounds, frequently mediate
perceptual integration of spectral components within speech signals (Darwin and Gardner, 1987).
Speech signals constitute phonetic categories like vowels which, in turn, are composed of multiple
formants (i.e., spectral regions with concentrated acoustic energy) that lend a vowel its distinct
sound quality (Ladefoged and Disner, 2012). Formants that share temporal synchrony (AT = 0;
start and end at the same time) or are harmonically related (AF = 0; are multiples of a common
fundamental frequency) are likely to be perceptually integrated and heard as a single phonetic
category. In contrast, sufficiently large deviations from these commonalities (AT # 0; temporal
asynchrony or AF # 0; inharmonicity) promote segregation of formants from the vowel, thereby
causing them to be heard separately from the rest of the vowel (Broadbent and Ladefoged, 1957;
Brokx and Nooteboom, 1982; Darwin, 1981; Darwin, 1984; Darwin and Hukin, 1998; Gardner et
al., 1989; Hukin and Darwin, 1995).

Non-human animals face the analogous challenge of communicating in complex acoustic

environments using rhythmic signals frequently composed of multiple concurrent spectral

6



components (Fenton et al., 2014; Gerhardt and Huber, 2002; Hyland Bruno and Tchernichovski,
2019; Kershenbaum et al., 2016; Prestwich, 1994; Winn et al., 1981). Therefore, auditory object
formation is crucial for accurate signal recognition, discrimination and localization in
evolutionarily consequential contexts like survival and reproduction. Although auditory object
formation is a ubiquitous communication challenge, our understanding of this process in non-
human animal communication remains limited (Bee and Micheyl, 2008; Dent and Bee, 2018;
Hulse, 2002). Non-human animals can employ similar auditory object formation cues as humans
(Bee, 2010; Cai et al., 2018; Farris et al., 2005; Fay, 1998; Gupta and Bee, 2020; Klinge and Klump,
2009; Ma et al., 2010; Nityananda and Bee, 2011; Schul and Sheridan, 2006 but also see Bee and
Riemersma, 2008; Kalra et al., 2024; Schwartz and Gerhardt, 1995; Schwartz and Serratto Del
Monte, 2019). However, few animal studies have investigated multiple such cues in the same
species. And as in humans (Elhilali et al., 2009; Micheyl et al., 2013b; Singh and Bregman, 1997),
preliminary investigations of non-human animals suggest that multiple cues may be differentially
weighed (Dent et al., 2016; Schwartz and Serratto Del Monte, 2019) or have additive effects (Itatani

and Klump, 2020) on auditory object formation.

In this study, we investigated the role of temporal synchrony and harmonicity, two cues
pivotal for speech perception in humans, in mediating auditory object formation in the American
green treefrog (Hyla cinerea). Green treefrogs have been used extensively to investigate
evolutionary (Ehret and Gerhardt, 1980; Gerhardt, 1987; Hobel and Gerhardt, 2003; Jones et al.,
2014) and mechanistic (Fuzessery and Feng, 1983; Gerhardt et al., 1990; Lee et al., 2021; Schwartz
and Gerhardt, 1989) aspects of vocal communication in complex acoustic environments. During
their breeding season, male H. cinerea aggregate in dense choruses where they attract females by
producing short (100-300 ms) advertisement calls that are repeated every 1-3 s during bouts of
calling (Gerhardt, 1974a; Oldham and Gerhardt, 1975). Females select a mate by exhibiting
phonotaxis toward a calling male and initiating physical contact that results in amplexus. The
frequency spectrum of the advertisement call has a formant-like structure with acoustic energy
concentrated in separate low-frequency (0.7-1.2 kHz) and high-frequency (2.4-3.6 kHz) bands.
Most of the acoustic energy in the lower formant is concentrated in a single spectral component,
whereas the higher formant typically emphasizes two to four spectral components (Gerhardt,
1974a,b; Gerhardt, 1976; Gerhardt, 2001; Oldham and Gerhardt, 1975). There is little acoustic
energy between the two formants (1.2-2.4 kHz) (Figure 1-1). Across much of its geographic range,
H. cinerea frequently breeds in mixed-species choruses with the similar but somewhat larger
barking treefrog (Hyla gratiosa). Green and barking treefrogs are closely related sister species that

7



produce acoustically similar advertisement calls (Hua et al., 2009; Mecham, 1965; Robillard et al.,
2006). The frequency spectrum of the H. gratiosa advertisement call also has a formant-like
structure consisting of a lower formant and a higher formant, both of which are shifted to lower
frequencies relative to the same formants in the H. cinerea call (Figure 1-1). Females of H. cinerea
do not avoid heterospecific (H. gratiosa) calls and will even approach them when given no other
choice (Hobel, 2015). Importantly, however, they strongly prefer conspecific calls over
heterospecific (H. gratiosa) calls (Oldham and Gerhardt, 1975). Moreover, the addition of spectral
components from a heterospecific (H. gratiosa) call to a conspecific call starkly reduces the
attractiveness of the signal relative to an unaltered conspecific call (Gerhardt, 1974b; Gerhardt and
Hobel, 2005). The ability of simultaneous spectral components from heterospecific calls to render
conspecific calls less attractive is biologically relevant for this study species and also key to the

experimental design of the present study.

Using synthetic advertisement calls, we exploited the robust behavioral discrimination of
female H. cinerea against heterospecific (H. gratiosa) spectral components to test the hypothesis
that both temporal synchrony (AT = 0) and harmonicity (AF = 0) promote the perceptual integration
of concurrent spectral components. In a series of two-alternative phonotaxis tests, we gave females
a choice between a standard H. cinerea call with three simultaneous spectral components (900,
2700, and 3000 Hz) versus an alternative composite call consisting of the same three H. cinerea
spectral components (900, 2700, and 3000 Hz) combined with three additional spectral components
representative of H. gratiosa calls (450, 1800, and 2250 Hz) (Figure 1-1). The three conspecific
components and the three heterospecific components each constituted a three-harmonic complex
tone with fundamental frequencies (fo) of 300 Hz and 450 Hz, respectively. We capitalized on the
coincidental property that, when combined, all six spectral components (450, 900, 1800, 2250,
2700, and 3000 Hz) were harmonics of a common fundamental frequency of 150 Hz. In a fully
factorial design, we manipulated the degree of temporal synchrony and harmonicity between the
conspecific and heterospecific spectral components. These manipulations were done by shifting the
onset timing and frequency of the heterospecific components relative to the conspecific
components. We used the relative attractiveness of the standard and composite calls, as measured
by selective phonotaxis, to assess the extent to which temporal synchrony and harmonicity promote
perceptual integration (Figure 1-2a). Based on earlier work in frogs (Gerhardt 1974; Gerhardt and
Hobel, 2005), we predicted females would prefer the standard call under conditions (AT = 0 ms;
AF = 0%) expected to promote integration of the conspecific and heterospecific spectral
components of the alternative composite call into a single (and less attractive) auditory object
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(Figure 1-2a, b). Conversely, we predicted that introducing temporal onset asynchrony (AT # 0 ms)
and inharmonicity (AF # 0%) between the conspecific and heterospecific components of the
composite call would promote their perceptual segregation; in turn, we expected perceptual
segregation to render the composite and standard calls equally attractive based on their identical
conspecific spectral components (Figure 1-2a, ¢). Our factorial design allowed us to further explore
potential interactions between temporal onset asynchrony and inharmonicity in promoting

segregation.
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Figure 1-1. Natural and synthetic advertisement calls showing the formant-like spectra for H. cinerea
(conspecific) and H. gratiosa (heterospecific). Sonograms depict the spectral components within a natural
conspecific (left) and heterospecific (right) call. Here, greater intensity of the black shade depicts higher
acoustic energy. Most of the acoustic energy is concentrated in regions around 900 Hz, 2700 Hz, and 3000
Hz, in natural conspecific calls and around 450 Hz, 1800 Hz, and 2250 Hz in natural heterospecific calls.
Based on the spectra of natural calls (Gerhardt, 1974a; Oldham and Gerhardt, 1975), synthetic advertisement
calls were generated to have spectral components characteristic of H. cinerea calls (blue horizontal bars) and
H. gratiosa calls (red horizontal bars). Three different sets of heterospecific spectral components were
generated. One set (fo = 450 Hz) was harmonically related to the conspecific spectral components (AF = 0%).
The heterospecific components in the other two sets were mistuned, i.e., had their frequencies shifted either
upward (495, 1980, and 2475 Hz) or downward (405, 1620, and 2025 Hz) by 10% (i.e., AF = +10%) so that
they were rendered inharmonic with the conspecific spectral components.
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Figure 1-2. Integration versus segregation determines the behavioral attractiveness of the two alternative
calls. a) If subjects integrated the conspecific (blue bars) and heterospecific components (red bars), they
would perceive a single call which is less attractive. If subjects segregated these two kinds of spectral
components, they would perceive two distinct calls, an attractive conspecific call (identical to the standard
call), and a less attractive heterospecific call. Consequently, in a two-alternative choice test, b) integration of
conspecific and heterospecific components would result in a greater preference for the standard call against
the less attractive composite call, and c) segregation of the conspecific and heterospecific components would
result in an equal preference for the standard and composite call based on their identical conspecific spectral

components.
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Methods
Subjects

Ninety gravid females of H. cinerea collected from Bowens Mill hatchery (Ben Hill County, GA,
USA) were used as subjects in this study. Females were collected in amplexus at night (between
2100 and 2200 h) during June and July of 2019 and 2022. After collection, females were separated
from their mates, transferred to separate containers, and subsequently tested in multiple phonotaxis
tests (between 2200 h and 0500 h). There is little evidence of carryover effects when testing female
frogs in multiple phonotaxis tests (Akre and Ryan, 2010; Gerhardt, 1981). Females and their mates

were released at the collection site within 24 hours of collection.

Stimulus and experimental design

Synthetic calls (44.1 kHz, 16 bit) were generated in MATLAB R2018B (Mathworks, Natick, MA,
USA) and had spectral and temporal properties based on analyses of the natural advertisement calls
of H. cinerea and H. gratiosa (Gerhardt, 1974a; Oldham and Gerhardt, 1975). We conducted a
series of two-alternative phonotaxis tests in which females were allowed to choose between stimuli
that acoustically simulated two males calling in perfect alternation, each at a rate of 40 calls/min.
One stimulus consisted of repeated standard calls; the alternative stimulus consisted of repeated
composite calls (Figure 1-3). The standard call had a frequency spectrum that was typical of
conspecific calls and is attractive to females (Gerhardt, 1974b). It comprised three spectral
components (900, 2700, and 3000 Hz) that were 250 ms in duration (Figure 1-3). The composite
call combined the same three conspecific spectral components of the standard call with three
heterospecific spectral components that were 150 ms in duration. The frequency of each
heterospecific spectral component was determined by the level of AF (Figure 1-3; Table 1-1). The
shorter duration of the heterospecific components allowed us to manipulate, across treatments, the
temporal onset asynchrony between the conspecific and heterospecific components while keeping
the overall duration of the composite call consistent at 250 ms (Figure 1-3; Table 1-1). The duration
of the composite call was kept consistent across treatments to minimize any behavioral constraints
imposed by subjects’ preferences for call duration per se (Gerhardt, 1987). The chosen durations
of 250 ms and 150 ms for the conspecific and heterospecific components, respectively, fall within
the natural range of call duration for both species (Gerhardt, 1974a; Oldham and Gerhardt, 1975).
Note that, in designing the composite call, we encountered a trade-off between maintaining

consistent call duration and consistent temporal ‘offset’ synchrony between the conspecific and the
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heterospecific components. As such, one limitation of this design was that, any shifts in the relative
temporal onsets of the conspecific and heterospecific components introduced shifts in their relative
temporal offsets (see below; Figure 1-3). We chose to maintain a consistent duration of composite
call over a consistent degree of temporal offset synchrony because temporal offset synchrony is
believed to have a weak effect on perceptual organization (we elaborate on this argument further
in the ‘Discussion’ section). Hereafter, any value of AT, strictly corresponds to the temporal onset

asynchrony between the heterospecific components and the conspecific components.

In all stimulus calls, each spectral component had a random starting phase and an amplitude
envelope shaped by inverse exponential rise and fall times of 25 ms and 50 ms, respectively. The
starting phase of each spectral component in each stimulus call was re-randomized at the start of
every night of testing, such that subjects tested on different nights heard different exemplars of the
stimuli. At the beginning of each night of testing, each separate spectral component in each stimulus
call was calibrated to a sound pressure level (SPL re 20 pPa; LCF) of 79 dB SPL at a distance of 1
m; therefore, at 1 m, the overall level of the standard call (3 components) was 83.8 dB SPL and
that of the composite call (6 components) was 86.8 dB SPL. These values fall within the natural
range of variation in sound pressure levels recorded for both H. cinerea and H. gratiosa (Gerhardt
1975).

In total, there were 15 different choice tests based on the factorial combination of five
levels of temporal asynchrony (AT = 0 ms, 25 ms, 50 ms, 75 ms, 100 ms) and three levels of
inharmonicity (AF = 0%, +10%, -10%) (Table 1-1). We manipulated temporal asynchrony in the
composite call by delaying the onset of its heterospecific components by AT relative to the onset
of its conspecific components (Table 1-1; Figure 1-3). Hence, at AT = 0 ms, all spectral six
components had synchronous onsets and at AT = 100 ms they had asynchronous onsets and,
consequently, synchronous offsets (Figure 1-3). We manipulated harmonicity by either increasing
or decreasing the frequency of each heterospecific spectral component by 10% (Figure 1-1; Figure
1-3). Because there were no significant differences in responses that depended on increasing versus
decreasing frequency (see Appendix 1), we hereafter combine these two treatments as AF = £10%.
Thus, at AF = 0%, all six spectral components were harmonically related and shared a common fy
of 150 Hz. But at AF = +10%, harmonicity within the three conspecific components and within the
three heterospecific components was maintained, but the conspecific and heterospecific

components were no longer harmonically related to each other (Table 1-1; Figure 1-3). We tested
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AT within subjects and AF between subjects (n = 30 each for AF = 0%, +10%, and -10%; total n =

90), and we randomized the order in which different levels of AT were tested for each subject.

Table 1-1. The 15 factorial combinations of AT and AF tested and the corresponding frequencies of
conspecific and heterospecific spectral components

Treatment
AF

Conspecific components

AT

Heterospecific components

0%

0ms 900, 2700, and 3000 Hz
25 ms

50 ms

75 ms

100 ms

450, 1800, and 2250 Hz

-10%

0ms 900, 2700, and 3000 Hz
25 ms

50 ms

75 ms

100 ms

405, 1620, and 2025 Hz

+10%

0ms 900, 2700, and 3000 Hz
25 ms

50 ms

75 ms

100 ms

495, 1980, and 2475 Hz
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Figure 1-3. Experimental treatments. Various manipulations of composite call (enlarged here) shown for six
treatments (3 levels of AT and 2 levels of AF) in which the temporal onset and frequencies of the
heterospecific components were altered. Note that, the onset of the heterospecific components is delayed,
relative to the conspecific components, in each treatment where AT # 0 ms. Consequently, there are
corresponding shifts in the relative timing of the offsets of the conspecific and heterospecific components.
Here, only a subset of treatments and only single calls for each treatment are shown, see text for additional
detail on all the treatments used in this study as well as for the organization of multiple identical calls within
each treatment.

Testing protocol

Phonotaxis tests were performed in a circular arena (2-m diameter and 60-cm height) that was
located at the field site, approximately 300 m away from the nearest pond from which the subjects
were collected. The arena’s floor was made of foam mats and its walls were constructed out of
hardware cloth, covered in black fabric, to create a visually opaque but acoustically transparent
barrier between the subjects and the speakers. Two speakers (Gallo Acoustics, Scotland, UK) were
placed 180° apart from each other behind the arena wall, facing inward towards a subject’s release
point at the center of the arena. Stimuli were broadcast using Adobe Audition 3.0 (Adobe Systems
Inc. San Jose, CA, USA) installed on an HP ProBook 450 G6 (HP Inc., Palo Alto, CA, USA).
Sound was output through a MOTU M4 sound card (MOTU, Inc., Cambridge, MA, USA),
amplified by a Digital 2 Channel MOSFET amplifier (Dual Electronics, Corp., FL, USA), and
broadcast through the two speakers. Sound pressure levels were calibrated using a Larson Davis
Model 831 sound level meter (Larson Davis Inc., Depew, NY) connected to a microphone placed
1 m away from the speaker at the approximate position of a subject’s head at the release point.
Across subjects, we randomized both the speakers assigned to broadcast the standard versus the

composite calls as well as the type of call that was broadcast first.
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At the beginning of a test, a single subject was placed inside a release cage fixed at the
center of the arena floor and given an acclimation period of 60 s after which the stimulus broadcast
began. During stimulus broadcast, the standard and composite calls alternated in time such that
equal periods of silence preceded and followed each call. After two repetitions of both the standard
and composite calls, the lid of the release cage was lifted remotely using a pulley system, and a
timer was simultaneously started. After this point, the alternating calls continued while the subject
was free to move inside the arena. A choice was recorded if the subject entered a 10-cm semicircular
response zone in front of one of the speakers within 5 min. A no-response was recorded if the
subject did not leave the release cage within 3 min or did not make a choice within 5 min. On

average, females responded within 45.5 s of being released.

Statistical analysis

Statistical analyses were performed in R studio version 2023.12.1 (a = 0.05 in all analyses). We
used two-tailed binomial tests at each combination of AT (0 ms, 25 ms, 50 ms, 75 ms and 100 ms)
and AF (0% and £10%) to determine whether the proportion of subjects choosing the standard call
exceeded the null expectation of 0.50. We assessed differential attractiveness of the standard and
composite calls as functions of AT and AF by fitting a GEE model with logit-link function and an
exchangeable correlation structure using the geepack package (Hardin and Hilbe, 2012). Wald-
statistic was used to assess the differential attractiveness. Each subject’s choice was scored as a
binary response variable (1 = standard call, 0 = composite call). The independent variables were
AT, AF, and their interaction. Since both AT and AF were coded as categorical variables, the output
of the GEE model reported the effects of any combination of AT and AF in relation to a reference

condition, which we specified as the test where AT= 0 ms and AF = 0%.

Results

Subjects had a significant 4:1 preference (p < 0.01) for the standard call (proportion = 0.80) over
the composite call (proportion = 0.20) when the conspecific and heterospecific spectral components
of the latter had synchronous onsets (AT = 0 ms) and were harmonically related (AF =0 %) (Figure
1-4, Table 1-2). In stark contrast, the proportions of subjects choosing the standard call were not
significantly different from the null expectation of 0.50 when the conspecific and heterospecific
spectral components of the composite call had asynchronous temporal onsets (AT # 0 ms), were

inharmonic (AF # 0%), or both (Figure 1-4, Table 1-2).
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Compared to the reference test (AT = 0 ms, AF = 0%), introducing temporal onset
asynchrony in the composite call while maintaining its harmonicity (i.e., AT # 0 ms, AF = 0%)
elicited a significant decrease in the proportion of subjects choosing the standard call for values of
AT equal to 25 ms, 50 ms, and 75 ms, but not for AT equal to 100 ms. Additionally, introducing
inharmonicity in the composite call while maintaining synchronous onsets (i.e., AF # 0%, AT = 0
ms) also elicited a significant decrease in the proportion of subjects choosing the standard call
compared to the reference test (Table 1-3). Finally, introducing both temporal onset asynchrony
and inharmonicity in the composite call additively decreased (no significant interaction) the
proportion of subjects choosing the standard call in all treatments except when AT was 25 ms and
AF was £10%. In that test, there was a significant interaction between AT equal to 25 ms and a AF
of £10% since the proportion of subjects choosing the standard call was higher than that predicted
from an additive decrease imposed by AT of 25 ms and AF of £10% (Table 1-3).
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Figure 1-4. Proportion of subjects choosing the standard call across all combinations of temporal onset
asynchrony (AT) and inharmonicity (AF). The dashed horizontal line indicates the null expectation of 0.50
in a two-alternative choice tests. Gray and black bars indicate AF = 0% and AF = +£10%, respectively. Error
bars represent 95% exact binomial confidence intervals.
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Table 1-2. Results of phonotaxis tests showing the proportions of subjects (+95% exact binomial confidence
intervals) that chose the standard call over the composite call as a function of temporal onset asynchrony
(AT) and inharmonicity (AF). Also shown are P values from two-tailed binomial tests of the hypothesis that
the proportion choosing the standard call did not differ from the null expectation of 0.50.

Proportion choosing the

AT AF N standard call Cl P value
0ms 0% 30 0.80 0.61-0.92 <0.01*
+10% 60 0.48 0.39-0.65 0.90
25ms 0% 30 0.50 0.33-0.67 0.99
+10% 60 0.48 0.35-0.61 0.90
50 ms 0% 30 0.57 0.38-0.74 0.60
+10% 60 0.50 0.38-0.62 0.99
75ms 0% 30 0.53 0.35-0.71 0.90
+10% 60 0.40 0.28-0.54 0.20
100 ms 0% 30 0.63 0.44-0.80 0.20
+10% 60 0.50 0.38-0.62 0.99
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Table 1-3. Results of the Generalized Estimating Equation (GEE) model. The effects of temporal onset
asynchrony (AT), inharmonicity (AF), and their interaction are reported in relation to the reference test where
AT = 0 ms and AF = 0%. ‘Condition’ represents any manipulation in AT, AF or the interactive effects of
different combinations of AT and AF. Interactions are shown by the ‘x’ symbol. ‘B’ indicates the estimate
value for each condition. ‘Wald X%’ and ‘P value’ correspond to the results of the Wald-statistics.

Condition B Wald X? P value
AT =25 ms -1.39 5.35 0.02*
AT =50 ms -1.11 4.37 0.04*
AT =75 ms -1.25 5.08 0.02*
AT =100 ms -0.83 1.95 0.16
AF =+10% -1.44 7.64 0.01*
AT =25 ms x AF =£10% 1.39 3.90 0.05*
AT =50 ms x AF =£10% 1.18 3.46 0.06
AT =75ms x AF =£10% 0.91 197 0.16
AT =100 ms x AF =+10% 0.90 1.74 0.19
Discussion

The primary goal of this study was to test the hypothesis that females of Hyla cinerea exploit
temporal synchrony and harmonicity as perceptual cues in forming auditory objects of vocal
communication signals. The data are consistent with this hypothesis. The main result from this
study is that heterospecific spectral components rendered the composite call less attractive than the
standard call only when they were temporally synchronous with (AT = 0 ms) and harmonically
related to (AF = 0%) the conspecific spectral components. When the conspecific and heterospecific
spectral components of the composite call had asynchronous onsets, inharmonic relationships, or
both, the composite call was equally as attractive as the standard call, which included only the
conspecific spectral components. Our interpretation of these results is that temporal synchrony and
harmonicity promoted the perceptual integration of the conspecific and heterospecific spectral
components of the composite call into a single auditory object that was less attractive than a call
consisting of only conspecific components. Onsets that were asynchronous by as little as 25 ms or
shifts in frequency on the order of 10% promoted the perceptual segregation of the conspecific and
heterospecific spectral components into different auditory objects. Because heterospecific calls are

neither attractive nor inherently aversive in the presence of conspecific calls, onset asynchrony and
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inharmonicity reduced each female’s choice to one between two equivalent standard calls, for
which there was no preference. Based on these results, we conclude that female green treefrogs
exploit synchronous temporal onsets and harmonicity in forming auditory objects of vocal

communication signals.

Role of temporal onset synchrony in auditory object formation

Multiple studies in humans have demonstrated temporal synchrony as a robust cue for auditory
object formation underlying the perception of speech perception as well as non-communication
sounds. Bregman and Pinker (1978) and Dannenbring and Bregman (1978) presented human
subjects with a sequence of a two-tone complex. When the temporal onsets of the two tones in the
complex were synchronous, the tone complex was perceived as a single rich tone with a unified
timbre. In contrast, when the temporal onset of the lower tone was shifted to lead the upper tone of
the complex, the two tones were segregated and the distinct timbre was no longer perceived. Further
investigations on vowel perception (Darwin, 1981; Darwin, 1984; Darwin and Ciocca, 1992;
Darwin and Sutherland, 1984; Hukin and Darwin, 1995; Roberts and Moore, 1991) demonstrated
that temporal onset synchrony effects the tendency of a single formant to be perceptually integrated
with the rest of the vowel and, in turn, influence the perceived phonetic category of the vowel. For
vowel sounds of smaller duration (~ 50 ms) a temporal onset asynchrony as small as 30 ms was
sufficient for perceptual segregation of a single formant from the rest of the vowel, while for longer
vowel sounds, larger asynchrony was required. More recently, Elhilali et al. (2009) and Micheyl et
al. (2013a) demonstrated that two sequences were integrated and heard as a ‘single” sequence when
their constituent tones shared temporal synchrony. Shifting the temporal synchrony between those

tones promoted the segregation of sequences thereby causing the percept of two distinct sequences.

Thus far, only two studies have investigated if non-human animals can exploit temporal
synchrony in forming auditory objects of communication signals. Neilans and Dent (2015)
presented budgerigars with synthetic conspecific contact calls and demonstrated that increased
temporal asynchrony between overlapping conspecific signals promoted their perceptual
segregation, thereby causing them to be heard as separate signals. Further, Gupta and Bee (2020)
demonstrated, in Cope’s gray treefrogs, that the low and high conspecific spectral components were
integrated when they were temporally synchronous. Our study corroborates both of these findings

and thus contributes to the emerging evidence for the temporal synchrony as a robust auditory

20



object formation cue in non-human animals. More studies in future would be required to assess the

role of temporal synchrony in perceptual organization in other non-human animal species.

It is also worth looking at the present findings in the light of male-male signaling dynamics
in nature. Males in dense acoustic aggregations frequently adjust the relative timing of their signals
in two broad ways. First, commonly seen in birds, frogs and insects, the relative signal timings are
asynchronous so as to approximate alternation or minimal signal overlap between the signals of
different signalers (reviewed Gerhardt and Huber, 2002; Hall, 2009; Klump and Gerhardt, 1992;
Thorpe, 1975). Second, a relatively uncommon signaling pattern is one in which the relative signal
timings are synchronized so that there is maximal signal overlap between the signals of different
individuals (Grafe, 1999; Legett et al., 2020; Legett et al., 2021; Tuttle and Ryan, 1982; Wells and
Schwartz, 1984). Signal alternation might serve to facilitate a signaler’s assessment of a neighbor’s
call, minimize degradation of species-typical temporal information required for mate choice or
exploit a female’s perceptual bias to prefer a leading male’s calls (Greenfield et al., 1997; Schwartz,
1987). On the other hand, signal synchronization may serve to attract females from a distance,
avoid predators by potentially impairing their ability to localize individual signalers, or to jam the
signals of neighboring males (Grafe, 1999; Greenfield, 1994; Greenfield et al., 1997; Legett et al.,
2021; Tuttle and Ryan, 1982). There is emerging evidence that adaptive significance of different
signaling dynamics may relate to the perceptual processes within the receivers (Bosch and
Marquez, 2002; Grafe, 1999; Hobel and Gerhardt, 2007; Minckley and Greenfield, 1995; Reichert
et al., 2024; Snedden and Greenfield, 1998). Neilans and Dent (2015) and the present study
demonstrated that temporal asynchrony between signal produced by different individuals promotes
the perceptual segregation of these signals by the receiver, making the signals easier to recognize.
Given the diversity of inter-male calling dynamics across animal taxa, more work would be needed
to investigate how the temporal patterns of such signaling interactions relate to perceptual

organization processes in conspecific and heterospecific receivers.

One limitation of this study was that it did not control for temporal offset asynchrony. Here,
since the conspecific and heterospecific components had unequal durations, any change in their
relative temporal onsets was coupled with a change in their relative temporal offsets. For instance,
at a temporal ‘onset’ asynchrony of 0 ms, the conspecific and heterospecific spectral components
had a temporal ‘offset’ asynchrony of 100 ms. We speculate that any behavioral effects imposed
by the uncontrolled temporal offsets in this study were marginal because of two reasons. First, at

least in humans, asynchronous temporal onsets have a significantly greater effect on promoting

21



perceptual segregation than asynchronous temporal offsets. Darwin (1984) and Madsen and Moore
(2014) demonstrated that sounds were more likely to be segregated when they exhibited
asynchronous onsets compared to when they exhibited asynchronous offsets. Second, the present
results also indirectly suggest that perceptual segregation is primarily driven by asynchrony in
temporal onsets. A significantly greater than chance proportion of subjects segregated conspecific
and heterospecific spectral components when their temporal onsets were asynchronous, regardless
of the relative timings of their temporal offsets. Recall that, even when the temporal offsets of the
conspecific and heterospecific components were synchronized (AT = 100 ms; Figure 1-3, Table 1-
2), subjects equally preferred the standard and composite calls, indicating that they segregated the
spectral components even when their temporal offsets were synchronous. However, we did observe
that the attractiveness to the standard call did not significantly differ between when the temporal
onsets of conspecific and heterospecific components were synchronous (AT = 0 ms) versus when
their temporal offsets were synchronous (AT = 100 ms; Table 1-3). The present design was limited
by the tradeoff between maintaining a consistent duration of the composite call versus a consistent
temporal offset synchrony of the conspecific and heterospecific components within the composite
call. Follow-up studies could adopt an alternate design in which the offsets of the heterospecific
and conspecific spectral components can be kept synchronous throughout and the onset asynchrony

can be manipulated by shifting the duration of the heterospecific spectral components.

Role of Harmonicity in auditory object formation

Research using synthetic tone-complexes and speech sounds reveals that harmonicity mediates
perceptual organization of concurrent spectral components. Darwin (1981), Darwin and Gardner
(1986) and Gardner et al. (1989) demonstrated that mistuning a single formant within a vowel
causes the formant to be perceptually segregated from the rest of the vowel, leading to an overall
change in the perceived timbre of the vowel and, in turn, the perception of the phonetic category of
the vowel. Additionally, Moore et al. (1985, 1986) and Hartmann et al. (1990) demonstrated that
mistuning single components within a harmonic complex causes them to be perceptually segregated
and heard separately from the tone-complex. A mistuning as small as 3% could be detected by
subjects in the form of perceived changes in the amplitude envelop of the tone complex; a mistuning

above 8% leads to complete perceptual segregation.

Even though signals in non-human animals are frequently characterized by harmonic

complexes that resemble vowel sounds (Hoeschele, 2017; Kershenbaum et al., 2016), few studies
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have investigated how harmonicity impacts perceptual organization of communication signals.
Lohr and Dooling (1998) used stimuli modelled on natural calls and showed that both zebra finches
and budgerigars are highly sensitivity to the mistuning of single harmonics within calls. Simmons
and Bean (2000) found that the evoked calling response of male bullfrogs was significantly lower
when particular harmonics within the call were mistuned, compared to when all the frequencies
within the signal were harmonic. Klinge and Klump (2010, 2009) demonstrated that gerbils were
remarkably sensitive to mistuning of individual components within a tonal complex. In those
studies, shifts in behavioral responses were observed even when inharmonicity was introduced by
very small shifts (< 1 Hz) in the frequency of individual components. Our findings, demonstrating
that perceptual segregation is promoted upon mistuning of the specific spectral components
corroborates these previous findings on birds, frogs and rodents and adds to the evidence for the
prevalence for harmonicity mediated perceptual organization in non-human animals. In
conjunction with our findings on temporal synchrony, these findings on harmonicity lend support
to the emerging view that parallel perceptual processes may govern auditory object formation in

humans and non-human animals.

To our knowledge, this study is the first systematic investigation of harmonicity as an
auditory object formation cue in frogs. There exists no single consensus on the behavioral
significance of the prominent harmonic structures of the vocalizations used by many frogs. Using
a physiological procedure called reflex modification, Simmons, (1988) demonstrated that males of
H. cinerea exhibit sensitivity to shifts in the harmonic structure of two-tone complexes consisting
of conspecific frequencies. However, behavioral investigations in H. cinerea using female
phonotaxis by Gerhardt et al., (1990) and male evoked calling behavior by Simmons et al., (1993)
demonstrated no significant differences in either phonotaxis or male evoked calling upon
manipulating the harmonic relatedness of the conspecific spectral components. One key difference
between these two behavioral studies and the present study could be related to the test design. While
Gerhardt et al., (1990) and Simmons et al., (1993) measured differential responsiveness to
conspecific calls based on inharmonicity, the present study investigated perceptual segregation of
conspecific and heterospecific signal components based on inharmonicity. Recall that in this study,
conspecific spectral components were always harmonic with each other and instead their
inharmonicity with the heterospecific spectral components was manipulated. Taking all of the
above findings into consideration, we speculate that harmonicity may play a role in perceptual
organization underlying species recognition but may not be behaviorally meaningful in the context
of mate discrimination or male-male competition with conspecifics.
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Multiple cue interactions during auditory object formation

Multiple cues may be differentially weighed, act in an additive fashion, or interact during auditory
object formation. Most of our understanding of the effects of multiple cues on object formation
comes from human psychoacoustic studies. Singh and Bregman (1997) showed that both common
amplitude rise times and spectral similarity additively mediate integration of sounds. Elhilali et al.
(2009) found that regardless of having considerable frequency separation (which promotes
segregation), tones were integrated when they shared temporal synchrony. This finding indicated
that temporal synchrony overrides spectral separation in mediating perceptual integration. Further,
similar to the present study, Micheyl et al. (2013b) manipulated temporal coherence and
harmonicity and found an additive effect of the two cues on perceptual organization. Recent
findings from non-human animals suggest similar patterns for multiple cues mediating auditory
object formation. Itatani and Klump (2020) showed that European starlings rely on the additive
effects of common spatial origin and spectral similarity for perceptual organization, though spectral
similarity had a larger effect compared to common spatial origin. Dent et al. (2016) showed, in
zebra finches and budgerigars, stronger effects of spatial location and sound intensity than spectral
cues in detecting a missing syllable from a stimulus bird song. Schwartz and Serratto Del Monte
(2019) found no additional improvement in segregation when sounds that were spatially separated
were also separated in their frequencies. The present study adds to this small but growing literature
on auditory object formation in the presence of multiple cues in non-human animals. It is worth
expanding the present findings by incorporating more auditory object formation cues. In future
work, besides manipulating temporal onset asynchrony and inharmonicity, spatial location of the
conspecific and heterospecific spectral components could also be manipulated using the present

study design.

Perceptual organization and neuroethological theories of auditory processing

An important finding to emphasize from this study was that sounds were integrated into the same
auditory object only if they shared commonalities across multiple acoustic attributes, that is, both
synchronous temporal onsets and harmonic relationships. It is worth discussing these findings in
the light of how natural signals are structured and neuroethological theories of auditory processing.
Natural signals often possess multiple spectro-temporal commonalities like harmonicity and slow
temporal fluctuations often correlated across frequency components (Kershenbaum et al., 2016;
Nelken et al., 1999; Singh and Theunissen, 2003; Suga, 1992). These spectro-temporal
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commonalities are borne out of natural physics of sound production. Neuroethological theories of
auditory processing argue that neural systems in animals have evolved to process behaviorally
relevant communication signals (Theunissen and Elie, 2014). These theories are supported by the
discovery of neurons that respond best to features present in conspecific signals (Doupe and
Konishi, 1991; Feng et al., 1990; Fitzpatrick et al., 1993; Grace et al., 2003; Romer, 2016).
Specifically in frogs, some neurons are maximally tuned to the sound frequencies that are present
in the conspecific signals (reviewed in Feng et al., 1990; Simmons, 2013), selective to the
combination of low and high frequency conspecific components (Fuzessery and Feng, 1983; Lee
etal., 2017; Megela, 1983), or respond only to species-specific temporal patterns (Edwards et al.,
2002; Gupta et al., 2021).

Based on the neuroethological theories and the supporting evidence, auditory object
formation may be based on the design principles of natural signals. That is, both temporal
synchrony and harmonicity are required to promote perceptual integration because signal
components in natural signals possess both of these regularities. This possibility could be tested by
integrating various bioacoustic, behavioral and neurophysiological approaches in the same study
system. For instance, the behavioral findings of the present study on H. cinerea could be compared
against biologically realistic values of temporal synchrony and harmonicity present within and
between signals of different males. Further, neurophysiological responses to the present
experimental stimuli could be acquired to estimate the neural mechanisms of auditory object
formation. Auditory processing at both the peripheral and central levels could be possible
candidates for future neurophysiological investigations. Three distinct population of auditory
neurons have been identified in the VIII nerve of H. cinerea, a low frequency (< 500 Hz) tuned, a
mid-frequency (500-1200 Hz) tuned, and a high frequency (3100-3800 Hz) tuned population
(Capranica et al., 1976; Moffat and Capranica, 1974). Ehret et al. (1983) found that responses of
certain low frequency tuned VIII nerve fibers in H. cinerea exhibited a ‘two-tone’ suppression
wherein certain inhibitory tones (comprising frequencies typical of heterospecific signals)
suppressed the responses of those neurons to their excitatory frequencies. Further, neural recordings
from the Inferior Colliculus and Thalamus by Fuzessery and Feng, (1983) in Rana pipiens, Megela,
(1983) in Rana catesbeiana, and Mudry and Capranica (1987) and Lee et al., (2017) and in Hyla
cinerea showed the presence of certain combination-sensitive neurons that exhibited increased
sensitivity at two distinct frequency regions and respond either maximally or exclusively to the
combination of low and high frequencies present in the conspecific calls. Mudry and Capranica

(1987) demonstrated that combination sensitive neurons also exhibit suppression upon added
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stimulation by certain inhibitory frequencies (1200-1800 Hz; frequently reflected in the natural
signals of heterospecific and also used as one of the heterospecific components in this study). This
neural suppression of peripheral and central neurons in response to added stimulation by inhibitory
frequencies is reflected behaviorally too, as demonstrated in studies by Gerhardt (1974b) and
Gerhardt and Hobel (2005). In those studies, adding a heterospecific spectral component to a
conspecific call starkly reduced its attractiveness. We hypothesize that auditory objects formation
may be partially encoded by changes in the response patterns of the VIII nerve fibers and the
combination sensitive neurons. Future studies could measure how shifts in temporal synchrony and
harmonicity (comparable to the values used in this study) between the conspecific and
heterospecific spectral components may introduce changes in the suppression patterns of the VIlII

nerve fibers and the combination sensitive neurons.
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Chapter 2
Perceptually salient differences in a species recognition cue do not promote auditory
streaming in eastern gray treefrogs (Hyla versicolor)

Abstract

Auditory streaming underlies a receiver’s ability to organize complex mixtures of auditory input
into distinct perceptual “streams” that represent different sound sources in the environment. During
auditory streaming, sounds produced by the same source are integrated through time into a single,
coherent auditory stream that is perceptually segregated from other concurrent sounds. Based on
human psychoacoustic studies, one hypothesis regarding auditory streaming is that any sufficiently
salient perceptual difference may lead to stream segregation. Here, we used the eastern gray
treefrog, Hyla versicolor, to test this hypothesis in the context of vocal communication in a non-
human animal. In this system, females choose their mate based on perceiving species-specific
features of a male’s pulsatile advertisement calls in social environments (choruses) characterized
by mixtures of overlapping vocalizations. We employed an experimental paradigm from human
psychoacoustics to design interleaved pulsatile sequences (ABAB...) that mimicked key features
of the species’ advertisement call, and in which alternating pulses differed in pulse rise time, which
is a robust species recognition cue in eastern gray treefrogs. Using phonotaxis assays, we found no
evidence that perceptually salient differences in pulse rise time promoted the segregation of
interleaved pulse sequences into distinct auditory streams. These results suggest the hypothesis that
any perceptually salient acoustic difference can be exploited as a cue for stream segregation is not
supported in all species. We discuss these findings in the context of cues used for species

recognition and auditory streaming. *

! This chapter is the peer reviewed version of the following article: Kalra, L., Altman, S. & Bee, M.A.
Perceptually salient differences in a species recognition cue do not promote auditory streaming in eastern
grey treefrogs (Hyla versicolor). J Comp Physiol A (2024). https://doi.org/10.1007/s00359-024-01702-9
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Introduction

Acoustic communication, and hearing more generally, frequently requires listeners to perceive
relevant sound sequences as distinct from other concurrent sounds (Cherry, 1953; McDermott,
2009). In humans, for example, following a conversation in noisy social settings (Remez, 2021;
Repp, 1988) or recognizing a melody in an orchestral piece (Dowling, 2012; McDermott and
Oxenham, 2008) involves the ability to hear sound sequences (e.g., words, syllables, musical notes)
as distinct from other sounds occurring at the same time. The ability to hear distinct sound
sequences amid competing sounds is a non-trivial challenge because sounds from multiple sources
sum to form a composite sound wave that impinges on the ears of a listener (Bregman, 1994). The
composite sound wave must be perceptually organized into distinct “streams,” each corresponding
to a coherent representation of the sound sequence produced by a given source. This process, called
“auditory streaming” (Bregman, 1994), involves two complementary processes in which sounds
produced by the same source are integrated into a coherent auditory stream while sounds produced
by different sources are segregated into separate streams (Bregman, 1994; Bregman and Campbell,
1971; Moore and Gockel, 2002; Moore and Gockel, 2012).

Psychoacoustic studies in humans have uncovered various cues influencing the integration
versus segregation of sounds during auditory streaming. Many of these studies have employed a
simple experimental paradigm wherein subjects listen to interleaved sequences of two types of tone
pulses (A and B) and report their perception of the rhythm or rate of the sequence. The acoustic
differences between the A and B pulses are manipulated across trials. Integration versus segregation
can be assessed using this ABAB stimulus paradigm to determine whether subjects report hearing,
as a function of the acoustic differences between the A and B pulses, a single, integrated sequence
(ABAB...) or two segregated sequences (A—A—... and B-B-...), each at half the pulse rate of the
actual stimulus sequence (van Noorden 1975). Sufficiently large differences in the spectral content
(e.g., fundamental frequency or timbre), temporal patterns (e.g., onset/offset times, amplitude and
frequency modulation patterns) or spatial location of A and B sequences promote their segregation,
while smaller differences are more likely to result in their integration (reviewed in Bregman 1994;
Darwin 1997, 2008; Micheyl and Oxenham 2010). The breadth of acoustic cues that facilitate
auditory streaming in humans led Moore and Gockel (2002) to hypothesize that “the extent to which
sequential stream segregation occurs is directly related to the degree of perceptual difference
between successive sounds. Any sufficiently salient perceptual difference may lead to stream

segregation” (p. 331, emphasis original).
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Many non-human animals communicate using rhythmic sequences of sounds, such as
pulsatile calls in frogs and crickets (Prestwich 1994; Gerhardt and Huber 2002), song maotifs in
songbirds and whales (Hyland Bruno and Tchernichovski, 2019; Winn et al., 1981), and
echolocation clicks in bats and dolphins (Fenton et al., 2014). Moreover, these signals are perceived
in complex acoustic environments consisting of multiple biotic and abiotic sound sources (Bee and
Micheyl, 2008; Gerhardt and Huber, 2002; Greenfield, 2005). Auditory streaming is thus essential
for accurate recognition, discrimination, and localization of signals across diverse species and
behavioral contexts. Even though auditory streaming is a ubiquitous communication challenge, the
phenomenon has so far received relatively little attention in studies of non-human animal
communication (Hulse 2002; Bee and Micheyl 2008; Dent and Bee 2018). Preliminary
investigations using the ABAB paradigm in non-human animals suggest similar auditory streaming
cues are used in humans and a diversity of other species. Frequency differences, for example,
promote segregation in insects (Schul and Sheridan 2006), frogs (Nityananda and Bee, 2011), fish
(Fay 1998, 2000), birds (MacDougall-Shackleton et al. 1998; Itatani and Klump 2014; Dent et al.
2016), and mammals (Izumi 2002; Ma et al. 2010; Noda et al. 2013; Christison-Lagay and Cohen
2014). Temporal differences in onset/offset times and amplitude modulation patterns promote
segregation in frogs (Gupta and Bee, 2020) and birds (Itatani and Klump, 2009). Differences in
spatial location promote segregation in insects (von Helversen, 1984; Weber and Thorson, 1988),
frogs (Farris et al. 2002, 2005; Bee 2010) and mammals (Middlebrooks and Bremen, 2013; Yao et
al., 2015). While these studies establish interesting parallels between auditory perception across
taxa, it remains to be tested whether perceptual salience per se (sensu Moore and Gockel 2002) is

sufficient to promote segregation of sounds in non-human animals.

In this study of the eastern gray treefrog, Hyla versicolor, we used the ABAB stimulus
paradigm to test the hypothesis that perceptually salient acoustic differences promote auditory
streaming. The eastern gray treefrog is a well-studied frog in the context of animal communication
that breeds in ponds and wetlands distributed throughout eastern North America (Gerhardt 2001).
Males of H. versicolor produce pulsatile advertisement calls (Figure 2-1a) and breed in choruses.
Even in small choruses of only conspecifics, there is a high degree of call overlap among
neighboring males (Schwartz et al. 2002). In mixed-species choruses heterospecific males,
including those of a morphologically indistinguishable sister species, Hyla chrysoscelis, also
produce spectrally and temporally overlapping pulsatile advertisement calls (Figure 2-1b)
(Nityananda and Bee, 2011). Auditory streaming is thus crucial for female frogs to perceive the

signal of a potential mate amidst other concurrent sounds (Bee 2015). In H. versicolor, each
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advertisement call consists of a sequence of 11 to 25 pulses (Figure 2-1a). The amplitude time
envelope of each pulse has a slow (approximately 65% of pulse duration) rise from pulse onset to
peak amplitude and a fast (approximately 35% of pulse duration) fall from peak amplitude to pulse
offset (Figure 2-1c) (Gerhardt and Doherty 1988; Ptacek et al. 1994; Gupta et al. 2021). Pulse
amplitude rise and fall patterns — together described as “pulse shape” — facilitate species recognition
in H. versicolor. Females from a population of H. versicolor in Missouri in the central United States
prefer pulses shaped with slow rise times typical of conspecific calls (Figure 2-1c) over pulses that
have faster rise times and an overall shape that more closely resembles the heterospecific pulses of
H. chrysoscelis (Figure 2-1d). Rise time differences as small as 5 ms were perceptually salient and

elicited strong behavioral discrimination between signals (Gerhardt and Schul 1999).

Here, we capitalized on the behavioral significance of pulse rise time as a species
recognition cue in H. versicolor to test the hypothesis that a perceptually salient difference in pulse
rise time promotes the segregation of interleaved pulse sequences into separate auditory streams.
As a first step in our experimental design, we recorded and analyzed advertisement calls because
pulse rise time preferences had not been established previously in our study population in
Minnesota. We used the results from our acoustic analyses to determine biologically realistic values
of pulse rise time for subsequent behavioral experiments. We exploited a well-known preference
for conspecific calls based on pulse-rate selectivity to design experiments based on the ABAB
stimulus paradigm. The pulses in a H. versicolor call are, on average, about 20 ms long and
separated by silent intervals of about 30 ms in duration. This regular rhythm corresponds to a pulse
rate of 20 pulses/s (Gerhardt and Doherty 1988; Gupta et al. 2021). Females of H. versicolor prefer
the pulse rate of conspecific calls (Figure 2-1a) over the faster pulse rate of H. chrysoscelis calls
(Figure 2-1b), which is typically about 2x to 3x (40 to 65 pulses/s) the pulse rate of conspecific
calls (Noble and Hassler 1936; Blair 1958; Gerhardt 1978; Ward et al. 2013). Accurate pulse-rate
perception is crucial for species recognition as highlighted by the finding that two interleaved and
identical conspecific pulse sequences are perceived by H. versicolor females as a single sequence
having a fast pulse rate that is less attractive than the conspecific pulse rate (Schwartz and Gerhardt
1995; Schwartz and Marshall 2006; see also Bee and Riemersma 2008). Our use of the ABAB
stimulus paradigm was based on a female’s pulse-rate selectivity. We broadcasted two interleaved
sequences of pulses (ABAB...), each having the same conspecific pulse rate (each 20 pulses/s) but
differing in their pulse rise time (A and B). The “A” pulses (Figure 2-1e) had the pulse duration
and rise time typical of conspecific pulses (Figure 2-1c) and were expected to be preferred by the
females. The “B” pulses (Figure 2-1f) were time-reversed versions of the “A” pulses, and therefore,
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had a pulse duration typical of conspecific pulses but an overall shape typical of heterospecific H.
chrysoscelis pulses (Figure 2-1d). As such, the “B” pulses were expected to be less preferred by
the females. We measured stream segregation based on whether, upon hearing the ABAB stimulus,
the subjects perceived two separate (A—A—... and B-B-...) sequences (indicating segregation),
wherein one of the sequences (A—A-) had a preferred pulse rise time and pulse rate, or a single
(ABAB...) sequence (indicating integration) with a less preferred pulse rate of 40 pulses/s (Figure
2-2). According to our hypothesis, we predicted subjects would be attracted to interleaved
sequences that could be segregated into separate auditory streams, one of which (A-A-) was
attractive, based on a perceptually salient and biologically relevant difference in pulse rise time
(Figure 2-2).
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Figure 2-1. Natural and synthetic signals of H. versicolor and H. chrysoscelis. a Oscillogram of a natural
advertisement call of H. versicolor. b Oscillogram of a natural advertisement call of H. chrysoscelis depicting
a faster pulse rate compared to H. versicolor. ¢ A highlighted natural pulse of H. versicolor depicting a slow
rise and relatively faster fall in amplitude. d left: A highlighted natural pulse of H. chrysoscelis (shown in
the same time-scale as H. versicolor in panel (c), depicting a fast rise and relatively slow fall in amplitude),
and right: The same pulse magnified two-fold to highlight that the pulse shape (relative rise and fall patterns)
in H. chrysoscelis is approximately reversed relative to that of a natural H. versicolor pulse. e Synthetic “A”
pulse (in blue) modelled on the overall duration and the rise and fall-times of a natural H. versicolor pulse. f
Synthetic “B” pulse (in orange), which is a digitally reversed version of “A” pulse, has an overall duration
typical of a natural H. versicolor and an overall shape typical of a natural H. chrysoscelis pulse. g, h Power
spectra of the synthetic pulses shown in e and f, respectively, showing the two spectral peaks in each pulse
[and their relative amplitudes] of 1.2 kHz [-13 dB] and 2.4 kHz [0 dB].
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Figure 2-2. Protocol for testing auditory streaming. We broadcasted interleaved pulsatile sequences of A (in
blue) and B (in orange) pulses (ABAB) to female H. versicolor. If pulse rise time differences were sufficient
to promote segregation of sounds, we expected the females to perceive two distinct sequences, A-A—and B—
B—, both of which had the preferred conspecific pulse rate of 20 pulses/s and one of which (A—A-) also had
the preferred conspecific pulse rise time. Consequently, the ABAB stimulus was predicted to be attractive to
females. In contrast, if the rise time differences between the A and B pulses were insufficient to promote
segregation, we would expect females to perceive a composite ABAB sequence as having a relatively less
preferred pulse rate of 40 pulses/s.

Methods
Subjects

All acoustic recordings and behavioral tests were conducted using subjects from the Tamarack
Nature Center (Ramsey County, MN, USA), which belong to the Midwest clade of H. versicolor
(Booker et al., 2022). Acoustic recordings of males (n = 30) were made at night (between 2100 and
0100 h) in May and June of 2006 and 2021. For behavioral tests, females (n = 43) were collected
in amplexus at night (between 2100 and 0100 h) in May and June of 2021. Amplexed pairs were
returned to the laboratory where they were maintained at approximately 4°C to delay egg laying
and maintain behavioral responsiveness (Gerhardt 1995). Prior to behavioral testing, frogs were
placed in an incubator for at least 30 minutes and allowed to reach a body temperature of 20°C.
Between trials, females were returned to the 20°C incubator with their mates for a minimum of 5
min to maintain body temperature and preserve responsiveness. Because H. versicolor breeds
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syntopically with H. chrysoscelis at our field site, we confirmed the species identity of all subjects
in an initial two-alternative choice test in which we broadcasted alternating synthetic models of the
two species’ calls (as in Gupta et al. 2021). Only females that approached the H. versicolor stimulus
were used as subjects in the experiments described below. In some case, females were also used as
subjects for other experiments not described here. There is little evidence for “carryover” effects
between consecutive phonotaxis tests separated by several minutes (Gerhardt 1981; Akre and Ryan
2010). All frogs were released at their collection site within 48 hours of completing behavioral

tests.

Acoustic recordings and analysis

Vocalizations were recorded (44.1 kHz sampling rate, 16-bit resolution) using Sennheiser MEG66
or ME67 microphones (Sennheiser USA, Old Lyme, CT, U.S.A.) connected to Marantz PMD620
or PMD670 recorders (D&M Professional, Itasca, IL, U.S.A.). Microphones were held by hand or
mounted on a tripod, and the tip of the microphone was positioned approximately 1 m away from
the focal male. For each individual male (n = 30) we recorded and analyzed a minimum of 5 calls
(range, 5 to 45 calls/male). Since both the acoustic properties of advertisement calls and female
preferences for call properties can vary with temperature (Gerhardt 1978), we measured the wet-
bulb air temperature and the water temperature at each male’s calling site immediately following
each recording. We noted the general position from which the male was calling (e.g., in air on
emergent vegetation versus floating on the surface of the water) to determine the most appropriate
temperature for later use to standardize call properties to a common temperature of 20°C. We
recorded males from two different ponds and from different areas within each pond across nights

to reduce the chances of recording the same individual multiple times.

Acoustic recordings were analyzed using SoundRuler version 0.9.6.0 (Gridi-Papp, 2007),
which performs automatic recognition of small repeated acoustic elements and exports an output
summary of numerous acoustic properties (Bee 2004). The output summary was further analyzed
in R studio (R Core Team, 2020) to derive and analyze specific acoustic properties of interest for
which we computed means, standard deviations (SD), and ranges. Our primary focus was on pulse
shape, which we characterized by measuring pulse rise time (ms, time from pulse onset to peak
amplitude) and pulse fall time (ms, time from pulse peak amplitude to offset). To place measures
of pulse shape in the overall context of the advertisement call, we also measured other temporal

properties, including pulse duration (ms), pulse rate (pulses/s), call duration (pulses/call), call rate
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(calls/min), and spectral properties including the frequency (Hz) of each pulse’s first and second
harmonics, which correspond to the fundamental frequency and dominant frequency, respectively.
Because the recordings were made at different temperatures, we followed Platz and Forester (1988)
to standardize all call properties to 20°C, which is close to the average temperature observed in our

recordings as well as the temperature at which we performed behavioral experiments.

Acoustic stimuli

Synthetic acoustic stimuli (44.1 kHz sampling rate, 16-bit resolution) were generated in MATLAB
R2020b (Mathworks, Natick, MA, USA) using parameter values taken from our acoustic analysis
of natural signals. Across all experiments, stimuli were designed to stimulate a calling male and
were constructed as a 5 min sequence of synthetic calls that repeated at a rate of 10 calls/min. Each
call was generated as a sequence of pulses wherein each pulse was 20 ms long and composed of
two phase-locked spectral components (1.2 kHz and 2.4 kHz, corresponding to the fundamental
and dominant frequencies, respectively, of the natural signals). Further, based on our acoustic
analysis, the amplitude of the 1.2 kHz component was fixed to be 13 dB lower relative to the 2.4
kHz component (Figure 2-1g, 1h). The calls within each stimulus sequence differed in the rise time,
rate, and timing of their constituent pulses according to the type of phonotaxis test performed, as

described next.

Experimental design

We performed three different choice tests, described below, using female phonotaxis as a
behavioral assay. Each test was replicated twice using stimuli presented at one of two different
sound pressure levels (80 dB peak SPL and 100 dB peak SPL). For any given choice test, all
alternative stimuli had the same sound pressure level (either 80 dB or 100 dB). We used these sound
pressure levels because auditory perception in frogs can be sound-level dependent (Gerhardt 1987,
2005a, 2008) and because these levels encompass much of the natural range of variation in the
sound pressure levels of advertisement calls (Gerhardt 1975). Each subject was tested in each of
the six tests (3 choice tests x 2 signal levels) in a randomized order. We used two-tailed binomial
tests to compare the proportion of females choosing a specific stimulus to the chance expectation

if they chose randomly. All data analysis was performed in R studio (R Core Team, 2020).

Perceptual salience test. We performed a two-alternative choice test to determine whether pulse

rise time differences are perceptually salient in our study population. This test simulated a choice
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between two calling males producing calls having attractive pulse rates of 20 pulses/s, with each
call comprising 16 pulses that differed only in pulse rise time (“A” versus “B”). “A” pulses (Figure
2-1e) had slow, linear rise times (13 ms, 65% of pulse duration) and fast, linear fall times (7 ms,
35% of pulse duration). The “A—A-" stimulus (Figure 2-3a) consisted of pulses that simulated the
average rise time of conspecific pulses in H. versicolor as determined in our acoustic analysis
(Noble and Hassler 1936; Blair 1958; Gerhardt 1978). In contrast, the “B—B—" stimulus (Figure 2-
3b) consisted of time-reversed A pulses that had fast, linear rise times (7 ms, 35% of pulse duration)
and slow, linear fall times (13 ms, 65% of pulse duration). These “B” pulses (Figure 2-1f) closely
resembled the overall shape of pulses in the heterospecific calls of H. chrysoscelis (fast pulse rise
~ 35% of pulse duration and slow pulse fall ~58% of pulse duration; Ward et al. 2013). By using
time-reversed “A” pulses in the “B—B-" stimulus, we ensured both stimuli had pulses of consistent
duration and peak sound pressure levels and differed only in pulse rise time and fall time (Diekamp
and Gerhardt, 1995). Based on expectations from previous work by Gerhardt and Schul (1999) in
Missouri populations, we predicted a proportion of subjects significantly higher than 0.5 would
choose the A—A— stimulus (Figure 2-4a). As discussed below, this prediction was supported by the
data, thus allowing us to use the perceptually salient differences between the “A” and “B” pulses

to test an auditory streaming hypothesis.

Auditory streaming test. We used a four-alternative choice test to evaluate the hypothesis that
females of H. versicolor can use perceptually salient difference in pulse rise time to segregate
temporally overlapping calls into separate auditory streams. The key stimulus was based on the
ABAB stimulus paradigm. It was created by temporally interleaving pulses from the A-A—and B—
B- stimuli from the perceptual salience test to produce an “ABAB” stimulus (Figure 2-3¢). This
ABAB stimulus had 32 pulses and a composite pulse rate of 40 pulses/s (simulating a less attractive
H. chrysoscelis call) but was made up of two component pulse sequences (A-A— and B-B-) each
having an attractive conspecific pulse rate of 20 pulses/s, only one of which (A-A-) also had the
more attractive pulse rise time of conspecific calls. Two other stimuli in this four-alternative choice
test also had the less preferred pulse rate of 40 pulses/s and consisted of a sequence of either all A
pulses (“AAAA,” Figure 2-3d) or all B pulses (“BBBB,” Figure 2-3e). The final stimulus was
created by interleaving pairs of A (“AA—,” Figure 2-3f) and B (“BB—,” Figure 2-3g) pulses so
that, like the ABAB stimulus, this “AABB” (Figure 2-3h) stimulus consisted of two pulse
sequences having average pulse rates of 20 pulses/s. The main difference between the ABAB and
AABB stimuli was that the former was comprised of two interleaved sequences having “regular”

pulse timing (A—A—and B-B-), as determined by their constant 30 ms inter-pulse interval between
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consecutive pulses (typical of natural advertisement calls), whereas the component sequences in
the AABB stimulus had “irregular” pulse timing (AA— and BB—) created by having inter-pulse
intervals that alternated between 5 ms and 55 ms between consecutive pulses but averaged to 30
ms over the duration of each composite stimulus. Among all the pulse sequences used across the
four stimuli, the A—A— component sequence in the ABAB stimulus was expected to be the most
attractive because it was the only stimulus with the pulse rise times, pulse rate, and pulse timing
typical of conspecific calls (Gerhardt, 2005b; Gerhardt and Doherty, 1988; Gerhardt and Schul,
1999). If the perceptually salient difference between the A and B pulse rise times was sufficient to
allow auditory streaming, we predicted females would be attracted to the A—A— component of the
ABAB stimulus and thus choose the ABAB stimulus over the other three stimuli, which had less
preferred pulse rates (AAAA, BBBB, and AABB), pulse rise times (BBBB and AABB), or pulse
timing (AABB). Therefore, if auditory streaming of the interleaved A and B pulses in the ABAB
stimulus occurred, we predicted that the proportion of subjects choosing the ABAB stimulus would
be significantly higher than 0.25 (Figure 2-4b).

Pulse-rate and pulse-timing test. We performed a final four-alternative choice test to confirm that
females in our population were selective for conspecific pulse rates and regular pulse timing. The
A—A-—stimulus had a conspecific pulse rate of 20 pulses/s, the conspecific pulse rise time (A), and
regular pulse timing. The AAAA and BBBB stimuli both had a faster pulse rate of 40 pulses/s
(typical of the heterospecific calls of H. chrysoscelis) and regular pulse timing but differed in
having either conspecific (A) or heterospecific (B) pulse rise times. Finally, the AA— stimulus had
a conspecific pulse rate of 20 pulses/s (on average), the conspecific pulse rise time (A), but irregular
pulse timing (alternating 5 ms and 55 ms inter-pulse intervals). We predicted that if females prefer
calls with conspecific pulse rates and evenly spaced pulses — two key provisions of our test of
auditory streaming — then they would choose the A—A— stimulus at a rate significantly higher than

the chance proportion of 0.25 (Figure 2-4c).
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Figure 2-3. Schematic segments of the acoustic stimuli for behavioral experiments. a “A-A-,” and b “B-B—
” were constructed as sequences of A and B pulses, respectively, repeating at a rate of 20 pulses/s and having
a regular inter-pulse interval of 30 ms. ¢ “ABAB” was constructed by temporally interleaving the “A-A-"
and “B-B-" sequences and had a composite rate of 40 pulses/s. d “AAAA,” and e “BBBB” were constructed
as sequences of A and B pulses, respectively, repeating at a rate of 40 pulses/s. f “AA—,” and g “BB—",
were constructed as sequences of A and B pulses, respectively, repeating at an average rate of 20 pulses/s
and had an irregular inter-pulse interval that shifted between 5 ms and 55 ms between consecutive pulses. h
“AABB” was constructed by temporally interleaving the “AA—" and “BB—" sequences and had a
composite rate of 40 pulses/s. See text for additional information on the actual numbers of pulses in each
stimulus.
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Figure 2-4. Design and predictions for the behavioral experiments. a Perceptual salience test. If the rise time
differences between pulses A and B are perceptually salient, subjects were expected to prefer A-A— stimulus
more than the chance probability of 0.5. b Auditory streaming test. If perceptually salient rise time differences
are sufficient to allow auditory streaming, subjects were expected to prefer ABAB stimulus more than the
chance probability of 0.25. ¢ Pulse-rate and pulse-timing test. If subjects prefer calls with conspecific pulse
rates and evenly spaced pulses, they were expected to prefer A—A— stimulus more than the chance probability
of 0.25. Schematic segments of the acoustic stimuli are shown; see text for additional information on the
actual numbers of pulses in each stimulus.
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Testing protocol

Behavioral tests were performed in a 2-m diameter circular phonotaxis arena surrounded by a 60-
cm tall wall. The arena wall was constructed from hardware cloth and black fabric to create a
visually opaque but acoustically transparent barrier. The arena was set within a hemi-anechoic
sound chamber (length x width x height: 2.8 x 2.3 x 2.1 m; Industrial Acoustics Company, IAC,
North Aurora, IL, USA). Stimuli were broadcast from an HP ProBook 450 G6 (HP inc., Palo Alto,
CA, USA) through a MOTU M4 sound card (MOTU, Inc., Cambridge, MA, USA) using Adobe
Audition 3.0 (Adobe Systems Inc. San Jose, CA, USA). The output audio was amplified by a Crown
XLS 1000 High-Density Power Amplifier (Crown International, Los Angeles, CA, USA) and
played through one of four Orb1 speakers (Orb Audio, Sherman Oaks, CA, USA) located outside
the arena wall on the floor of the sound chamber. The four speakers were evenly spaced and
separated by 90° around the circumference of the circular test arena and positioned to face inward
toward the center of the arena. The sound pressure level (SPL, LCpeak, re 20 pPa) of stimuli
broadcast through each speaker was measured for calibration using a sound level meter (Larson
Davis Model 831, Larson Davis Inc., Depew, NY) attached to a microphone placed at the center of
the arena at the same level above the floor as a subject’s ears and aimed toward the speaker. For
four-choice tests, alternative stimuli were broadcast through four different speakers while for two-
choice tests, alternative stimuli were broadcasted through two speakers located 180° apart. Since
all the alternatives had the same call rate of 10 calls/min, the consecutive calls within each
alternative stimulus sequence were separated by a silence of 5.23 s. Further, the temporal order of
broadcasting different alternatives was such that each call of a given alternative stimulus was also
separated by an equal silent interval from the calls of the alternative stimulus preceding and
succeeding it. As such, there was no temporal overlap between the calls of the same as well as
different alternatives (Figure 2-5). We further controlled for any leader/follower relationships by
randomizing, across subjects, the order in which the very first calls of different stimuli were
broadcast in a playback. Additionally, we also randomized which speaker was assigned for
broadcasting any given alternative stimulus to ensure that the alternative stimuli weren’t always

broadcast from the same spatial location around the arena.
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Alternative 1 I I I
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Figure 2-5. Setup for broadcasting alternative stimuli in the auditory streaming test. Here, only one example
of the random temporal orders and speaker assignments (spatial location) for broadcasting the alternative
stimuli is shown. The temporal order and speaker assignments for broadcasting alternative stimuli was
randomized across subjects. Across all the tested temporal order and assigned speaker combinations for the
broadcast, any given call was always separated by a silence of 730 ms from the call of a different alternative
preceding or succeding it (as shown between the calls of alternative 1 and alternative 3) and by a silence of
5.23 s from the subsequent calls within the same alternative stimulus (as shown between the two consecutive
calls of alternative 1).

At the start of each test a single subject was placed at the center of the circular arena inside
an acoustically transparent release cage. After a 60-s acclimation period, we started broadcast of
the alternative stimulus sequences and then released the frog once two calls from each stimulus
sequence had been broadcast. The frog was remotely released by lifting the lid of the release cage
using a pulley system that could be operated from outside the sound chamber. As soon as the frog
was released a timer was started. Broadcasts of the stimuli continued until the end of the test.
Subjects’ responses were monitored through an overhead IR camera mounted directly over the test

arena. Subjects were given up to 5 min to respond. A response was recorded if a subject approached
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to within 10 cm of a speaker and remained there for 30 s. A no-response was recorded if a frog
failed to exit the release cage within 3 min after its release or if it failed to meet our response

criterion within 5 min.

Results
Call analyses

The mean (x SD) rise and fall times of H. versicolor pulses were 13.0 ms (+ 2.6 ms; range: 7.9 to
19.6 ms) and 7.4 ms (x 1.8 ms; range: 4.4 to 14.1 ms), respectively. The mean pulse duration was
20.4 ms (£ 3.1 ms; range: 13.8 to 26.8 ms). Thus, on average, the pulse rise and fall times,
respectively, were close to 65% and 35% of the call duration. Descriptive statistics for all other
acoustic properties are reported in Table 2-1. Based on these results, we chose the rise and fall
times of “A” pulses as 13 ms and 7 ms respectively. Since “B” pulses were digitally reversed

versions of “A” pulses, the rise and fall times of “B” pulses were 7 ms and 13 ms, respectively.

Perceptual salience test

In the two-alternative choice test comprising the perceptual salience test, approximately, 98% (42
out of 43) and 91% (39 out of 43) of the females tested responded by making a choice at sound
pressure levels of 100 dB and 80 dB, respectively. We predicted that females would prefer signals
having a conspecific pulse rate and slow pulse rise time (A—A-) over an alternative having a
conspecific pulse rate but a fast pulse rise time, and overall shape typical of heterospecific H.
chrysoscelis pulse (B—B-). The data were consistent with this prediction. The proportion of subjects
choosing A—A- stimulus over the B-B- stimulus was significantly higher than expected by chance
(0.50) at both signal levels. At 100 dB, approximately 95% of subjects chose A-A— (n =42, p <
0.001) and at 80 dB, approximately 92% of subjects chose A—A— (n = 39, p < 0.001) (Figure 2-6a).
The observed behavioral discrimination based on pulse rise time confirmed that differences in pulse

rise time were both perceptually and behaviorally salient.

Auditory streaming test

In the four-alternative choice test (ABAB vs. AAAA vs. BBBB vs. AABB) to investigate auditory
streaming, approximately 77% (33 out of 43) and 70% (30 out of 43) of the females tested

responded by making a choice at sound pressure levels of 100 dB and 80 dB, respectively. We
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predicted females would be attracted to the A—A— component of the ABAB stimulus if auditory
streaming based on pulse rise time differences occurred. The data were not consistent with this
prediction. The proportion of subjects choosing ABAB was not significantly higher than the chance
probability of 0.25 (exact binomial test, a = 0.05) at either of the signal levels. At 100 dB,
approximately 15% of subjects chose ABAB (n = 33, p = 0.231) and at 80 dB, approximately 37%
of subjects chose ABAB (n = 30, p = 0.143) (Figure 2-6b).

Pulse-rate and pulse-timing test

In the four-alternative choice test (A-A- vs. AAAA vs. BBBB vs. AA—) to confirm pulse-rate
and timing preferences, approximately 84% (36 out of 43) and 72% (31 out of 43) of the females
tested responded by making a choice at sound pressure levels of 100 dB and 80 dB, respectively.
We predicted that females would prefer the stimulus with a conspecific pulse rate and regular pulse
timing (A—A-) over those with heterospecific pulse rates (AAAA and BBBB) and irregular pulse
timing (AA—). The data were consistent with this prediction. The proportion of subjects choosing
A-A-— (slow rate and regular timing) was significantly higher than a chance probability of 0.25
(exact binomial test, o= 0.05) at both signal levels. The percentage of subjects choosing A-A—was
approximately 81% at 100 dB (n = 36, p < 0.001) and 61% at 80 dB (n = 31, p < 0.001) (Figure 2-
6c).

Table 2-1 Descriptive statistics of acoustic properties of H. versicolor advertisement calls (n = 30 males)
recorded in Minnesota and standardized to a temperature of 20° C. The range of temperatures at which males
were recorded was 10.2 ° to 29.0° C.

Acoustic property mean £ SD Range

Pulse rise time (ms) 13.0+2.6 7.9 -19.6
Pulse fall time (ms) 74+18 44 -14.1
Pulse rate (pulses/s) 19.3+3.1 149 —-25.3
Pulse duration (ms) 204 +3.1 13.8 —26.8
Call duration (pulses/call) 159+3.3 11.1-251

Call rate (calls/min) 141+4.0 51-222

Pulse fundamental frequency (Hz)  1232.5 + 85.5 1084.7 — 1501.2
Pulse dominant frequency (Hz) 2465.1£170.9 2169.5 - 3002.4
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Figure 2-6. Results for behavioral experiments. Black and gray bars indicate the proportions of subjects
choosing a given stimulus at 100 dB and 80 dB, respectively. a Results for the perceptual salience test. Error
bars depict exact 95% binomial confidence intervals (Cls). b Results for the auditory streaming experiment.
Error bars depict 95% multinomial Cls. ¢ Results for the pulse-rate and pulse-timing test. Error bars depict
95% multinomial Cls. Horizontal dashed lines depict the chance probability for each experiment.
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Discussion

The goal of this study was to test the hypothesis (sensu Moore and Gockel 2002) that perceptual
salience per se is sufficient to promote auditory streaming in non-human animals. Our results are
inconsistent with this hypothesis. A species-typical difference in pulse rise time was perceptually
salient, as evidenced by strong behavioral discrimination based on this acoustic cue in two-choice
tests. However, there was no evidence that this salient acoustic cue also promoted the perceptual
segregation of two interleaved pulses sequences differing only in pulse rise time. Based on this
outcome, we provisionally conclude that the perceptual salience of a biologically relevant acoustic
cue was insufficient for auditory streaming in the context of segregating temporal sequences of

pulses in overlapping calls in H. versicolor.

Our bioacoustic analyses confirmed the presence of species differences in pulse rise time
between H. versicolor and its sister species, H. chrysoscelis, in Minnesota that were similar to
differences reported in other populations (Gerhardt and Doherty 1988). Pulses in H. versicolor had
rise times (range: 7.9 to 19.6 ms; Table 2-1) that were, on average, about 10 ms slower than those
in the calls of H. chrysoscelis recorded in the same geographic area (range:1.8 to 4.7 ms; Ward et
al. 2013). Moreover, our two-choice test of perceptual salience demonstrated that a rise time
difference of just 6 ms was perceptually salient and elicited a robust preference (by 92% to 95%
subjects) for slow rise times. This finding corroborates previous work on pulse rise time preferences
in female H. versicolor from a Missouri population (Gerhardt and Doherty 1988; Gerhardt and
Schul 1999). Both the absolute rise times between the A and B pulses used in our study (13 ms
versus 7 ms, respectively), and their relative difference (6 ms) were close to those tested by
Gerhardt and Schul (1999; e.g., 12.5 ms versus 7.5 ms). Our study used 20-ms pulses with two
spectral components (1.2 kHz and 2.4 kHz), whereas Gerhardt and Schul (1999) used 25-ms pulses
having just the lower or the higher spectral component alone. In both studies, females of H.
versicolor rejected a fast rise time more typical of the pulses in calls produced by male H.
chrysoscelis in favor of a slow rise time typical of the pulses in conspecific calls. Our findings add
to the evidence that pulse rise time, along with other fine temporal features like pulse rate, facilitate
pre-mating species isolation between H. versicolor and H. chrysoscelis, which have spectrally
similar calls (Gerhardt, 2005b). As such, the present findings also contribute to our current
understanding of how signal preferences may persist or vary across different populations and
geographical lineages of closely-related treefrogs (e.g., Gerhardt et al. 2007; Schrode et al. 2012;
Gupta and Bee 2023).
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Despite strong behavioral discrimination between two pulse sequences differing in pulse
rise time (i.e. A—A— versus B-B-), there was no evidence that the same difference promoted
auditory streaming when the same sequences were temporally interleaved (i.e., ABAB). Females
did not prefer the ABAB stimulus when it was presented in a four-choice test with alternatives
having less preferred pulse rates, pulse rise times, or pulse timing (AAAA, BBBB, and AABB).
This result is contrary to our prediction that the rise time difference would promote segregation of
the ABAB sequence into separate streams, one of which corresponded to a pulse sequence (A—A—
) having the preferred pulse rate, pulse rise time, and pulse timing typical of conspecific calls.
Another way to empirically assess the role of pulse rise time differences in auditory streaming
would have been a two-alternative choice test of ABAB versus A—A—. In that experimental design,
evidence that females perceived ABAB as two streams (i.e.., A-A—and B-B-) would be if females
responded equivalently to the ABAB and A—A-— stimuli. However, this experimental design has a
critical limitation: the streaming hypothesis predicts a null result. By contrast, in the experimental
design we used, consisting of a four-alternative choice test, the streaming hypothesis made a
directional prediction that departed from a null result. Therefore, in planning this study, we viewed
the four-alternative choice design to be a more robust empirical test of streaming than a two-

alternative choice test that predicted a null result.

One possible explanation for the lack of any preference in our auditory streaming test could
be that subjects perceptually segregated the ABAB stimulus into separate A—A— and B—B— streams
based on rise time differences but behaviorally avoided the source of the perceived B—B— stream
consisting of pulses with fast rise times. This explanation seems unlikely for several reasons based
on other work in this species. First, females of H. versicolor will approach the calls of a male H.
chrysoscelis in a no-choice test when it is the only stimulus presented, suggesting stimuli with both
fast pulse rates and fast pulse rise times are not inherently aversive (Gerhardt and Doherty 1988).
Second, Bush et al. (2002) and Schul and Bush (2002) showed that females responded in no-choice
tests to a broad range of stimuli having different pulse rise times, including rise times faster than
those of the B pulses in our stimuli. Third, Gerhardt et al. (1994) showed that females of H.
versicolor did not avoid H. chrysoscelis calls while approaching a conspecific call, and Schwartz
et al. (2000) showed that females of H. versicolor did not preferentially choose a conspecific call
by itself over an identical alternative call that was paired with the call of a predator. Consistent with
these findings, most females (> 70%) chose one of the four stimuli in our auditory streaming test
(including the ABAB and AABB stimuli), which suggests B pulses were not inherently aversive.

Results from an additional four-alternative choice test (see Appendix 2) indicated B pulses can
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even be attractive in some stimulus contexts. Therefore, it seems highly unlikely that a perceived
B-B- stream in the ABAB stimulus was in any way aversive in our test of auditory streaming.
Finally, Stratman et al. (2021) demonstrated that females of H. versicolor preferentially approach
small clusters of calling males over males calling in isolation. Had females perceptually segregated
the ABAB stimuli into separate streams, one preferred (A—A-) and one less preferred (B—B-), then
we might have expected the perceived presence of two males in close proximity to impart greater
behavioral salience to the ABAB stimulus. Based on this other work, we interpret the lack of a
significant preference for ABAB in our experiment as indicating that the pulse rise time differences

did not promote auditory streaming.

Our study is the first investigation of the effects of pulse rise time differences on auditory
streaming in a non-human animal. As such, our findings contribute to the existing knowledge on
the effect of temporal differences on auditory streaming. While our study shows no effects of pulse
rise time differences on auditory streaming, it would be worth testing the same hypothesis in other
species, such as in some grasshoppers, which also use rise time as a behaviorally salient signal trait
(Helversen 1993). Besides our study, the only other investigations of the effect of amplitude rise
time alone on segregation of sounds have been in humans. Similar to our study, Hartmann and
Johnson (1991) tested the segregation of sequential sound elements and found rise time differences
to be a weak facilitator of stream segregation. In that study, segregation of short (4 s) interleaved
sequences of melodies (A and B) having different rise times was not any better than when melodies
A and B had the same rise times. In contrast to our findings and those of Hartmann and Johnson
(1991), Bregman et al. (1994a, b) demonstrated that rise time differences can facilitate segregation
of sounds that occur simultaneously (as opposed to sequentially). In the studies by Bregman et al.
(19944, b), the discriminability of target tones in a multi-tone complex was better when the target
exhibited a sudden rise compared to the other tones in the complex. Bregman et al. (19944, b)
speculated that a sudden onset or change in amplitude of target tones may “reset” the pitch-analysis

mechanisms, leading to the segregation of target tones from the complex.

The apparent inability of rise time differences to promote sequential stream segregation in
our study and that by Hartmann and Johnson (1991) must be considered in light of a well-known
phenomenon in auditory streaming known as the “build up” effect. During segregation of
sequential sounds, the percept of two distinct streams does not arise instantaneously but instead
builds up over several seconds after stimulus onset (Anstis and Saida, 1985; Bregman, 1978; Deike

etal., 2012; Micheyl et al., 2005). Behavioral measurements in humans (Bregman 1978; Anstis and
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Saida 1985; Thompson et al. 2011), ferrets (Ma et al., 2010) and budgerigars (Cai et al. 2018)
demonstrate that when hearing interleaved tone sequences that differ acoustically, subjects initially
perceive a single stream. The probability of perceiving two streams increases as the sequence
progresses. This build-up of a two-stream percept over time has been attributed to the long-term
adaptation of neural responses, as demonstrated in mammals (Micheyl et al. 2005; Snyder et al.
2006; Pressnitzer et al. 2008) and songbirds (Bee et al. 2010). Importantly, previous studies on the
build-up of auditory streaming used long interleaved sequences (> 10 s) and found that the build-
up of a two-stream percept took several seconds (5-10 s). In contrast, the study by Hartmann and
Johnson (1991), which failed to find strong evidence for sequential stream segregation based on
differences in rise time, used an overall stimulus duration that was relatively short at 4 s. While our
study involved similar ABAB interleaved sound sequences, our stimulus design was constrained
by the requirement to stimulate natural communication signals. Consequently, one limitation of our
study is that it only examined auditory streaming over relatively short sequences of pulses within
calls that were < 1 s in duration. It is primarily for this reason that our main conclusion, namely
that salient pulse rise time differences do not promote stream segregation in gray treefrogs, must
remain provisional. The ability of perceptually salient differences in pulse rise time to impact

auditory streaming using longer stimulus sequences remains to be investigated in frogs.

Previous investigations of perceptual organization in treefrogs illustrate the importance of
considering both stimulus design and the perceptual task. For example, previous studies of H.
chrysoscelis using short, call-like sequences of pulses similar to those used in the present study
have revealed the importance of common onsets/offsets (Gupta and Bee, 2020) and common spatial
location (Bee 2010) in promoting simultaneous integration of the two harmonics in the pulses of
gray treefrogs calls. In contrast to the study by Bee (2010), the effect of spatial separation between
consecutive pulses in short, call-like pulse sequences had markedly less impact on promoting
sequential segregation in both H. versicolor (Schwartz and Gerhardt 1995; Schwartz and Del Monte
2019) and H. chrysoscelis (Bee and Riemersma 2008). This discrepancy in the strength of spatial
separation as a segregation cue across sequential versus simultaneous segregation tasks parallels
the contrast between findings on pulse rise time from the present study of frogs and those of humans
by Bregman et al. (1994 a, b). One study of sequential segregation in H. chrysoscelis found that
females could segregate a short, call-like sequence of pulses (A—A-) that was periodically
interleaved with the pulses in a long (5 min) and continuous sequence of pulses (B—B-) differing

in frequency, provided there was sufficient frequency separation between the A and B pulses
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(Nityananda and Bee, 2011). Whether pulse rise time differences might promote auditory streaming

using a similar stimulus paradigm remains to be investigated.

Finally, it is also worth considering the lack of an effect of pulse rise time in the light of
complex cue interactions during auditory streaming. In natural auditory scenes, multiple cues, or
acoustic differences, are available to a receiver and may be differentially weighed during auditory
streaming. For instance, Elhilali et al. (2009) tested auditory streaming in a cue conflict scenario
using two sequences (A—-A- and B-B-) that exhibited fairly large frequency separation, which
promotes segregation, but shared coherent temporal onsets and offsets, which promotes integration.
They found that coherent temporal onsets/offsets override frequency separation during auditory
streaming as human subjects reported hearing a single stream (indicating integration). In other
cases, different cues can also impact auditory streaming in an additive fashion. Micheyl et al.
(2013), for example, found that inharmonicity (sounds having different fundamental frequencies)
and temporal incoherence additively facilitate the segregation of sounds in humans. Importantly,
while Hartmann and Johnson (1991) showed a weak effect of rise times on sound segregation (in
the absence of frequency differences), Singh and Bregman (1997) showed an additive effect of rise
times and frequency differences on stream segregation in humans. Non-human animals also
incorporate cue interactions during auditory streaming, as seen for European starlings, Budgerigars
and Zebra finches (Dent et al., 2016; Itatani and Klump, 2020). Additionally, there is also evidence
for no interaction, as shown by Schwartz and Del Monte (2019) for spectral and spatial cues in
Hyla versicolor. In the present study, the A and B pulses in the ABAB stimulus had the same carrier
frequencies and originated from the same spatial location, but had different pulse rise times. It
might be the case that spectral similarity, common spatial location, or both override pulse rise time
differences during auditory streaming. In such a case, we would expect that spectral similarity and
common spatial location between A and B pulses promote their integration irrespective of the
differences in pulse rise times, which is in line with the findings of this study. It remains a
possibility that differences in pulse rise time might additively interact with spectral or spatial
separation to promote stream segregation. Additional studies that manipulate pulse rise time along

with other potential cues will be needed to uncover any interaction effects.
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Chapter 3
Evidence of Rhythmic Masking Release in Cope’s gray treefrog

Abstract

Auditory streaming is the process of perceptually assigning overlapping sound sequences in the
environment to their respective sources. Sounds produced by the same source must be integrated
and perceived as a single auditory stream while those produced by different sources must be
segregated into distinct auditory streams. Understanding of how auditory streaming mediates signal
perception in complex acoustic environments remains limited in non-human animals. Here, in
Cope’s gray treefrog, we studied auditory streaming of multiple sequences using the Rhythmic
Masking Release (RMR) paradigm from human psychoacoustics. In this paradigm, the distinct
temporal rhythm of a Target sequence gets masked in presence of the identical pulses of a Distractor
sequence. A release from masking (RMR) is induced when an added Captor sequence perceptually
captures the Distractor into an auditory stream, separate from the Target. Here, we modelled the
Target as a repeated pulsatile call exhibiting a species-typical rhythm (pulse rate). Using phonotaxis
(movement towards sound), we tested how Target is perceived in presence of pulsatile Distractor
and Captor sequences. Our findings provide evidence for Rhythmic Masking Release in frogs.
Behavioral responses to the Target went down when it was presented with its pulses temporally
interleaved with the pulses of the Distractor, indicating a masking of the attractive temporal rhythm.
However, upon the addition of the Captor to the Target and Distractor complex, there was a
significant increase in the behavioral responses to the Target compared to when it was interleaved

with only the Distractor, indicating a release from masking of the Target.
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Introduction

Acoustic communication in humans and other animals involves the production and perception of
sound sequences (Kershenbaum et al., 2016). Perceiving sound sequences in complex acoustic
scenes is challenging because multiple signalers often produce signals concurrently (Brumm and
Slabbekoorn, 2005; Gerhardt and Huber, 2002; Greenfield, 2005). Receivers must perceptually
organize temporally overlapping signals into distinct auditory streams, each corresponding to
perceptual representations of the signals produced by different individuals (Hulse, 2002;
McDermott and Oxenham, 2008; Remez, 2021). Termed ‘auditory streaming,’ the process of
perceptually assigning different sounds to the same or different streams depends on the degree of
similarity in their acoustic features (reviewed in Bee et al., 2010; Bregman, 1990; Darwin, 1997;
Dent and Bee, 2018; Moore and Gockel, 2012; Shamma et al., 2011). For example, sounds having
the same fundamental frequency, spectral and temporal modulation patterns, onset/offset times,
and spatial origin tend to be perceptually integrated into the same stream. Sounds having
sufficiently large differences in these same features tend to be perceptually segregated into different
streams. While auditory streaming has been extensively investigated in the contexts of human
speech and music perception, its role in nonhuman acoustic communication has received much less
attention (Bee and Micheyl, 2008; Dent and Bee, 2018; Hulse, 2002).

Frogs represent a taxonomic group for which auditory streaming is important in
evolutionarily consequential contexts, such as reproduction and aggression (Bee, 2015; Dent and
Bee, 2018; Gerhardt and Huber, 2002). Frogs communicate in these contexts using sound
sequences consisting of repeated calls, which are themselves frequently composed of sequences of
shorter acoustic elements, such as repeated pulses or different note types (Gerhardt, 1991; Koehler
et al., 2017; Narins and Capranica, 1978; Pettitt et al., 2012; Ryan, 1985; Toledo et al., 2015).
Moreover, frogs often communicate in complex acoustic scenes, such as breeding choruses, that
are characterized by the presence of temporally and spectrally overlapping sound sequences
produced by multiple males, often from multiple different species (Feng and Schul, 2006; Wells
and Schwartz, 2007). Female frogs recognize, assess, localize, and discriminate among potential
mates in such acoustic scenes by displaying phonotaxis behavior, which involves selectively
approaching a preferred mate (Gerhardt, 1982; Gerhardt, 1995; Gerhardt and Bee, 2007). In many
species, the temporal features of sound sequences, such a call’s pulse rate or its total number of
pulses, form the acoustic basis for species recognition and intrasexual discrimination (reviewed in
Gerhardt and Huber, 2002).
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Previous studies of auditory streaming in Cope’s gray treefrogs (Hyla chrysoscelis) suggest
that, like humans, frogs can exploit similarities and differences in some spectral and temporal
features, as well as spatial origin, in assigning concurrent sounds to the same or different streams
(Bee, 2010; Farris et al., 2002, 2005; Gupta and Bee, 2020; Nityananda and Bee, 2011 but also see
Bee and Riemersma, 2008; Kalra et al., 2024; Schwartz and Gerhardt, 1995; Schwartz and Serratto
Del Monte, 2019). In this species, the temporal rhythm of the call’s pulse rate (approximately 40
to 60 pulses/s) is an important species recognition cue, because both faster and slower pulse rates
are less attractive and elicit little or no phonotaxis from females (Blair, 1958; Gerhardt, 1978; Gupta
and Bee, 2020; Ward et al., 2013a). Pulse rate is considered a “static” call property because it
exhibits low levels of variation within males (Gerhardt, 1991); it also exhibits low levels of
variation between males (Ward et al., 2013a). Experiments investigating auditory streaming in this
species have successfully employed two temporally interleaved pulse sequences (ABAB...) to
measure perceptual integration or segregation as a function of the acoustic differences between the
two sequences (A-A-... and B-B-...). In a previous investigation of spectral proximity as an
auditory streaming cue, Nityananda and Bee (2011) temporally interleaved the pulses of a ‘Target’
call, recognized by its species-typical pulse rate, with a continuous sequence of pulses produced at
the same rate in a behaviorally neutral ‘Distractor’. When the Target and Distractor were similar in
frequency (i.e., high spectral proximity), the two sequences became perceptually integrated into a
single stream. Consequently, recognition of Target call based on the rhythm conveyed by its pulse
rate was impaired, as evidenced by reduced phonotaxis behavior. Phonotaxis to the Target
increased as a function of the frequency difference (spectral separation) between Target and
Distractor, indicating frequency separation promoted the assignment of Target and Distractor into

distinct streams.

In this study of H. chrysoscelis, we build on the findings of Nityananda and Bee (2011) to
adapt the Rhythmic Masking Release (RMR) paradigm (Turgeon et al., 2002, 2005) from human
psychoacoustic studies to investigate auditory streaming of multiple sound sequences in a frog. The
RMR paradigm involves the auditory streaming of three pulsatile sequences: a Target having a
distinct temporal rhythm (Figure 3-1a), a Distractor spectrally proximate to the Target (Figure 3-
1b), and a Captor that is temporally coherent with the Distractor but spectrally separated from the
Target and Distractor (Figure 3-c, e). Temporally interleaving the Target and Distractor can impair
the ability of human listeners to identify the Target when its temporal rhythm is masked by the
Distractor (Figure 3-1d). However, adding the Captor to the Target and Distractor complex can
cause the masked rhythm of the Target to perceptually re-emerge (Figure 3-1f). This release from
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rhythmic masking is believed to occur because the temporal coherence of the Captor and Distractor
promotes their assignment to the same auditory stream and their segregation from a distinct Target
stream. The extent to which RMR is experienced by nonhuman animals, and whether it could be a
useful paradigm to study auditory streaming in animals, remain largely unexplored. Testing
Rhythmic Masking Release in non-human animals may shed light on how auditory streaming of
multiple sequences impact recognition of important temporal patterns within biologically relevant

signals.

Here, the Target stimulus was a repeated advertisement call having the species-typical
pulse rate that elicits positive phonotaxis from females. The Distractor stimulus was a continuous
sequence of pulses having the same frequency and pulse rate as the Target. The Captor stimulus
was also a continuous pulse sequence in which the pulses were temporally coherent with those in
the Distractor but were an octave apart in frequency from the Target and Distractor. We conducted
phonotaxis tests in which the Target was presented by itself or with its pulses temporally interleaved
with those of the Distractor, the Captor, or both the Distractor and Captor. The percentage of female
subjects exhibiting positive phonotaxis was used to measure recognition of the Target. Based on
Nityananda and Bee (2011), we expected the spectral proximity of the Distractor to mask
recognition of the Target’s pulse rate, and thus reduce phonotaxis. If females experienced RMR,
we predicted the addition of the Captor to the Target + Distractor complex would cause a release
from masking of the Target, and hence elicit greater phonotaxis. This prediction follows from the
observation that, as in humans (Elhilali et al., 2009; Shamma et al., 2013), temporal coherence
promotes auditory grouping in gray treefrogs (Gupta and Bee, 2020). Hence, we expected their
temporal coherence to bind the Distractor and Captor into the same auditory stream, allowing the

Target to be more easily segregated and recognized.
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Figure 3-1. Components of the RMR paradigm (Turgeon et al., 2002b) used in humans. a Target sequence
of pulses with a distinct repetition pattern or temporal rhythm. b Distractor sequence with pulses spectrally
proximate as that of Target. c a Captor sequence of pulses spectrally separated from the Target and Distractor.
d Perceptual masking of Target’s rthythm upon temporal interleaving with Distractor. € The Distractor and
Captor shown together to highlight the temporal coherence shared between their pulses. f Addition of Captor
to Target and Distractor complex elicits Rhythmic Masking Release as the perception of the Target’s
temporal rhythm re-emerges.

Methods
Study system and Subjects

During their breeding season, males of H. chrysoscelis advertise to attract females by producing a
series of pulsatile calls repeated, on average, at rate of about 11 calls/min. The pulses within each
call repeat at an average pulse rate of about 50 pulses/s at 20°C (Ward et al., 2013a). Each pulse
has two harmonically related spectral peaks at approximately 1.25 kHz and 2.5 kHz. The lower and
higher spectral peaks correspond to the frequencies of peak sensitivity of the two sensory papillae
in the gray treefrog inner ear that transduce airborne sound frequencies, the amphibian papilla and
basilar papilla, respectively (Gerhardt and Schwartz, 2001; Hillery and Narins, 1984; Schrode et
al., 2014; Zakon and Wilczynski, 1988). In two-alternative choice tests, females prefer synthetic
calls having both spectral peaks (‘bimodal’ signals) over alternatives having only the lower or upper
spectral peak (‘unimodal’ signals), but they nevertheless exhibit robust phonotaxis to unimodal
signals in no-choice tests (Bee, 2010; Gerhardt, 2008; Gupta and Bee, 2020; Nityananda and Bee,

2011).
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Gravid females of the Western clade of H. chrysoscelis (Booker et al., 2022) were used as
subjects in this study. Animal collections occurred at night (2200 to 0100 h) during the breeding
season between mid-May and early July in 2020, 2021, and 2022, from wetlands in the Carver Park
Reserve (Carver County, MN, USA), the Hyland Lake Park Reserve (Hennepin County, MN,
USA), and the Tamarack Nature Center (Ramsey County, MN, USA). Subjects were collected in
amplexus with a male and returned to the laboratory, where they were held at approximately 4°C
to delay oviposition until testing occurred (typically within one day) (Gerhardt, 1995). Pairs were
placed in an incubator 30 minutes prior to testing to allow their body temperatures to reach 20+1°C.
Subjects were separated from their mates for testing, then returned to their mates and placed in the
incubator between subsequent tests for a minimum of 5 min to preserve responsiveness and
maintain body temperature. All pairs were returned to their collection site within 48 hours of the

completion of experiments.

Because H. chrysoscelis breeds syntopically at some of our field sites with its
morphologically indistinguishable sister species (H. versicolor), subjects collected from those sites
were tested in an initial ‘positive control” test to confirm their species identity. In this test, subjects
were given a choice between two alternating synthetic calls modeled after the two species’
advertisement calls (as in Gupta et al., 2021; Kalra et al., 2024). The acoustic features of these
stimuli were based on bioacoustic analyses of natural calls (Kalra et al., 2024; Ward et al., 2013a).
Only subjects that approached the H. chrysoscelis stimulus in this test were used in subsequent

behavioral tests.

General protocol

Our testing protocols generally followed those described in previous studies (Bee and Schwartz,
2009; Bee and Vélez, 2018; Bee et al., 2012; Vélez et al., 2013). All behavioral tests were
conducted in an acoustically transparent and visually opaque circular arena (2-m diameter, 60-cm
height) with walls made of hardware cloth covered with black fabric. The arena was located on the
carpeted floor of a hemi-anechoic chamber (length x width x height: 2.8 x 2.3 x 2.1 m; Industrial
Acoustics Company, IAC, North Aurora, IL, USA). Speakers (Orb Audio, Sherman Oaks, CA,
USA) were placed behind the arena wall and facing inward toward the center of the arena. An
acoustically transparent cage was also located at the center of the arena that enabled us to remotely

release subjects from outside the chamber at the beginning of a behavioral test. Because female
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preferences for some call features vary with temperature (Gerhardt & Huber, 2002), the anechoic

chamber was maintained at a constant temperature of 20£1°C.

Acoustic stimuli were played through Adobe Audition 3.0 (Adobe Systems Inc., San Jose,
CA, USA) running on a Dell Optiplex 980 PC (Dell Computer Corporation, Round Rock, TX,
USA) system. The output from Adobe Audition was delivered through a MOTU model 16A sound
card (MOTU, Inc., Cambridge, MA, USA), amplified using a Crown XLS 1000 High-Density
Power Amplifier (Crown International, Los Angeles, CA, USA), and broadcast through the
assigned speaker. The sound pressure level (SPL, LCF, re 20 pPa) of each stimulus was calibrated
by placing a Bruél and Kjeer Type 4950 microphone connected to a Bruél and Kjeer Type 2250-L
sound level meter (Bruél and Kjeer, Nerum, Denmark) 1 m away from each speaker at the

approximate position of a subject’s head at the release point.

At the start of a test, a single subject was placed inside the release cage for 105 s, which
included a silent period of 60 s for acclimation followed by 45 s of stimulus playback. After 105 s,
a timer was simultaneously started with lifting the lid of the release cage. From this point onwards,
the subject was free to move around inside the arena while the stimuli continued to play. A response
was recorded if the subject entered a small response zone (10-cm radius) directly in front of the
speaker within the first 5 min of the test. A no-response was recorded if the subject did not exit the
release cage within 3 min or exited the release cage but either first touched the arena wall in the

semicircle opposite the stimulus speaker or did not enter the response zone within 5 min.

Acoustic stimuli

Synthetic acoustic stimuli were generated using MATLAB R2019b (Mathworks, Natick, MA,
USA) at a sampling rate of 44.1 kHz and a bit-depth of 16. The Target, Distractor and Captor each
consisted of sequences of pulses produced at the same rate of 50 pulses/s. The temporal features of
all pulses were identical and approximated the average pulse from a H. chrysoscelis call (20-ms
pulse period, 10-ms pulse duration, 3.4-ms inverse exponential rise-time; 5.8-ms exponential fall-
time) (Ward et al., 2013a). The pulses within each stimulus had identical frequency spectra
consisting of a single spectral peak of either 1.25 kHz or 2.5 kHz, depending on the specific design

of each test.

The Target simulated a calling male and was constructed as a sequence of identical pulsatile

calls separated by silent intervals and repeated at a rate of 11 calls/min, which approximates the
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average call rate at 20°C (Ward et al., 2013a). Each repeated call (Figure 3-2a) consisted of 30
identical pulses (590 ms call duration), which approximates the average call duration (Ward et al.,
2013a). In contrast to the Target, both the Distractor and Captor consisted of a continuous
sequences of pulses instead of temporally separated calls (Figure 3-2b-c). Continuous pulse
sequences like the Distractor and Captor are behaviorally neutral and elicit neither positive nor
negative phonotaxis from females (Nityananda and Bee, 2011), a result replicated in the present
study (see Appendix 3).

Because sound-evoked behaviors in frogs can vary with both a signal’s carrier frequency
and sound level (Gerhardt, 1987; Gerhardt, 2008; Gupta and Bee, 2023), we attempted to generalize
the result of this study in the following two ways. First all tests were replicated (within subjects)
using each of two frequencies for the Target, either 1.25 kHz or 2.5 kHz. In any given test, the
Distractor’s frequency was always the same as that of the Target, while the Captor’s frequency was
always an octave higher or lower. When the Target frequency was 1.25 kHz, the Distractor and the
Captor frequencies were 1.25 kHz and 2.5 kHz, respectively and vice-versa. Second, all tests were
replicated (between subjects) using a sound pressure level for calls in the Target of either 67 dB
SPL or 73 dB SPL. These values are lower than the SPL of natural calls (Gerhardt 1978). They
were chosen in an attempt to reduce simultaneous stimulation of both inner ear papillae with
unimodal stimuli (Gerhardt, 2005a) while also exceeding both behavioral and neural response
threshold levels (Hillery & Narins, 1984; Bee & Schwartz, 2009; Nityananda & Bee, 2011). In all
tests, the Distractor and the Captor were separately calibrated to 67 dB SPL. Because the pulses of
the Distractor and Captor were always temporally coherent in tests in which they were presented

together, the resulting sound level of the Distractor + Captor complex was 70 dB SPL.
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Figure 3-2. Components of the RMR paradigm adapted for H. chrysoscelis. a Target call with a pulse rate
of 50 pulses/s is expected to be behaviorally attractive. Behaviorally neutral continuous sequence of pulses
(pulse rate = 50 pulse/s) constituting b the Distractor were composed of the same frequency as Target’s pulses
and c the Captor were composed of frequency that was an octave apart from the Target and Distractor. d
Upon temporal interleaving with the Distractor, perceived pulse rate of the Target becomes 100 pulses/s
(unattractive). e Temporal interleaving with the spectrally remote Captor induces relatively less masking than
that with the Distractor. f The Distractor and Captor shown together to highlight the temporal coherence
between their respective pulses. g Rhythmic Masking Release was predicted when Target is simultaneously
interleaved with both the Distractor and Captor. Panels a-g depict a small segment of each stimulus. See text
for details on the exact duration of and number of pulses within each stimulus.

Experimental design

Four types of no-choice phonotaxis tests (n = 30-35 per test) were conducted in which either a
single stimulus or multiple stimuli were broadcast through a single speaker. In the ‘Target only’
test, we assessed recognition of the Target in the absence of any concurrent stimuli. Based on earlier
work, we expected robust phonotaxis responses in this test (Bee, 2010; Gerhardt, 2008; Gupta et
al., 2023; Nityananda and Bee, 2011). In the ‘Target + Distractor’ test, the Target and Distractor
were broadcast simultaneously such that the pulses in each call of the Target were temporally
interleaved with the continuous pulses of the Distractor (Figure 3-2d). Based on their spectral
proximity (Nityananda and Bee, 2011), we expected the Target and Distractor to be perceptually
integrated into a single stream having a composite unattractive pulse rate of 100 pulses/s each time
a call in the Target stimulus was broadcast (Figure 3-2d). Consequently, we predicted the

percentage of subjects responding in the ‘Target + Distractor’ test would be significantly lower
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compared to the ‘Target only’ test. In the ‘Target + Captor’ test, we simultaneously broadcast the
Target and Captor such that pulses of each call in the Target were temporally interleaved with the
continuous pulses of the Captor. Because the frequency separation between the Target and Captor
(one octave) was expected to promote their perceptual segregation (Figure 3-2e ; Nityananda and
Bee, 2011), we predicted higher response rates in the ‘Target + Captor’ test compared with the
‘Target + Distractor’ test. However, based on the results of Nityananda and Bee (2011), we still
expected a lower response rate in the ‘Target + Captor’ test compared with the ‘Target only” test.
Finally, in the main test to investigate RMR, the ‘Target + Distractor + Captor’ test (Figure 3-2g),
calls in the Target were broadcast such that their pulses were temporally interleaved with the
continuous and temporally coherent pulses of the Distractor and Captor. Because temporal
coherence between the Distractor and Captor pulses (Figure 3-2f) was expected to promote their
perceptual integration, and thus their segregation from the Target, we predicted higher response
rates in the ‘Target + Distractor + Captor’ test compared with the ‘Target + Distractor’ test. For
each subject, we randomized the order in which behavioral tests were performed. Between subjects,
we also randomized the speaker assigned to broadcast the stimuli. We also performed a separate
set of no-choice tests (n = 34) to confirm the behavioral neutrality of Distractor and Captor (see
Appendix 3).

Statistical analysis

Statistical analysis was performed in R version 3.5.1 (R core team). We fitted a Generalized
Estimating Equation (GEE) model (Hardin and Hilbe, 2012) with logit link functions and used
Wald statistics to test our hypothesis. We used GEE because it is particularly suited for repeated
measures taken for the same individual and can be applied to binomial data as well. We specified
an exchangeable correlation structure, which assumes that any given pair of observations within a
subject are equally correlated. The dependent variable was the outcome of each behavioral test,
scored as a binary (1 = response, 0 = no response). Test type (‘Target only’, ‘Target + Distractor’,
‘Target + Distractor + Captor’ or ‘Target + Captor’) was the independent variable. Since test type
was a categorical variable, output from the GEE model chose one test type as a reference and
reported the effects of the other three test types in relation to the reference. To evaluate all the
pairwise comparisons relevant to our predictions, we fitted the same GEE model two ways, with

either the ‘Target only’ test or the ‘Target + Distractor’ test specified as the reference.
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Although not of primary interest to this study, we also fitted eight additional GEE models
in which Target frequency and Target SPL were added as independent variables. These models
included all three independent variables and all possible combinations of the three pairwise
interactions. We selected the model that best fit the data using a model selection method (see
Appendix 3) based on the quasi-likelihood information criterion, QIC, an analog of Akaike
Information Criterion (AIC) that is used for GEE models (Cui, 2007).

Results

Overall, differences in response rates across the four test types were consistent with predictions,
and the GEE model revealed significant differences between all four test types (Table 3-1).
Averaged across both Target frequencies (1.25 kHz and 2.5 kHz) and both Target SPLs (67 dB and
73 dB), approximately 93% of subjects responded in the ‘Target only’ tests. This high overall rate
of phonotaxis in the ‘Target only’ tests confirms that females recognized unimodal stimulus calls
presented alone as the calls of a suitable mate. Compared to the ‘Target only’ tests, the percentage
of subjects responding declined significantly (p <0.01) in the ‘Target + Distractor’ tests, decreasing
from 93% to 14% overall (Figure 3-3a; Table 3-1). Consistent with expectations, this nearly sixfold
decrease in response rate suggests the presence of the Distractor disrupted recognition of the call-
like pulsatile structure of the Target by masking the rhythm of the species-typical pulse rate.
Response rates were also significantly lower compared to the ‘Target only’ tests in both the ‘Target
+ Captor’ test (p < 0.01; 93% versus 72% overall) and the ‘Target + Distractor + Captor’ test (p <
0.01; 93% versus 35% overall) (Figure 3-3a; Table 3-1). However, consistent with the expectation
that frequency separation would promote perceptual segregation, the percentage of subjects
responding in the ‘Target + Captor’ test was approximately fivefold higher compared to the ‘Target
+ Distractor’ test (p < 0.01; 72% versus 14% overall) (Figure 3-3a; Table 3-1). The critical
comparison to assess RMR was between tests in which the Target was presented with just the
Distractor versus those in which it was presented with both the Distractor and Captor. Response
rates were significantly higher — by more than twofold — in the ‘Target + Distractor + Captor’ test
compared with the ‘Target + Distractor’ test (p < 0.01; 35% versus 14% overall) (Figure 3-3a;
Table 3-1). This result is consistent with the interpretation that, at least for some subjects, the
addition of the Captor resulted in some degree of release from the masking caused by the Distractor
of the Target’s species-typical rhythm. If instead the addition of the Captor to the Distractor had

further impaired recognition of the Target, then response rates should have declined. In general,
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the pattern of results described here was broadly consistent across different levels of Target

frequency (Figure 3-3b) and Target SPLs (Figure 3-3c) (also see Appendix 3).

Table 3-1. Output of a GEE model, fitted two ways, to evaluate the effects of test type on phonotaxis
responses. ‘Reference’ represents the test type that was set as a reference while fitting the model. ‘Test
condition’ represents the test type being compared to the reference. ‘B’ represents the change in the response
variable for a given test condition. ‘W’ and ‘p’ represents the results of Wald chi-square tests.

Reference Test condition B w p

‘Target only’ ‘Target + Distractor’ -4.41 224.34 <0.01
‘Target + Captor’ -1.55 28.15 <0.01
‘Target + Distractor + Captor’ -3.22 162.60 <0.01

‘Target + Distractor’ ‘Target + Captor’ 2.85 82.00 <0.01
‘Target + Distractor + Captor’ 1.19 18.10 <0.01
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Figure 3-3. Behavioral responses across different test types. a Percentage of subjects responding across the
four test types averaged over both Target frequencies and both Target SPLs. Masking of the temporal rhythm
of the Target is indicated by the downward vertical arrow between the ‘Target only’ test and the ‘Target +
Distractor’ test. RMR (release from masking) is indicated by the upward vertical arrow between the ‘Target
+ Distractor’ test and the ‘Target + Distractor + Captor’ test. Percentage of subjects responding across the
four test types b averaged over both Target SPLs shown separately for each Target frequency and ¢ averaged
over both Target frequencies shown separately for each Target SPL. Errors bars indicate 95% binomial Cls.

Discussion

In this study, our goal was to investigate auditory streaming of multiple sequences using the
Rhythmic Masking Release paradigm. We examined how a behaviorally relevant signal (Target),
recognized by its species-typical pulse rate, is perceptually organized in presence of additional
sound sequences, that is, the Distractor and Captor. We specifically tested if the Target, when
masked by the presence of the Distractor, experiences a release from masking upon the addition of
the Captor to the Target and Distractor complex. Overall, our findings provide evidence for

Rhythmic Masking Release in H. chrysoscelis.
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In presence of the Distractor, the recognition of the Target degraded due to the masking of
its species-typical pulse rate. This apparent masking was elicited because the spectrally proximal
Target and Distractor became perceptually integrated and assigned to the same auditory stream that
had a perceived pulse rate of 100 pulses/s. Compared to when presented with the Distractor, the
recognition of the Target was improved when presented with the spectrally separated Captor. This
improved recognition indicated perceptual segregation of the Target and Captor, thereby
facilitating the recognition of the Target based on the perceived pulse rate of 50 pulses/s. These
results corroborate the findings of auditory streaming studies on insects (Schul and Sheridan, 2006),
fish (Fay, 1998; Fay, 2000), birds (Dent et al., 2016; Hulse et al., 1997; Itatani and Klump, 2014)
and mammals (Izumi, 2002; Ma et al., 2010; Noda et al., 2013) and contribute to the evidence that
non-human animals can exploit spectral proximity as a cue for auditory streaming. More
specifically, these findings replicated the results of Nityananda & Bee (2011) on the same species.
Replicating this earlier work on auditory streaming in H. chrysoscelis was critical for laying the

experimental framework to test our hypothesis regarding Rhythmic Masking Release.

The main finding of our study, which extended the results of Nityananda & Bee (2011),
was that the addition of the Captor to the Target and Distractor complex elicited Rhythmic Masking
Release. Response rates were significantly higher when Target was presented with both the Captor
and Distractor compared to when presented with just the Distractor. This increase in response rates
between the two tests indicated that, at least for some subjects, the Target was perceptually
segregated from the Distractor and Captor and was recognized based on the perceived pulse rate of
50 pulses/s. This Captor induced Rhythmic Masking Release indicates that the temporal coherence
between the pulses of the Distractor and Captor promoted their integration into an auditory stream
that was segregated from the Target stream. This result corroborates studies in humans
demonstrating the temporal coherence promotes integration of sounds during auditory streaming
(Elhilali et al., 2009; Micheyl et al., 2013a; Teki et al., 2013). To our knowledge, only one study,
so far, has systematically investigated how temporal coherence mediates auditory streaming in a
biologically relevant context in a non-human animal. Gupta and Bee (2020) demonstrated that
temporal coherence between the spectral components within a signal promotes their binding into
the same auditory stream. They presented H. chrysoscelis females with two unimodal
advertisement calls at 1.25 kHz and 2.5 kHz, respectively. Subjects perceived a single bimodal call
(indicating integration) when pulses within the two calls were temporally incoherent and perceived
two distinct unimodal calls (indicating segregation) when these pulses were temporally incoherent.

The present findings are in line with those by Gupta and Bee (2020) and contribute to the small but
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growing literature on the role of temporal coherence as an auditory streaming cue in hon-human

animals.

To our knowledge, the present study is the first to demonstrate Rhythmic Masking Release
in a biologically relevant context in a non-human animal. Temporal patterns within signals
frequently mediate behavior in non-human animals across diverse contexts like species recognition,
mate choice, intrasexual competition, predator avoidance and parental care ( see reviews by
Gerhardt and Huber, 2002; Kershenbaum et al., 2016; Nowicki and Searcy, 2004; Searcy and
Andersson, 1986). More studies in future would be needed to examine how auditory streaming of
overlapping sounds in the environment impact the recognition of such temporal patterns in other
non-human animals. Experimental paradigms, similar to the one used in the present study could be

useful in future investigations.

In humans, the RMR experimental paradigm has been successfully employed to investigate
behavioral and neurophysiological correlates of auditory streaming and auditory masking
(Farahbod et al., 2023; Sach and Bailey, 2004; Turgeon et al., 2002b; Turgeon et al., 2005). The
present study closely adapted the experimental framework of the studies by Turgeon et al. (2002a,
2005) that investigated the impacts of multiple cues on auditory streaming in humans. Broadly, the
present findings are in line with those of Turgeon et al. (2002a, 2005) demonstrating a release from
masking of the Target due to the integration of temporally coherent Distractor and Captor.
However, the magnitude of improvement in the recognition of the Target elicited by the addition
of the Captor was much lower in the present study compared to those studies. In Turgeon et al.
(2005), subjects were trained to identify two different Target rhythms and were subsequently tested
on correctly identifying the Target rhythm in presence of Distractor and Captor. In that study, the
percentage of correct recognition of Target when it was presented with temporally coherent
Distractor and Captor was close to 100%. Recall that in this study the percentage of subjects
recognizing the Target in the ‘Target + Distractor + Captor’ test was close to 35% and, thus, much

lower.

These differences in the RMR in our study and the one by Turgeon et al. (2005) could be
mediated by differences between frogs and humans with regards to how multiple cues may interact
during auditory streaming. Broadly, the RMR paradigm introduces a competition between two
perceptual representations. The Distractor could be perceptually integrated either with the Target,
because of their spectral proximity, or with the Captor, because of their temporal coherence. If

temporal coherence was a strong cue that could override spectral proximity, most subjects would
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integrate Distractor and Captor leading to an overall high magnitude of RMR and vice-versa. This
is indeed the case for humans wherein, temporal coherence can override other cues like spectral
similarity, harmonicity and common spatial location (Elhilali et al., 2009; Micheyl et al., 2013Db).
In contrast, it is possible that temporal coherence is a relatively weak cue in frogs and therefore a
relatively weak RMR was observed in the present study. However, we are limited in making this
conclusion in this study because we only manipulated the presence or absence of the temporally
coherent Captor and not the degree of temporal incoherence and spectral differences between the
sequences. Future studies could simultaneously manipulate multiple acoustic differences between
sequences, using the RMR paradigm of the present study, to examine interactions between auditory

streaming cues and the consequent impacts on Rhythmic Masking Release.

Neural mechanisms underlying Rhythmic Masking Release in frogs are presently
unknown. In humans, neural processing at the level of primary auditory cortex contributes to
auditory streaming and, more specifically, Rhythmic Masking Release. Fishman et al. (2012) used
monkeys to investigate the neural correlates of RMR in humans. That study demonstrated that
certain neurons in the monkey’s auditory cortex fired in response to both Target and Distractors.
However, the responses of those neurons to the Distractor were suppressed when Captors, that
shared temporal coherence with the Distractor, were added to the Target and Distractor complex.
Fishman et al. (2012) proposed that this selective suppression of neurons upon the presentation of
temporally coherent Distractor and Captor facilitates RMR. Insights from auditory perception in
frogs suggest the possibility that a mechanism similar to that proposed by Fishman et al. (2012)
might facilitate RMR in frogs. Species recognition, frequently mediated by pulse rates in gray
treefrogs, is driven by processing within the midbrain region, the Inferior Colliculus (IC). Small
lesions of IC can impair the pulse-rate driven phonotaxis behavior in gray treefrogs (Endepols et
al., 2003). In some frogs, a considerable proportion of neurons in the IC exhibit combination
sensitive responses to the spectral components present in natural calls (Fuzessery and Feng, 1982;
Lee et al., 2017; Mudry and Capranica, 1987a). Lee et al. (2017) demonstrated that a major
proportion of combination sensitive neurons exhibit maximal firing in response to a single
frequency but exhibit suppression when stimulated with a combination of frequencies. We
hypothesize that stimulation by the bimodal (1.25 kHz and 2.5 kHz) Distractor and Captor complex
induces a suppression in the neuronal responses of the combination sensitive neurons. This
selective suppression facilitates the segregation of the unimodal (1.25 kHz or 2.5 kHz) Target from
Distractor and Captor stream. Future neurophysiological studies could test this hypothesis by using
Target, Distractor and Captor stimuli similar to the ones used in this study.
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Conclusions

This dissertation aimed to identify perceptual mechanisms that enable non-human animals to
recognize signals of interest in complex acoustic environments. The findings from this work reveal
that treefrogs can exploit various spectral and temporal commonalities and differences between

sounds to form coherent perceptual representations of communication signals.

Findings from Chapter 1 highlight that receivers may exploit temporal asynchrony and
inharmonicity to segregate the concurrent spectral components of overlapping signals. Composite
calls, comprising both conspecific and heterospecific spectral components, were perceived as two
distinct calls when the conspecific and heterospecific components had asynchronous temporal
onsets, inharmonic relationship, or both. These findings suggest the presence of parallel perceptual
mechanisms in human and non-human animals to perceptually organize concurrent spectral

components of communication signals.

Findings from Chapter 2 provide evidence against the hypothesis that any perceptually
salient acoustic difference may promote the segregation of overlapping sound sequences.
Interleaved pulsatile sequences, modelled on overlapping advertisement calls, were not
perceptually segregated even though the differences in the rise times of their constituent pulses
were behaviorally salient. Based on this result, | conclude that this hypothesis, based on the human

psychoacoustic findings, does not explain perceptual organization in all non-human animals.

Findings from Chapter 3 demonstrated that spectrally similar, ‘Distractor’ sequences in the
environment have the potential to perceptually mask the species-typical temporal rhythms and
impair signal recognition. However, a release from masking of the signal is observed upon the
additional presence of a sequence that shares temporal synchrony with the Distractor and thus
perceptually captures the Distractor into an auditory stream, separate from the Target signal. These
findings suggest the concurrent sound sequences are organized based on both spectral similarity as
well as temporal synchrony. Additionally, these findings suggest that more concurrent sequences
in an acoustic scene may not always elicit enhanced masking of a signal and instead may even

improve signal recognition in certain circumstances.

Taken together with the research on perceptual organization in other animals like humans,
primates, rodents, birds, fish and insects, this work on frogs highlight some remarkable similarities
and differences in how animals across taxa organize complex acoustic mixtures. Since this work

specifically incorporated insights from human perception to test hypotheses of auditory perception
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in non-human animals, it also provides a bridge between two disconnected fields of research,
human psychoacoustics and sensory ecology. Making these connections are exciting when
examined in the context of evolution of acoustic communication and sound reception organs in
vertebrates. First, vocal communication has evolved multiple times independently in major tetrapod
lineages; the earliest origins date as far back as 350 million years ago (Chen and Wiens, 2020).
Second, the tympanic middle ear has also evolved multiple times after the diversification of major
tetrapod lineages (Christensen-Dalsgaard and Carr, 2008). The findings presented in this
dissertation suggest that in spite of the independent evolution of vocal communication and sound
reception organs, animals have evolved similar perceptual machineries to solve the analogous

problem of communicating in complex acoustic environments.

Further, by unraveling certain principles governing the perceptual machinery within
receivers, this work is valuable in estimating how signal structures and signaling behaviors may
evolve under the selective pressures of a receiver’s perception. Finally, there is a rapid emergence
of the use of computational models like ‘agent-based modelling’ to ask fascinating new questions
in animal behavior (DeAngelis and Diaz, 2019). There is also an increasing effort to design more
realistic models to understand behavioral decision making. The insights from this work on the
auditory perceptual machinery can be incorporated in future designs of computational models,

especially the ones investigating mate choice.
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Appendix 1
Supplementary Material to Treefrogs exploit temporal onset synchrony and
harmonicity in forming auditory objects of vocal communication signals
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Figure Al-1. Proportion of subjects choosing the standard call across all combinations of temporal onset
asynchrony (AT) compared between AF = +10% and AF = -10%. The dashed horizontal line indicates the
null expectation of 0.50 in a two-alternative choice tests. Gray and black bars indicate AF = +10% and AF =
-10%, respectively. Error bars represent 95% exact binomial confidence intervals.
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Table Al-1 Results of the Generalized Estimating Equation (GEE) model. Here, only the data for which AF
= +10% was analyzed to compare AF = +10% and AF = -10%. The effects of temporal onset asynchrony
(AT), inharmonicity (AF), and their interaction are reported in relation to the reference test where AT =0 ms
and AF = -10%. ‘Condition’ represents any manipulation in AT, AF or the interactive effects of different
combinations of AT and AF. Interactions are shown by the ‘X’ symbol. ‘B’ indicates the estimate value for
each condition. ‘Wald X2’ and ‘P value’ correspond to the results of the Wald-statistics.

Condition B Wald X? P value
AT =25 ms -0.54 1.01 0.32
AT =50 ms -0.27 0.25 0.62
AT =75 ms -0.82 3.15 0.08
AT =100 ms -0.14 0.09 0.76
AF =+10% -0.67 1.65 0.20
AT =25 ms x AF =+10% 1.10 2.16 0.14
AT =50 ms x AF =+10% 0.67 0.94 0.33
AT =75 ms x AF =+10% 0.95 1.99 0.16
AT =100 ms x AF =+10% 0.41 0.36 0.55
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Appendix 2
Supplementary Material to Perceptually salient differences in a species recognition
cue do not promote auditory streaming in eastern gray treefrogs (Hyla versicolor)

Methods

Protocols used for collecting subjects, creating acoustic stimuli, and testing choice behvaior are as
described in the main text.

Experimental design

We conducted a four-alternative choice test to investigate the preferences of females when
encountering a trade-off between two key signal recognition features, pulse shape and pulse rate.
The first alternative was a 40 pulses/s sequence of A pulses (AAAA), which had the preferred pulse
shape (typical of conspecific pulses) but a less preferred pulse rate (typical of heterospecific calls).
The second alternative was a 20 pulses/s sequence of B pulses (B—B-), which had an attractive
pulse rate (typical of conspecific calls) but a less preferred pulse shape (typical of heterospecific
pulses). The third alternative was a 20 pulses/s sequence of B pulses (BB—), with both a less
preferred shape (typical of heterospecific pulses) and pulse timing. The fourth alternative was a 40
pulses/s sequence of B pulses (BBBB), with both a less preferred shape and pulse rate (typical of
heterospecific calls). The two key stimuli to investigate the trade-off between pulse shape and pulse
rate were AAAA and B-B-. We expected subjects to significantly prefer AAAA if pulse shape is
more important than pulse rate in choosing a mate. In contrast, we expected subjects to significantly

prefer B—B- if pulse rate is more important than pulse shape in choosing a mate.

Results

At 100 dB, females significantly preferred the AAAA stimulus (n = 38, p = 0.001) and at 80 dB
females significantly preferred B—B— stimulus (n = 33, p < 0.001) (Figure A2-1). Together, these
results confirm that stimuli having either pulse shapes or rates typical of heterospecific calls are not
only not aversive but elicit positive phonotaxis in the absence of alternatives possessing both

conspecific pulse shapes and rates.
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Figure A2-1. Results for the four-alternative choice test. Black and gray bars indicate the proportions of
subjects choosing a given stimulus at 100 dB and 80 dB, respectively. Error bars depict 95% multinomial
Cls. Horizontal dashed lines depict the chance probability for the experiment.
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Appendix 3
Supplementary Material to Evidence of Rhythmic Masking Release in Cope’s gray
treefrog

Controls for testing behavioral neutrality of the Distractor and Captor
Experimental design

Three no-choice tests were performed on subjects (n = 34) in a random order to confirm that the
Distractor, the Captor and a combination of both the stimuli were behaviorally neutral to the
subjects. These three ‘behavioral neutrality’ tests constituted broadcasting continuous pulsatile
sequences of 1.25 kHz, 2.5 kHz or both 1.25 kHz and 2.5 kHz, respectively. Additionally, on the
same subjects, we conducted three identical positive control tests (described in section 11A) wherein

subjects were expected to prefer a stimulus modelled on the conspecific advertisement signal.

For each of the six tests (three behavioral neutrality tests and three positive control tests),
a subject’s phonotaxis response as well as, wherever applicable, the first point of contact with the
arena wall was recorded. Subsequently, the angle of a subject’s first point of contact with the arena
wall in relation to the active speaker was computed. All the behavioral neutrality test constituted
broadcasting the stimuli from a single speaker which was assigned as the active speaker for
calculating the points of contact. All the positive control tests were two-alternative choice tests and

the speaker broadcasting the conspecific advertisement signal was assigned as the active speaker.

If a stimulus was behaviorally neutral, we expected no significant positive or negative
phonotaxis from the subjects. Therefore, we expected the first points of contact with the arena wall
to be randomly distributed around the circular arena. In contrast, if a stimulus was behaviorally
attractive or repulsive, we expected positive or negative phonotaxis, respectively from the subjects.
Consequently, we expected the points of contact to be clustered in proximity or far away from the

active speaker, respectively.

Data analysis

The angular values for the three no-choice tests and three positive control tests were analyzed using
circular statistics. A Rayleigh’s test was done to test if the distribution of angles around the active
speaker was uniform or clustered. Here, we first specified the position on the arena wall behind

which the active speaker was placed as 0° Then, based on its angular separation from the active
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speaker, we assigned a subject’s ‘first point of contact’ to the arena wall into a 15 ° bin between 0°-

359°.

Results and discussion

The percentage of subjects responding in the behavioral neutrality tests was very low (0% for 1.25
kHz continuous pulsatile sequence, 8.8% for 2.5 kHz continuous pulsatile sequence, and 0% for
both 1.25 kHz and 2.5 kHz sequences together). For many tests that resulted in a no-response, the
subjects did not exit the release cage. The first point of contact with the arena wall could only be
recorded in tests in which the subject exited the release cage and touched the arena wall. Hence,
the sample size for circular statistics represented a subset of the actual frogs tested (the proportion

of total tests that contributed to the angular data is described as ‘k’ values in Figure A3-1a-g).

The first points of contact with the arena wall were clustered around the active speaker in
all the three positive control tests (p < 0.01 for all the three tests) (Figure A3-1a-c). The clustering
signified that the subjects were attracted to the active speaker. In contrast, the clustering of the first
points of contact with the arena wall was marginally significant (Figure A3-1d) in tests constituting
the broadcast of 1.25 kHz continuous pulsatile sequence (p = 0.06). However, the clustering in this
case was not in the direction of or opposite to the active speaker. Additionally, the first points of
contact with the arena wall were not significantly clustered (Figure A3-1e-f) in tests constituting
the broadcast of either the 2.5 kHz continuous pulsatile sequence (p = 0.26) and the 1.25 kHz + 2.5
kHz continuous pulsatile sequences (p = 0.32). The lack of a significant clustering of responses in
a direction that was either toward or away from the speaker suggests that the Distractor and the
Captor, when presented by themselves as well as in combination with each other, were behaviorally
neutral to the subjects. These findings replicated the results of Nityananda and Bee, (2011)
demonstrating that continuous pulsatile sequences lacking the temporal organization into short calls

are behaviorally neutral.
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Figure A3-1. Distribution of subjects’ first point of contact with arena wall for the a first positive control
test, b second positive control test, ¢ third positive control test, d 1.25 kHz pulsatile sequence, e 2.5 kHz
pulsatile sequence and f 1.25 kHz + 2.5 kHz pulsatile sequences. Circles represent the arena and the active
speaker is depicted at the “0” mark on the circumference. Individual first points of contact in relation to the
active speaker are shown by black dots. The length of the arrowed lines depicts the vector (‘r” values) and
the direction of the arrowed lines depict the circular mean of the distribution. ‘k’ values in each panel depict
the proportion of tests for which subjects left the release cage and made contact with the arena wall. The p
values depict the p value from the Rayleigh test.
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Model selection to evaluate the effects of Target frequency and SPL

Table A3-1. The quasi-likelihood values and the quasi-likelihood information criterion for all eight fitted
models. Across models the predictor variables considered included the test type (i.e., the ‘Target only’,
‘Target + Distractor’, ‘Target + Captor’ and ‘Target + Distractor + Captor’ test), Target frequency (1.25 or
2.5 kHz) and Target SPL (67 dB or 73 dB). Interaction terms are indicated by the ‘<’ sign between different

independent variables.

Quasi-
Model likelihood QIC
Test type + Target frequency + Target SPL + Test type x Target SPL  -336.72 701.97
+Test type:Target frequency + Target frequency x Target SPL
Test type + Target frequency + Target SPL + Test type x Target SPL + -336.87 699.98
Test type x Target frequency
Test type + Target frequency + Target SPL + Test type x Target frequency -337.96 698.13
+ Target frequency x Target SPL
Test type + Target frequency + Target SPL + Test type x Target SPL + -344.39 710.88
Target frequency x Target SPL
Test type + Target frequency + Target SPL + Test type x Target SPL -344.45 708.68
Test type + Target frequency + Target SPL + Test type x Target frequency -338.01 695.82
Test type + Target frequency + Target SPL + Target frequency x Target -345.53 706.83
SPL
Test type + Target frequency + Target SPL -345.55 704.49
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Table A3-2. Summary of the model with the lowest QIC (Test type + Target frequency +Target SPL + Test
type x Target frequency). Because the chosen model encompassed an interaction between test type and Target
frequency, the effect (averaged over all Target SPLs) of any combination of test type and Target frequency
was reported in comparison to a reference condition (in this case, ‘Target only’ test at a Target frequency of
1.25 kHz). The Target frequency for a test condition is specified inside a parenthesis. Interaction terms are
indicated by a ‘X’ sign between specific test type and Target frequency. Also, because the chosen model did
not incorporate any interaction between the Target SPL and the other two factors, it reported a main effect of
the Target SPL (averaged across all test types and Target frequencies and reported in comparison to the
reference Target SPL of 67 dB).

Reference Condition B w p
Target (1.25 ‘Target (1.25 kHz) + Distractor’ 4.35 81.78 <0.01
kHz) only’
‘Target (1.25 kHz) + Captor’ 0.67 2.82 0.09
‘Target (1.25 kHz) + Distractor + Captor’ 2.90 69.94 <0.01
‘Target (2.5 kHz) only’ 1.38 12.30 <0.01
‘Target (1.25 kHz) + Distractor’ x 2.5 kHz 0.65 0.87 0.35
‘Target (1.25 kHz) + Captor’ x 2.5 kHz 2.16 14.25 <0.01
‘Target (1.25 kHz) + Distractor + Captor’ x 2.5 kHz 1.06 3.78 0.05
67 dB SPL 73dB SPL 0.49 5.61 0.02
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