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Abstract

Albert Feng was a pioneer in the field of auditory neuroethology who used frogs to investigate the neural basis of spectral
and temporal processing and directional hearing. Among his many contributions was connecting neural mechanisms for
sound pattern recognition and localization to the problems of auditory masking that frogs encounter when communicating in
noisy, real-world environments. Feng’s neurophysiological studies of auditory processing foreshadowed and inspired subse-
quent behavioral investigations of auditory masking in frogs. For frogs, vocal communication frequently occurs in breeding
choruses, where males form dense aggregations and produce loud species-specific advertisement calls to attract potential
mates and repel competitive rivals. In this review, we aim to highlight how Feng’s research advanced our understanding of
how frogs cope with noise. We structure our narrative around three themes woven throughout Feng’s research—spectral,
temporal, and directional processing—to illustrate how frogs can mitigate problems of auditory masking by exploiting
frequency separation between signals and noise, temporal fluctuations in noise amplitude, and spatial separation between
signals and noise. We conclude by proposing future research that would build on Feng’s considerable legacy to advance our
understanding of hearing and sound communication in frogs and other vertebrates.

Keywords Auditory scene analysis - Comodulation masking release - Energetic masking - Matched filtering - Spatial
release from masking

Introduction

Natural acoustic environments are often complex, consist-
ing of multiple sounds that overlap in frequency and time
and that are produced by multiple different sources (Breg-
man 1990; Yost 2008). These sound sources can be biotic,
which may include conspecific or heterospecific communi-
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is most pronounced when competing sounds are similar
in frequency, occur at the same time, and originate from
the same location. Intensive studies of human hearing and
speech perception have revealed a number of mechanisms
that enable us to cope with problems of auditory masking
(McDermott 2009). Many of these mechanisms, however,
are not unique to human hearing (Fay and Popper 2000).

In this article, we honor the legacy of Albert Feng by
reviewing research he inspired on how frogs cope with
problems of auditory masking (Feng and Ratnam 2000;
Feng and Schul 2007). Like humans, frogs also commu-
nicate in noisy social gatherings where they experience
problems analogous to the human cocktail party prob-
lem. During their breeding season, many frog species
form large social aggregations where males call loudly
to attract receptive females and repel rival males (Ger-
hardt and Huber 2002). These aggregations may consist
of hundreds of males, often of multiple species, densely
packed into aquatic habitats that are suitable for breed-
ing. An individual male’s advertisement calls can reach
sound pressure levels (SPLs) as high as 90-110 dB SPL
(re 20 pPa) at a distance of 1 m (Gerhardt 1975), and the
sustained background noise level in choruses can easily
reach or exceed 80-90 dB SPL (Narins 1982; Halfwerk
et al. 2016; Tanner and Bee 2019). Choruses can be audi-
ble to humans from distances of up to 2 km away from the
breeding site (Arak 1983). In the environment of a breed-
ing chorus, high levels of background noise and overlap-
ping signals lead to auditory masking that is manifest as
impaired signal detection, recognition, discrimination, and
localization (Bee 2012, 2015; Vélez et al. 2013b).

How do frogs cope with the noise they encounter in
breeding choruses? Albert Feng took up this question in
two important reviews on sound processing in “real-world”
environments (Feng and Ratnam 2000; Feng and Schul
2007). He and his co-authors described previous studies on
the neural processing of spectral, temporal, and directional
information in frogs and discussed (and in some cases specu-
lated) how such processes might contribute to hearing the
calls of individual males amid the cacophony of a chorus.
It was also recognized, however, that the sensory basis of
hearing in complex, multi-source environments was inad-
equately understood, and that more studies that employed
psychoacoustic techniques were needed to further eluci-
date the perceptual abilities of auditory systems, and the
processes and cues that auditory systems utilize in solving
cocktail-party-like problems (Feng and Ratnam 2000; Feng
and Schul 2007). In the years following Feng’s two reviews,
we have learned a great deal more about the magnitude of
the frog’s cocktail-party-like problem and how they cope
with it. Here, we review much of this more recent work by
reflecting on how Feng’s neurophysiological studies of spec-
tral processing, temporal processing, and directional hearing
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foreshadowed and inspired subsequent behavioral investiga-
tions of auditory masking in frogs.

Exploiting frequency differences
between signals and noise

Matched spectral filtering

Amphibians are unique among vertebrates in having two
distinct auditory organs in the inner ear tuned to different
frequency ranges of airborne sound. Early work by Feng
et al. (1975) demonstrated that auditory fibers innervating
the amphibian papilla (AP) are tuned to low and intermedi-
ate sound frequencies (e.g., < 1.5 kHz), while auditory fib-
ers innervating the basilar papilla (BP) are tuned to higher
sound frequencies. The specific frequencies to which the AP
and BP are tuned vary between species, but they are com-
monly found to be most sensitive to frequency peaks that
are emphasized in conspecific advertisement calls (Gerhardt
and Schwartz 2001). This match in the frequency sensitiv-
ity of the auditory periphery to the frequency content of
conspecific calls inspired the “matched filter” hypothesis,
which posits that the auditory periphery most optimally
encodes the frequency content of conspecific advertisement
calls, and filters out other sound frequencies (Capranica and
Moffat 1983; Simmons 2013). One major theme of Feng’s
research program was to discover how central auditory pro-
cesses sharpen the matched spectral filtering that originates
at the periphery. This body of work revealed how the simple,
V-shaped tuning curves characteristic of auditory nerve fib-
ers are transformed into much more complex, often bimodal
tuning curves that become increasingly selective for frequen-
cies emphasized in conspecific calls along the ascending
auditory pathway, such that some neurons in the auditory
midbrain and thalamus respond best, or only, to combina-
tions of frequencies present in vocalizations and transduced
by the AP and BP (Fuzessery and Feng 1981, 1982, 1983a,
b; Gooler et al. 1993, 1996; Zhang and Feng 1998; Zhang
et al. 1999; Goense and Feng 2005). A primary function of
matched spectral filtering is that it allows a receiver to obtain
“the highest signal-to-noise ratio in the frequency domain”
for detecting conspecific vocalizations (p. 706; Capranica
and Moffat 1983). Thus, matched filtering functions to
improve the perception of conspecific vocalizations in the
presence of noise, particularly noise that does not overlap
the spectrum of conspecific vocalizations (e.g., the calls of
other frog species in mixed-species choruses). The matched
filter hypothesis predicts the co-evolution of spectral content
in vocalizations and spectral tuning in the auditory system,
a prediction generally well supported by comparative stud-
ies of frogs (Gupta and Bee 2022a; Gerhardt and Schwartz
2001). While the vitality of the matched filter hypothesis
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has been questioned (Narins and Feng 2007), it seems clear
that the frog’s peripheral and central auditory systems are
adapted to exploit frequency differences between conspecific
signals and noise at other frequencies.

A recent study of the American green treefrog (Hyla
cinerea) extends the work of Feng and colleagues in
describing a physical (as opposed to neural) mechanism

that functions to sharpen matched spectral filtering in an
unexpected way, beginning at the tympanum itself (Lee
et al. 2021). In this species, males produce advertisement
calls with two spectral peaks centered at about 0.8—1.0 and
2.7-3.0 kHz (Gerhardt 1974; Lee et al. 2021) (Fig. 1a-b).
These two spectral peaks are transduced primarily by the
AP and BP, respectively, consistent with matched spectral
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Fig. 1 Matched filtering in the green treefrog Hyla cinerea. a Male
H. cinerea producing an advertisement call. b Top—oscillogram of
an exemplar single-note call, bottom—spectrogram of the same sin-
gle-note exemplar demonstrating a bimodal frequency spectrum. ¢
Behavioral responses of receptive female H. cinerea to bimodal and
unimodal calls in two-alternative choice experiments. Bars depict the
proportion (+95% exact binomial confidence intervals) of females
that chose a bimodal call over a unimodal alternative. d A com-
parison of behavioral (red) and neurophysiological midbrain (blue)
audiogram with the frequency spectrum of the H. cinerea advertise-
ment call (black). The behavioral audiogram was computed by aver-
aging data from two audiograms determined by reflex modification
published in Megela-Simmons et al. (1985). The midbrain audio-
gram was computed by averaging midbrain audiograms from Lom-

bard and Straughan (1974), Miranda and Wilczynski (2009a, b), and
Penna et al. (1992). To compensate for different stimulus frequen-
cies used across studies, linear interpolation was used to interpolate
between sampled frequency values. e Exemplar single-unit recordings
obtained from a combination-sensitive facilitation neuron in the infe-
rior colliculus. A synthetic single-note call stimulus is plotted to indi-
cate stimulus timing. This combination-sensitive exemplar responds
with a greater number of spikes when presented with a bimodal call
compared to a unimodal call. f Bars depict the median (+1QR) num-
ber of spikes/stimulus expressed as a percentage of the maximum
stimulus-driven response. Combination-sensitive facilitation units
exhibit a heightened level of activity that is greater than the linear
summation of activity in response to both unimodal stimuli presented
in isolation. c,e, and f redrawn from Lee et al. (2017a)

@ Springer



50

Journal of Comparative Physiology A (2023) 209:47-66

filtering (Ehret and Capranica 1980). Audiograms based on
both behavioral responses (Megela-Simmons et al. 1985)
and auditory-evoked responses (Buerkle et al. 2014), as well
as neural recordings from the auditory nerve and midbrain
(Ehret and Capranica 1980; Miranda and Wilczynski 2009a;
Gall and Wilczynski 2015; Lee et al. 2017a), demonstrate
heightened sensitivity to the spectral peaks of the adver-
tisement call (Fig. 1d). The auditory system is also most
selective for frequencies at around 0.9 and 3.0 kHz (Moss
and Simmons 1986). Not surprisingly, females are generally
most attracted to calls with both spectral peaks (Gerhardt
1981; Gerhardt and Hobel 2005; Lee et al. 2017a) (Fig. 1c¢),
and combination-sensitive neurons in the central auditory
system also show selectivity for call-like sounds with both
spectral peaks (Lee et al. 2017a) (Fig. le-f).

As in other frogs (Narins et al. 1988; Ehret et al. 1990;
Jgrgensen 1991; Jgrgensen and Gerhardt 1991), sound can
reach the internal surface of the green treefrog’s tympana
through the body wall and air-filled lungs via the glottis,
mouth cavity, and Eustachian tubes. Lee et al. (2021) dis-
covered that this lung-to-ear sound transmission pathway,
unique to amphibians among extant terrestrial vertebrates,
contributes to sharpening the peripheral matched filter by
improving the signal-to-noise ratio for perceiving conspe-
cific calls within a noisy multi-species breeding chorus
(Fig. 2). Recordings with a laser Doppler vibrometer showed
that inflated lungs had a peak resonance at a frequency value
that fell in a frequency range (1.4-2.2 kHz) that was between
the spectral peaks of conspecific calls and that coincided
with a suspected region of frequency overlap between the
AP and BP (Fig. 2a). Compared to a lung-deflated condition,
lung inflation attenuated the response of the eardrum at this
same intermediate frequency range by about 4 to 10 dB (Lee
et al. 2021) (Fig. 2b). Importantly, changes in lung inflation
did not significantly affect the sensitivity of the eardrum to
the spectral peaks present in conspecific calls. An analysis of
these lung-mediated effects with respect to a physiological
model of the peripheral frequency tuning in green treefrogs
(Lee et al. 2017b) suggested receivers might benefit from
lung-mediated reductions in auditory masking by sound
frequencies occurring between the two spectral peaks of
the call (Fig. 2c—e). The question remained, however, as to
how frequently green treefrog receivers might encounter
frequencies in this critical range. A social network analysis
of data from the North American Amphibian Monitoring
Program (NAAMP) revealed that just 10 heterospecific spe-
cies accounted for~80% of the observed instances of “co-
calling” between green treefrogs and another frog species.
Of the 10 heterospecific species, five produce advertisement
calls with spectral components that fall within the intermedi-
ate frequency range between the spectral peaks of H. cinerea
calls. Thus, in the real-world environment of a mixed-species
chorus, lung inflation could function to mitigate problems
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of auditory masking from a prominent subset of heterospe-
cific calls by sharpening the tuning of the matched spectral
filter in the periphery. That is, inflated lungs may function
in enhancing the auditory contrast between conspecific sig-
nals and heterospecific noise. It will be important in future
studies to test this hypothesis by measuring changes in the
frequency tuning of different populations of auditory nerve
fibers (e.g., Feng et al. 1975) that are expected to occur with
changes in lung inflation.

Rising above the noise

Feng and his colleagues discovered and investigated a
remarkable example of how environmental noise shapes the
co-evolution of signalers and receivers, as expected accord-
ing to the matched filter hypothesis, in this instance by
selecting for a shift to using higher frequency signals (Feng
et al. 2002; Narins et al. 2004; Suthers et al. 2006; Feng and
Schul 2007; Feng and Narins 2008; Arch et al. 2008, 2009,
2011, 2012; Gridi-Papp et al. 2008). Concave-eared torrent
frogs (Odorrana tormota, formerly Amolops tormotus) breed
in habitats adjacent to fast-flowing streams and waterfalls.
These habitats are characterized by high levels of broadband
noise, with most acoustic energy around 100 Hz and extend-
ing to frequencies above 20 kHz (Narins et al. 2004). O.
tormota males typically produce two types of calls: two-note
calls consisting of two short (~ 100 ms) pips, and one-note
calls of either short (~ 150 ms) or long (~400 ms) dura-
tions (Narins et al. 2004). Both types of calls are frequency
modulated and often include sudden onsets and offsets of
harmonic and subharmonic components (Narins et al. 2004).
Interestingly, the calls of this species include a first formant
below ~ 30 kHz, a second formant at~60 kHz, and some-
times a third formant at 105 kHz (Narins et al. 2004). Impor-
tantly, behavioral and electrophysiological experiments have
shown that males can hear the ultrasonic components of the
calls and adjust their behavior in response to them (Feng
et al. 2006). Compared to spontaneous calling activity, males
increased their call rate in response to playbacks of only
the audible (<20 kHz) or only the ultrasonic (> 20 kHz)
components of the calls (Feng et al. 2006) (Fig. 3a). Audi-
tory-evoked potentials and single-unit recordings from the
auditory midbrain revealed hearing sensitivity to sounds
with frequencies up to 34 kHz (Feng et al. 2006) (Fig. 3b).
Furthermore, gravid females also produce calls with ultra-
sonic elements, and males show remarkably acute phono-
taxis in response to playbacks of female calls (Shen et al.
2008). These studies by Feng and colleagues provided the
first record of ultrasonic communication in anurans, which
has now also been demonstrated in the hole-in-the-head
frog (Huia cavitympanum) an endemic Bornean frog that
also breeds in habitats with high levels of noise (Arch et al.
2008, 2009). Together, these studies of ultrasonic signaling
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Fig.2 Lung-mediated sharpening of the matched filter reduces
masking from heterospecific calls. a A comparison of lung reso-
nance determined from laser Doppler vibrometry (thick blue line and
shaded blue area, mean+95% CI), and frequency spectrum of the
H. cinerea advertisement call (thick black line and shaded gray area,
mean+1 SD). Peak lung resonance occurs in between the spectral
peaks of the H. cinerea advertisement call. b Heatmaps depicting the
mean vibration amplitudes of the right eardrum in response to free-
field acoustic stimulation in the deflated (left) and inflated (middle)
states of lung inflation across frequency and sound incidence angle.
Subtracting the inflated state heatmap from the deflated state heat-
map results in the difference heatmap (right), which represents the
effect of lung inflation on the mechanical response of the eardrum.
The black contour in the difference heatmap encloses frequencies
and angles where attenuation of the eardrum’s response equaled or
exceeded -4 dB when the lungs were inflated compared with deflated.
The dashed lines indicate the minimum (1400 Hz) and maximum
(2200 Hz) frequencies enclosed by the contour. ¢ Physiological model
of the peripheral frequency tuning in H. cinerea (colors) compared
with the H. cinerea advertisement call spectrum (black), and the
frequency region of the lung-mediated reduction in eardrum sensi-
tivity (shaded gray area). Tuning curves are depicted separately for

suppressible low-frequency and non-suppressible mid-frequency fib-
ers innervating the amphibian papilla (AP) and for high-frequency
fibers innervating the basilar papilla (BP). Neural responses of low-
frequency fibers can be suppressed by frequencies in the range of
mid-frequency AP fibers. This suppression would reduce the abil-
ity of low-frequency fibers to encode the lower spectral peak of H.
cinerea advertisement calls. Lung-mediated reduction in the ear-
drum’s response to this mid-frequency region is expected to reduce
the activity of mid-frequency non-suppressible units, thus sharpening
the matched filter, and reducing the suppression of low-frequency
fibers. d and e Top—depicts the frequency spectra of advertisement
calls produced by R. clamitans and H. gratiosa, respectively, both of
which are heterospecific species that co-occur with H. cinerea. Bot-
tom—depicts the magnitude of reduction in dB of spectral peaks
in these heterospecific advertisement calls. Thick black lines depict
the mean spectra, and thin gray lines depict the spectra of individual
calls. Dotted line and shaded area depict the frequency region of the
lung-mediated reduction in eardrum response. Polar plots depict the
mean +95% CI attenuation of the call spectral peak within the shaded
gray area as a function of sound incidence angle. Redrawn from Lee
et al. (2021)
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Fig.3 Ultrasonic hearing in concave-eared torrent frogs. a Median
number of calls produced by eight male subjects during a 3 min
no-stimulation period and in response to 3 min playbacks of a con-
specific vocalization that was spectrally filtered to include only the
audible frequencies (<20 kHz) or only the ultrasonic frequencies
(>20 kHz). b Neural recordings from two representative neurons in
the auditory midbrain (inferior colliculus) in response to tone-burst.
The tonic unit responded to 10-27 kHz and had a best frequency of
20 kHz. The phasic unit responded to 5-30 kHz and had a best fre-
quency of 10 kHz. Redrawn from Feng et al. (2006)

in frogs beautifully demonstrate adaptations that facilitate
communication in noisy environments based on exploiting
separation in frequency between signals and noise. The arti-
cle by Cobo-Cuan et al. (2022) in this special issue honoring
Albert Feng provides a more in-depth treatment on highfre-
quency hearing. Previous reviews provide information on
additional ways that frogs behaviorally respond to noise, for
example, by altering their vocal behavior with respect to
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neighboring frogs in a chorus (Gerhardt and Huber 2002;
Wells and Schwartz 2007; Schwartz and Bee 2013).

A limitation of matched spectral filtering

For many frog species, the main source of auditory masking
is not the calls of other species or other sources of environ-
mental noise, but the calling of conspecific males (Fig. 4).
This is because matched spectral filtering is of limited use
in coping with noise generated by conspecific signals that
coevolved to pass through the filter. As noted above, prob-
lems of auditory masking are most severe when compet-
ing sounds have similar spectral content, occur at the same
time, and originate from the same location. For any given
frog species, the spectral content of vocalizations used for
intraspecific communication will generally fall within a
restricted frequency range that is audible to all adult mem-
bers of the species. Moreover, mixed-species choruses often
consist of different species whose calls may be well segre-
gated in frequency (Wells 2007; Schwartz and Bee 2013).
Although the males of some frog species shift the timing of
their calls to avoid overlap with immediately neighboring
conspecifics in the chorus (Schwartz and Bee 2013), this
behavior is not characteristic of all species (e.g., Schwartz
et al. 2002) and it does not lead to complete avoidance of call
overlap with all neighbors, particularly in dense choruses
(e.g., Greenfield and Rand 2000). While calling neighbors
usually attempt to maintain some minimum distance from
other conspecific males (e.g., Wilczynski and Brenowitz
1988), these distances shrink as chorus density increases,
and there is evidence of species-specific clustering within
mixed-species choruses (Wells 2007). In dense choruses of
conspecifics, behaviorally important features of frog calls
(e.g., a pulsed structure) can become obscured by the back-
ground noise of the chorus and overlapping calls produced
by nearby males (Kuczynski et al. 2010). To cope with audi-
tory masking resulting from the calls of conspecifics, frogs
must employ mechanisms other than matched spectral filter-
ing. We discuss these mechanisms in the next two sections.

Exploiting temporal fluctuations in noise

A second major theme running through Feng’s research on
frogs was to discover neural mechanisms for processing
complex, temporally patterned sounds, particularly the spe-
cies-specific temporal properties of conspecific vocalizations
(Hall and Feng 1986, 1988; Condon et al. 1991; Feng et al.
1991; Gooler and Feng 1992; Penna et al. 1997, 2001). Later
in his career, Feng noted the importance of understanding
how chorus noise interferes with the temporal structure of
anuran vocalizations and affects communication (Christie
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Fig.4 Calling conspecifics represent a potent source of auditory
masking in chorusing frogs. a Spectrogram showing a 10-s long
recording made from the edge of a pond that contained a dense,
active chorus of Cope’s gray treefrog. The nearly continuous bands of
noise centered on the two spectral peaks of the species’ advertisement
call (approximately 1.3 and 2.6 kHz) depict the noise of the chorus.

et al. 2010, 2019). An important extension of his work on
the temporal processing of sounds and on communication in
noisy environments was his investigation into how the audi-
tory nervous system detects signals in temporally modulated
noise (Goense and Feng 2012).

Real-world sounds are amplitude modulated and, often,
comodulated. This means that their sound levels fluctuate
over time and that amplitude fluctuations are often cor-
related across different regions of the frequency spectrum
(Richards and Wiley 1980; Nelken et al. 1999). Decades
of psychophysical studies provide overwhelming evi-
dence that the human auditory system exploits amplitude

b A 1-s long recording of a single advertisement call made at close
range (~1 m) with a highly directional, shotgun microphone from a
spatially isolated male calling on a different night when chorus activ-
ity was low. Note the clear pulsatile structure of the single call. The
single call is shown as an inset for illustrative purposes only

modulations and comodulation in background noise to
solve the problem of hearing in noise (Verhey et al. 2003).
Surprisingly, these well-known features of natural sounds,
and how the auditory system may exploit them, are often
neglected in studies of animal communication in noise.
Feng was among the first neuroethologists to draw atten-
tion to this problem and to investigate how the anuran
auditory system may exploit amplitude fluctuations in
background noise to facilitate signal detection and recog-
nition in real-world environments (Feng and Schul 2007,
Goense and Feng 2012).
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Dip listening

Our ability to catch short “acoustic glimpses” of target sig-
nals when the amplitude of background noise momentarily
drops is known as “dip listening” (Buus 1985; Cooke 2006;
Vestergaard et al. 2011). When masker levels fluctuate in
time, speech recognition thresholds are usually lower than
those in the presence of non-fluctuating maskers (Gustafs-
son and Arlinger 1994; Bacon et al. 1998). Maskers with
slow rates of amplitude modulation usually have longer dips
in noise levels than those with faster rates, increasing the
probability of catching meaningful glimpses of the target
signals. Accordingly, masking release by means of dip lis-
tening is generally greater in the presence of maskers with
slower, compared to faster, fluctuation rates (Gustafsson and
Arlinger 1994; Bacon et al. 1998).

In breeding choruses of frogs and toads, the noise gen-
erated by the aggregation of calling males is amplitude
modulated (Vélez and Bee 2010). Importantly, patterns
of level fluctuations in chorus noise differ among species,
reflecting species-specific properties of the mating call and
calling behavior (Vélez and Bee 2010). A series of studies
investigated dip listening in Cope’s gray treefrogs (Hyla
chrysoscelis) and green treefrogs (H. cinerea). In the pres-
ence of sinusoidally amplitude-modulated (SAM) chorus-
shaped maskers, green treefrogs did not benefit from dip
listening; signal recognition thresholds were similar to
those in the presence of a non-fluctuating masker (Vélez
et al. 2012). In contrast, Cope’s gray treefrogs experienced
a 2—4 dB release from masking when SAM maskers fluc-
tuated at slow rates (e.g., <5 Hz; Fig. 5) (Vélez and Bee
2011). Signal recognition thresholds were not different
from those in the non-fluctuating control when SAM
maskers fluctuated at intermediate rates (e.g., 5-20 Hz;
Fig. 5), and they were 4—6 dB higher in the presence of
maskers with high rates of fluctuation (e.g., 40-80 Hz;
Fig. 5) (Vélez and Bee 2011). Dip listening can explain
the release from masking observed in slowly fluctuating
maskers. In quiet conditions, females respond to calls with
at least six to nine pulses, but not to calls with five or
fewer pulses (Vélez and Bee 2011; Gupta et al. 2021). At
slow rates of fluctuation, dips in masker levels allowed for
glimpses of nine or more consecutive pulses of the adver-
tisement call; at intermediate and high rates of fluctua-
tion, dips allowed for glimpses of five or fewer consecutive
pulses (Vélez and Bee 2011). Furthermore, the additional
masking experienced by females in the presence of SAM
maskers with high rates of fluctuation (e.g., 40 Hz and
80 Hz; Fig. 5) is consistent with a phenomenon known as
modulation masking (Bacon and Grantham 1989; Kwon
and Turner 2001). The pulse rate of the call is approxi-
mately 40-60 pulses/s and an important acoustic property
used by females for species recognition (Schul and Bush
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Fig.5 Dip listening in Cope’s gray treefrog. Bars depict the
means +95% confidence intervals for the threshold differences in the
presence of sinusoidally amplitude-modulated (SAM) chorus-shaped
noise relative to a non-fluctuating condition. The horizontal dashed
line represents no difference (i.e., 0 dB) from the non-fluctuating
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more masking. Thresholds were significantly lower in slowly modu-
lated SAM noises (<2.5 Hz) and significantly higher in fast modu-
lated SAM noises with modulation rates close to the species-specific
pulse rate of advertisement calls. *p <0.05. Redrawn from Vélez and
Bee (2011)

2002). Hence, the temporal structure of SAM maskers at
faster rates may have interfered with processing the tem-
poral structure of the advertisement call (Schwartz and
Marshall 2006; Marshall et al. 2006).

While Cope’s gray treefrog may listen in the dips of
slowly fluctuating SAM maskers, this ability may provide
limited benefits for communicating in real-world situations.
Vélez and Bee (2013) showed that Cope’s gray treefrog
and green treefrog females do not exploit natural amplitude
fluctuations in chorus noise to recognize male mating calls.
Furthermore, compared to non-fluctuating maskers, the abil-
ity of Cope’s gray treefrog females to discriminate between
calls varying in duration does not improve in the presence
of maskers with natural or sinusoidal amplitude modulations
(Vélez et al. 2013a). Interestingly, however, females of the
closely related eastern gray treefrog (Hyla versicolor) expe-
rienced a~2-6 dB release from masking in the presence of
naturally fluctuating maskers compared to non-fluctuating
maskers during call recognition tests (Schwartz et al. 2013).
This dip-listening effect was similar for target signals vary-
ing in call length (calls of 10, 20, 30, or 40 pulses) with
equal or unequal pulse efforts (Schwartz et al. 2013). Addi-
tional evidence for dip listening has come from studies of
comodulation masking release.
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Comodulation masking release

Studies of comodulation masking release (CMR) reveal that
human listeners experience a release from auditory masking
when amplitude fluctuations in noise are correlated across
the frequency spectrum, compared with conditions lack-
ing fluctuations or when different frequency bands fluctu-
ate independently (reviewed in Verhey et al. 2003). CMR
was first attributed to a process by which the auditory sys-
tem integrates energy across auditory filters to differentiate
signals from noise (Hall et al. 1984); however, subsequent
studies revealed that CMR also depends on within auditory-
filter mechanisms (e.g., Schooneveldt and Moore 1987). In
humans, the effect of CMR is usually larger when maskers
have large bandwidths, slow modulation rates, high modula-
tion depths, irregular fluctuations, and high levels (reviewed
in Verhey et al. 2003).

Comodulation is likely a property of many natural sounds
(Klump 1996; Nelken et al. 1999). In their review on hear-
ing in real-world situations, Feng and Schul (2007) pointed
out that CMR should provide an advantage for listening in
frog choruses. They suggested that chorus noise should be
coherently modulated across the frequency spectrum given
the repetitive nature of anuran calls and other biotic sounds,
the tendency of males to avoid call overlap with their nearest
neighbors, and the modulations imposed by wind. Indeed,
Lee et al. (2017b) recently showed that the noise generated
in Cope’s gray tree frog choruses is comodulated. They
developed an anatomical/physiological model of the audi-
tory periphery, based on tuning curves of auditory nerve
fibers, that simulated spectral processing by the amphibian
and basilar papillae. When recordings of chorus noise were
passed through this model, temporal modulations on the out-
put of filters centered around 1.3 and 2.6 kHz, which cor-
respond to filters in the AP and BP, respectively, were highly
correlated. These results show that temporal fluctuations in
chorus noise are correlated across the frequency spectrum,
and that the peripheral auditory system of frogs can poten-
tially transduce these comodulations.

To date, only one study has investigated neural correlates
of CMR in frogs. Goense and Feng (2012) tested the hypoth-
esis that neurons in the auditory midbrain (inferior collicu-
lus) of northern leopard frogs (Rana pipiens) contribute to
CMR. Using a band-widening paradigm, the bandwidth of
unmodulated and sinusoidally amplitude-modulated (6.7 Hz
modulation rate) maskers was systematically varied between
0.1 and 5 kHz. These masker bandwidths span the hearing
range of northern leopard frogs (Mudry et al. 1977) and
the range of auditory-filter bandwidths measured behavio-
rally for other species of frogs (Ehret and Gerhardt 1980;
Narins 1982; Moss and Simmons 1986). The target signal
was a train of pulses resembling the temporal structure of
the conspecific advertisement call, centered at the unit’s

characteristic frequency. Overall, signal detection thresh-
olds were lower in the presence of modulated maskers,
compared to unmodulated maskers. In 10% of neurons that
exhibit masking release, responses to the target signal were
stronger during ‘dips’ of modulated maskers, providing evi-
dence for neural correlates of dip listening in frogs. In addi-
tion, masking release was more pronounced at the narrowest
and widest masker bandwidths. Importantly, masking release
depended on both masker modulation and masker bandwidth
for 15% of neurons, providing evidence for neural correlates
of CMR in the anuran central auditory system. Goense and
Feng (2012) suggested that such neurons may contribute to
behavioral CMR in frogs.

Recent studies have shown that female Cope’s gray
treefrogs exploit comodulation in background noise to
reduce communication errors in evolutionarily important
contexts. In a series of psychophysical experiments, Lee
et al. (2017b) tested the extent to which female frogs benefit
from CMR in three different contexts: recognizing adver-
tisement calls (Fig. 6a), discriminating between conspecific
and heterospecific calls differing in pulse rate (Fig. 6b), and
discriminating between conspecific calls differing in call
effort, a sexually selected property (Fig. 6¢). Female frogs
were tested in the absence or presence of chorus-shaped
maskers constructed by adding two narrow-band noises
(400-Hz or 800-Hz bandwidth) centered on the two spectral
peaks present in advertisement calls (1.3 and 2.6 kHz). In
the unmodulated masking condition, no amplitude modula-
tions beyond the inherent fluctuations present in narrow-
band noise were imposed on the two narrow-band noises.
The envelopes of low-pass filtered noises (12.5 Hz cutoff)
were used to impose random amplitude fluctuations on the
narrow-band noises and create two amplitude-modulated
masking conditions: uncorrelated and comodulated. In the
uncorrelated condition, each masker band was modulated
with a different envelope, which yielded temporal envelopes
that fluctuated independently across bands. In the comodu-
lated condition, both masker bands were modulated with the
same envelope, resulting in correlated amplitude fluctuations
across frequency. Compared to the unmodulated condition,
signal recognition thresholds were lower in both modulated
conditions. Importantly, thresholds were 2.6 dB lower in the
comodulated condition, compared to the uncorrelated con-
dition (Fig. 6a). When given a choice between conspecific
and heterospecific calls, females preferred the conspecific
call more often than expected by chance in both modulated
masking conditions, but not in the unmodulated masking
condition (Fig. 6b). Importantly, the proportion of females
choosing the conspecific call was significantly higher in the
comodulated masking condition, compared to the uncor-
related masking condition. Similarly, the proportion of
females choosing high- over low-effort calls was higher in
the comodulated condition compared to the uncorrelated and
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Fig.6 Comodulation masking release in Cope’s gray treefrog. Shown
here is a comparison of responses to signals presented in quiet and in
the presence of chorus-shaped noise that had either temporally corre-
lated (comodulated) envelope fluctuations, uncorrelated envelope fluc-
tuations, or no envelope fluctuations (unmodulated). a Bars depict the
mean=+s.e.m. signal recognition thresholds determined using an adap-
tive tracking procedure. The horizontal dashed line indicates the level of
performance relative to the condition with the highest threshold. b Bars
depict the proportion (£95% exact binomial confidence intervals) of sub-
jects choosing stimuli with conspecific pulse rates, P(conspecific pulse
rate). Horizontal dashed line depicts the level of performance expected by
chance (0.5) in a two-alternative choice test. ¢ Bars depict the proportions
(£95% exact binomial confidence intervals) of subjects choosing stimuli
with relatively higher calling efforts, P(higher calling effort). Horizontal
dashed line depicts the level of performance expected by chance (0.5)
in a two-alternative choice test. Subjects generally performed better in
comodulated noise compared with uncorrelated and unmodulated noise.
Redrawn from Lee et al. (2017b)
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unmodulated masking conditions (Fig. 6¢). These results
confirmed a role for comodulation masking release in call
recognition and discrimination.

In a follow-up study, Bee and Vélez (2018) used the same
three masking conditions to investigate the effects of masker
level on CMR. Signal recognition thresholds were obtained
for each of the three maskers broadcast at 53 or 73-dB SPL,
and used to compute signal-to-noise ratios at threshold.
Overall, signal-to-noise ratios were lower in the comodu-
lated masking condition, and at the high, 73-dB, masker
level. These results corroborated those from Lee et al.
(2017b) by showing that female frogs experience CMR, and
they are in line with studies from human listeners show-
ing stronger effects of CMR at higher masker levels (Moore
and Shailer 1991; Bacon et al. 1997). Together, results from
these studies suggest that frogs can exploit comodulations,
a natural scene statistic of frog breeding choruses and other
natural sounds, to mitigate the impacts of auditory mask-
ing in ecologically relevant tasks of call recognition and
discrimination.

The ability to exploit spectro-temporal correlations in
noise to improve signal detection and recognition may have
evolved early in vertebrate hearing. In addition to frogs,
CMR has been documented through behavioral experiments
in goldfish (Fay 2011), European starlings (Klump 2016),
mice (Klink et al. 2010), gerbils (Klump et al. 2001), and
dolphins (Branstetter and Finneran 2008). Similarly, neural
correlates of CMR have also been reported in European star-
lings (Klump 2016), mice (Sollini and Chadderton 2016),
gerbils (Diepenbrock et al. 2017), guinea pigs (Pressnitzer
et al. 2001), and cats (Nelken et al. 1999). Whether the
underlying mechanisms of CMR are common across ver-
tebrates remains to be determined. CMR likely depends on
a combination of within- and across-channel mechanisms
(reviewed in Verhey et al. 2003). The anuran peripheral
auditory system, with two auditory papillae, offers a unique
opportunity to investigate the relative contributions of
within- and across-channel mechanisms involved in CMR.
Future work should integrate behavioral and physiological
studies to uncover the underlying mechanisms of CMR that
contribute to hearing in real-world situations.

Exploiting spatial separation
between signals and noise

A third major theme in Feng’s research on frog hearing—
beginning with his dissertation (Feng 1975)—aimed to dis-
cover the neurosensory mechanisms of sound localization
and directional hearing more broadly (Feng and Capranica
1976; Feng et al. 1976; Feng 1980, 1981; Feng and Shofner
1981; Gooler et al. 1993; Xu et al. 1994, 1996; Ratnam
and Feng 1998; Lin and Feng 2001, 2003). This body of
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research, which Gerhardt et al. (2022) review in the con-
text of Feng’s work on sound localization in frogs, inspired
investigations into how frogs exploit spatial separation
between signals and noise as a means of coping with audi-
tory masking.

In humans, signal detection and recognition are improved
when signals and noise originate from different locations in
space compared to conditions in which they come from the
same location. This so-called “spatial release from mask-
ing” (reviewed in Litovsky 2012) plays important roles in
our ability to follow conversations in crowded social envi-
ronments (Bronkhorst 2000). When sources of speech and
speech-like noise are separated in azimuth by 90°, for exam-
ple, listeners often experience improvements in speech rec-
ognition thresholds of 6—12 dB or more (Bronkhorst 2000).
Spatial release from masking arises when spatial separa-
tion between signals and noise creates a monaural cue that
improves the signal-to-noise ratio at one ear (the so-called
“best ear for listening”) as well as binaural disparities
between signal and noise in terms of interaural time and
interaural level differences at the two ears. Spatial attention
also plays a role in spatial release from masking.

Schwartz and Gerhardt (1989), citing the work of Feng
and Shofner (1981) on the directional responses of frog
auditory nerve fibers, were the first to examine spatial
release from masking in frogs. Using a phonotaxis assay,
they showed that female green treefrogs (H. cinerea) experi-
ence about 3 dB of masking release when sources of signals
(advertisement calls and aggressive calls) and sources of
broadband noise were separated by 45° to 90°. Spatial sepa-
ration, however, did not improve females’ discrimination
between advertisement and aggressive calls, a feat they read-
ily perform in quiet. In a subsequent series of electrophysi-
ological studies of the larger northern leopard frog (R. pipi-
ens), Feng and colleagues investigated the neural correlates
of spatial release from masking in auditory nerve fibers and
in the auditory midbrain (Ratnam and Feng 1998; Lin and
Feng 2001, 2003). Ratnam and Feng (1998), for example,
first showed that the detection thresholds of some frog mid-
brain neurons decreased when sources of signals and noise
were separated in azimuth (see also Schwartz and Gerhardt
1995). Lin and Feng (2001) subsequently showed that audi-
tory nerve fibers exhibit less spatial release from masking
(average maximum of 2.9 dB; Fig. 7a) compared with mid-
brain neurons (average maximum of about 9.4 dB; Fig. 7b),
although there was considerable overlap in the magnitudes
of masking release between both types of cells (Fig. 7). This
important result suggested the hypothesis that additional
processing by the central nervous system played an impor-
tant role in exploiting spatial separation between signals and
noise. Lin and Feng (2003) confirmed this hypothesis by
showing that blocking GABA , receptors, thereby reduc-
ing inhibition, in the midbrain reduced the magnitude of
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Fig.7 Spatial release from masking in the ascending auditory sys-
tem of the northern leopard frog. Histograms show the distributions
of the amounts of maximum spatial release from masking resulting
from angular separation of signal and noise for a auditory nerve fibers
and b neurons from the auditory midbrain (inferior colliculus). The
means (shown by arrows) and standard deviations are shown above
each graph. The magnitude of neural spatial release from masking
was greater in the midbrain compared with the auditory nerve. Data
from Lin and Feng (2001). Redrawn from Feng and Schul (2007)

spatial release from masking to a magnitude more typical of
auditory nerve fibers. Their interpretation of this result was
that abolishing binaural inhibition reduced the sensitivity of
midbrain neurons to interaural level differences, and thus to
sound direction, thereby reducing the magnitude of neural
spatial release from masking (Ling and Feng 2003).

More recent behavioral studies of spatial release from
masking have been conducted with females of Cope’s gray
treefrog (H. chrysoscelis) using a phonotaxis paradigm.
Based on the latency of phonotaxis, Bee (2007) estimated
the magnitude of spatial release from masking to be on the
order of 6-12 dB when sources of advertisement calls and
chorus-shaped noise were separated by 90° compared with
a co-located condition (Fig. 8). In a follow-up study, Nity-
ananda and Bee (2012) used an adaptive tracking procedure
(Bee and Schwartz 2009) to measure behavioral recogni-
tion thresholds in co-located and 90° separated conditions.
On average, females experienced about 4.5 dB of mask-
ing release in the separated condition. This magnitude of
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Fig.8 Spatial release from masking in Cope’s gray treefrog. Bars
depict the mean +s.e.m. normalized latency to respond to a synthetic
advertisement call in the presence of artificial chorus-shaped noise
(i.e., noise with a frequency spectrum similar to a natural chorus)
as a function of the signal-to-noise ratio. Signal and noise were pre-
sented either from adjacent speakers (co-located condition; gray bars)
or from speakers separated by 90° (separated, white bars). Latencies
were normalized to latencies in response to the same call presented
in quiet at an amplitude equivalent to that of the+6 dB condition.
Responses were significantly faster in the separated condition at sig-
nal-to-noise ratios of -6 dB and 0 dB. *p <0.05. Redrawn from Bee
(2007)

masking release is smaller than might have been expected
based on neural recordings from the leopard frog mid-
brain (Lin and Feng 2001), but it coincided closely with
the magnitude of masking release expected to result solely
from the inherent directionality of the gray treefrog’s tym-
panum (Caldwell et al. 2016) and that based on recordings
of leopard frog auditory nerve fibers (Lin and Feng 2001).
Additional studies have shown that the benefits of spatial
separation between signals and noise extend beyond reduced
thresholds for detection and recognition to include improve-
ments in sound pattern discrimination. For example, spatial
separation between signals and noise improved females’
ability to discriminate between conspecific calls and those
of a closely related sister species (H. versicolor) based on
differences in pulse rate (Bee 2008; Ward et al. 2013).
Together, results from behavioral and neurophysiologi-
cal studies of frogs provide robust support for the hypoth-
esis (Fay and Feng 1987; Feng and Ratnam 2000; Feng and
Schul 2007) that spatial release from masking facilitates
vocal communication in the noisy, real-world environment
of a frog breeding chorus. At present, however, we lack a
coherent understanding of how mechanisms underlying
spatial release from masking produce perceptual benefits
for receivers. For example, to what extent is the spatial
release from masking demonstrated in behavior created by
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the inherent directionality of the peripheral auditory system
versus augmented by additional processing in the central
nervous system. To answer such questions, additional work
is needed that examines the neural basis of spatial release
from masking in species of frogs where behavioral data
are available. It will also be important in future studies to
understand the extent to which mechanisms for exploiting
spatial separation between signals and noise interact with
those that functionally exploit frequency separation between
signals and noise as well as temporal fluctuations in noise
amplitude.

Looking forward

In this final section, we discuss a few emerging and future
research areas, both conceptual and methodological, that
would build on Feng’s considerable legacy to better under-
stand the mechanisms and evolution of hearing and sound
communication in frogs, particularly in terms of how they
cope with noise. The topics discussed here are by no means
exhaustive, but represent our suggestions for how forward
progress could be made that would significantly enhance
knowledge of frogs and their importance as vertebrate
research systems in auditory neuroethology.

Energetic masking versus informational masking

Historically, students of animal communication have
tended to use “masking” or “auditory masking” or “mask-
ing interference” as convenient catchall terms to describe
the negative impacts of noise (Brumm and Slabbekoorn
2005; Barber et al. 2010; Luther and Gentry 2013). Indeed,
we have also done so up to this point. This is in contrast to
studies of human hearing and speech perception in noise,
which often distinguish between the separate effects of
two broad types of masking involving different underlying
mechanisms, energetic masking and informational mask-
ing (Kidd et al. 2008). Energetic masking typically refers
to masking that occurs when signals and noise overlap in
time and frequency and are processed by the same audi-
tory filter. Under conditions of energetic masking, exci-
tation patterns elicited by the noise plus signal cannot
be distinguished from those elicited by the noise alone.
Quite commonly, energetic masking is viewed as occur-
ring in the peripheral auditory system, for example when
noise alone and noise plus signal generate indistinguish-
able response patterns in auditory nerve fibers, but it can
also occur in the central nervous system (Durlach et al.
2003). In contrast to energetic masking, informational
masking (Kidd et al. 2008) refers to situations when sig-
nals are audible (i.e., detected) but noise interferes with
central auditory mechanisms that contribute to processing
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informative features of the signal. Informational mask-
ing is frequently associated with limitations of selective
attention (e.g., when noise “distracts” a listener) or break-
downs in auditory grouping (e.g., when signals and noise
are perceptually grouped together). Energetic masking and
informational masking represent important but mechanisti-
cally distinct contributors to the difficulty we humans have
following a conversation in social environments where
multiple people are talking simultaneously.

To achieve a deeper understanding of how animals are
adapted to cope with noise, future research on nonhuman
animals, including frogs, must distinguish between ener-
getic and informational masking in terms of their proxi-
mate causes and ultimate consequences. Presently, few
studies of hearing and sound communication in animals
properly distinguish between energetic and informational
masking, even though the latter may be more pronounced
under some circumstances (Rosa and Koper 2018). The
available evidence from animal behavior studies conducted
outside the context of acoustic communication suggests
nonhuman animals also encounter problems of informa-
tional masking (e.g., Allen et al. 2021). Some of the results
discussed in a previous section hint that acoustic sign-
aling in frogs is also susceptible to informational mask-
ing. For example, in the study of dip listening in Cope’s
gray treefrog by (Vélez and Bee 2011), signal recognition
thresholds in the presence of SAM noise were elevated
when the modulation rate of the chorus-shaped masker
was close to the pulse rate of the target signal (Fig. 5).
Similar effects were not observed using spectrally matched
SAM maskers having lower and higher modulation rates.
This result is difficult to explain as a function of ener-
getic masking in the periphery. Instead, an informational
masking interpretation of this result is that modulations
in the SAM noise interfered with the ability of subjects
to process the signal’s pulse rate, which is an important
species recognition cue in this species (Schul and Bush
2002). More recently, Gupta and Bee (2022b) directly
tested the informational masking hypothesis in the same
species. They found that a sequence of slow-rate, ran-
dom-frequency pulses that were temporally interleaved
with those of the target signal but presented in a remote
frequency range impaired call recognition relative to
quiet and a control condition with a frequency- and level-
matched bandlimited noise lacking temporal structure.
Importantly, target signals and maskers were delivered in
the separate frequency ranges primarily transduced by AP
and BP, thereby significantly reducing the potential for
energetic masking. The interpretation was that the pulsed
structure of the informational masker interfered with pro-
cessing the pulsed structure of the target signal. Additional
studies of informational masking in frogs that integrate
behavioral and electrophysiological approaches will be

needed to understand how real-world noises interfere with
the processing of biologically informative features of com-
munication sounds.

Multimodal signaling

Over the past two decades, following the seminal paper
by Partan and Marler (1999), multimodal signaling has
become a hot topic in the study of animal communica-
tion (Hebets and Papaj 2005; Partan and Marler 2005;
Higham and Hebets 2013; Halfwerk et al. 2019). Multi-
modal signals have multiple components that are trans-
duced by receivers using more than one sensory modality.
A prominent functional hypothesis for the evolution of
multimodal signals is that they are favored because differ-
ent components can convey either multiple messages or
redundant messages (Johnstone 1996; Hebets and Papaj
2005; Elias et al. 2006). Multimodal signals may be par-
ticularly advantageous when noise in one sensory chan-
nel degrades the quality of signal information, but simi-
lar information can still be conveyed by redundant signal
components transduced by a different sensory modality
(Partan 2013, 2017).

Beginning with the robotic playback studies of Nar-
ins et al. (2003, 2005) and the video playback study by
Rosenthal et al. (2004), frogs have featured prominently
in studies of multimodal signaling. This work suggests
receivers sometimes make different behavioral decisions
when they perform “cross-modal integration,” that is,
when they integrate acoustic information in advertisement
calls with visual cues provided by a synchronously inflat-
ing vocal sac (reviewed in Farris and Taylor (2016)). Thus,
we might expect reliance on the redundant visual cue of a
vocal sac (see Fig. 1a) to help frogs mitigate noise prob-
lems in a way analogous to lipreading in humans (Grant
and Seitz 2000; Bernstein et al. 2004). So far, however,
few studies have investigated whether chorus noise influ-
ences the extent to which frogs rely on vocal sacs as redun-
dant cues or signals. Evidence from recent robotic play-
back studies of tingara frogs (Physalaemus pustulosus)
(Taylor et al. 2021) and Cope’s gray treefrogs (H. chrysos-
celis) (Li et al. 2022) suggests visual cues associated with
a vocal sac may have limited efficacy in soliciting female
approaches toward calling males in noisy conditions. In
the study by Li et al. (2022), for example, the presence
of a robotic calling male with a dynamically inflating
vocal sac did not alter responses to acoustic signals with
temporal structures degraded by the simulated effects of
noise or to those broadcast in the presence of chorus noise.
Additional work in more species, and with more realistic
robots (Narins and Feng 2007), is needed to determine
the extent to which frogs rely on visual cues to overcome
cocktail-party-like problems. Much of the previous work
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on multimodal signaling in the context of mate choice in
nocturnal frogs has used potentially problematic methods
that should be avoided in future studies (reviewed in Li
et al. 2022).

Anthropogenic noise

Feng emphasized the need to understand sound processing
in “real world” environments (Feng and Ratnam 2000; Feng
and Schul 2007). Sadly, those environments are changing
rapidly. Urban development and the expansion of transpor-
tation networks are causing dramatic increases in the lev-
els of human-generated noise that can substantially alter
the soundscapes in which animals communicate (Barber
et al. 2010; Shannon et al. 2016). Accordingly, the last two
decades have seen an explosion of studies on whether and
how animals adjust their signals and signaling behaviors in
response to anthropogenic noise (Slabbekoorn et al. 2018;
Kunc and Schmidt 2021; Gomes et al. 2022), including in
frogs (e.g., Sun and Narins 2005). Recordings of anthropo-
genic noise (e.g., traffic noise; Fig. 9) near wetland breeding
sites suggest frogs could be susceptible to human impacts
on soundscapes. Compared to other taxa, however, relatively
few studies have investigated the potential consequences of
anthropogenic noise on frogs (reviewed in Simmons and
Narins 2018; Kunc and Schmidt 2021; Gomes et al. 2022;
Zaftaroni-Caorsi et al. 2022). As noted by Narins and Feng
(2007), it will be important to assess how the limited plastic-
ity in frog calls and calling behavior allow them to cope with
problems of anthropogenic noise. Studies on frogs and toads
show mixed results, with strong differences among species
in the acoustic properties affected by anthropogenic noise
and in the magnitudes of the effect. It is, therefore, impor-
tant to continue exploring this issue comparatively, consider-
ing ecological and morphological characteristics that may
correlate with changes in calls or soundscape properties.
Moving forward, we emphasize the need for using appropri-
ate methods when comparing the amplitude and frequency
of calls in the presence and absence of noise (Brumm and
Zollinger 2011; Brumm et al. 2017), as well as adequate
experimental designs to avoid problems with pseudoreplica-
tion (Kroodsma 1989).

Building upon Feng’s research on hearing in real-world
situations, future studies should also focus on how the
auditory system of receivers adjusts to increasing levels
of anthropogenic noise. Despite decades of research on
the effects of anthropogenic noise on animal communica-
tion, we have very limited knowledge about how receiv-
ers from urban populations may cope with this problem
(Slabbekoorn et al. 2018; Derryberry and Luther 2021).
In frogs, few studies have investigated how anthropogenic
noise impairs signal recognition by females (Zaffaroni-
Caorsi et al. 2022). Whether receivers from populations
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Fig.9 Traffic noise overlaps frog calls in frequency and time.
Depicted here are the sound pressure levels of traffic noise recorded
at a wetland in the area of Minneapolis/St. Paul, MN, USA as a func-
tion of a time of night and b frequency. Recordings were made near
the water’s edge and from the approximate height of the water’s sur-
face every 30 min between 1800 and 0000 h, which spans the time of
evening and night when many frog choruses form. The recording site
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5 m above the surface of the water. Sound pressure levels (LCF,

peak®
LCF, 0 LC,q or LCF;,) were measured in 1/3 octave bands.

Redrawn from Bee and Swanson (2007)

exposed to high levels of anthropogenic noise experience
similar or less masking than those from more rural areas is
still unknown. With an AP that acts as a bank of band-pass
filters sensitive to relatively low frequencies, and a BP
that acts as one broad auditory filter tuned to higher fre-
quencies (reviewed in Smotherman and Narins 2000), the
anuran ear offers a superb opportunity to understand how
different auditory systems may respond to human-induced
changes to the soundscape. Populations of frogs and toads
in small pockets of suitable breeding habitat within cities,
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with potentially little gene flow between them and with
other rural populations, set the stage for comparative stud-
ies on evolutionary responses, developmental plasticity,
and short-term adjustments of the auditory system to novel
soundscapes.

Awake-behaving preparations

As this review illustrates, numerous behavioral and neuro-
physiological studies have investigated the impacts of audi-
tory masking in frogs. With a few notable exceptions (e.g.,
Simmons 1988; Freedman et al. 1988; Schwartz & Gerhardt
1995), however, most of these behavioral and neurophysi-
ological studies have been conducted not only using different
individuals as subjects, but more often using individuals of
different species. Most behavioral studies of auditory mask-
ing have been conducted in hylid treefrogs (H. chrysoscelis,
H. versicolor, H. cinerea, and H. gratiosa), whereas most
neurophysiological studies of auditory masking have used
ranid frogs as subjects (e.g., R. pipiens, R. catesbeiana). To
our knowledge, no study of frogs has investigated auditory
masking—or any other aspect of hearing—in awake, behav-
ing animals in which neural recordings are made simulta-
neously from individuals as they perform various tasks
involving sound detection, recognition, discrimination, and
localization.

Elucidating mechanisms that allow frogs to communi-
cate in real-world environments will require overcoming a
number of key challenges to enable neural recordings from
awake, behaving animals. While frogs have proven suitable
subjects in behavioral studies using reflex modification to
measure auditory thresholds and critical ratios, this method
has not yet been widely adopted, and more traditional psy-
choacoustic studies based on classical or operant condition-
ing have proven challenging (Simmons 1988). Therefore,
most masking studies of frogs rely on evoking the animal’s
natural behaviors, such as evoked calling by males (e.g.,
Narins 1982) or phonotaxis by females, as reviewed here.
Using phonotaxis as a behavioral assay in animals famous
for saltatory locomotion presents several technological
challenges for making stable neural recordings. Phonotaxis
studies frequently require subjects to hop toward playback
speakers located a meter or more away from a starting point.
Mounting hardware such as microdrives or headstages to the
thin skulls of small, jumping frogs poses obvious technical
challenges (but see Mohammed et al. 2013). Frog brains are
rather pulpous compared with those of birds and mammals,
making it difficult to record from single units in behaving
animals for any length of time using metal electrodes fixed
to the skull. In addition, because phonotaxis requires frogs
to move within the sound field, its use complicates experi-
mental studies of some key phenomena of interest, such as
spatial release from masking, that depend on manipulating

spatial relationships between signals and noise. We suggest
one way to potentially overcome these challenges would be
to integrate the use of flexible neural probes (e.g., Zhao et al.
2019; Pimenta et al. 2021) to record from animals that are
restrained from making large, saltatory movements but are
still able to freely exhibit measurable phonotaxis-related
behavior (Marquez et al. 2008; Gupta et al. 2020). Techno-
logical advances along these lines would, for the first time
in frogs, allow researchers to relate auditory-evoked neural
responses to the acoustically guided behavioral decisions of
individuals. Using such methods, we believe the field can
substantially build upon Albert Feng’s legacy by investigat-
ing how the frog’s brain listens to sounds not only in the real
world but also in real time.
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