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Tropical ecosystems are known for high species diversity. Adaptations
permitting niche differentiation enable species to coexist. Historically,
research focused primarily on morphological and behavioral adapta-
tions for foraging, roosting, and other basic ecological factors. Another
important factor, however, is differences in sensory capabilities. So far,
studies mainly have focused on the output of behavioral strategies of
predators and their prey preference. Understanding the coexistence of
different foraging strategies, however, requires understanding under-
lying cognitive and neural mechanisms. In this study, we investigate
hearing in bats and how it shapes bat species coexistence. We present
the hearing thresholds and echolocation calls of 12 different gleaning
bats from the ecologically diverse Phyllostomid family. We measured
their auditory brainstem responses to assess their hearing sensitivity.
The audiograms of these species had similar overall shapes but differed
substantially for frequencies below 9 kHz and in the frequency
range of their echolocation calls. Our results suggest that differ-
ences among bats in hearing abilities contribute to the diversity in
foraging strategies of gleaning bats. We argue that differences in
auditory sensitivity could be important mechanisms shaping diversity
in sensory niches and coexistence of species.

sensory niche partitioning | auditory brainstem response |
echolocation | audiograms | Phyllostomidae

he tropics harbor stunningly rich species diversity (e.g., refs.

1-3). One of the principal questions underlying tropical bi-
ology is how so many species can coexist (e.g., refs. 4-6). Over
decades, numerous studies have investigated niche partitioning
and how it affects competition for food and other resources (e.g.,
refs. 7-10). It has been shown that species can coexist thanks to
adaptations that have arisen in response to selection from a wide
array of potential limiting factors (4, 11). For example, coexis-
tence may reflect limitation by different foods when food is most
scarce, different types of roost site, foraging in different places or
times, using different foraging techniques, or limitation by different
predators, pests, or diseases (10-16). All these differences can
maintain the high species diversity we find in tropical regions.
One important, often overlooked driver of niche differentia-
tion is variation in sensory systems. Different species detect
prey using different senses. Even within a sensory system,
there can be considerable variation among species in sensory
capability (17).

Bats in particular exhibit many modes of niche differentiation.
Over 50 million y ago, the evolution of a key adaptation, the
ability to echolocate and thus navigate and find food in the dark
(18, 19), opened a whole suite of unoccupied niches to bats (20).
Echolocation gave bats access to the foraging niches that birds
occupied by day, allowing them to quickly radiate from simple
insectivores to occupy the stunning diversity of foraging niches
we find today (20). One family in particular, the Neotropical
leaf-nosed bats (Phyllostomidae), is strikingly diverse. They show
a wide range of diets, foraging strategies, and sensory abilities
(e.g., ref. 21): from bats that feed on insects to fruit to nectar, blood,
lizards, frogs, birds, and even other species of bats (22).
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With each foraging strategy, we see a suite of associated
sensory adaptations. Vampire bats, for example, use specialized
thermosensory “leaf pit” organs near the nose that allow them to
locate hot spots on their warm-blooded hosts, facilitating their
search for a blood meal (23, 24). The neural circuitry vampire
bats have evolved for this process—splicing TRPV1 transcripts in
trigeminal ganglia—represents a unique molecular pathway,
unknown in other taxa (25). Animalivorous phyllostomids rely
primarily on acoustic cues to forage and have their own set of
sensory adaptations to maximize their access to prey cues and
increase foraging success. They have two main sensory strategies:
active listening, in which they produce echolocation calls to find
prey (e.g., ref. 26), and passive listening, in which they attend to
prey-generated sounds (e.g., ref. 27). Phyllostomids have great
variability in the external sensory structures they use to gather
acoustic information (28). Such structures include intricate
noseleaves, which they use to direct outgoing echolocation
beams (29), and elaborate outer ears or pinnae, which they use
to direct incoming sound (30).

In the predation process, bats must successfully tackle several
different tasks: encountering, detecting, identifying, attacking,
and eating their prey (31). Niche partitioning can take place in any
of these tasks. For example, four tested animalivorous gleaners,
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bats that capture their prey from surfaces, differ little in echolocation
call design, wing morphology, pinnae structure, or prey handling
ability (32). We do, however, see evidence for sensory-based niche
partitioning among these species due to differences in their acoustic
preferences for prey cues, with each species preferring a different
suite of acoustic properties in the mating calls of their katydid prey
(32). Falk et al. (32) suggested that this divergence in predator acoustic
preference could be contributing to the coexistence of gleaning bats.
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While several studies have investigated the acoustic preferences
of bats for their prey (e.g., refs. 27 and 32-36), to our knowledge,
none have addressed the underlying physiological mechanisms
driving differentiation in prey preference. So far, most studies have
focused on the product of bat sensory abilities by investigating
differences in prey preference and foraging behavior, with little
attention to the underlying sensory mechanisms driving these dif-
ferences. Given the variability in preference for the calls of different
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Audiograms of 12 gleaning bat species. Graphs depict species-specific (mean) ABR thresholds (black lines; shading presents SEM for species with n > 3),
which were calculated via bootstrap analyses. Measurements were conducted for 29 tone pip frequencies linearly distributed between 5 and 117 kHz and 13
sound levels between 28 and 100 dB peSPL in 6-dB increments. The iso-response lines (colored lines) represent the different strengths of the measured ABR
signal (black numbers indicate ABR strength in pV). Species names and the number of measured individuals (n) are given in the respective plot title (A-L).
Audiograms for single individuals (F-L) should be interpreted with care due to the low sample size (n = 1). Red numbers above the x-axes indicate the number
of individuals used for calculating the mean + SEM if the n was lower than the total sample size. The numbers are positioned above the corresponding
frequency. Horizontal bars represent different prey frequency ranges: 2 to 8 kHz (crickets; brown), 0.4 to 5 kHz (frogs; light blue), 10 to 34 kHz (katydids; light
green), and 3 to 30 kHz (prey rustling sounds; orange). The red horizontal bar in the audiograms indicates the recorded frequency bandwidth of the species-
specific echolocation calls. Vertical bars represent minimum frequency (dark blue), peak frequency (light blue), and maximum frequency (green) of the calls.
For detailed echolocation call parameter measurements, refer to S/ Appendix, Table S3. Bat portraits here and in Figs. 2 and 3 courtesy of Marco Tschapka.
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prey species, it is likely that how bats perceive sounds and their
sensitivity to different acoustic signals varies greatly. Are the dif-
ferences in auditory sensitivity and hearing abilities a key mecha-
nism underlying the differences we see in bat ecological niches?

Here, we ask whether variation in hearing sensitivity reflects
differences in foraging strategies of acoustically hunting ani-
malivorous gleaning bats in the Neotropics and if it can con-
tribute to their coexistence. One method for measuring the
auditory or hearing sensitivity of animals is by monitoring the
auditory brainstem response (ABR) to different acoustic stimuli.
ABRs are acoustically evoked electrical potentials, which consist
of stereotyped waveforms. These waveforms are generated by
synchronous neural activity in the sound-processing centers
along the auditory pathway (37, 38). While ABRs are sensitive to
anesthesia depth and do not necessarily reflect absolute auditory
sensitivity [i.e., they can lie more than 20 dB below behavioral
thresholds (39—42)], this minimally invasive technique allows the
assessment of audiograms of wild-caught, untrained individuals
within a short time period, allowing the bats’ release right after
the measurements. Comparisons between behavioral audiograms,
ABRs, and neuronal hearing assessments (e.g., recorded from the
inferior colliculus) in bats show major overlaps and are comparative
in shape [but not necessarily in absolute threshold; see extensive
discussion of this topic in the supplemental materials of Latten-
kamp et al. (43)]. In this study, we measured audiograms across a
wide range of frequencies in 12 sympatric Neotropical animal-
ivorous gleaning bat species, which allowed us to compare hearing
sensitivity and ability among and within species.

Results

In total, we measured ABRs from 37 adult individuals of 12
different gleaning phyllostomid bat species. For five species, we
were able to measure ABRs from three to eight individuals
(Fig. 1 A-E and SI Appendix, Fig. S2 A-E and Table S1), whereas
for the remaining seven species, we only got measurements from
one individual per species (Fig. 1 F-L and SI Appendix, Fig. S2
F-L and Table S1). Thus, the audiograms for single individuals
(Fig. 1 F-L and SI Appendix, Fig. S2 F-L) should be interpreted
with care due to the low sample size. Still, we argue that the
single audiograms can be indicative of a species’ hearing
threshold. Especially as there has been no prior publication of
the audiograms of these species in the literature, they provide
invaluable baseline knowledge about their hearing characteris-
tics. Although the shape and strength of the click-evoked ABR
waveforms varied among the 12 species (SI Appendix, Fig. S4),
the bootstrap thresholds for click-evoked ABRs were all de-
tected at 60 (—10) dB peak-equivalent sound pressure level
(peSPL). The peaks in an ABR waveform reflect the different
neuronal processing centers along the auditory pathway.

Tone Pip—Evoked ABR Thresholds. The audiograms or mean hearing
thresholds (lowest sound levels evoking a significant ABR signal)
in response to the tone pips between 5 and 117 kHz were shaped
similarly for all 12 species (Figs. 1 A-L and 2 4 and B and SI
Appendix, Fig. 2A-L). Overall, we recorded lower sensitivities to
tone pips (=50 dB peSPL) below 9 kHz and above 70 kHz
(Fig. 2). However, despite a similar overall shape, the species
differed in the slopes and sensitivity peaks of their audiograms.

For the five species with more than three individuals tested,
hereafter “multi-individual species,” the differences between
hearing thresholds was greatest in the low-frequency range
around 9 kHz, where the audiograms did not show an overlap of
the SEM (Fig. 24). The audiograms for these five species
overlapped greatly in a frequency range between 30 and 50 kHz.
Above 80 kHz, the hearing threshold of Micronycteris microtis
was visibly more sensitive than the thresholds of Lophostoma
silvicolum, Trachops cirrhosus, and Micronycteris hirsuta, which
strongly overlapped (Fig. 24). In general, L. silvicolum had the
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highest sensitivity to tone pips for frequencies from 9 to 37 kHz
(mean <37 dB peSPL; Fig. 24), corresponding to the frequency
range of katydid calls (10 to 34 kHz). With an around 2 to 6 dB
peSPL difference to L. silvicolum, T. cirrhosus also showed high
hearing sensitivity (mean <40 dB peSPL) covering the broad
frequency range from 13 to 45 kHz. T. cirrhosus had by far the
highest sensitivity in the low-frequency range in comparison to
the other multi-individual species (3 to 6 kHz; Fig. 3E). L. silvicolum
showed a drop-off above 49 kHz, and T. cirrhosus showed a sharp
drop-off above 65 kHz (Fig. 1 D and E). M. microtis had a high
sensitivity (mean <40 dB peSPL) between 13 and 41 kHz, with the
sharpest drop-off in sensitivity by 14 dB from 37 + 3.5 to 51 + 5.9 dB
peSPL at 13 to 9 kHz, respectively, compared to the other four multi-
individual species. For M. microtis, we measured a high sensitivity in
the higher frequency range (mean <50 dB peSPL: 45 to 81 kHz),
with the highest sensitivity throughout above 69 kHz compared to the
other four multi-individual species (Fig. 2C). M. hirsuta had its
highest mean sensitivity between 9 and 37 kHz (<42 dB peSPL) and
showed a sharp drop-off in sensitivity by 41 dB from 38 +£3.5to 79 +
14.3 dB peSPL at 9 to 5 kHz, respectively. In the higher frequency
range, M. hirsuta had sensitivities similar to L. silvicolum, except for
frequencies above 85 kHz, where it was 6 to 14 dB peSPL more
sensitive (Fig. 2C). Even though the overall shape of the mean tone
pip—evoked ABR thresholds of Trinycteris nicefori was similar to the
other multi-individual species, in comparison, we measured the
lowest sensitivities for this species (Fig. 2.4 and C).

In addition to T. cirrhosus and L. silvicolum, we found low
auditory thresholds in the low-frequency range (3 to 6 kHz) for
Tonatia saurophila and Gardnerycteris crenulatum (Fig. 3 H and
J). For these four species, we were even able to detect hearing
thresholds below 3 kHz (SI Appendix, Fig. S3). Even though our
very low—frequency measurements should be considered with
caution due to the speaker not being calibrated below 2 kHz, we
argue that it is likely that for these four species, sensitivities in
the very low—frequency range are even higher than measured here.
The other eight species showed only weak responses to frequencies
between 3 to 6 kHz (Fig. 3). In species that showed a sensitivity
maximum in the higher frequency range (50 to 120 kHz), it mostly
corresponded to the echolocation call frequency range of the
species (Fig. 1 A-L).

Dynamic Range of Hearing. The strength of the ABR signal (in
microvolts) is depicted as the differently colored iso-response
lines in the contour plots (Figs. 1 A-L and 3 A-L and SI Ap-
pendix, Figs. S2 A-L and S3 A-D). A small distance between the
iso-response lines represents a large increase in the RMS of the
ABR waveform in response to a slight increase in level of the
played stimulus. In other words, a small increase in stimulus
amplitude leads to a large increase in ABR strength. Therefore,
the distance between the iso-response lines can be an indicator
of the dynamic range of hearing or the encoding of amplitude
differences in the auditory pathway (44). A large distance be-
tween the iso-response lines can indicate a larger dynamic range
and thus an improved amplitude resolution, allowing the detec-
tion of small amplitude differences. In general, the distance
between the iso-response lines was smaller at lower frequencies
(i.e., <20 kHz), corresponding to the prey-produced frequencies,
and larger in high-frequency ranges (>40 kHz), mostly corre-
sponding to the species’ echolocation calls (Fig. 1 A-L).

Echolocation Calls. In total, we measured 1,700 calls from 34 adult
individuals of the 12 different bat species and extracted different
sound parameters. Like for the ABR measurements, for five
species we were able to measure parameters for more than one
individual, whereas for the remaining seven species, we only got
measurements from one individual per species (SI Appendix,
Tables S1 and S3). All of the recorded species emit short, mul-
tiharmonic, frequency-modulated echolocation calls typical of
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Fig. 2. Comparison of audiograms of 12 gleaning bat species. (A and B) ABR thresholds (thick lines in different colors for each species) evoked by 29 tone pip
frequencies linearly distributed between 5 and 117 kHz and 13 sound levels between 28 and 100 dB peSPL in 6-dB increments. (A) Mean thresholds and SEM
(color shading around the lines) for five species with n > 1 individuals. (B) Thresholds for eight species with one individual. The different colored horizontal
bars (in A and B) indicate the different frequency ranges of prey mating calls, prey rustling noises, or phyllostomid echolocation calls. (C) Detailed sections of
the mean + SEM. ABR thresholds of five species (M. microtis, M. hirsuta, L. silvicolum, T. cirrhosus, and T. nicefori) for three different frequency ranges. Left
Panel: 5 to 13 kHz, Central Panel: 17 to 33 kHz, and Right Panel: 61 to 105 kHz.

phyllostomids during flight (examples of single calls for each
species in Fig. 4). The overall range of the measured peak fre-
quencies for the 12 species was between 68 and 98 kHz (S/
Appendix, Table S3). All species emitted fairly short calls, with
Glyphonycteris daviesi having the shortest (0.55 + 0.11 ms) and
Macrophyllum macrophyllum having the longest (0.86 = 0.14 ms)
call duration. G. daviesi also had the lowest (68.1 + 4.8 kHz)
measured peak frequency, whereas we measured the highest
peak frequency for M. microtis (97.6 + 5.0 kHz). G. crenulatum
emits calls with the smallest bandwidth (32.7 + 4.8 kHz) and
Micronycteris schmidtorum (78.5 + 12.2 kHz) and M. microtis
(76.1 £+ 5.6 kHz) emit calls with the highest bandwidth compared
to the other species. G. crenulatum also has the shallowest calls,
with a sweep rate of 47.6 kHz/ms, and M. microtis emits the
steepest frequency-modulated calls (132.6 kHz/ms sweep rate) of
the 12 recorded phyllostomids.

Discussion

To better understand the role of sensory niche partitioning in
species coexistence, we examined hearing abilities in 12 species
of sympatric gleaning bat species. We derived species-specific
audiograms by measuring click- and tone pip-evoked ABRs
and related them to different frequency ranges of prey-produced
sounds (e.g., crickets, katydids, frogs, and rustling noises) and

40f 10 | PNAS
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our measured echolocation call ranges of the respective gleaners.
Our study uses standardized testing of the hearing capacity of
gleaning bat species in a large and consistent parameter space
covering 29 frequencies (between 5 and 117 kHz) and 13 sound
levels (between 28 and 100 dB peSPL). To our knowledge, with
the exception of only one audiogram for T. cirrhosus (45), no
previous audiogram has been published for the 12 studied spe-
cies. Among the bat species examined, we found differences in
the species-specific audiograms, suggesting that hearing abilities,
specifically the sensitivity to different frequency ranges and a
flexibility associated with auditory dynamic range, could under-
gird niche partitioning between bats in a feeding guild with
similar foraging strategies.

Variation in Auditory Sensitivity. The overall shape of the audio-
grams is similar across species in the medium-frequency range
(between 9 kHz and 70 kHz). However, we find species-specific
differences in hearing sensitivity at lower and higher frequencies.

The thresholds for the multi-individual species varied greatly
for frequencies below 9 kHz, with 7. cirrhosus and L. silvicolum having
the highest sensitivity in the low-frequency range. For M. microtis,
M. hirsuta, and T. nicefori, we found a drop in sensitivity for fre-
quencies below 9 kHz. In addition to the multi-individual species,
we found high sensitivity to low frequencies in 7. saurophila
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Audiograms for single individuals (F-L) should be interpreted with care due to the low sample size (n = 1). Red numbers above the x-axes indicate the number
of individuals used for calculating the mean + SEM if the n was lower than the total sample size. The numbers are positioned above the corresponding
frequency. Horizontal bars represent different prey frequency ranges: 2 to 8 kHz (crickets; brown), 0.4 to 5 kHz (frogs; light blue), and 3 to 30 kHz (prey

rustling sounds; orange).

and G. crenulatum. For four species (T. cirrhosus, L. silvicolum,
T. saurophila, and G. crenulatum), we measured thresholds below
6 kHz, with hearing sensitivity even likely below 3 kHz.

Our results suggest that hearing abilities could be an under-
lying mechanism shaping foraging strategies and prey spectra,
allowing multiple gleaners to coexist in a local bat assemblage.
For example, our study and the behavioral audiogram from Ryan
et al. (45) show that T. cirrhosus are sensitive to low-frequency
sounds below 5 kHz, matching the main frequencies of the anuran
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mating calls this bat uses to localize its prey [0.2 to 5 kHz (45)], as
well as rustling noises from moving prey such as beetles, another
substantial part of their diet (46). Our results show a higher
sensitivity in the frequency range below 15 kHz for six tested
bats compared to the behavioral data previously recorded
from a single bat (45). Behavioral studies offering only prey
sounds demonstrate that this low-frequency sensitivity indeed
allows T. cirrhosus to localize prey with high accuracy (47). In ad-
dition to T. cirrhosus, the low-frequency hearing we measured in the
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Fig. 4. Spectrograms of echolocation calls of 12 phyllostomid bat species. Spectrograms represent a single call emitted by each of the studied gleaners.
Frequency and duration are scaled for comparison. Calls were filtered with a noise reduction filter (Methods). Spectrogram parameters: FFT size 1,024, FlatTop
window, 96.43% overlap; frequency resolution: 488 Hz, temporal resolution: 0.064 ms.

gleaning bats L. silvicolum, T. saurophila, and G. crenulatum could
also be related to their foraging behavior. While more studies are
needed, it is likely that these species attend to low-frequency prey-
produced sounds. L. silvicolum mainly feeds on katydids (46) and is
a passive listener (48, 49), with a preference for narrowband katydid
calls (32). Even though L. silvicolum can hear low frequencies, it
was not as sensitive to them as 7. cirrhosus and so far has not been
reported to feed on anurans (50), even though its size would permit
it. Similarly, T. saurophila shows high sensitivity to low frequencies
and is also considered a passive listener, attending to prey-produced
sounds like katydid wing beats, rustling noises associated with
landing (51), and calling song (32) to locate its prey. As no be-
havioral work has been done, little is known about the foraging
behavior of G. crenulatum. The combination of its heavy reliance on
beetles [76% of the diet (46)] and the low-frequency hearing we
report in this study suggests that this bat is also likely a passively
hunting gleaner using low-frequency prey-produced cues such as
the rustling sounds beetles produce during locomotion (52). As
such, results from measuring hearing sensitivities could orient be-
havioral studies to better understand the foraging and sensory
strategies of these understudied bats.

In contrast to the four passive gleaners discussed above, for M.
microtis, M. hirsuta, and T. nicefori, we found a drop in sensitivity
for the low frequencies. These species might rely more on
echolocation for prey detection than listening for prey-produced
sounds. For example, more than one-half the katydids M. hirsuta
consumes are silent females (49, 53). We infer from its high
sensitivity to high frequencies (Fig. 1C) that in addition to lis-
tening for katydid sounds (49), M. hirsuta may be relying on
echolocation to find silent prey, either by detecting the move-
ments of the female katydids approaching males (54) or using a
sophisticated echolocation strategy similar to the closely related
M. microtis (55). The active gleaner M. microtis feeds on a large
variety of insects, as well as spiders and lizards (56, 57), and
gleans silent, stationary prey from the understory vegetation
using echolocation alone (26) by exploiting an acoustic specular
effect of the background (55).

In general, the acoustic parameters of the echolocation calls
within a bat family vary substantially, reflecting the bats’ ecological
niche (58, 59), to the point that bat species can often be distin-
guished from one another by their echolocation calls alone (e.g.,
refs. 60 and 61). The stereotypic short, broadband, frequency-
modulated calls of phyllostomid species, however, are considered
too similar to use to identify species (62). Upon closer exami-
nation, our study finds subtle differences in frequency parameters
among the measured gleaners, phyllostomids that are generally
considered to have highly similar calls (62). As one would predict,
bats were most sensitive to the frequencies of their own echoloca-
tion calls. All 12 species had hearing sensitivity peaks in their
echolocation frequency range, which generally reflected bat body
mass (a general pattern found across bats; e.g., ref. 63). For
example, in our study, larger species generally emitted lower-
frequency echolocation calls and had correspondingly lower
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auditory sensitivity, enabling them to hear their own calls very
well. However, the sensitivity peaks in the high-frequency range
were not as distinct as in the low-frequency range.

In general, we found that the distance between the iso-response
lines and thus the dynamic range for all species was greater at
higher ultrasonic frequencies (above 40 kHz), mostly corresponding
to the species’ echolocation calls and lower at frequencies below 20
kHz, corresponding to prey-produced sounds. Hearing sensitivity in
the high-frequency range enhances echolocation performance,
yielding higher target accuracy and resolution, thus aiding prey
perception (64). We argue that a large dynamic range might be
important in the echolocation call range for reliable amplitude
coding, critical to accurately assess target distance and size with
echolocation, should enable detection of minute changes in the
amplitude of returning echoes. A larger dynamic range would
result in a better encoding of small differences in sound levels
and could lead to a finer processing resolution of echoes of
different intensities, as they can vary substantially depending on
the size and distance to an object (65). For M. microtis, we found
a large dynamic range in high frequencies correlating to a large
increase in responsiveness with only small increases in ampli-
tude. We carefully argue that this responsiveness, measurable in
ABR strength to small fluctuations in amplitude, might reflect
higher sensitivity to minute changes in returning echoes, offering
an increased resolution of prey echoes. Previous studies show
that M. microtis are indeed echolocation experts, able to echo-
locate silent, motionless prey in the cluttered rainforest under-
story (26). However, our findings for the high-frequency range
should be regarded with caution due to potential effects of re-
cording in the near field of the loudspeaker.

Not all of the observed hearing sensitivities can be explained
by the use of sound in the foraging context. In this study, we focused
on bat responses in a foraging paradigm, but bats are using their
auditory system for many different functions. For example, aside
from the fine tuning of their auditory system to their own echolo-
cation calls, it has been shown that some bat species have higher
hearing sensitivities to frequencies of their social communication
sounds (e.g., refs. 43 and 66-68). Unfortunately, to date social call
recordings of the species studied here are lacking. It will be inter-
esting to address the role of social communication in auditory
sensitivity in gleaning bats in future studies.

Evaluating the phylogenetic relationships among the studied
gleaners (SI Appendix, Fig. S5), we found that species with lower-
frequency hearing were clumped in one clade. Of the six bat
species in this clade, all but two (M. macrophyllum and Lophostoma
brasiliense) were sensitive to low-frequency sounds. The species in
this clade showing low-frequency hearing (7. cirrhosus, T. sau-
rophila, L. silvicolum, and G. crenulatum) all exhibit similarities in
foraging ecology. In contrast, M. macrophyllum, though sister spe-
cies to 7. cirrhosus, uses a completely different foraging behavior.
Unlike the other gleaners, M. macrophyllum hunts for small insects,
mainly Lepidoptera, on or just above the water surface (69). Unlike
the other species in its clade, it does not use prey-generated sounds
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to find its prey; instead it employs an echolocation strategy more
similar to that of aerial insectivores, including use of a terminal buzz
(70). Very little is known about the foraging strategies of L. brasiliense
and the degree to which it uses prey-generated sounds in hunting.

M. hirsuta, M. microtis, M. schmidtorum, and Lampronycteris
brachyotis all fall within a single clade, and all show low sensi-
tivity in frequencies below 10 kHz. Of all the bat species mea-
sured in this study, M. hirsuta, M. microtis, and M. schmidtorum
had the best high-frequency hearing (>80 kHz). While M. hirsuta
and M. microtis have been relatively well studied, very little is
known about the foraging ecology of M. schmidtorum, but it is
considered to be a highly cluttered space gleaner with an entirely
insectivorous diet (71). Due to close relatedness and similarities
in hearing characteristics to M. microtis and M. hirsuta, which are
active listeners, we infer that M. schmidtorum also follows an
active gleaning foraging strategy.

General Adaptations of the Auditory System in Bats. Bats have
evolved many intricate adaptations of their auditory system for
detecting prey, often tailored to the species-specific require-
ments of different acoustic foraging strategies (e.g., ref. 72).
Grinnell (44) showed that there is a tight correspondence be-
tween measured hearing sensitivities and emitted echolocation
call frequencies, implying that the cochlea and the neural ap-
paratus are very well adapted to the frequency bands of the
emitted echolocation signals. For instance, it has previously been
argued that a second sensitivity peak in audiograms in the lower
frequency range can, besides corresponding to social communi-
cation signals (reviewed in ref. 68), also correspond to frequen-
cies of faint prey-produced sounds, like flight noises of insects,
rustling noises of moving arthropods on vegetation, or larger
vertebrates that could even be moving under vegetation cover
(72). Indeed, in his foundational review on bat auditory adap-
tations, Neuweiler (72) predicted the results of the current study.
Referring to gleaning bat species that listen for prey sounds,
Neuweiler states that “the audition of such bat species should be
very sensitive in the low-frequency range,” allowing them “a
more economical way to detect targets acoustically than echo-
location in echo clutter.” With the few audiograms available for
gleaning bats at that time, he indeed found preliminary evidence
supporting this claim (72).

In addition to cochlear and neuronal mechanisms, the external
ears or pinnae of bats and their sound-processing performance
can also strongly influence hearing abilities (30, 73). In general,
phyllostomid gleaning bats have large and conspicuous pinnae.
The large pinnae in passive listening gleaning bats can contribute
to low auditory thresholds by amplifying faint, low-frequency
sounds of moving prey and allowing high directionality at low
frequencies (30). From our study, we cannot predict how the
pinnae of these bat species influence their hearing, but it is likely
that the pinnae influence their hearing in different specific fre-
quency regions for each species. An additional enhancement of
the external ear would make certain frequency ranges even more
important for the species concerned.

Sensory Niche Partitioning. Adaptations of the auditory system for
acoustically finding prey, such as those discussed, suggest that
hearing sensitivity could be one underlying mechanism allowing
the gleaners to coexist. In general, sensory systems are crucial for
daily survival (e.g., as food only becomes available to a forager
when its sensory system detects it). Varying sensory abilities de-
termine which prey is available of the multiple resources present in
the habitat (74, 75). Fine-grain differences in the sensory abilities of
ecologically similar species with similar foraging strategies contribute
to niche differentiation (17) and thereby further promote species
coexistence.

Falk et al. (32) found substantial differences in preferences for
different prey-generated sounds among four of our studied
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species and concluded that sensory biases toward different prey
sounds contribute to niche partitioning among these gleaners.
We argue that variation in hearing abilities could be an under-
lying mechanism for this sensory-based niche partitioning and
influence foraging behavior and thus dietary spectrum. However,
further mechanisms, such as horizontal information transfer,
individual learning, innate search images, and prey availability,
just to name a few, can further species-specific prey preferences
and thus influence differentiation of prey niches. To date, detailed
knowledge about diet and foraging behavior are still lacking for
many of these species, especially the rarer ones. Thus, the extent to
which each gleaning species attends to prey-produced sounds and
whether the lower frequency range of these species is tuned to the
sounds of certain prey sounds, largely remains unknown. Our
measurements allow an overview of the variability in hearing
abilities for 12 sympatric gleaning bat species. More detailed
measurements, especially for the lower frequency range, and
studies of nuances of different bats’ gleaning foraging strategies
are needed for deeper insights into species-specific adaptations.
We propose that fine-grained differences within a sensory sys-
tem, here hearing abilities, between sympatric species are a key
mechanism aiding resource partitioning in species-rich commu-
nities, thus facilitating species coexistence.

Methods

Study Species. We conducted experiments from March to June 2019. We
caught bats with mist nets (Ultrathin Mist Nets M-14/6 and Mist Net 716/6,
Ecotone) at night and with hand nets (insect net, diameter 50 cm, Biologie-
Bedarf Thorns) at their day roosts near Gamboa (9°07°11.5”N, 79°41'55.3"W),
Old Gamboa Road, and Pipeline Road in Soberania National Park in Panama.
We only tested adult bats. After the experiment, all individuals were released
at their capture location. In total, we tested 37 individuals from 12 different
Neotropical gleaning bat species of the family Phyllostomidae (refer to S/ Ap-
pendix, Table S1 for further details on species, sex, ID, and method). Our ex-
periments adhere to the guidelines of the Association for the Study of Animal
Behaviour (ASAB) and the Animal Behavior Society (ABS) for ethical treatment
of animals and were approved by the Government of Panama (Ministerio de
Ambiente permit SE/A-5-19) and the Smithsonian Tropical Research Institute
Animal Care and Use Committee (STRI ACUC protocol 2019-0302-2022). The
data are available in S/ Appendix and Zenodo Data Repository (DOI: 10.5281/
zenodo.4672839).

ABR Recording Setup. To measure its ABR, each individual bat was anesthetized
and placed in a small sound-attenuating box (37 x 26 x 15 cm; 1450 Protector
Case, Pelican Products, Inc.; SI Appendix, Fig. S1). The box was electrically and
acoustically insulated with a layer of copper mesh covered with sound-
attenuation foam (S/ Appendix, Fig. S1). The bats were positioned with their
heads facing a loudspeaker (R2004/602000, ScanSpeak), which was embedded
in one side wall of the box (S/ Appendix, Fig. S1). The openings to the ear canals
of the bats were always placed at a 4-cm distance to the center of the speaker.
We used varying numbers of layers of soft foam pads to compensate for dif-
ferences in body size and morphology among the species we measured to
ensure that the bats’ heads were always placed in the center of the speaker (S/
Appendix, Fig. S1). We very diligently checked the head positioning to avoid an
off-center angle toward the speaker. The speaker was connected to an am-
plifier (12 W, M032N, Kemo Electronic), and both were powered by a four-
battery pack (NCR18650GA batteries, Li-lon, 3.6 V, 3,500 mAh, Panasonid/
Sanyo). We calibrated the setup by positioning an ultrasonic 1/4” microphone
(B&K4135, Briel & Kjeer) connected to an amplifier (B&K2610, Briel & Kjeer) at
the bat's head position in front of the speaker. We measured the acoustic
impulse response of the speaker using broadband noise. From the measured
acoustic impulse response, we calculated a compensation impulse response
which was convolved with the acoustic stimuli. This allowed us to present the
stimuli with a flat frequency response between 3 and 120 kHz.

Acoustic Stimuli. We recorded ABRs to two different acoustic stimuli: tone pips
and clicks. The tone pip stimuli consisted of 2.5-ms pure tones (Hanning
windowed) with different carrier frequencies. We took four different
measurements playing tone pips (S/ Appendix, Table S1): 1) Tone pip fre-
quencies were evenly spaced between 5 and 120 kHz in 11 steps on a log-
arithmic frequency axis and presented at sound levels between 0 and 110 dB
peSPL in 12 equally distributed 10-dB steps; 2) The tone pip frequencies were
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also equally but linearly spaced along the frequency axis between 5 and 117
kHz in 29 steps. These stimuli were presented at 13 levels in 6-dB steps be-
tween 28 and 100 dB peSPL; 3) Tone pips were linearly spaced along the
frequency axis between 3 and 6 kHz in six steps, also presented at 13 levels
between 28 and 100 dB peSPL; and 4) Tone pips were linearly spaced along
the frequency axis between 0 and 5 kHz in 11 steps, presented at 10 levels
between 28 and 82 dB peSPL. The stimuli were generated at a sampling rate
of 384 kHz and presented 256 times with a 44 Hz repetition rate. To cancel
out electrical artifacts, every second stimulus was presented phase inverted.
For all stimuli, the order of tested sound levels was randomized. For the tone
pip measurements, all 256 repetitions of each carrier frequency were pre-
sented before the next frequency was randomly chosen within one sound
level. After all frequencies were tested within one sound level step, the next
sound level was randomly chosen and tested. The clicks were broadband
impulses with a flat power spectrum between 3 and 120 kHz presented in 12
equally distributed 10-dB steps between 0 and 110 dB peSPL. A custom-
written MATLAB script (Matlab, R2018b, MathWorks) was used to gener-
ate the stimuli and coordinate their presentation via an audio interface
(ADI-2 PRO FS, RME).

ABR Recordings. For the ABR recordings, we anesthetized the bats with a
combination (hereafter MMF) of Medetomidine (67 pg/mL), Midazolam
(667 pg/mL), and Fentanyl (6.7 pg/mL) injected subcutaneously at least
10 min before the beginning of the measurements. We applied diluted
concentrations of the MMF combination (at least 1:3) based on concentra-
tions that previously were used successfully in captive phyllostomid bats
(Phyllostomus discolor; ref. 76). The reactions of the different bat species to
the drug varied strongly. In some cases, additional MMF was needed to
maintain the anesthetized state. The depth of anesthesia was tested via toe-
pinch reflex before recording onset. For mean values of doses administered
per bat species, refer to SI Appendix, Table S2. The anesthesia was not an-
tagonized and thus varied in its duration between species (S/ Appendix,
Table S2). To prevent the bats’ eyes from drying, eye cream (Bepanthen, 5%
Dexpanthenol, Bayer AG) was applied during anesthesia.

For ABR recordings of responses to the presented stimuli two electrodes
(clipped syringe needles [0.5 x 16 mm]; NIPRO Medical Corporation) were
placed subdermally at the caudal midline of the head (S/ Appendix, Fig. S1),
close to the brainstem (recording electrode), and at the dorsal midline of the
head between the ears (reference electrode). A ground electrode was either
placed on the wing or tail membrane (SI Appendix, Fig. S1). The electrodes
were positioned after the fur was cut with scissors to enable their precise
reproducible placement. Electrode placement was confirmed with an initial
signal-to-noise ratio measurement, which allowed recording of comparable
signal strengths between measurements. All recordings within one individ-
ual were done with the same electrode placement. The electrodes were
connected via alligator clips (S/ Appendix, Fig. S1) to a bioamplifier (BMA-
200, CWE Inc.), which detected the brainstem responses and initially ampli-
fied the signal by 60 dB. The signal was converted to digital by the audio
interface (ADI-2 PRO FS, RME) with a sampling rate of 384 kHz. The ABR
signals were digitally filtered (0.1 to 3 kHz, second order butterworth) and
down-sampled 20 times before each of the 256 repetitions to the same
frequency-sound level combination were saved on a laptop computer (Lat-
itude 5490, Dell). Averaged ABR signals for each combination were dis-
played to the experimenter for quality monitoring during the recording.

ABR Data Analysis. The ABR recordings were analyzed following a protocol
established in previous experiments (76). The amplitudes of the recorded
ABRs were calculated as the RMS over the entire ABR waveform (i.e., over a
7-ms window starting directly (1 ms) after stimulus onset and ending at ms 8
of the recording). These averaged ABR signal strengths for each measured
frequency-amplitude combination were presented as iso-response lines in
contour plots for each species in pV (for tone pip stimuli). For the calculation
of the characteristic ABR threshold, or audiogram, for each species, we used
bootstrap analyses [n = 500; 95% confidence (77)], which tests the statistical
likelihood that a recorded signal reflects random variation in the data rather
than a physiological response. For this, we performed a repeated random
resampling (with replacement) of the original data and evaluated it to de-
termine whether the RMS of the resampled waveform exceeded the original
RMS value. An ABR measurement was considered significant if 95% of the
resampled waveforms had a lower RMS than the original waveform. An ABR
threshold was only defined and accepted as the lowest sound level evoking a
significant ABR signal at that specific frequency when significant responses
were measured for all higher sound levels at the same frequency (depicted
as a black line in contour plots for each species). This allows conservative and
objective evaluations based on the significant evoked potentials. We calculated
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the mean and SEM for the ABR thresholds for species with more than three
individuals (n > 3) and omitted measurements for which the threshold could
not be determined by the algorithm.

Echolocation Call Recordings and Analysis. Prior to the ABR measurements,
individuals were released into a small indoor flight cage (1.4 x 1.0 X 0.8 m) in
which they were allowed to fly for up to 10 min. We recorded the echolo-
cation calls of 34 individuals (see S/ Appendix, Table S1 for further details on
species, sex, and ID) during flight via an ultrasound condenser microphone
(2 to 200 kHz frequency range, +3 dB frequency response between 25 and
140 kHz; CM16, CMPA preamplifier unit, Avisoft Bioacoustics) and real time
ultrasound acquisition board (6 dB gain, 500 kHz sampling rate, 16-bit res-
olution; UltraSoundGate 116Hm, Avisoft Bioacoustics) connected to a laptop
(Think Pad X220, Lenovo), with a corresponding recording software (Avisoft
RECORDER USGH, Avisoft Bioacoustics). For each individual, we recorded a
minimum of five 30-s recordings. From these recordings, we picked five se-
quences of 10 continuous search calls with good signal-to-noise ratios, no
clipping, and minimal background noise and echoes. If the series contained
one clipped call, an additional call adjacent to the series was included, and
the clipped call was excluded from the analysis. Prior to the analysis, first we
applied a band pass filter with 20 kHz as the low cutoff frequency and 180 kHz
as the high cutoff frequency for all species but M. macrophyllum, G. daviesi,
and T. saurophila (for which we used a 10 kHz low cutoff frequency). We then
applied a noise-reduction filter of 80 dB (—70 dB threshold) to all files.

For each echolocation call from the selected sequences, we extracted
several signal parameters using the automatic measurements of the sound
analysis software Avisoft SASLabPro (5.2.15, Avisoft Bioacoustics): call du-
ration (milliseconds), peak frequency (kilohertz), minimum and maximum
frequency (kilohertz), bandwidth (kilohertz), sweep rate (kilohertz/millisec-
onds), and entropy. We set the automated signal identification to a —20 dB
threshold and verified it visually in the spectrograms (fast Fourier transfor-
mation [FFT] size 512, FlatTop window, 96.87% overlap, frequency resolu-
tion 977 Hz, and temporal resolution 0.032 ms). The call duration was based
on the start and end times of the call. The peak frequency was the frequency
with maximum amplitude of the respective call. The minimum frequency
was defined as the lowest frequency below and maximum frequency as the
highest frequency above the peak frequency with a threshold of —20 dB. We
calculated call bandwidth (kilohertz) as the difference between the mini-
mum and the maximum frequency of the multiharmonic calls.

In total, we analyzed 1,700 calls from a total of 170 echolocation sequences
of 34 individuals of the 12 species (S/ Appendix, Table S3). Per individual, we
calculated the mean and SD for all described call parameters. In cases with
more than one individual, we calculated the mean of the means.

Prey-Produced Frequency Ranges. For reference, we marked five different
frequency ranges on the plots of our results (Fig. 2 A-D). We included three
ranges that corresponded to the main advertisement calls of the most
common potential prey in the gleaners’ diet—two for the lower frequency
prey (e.g., crickets: 2 to 8 kHz, Fig. 2 A-D, brown bar; frogs: 0.4 to 5 kHz,
Fig. 2 A-D, blue bar) and one for the higher frequency prey (e.g., katydids:
10 to 34 kHz, Fig. 2 A-D, green bar). We included one range that corre-
sponded to prey-generated rustling sounds (3 to 30 kHz, Fig. 2 A-D, orange
bar) and one range that corresponded to the main echolocation call fre-
quencies of the investigated gleaners (68 to 99 kHz, Fig. 2 A-D, red bar).

Crickets (Gryllidae) call mostly with a dominant or peak frequency ranging
in the lower frequencies between 2 and 8 kHz (78, 79). The main frequency
range of the mating calls of frogs known to be eaten by bats (50) lies be-
tween 0.4 and 5 kHz (80). Arthropods walking on different substrates gen-
erate rustling noises, which are a series of broadband clicks with the main
energy ranging between 3 and 30 kHz (52). Male katydids (Tettigoniidae),
likely one of the most substantial parts of the diet of gleaners, produce
acoustic advertisement signals with the broadest range of song carrier fre-
quencies, or peak frequencies, in insects. Their peak frequency ranges from 0.6
to 150 kHz (81, 82), with a median peak frequency at 22.15 kHz (lower quartile:
13.20 kHz, upper quartile: 34.10 kHz). On Barro Colorado Island (BCl, Panama)
the energy of 34 katydid species mostly ranges from 10 to 30 kHz (83). We
assume that the katydid community on BCl is similar to the katydid community
that the studied gleaners encounter in Gamboa. Except for the very rare species
G. daviesi, all gleaners included in our study have been reported on BCl (84).
The peak frequency of the echolocation calls of the 12 measured species ranges
between 68 and 98 kHz (Results and SI Appendix, Table S3).

Data Availability. ABR measurements and echolocation call parameter data
have been deposited in the publicly accessible database Zenodo (https:/doi.
org/10.5281/zenodo.4672839) (85).
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