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Predator-prey interactions take place in complex environments, and research on the
sensory ecology of predator-detection relies on understanding when, where, and how
prey experience and respond to predator cues. Bats are significant nocturnal predators,
and insects have evolved diverse strategies for avoiding predation by bats. While it is
well-known that insects exhibit anti-bat strategies, from avoidance flight to reduced
acoustic signaling, the specific conditions that elicit some of these behaviors are less
well-known. To illuminate how insects respond to bats in nature, we studied how calling
behavior changed when katydids experienced echolocation calls in a Neotropical forest.
The diverse Neotropical bat community includes species that eavesdrop on prey sounds,
such as the songs produced by male katydids. Previous research has shown that some
katydid species respond to echolocation calls by reducing acoustic signaling. To capture
the interactions of bats and katydids, we placed acoustic monitors at heights of 8, 16,
and 24 meters above ground in 10 locations in the forest on Barro Colorado Island,
Panama and recorded continuously for 24 h at each location. We randomly selected
250 recordings with echolocation calls and compared the acoustic spectrum of the
forest before a bat arrived, when a bat was present, and after the bat was no longer
detectable. We tested whether the response to bat calls changes with height, the family
of bat producing the calls, the duration of the echolocation sequence, call amplitude, and
call peak frequency. Bats appeared on ∼50% of nighttime recordings, but echolocation
calls that could have been produced by eavesdropping bats were rare (<4% of calls).
Insect response to bats was nuanced and context-dependent. Despite the rarity of truly
dangerous predator cues, echolocation decreased insect sound at several frequencies
and heights. Insect response was not uniform, and in many cases echolocation calls had
little effect on insect activity, perhaps reflecting the fact that echolocation calls were an
inconsistent cue for the presence of eavesdropping bats. These nuanced responses raise
interesting questions about predator detection in noise and provide valuable context for
laboratory investigations on the sensory ecology of how individual prey species respond
to predator cues.
Keywords: canopy, predator-prey interaction, eavesdropping, gleaning bats, Tettigoniidae, sensory ecology
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INTRODUCTION

everything from fruit and nectar, to insects, vertebrates and
even blood (Kalko et al., 1996; Bernard, 2002). The majority of
insectivorous bat species in Neotropical communities are aerial
insectivores, catching insect prey in flight (Denzinger et al., 2018).
However, there are also a number of bat species in the family
Phyllostomidae that eavesdrop on the communication signals
and incidental sounds produced by insects to detect and locate
prey and then glean them off vegetation (Tuttle et al., 1985;
Belwood, 1988a,b; Falk et al., 2015). These gleaning bats present
a particularly serious threat for orthopterans that attract mates
using acoustic signals.
Orthopterans, however, are not defenseless. Many can hear
bats and modify their behavior in response (Moiseff et al., 1978;
ter Hofstede and Fullard, 2008). Crickets and katydids in flight
will veer away from the echolocation calls of a bat (Moiseff
et al., 1978; Nolen and Hoy, 1984; Libersat and Hoy, 1991;
Schulze and Schul, 2001). In Neotropical forest katydids, many
species have very low signal repetition rates and produce very
little total sound (<5 s/night in some species) (Belwood, 1988a,
1990; Symes et al., 2016). Calling cessation provides a particularly
useful lens for assessing prey responses to predator cues because
the reaction of the insect and the dynamics of the predatorprey interaction can be captured using acoustic recording alone.
Laboratory investigations of Neotropical katydid responses to the
echolocation calls of gleaning bats have yielded mixed results,
with some katydid species reducing call production while others
persist (ter Hofstede et al., 2010). The variable laboratory results
suggest that responses in the field may vary also, potentially in
ways that shed light on why individual katydid species respond
in the way that they do.
By placing acoustic monitors in a Neotropical forest, we used
the passage of bats as a natural experiment to test whether
katydid call cessation is a common response to predator cues
in nature, and to assess the conditions under which it occurs.
This in situ design allows us to infer how insects respond when
they are experiencing a natural rate and pattern of bat exposure.
In addition, recording in the forest captures the behavior of
insects when they have a natural range of hiding locations,
vegetation density, exposure to conspecific and heterospecifics
cues, and spatial information provided by bat echolocation calls.
To test how katydids respond to predator cues, we quantified
the acoustic profile of the forest before, during and after bat
echolocation sequences recorded on acoustic monitors.
In addition to the overall response of katydids to bat calls,
we investigated specific parameters that might influence whether
katydids respond to bat calls. First, we tested whether katydid
responses to bat echolocation calls differ by height in the forest.
For example, katydids might show greater responses to bat calls at
intermediate heights where vegetation is expected to be less dense
than in the understory and canopy (Marten and Marler, 1977).
Second, we tested whether katydid responses differ depending
on the family of bat or the peak frequency of the echolocation
calls. Some bat species produce quasi-constant frequency calls
(e.g., Emballonuridae) whereas others use downward frequency
modulated sweeps (Phyllostomidae, Vespertilionidae). The peak
frequency of echolocation calls varies across species in taxa that
produce each type of echolocation call (Fenton et al., 1999;

Detecting and avoiding predators is a fundamental selective
pressure on sensory systems and behavior (Endler and Basolo,
1998; Fullard, 1998; Lacalli, 2001), but predator detection and
avoidance is often studied in laboratory contexts that cannot
capture the full complexity of natural environments (Calisi
and Bentley, 2009). Therefore, to understand the evolution
and maintenance of anti-predator behaviors, it is important
to investigate prey responses both in the lab and the field.
Quantifying how prey detect and respond to predators in natural
environments is often logistically challenging because these
interactions occur in habitats that are structurally complex and
contain many interacting species (Belwood and Morris, 1987;
Williams et al., 2004; Staller et al., 2005). In addition, the behavior,
physiology and responses of organisms are affected by variables
such as weather, light level, and reproductive stage (Thompson,
1978; Christian and Tracy, 1981; Berger, 1991; Culler et al.,
2015). Without information on the natural range of behaviors
and responses, scenarios used in laboratory investigations might
represent atypical cases or extreme conditions. Understanding
the range of natural predator stimuli and prey responses is
foundational to choosing appropriate experimental stimuli and
testing paradigms for more controlled studies of behavior,
physiology, and sensory system evolution.
Bat-insect interactions provide an excellent opportunity for
studying predator-prey interactions due to the almost exclusive
use of sound for both predator and prey detection (Conner and
Corcoran, 2012; Yager, 2012; ter Hofstede and Ratcliffe, 2016).
Bats produce high-frequency echolocation calls to orient in their
environment and locate insect prey while in flight. The intense
predation pressure exerted on insects by bats (Kalka et al., 2008;
Williams-Guillén et al., 2008; Boyles et al., 2011) has selected
for the evolution of ultrasound sensitive ears and ultrasoundtriggered defensive behavior in at least six orders of insects (Yack
and Dawson, 2008). The combination of lab and field studies
on insect ultrasonic hearing (Roeder and Treat, 1957; Yager and
Spangler, 1995; Schul and Sheridan, 2006; Yager and Svenson,
2008), anti-bat behavior (Rydell et al., 1997; Yager et al., 2000;
Rosen et al., 2009; Römer et al., 2010; Barber and Kawahara,
2013) and predator-prey interactions (Miller and Olesen, 1979;
Ghose et al., 2009; Corcoran and Conner, 2012) have revealed
enormous variation in insect defenses against bats. This variation
suggests multiple outcomes of arms races between bats and
insects depending on the natural history of the predator and prey
species involved.
Orthopterans, the insect group that includes crickets and
katydids, are especially well-suited for studying predator-prey
dynamics because both bats and prey produce and respond to
acoustic signals (Nolen and Hoy, 1986; Faure and Hoy, 2000;
ter Hofstede and Fullard, 2008; Jones et al., 2011). Male crickets
and katydids produce songs to attract females. Bats prey on
orthopterans in many environments, but in Neotropical forests,
bat predation is particularly intense, especially for insects that
produce sound (Belwood and Morris, 1987; Belwood, 1988a,b;
ter Hofstede et al., 2017). The Neotropical bat community is
one of the most diverse in the world, with species feeding on
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humidity, light and sounds of the forest but were protected from
rain and predation during recording.
Male katydids were placed individually in cylindrical
mesh cages that do not interfere with sound transmission
across the frequencies of interest. A microphone (CM16,
Avisoft Bioacoustics) responsive to frequencies between 3 and
100 kHz was positioned 30 cm from and pointing at the cage.
Microphones were connected to a high-speed data acquisition
board (UltraSoundGate 416, Avisoft Bioacoustics), which was
connected by USB to a laptop computer running RECORDER
software (Avisoft Bioacoustics). Recordings were triggered by the
sound produced by katydids, with a pre-trigger time of at least
1 s to record the entire call.
To determine the typical frequencies produced by katydids on
BCI, we analyzed one call per individual for three individuals
per species for 34 katydid species (see Table S1 for species).
High quality recordings were filtered with the inverse of
the microphone frequency response to obtain natural relative
amplitudes for each frequency. These recordings were high pass
filtered at 7 kHz, a frequency that was lower than the lowest
frequency in any of the calls. We then used the spec function
of the R seewave package to extract the spectral distribution for
each recording (Sueur et al., 2008) and took the median of these
spectral distributions to represent the frequency distribution of
the community.

Jung et al., 2007; Surlykke and Kalko, 2008; Zamora-Gutierrez
et al., 2016). If katydids are capable of differentiating among
bat calls, the strongest insect response is predicted to occur
in response to echolocation calls of the Phyllostomidae, the
bat family that is known to contain eavesdropping predators.
Because phyllostomids produce relatively high frequency calls,
katydids might also be more responsive to higher than lower
frequency calls. Third, we considered two parameters that
provide information about the risk of an individual bat:
amplitude, which provides information about proximity of the
predator, and the duration of the detected bat pass, which might
indicate a bat hunting in the area.

MATERIALS AND METHODS
Study Site
To quantify the acoustic interactions of Neotropical bats and
katydids, we generated audio recordings on Barro Colorado
Island, Panama (BCI). The forest on BCI is primarily secondary
growth tropical lowland rainforest (Ziegler and Leigh, 2002). We
selected 10 sites that represent the mix of closed canopy and small
gaps present on BCI and placed audio recorders at three heights
in each of these sites.

Recording Insect and Bat Activity in the
Forest

Quantifying Bat Presence

We used two towers and eight canopy emergent trees as
recording sites (Figure S1). At each site, to sample as much
of the height distribution as possible, we placed recording
equipment at three heights (8, 16, and 24 m ± ca. 1 m) relative
to the base of the tree or tower. In towers, the equipment was
secured directly to the structure with the microphones pointed
horizontally away from the tower. In trees, we climbed the
tree, placed a pulley on a branch above 24 m in height and
used a distance-calibrated rope to raise and lower recording
equipment in protective cases that held the microphone in
a horizontal position. At each site, we recorded continuously
for 24 h. Recordings were made using acoustic monitors with
ultrasound sensitive microphones (D500X, Pettersson Elektronik
AB, Sweden). The trigger sensitivity was set very low so that the
recorders were triggered continuously. The recorder created a
file each time it was done saving the previous file, generating
approximately one 20 s.wav file per minute for 24 h. After each
of the 10 sites had been sampled, we repeated the sampling,
resulting in a second 24-h recording from each site approximately
2 weeks after the first.

To determine how often katydids are exposed to bat echolocation
calls, we randomly selected five recordings from each site from
each height and each sampling event. The recordings were
randomly selected during the nighttime hours of 18:00 to 06:00
with an equal number of recordings drawn from each site
and height. This selection process resulted in a sample of 300
recordings that were then scored for whether bat echolocation
calls were present or absent. Sound files were opened in SASLab
Pro sound analysis software (Avisoft Bioacoustics, Germany)
and spectrograms were visually screened at 1 s durations. To
identify echolocation signals, we searched the literature for
publications describing echolocation signals for the 76 bat
species documented on BCI (Denzinger et al., 2018). Signals in
recordings that matched the shapes, durations, repetition rates
and frequency ranges of documented bat calls were classified as
bat echolocation calls. Signals that fell outside the range of one of
these parameters were not classified as bat echolocation calls.

Quantifying Katydid Responses to Bat
Passes

Measuring Frequency Structure of Katydid
Community

Our goal was to test whether katydid calling patterns change
when bats are present. The katydid chorus consists of a few
calls of individuals near the microphone that can be identified to
species as well as the calls of more distant individuals that cannot
be identified to species because the calls are quieter and are
degraded by passage through, and reflection by, the vegetation.
Therefore, instead of testing whether individual katydids stopped
singing when bats were present, we tested whether the acoustic
profile of the forest was changed by the passage of bats,
and specifically whether the range of frequencies typical for

To characterize the signals of the BCI katydid community,
we captured male katydids, identified them, and recorded the
sounds they produced. Katydids were collected by searching
vegetation in the forest and catching individuals that flew to
lights. Katydids were identified to species using several published
resources (Nickle, 1992; Naskrecki, 2000; Cigliano et al., 2018).
Male katydids were recorded in buildings on BCI with large
screen windows so that they experienced ambient temperature,
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echolocation call. Using the R packages seewave and tuneR, we
extracted these windows of time from the full recording and used
the meanspec function to find the mean spectral energy present in
each frequency bin from 0 to 150 kHz (256 bins, each 0.59 kHz)
(Sueur et al., 2008; Ligges et al., 2018).
Sound amplitude is typically reported using the decibel scale,
which reflects the logarithmic nature of amplitude perception
in humans and at least some other animals (Brumm, 2013).
On the decibel scale, the amount of sound energy that is
needed to increase amplitude by 6 dB is not equal to the
amount by which sound energy must decrease to result in
a 6 dB amplitude decrease. The nature of this measurement
makes numeric means and standard deviations an inaccurate
representation of amplitude. Consequently, statistics on decibel
level were performed using non-parametric tests.
To analyze spectral changes associated with bat passes, we
used paired Wilcoxon rank sum tests, a non-parametric analog
of a paired t-test. We tested for significant changes at 5 kHz
intervals from 10 to 30 kHz, frequencies representative of katydid
calls. Analyzing calls at 5 kHz intervals allowed us to test whether
insects that called with high peak frequencies had a different
response to echolocation calls than insects that called with a lower
peak frequency. The use of 5 kHz bins also allowed us to isolate
the bin that contained the low harmonic of emballonurid bat
echolocation calls. Analyzing the data by frequency increased the
number of tests that we performed, increasing the probability of
finding significant differences, but also decreased the power of
the tests, which decreased the probability of detecting differences.
Wilcoxon rank sum tests were used to compare the two time
samples within a recording for the following comparisons: before
vs. during bat, before vs. after bat, and the control analysis
that compared two times in recordings that did not contain bat
echolocation calls. Non-parametric Spearman’s rank correlations
were used to test for correlations between the strength of
insect response to bats and three acoustic characteristics of
the echolocation calls: duration of the bat pass (time from the

katydid acoustic signals decreased in amplitude, reflecting calling
cessation by some individuals. To our knowledge, this is a novel
analysis approach and one that may be broadly applicable in a
variety of organisms.
We identified focal recordings that contained echolocation
calls indicating a bat pass. We obtained five focal recordings from
each height at each site for each sampling interval for a total of
300 possible recordings (5 focal recordings × 3 heights × 10 sites
× 2 sampling intervals). Each recording was obtained by first
selecting a random number, finding the corresponding recording,
and then progressing through the recordings in sequence until we
arrived at a recording that contained echolocation calls. Because
power to one recorder failed in the middle of recording and some
sites did not have enough recordings with sufficient time before
the first bat call to collect a complete set of 5 recordings, the
extracted sample was 250 recordings that contained echolocation
calls. For each focal recording, we identified bats to family, genus
or species and obtained the time for the first and last detectable
echolocation call on the spectrogram as well as the time,
amplitude, and dominant frequency of the highest amplitude
echolocation call. We used a similar screening process to select
control recordings that did not contain bat calls, allowing us to
conduct parallel analyses on these recordings.
To assess changes in acoustic profile, we compared the energy
spectrum before the arrival of the bat against the energy spectrum
when the bat was present (Figure 1). From each focal recording,
we compared two windows of time, a “before bat” window and
a “during bat” window, each lasting 3 s. The before bat window
spanned from 5 to 2 s before the first detectible echolocation
call on the recording. The during bat window centered on the
loudest echolocation call and included a window of 1.5 s on either
side of this time. These same time windows were applied to the
control recordings to assess whether amplitude differed between
two time points when bats were not present. To determine how
quickly the insect community recovered, we identified a third
window of 3 s that spanned from 2 to 5 s after the last detectible

FIGURE 1 | Sample windows were comprised of a 3 s window of sound. The “Before Bat” window ended 3 s before the first detectible echolocation call and the
“After Bat” window began 3 s after the last detectible echolocation call. The “During Bat” window was centered on the highest amplitude echolocation call. For clarity
of illustration, only a subset of the frequency bins are shown (yellow boxes).
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first to the last call detectable on the spectrogram), amplitude
(measured as peak-to-peak voltage from the oscillogram), and
peak frequency (frequency with the most energy, as measured
from the power spectrum).
Due to the combination of tests that include both independent
and partial overlap of samples and also recordings that
presumably include both katydid species that produce
narrowband calls at specific frequencies and those that produce
broadband calls across all frequencies, we do not use corrected
alpha values for multiple tests. We report p-values and interpret
these values using an alpha value of 0.05, but note that readers
should consider the possibility of non-independence between
tests at adjacent frequencies and pooled samples compared to
tests by height and bat family.

RESULTS
Frequency Structure of the Katydid
Community
The katydid community of Barro Colorado Island produces calls
that occupy a range of frequencies (Figure 2). Most of the sound
energy occurs between 10 and 30 kHz, although some species
produce frequencies of up to 80 kHz (ter Hofstede et al., 2010;
Montealegre, 2012).

Presence of Bats
In ambient recordings, bats were pervasive, appearing in 46% of
randomly selected recordings between 18:00 and 06:00 (51% of
recordings at 8 m, 45% at 16 m, and 43% at 24 m). The probability
of bats appearing on the recording did not differ by height
(χ 22 = 1.39, p = 0.50).
Of the 250 recordings used to measure changes in frequencies
typical of katydid calls, we were able to assign approximately
92% of echolocation recordings to bat family (Figure 3).
In order of abundance, families included Emballonuridae
(N = 130), Vespertilionidae (N = 70), Mormoopidae (N = 37),
Phyllostomidae (N = 7), and Molossidae (N = 1). Within
Vespertilionidae, we were able to identify all 70 recordings
as belonging to bats in the genera Myotis or Rhogeesa.
Within Emballonuridae, we identified calls of Saccopteryx
bilineata (N = 53), Saccopteryx leptura (N = 16), Centronycteris
centralis (N = 36), Cyttarops alecto (N = 16), and Peropteryx
macrotis (N = 1). Within Mormoopidae, we were also able
to identify calls of three bat species: Pteronotus gymnonotus
(N = 22), Pteronotus parnellii (N = 14), and Pteronotus
personatus (N = 1). Peak frequency of the bat echolocation
calls ranged from 19.7 to 78.1 kHz, with a median of 46.6 kHz
(25th/75th quantile spread: 42.9–53.5 kHz).

FIGURE 2 | Acoustic signals of katydids recorded on Barro Colorado Island,
Panama. (A) Photographs of three katydid species. (B) Spectrograms of the
calls of three katydid species. (C) Power spectra of the calls of three katydid
species. (D) Median power spectrum of 34 katydid species common on Barro
Colorado Island, Panama (three individuals per species).

pass. In randomly selected recordings that do not contain
bat echolocation calls, there were no significant differences in
the amount of energy at frequencies between 10 and 30 kHz
for the two time selections (Wilcoxon paired rank sum tests,
p > 0.05; Figure 4A). In recordings with bat echolocation
calls, sound levels decrease in a subset of the frequency bands
produced by katydids during the bat pass (Figure 4B). The
decrease was significant at 10 kHz (V = 18,309, p = 0.011) and
30 kHz (V = 18,128, p = 0.017). The increase in amplitude
at ∼20 kHz is due to the lower harmonic of bat echolocation
calls, primarily those produced by the Emballonuridae, which
were abundant in our sample. For comparisons of time bins
before and after bat echolocation calls, there was a significant
decrease in energy at 30 kHz (V = 13,213, p = 0.008) and
a trend toward decreasing amplitude at 10 kHz (V = 12391,
p = 0.068).
The strength of the acoustic response to bats also differed
with the height of the recorder in the forest and the family of
bat (Figures 5, 6). We tested for significant decreases in energy
at 10, 15, 20, 25, and 30 kHz at each of the three heights of the

Change in Frequency Structure When Bats
Pass
To test whether there is a change in acoustic activity when
echolocation calls appear on recordings, we compared the
amount of energy at focal frequencies for: (1) two time bins
of 3 s in a recording that did not contain a bat pass, (2)
the time bin before and the time bin during a bat pass,
and (3) the time bin before and the time bin after a bat
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FIGURE 3 | Echolocation calls of bats recorded on Barro Colorado Island, Panama. Example echolocation calls from two bat families (A: Phyllostomidae, B:
Emballonuridae, echolocation calls indicated with black boxes) and the proportion of echolocation calls at each height produced by each family of bats (C).

FIGURE 4 | Median changes in amplitude by frequency. Negative values indicate less energy in the second time bin. (A) Median amplitude change between two time
bins in a recording without echolocation calls (N = 246 recordings). (B) Median amplitude change comparing time bins before and during an echolocation sequence
of a bat (N = 250 recordings). (C) Median amplitude change comparing time bins before and after an echolocation sequence of a bat (N = 210 recordings). Top
panels: medians with error bars representing the 25th to the 75th percentile. Bottom panels: same data as top panels, but scaled in to show just the median values.
Significance was tested at 5 kHz intervals from 10 to 30 kHz. Significant differences are shown with red asterisks (Wilcoxon paired ranks sums tests, p < 0.05),
marginally significant differences are shown with gray circles (0.05 < p < 0.1), and tests that were not significant are shown with open circles.

and after a bat pass, there were significant decreases in energy
at all frequencies except 15 kHz at a height of 24 m (10 kHz:
V = 1,757, p = 0.040; 20 kHz: V = 1,747, p = 0.045; 25 kHz:
V = 1,859, p = 0.011; 30 kHz: V = 1,815, p = 0.020; N = 75),
there were no significant changes in amplitude at any frequency
at an intermediate height of 16 m (N = 67), and there were
significant decreases in amplitude at 8 m for 25 kHz (V = 1,419,

recorders. When comparing time windows before and during bat
echolocation calls, there was a significant decrease in amplitude
at 30 kHz at 24 m in the canopy (V = 2,478, p = 0.015, N = 88),
there were no significant changes in amplitude at any frequency
at an intermediate height of 16 m (N = 86), and there was
a significant decrease in energy at 10 kHz at 8 m (V = 1858,
p = 0.021, N = 76; Figure 5). When comparing time bins before
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FIGURE 5 | Median changes in amplitude by frequency and height of the recorder. (A) Median amplitude change comparing time bins before and during a bat
echolocation sequence. (B) Median amplitude change comparing time bins before and after a bat echolocation sequence. Significance was tested at 5 kHz intervals
from 10 to 30 kHz. Significant differences are shown with red asterisks (Wilcoxon paired ranks sums tests, p < 0.05), marginally significant differences are shown with
gray circles (0.05 < p < 0.1), and tests that were not significant are shown with open circles.

FIGURE 6 | Median changes in amplitude by frequency and bat family. (A) Median amplitude change comparing time bins before and during a bat echolocation
sequence. (B) Median amplitude change comparing time bins before and after a bat echolocation sequence. Significance was tested at 5 kHz intervals from 10 to
30 kHz. Significant differences are shown with red asterisks (Wilcoxon paired ranks sums tests, p < 0.05), marginally significant differences are shown with gray circles
(0.05 < p < 0.1), and tests that were not significant are shown with open circles.

(V = 4,941, p = 0.056), whereas there were no significant
differences at any frequency when comparing time bins before
and after emballonurid bat passes. Calls of bats in the family
Mormoopidae did not result in detectible decreases in amplitude
at any frequency either during (N = 37; Figure 6B) or after
echolocation sequences (N = 33). Calls produced by bats of
the family Vespertilionidae resulted in a significant decrease
at 10 kHz (V = 1,566, p = 0.016, N = 69; Figure 6C) and
showed a trend toward reducing sound at 30 kHz (V = 1,460,

p = 0.040) and 30 kHz (V = 1,464, p = 0.021) and a trend toward
decreasing amplitude at 20 kHz (V = 1,419, p = 0.095).
We also tested for changes in amplitude for the three families
of bats with the largest sample sizes in our recordings. When
comparing time windows before and during bat echolocation
calls, calls of bats from the family Emballonuridae significantly
decreased the amplitude of the 30 kHz band (V = 5,747, p
< 0.001, N = 130; Figure 6A) with a trend toward reducing
insect sound at 10 kHz (V = 4924, p = 0.061) and 15 kHz
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p = 0.066) during bat passes, and caused significant decreases in
amplitude at 10 kHz (V = 1,226, p = 0.011), 20 kHz (V = 1,147,
p = 0.044) and 30 kHz (V = 1161, p = 0.035) after bat
passes.
Amplitude of the echolocation calls and duration of the
bat pass both affected the strength of insect response at some
frequencies (Table 1). Louder echolocation calls led to a greater
amplitude decrease at 10, 20, and 25 kHz, whereas longer
echolocation call sequences led to a greater decrease in amplitude
at 20 kHz. When the peak frequency of echolocation calls was
higher, there was a greater response at 25 kHz.

small in size, while larger insects that may be more desirable prey
for bats produce fewer calls (Symes et al. in prep).
If most of the echolocation calls heard in the forest are
not a threat, it raises the question of why any katydid would
reduce signaling in response to echolocation calls, potentially
reducing its opportunity to attract mates (Sih et al., 1990;
Magnhagen, 1991; Candolin, 1998). Phyllostomid bats produce
highly directional calls with relatively low amplitude (Brinkløv
et al., 2011; Surlykke et al., 2013). Consequently, although
phyllostomid echolocation calls are infrequently detected on
recorders, it does not necessarily mean that eavesdropping
predators are rare in the environment. Using mist nets
baited with singing katydids, Belwood captured an average
of 1.85 eavesdropping bats per hour (Belwood, 1988a). Many
eavesdropping bats will perch and produce low amplitude
echolocation while waiting for prey sounds (Surlykke et al., 2013),
meaning that even if eavesdropping species are relatively rare
on passive recordings, insects that produce sound may attract
these predators and experience dangerous echolocation calls
more often, driving the evolution of behavioral responses to
echolocation calls even when they are produced by other types of
bats. A second, non-mutually exclusive, possibility is that even if
echolocation calls are an inconsistent indication of risk, the cost
of calling reduction is low enough to make call cessation either
a favorable behavior or nearly cost-neutral (Wolf et al., 2007).
If insects are long-lived and not highly mobile, this lost window
of mate signaling may have negligible effects on mate attraction
relative to the potential cost of predation. Many Neotropical
katydids also tremulate, producing vibrational signals in the
substrate to attract females and they might adjust their reliance
on acoustic or vibrational signaling depending on predation risk
(Römer et al., 2010).
There were differences in the response of the katydid
community to bat echolocation calls by height in the forest.
Echolocation calls decreased insect sound at 10 kHz low in the
canopy (8 m) and at 30 kHz high in the canopy (24 m), but
there were no differences in amplitude at the intermediate height
(16 m). This result goes against our predictions based on the
idea that katydids would be at greater risk of gleaning bats
in areas of the forest with less dense vegetation. We do not,
however, know the absolute amplitudes of sounds at the different
heights in the canopy, and it is possible that the difference in

DISCUSSION
Bats are common and diverse in Neotropical forests (Denzinger
et al., 2018) and the insect response to bat echolocation calls
is variable and context-dependent (Figures 4–6). While it is
tempting to infer that katydids consistently stop calling when
they hear bats, the observed behavior is far more nuanced.
A striking feature of the acoustic environment is the sheer
prevalence of echolocation calls. Between 18:00 and 06:00,
nearly half of the 20 s recordings contained bat echolocation
calls, meaning that insects are exposed to this cue repeatedly
throughout the night. Of these echolocation calls, less than 4%
are produced by bats in the family Phyllostomidae, the family
that is known to contain eavesdropping bats that hunt katydids
by the sounds that they make (Jones et al., 2014; Falk et al., 2015).
Even within the phyllostomids, many species are not known to
engage in eavesdropping behavior and instead feed on fruit or
flying insects (Fleming, 1991; Teixeira et al., 2009; Weinbeer et al.,
2013). Consequently, extremely few of the echolocation calls that
are experienced by katydids come from predators that are a
threat to these insects when they are singing. The variable results
observed in this study might be a reflection of the rare enemy
effect, where the strength of selection for defensive adaptations
is weak due to the rarity of the predator (Dawkins and Krebs,
1979). In addition, the modest response of insects may reflect
reliance on a passive defense (low baseline calling or calling from
dense vegetation) rather than an active defense (reduced calling
in response to echolocation calls) (Belwood and Morris, 1987).
Many of the insect species that produce many calls are relatively

TABLE 1 | The relationship between acoustic characteristics of bat echolocation calls and the change in amplitude of ambient sound by frequency (Spearman rank
correlation coefficients and p-values).
Amplitude of frequency (kHz)

Duration of bat pass

Rho
P

10

15

20

25

30

−0.045

−0.109

−0.146

−0.036

0.476

0.085

0.021*

0.571

0.737

−0.156

−0.115

−0.143

−0.153

0.039

0.021

Maximum amplitude of echolocation calls

Rho
P

0.014*

0.069

0.024*

0.015*

0.536

Peak frequency of echolocation calls

Rho

−0.074

−0.121

−0.051

−0.146

−0.082

0.243

0.056

0.427

0.021*

0.197

P
The bold values indicate cases where the p-value is < 0.05.
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for katydids to distinguish between types of bat echolocation
calls. TN-1, however, is not the only auditory interneuron
providing information to the brain in katydids. Numerous
ascending auditory interneurons with varying frequency tuning
have been identified in katydids, although these neurons have
only been studied in a few katydid species (Stumpner and
Nowotny, 2014). Therefore, there is the potential for katydids
to gain information about frequency modulation in bat calls
and use this information to assess risk of predation by gleaning
bats.
It is often difficult to observe how prey respond to predator
cues in natural contexts, but it is critical to understand the
context in which interactions take place (Apfelbach et al., 2005;
Calisi and Bentley, 2009). It has been known for many years
that katydids respond to echolocation calls but examining the
dynamics in the natural habitat and partitioning responses by
height in the forest and bat family provides a more detailed
look at the complex interactions in this system. The acoustic
characteristics of the call produced by an insect species may
interact strongly with how that species responds to bats. Future
research that tests for linkages between call characteristics
and response to echolocation calls will provide insight about
strategies for avoiding and mitigating predation. Additional
insight will come from examining how individual insect species
respond to playbacks of bats to understand how insect behavior
differs with body size, mating strategy, and position in the
canopy.
One of the most notable findings in this research is the
prevalence of echolocation calls in the nighttime soundscape.
Nearly 50% of nighttime recordings contain bat echolocation
calls, most produced by bat species that do not eavesdrop on
the sounds produced by insects. While detecting and responding
to echolocation calls could help insects increase survival,
interrupting calling in response to a false danger cue could also
reduce opportunities to attract mates and compete with rivals,
reducing fitness. The unreliability of echolocation calls as an
indicator of predator presence raises important questions about
the evolution of anti-predator strategies in noisy environments,
particularly when different predator and prey species arrive at
diverse solutions (McElreath and Strimling, 2006).

insect response by frequency and height might reflect where
different insect calls are more prevalent or which bat species
are hunting in a given habitat. If the amplitude of the insects
does not change, this could mean that insects do not respond,
or that no insects with that frequency are present at that height.
Although we had only a few recordings of phyllostomid bat
calls and therefore we cannot quantify vertical distribution of
this family, it is interesting to note that these bats were only
recorded by the lowest and highest recorder, but not by the
intermediate height recorder, in our random sample. Within
eavesdropping bats, different bat species are known to target
different acoustic characteristics of prey calls (Falk et al., 2015),
and different bat species are found at different heights in the
forest (Bonaccorso, 1979; Bernard, 2001) suggesting that the risk
of different call types may co-vary with where particular species
of bats hunt.
There were also differences in the response of the katydid
community by bat family. We recorded too few echolocation
sequences of phyllostomid bats to assess changes in amplitude
to this group. Bats in the family Vespertilionidae triggered more
significant decreases in insect sound than bats in the families
Emballonuridae and Mormoopidae. Vespertilionids are aerial
insectivores, but they produce downward frequency-modulated
sweeps similar to phyllostomids. The acoustic similarity between
the calls of phyllostomids and vespertilionids might be one
reason why they elicit greater amplitude reductions in sound
than quasi-constant frequency calls typical of the emballonurids.
Some of the insect responses to emballonurids, however, might
also be masked by the presence of lower frequency harmonics
(∼20 kHz) in the echolocation calls of these bats. Insect response
at these frequencies is particularly apparent when examining the
acoustic profile of the forest 3 s after the bat has left the area.
In this before and after comparison, it is possible to see that
sound is reduced at 20–25 kHz after the bat calls are no longer
detected, suggesting that insect response at these frequencies is
masked by the harmonic of the bat echolocation call during the
bat pass.
The acoustic characteristics of the echolocation calls had
strong effects on the responses of insects. Specifically, higher
amplitude echolocation calls were associated with stronger insect
response across a range of frequencies (Table 1), suggesting
that cues related to predator proximity, more than predator
species, drive insect responses to bat cues. TN-1, or the Tcell, is a well-studied auditory interneuron in katydids that
is broadly tuned to high frequency sound and is thought to
function in bat detection in certain contexts (Faure and Hoy,
2000; Schul and Schulze, 2001). It adapts (i.e., stops responding
to stimuli) in response to highly repetitive or continuous acoustic
stimuli (Schul and Sheridan, 2006; Abernethy et al., 2008; Schul
et al., 2012), like the backdrop of crickets in the forest. In
the adapted state, however, it will respond to rarer stimuli
that differ in frequency from the repetitive stimulus (Schul
and Sheridan, 2006; Schul et al., 2012). In this way, it can
encode the occasional high-frequency calls of echolocating bats
in noisy environments (Römer et al., 2008). A single neuron
cannot provide information about changes in the frequencies of
the echolocation call it is encoding, which would be necessary
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