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Many species of bat emit acoustic signals and use information
carried by echoes reflecting from nearby objects to navigate and
forage. It is widely documented that echolocating bats adjust the
features of sonar calls in response to echo feedback; however, it
remains unknown whether audiovocal feedback contributes to
sonar call design. Audiovocal feedback refers to the monitoring of
one’s own vocalizations during call production and has been inten-
sively studied in nonecholocating animals. Audiovocal feedback not
only is a necessary component of vocal learning but also guides the
control of the spectro-temporal structure of vocalizations. Here, we
show that audiovocal feedback is directly involved in the echolocat-
ing bat’s control of sonar call features. As big brown bats tracked
targets from a stationary position, we played acoustic jamming sig-
nals, simulating calls of another bat, timed to selectively perturb
audiovocal feedback or echo feedback. We found that the bats
exhibited the largest call-frequency adjustments when the jamming
signals occurred during vocal production. By contrast, bats did not
show sonar call-frequency adjustments when the jamming signals
coincided with the arrival of target echoes. Furthermore, bats rap-
idly adapted sonar call design in the first vocalization following the
jamming signal, revealing a response latency in the range of 66 to
94 ms. Thus, bats, like songbirds and humans, rely on audiovocal
feedback to structure sonar signal design.
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Echolocating animals represent the direction and distance of
objects by producing ultrasonic signals and processing in-

formation carried by echo returns (1, 2). Many species of echo-
locating bat adjust sonar call design in response to acoustic
information carried by echo returns. Indeed, echo feedback lays
the foundation for spatial perception by sonar (3–6). Surpris-
ingly, no study to date has directly investigated the potential
contribution of audiovocal feedback to the bat’s active control of
sonar call features. Audiovocal feedback is the process of lis-
tening to one’s own vocalizations during sound production (Fig.
1A). Mounting evidence shows that diverse groups of animals,
along with humans, rely on audiovocal feedback to control the
features of ongoing vocalizations (7–9). For example, birds (10)
and humans (8) adjust their vocal frequency (e.g., formant or
pitch) in response to altered auditory feedback.
The observation that many echolocating bat species often fly in

very large groups has raised the question of how an individual bat
sorts its vocalizations and echoes from a cacophony of sounds
produced by conspecifics. Research on this topic has stimulated
some recent controversy in the field. On one hand, there are re-
ports that bats adjust the frequency of their individual calls to
reduce the acoustic interference of echolocation signals produced
by neighboring conspecifics, a behavior referred to as jamming
avoidance response (JAR) (11–16). On the other hand, some re-
cent publications assert that changes in a bat’s echolocation call
features in the presence of conspecifics can be explained entirely
by its vocal reaction to echo returns from physical objects, i.e., bats
in close proximity (17, 18), not JAR. Regardless of the in-
terpretation of past research on bat acoustic interactions, what
remains elusive is the question of whether echolocating bats rely

on audiovocal feedback or on echo feedback to adjust their sonar
calls in response to interfering sounds. Studies of free-flying bats
cannot shed light on this question as the directional aim, timing,
and characteristics of interfering signals cannot be experimentally
controlled. Here, we overcome this challenge by engaging sta-
tionary bats in a sonar prey-tracking task that permits precise
control over the timing and frequency characteristics of acoustic
jamming signals. We show that the big brown bat, Eptesicus fuscus,
exhibits the largest sonar call-frequency adjustments when jam-
ming signals occur during call production. By contrast, bats do not
change sonar call frequency when the jamming signals coincide
with the arrival of target echoes. Thus, our study demonstrates
that bats, like songbirds and humans, rely on audiovocal feedback
to structure their call design.

Results
We trained four big brown E. fuscus bats (three males and one
female) to rest on a platform and track approaching tethered
insects (i.e., prey targets) by echolocation (Fig. 1B and Movie
S1). The prey targets were controlled by a motorized pulley
system and traveled a distance of 3 m in ∼2.5 s in each trial. The
bat-target distance and the arrival time of the target echoes to
the bat over the time course of a trial are shown in Fig. S1. The
bat’s echolocation calls were recorded by an array of 13 micro-
phones (Fig. 1B, blue circles), covering a range of about −65 to
+65° horizontally and −30 to +45° vertically. An additional mi-
crophone was used as an analog trigger for broadcasting acoustic
jamming signals (Fig. 1B, green circle) from a loudspeaker lo-
cated at a 15-cm distance to the left side of the bat (Fig. 1B, red
square). Using the analog triggering technique, we were able to
place the jamming signals at time delays greater than ∼0.6 ms
relative to the onset of the bat’s echolocation calls. Thus, we can
selectively perturb the sound production or echo reception
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process. An example of a big brown bat’s sonar tracking behavior
is shown in Fig. 1C, a sonar call recording from the trigger mi-
crophone is shown in Fig. 1D, and a recording of the acoustic
jamming signals is shown in Fig. 1E.
A few days before introducing the acoustic jamming signals, we

made echolocation call recordings in silence from each bat and
designed the jamming signals based on these baseline audio re-
cordings. For each individual bat, we created three types of
acoustic jamming signals that were frequency-modulated sweeps
containing three harmonics (Fig. 1F) simulating echolocation calls
of a big brown bat. We referred to the three types of jamming
signals as −6-kHz type, 0-kHz type, and +6-kHz type. The −6-kHz
and +6-kHz types were pitch-shifted versions of the 0-kHz type by
a magnitude of 6 kHz down or up, respectively. For each per-
turbation trial, we presented four jamming signals consecutively
after four sequential echolocation calls. Jamming signals were
presented in the middle of a target tracking trial, ∼1 s following
the trial start time. Fig. 1G shows a vocal production jamming trial
in which all four jamming signals occurred within 1 ms after the
bat produced its echolocation calls. By digitally delaying the
jamming signals after the analog trigger, we broadcast the jam-
ming signals at varying delays relative to echolocation call onset.
Below we report the effects of jamming signals on the end fre-
quency of the echolocation calls produced by bats engaged in the

tracking task; this was measured as the frequency 20 dB down
from the peak frequency of the first harmonic (Fig. S2 A–D). We
focus on end frequency because this is the parameter that has been
shown to be sensitive to jamming signals in E. fuscus and is most
robust to directional changes in the bat’s head aim that influence
acoustic measurements of sonar calls (15).

Experiment 1: Effect of Acoustic Jamming Signal Frequency. We
broadcast each type of jamming signal at three different time
delays relative to call production: 1, 10, and 30 ms. Together with
a silence control, in which there was an “empty” sound file with all
samples set to zero, there were 10 treatments in total. The echo-
location call duration of each test subject, based on the four calls
that were unperturbed in the silence control condition, were
1.47 ± 0.2 ms, 1.86 ± 0.29 ms, 3.36 ± 0.28 ms, and 1.97 ± 0.39 ms
for bats 1–4, respectively (mean ± SD). For each bat, jamming
signals broadcast at a 1-ms delay overlapped sonar call production.
Jamming signals broadcast at a 10-ms delay occurred very close to
echo reception (Fig. S1). The actual time delays when the bats
received echoes from the prey targets for the four perturbed calls
were 9.6 ± 1.1 ms, 9.96 ± 1.86 ms, 9.53 ± 1.24 ms, and 9.54 ±
1.1 ms, respectively (mean ± SD). Jamming signals broadcast at a
30-ms delay occurred after target echo reception and before the
production of a subsequent echolocation call, i.e., occurred in a

Fig. 1. Experimental setup, behavioral task, and jamming signals. (A) Illustration of two potential auditory processes in echolocation. Audiovocal feedback is
the auditory process of listening to one’s own vocalization during sound production. Echo feedback refers to the process of listening to sonar returns from
objects in the environment. (B) Bats were trained to rest on a platform and to track approaching tethered insects by echolocation. In the middle of the
tracking task, jamming signals were broadcast from a loudspeaker (red square) 15 cm away from the bat. The bat’s echolocation calls were recorded by a
trigger microphone (green circle) and an array of 13 microphones (blue circle). (C) An example of the echolocation behavior of a bat tracking the approaching
tethered insects through a trial. (D) The sound recording from the trigger microphone of the same trial as shown in C. The dashed line indicates the amplitude
threshold for broadcasting the jamming signals. In addition to the amplitude threshold, a time threshold was implemented so that the jamming signals were
only presented to the bat 1 s after a trial began. (E) Jamming signals recorded directly from an analog input channel. (F) The jamming signal types designed
for each individual bat. (G) An example of the jamming trial in which the jamming signals occurred during the vocal production process. For each trial, four
calls before the jamming (call −4 ∼ call −1), four calls during the jamming (call 1 ∼ call 4), and four calls after the jamming (call 5 ∼ call 8) were consecutively
numbered and analyzed. The photo in A is credited to Brock Fenton and Ben Falk.
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postecho window. Because the end frequency of the echolocation
calls was controlled by the bat, each jamming sound type resulted
in a range of actual frequency separations between the bat’s sonar
vocalizations and the jamming signals (Fig. S2E). Thus, data
analysis was performed on the actual frequency separation be-
tween each bat call and the jamming signal, instead of the preset
jamming signal types. We calculated the actual frequency sepa-
ration before jamming by taking the frequency difference between
call −1 and the jamming signal. Call −1 represented the call im-
mediately before the jamming signals.
The JAR hypothesis states that animals should increase their

call frequency when they are jammed by low-frequency signals and
decrease their call frequency when they are jammed by high-
frequency signals. In the first analysis, based on the actual fre-
quency separation between sonar vocalizations and acoustic jam-
ming signals, we separated the trials as follows: the “above”
condition in which the end frequency of the jamming signals was
above the end frequency of bat calls and the “below” condition in
which the end frequency of the jamming signals was below the end
frequency of bat calls (Fig. 2 and Fig. S2E). We discovered that
bats adjusted the end frequency of their calls only in particular
conditions (Fig. 2). By comparing the end frequency of the four
calls directly after acoustic jamming (call 1 to call 4, Fig. 1G) to
the corresponding four calls in the silence control trials, we found
that frequency adjustments of bat 1, bat 2, and bat 3 (male sub-
jects) occurred only in sound production and postecho perturba-
tion conditions. By contrast, no frequency adjustment was found in

the echo reception jamming conditions. For bat 4 (female subject),
there was no change in end frequency across any of the six jam-
ming conditions. Examination of the direction of call-frequency
adjustments revealed that, when the jamming signals were above
the initial call frequency, bats decreased the call frequency during
jamming; when the jamming signals were below the initial call
frequency, bats increased the call frequency during jamming.
Thus, sonar vocal adjustments in these subjects enlarged the fre-
quency separation between bat echolocation calls and acoustic
jamming signals.
Moreover, we observed that, for the bats that increased the call

frequency in the audiovocal feedback jamming condition (Fig. 2 B
and C), the magnitude of the frequency increase was larger when
the analysis was limited to trials in which the jamming signals were
at least 5 kHz below bat call frequency before jamming (referred to
as the “far-below” condition, Fig. 2 E and F). A comparison of the
magnitude of the frequency adjustments for the same jamming
signals presented during vocal production, echo reception, and
postecho window revealed that the call-frequency adjustment was
greatest when the jamming signals occurred during vocal pro-
duction, and there was no call-frequency adjustment when the
jamming signals occurred during echo reception (Movie S1). A
moderate call adjustment occurred in the postecho window. For
example, in the far-below condition, bat 1 increased the end fre-
quency by 3.3 kHz in the vocal production jamming treatment
(two-sample Kolmogorov–Smirnov test, P < 0.0001), 1.4 kHz in the
postecho jamming treatment (two-sample Kolmogorov–Smirnov

Fig. 2. Frequency adjustments of bats in the presence of jamming signals of varying frequency and time delays relative to echolocation call production. Vocal
production jamming occurred when the acoustic jamming signals were presented at a time delay of 1 ms, echo reception jamming occurred at a time delay of
10 ms, and postecho jamming occurred at a time delay of 30 ms. (A–D) Trials were grouped into two conditions: the above condition in which the jamming
signals were above bat call frequency and the below condition in which the jamming signals were below bat call frequency. (E and F) Results based on a
subgroup of trials in the below condition in which the jamming signals were at least 5 kHz below the bat call frequency before jamming. Data were plotted as
mean and 95% confidence interval and were based on the four calls during jamming (i.e., call 1 ∼ call 4 in Fig. 1G) from each trial. Each asterisk above a
condition indicates a statistical significance between the condition and silence control (plotted with silence control type I in which the silence trials randomly
alternate with treatment trials during an experimental day). The results hold for silence control type II in which only silence trials were presented to bats
during an experimental day. The number of trials for each condition (i.e., the sample size) is shown at the bottom of each panel.
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test, P < 0.0001), and 0.3 kHz in the echo reception jamming
treatment (two-sample Kolmogorov–Smirnov test, P > 0.05),
respectively.

Experiment 2: Effect of Acoustic Jamming Signal Delay. To better
understand the effect of the timing of jamming signals on vocal
adjustments, we conducted a second experiment in which we
broadcast jamming signals at three time delays relative to call
onset: 1, 5, and 20 ms, along with a silence control, using the
jamming signal type that elicited a bat’s largest adjustments in
call frequency in the first experiment. Specifically, we used the
+6 kHz acoustic jamming signal type for bat 1, and the −6 kHz
acoustic jamming signal type for bat 2 and bat 3. Bat 4, the only
female in this study, was not included in this experiment, as it
showed no JAR in experiment 1. Given the single female in this
study, we cannot test whether there are gender differences in the
JAR of big brown bats. We found that bats showed much weaker
or no call adjustments when the jamming signals arrived at either
5-ms or 20-ms delays after vocal onset (Fig. 3). Again the bats
showed the greatest call adjustments when the jamming signals
occurred at a 1-ms delay, which perturbed the vocal production
process, reproducing the finding from the first experiment.

Audiovocal Adjustments On a Rapid Timescale. We further analyzed
sonar vocal adjustments on a call-by-call basis using the data
from the first experiment. Specifically, for each trial, we com-
pared the bat’s sonar call end frequency between the jamming
condition and the silence control for 12 echolocation calls, in-
cluding 4 calls before jamming, 4 calls during jamming, and
4 subsequent calls after jamming (Fig. 1G). We found that bats
showed sonar vocal adjustments in the first call after the jam-
ming signal (Fig. 4), which corresponded to a response latency of
66 ± 20 ms (bat 1, mean ± SD), 105 ± 40 ms (bat 2, mean ± SD),
90 ± 29 ms (bat 2, mean ± SD), and 94 ± 31 ms (bat 3, mean ±
SD). Before the jamming signal presentation, there was little
difference in call end frequency across calls (two-sample Kol-
mogorov–Smirnov test, all P > 0.05). During jamming, bats
shifted the end frequency of their sonar calls in the opposite
direction of the jamming signals (two-sample Kolmogorov–
Smirnov test, all P < 0.05). After jamming signals ended, the call

frequency of the jamming conditions gradually returned to the
baseline level of silence control (Movie S1).

Discussion
There is a large literature on adaptive sonar call adjustments by
bats in response to ambient sounds that range from vocalizations
of other bats (12, 14, 19, 20) to computer-generated noise (21–
25). Physiologically, it has also been shown that the acoustic
parameters of bat sonar calls induced by electrical stimulation of
the midbrain became more stable when the bat received addi-
tional acoustic stimulation, demonstrating the role of auditory
feedback in bat vocal production control (26). Moreover, de-
cades of research have contributed to data showing that echo-
locating bats rely on echo returns, or echo feedback, to adapt
their echolocation call structure. Specifically, bats that produce
frequency-modulated (FM) calls show the largest adjustments in
the duration and repetition rate of signals with changes in sonar
target distance (2, 27). Thus, it follows that adaptive sonar call
adjustments by bats in response to ambient sounds depend on
echo feedback. Our results, however, show that big brown bats
do not adjust the end frequency of their echolocation calls when
acoustic jamming signals coincide with the reception of target
echoes. Instead, big brown bats showed the greatest adjustments
in echolocation call frequency when jamming signals coincided
with sonar vocal production. These results suggest that the big
brown bat’s adjustments of sonar call frequency in response to
acoustic jamming signals are based on audiovocal feedback, in-
stead of echo feedback.
Why do big brown bats rely on audiovocal feedback, instead of

echo feedback to adjust their sonar call frequency in the presence
of jamming signals? We propose the following explanation. Com-
pared with audiovocal feedback, echo feedback is much weaker
and more variable, particularly in spectral characteristics, which
creates a higher threshold for active vocal adjustment. After a
sonar call is emitted, it first travels in air to strike an object and
then reflects back to the bat. Due to spherical spreading losses,
atmospheric attenuation, and interference patterns created by
multiple reflecting surfaces of natural targets, echoes are spectrally
modulated and weaker than transmissions (28, 29). Furthermore,
when bats forage close to obstacles, each echolocation call results
in a stream of echo returns that can mask the target echo (30).

Fig. 3. Frequency adjustments of bats in the presence of jamming signals of varying time delays relative to echolocation call production. Data are shown for
experiments 1 and 2. Experiment 1 investigated the influence of acoustic jamming signal frequency at 1-, 10-, and 30-ms delays from vocal onset. Experiment
2 investigated the influence of jamming signals at 1-, 5-, and 20-ms delays from vocal onset, using the jamming signal type that induced the largest call-
frequency adjustments of individual bats tested in experiment 1. Data in gray are replotted from experiment 1, as shown in Fig. 2 A, E, and F, and data in black
are from experiment 2. The above condition refers to the trials in which the end frequency of the jamming signals was above that of the bat calls. The far-
below condition refers to the trials in which the end frequency of the jamming signals was more than 5 kHz below that of the bat calls (see Fig. 2 for il-
lustration). Data were plotted as mean and 95% confidence interval and were based on the four calls during jamming (i.e., call 1 ∼ call 4 in Fig. 1G) from each
trial. Each asterisk above a condition indicates a statistical significance between the condition and silence control. The number of trials for each condition (i.e.,
the sample size) is shown at the bottom of each panel.
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Collectively, these factors may reduce the bat’s weighting of fre-
quency information extracted from target echoes. Hence, big
brown bats may not rely on echo feedback to adapt sonar call
spectral structure in response to jamming signals.
In addition to sonar call adjustments in the audiovocal feedback

jamming condition, big brown bats also made small but significant
frequency adjustments in the postecho jamming condition. At
present, we do not have a solid explanation for this phenomenon.
We speculate that, after receiving the target echo, the bat could
start to plan for the parameters (including frequency) of a sub-
sequent call. Following the principles of the motor control theory,
which successfully accounts for a wide range of motor behaviors
such as visually guided arm movement (31) and speech production
(32), we hypothesize that call-frequency adjustment in the postecho
period reflects motor planning. The motor control theory posits
that motor control is based on a comparison of sensory prediction
generated from an internal forward model with direct sensory
feedback, and sensory feedback is then used to train and update
the internal model. Specifically, when there was a mismatch in the
call frequency between the planned call and the acoustic jamming
signals, bats made adaptive adjustments accordingly. Similarly, the
gradual return of the call frequency after the jamming signals (Fig.
4) might indicate an update of the internal model after the bat
listened to repeated jamming signals, which fits into the role of
sensory feedback in training and updating the internal model (32).
These ideas remain to be tested in future research.
At present, it remains an open question whether the importance

of close temporal coupling between vocal onset and perturbation
stimuli to the JAR of the big brown bat generalizes to other an-
imal species. Hage et al. (23) tested the effect of echo intensity on
vocal control in the greater horseshoe bat, Rhinolophus ferrume-
quinum, while jammed by 20-kHz bandpass filtered noise centered
on the resting frequency of the bat’s echolocation call. In their
study, simulated target echoes of different intensity were pre-
sented to the bats at a delay of ∼5 ms relative to the bat’s vocal
onset. The echolocation calls of greater horseshoe bats are

typically >40 ∼ 50 ms long. They found that the bats produced
slightly more intense calls when receiving the weakest echoes, but
they did not observe any effect of echo intensity on echolocation call
frequency. Interestingly, when simulated echoes of shifted frequency
(either increased or decreased) were presented to the horseshoe
bats at the same time delay of ∼5 ms, these animals made com-
pensatory frequency adjustments (3). Our data show that big brown
bats made the largest frequency adjustments when the jamming
signals occurred at a delay of 1 ms relative to vocal onset, but made
little frequency adjustment when the jamming signals occurred at a
delay of 5 ms. This suggests that the time window of audiovocal
feedback may not go beyond the duration of vocal production. Thus,
acoustic signals occurring at a 5-ms delay fall outside an audiovocal
feedback window for big brown bats that produce echolocation calls
of <3 ms in duration but fall within an audiovocal feedback window
for greater horseshoe bats that produce echolocation calls typi-
cally >40 ∼ 50 ms in duration. Furthermore, there are no compa-
rable data from humans or other animals in which altered auditory
feedback was presented to the subjects at varying time delays be-
yond the length of a single vocalization. Two relevant studies in
humans have presented altered pitch feedback at different delays,
but all feedback was within the sustained vowel production process
(33, 34). Moreover, vocalizations of both humans and songbirds are
more than an order of magnitude longer in duration than FM bat
echolocation calls, which limits analysis of audiovocal feedback ad-
justments at a high temporal resolution.
Another important finding from this study is that bats showed

vocal adjustments in the first call after the jamming sound, corre-
sponding to a response latency in the range of 66 to 94 ms. This es-
timate is thus more than two times shorter than an earlier estimate of
the JAR latency in the Brazilian free-tailed bat, Tadarida brasiliensis
(13). Vocal response latency has been repeatedly measured in humans
participating in vocal feedback perturbation tasks. In brief, the
human vocal response latency is ∼100 ∼ 150 ms for pitch feedback
perturbation (8, 35), ∼160 ms for formant feedback perturbation
(36), and ∼160 ∼ 170 ms for sound-level feedback perturbation

Fig. 4. Bats exhibited the jamming avoidance in the first call after the jamming signals. Data were plotted as mean and 95% confidence interval, including
12 calls for each trial: 4 calls before the jamming, 4 calls during the jamming, and 4 calls after the jamming. The asterisk associated with each data point indicates a
statistical significance between the treatment condition and the silence control (silence control type I in which the silence trials randomly alternate with treatment
trials during an experimental day). The number of trials for each condition (i.e., the sample size) was 37 for bat 1, 30 and 28 for bat 2, and 26 for bat 3.
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(37, 38). The vocal adjustments of bats in this study are even faster
than the vocal compensation reported for pitch feedback pertur-
bation in humans, which suggests that evolutionary specializations
for echolocation might also contribute to a faster audiovocal in-
tegration system compared with nonecholocating animals. Geberl
et al. (39) showed that the Daubenton’s bat (Myotis daubentonii)
responded to the removal of the insect prey during the terminal
catching phase by adjusting its echolocation call behavior, which
resulted in a response latency of around 80 ∼ 90 ms. In the current
study, the mean response latency of 66 ms associated with the vocal
adjustments of one bat approximates that of the auditory-laryngeal
reflex, in which clicks elicit vocal frequency adjustments with a
latency of ∼50 ms (40). In another study, Luo et al. (41) reported
that it takes a mere 30 ms for the big brown bat to increase its vocal
intensity in response to broadcast noise. Thus, echolocating bats
offer a valuable opportunity to investigate mechanisms of audio-
vocal integration on a rapid timescale.
The question of whether and how bats accurately represent the

parameters of their sonar vocalizations has been considered for
almost three decades (42). Studies of brain mechanisms of echo-
location have primarily investigated neural responses to artificial
pulse-echo pairs in passively listening animals, disregarding the
crucial link between vocal production and echo reception. Multi-
unit recordings in the superior colliculus of the freely echolocating
big brown bat, however, have revealed premotor activity with each
sonar vocalization, with a long-lead burst that preceded calls by
∼8–40 ms and a short-lead burst that preceded calls by ∼2–5 ms,
which could provide an efferent copy of sonar call timing (43).

Behavioral research on echolocation has largely focused on the
role of echo feedback in vocal adaptations. Here, we demonstrate
that audiovocal feedback is involved in adaptive sonar call design
in the big brown bat. The current experiment provides direct ev-
idence of the role of audiovocal feedback in representing the
features of echolocation calls in bats. Thus, echolocating big
brown bats, like songbirds and humans, rely on audiovocal feed-
back to adjust their call features, and audiovocal feedback might
be a direct precursor for the more specialized adaptive sonar
behaviors observed in echolocating animals (14, 27, 44).

Materials and Methods
Experimental procedures were approved by Johns Hopkins University In-
stitutional Animal Care and Use Committee. Detailed methods on behavioral
testing procedures, acoustic broadcast stimuli, echolocation call recordings,
and data analysis are presented in SI Materials and Methods.
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Four adult E. fuscus big brown bats (three males, bats 1–3, and
one female, bat 4)—a species that produces frequency-modulated
signals for echolocation—were trained to rest on a platform and
track approaching tethered insects (i.e., prey targets) by sonar
(Fig. 1B and Movie S1). The prey targets were tethered to a
motorized pulley system, and its speed was precisely controlled
by a customized MATLAB program. In this experiment, for each
trial the prey targets accelerated at a speed of ∼2.8 m/s from a
3-m distance away from the bat, traveled at a constant speed of
∼1.5 m/s for the time window 0.5 ∼ 1.9 s, and finally decelerated
at a speed of ∼2.1 m/s. The bat-target distance over the time
course of a trial is shown in Fig. S1. The start and end of the
motor system mark the start and end of a trial, and a trial lasts
about 2.5 s.
We recorded the echolocation calls of the bats with an array of

13 microphones (DX500; Petterson Elektroniks, with the horn on)
that covers a horizontal space of about −65 to +65° and a vertical
space of about −30 to +45° (Fig. 1B, indicated by blue circles). An
additional microphone placed beneath the platform (Fig. 1B, in-
dicated by a green circle) was used to trigger the playback system to
broadcast jamming signals from a customized electrostatic loud-
speaker powered by a wideband amplifier (Model 7500; Krohn-
Hite) placed to the left of the bat at a 15-cm distance (Fig. 1B,
indicated by a red square). The diaphragm of the loudspeaker was
1 cm in diameter. Systematic measurements showed that the border
between near-field and far-field was within 10 cm from the loud-
speaker. Thus, at a 15-cm distance, the bat was located in the far-
field of the loudspeaker. An example of the sonar tracking behavior
of the bats is shown in Fig. 1C, the recording from the trigger
microphone is shown in Fig. 1D, and the recording of the jamming
signals is shown in Fig. 1E. Before this experiment, we made sound
recordings from each bat in silence and used these recordings to
guide the design of the jamming signals. For each bat, we constructed
three types of individualized jamming sounds, namely −6-kHz type,
0-kHz type, and +6 kHz. Both −6-kHz and +6-kHz jamming
sound types were pitch-shifted versions of the 0-kHz type by a
magnitude of 6 kHz downward and upward, respectively.
Sound recordings were digitized at a sampling rate of 250 kHz,

and the jamming signals were generated at a sampling rate of
1MHz. Each array microphone was directed to the platform using
a laser beam. We localized the spatial position of the array mi-
crophones by playing and recording chirp sequences (5- to 25-kHz
FM sweeps) through a loudspeaker placed at different locations.
The exact location of the speaker was recorded by a motion
tracking system containing three high-speed cameras (MX T40;
Vicon Motion Systems). The distance between the platform and
each microphone was confirmed by direct measurements from a
laser distance meter (GLR 500; Bosch). We ensured a flat fre-
quency response of the playback system for the frequency range of
20–100 kHz (±1 dB) by digitally compensating for the uneven
frequency response of the loudspeaker with its compensatory
impulse response. The compensatory impulse response of the
loudspeaker was designed using the Maximum Length Sequence
method. We broadcast the jamming signals at amplitudes of
80 dB SPL (sound pressure level; root mean square amplitude,
relative to 20 μPa). Since bat 4 was disturbed by the jamming
signals, as indicated by flying off the platform much more often
than the other bats, and showed no sign of adapting over more
than a week of tests, we turned down the playback amplitude to
70 dB SPL, which restored the normal behavior of this subject
almost immediately. Bat 4 was thus tested with the jamming

signals broadcast at 70 dB SPL. The amplitude of the playbacks
was determined with a measurement microphone (Model 7016,
1/4 inch Condenser microphone; ACO Pacific with protection
grid removed), which was calibrated using a Brüel & Kjær, type
4231 calibrator.
To selectively perturb the vocal feedback or echo feedback

process, we employed the triggered playback technique that works
as follows: When an echolocation call is emitted from the bat’s
mouth, the call travels about a 5-cm distance to reach the trigger
microphone; the amplitude of the call is assessed by the data
acquisition system (National Instruments, PXIe 8135, with two
data acquisition cards PXIe 6358 consisting of 16 analog input
channels and 8 analog output channels) and compared with the
trigger threshold in real time; the playback system is activated
after a specified digital delay to broadcast the stored jamming
sound or a silenced sound file if the trigger threshold is met; and,
finally, the jamming sound or the silence sound file travels about
a 15-cm distance to reach the ear of the bat. The total time delay
of the playback system is determined by the distances that the
sounds (both call and the jamming sound) travel in air, the
processing time of the program and the hardware, the digital
delay introduced by the experimenter, and the interaction be-
tween the trigger threshold and the waveform shape of the bat’s
calls. By placing both the trigger microphone and the loud-
speaker close to the bat, we were able to achieve a minimum
delay of <1 ms (Fig. 1G). To achieve a precise synchronization of
the sound recording and playback system, we split the playback
signal from the analog output channel into two copies: one copy
went to the loudspeaker and the other copy went to one of the
analog input channels via a direct wire connection.
Two experiments were conducted in this study. In experiment 1,

we broadcast the three types of jamming signals over three delays:
1 ms (with zero digital delays), 10 ms, and 30 ms. Together with a
silence control, there were 10 treatments in total. After we analyzed
the data from the first experiment, we conducted a second ex-
periment on three bats. Specifically, in experiment 2 we tested the
conditions in which the bats showed the largest vocal adjustments in
call frequency (bats 1–3). The second experiment collected data
from two more time delays at 5 ms and 20 ms. In addition, we
repeated the 1-ms delay condition in which the bats showed the
greatest vocal adjustments and included a silence control. For all
experiments, the order of presenting the treatments was pseu-
dorandomized and the experimenter was not aware of the exact
condition during data collection. Bats were rewarded with a
mealworm after a trial. On average, each bat performed about
30 trials per experimental day and was tested 6 d per week.
In addition to the silence control trials included among other

treatment trials with jamming signals during the test (silence
control type I), we also recorded the echolocation calls of the bats
only in silence conditions both before and after the first exper-
iment. These trials thus served as an additional silence control
(silence control type II).
Echolocation calls were analyzed in MATLAB (R2015a;

MathWorks) with custom-written programs, based on code used
by Luo et al. (24, 25). We first accounted for the frequency re-
sponse of the microphones by filtering the recorded calls with
each microphone’s compensatory impulse response (32nd order
finite impulse response filter) and high-pass-filtered all record-
ings at 10 kHz. Because of the spectral notch of the microphones
at around 75 kHz, we low-pass-filtered the recordings at 70 kHz.
This is also a practical reason to limit our frequency analysis to
the first harmonic of the call that ranges from ∼55 kHz to 20 kHz
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(excluding the terminal buzz phase). Subsequently, we identified
echolocation calls from the microphone that was directed toward
the bat (central microphone, 0-degree azimuth and elevation),
from which each echolocation call was cut with a fixed time
window of 5 ms before the call and 5 ms after the call. Then we
estimated the call duration (−20 dB relative to the peak ampli-
tude) and the root mean square amplitude over the duration.
Through cross-correlation, calls in all other channels were
readily available for analysis after compensating for the fre-
quency- and distance-specific transmission loss. The quality of
the sound analysis program was manually checked by displaying
the waveform and spectrogram at varying stages of the analysis
and confirmed its high quality.
Frequency estimations were based on the call that had the

maximum root mean square amplitude among the 13 array mi-

crophones so that the influence of the changes in the calling
direction of the bat on signal parameter estimation is minimized.
End frequency was estimated as the frequency component of −20 dB
amplitude relative to the peak frequency of the first harmonic
(Fig. S2D). We focused on the end frequency of the echolo-
cation calls because a previous study had shown that big brown
bats adjust the end frequency of their sonar calls in response to
jamming signals (15).
When comparisons were performed for two treatments or

conditions, the nonparametric two-sample Kolmogorov–Smirnov
test was used to calculate the P value in MATLAB. In addition,
all statistical tests were performed with two types of silence
control (see earlier section within SI Materials and Methods for
description) and only when the conclusion held for both control
types did we consider it to be statistically significant.

Fig. S1. The relationship between the target distance to the bat, the elapsed time during a trial, and the target echo arrival time at the bat. Jamming signals
occurred between 1 s and 1.4 s after a trial onset, and thus it took about 10 ms for the bat to receive its echo from the target.
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Fig. S2. Sound analysis routine and grouping of trials based on the actual frequency separation between bat call and jamming signal. For each echolocation
call, the call samples (between the two horizontal red lines in A) were first extracted from the continuous recording sequence, based on the smoothed en-
velope shown in B. Fast Fourier Transformation was then used to compute the spectrogram (C) and power spectrum (D). From the power spectrum, the end
frequency of the calls (red dot) was measured as the frequency 20 dB down from the peak frequency (gray dot) from the first harmonic. (E) Trials were
separated into two groups based on the actual frequency separation between bat call and the jamming signal.
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Movie S1. Call-frequency control of a bat in response to acoustic jamming signals. (Top) High-speed video filming the behavior of the bat. (Middle) The
spectrogram of the echolocation calls. (Bottom) End frequency of the echolocation calls. High-speed video was recorded at a frame rate of 250 Hz, and the calls
were recorded at a sampling rate of 250 kHz. Here, both video and sound recordings were slowed down by a factor of 10 to make the ultrasonic calls audible to
human ears.

Movie S1
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