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Echolocating bats rely on precise auditory processing to navigate and
forage in complete darkness. A critical aspect of this behaviour is the
neural encoding of self-generated vocalizations, which allows for accurate
comparison with returning echoes. In this study, we introduce a non-
invasive method for recording auditory brainstem responses (ABRs) in
awake, flying big brown bats (Eptesicus fuscus). Using a custom 3D-
printed harness that enables sustained in-place flight, we simultaneously
recorded electroencephalographic and acoustic signals from freely
vocalizing animals. Self-emitted echolocation calls reliably evoked ABRs,
including a distinct pre-auditory wave that occurred before call onset and
is probably associated with motor command generation. We were able
to extract single-trial individual ABR patterns, which revealed significant
correlations between specific acoustic properties of the calls and both
ABR amplitude and latency. These findings demonstrate that, despite the
suggested peripheral attenuation of self-emitted echolocation calls, the
bat auditory system dynamically encodes the characteristics of outgoing
vocalizations, with information extraction occurring as early as the
brainstem. Our approach offers an effective framework for investigating
sensory—-motor integration in actively behaving animals.

1. Introduction

Echolocating bats are auditory specialists capable of foraging in darkness by
actively emitting acoustic signals and analysing the returning echoes from
objects in their environment [1,2]. Bats dynamically adapt the design of their
echolocation calls in response to changes in the acoustic scene [3,4]. Because
echolocation depends on comparing emitted signals with returning echoes, an
accurate neural representation of the self-emitted calls is essential [5-7].

Several mechanisms have been proposed to explain how bats register the
characteristics of their emitted signals. One of the most prominent ones is that
they monitor their own vocalizations via auditory feedback [6]. Unlike other
mechanisms—such as relying on a neural efference copy—listening to the
emitted sound has the advantage of capturing its actual acoustic properties,
rather than merely the motor plan for producing it.

Here, we examined whether the properties of emitted echolocation signals
are encoded in the auditory brainstem response (ABR). The ABR is an evoked
neural response generated by synchronous activity in the early stages of
auditory processing. Wave I of the ABR reflects the compound response of the
auditory nerve, while later waves correspond to activity in successive nuclei
of the ascending auditory pathway: the cochlear nucleus, the superior olivary
complex, the nucleus of the lateral lemniscus and the inferior colliculus [8,9].

Most ABR recordings in bats to date have been conducted under anaes-
thesia, which might alter physiological function, affecting both central and
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peripheral components of auditory processing [10]. These effects have been shown to modify ABR characteristics across a n
variety of vertebrate species, including mice, rats, birds, lizards and frogs [11]. Moreover, working with anaesthetized bats limits
the ability to investigate the ABR representation of echolocation calls emitted by the bat as part of its natural active-sensing
processes.

Simmons et al. [12] demonstrated the feasibility of non-invasive scalp recordings of auditory-evoked activity in awake,
unrestrained big brown bats. However, their method required that the animals be trained to remain motionless, limiting
its applicability to study flying echolocating bats. To overcome this challenge, we developed a system for recording ABRs
non-invasively in awake, behaving big brown bats (Eptesicus fuscus). The small body size of most bat species poses a challenge
for equipping them with high-end on-board recording systems that still allow them to fly (but see [13]). We designed a custom
3D-printed harness that allowed bats to fly in place and echolocate without forward progression, while remaining connected to
non-invasive surface electrodes. We used this method to record the ABR representation of echolocation calls and showed how
key acoustic parameters of the calls are encoded in the auditory brainstem.

Our recordings revealed that self-emitted echolocation calls evoke ABRs during flight, including a distinct pre-auditory
wave (PAW) that preceded call onset, probably reflecting motor generation commands. Individual-trial analyses showed that
ABR amplitudes in waves II and III increased systematically with both call duration and intensity, whereas wave I showed
no such interaction, suggesting progressive integration of acoustic features along the brainstem. Additionally, ABR latencies
were positively correlated with call duration across all waves. Together, these results demonstrate that the bat auditory system
encodes the detailed acoustic structure of self-generated vocalizations at the level of the brainstem, providing a neural substrate
for rapid sensory-motor coordination during echolocation.
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2. Results

(a) Auditory brainstem response recordings

Neural responses to self-emitted biosonar echolocation calls were recorded from three big brown bats (E. fuscus) while flying
in place within a sound-attenuated Faraday cage (figure 1A; electronic supplementary material, video S1). The bats were
secured in a custom harness, allowing natural echolocation during restrained flight. Synchronized electroencephalographic
(EEG) signals were recorded non-invasively in parallel to acoustic recordings (figure 1B).

For bat #3, two control recordings were obtained: (i) EEG recorded during passive listening to a playback of the same
bat’s own echolocation calls while the bat was awake and restrained; and (ii) EEG recorded during flight in the harness with
electrodes placed on the lower back, where no neural signal is expected.

All three bats exhibited ABRs to their own calls during flight (figure 2A) and during control playback (figure 2B). The control
recording with electrodes placed on the back during flight showed no response (figure 2C), confirming the neural origin of
the ABR signal. Notably, in all bats, the ABRs were prefaced with a distinct electrophysiological potential that started 0-5 ms
prior to call arrival at the ears, unlike during passive hearing when activation started approximately 2 ms after the sound’s
arrival at the ears (figure 2; compare ABRs in panels A and B). This potential is consistent with a PAW previously reported in
echolocating dolphins [14,15].

(b) Individual auditory brainstem responses and acoustic correlates

Despite typical reliance on averaging to extract ABRs, we observed consistent response patterns in single trials. This allowed us
to investigate individual ABRs (iABRs) as a function of acoustic echolocation call properties (figure 3).

To investigate whether acoustic call parameters are encoded by the ABR in echolocating bats, we modelled ABR latencies
and amplitudes of waves I, II and III, which showed the highest signal-to-noise ratios (SNRs), as a function of echolocation call
duration and intensity, while accounting for inter-individual variability. We used linear mixed-effect (LME) models, with call
duration and intensity set as fixed factors, and bat ID and EEG trial noise included as random effects (see §4).

In waves II and III, a positive interaction between call duration and intensity and the ABR’s log-amplitude was observed,
indicating that the ABR peak amplitudes increased when echolocation calls were both longer and more intense (figure 4A; see
table 1 for full model statistics).

The effect size of this interaction strengthened with wave number—from wave I, which showed no interaction (8 = 0.0003), to
wave II (3 =0.004), and peaking in wave III (3 = 0.005; figure 4B).

The latency of the three ABR waves also revealed significant correlations with call acoustics, particularly call duration. Call
duration was positively correlated with ABR latency in all three waves (figure 4C). We ran several analyses to ensure that this
was not an artefact of call duration estimations (see details in electronic supplementary materials, figure S1 and table S1).

Random intercepts for bat ID accounted for meaningful between-subject variability across all models. EEG noise, included as
a second random effect in the amplitude models, explained substantial additional variance related to the recording conditions.

3. Discussion

Echolocating bats actively probe their environment by emitting sound and analysing the returning echoes to construct a neural
representation of their surroundings [2,16].
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Figure 1. Experimental set-up. (A) lllustration of a bat in flight within the harness inside the Faraday cage. The microphone is positioned below, and EEG electrodes
are placed above the animal’s head. (B) A representative 0.5 s trace from bat #2 showing (top) spectrogram of the echolocation calls, (middle) waveform of the emitted
calls and (bottom) synchronized EEG trace.

The small body size of most bat species poses a challenge for equipping them with on-board recording systems that still
allow them to fly. Moreover, such systems often have reduced capabilities compared to full laboratory set-ups, including
limited synchronization between auditory and EEG channels and a dynamic range insufficient for reliable ABR recordings. To
overcome this challenge, we designed a custom 3D-printed harness that allowed big brown bats to fly in place and echolocate
without forward progression, while remaining connected to non-invasive surface electrodes.

Echolocating bats dynamically modulate call duration during different phases of the hunting sequence, producing shorter
calls as they approach their target or background objects [17,18]. This behaviour is widely interpreted as a strategy to avoid
temporal overlap between emitted calls and returning echoes from nearby objects [19]. A precise neural encoding of the emitted
signal is crucial for functional echolocation. Among other functions, it enables distinguishing self-emitted calls and echoes from
conspecific calls and echoes, and it enables coping with potential ambiguities [20-22]. The EEG signals we recorded from bats
flying in place while freely echolocating allowed us to examine the brain stem’s response to individual echolocation calls. In
our set-up, bats produced a range of call durations while flying in the harness. We observed that iABR latencies decreased in
response to shorter echolocation calls (figures 3 and 4C), consistent with findings from Luo et al. [23]. This faster neural response
to shorter frequency-modulated (FM) calls may reflect enhanced synchrony across a broader population of neurons, facilitating
the rapid auditory processing needed during the final stages of target approach (when calls become shorter).

Previous recordings of cochlear microphonics (CM) were obtained during simulated flight in a pendulum after bats had been
anaesthetized and undergone surgery to place electrodes within the fluids of the inner ear [24]. Although the researchers found
that the bat’s ear was poorly stimulated by the intense emitted pulses, our results demonstrate that in awake, actively flying
bats, self-emitted calls evoke robust ABRs, indicating that early auditory processing stages preserve a clear representation of
these vocalizations despite the suggested peripheral attenuation.

A major finding of our study was the interaction between call duration and intensity with iABR amplitudes (table 1; figure
4A,B), suggesting increasing integration of acoustic information along successive auditory nuclei. For calls of similar power,
signal energy scales positively with call duration (energy = power x time). Thus, longer calls might be expected to elicit larger
ABR amplitudes simply because they contain more total acoustic energy. However, when the signals are FM sweeps, shorter
FM sweeps stimulate a broad range of cochlear frequencies within a short time window, resulting in strong neural synchrony
across afferents. This synchrony can generate a large compound ABR amplitude. Conversely, longer-duration FM calls activate
cochlear regions in sequence rather than simultaneously reducing synchrony and yielding smaller summed potentials at early
auditory stages. This may explain why, in response to FM echolocation calls, the positive interaction between call duration
and intensity was absent in wave I—reflecting auditory-nerve activity —but became progressively stronger in waves II and III,
corresponding to higher brainstem nuclei such as the superior olivary complex and inferior colliculus.

Although larger response amplitudes may reflect broader neural recruitment rather than enhanced selectivity, the higher
ABR amplitudes observed for longer and more intense calls at later brainstem stages suggest that call duration is more
robustly encoded in stronger calls. Correctly identifying call duration (and other properties not tested here) may assist bats in
distinguishing their own calls amid a dense acoustic environment—a process particularly relevant for longer and more intense
search calls. The strengthening of the duration—intensity interaction across successive ABR waves further supports the idea
that later stages of the auditory brainstem engage in cumulative or integrative encoding of acoustic parameters. This temporal
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Figure 2. Average neural representation of self-generated echolocation calls. (A) Averaged EEG responses in bats #1-3 to their own echolocation calls. The vertical red
line denotes the arrival of the call at the ears (time 0). The coloured background windows (red, blue and green) were defined based on the morphology of the average
auditory brainstem response (ABR) waveform and constitute the search windows for waves |, Il and Ill, respectively. An additional 2 ms long grey window was included
to highlight the pre-auditory wave (PAW), which can be observed in the harness condition (A), but not in the two control conditions (B and C). Bat #3s trace shows
delayed responses, potentially due to its longer call durations (1.84 + 0.51 ms) compared to bat #1 (1.47 & 0.41 ms) and bat #2 (0.72 + 0.40 ms). (B) Control EEG
response from bat #3 during passive listening to the playback. The first wave appears at 2.2 ms after the signal arrives at the ears. Note that the y-axis scale is different
because the conditions were different (active versus passive), and the intensity of the playback was reduced compared to the natural echolocation calls (average of
approx. 92 dB SPL compared with approx. 109 dB SPL at the bat’s ear). The vertical red line denotes the arrival of the call at the ears (time 0). (C) Control EEG response
from bat #3 while flying in the harness, with electrodes on its lower back. The vertical red line denotes the arrival of the call at the ears (time 0).

progression reinforces the interpretation that the responses we measured are auditory in nature rather than motor-related,
reflecting genuine sensory processing within the ascending auditory pathway.

Previous studies have shown that auditory neurons in higher brain regions of bats including the superior colliculus and
the auditory cortex are tuned to specific, often intermediate, echo intensities [8,25,26]. The intensity sensitivity that we show
in lower brain regions should allow an accurate estimate of call and echo intensity, and this might facilitate this sensitivity to
intermediate intensities.

We also uncovered a PAW in bats (figure 2), a phenomenon previously described in dolphins [14] and thought to be
associated with the motor production of sound emissions [15]. This interpretation is consistent with prior reports of pre-vocal
motor activity linked to vocal onset in freely flying bats [13].

Our observations support the idea that rapid sensory—motor coupling is a hallmark of echolocation. Brainstem encoding
may facilitate faster and more efficient downstream processing, enabling the exceptionally rapid response times characteristic
of bats. Free-flying bats exhibit a superfast Lombard response within approximately 20 ms of noise onset, probably mediated
by brainstem-level reflex circuits [27]. They can also adjust flight and call parameters within tens of milliseconds to sudden
prey-related changes, reflecting extraordinary sensory-motor agility [28]. Together, these findings suggest that early encoding
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Figure 3. Single-trial iABRs in bat #1. EEG responses are sorted by echolocation call duration, from shortest (top, 0.5 ms) to longest (bottom, 3 ms). Time 0 marks the
call’s arrival at the ears. Waves |, Il and Il are marked.

of self-emitted calls at the brainstem level may contribute to rapid adaptive control during active echolocation. The average
ABRs recorded in our study diverged from those previously reported in stationary big brown bats exposed to repeated FM
sweeps. Specifically, our recordings did not display four rapid waves within approximately 6 ms of stimulus onset, as typically
seen in anaesthetized animals [29]. Instead, we observed waves that were more temporally dispersed. This difference may be
attributable to the noisier recording conditions associated with bats flying in the harness. Under these conditions, the three main
waves observed in the averaged morphology may occasionally represent the merging of several smaller sub-waves, as seen in
individual-response examples (see electronic supplementary material, figure S5).

Several mechanisms have been suggested for the bat brain’s ability to register the emitted signal, including internal copies
of motor commands (efference copies) [30,31], or internal bone conduction pathways [32]. While our data do not exclude other
possibilities, they support the idea that the emitted call, as received through the bat’s own auditory periphery, is encoded by
the brain as early as the brainstem, despite the peripheral attenuation of self-emitted calls relative to echoes, as recorded in
CM responses [24,33-35]. This aligns with the hypothesis that bats actively listen to their own vocalizations as a strategy for
monitoring outgoing signals [6], allowing for precise tracking of echolocation parameters.

Overall, these findings provide new insight into how the bat auditory system processes self-generated acoustic signals in real
time. By using a naturalistic, non-invasive approach that preserves active vocal behaviour, we demonstrate that the auditory
brainstem tracks not only the presence of emitted signals but also their detailed acoustic properties. This opens new avenues for
exploring how motor and sensory systems interact in echolocating animals.

4. Methods

(a) Animals and permits

Three adult female big brown bats (E. fuscus) participated in the experiment. All procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of Tel Aviv University (permit number: 04-21-043). The bats were imported from the
United States with all necessary permits.

(b) Preliminary experiment

(i) Acoustic stimulation

To develop the system, we first recorded ABR in passively listening, awake bats in response to repeated playback (as is standard
in ABR recordings) of an echolocation call. The specific E. fuscus echolocation call used for playback (electronic supplementary
material, figure 52) was recorded using an ultrasonic wide-band microphone (USG Electret Ultrasound Microphones— Avisoft
Bioacoustics/Knowles FG). The signal was digitized at a 500 kHz sampling rate with an Avisoft A/D converter and subsequently
high-pass filtered at 15 kHz and low-pass filtered at 100 kHz. The call was approximately 1 ms in duration and consisted of two
harmonics centred around 35 and 70 kHz.

The acoustic signal was calibrated to approximately 100 dB SPL at the bat’s ear using a calibrated GRAS 40DP 1/8" micro-
phone (GRAS Sound & Vibration). The stimulus was presented approximately 4000 times for each of two opposite polarities—
condensation and rarefaction (electronic supplementary material, figure S2B)—at a rate of approximately 14 presentations per
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Figure 4. Echolocation acoustic properties are encoded in ABRs. (A) Heatmaps depicting average log-transformed ABR amplitude (colour bar) as a function of
echolocation call intensity (x-axis) and duration (y-axis) for waves I-IIl. Gaussian smoothing was applied using a 3 x 3 pixel kernel (6 = 0.7) with symmetric boundary
padding. (B) Fixed-effect estimates (B) of the interaction between call duration and intensity on the log-transformed response amplitude show a growing positive
association across waves I-Ill, suggesting increasing integration of duration and intensity cues in later auditory processing stages. (C) Latency of waves I-IIl as a
function of call duration (ms). Mean responses from all three bats are shown (n = 14 364). Shaded areas indicate standard deviation. In a control analysis (electronic
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supplementary material, table S1), rise time (<0.2 ms) was included as an additional random effect to control for changes in amplitude dynamics.

second. Responses were averaged to improve the SNR [36]. To convert the stimulus from condensation to rarefaction polarity,
the waveform was multiplied by -1 [37]. Alternating polarities are commonly used to eliminate stimulus artefacts [37-39] and

have previously been applied in E. fuscus [40].
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Table 1. Summary of best-fitting linear mixed-effects models (n = 14 364; data collected from three bats) examining the relationships between ABR latency and
log-transformed amplitude (waves I-II) and acoustic call parameters. Reported values include fixed-effect estimates (), effect types (linear, interaction), associated
p-values and AlC values. All models included random intercepts for bat identity to account for between-subject variability; amplitude models additionally incorporated
EEG trial noise as a second random effect to control for recording-related variance. For wave | amplitude, a model with interaction was selected despite a slightly higher
AIC (AAIC = 2) to maintain consistency across waves. Bold p-values indicate statistical significance (p < 0.05).

residual: s.d. = 0.400
[0.395-0.405]

| 2
variable formula random effects AIC predictor effect type EE)] p-value P =
wave | log_wavel_amplitude ~  batID:s.d. =0.016 14158 duration linear —0.096 0.48 _ E

amplitude dur_call ™ [0.005-0.050] intensity linear 0.0055 0.0019 &
t t dB_I_-Ibt . NN =3
Tar;;'ofs—e) (1) nose:s.=0.244 duaonx  interaction 0.00028 0.82 £
residual: s.d. = 0.392 =1

[0.388-0.397]
..................................................................................................................................................................................................................................................................... (-
wave Il log_wave2_amplitude ~  bat:s.d.=0.087[0.038— 14736 duration : §
amplitude dr all” ooy 5|ty ................................................................................................. =
intensity_dB + (—I |bat) noise; S_d_ — 0271 ............. et R .................................................................... 2
+ (1|noise) 02260325 duration X interaction 0.00374 . o
[0.226-0.325] intensity N
w
S
3
S

wave lll log_wave3_amplitude ~  bat:s.d. =0.110[0.049— 16 951
amplitude dur_call* 0.249]
Ttar;:(t){s_e;m +(1bat)  noise: s.d. = 0.326 duration X
[0.271-0392] intensity
residual: s.d. = 0.432
[0.427-0.437]
wave | latency ~ wavel_latency ~ batID:s.d. =0.513 32084 duration linear 0.206 <0.0001
dur_call + [0.230-1.142] intensity linear 0.00588 0.0004
intensity_dB + (1|bat)  residual: s.d. = 0.738
[0.730-0.747]
wave |l latency  wave2_latency ~ bat ID: 5.d. = 0.657 34036 duration linear 0.237 <0.0001
dur_call + [0.295-1.462] intensity linear 0.00225 0.204

intensity_dB + (1|bat)  residual: s.d. = 0.790
[0.781-0.799]
wave Il latency ~ wave3_latency ~ bat ID: s.d. = 0.609 36 486
dur_call + [0.274-1.357]
intensity_dB + (1[bat)  resigual: s.d. = 0.861
[0.851-0.871]

Auditory stimuli used in human ABR recordings typically consist of relatively low-frequency content. For example, a
commonly used click stimulus contains most of its energy in the 2000-4000 Hz range [41-43]. This overlaps with the frequency
range of the ABR itself, which generally spans 100-3000 Hz [37], potentially confounding the recorded response. Similarly, in
bats, ABRs contain frequency components up to approximately 3000 Hz [44-46].

However, the natural echolocation calls of E. fuscus contain frequencies well above 3000 Hz. Combined with our observation
of similar waveform responses for both condensation and rarefaction polarities within the auditory signal presentation window
(electronic supplementary material, figure S3), this suggests that stimulus artefacts and ABR components can be effectively
separated via appropriate filtering. Consequently, alternating polarity may not be necessary when using high-frequency
auditory stimuli. This supports the feasibility of recording ABRs in response to self-emitted, high-frequency echolocation calls
during flight in the harness—without polarity manipulation—while minimizing concerns about stimulus artefact contamina-
tion.

Furthermore, inclusion of random intercepts for bat identity in the harness experiment (table 1) revealed significant between-
subject variability beyond the tested acoustic parameters (call intensity and duration). This indicates that individual bats
exhibited consistent differences in their ABRs, even when exposed to acoustically similar calls. Such between-subject variation
lends support to the assumption that the recorded ABRs reflect genuine neurophysiological processing, rather than passive
transmission of acoustic properties or contamination by stimulus artefacts.

(ii) Electroencephalogram recordings

ABRs were recorded non-invasively from awake bats using AgCl/Ag tab adhesive electrodes (Bionen), trimmed to approxi-
mately 0.5 x 0.3 cm? and attached to three exposed wires. During electrode placement, each bat was gently restrained in a

Downloaded from http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2025.2988/6113716/rspb.2025.2988.pdf
by Tel Aviv University user
on 26 February 2026



cloth, and fur was removed from the head area using a depilatory cream (Veet Sensitive Skin, Reckitt Benckiser) applied for n
approximately 3 min [47]. The skin was then cleaned with 70% alcohol.

Electrodes were positioned as follows: (i) the recording electrode on the right mastoid; (ii) the reference electrode on the
forehead; and (iii) the ground electrode on the left mastoid [48,49]. In an additional control recording conducted on one bat, all
three electrodes were instead positioned on the lower back.

Electrodes were secured using Collodion glue (Mavidon), and a drying period of 35 min was observed before recordings
began to ensure firm attachment. Following data collection, residual glue was removed using 70% alcohol.

The electrodes were connected to a custom-built differential amplifier that amplified the signals by a factor of 10 000. The
amplifier included a high-pass filter at 0.159 Hz, a low-pass filter at 4.1 kHz and a selectable 50 Hz notch filter to suppress
power line noise. The circuit was based on a classical AC-coupled amplifier design, similar to those described in previous
studies [50-52].

To minimize electromagnetic and acoustic interference, recordings were conducted inside a Faraday cage (55 x 40 x 40 cm?)
lined with acoustic foam. The cage was placed within a sound-attenuated room (5.5 x 4.5 x 2.5 m?) with anechoic acoustic foam
covering the walls.

Auditory stimuli were presented through a Vifa speaker connected to an Avisoft 116 D/A converter, positioned approxi-
mately 10 cm in front of the bat. Acoustic signals were recorded using an ultrasonic microphone placed approximately 3 cm to
the right of the bat and were synchronized with the EEG recordings using a National Instruments (NI) X Series data acquisition
(DAQ) board. Data were collected using a custom Python script at a total sampling rate of 500 kHz (250 kHz for the EEG
channel and 250 kHz for the acoustic channel). Preliminary experiment results are shown in electronic supplementary material,
figure S3.
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(c) Harness experiment

The custom in-house system described above was also used to record average neural responses to self-emitted echolocation
calls from three E. fuscus bats flying in place while suspended in a 3D-printed harness (electronic supplementary material,
figure S4). The harness was mounted inside the sound-attenuated Faraday cage, and an ultrasonic microphone was positioned
approximately 30 cm in front of the bat, rather than approximately 3 cm to the right of the bat, as in the preliminary experiment.
The amplitude was calibrated using the GRAS microphone, and all subsequent dB SPL calculations related to the harness
condition were based on this calibration. Bats either flew voluntarily or were gently stimulated to fly with a light touch. Based
on continuous acoustic recordings, the bats consistently emitted echolocation calls during flight. EEG signals were recorded
non-invasively and synchronized with the acoustic recordings, as described in the previous section.

For one of the three bats (bat #3), two additional control recordings were conducted. (i) EEG was recorded in response to
playback of echolocation sequences previously recorded from the same bat while it was flying in the harness. These sequences
(approx. 1000 distinct calls, each played back approximately eight times) were presented while the bat was not placed in the
harness used for flight experiments, but was stationary, restrained, awake and passively listening. (ii) EEG was recorded while
the bat was flying in the harness, but with electrodes placed on the lower back.

(d) Data analysis

The raw recordings were processed in MATLAB. The EEG signal was first band-pass filtered between 300 Hz and 3000 Hz
using an 18th-order Butterworth filter. In the playback experiment, to synchronize the ABR with the acoustic stimulus, we first
identified the timing of the calls based on the first auditory sample that exceeded a predefined amplitude threshold (an absolute
peak greater than approx. 80 dB SPL). The script then skipped 60 ms and continued searching for the next auditory signal,
and so on. For each detected auditory event, a window of 10 ms pre-signal and 50 ms post-signal was extracted. Equivalent
windows were cut from the filtered EEG signal, and the thousands of response windows were subsequently averaged.

Data analysis for the harness experiment followed a similar approach, with some modifications: the acoustic signal was
passed through a 10 000 Hz high-pass filter to eliminate flight-related noise. The onset of the auditory signals was detected as
the first sample exceeding approximately 88 dB SPL (or approx. 76 dB SPL in the first control condition, where echolocation
sequences were played back to the bat while it was awake, restrained and passively listening).

For ABR analysis, calls were selected based on the following criteria: (i) calls with a peak amplitude greater than approx-
imately 94 dB SPL (or greater than approx. 82 dB SPL for the first control); (ii) calls whose rise time—from noise level
to the identified onset (88 dB SPL)—was consistent and occurred within 0.2 ms; (iii) only response windows containing a
single echolocation call were included; and (iv) since EEG recordings during flight were generally noisier (probably due to
electromyographic activity), windows with a maximum absolute amplitude exceeding 500 microvolts were excluded to avoid
capturing clipped or noisy responses.

Time values were corrected to account for the approximately 30 cm distance between the bat and the microphone (i.e.
approx. 1 ms) to reflect the actual time at which the bat heard the sound.

While it is a standard practice to average multiple responses [53-55] in order to suppress electrical noise and obtain cleaner
ABR signals, recent studies have shown that when using suprathreshold stimuli, single-trial data can also be analysed effec-
tively [15,56]. Accordingly, we analysed iABRs in the harness condition—specifically, responses evoked by single echolocation
calls that varied in duration and intensity. These calls differed from those used in the preliminary experiment, in which a single
signal was played repeatedly.
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The call duration was calculated from the amplitude by locating the peak and then expanding backward and forward until n
the amplitude dropped below half of the peak amplitude. The duration was defined as the time difference between these start
and end indices (converted to milliseconds using the sampling rate).

Additionally, a short rise-time window beginning 0.2 ms before onset detection was used as a criterion to select calls with
similar onsets. Specifically, calls were included when their pre-window amplitudes stayed below half the threshold (82 dB SPL)
up to 0.2 ms before they reached the onset detection threshold of 88 dB SPL. Moreover, we ran another control where duration
was computed based on the 0.25 amplitude drop from the maximum amplitude. The results were similar to those obtained
using the half-amplitude (0.5) criterion (electronic supplementary material, table S2). We examined the patterns in maximum
amplitude and latency (relative to call onset) for each iABR. The total number of iABRs analysed —each representing a response
to a single call emission—was 7661 for bat #1, 2837 for bat #2 and 3866 for bat #3, out of an initial pool of 12725, 4047 and 5274
responses, respectively; low SNR epochs were excluded based on SNR values calculated from approximately 4 ms at the end of
each response window. We then compared the iABR parameters to the acoustic properties of the echolocation calls that evoked
them, including the calls’ maximum intensity and duration. For each bat, data were extracted from the first three prominent
waves of the ABR waveform. For each of the three bats, the temporal search windows corresponding to waves I, II and III were
defined based on the morphology of the average ABR of that individual (see figure 2). The window boundaries were chosen to
encompass the characteristic positive peaks observed in the averaged waveform, thus accounting for individual differences in
response latency. Within each predefined window, a local-maximum search was performed on every single-trial iABR trace to
detect the corresponding wave peak in individual responses.

(e) Statistical modeling

Separate LME models were fitted for latency and amplitude across waves I-1II. Model fitting was performed in MATLAB.

For latency, candidate models included call duration and intensity as fixed effects, and a duration x intensity interaction. All
latency models included random intercepts for bat identity to account for between-subject variability.

For amplitude, candidate models included both raw and log-transformed amplitude values (log[x + 1]), with combinations of
duration, intensity and their interaction as fixed effects. All amplitude models included random intercepts for both bat identity
and EEG noise group, the latter capturing session-level variability in noise and modelled as a categorical random effect to reflect
its discrete nature. This specification significantly improved model performance, as indicated by lower Akaike information
criterion (AIC) values.

The final best-fitting models were selected based on the lowest AIC for each wave.

For wave I amplitude, although the lowest-AIC model did not include an interaction, a model with the interaction term
(AAIC = 2) was selected to maintain consistency across waves.

Model residuals were examined for violations of model assumptions. Latency models exhibited banded residual patterns,
consistent with the quantized (discrete) nature of neural timing rather than model misfit. Amplitude models showed symmetri-
cal and homoscedastic residuals following log transformation.

Details of the best-fitting models, including fixed effects and AIC values, are presented in table 1.
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