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CORRECTION

Echolocating Daubenton’s bats are resilient to broadband,
ultrasonic masking noise during active target approaches

llias Foskolos, Michael Bjerre Pedersen, Kristian Beedholm, Astrid Sarmark Uebel, Jamie Macaulay,
Laura Stidsholt, Signe Brinklgv and Peter Teglberg Madsen

There was an error in J. Exp. Biol. (2022) 225, jeb242957 (doi:10.1242/jeb.242957). In Fig. 5, the left y-axis label was incorrect; the right
y-axis label was missing. The corrected and original figure are shown below; both the online full-text and pdf versions have been corrected.

The authors apologise to readers for this error.
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Fig. 5 (corrected). Rate of SL reduction with range to target for the different noise treatments and bats. SL (left y-axis: dB re. 20 uPa? s at 0.1 m, right y-axis:
dB re. 20 uPa RMS at 0.1 m) of all the calls from successful trials is shown for bats 1, 3 and 4. a, rate of compensation with the decimal logarithm of range.
n=17,408 calls.
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Fig. 5 (original). Rate of SL reduction with range to target for the different noise treatments and bats. SL (left y-axis: dB re. 20 uPa? s at 0.1 m, right y-axis:

dB re. 20 uPa RMS at 0.1 m) of all the calls from successful trials is shown for bats 1, 3 and 4. a, rate of compensation with the decimal logarithm of range.
n=17,408 calls.
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Echolocating Daubenton’s bats are resilient to broadband,
ultrasonic masking noise during active target approaches

llias Foskolos'*, Michael Bjerre Pedersen', Kristian Beedholm', Astrid Szermark Uebel', Jamie Macaulay’,
Laura Stidsholt', Signe Brinklgv'2? and Peter Teglberg Madsen'3

ABSTRACT

Echolocating bats hunt prey on the wing under conditions of poor
lighting by emission of loud calls and subsequent auditory processing
of weak returning echoes. To do so, they need adequate echo-to-
noise ratios (ENRs) to detect and distinguish target echoes from
masking noise. Early obstacle avoidance experiments report high
resilience to masking in free-flying bats, but whether this is due to
spectral or spatiotemporal release from masking, advanced auditory
signal detection or an increase in call amplitude (Lombard effect)
remains unresolved. We hypothesized that bats with no spectral,
spatial or temporal release from masking noise defend a certain ENR
via a Lombard effect. We trained four bats (Myotis daubentonii) to
approach and land on a target that broadcasted broadband noise at
four different levels. An array of seven microphones enabled acoustic
localization of the bats and source level estimation of their approach
calls. Call duration and peak frequency did not change, but average
call source levels (SLrus, at 0.1 m as dB re. 20 uPa) increased, from
112 dB in the no-noise treatment, to 118 dB (maximum 129 dB) at the
maximum noise level of 94 dB re. 20 uPa root mean square. The
magnitude of the Lombard effect was small (0.13 dB SLgug dB~" of
noise), resulting in mean broadband and narrowband ENRs of —11
and 8 dB, respectively, at the highest noise level. Despite these poor
ENRs, the bats still performed echo-guided landings, making us
conclude that they are very resilient to masking even when they
cannot avoid it spectrally, spatially or temporally.

KEY WORDS: Echolocation, Chiroptera, Biosonar, Acoustic
Interference, Lombard effect, Echo-to-noise ratio

INTRODUCTION

Animals experience the world through their sensory systems. To do
so, they use these systems to extract information from their
surroundings, but this information may be masked by other, less
relevant signals. Acoustic masking is defined as any acoustic
interference from sources other than the signals of interest, with the
capability of impairing the detection and processing of such signals,
including mating calls and sounds from prey or predators (Brumm
and Slabbekoorn, 2005). The many vital functions served by
auditory detection and processing of pertinent acoustic information
from the environment are likely to pose a strong selective pressure
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for ways to alleviate masking effects (Gomes et al., 2021), such as
directional hearing, increased call amplitude (i.e. Lombard effect) or
call rate and change of call frequency (for reviews, see Hotchkin and
Parks, 2013; Zollinger and Brumm, 2011).

Echolocating bats rely on their ability to detect faint prey echoes
and may be particularly sensitive to masking. Yet, a seminal study
by Griffin et al. (1963) reported that free-flying bats in darkness
could detect and avoid small wires in the presence of intense
ultrasonic, masking noise. Whether this was due to advanced
auditory processing or a heterogeneous noise field that allowed for
spectral or spatial release from masking (Stimer et al., 2009) remains
unresolved. Despite this apparent resilience to masking, several
noise sources (e.g. insects, conspecifics and heterospecifics, rain
and anthropogenic noise) have the potential to compromise the
biosonar performance of bats (Luo et al., 2015a; Roverud and
Grinnell, 1985; Troest and Mghl, 1986). Recent studies have sought
to investigate how masking noise affects echolocating bats in the
absence of spectral and temporal release from masking (Luo et al.,
2015b; Simmons, 2017; Tressler and Smotherman, 2009). Under
these conditions, bats mainly increase call amplitude, but they may
also compensate by increasing call duration, call rate and signal
bandwidth (Luo et al.,, 2015b; Simmons, 2017; Tressler and
Smotherman, 2009).

In an echo delay experiment with stationed big brown bats
Eptesicus fuscus on a Y-shaped platform, Simmons (2017) found
that the bats would increase their call amplitude in increasing
masking noise until a point where poorer echo-to-noise ratios
(ENRs) eventually deteriorated correct delay estimation. However,
no study has so far evaluated the actual ENR defended by
echolocating bats during the more ecologically relevant scenario of
biosonar-guided active flights towards a target. ENR is critical for
quantifying the potential effects of noise and for understanding how
echolocating bats may compensate for noise to solve tasks with
echolocation (Griffin et al., 1963; Luo et al., 2018). The auditory
system of bats may operate at a certain ENR threshold for a detection
task and presumably even higher ones for the tasks of target
discrimination and ranging. It follows that: (i) if the perceived ENR
deteriorates towards this threshold, bats may seek to improve the
ENR via compensatory mechanisms; and (ii) bats will increasingly
fail to solve these tasks if the ENR drops, on a statistical basis, below
this threshold. The active sonar equation (Au and Penner, 1981) is a
useful framework to estimate ENRs when enough parameters are
known (Au, 1993a; Urick, 1983). In this way, it is possible to
properly assess how bats adjust their biosonar when there is no
spectral, spatial and temporal release from masking noise. Despite
this, the equation is rarely used in bat literature with regards to
masking noise (but see Mohl, 1988; Troest and Mehl, 1986).

To evaluate how echolocating Daubenton’s bats (Myotis
daubentonii) perform during an active landing task in noise-
limited conditions, we designed an experimental setup that provided
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List of abbreviations

a frequency-specific absorption loss constant

ASL apparent source level, the emitted level of the calls 0.1 m in
front of the bat irrespective of the acoustic axis, estimated as
ASLRMS or ASLEFD

ASLegrp  energy flux density apparent source level

ASLgrnms root mean square apparent source level

D call duration, defined by the —10dB endpoints of the
amplitude envelope

DFT discrete Fourier transform, for estimating the frequency
content of a signal
EFD energy flux density, the acoustic energy flow per unit area

EL level of returning echoes, estimated as ELgrys or ELgrp

ELgrp energy flux density level of returning echo

ELrums root mean square level of returning echo

ENR echo-to-noise ratio, estimated as ENRgg, ENR 4,3 and ENRyg

ENR4;3  echo-to-noise ratio for 1/3 octave around the call peak
frequency

ENRgg broadband echo-to-noise ratio

ENRng  echo energy to noise spectral density ratio (narrowband)

IPI interpulse interval, the time between the end and start of
successive calls

LMM linear mixed-effect models

NLgrms broadband noise level at 0.1 m from the transducer estimated
as root mean square

R, range from bat to recording microphone above the target

Ry range from bat to the target

RL received level of the calls at the recording microphone

RMS root mean square, a measure of the average acoustic
intensity

RNL the received noise level at 0.1 m in front of the bat, estimated
as RNLBB or RNL1/3

RNL;/3 received noise level for 1/3 octave around the call peak
frequency

RNLgg broadband received noise level

SL source level, the emitted acoustic intensity of the on-axis calls
0.1 min front of the bat, estimated as SLgrys, SL1/3 and SLgrp

SLqs3 source level at 1/3 octave around the call peak frequency

SLruvs root mean square source level

SLerp energy flux density source level

SNR signal-to-noise ratio

TL transmission loss due to spherical spreading and absorption

TS target strength of the ensonified target, the difference

between the received and reflected acoustic intensity 0.1 m
in front of the target

complete spectral, spatial and temporal overlap between the noise
and echolocation calls, while offering measures of ENR for each
call-echo pair. With the help of this setup, we tested the hypothesis
that bats either defend a certain ENR threshold in masking noise by
increasing their call amplitude or fail to solve the task. This was
achieved by training Daubenton’s bats to approach and land on a
spherical hydrophone target that also acted as an omnidirectional
sound source emitting broadband, ultrasonic noise. We show that
the bats exhibited the Lombard effect to produce call source levels
(SL) on a par with the highest SLs reported in the wild for their
species. Despite this compensatory mechanism, the highest noise
levels led to very poor ENRs, but the bats were nevertheless still able
to solve the task, demonstrating their resilience to masking noise
even in the absence of spectral, spatial or temporal release from it.

MATERIALS AND METHODS

Laboratory animals

We trained four adult males (bats 1-4, mean mass 8.1 g) of the
trawling, insectivorous bat Myotis daubentonii (Kuhl 1819). The

bats were caught with mist nets over a stream in Odense, Denmark,
and kept in temporary captivity at the bat facility of the Department
of Biology at Aarhus University (12 h day/night cycle, 55% relative
humidity and 20°C). They had continuous access to water and were
kept on a diet of live mealworms (larvae of Tenebrio molitor),
supplemented with vitamin paste (Nutri-cal Tomlyn, Fort Worth,
TX, USA). They were allowed to fly and trawl mealworms from an
indoor pond once a week during the captive period (5 months). At
the end of this period, they were released back into the wild at the
site of capture.

All experiments were approved by the Danish authorities
(capture permit: MST-850-0064, issued by The Danish Nature
Agency; permit to keep animals and conduct laboratory
experiments: 2016-15-0201-00989, issued by The Animal
Experiments Inspectorate).

Experimental setup

Over a 3 week training period, we trained the bats through positive
reinforcement of natural behaviors to fly and land on a spherical
hydrophone target [hereafter termed ‘target’; HS26, Sonar
Research and Development, Amersham, UK; 80 mm diameter,
target strength (TS) —15 dB at 0.1 m] that was located at a height
of 1.2m and centered at the back end of an anechoic room
(5%4x2.5 m; Fig. 1A). The room was lined with 0.15 m deep
acoustic foam (=30 dB reflectivity re. hard wall at frequencies
>10 kHz). The target was covered with a tight piece of black cloth
to aid landing and was placed in front of a star-shaped array of six
Knowles microphones (Fig. 1B; FG-3329, 2.6 mm diameter,
Itasca, IL, USA) with an array aperture (maximum distance
between any two microphones) of 0.6 m that was completely
embedded in 0.15 m deep acoustic foam (Fig. 1B). We placed an
extra Knowles microphone on the front surface of the target,
0.14 m in front of the array. To document the landing of bats and
inform delivery of the bridging stimulus (a soft tongue click made
by the handler) between the landing and a food reward, an infrared
night vision camera mounted on the ceiling above the target was
used to observe flight behavior (TV-IP310PI, Trendnet, Torrance,
CA, USA). During the experiments, the room was kept dark,
except for dim, red light from the computer screen at the recording
station, which was oriented away from the target at the opposite
end of the room. Although we cannot exclude the use of visual
cues by the bats to aid the landing task, the small eye size and low
visual acuity of Daubenton’s bats (Cechetto et al., 2020; Eklof
et al., 2014) render this scenario unlikely.

The seven Knowles microphones were connected through a
custom-built 30 dB amplifier with integrated band-pass filter (1-
pole 1 kHz high-pass filter and 4-pole 100 kHz anti-alias filter,
Aarhus University, Department of Biology Electronics Workshop)
to A/D converter channels in a multipurpose USB device (USB-
6356, National Instruments, Austin, TX, USA). The channels were
sampled synchronously at a rate of 400 kHz per channel, with 16-bit
resolution and a clipping level of 109 dB re. 20 pPa as calibrated
relative to a 1/8 inch GRAS 40 DP microphone (GRAS Sound &
Vibration, Holte, Denmark). The target transducer was connected to
a 20 dB power amplifier (Marchand BEOl Piezo Transducer
Amplifier, Rochester, NY, USA) outside the anechoic room. The
transducer was either silent throughout a trial or generated one of
four different levels of broadband noise [NLgrps, 20-90 kHz,
respectively 64, 74, 84 and 94 dB re. 20 pPa root mean square
(RMS) at 0.1 m; Fig. 2A,B]. Noise emission from the same target
that bats were trained to land on precluded any spatial release from
masking. Recordings of bat calls (Fig. S1) and noise playbacks were
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Fig. 1. The experimental setup used for the masking experiment. (A) The red circle (not to scale) indicates the noise-generating spherical transducer, where
bats were trained to land. The bat (purple, not to scale) was released 4 m from the transducer. (B) Seven microphones (green) were embedded in the acoustic
foam behind the target, along with one microphone on the target, to record the bat echolocation calls. (C) Example of a localization track (no-noise trial, bat 3)
generated by the time of arrival differences for approach calls recorded by the microphone array. The localization points are projected onto the floor of the room
with black dots to aid visualization. Note: buzz calls produced close to the target are not plotted.

controlled via a custom-written LabVIEW (National Instruments)
program (K. Beedholm).

Training procedure

Training lasted for 3 weeks and took place in the same room and with
the same setup as data collection. It followed a two-stage process
where the staircase method (Levitt, 1970) was used to introduce the
bats first to (i) the full distance to the target (i.e. 4 m) and then to (ii)
the four different noise levels we used during the experiments. When
bats could consistently fly the full distance and land on the target, we
started at a level of 44 dB re. 20 uPa RMS at 0.1 m from the target
and used 5 dB noise increments. The following criteria were used to
maintain animal motivation: (i) a training session always started and
ended with an easy trial (i.e. no noise from the target); and (ii) noise
trials were interspersed with no-noise trials. Upon landing on the
target, we used a soft tongue click to bridge each bat. Then, we could
approach the bat and reward it with half a mealworm via a tweezer
while it rested on the target. With the exception of bat 2, which
refused to land at noise levels above 54 dB re. 20 uPa RMS at 0.1 m
from the target, training was completed when a bat could land 90% of
the time during trials of 94 dB re. 20 uPa RMS at 0.1 m from the
target on a single day. Data collection for each bat started the day after
training was considered complete.

Experimental protocol

We collected data 4 days per week for 2 weeks and all noise
treatments were part of each session with one session carried out per
day for each bat. Before each daily session, the trial combinations
were mixed in the same way for all bats via a pseudo-random
Gellermann schedule (Gellermann, 1933). The same criteria for
animal motivation were used during data collection as during
training, until three trials per noise treatment and session were
completed (Table 1). Two researchers were present in the room
during trials. One triggered the emission of noise and the recording
of echolocation calls, while the other researcher, coordinated by a
verbal cue, released a bat from a fixed spot 4 m from the target.
During some trials (mostly with noise), the bats circled the room
several times while attempting to approach the target and land. We
defined trials as successful if the bat had landed on the target within
50 s from release. The first researcher used the landing event to
deliver the bridging stimulus while the second researcher terminated
noise emission and sound recording via the LabVIEW program
interface. During the trial, a digital switch was used to mark in the
recording the time from release to completion of the landing task. At
the end of a successful trial, the bat was rewarded with half a
mealworm and retrieved from the target. During unsuccessful trials,
in which bats did not land on the target but kept circling the room in
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Fig. 2. Noise field of the experimental setup. (A) Spectrogram of emitted noise as recorded at 0.1 m from the target with a 1/8 inch GRAS microphone [400 kHz
sampling rate, discrete Fourier transform (DFT) size 4000 points, Hamming window, 50% overlap, frequency resolution 0.1 kHz, time resolution 200 us].

(B) Relative power spectrum of the same noise recording (400 kHz sampling rate, DFT size 4000 points, frequency resolution 100 Hz). (C) A noise level of 100 dB
re. 20 uPa root mean square (RMS) at 0.1 m from the target was emitted and then measured at different distances and angles from the target. (D) The noise level
was also predicted after assuming losses due to spherical spreading and absorption.

flight, the continuous noise exposure was halted after 50 s and the
bats were not rewarded.

Localization and estimation of call parameters

For each successful trial, we used the PAMGuard click detector
module (v. 2.01.03) (Gillespie et al., 2008) to detect and calculate
time delay measurements via cross-correlation for all calls detected
on a minimum of four microphones. A manual analyst marked all
the calls belonging to the last approach phase that ended in landing.
The approach phase was readily identifiable because it consisted
of ca. 20 calls with sequentially decreasing range to the target that
always preceded the single buzz produced during the trial. The

selected call waveforms and their associated metadata (e.g. time
delay measurements) were then imported into MATLAB 2020a
(The Mathworks Inc., Natick, MA, USA) using the PAMGuard
MATLAB library (https:/sourceforge.net/projects/pamguard/).
Based on the interpulse interval (IPI) between the end and start of
two consecutive calls, any buzz calls (IPI<15 ms) (Geberl et al.,
2015) were removed from the dataset. We did not use data from
unsuccessful trials as they mostly consisted of off-axis calls with
low signal-to-noise ratio (SNR) whose call parameters could not be
reliably estimated. Thus, we only computed apparent source level
(ASL) and ENR from trials where the bats did in fact solve the task
(89% of all trials; Table 1).
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Table 1. Number of successful trials (i.e. where landing on target
occurred) out of total number of trials for each bat and noise treatment

Noise level
(dB re. 20 uPa RMS

at 0.1 m from target) Bat 1 Bat 2 Bat 3 Bat 4
No-noise 207/208 254/254 208/208 214/214
64 32/33 3/31 31/31 32/32
74 29/30 0/30 30/30 30/30
84 28/31 0/27 31/31 29/30
94 11/30 0/27 21/30 28/31

One successful trial of bat 4 for the no-noise treatment did not contain any
usable localizations and was discarded from further analysis.

The three-dimensional location of the bats for each selected call
was calculated via acoustic localization using the associated time
delay measurements and a simplex minimization algorithm
(Nelder and Mead, 1965; White et al., 2006). We did not use
these locations to describe the flight behavior of the bats, as the
homogeneity of the noise field (Fig. 2C) could not have allowed
any spatial release from masking. Instead, these locations were
used to estimate the range to the target. The ASL could then be
calculated from received levels (RL). As the microphone on the
target had a very low SNR during noise trials, the closest
microphone to the target microphone (0.16 m above it) was used to
measure the RL and calculate ASL. We did so both as (i) RMS
within the call duration, D (ASLrys); and (ii) as energy flux
density (EFD, ASLggp) since the D call duration differed by a
factor of 2 during the course of a full approach to the target
(Madsen and Wahlberg, 2007).

To back-calculate ASL from RL, we estimated transmission
loss (TL) after assuming losses due to spherical spreading and
absorption [i.e. 20log;o(R,)+taR,, where R, is range (in m) from
the bat to the microphone above the target and « is the frequency-
dependent absorption loss constant]. Estimating the term aR
requires computation of the power spectrum of each call [discrete
Fourier transform (DFT) size: 4000 (bin width: 100 Hz)].
Because the spectral characteristics of calls are noise sensitive,
noise was removed from these spectra as follows: (i) for each
trial, the first 500 ms of the audio file from the microphone above
the target were used to compute the noise power spectrum, which
was smoothed with a 10-point (1 kHz) moving average; (ii) this
spectrum was then subtracted (in linear units) from the power
spectrum of each bat call. To evaluate absorption across all
frequencies and not just at call peak frequency, we then computed
an absorption estimate a for each frequency bin using the formula
of Bass et al. (1995) and assuming an ambient temperature of
22°C and range R,. By multiplying these linearized absorption
estimates with the call spectrum, the absorption-corrected call
spectrum was generated. The difference in area of the spectrum
before and after correcting for absorption is then aR,. The
call spectrum after noise correction was also used to estimate the
call peak frequency, as this reflects the spectrum as emitted by
the bat.

The broadband noise level received by the bats’ ears (RNLpg)
was estimated by assuming losses due to spherical spreading and
absorption from the target. For absorption losses, we followed the
same approach as for call TL and used the noise power spectrum
as recorded at 1 m from the target with a 1/8 inch GRAS
microphone.

With ASLgps, range to the target R, TS and RNLgg available,
the broadband ENR (ENRgp) received by the bats’ ears was

estimated from the active sonar equation (Au, 1993a; Urick, 1983):

(1)

where TS is —15 dB, TL is the transmission loss between the bat
and the target microphone [20log;o(R,)taR; where R; is range
(in m) from the bat to the microphone on the target] and
(ASLrms—2TLA+TS) is the echo RMS level (ELgrpys). For no-
noise trials, the RNLpp was assumed to be equal to the putative echo
detection threshold (i.e. 20 dB re. 20 uPa RMS) in vespertilionid
bats (Stilz and Schnitzler, 2012).

For each successful trial, the five calls with the highest ASLrys
were chosen (hereafter termed ‘SLpys’) as they represented the
closest to on-axis calls. Based on the mean peak frequency of these
calls from all successful trials (i.e. 56 kHz, Fig. 3C), a 1/3 octave
filter with this center frequency (4-pole Butterworth, cut-off
frequencies: 50 and 63 kHz) was applied to filter both each call
and the noise. We then estimated SL,,3 and RNL, 5 and used Eqn 1
to compute the 1/3 octave ENR around the peak frequency (ENR; 3)
for all noise treatments, except for the no-noise treatment.

For these treatments, the echo energy to noise spectral density
ratio (hereafter termed ‘narrowband’ ENR, ENRyp) was also
calculated following Au and Penner (1981):

ENRpg = (ASLgrms — 2TL 4+ TS) — RNLgg,

ENRyg = (SLggp — 2TL + TS) — RN, (2)
where (SLgpp—2TLA+TS) is the echo energy (ELgrp) and RNy is the
noise power per 1Hz bin received at the bats’ ears
[RN(=RNLgg—10log;((BW) with BW denoting the bandwidth of
noise in Hz (i.e. 70 kHz)]. While calculating all three measures of
ENR, we did not correct for the directivity of the bats’ auditory
system (DIR), as the noise in our setup was transmitted from the
exact same bearing as the target echo.

All signal processing analyses were
custom-written scripts in MATLAB 2020a.

performed with

Statistical modeling
During the statistical analysis, data from bat 2 were not used because
it did not successfully complete 97% (112/115) of the noise trials
(Table 1). For the three remaining bats and from the last approach
phase of each successful trial, we created three datasets with the one,
five and 10 loudest calls (SLgrys) per trial to ensure a high SNR.
These calls represented the loudest samples per trial for adequately
quantifying the ENR required to solve the landing task in noisy
conditions. Three linear mixed-effects models (LMMs) were then
formulated to analyze how bats changed the: (i) SLrys, (ii) D call
duration (hereafter termed ‘call duration’) and (iii) peak frequency
of their calls with increasing noise level. Within-day and within-trial
correlations in the response variables were treated with random
intercepts, with trials nested within each day. As the number of bats
used in this experiment was less than 10, animal ID was not treated
as a random effect but was instead incorporated into the models as a
categorical predictor (Supplementary Materials and Methods
Eqns S1 and S2). To account for changes in SLiys with range to
target, we introduced four logarithmically spaced intervals (0.6-1,
1-1.6, 1.6-2.5 and 2.5-4m) as a categorical variable
(Supplementary Materials and Methods Eqn S1). As the estimates
of the models did not differ for the datasets with the one, five and 10
loudest calls per trial, we only used the one with the five loudest
calls for the final modeling.

For each successful trial, a LMM was also formulated with the
time to complete the landing task as the response variable
(Supplementary Materials and Methods Eqn S3). To investigate
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how bats adjusted their SLgrp with range to target for the different
noise treatments, all the calls belonging to the last approach leading
to landing were used in a LMM along with the decimal logarithm of
the range to the target as a covariate (Supplementary Materials and
Methods Eqn S4).

All statistical analyses were made with RStudio (RStudio Team,
2021, version 1.43.17, https:/www.rstudio.com/; Boston, MA,
USA).

Control experiments

With the current setup, the bats could have solved the landing task
by using: (i) the emitted noise from the target as a homing cue or (ii)
spatial memory, as they were always released from the same spot.
The following year, we designed two experiments (hereafter termed

‘control experiment 1’ and ‘control experiment 2”) to control for
these confounding variables and used five different Daubenton’s
bats (bats 5-9 with mean mass 8.1 g, caught in Hobro, Denmark).
Training procedure for both control experiments was the same as
with bats 14 in the main experiment.

In control experiment 1, the same type of broadband noise was
transmitted at a NLrysg of 94 dB re. 20 pPa at 0.1 m either from the
target or from an Avisoft speaker (Vifa, Avisoft Bioacoustics,
Glienicke/Nordbahn, Germany; frequency range 5-120kHz;
sensitivity 83 dB re. 20 pPa V™' at 1m; hereafter termed
‘speaker’). The speaker was embedded in foam and placed at two
different positions relative to the target: (i) 0.35 m above and 0.3 m
behind; and (ii) at the same height as the target (i.e. 1.2 m) but 2 m
to the right and 1.4 m in front.

All bats Per bat Fig. 3. Noise-induced behavioral
5 A adjustments for the different noise
treatments and bats. (A,B) Call duration,
[ (C,D) peak frequency and (E,F) time to
4 | complete the landing task between the
= different noise treatments for all bats (left)
3 and per bat (right). Only data from the five
s STHAN B o B B ' 3 ;@4 §I  loudest calls per trial are shown in A-D.
= Note: bat 2 successfully completed only
S 2 three trials of the 64 dB noise treatment.
2 W R B B ' n=6062 calls.
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With the same experimental setup and protocol, data were
collected on three consecutive days and all four treatments (i.e.
no-noise and three sources of noise) were part of a session. We
used the same pseudo-random Gellermann schedule and
motivation criteria until six trials per treatment were completed
per bat on each day (Table S3). By using the same localization
routine, the ASLgpyms of each call and the broadband noise
level received by the bats’ ears (RNLgp) were computed. For
successful trials only (98% of all trials; Table S3), the five calls with
the highest ASLrys (SLrams) per trial were selected and modelled
with a LMM that allowed for treatment-dependent magnitudes of
the Lombard effect (Supplementary Materials and Methods
Eqn S5).

In control experiment 2, we put the array with the target on a
moving platform (height of platform 0.2 m) that could move
sideways between two possible locations (left/right, 1.5m
difference in distance). Instead of the target, only the Avisoft
speaker was used to transmit the same type of broadband noise at
NLgrms of 74 dB re. 20 pPa at 0.1 m from the speaker. The speaker
was at the same height as the target (i.e. 1.4 m) but 0.93 m behind it
and in the middle of the two possible locations of the platform. With
the same methodological approach and four bats (5-8), data were
collected on two consecutive days with all four treatments (i.e. no-
noise/left, no-noise/right, noise/left and noise/right) included in a
session. With the same pseudo-random Gellermann schedule and
motivation criteria, four trials per treatment and per bat were
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completed on each day (Table S3). Across the different trials within
a session, the target was alternated between the two positions
following the pseudo-random schedule.

RESULTS
We exposed four Daubenton’s bats (1-4) to broadband ultrasonic
noise during active approaches to a landing target, to estimate, via a
microphone array, the SL and the ENR as experienced by the bats at
different noise levels (NLgrpg). During successful trials, the bats
always landed on the target. Except for bat 2, which succeeded only
in three trials at the lowest NLgys of 64 dB and was subsequently
omitted from further statistical analyses, the other three bats could
do the task at all noise levels (Table 1). The experimental treatment
that proved most difficult for these three bats was the loudest, at
94 dB (Table 1). The pooled success rate of these three individuals
was for each treatment: 99.8% (no-noise), 98.9% (64 dB noise),
98.8% (74 dB), 95.6% (84 dB) and 65.9% (94 dB). With a similar
average IPI across all treatments (44-46 ms for all treatments
combined), the bats increased the time to complete the landing task
(P<0.001) and their call peak frequency (P=0.001) from the no-
noise treatment (pooled median 2.9 s and 56.5 kHz, respectively) to
94 dB NL (pooled median 6.3 s and 58 kHz, respectively) but not
their call duration (P=0.1, pooled median duration 2.4 ms and
2.2 ms, respectively; Fig. 3; Table S1). The pooled median
measurements correspond to the five loudest calls per trial from
all successful trials and bats combined. These calls were produced at
similar distances from the target across all treatments (Fig. S2). The
time to complete the landing task data are derived from all
successful trials and bats combined.

The last approach phase leading to landing during successful
trials was always followed by a buzz phase, the calls within which
were excluded from analysis. After discarding 150 unsuccessful

trials and one successful trial with no usable localizations (Table 1),
we localized 21,670 echolocation calls in total. These calls were
reduced to 6062 after selecting the five loudest calls (SLryms) per
trial. For each of these calls, the noise-limited active sonar equations
(Eqns 1 and 2) were used to estimate: (i) echo level (EL) and (ii)
ENRgg, ENRyp and ENR; ;3 around the mean call peak frequency
(i.e. 56 kHz).

All bats increased their SLgys from the no-noise treatment
(pooled median SLgys=112 re. 20 pPa, SLgpp=86 dB re.
20 uPa? s; Fig. 4B) until 94 dB NL (pooled median SLgys=118
re. 20 uPa, SLgrp=92 dB re. 20 uPa’ s; Fig. 4B) up to a maximum
of 129 re. 20 pPa RMS. After modeling the SLgrysg of bat calls as a
function of received broadband NL (RNLpp) at the bat
(Supplementary Materials and Methods Eqn S1, Table S2), we
estimated the magnitude of the Lombard effect at 0.13 dB SLrys
dB~! of noise (0.12-0.14 95% CI, P<0.001; Table S2). When
approaching the target, bats did not change the peak frequency of
their calls but instead decreased their SLgrp by <6 dB per halving of
range (Fig. 5). A comparison of the different slopes of the log;o(R)
curves, showed that the rate of energy reduction was statistically
different (P<0.001; Table S2) between the different noise treatments
and decreased with increasing noise level at 0.1 m from the target
(P<0.001; Table S2).

We calculated EL based on the sonar equation (Eqns 1 and 2)
by using the SL, range to target and target strength. These computed
ELgrws (Fig. 4C,D) returned to the bats in a dynamic range between
21 dB re. 20 pPa (range to target: 4 m) and 82 dB re. 20 pPa (range
to target: 0.2 m) (ELgrp=—6-52 dB re. 20 uPa® s), but increased
from the no-noise treatment (pooled median ELgzps=38 dB
re. 20 uPa, ELgrp=12 dB re. 20 pPa’ s) to the 94 dB NLgus
(pooled median ELgys=50dB re. 20uPa, ELgpp=24 dB
re. 20 pPa’ s).

Noise level
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Fig. 5. Rate of SL reduction with range to target for the different noise treatments and bats. SL (left y-axis: dB re. 20 uPa? s at 0.1 m, right y-axis: dB re.
20 pPa RMS at 0.1 m) of all the calls from successful trials is shown for bats 1, 3 and 4. a, rate of compensation with the decimal logarithm of range. n=17,408 calls.
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Both the magnitude of the Lombard effect and ENR estimates
show that the SL adjustments did not fully compensate for the
effect of masking noise. ENR reduced substantially from the no-
noise treatment (pooled median ENRpp=35 dB) until 94 dB
NLRMS (pOOled median ENRBB:—l 1, ENR1/3:—3, ENRNBZS;
Fig. 6A,C,E). While the narrowband ENRyp was positive for all
noise treatments, ENRgp was negative for 84 and 94 dB NLyys
across all ranges from the target (Figs 7 and 8).

To test for the possibility that the bats were using the noise as a
homing cue for solving the landing task, we conducted a subsequent
control experiment with five different Daubenton’s bats (bats 5-9).
These bats were exposed to the same type of broadband noise
(94 dB NLgys) that was transmitted from three different locations:

the target and a different speaker above or on the side of the target
(control experiment 1). During all treatments, the bats always landed
on the target and the pooled success rate (%) of these five
individuals for each treatment (Table S3) was: 97.7% (no-noise),
96.6% (noise from target), 98.8% (noise from speaker above) and
100% (noise from speaker on the side). We estimated the
magnitudes of the Lombard effect (Table S2) at: 0.15dB
SLrms dB~! of noise (target, 95% CI 0.09-0.19 dB SLgys dB™!,
P=0.005), 0.11 dB SLgys dB~! of noise (speaker above, 95% CI
0.08-0.12 dB SLgys dB™!, P<0.001) and 0.08 dB SLgys dB™! of
noise (speaker on the side, 95% CI 0.02-0.09 dB SLgys dB7,
P=0.03). To further test whether bats 5—8 could use spatial memory
to locate the target, we transmitted the same noise at 74 dB NLgus
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n=5874 calls.

from the speaker while moving the landing target between two
possible locations (control experiment 2). Irrespective of target
location, the bats always landed on the target while using
echolocation (Table S3).

DISCUSSION

Acoustic masking is a common challenge for animals that rely on
sound to forage or communicate. Masking from a discrete noise
source occurs whenever noise overlaps spectrally, spatially and
temporally with auditory cues of interest, and is on a par with or

exceeds prevailing ambient noise levels and the hearing thresholds
of animals. While some studies have investigated masking in bats
(e.g. Hage et al., 2013; Luo et al., 2015b; Simmons, 2017; Tressler
and Smotherman, 2009), no study has to our knowledge addressed
the concomitant effects of spectral, spatial and temporal masking
during an active echolocation task where the parameters of the sonar
equation can be quantified. Instead, the consequences of masking
are often indirectly inferred from a reduction in foraging efficiency
(Domeretal., 2021; Finch et al., 2020; Luo et al., 2015a) that in turn
may stem from behavioral disturbance caused by the noise, rather
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respectively.

than actual masking effects. Prompted by observations by Griffin
et al. (1963) that bats apparently are highly resilient to masking, we
designed an experiment to test this hypothesis by investigating the
masking impact of broadband, high-frequency noise (20-90 kHz)
that overlapped spectrally, spatially and temporally with the
echolocation calls of four Daubenton’s bats. The bats were able to
move freely while echolocating to detect, approach and land on a
noise-transmitting target. Thus, since this experimental design did
not offer the bats any room for spectral, spatial or temporal release
from masking, we could test the hypothesis that they indeed are
resilient to noise and not just good at evoking compensatory
mechanisms other than the Lombard effect.

Although exposure to increasing masking from noise with source
levels from 64 to 94 dB re. 20 pPa from the target led to a drop in
landing success rate (Table 1), our hypothesis is generally supported
as three out of four bats solved the landing task even at the highest
NLrus (94 dB) treatment. The absence of any spectral, spatial and
temporal release from masking (Stimer et al., 2009) left the bats with
one main option for improving ENR: to increase their SLrys, Which
they did by some 10 dB compared with no-noise trials, with a
maximum of 129 dB re. 20 uPa in the 94 dB NLyyg treatment
(Fig. 4B). Given the drop in success rate at the high noise levels, we
conclude that a compensatory adjustment of SL cannot defend the
ENRs of the no-noise treatment. The Lombard effect as a coping
strategy when exposed to masking noise has previously been
reported in bats that use frequency-modulated (FM) calls, with the
magnitude of the effect ranging from 0.1 to 0.4 dB SL dB~! of noise
(Currie et al., 2020; Luo et al., 2015b; Tressler and Smotherman,
2009), and up to what appears to be almost a 1 dB SL/dB of noise in
Simmons (2017). The low magnitude of the effect in our study of
0.13 dB SLgys dB~! of noise was probably the result of the already
high SLgyms used by the bats during the no-noise treatment
(Fig. 4B), compared to the low SLs of stationary bats in for example
Simmons (2017). The increased SLrys that bats employed while
exposed to 94 dB NLgys at 0.1 m from the target matches well with

the maximum SLyys values (i.e. 119-122 dB re. 20 uPa at 0.1 m)
reported for Daubenton’s bats in the laboratory and in the wild
(Jakobsen et al., 2015; Surlykke et al., 2009). In this study, the
maximum SLgys of 129 dB re. 20 pPa is to our knowledge the
highest ever documented for this species, and unusually high for any
bat echolocating in a lab setting (Surlykke and Kalko, 2008). Thus,
irrespective of the NLrys, these high SLrys probably represent the
upper limit of what these bats can produce with their larynx
(Jakobsen et al., 2021) at high energetic costs (Currie et al., 2020),
which would explain the moderate Lombard effect.

To test whether the bats used noise as a homing and landing cue,
we emitted the same broadband noise at 94 dB NLgys from either
the target or a different speaker above or on the side of the target.
Irrespective of the noise source, bats always landed on the target and
displayed a different magnitude of the Lombard effect depending on
the noise source. The lower magnitudes when the noise was
decoupled from the target, and especially when the speaker was on
the side of the target, highlight that spatial release from masking
(Siimer et al., 2009; Taub and Yovel, 2020) is important to the
animal and needs to be carefully addressed in studies of noise effects
on wildlife. By moving the landing target between successive trials
and using the speaker to emit the same noise, we could also exclude
the possibility that the bats used their spatial memory instead of their
biosonar to solve the landing task.

For bats in general, vocal modifications induced by broadband
noise include an increase in call duration and redundancy as well as
changes in call spectral characteristics (e.g. Amichai et al., 2015;
Luo and Wiegrebe, 2016; Luo et al., 2015b; Tressler and
Smotherman, 2009). While the bats did not increase call duration
in this study, there was a twofold increase in the time to complete the
landing task (Table S1; Fig. 3A,E) which was associated with more
attempts to land on the target. Although there was a statistically
significant increase in the call peak frequency with increasing noise
(Table S1; Fig. 3C), we posit that a difference of just 1.5 kHz (95%
CI 0.5-2kHz) between the no-noise and the 94 dB NLgrys
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Fig. 9. Simulated echo with the lowest average observed ENR. (A) Waveform, (B) spectrogram (400 kHz sampling rate, DFT size 256 points, Hamming
window, 98% overlap, frequency resolution 1.56 kHz, time resolution 12.8 ps) and (C) spectrum (400 kHz sampling rate, DFT size 4000 points, frequency
resolution 100 Hz) of simulated echo and noise with ENRgg=—11 dB. Color in B shows the relative amplitude in dB while the dashed ellipse highlights the
simulated echo. (D) Envelope of cross-correlation plot for the same echo. The processing gain after harnessing the time—frequency structure of this echo is 20 dB.

treatment is biologically insignificant given the broadband nature of
the masker, and could as well be attributed to small changes in
aspect with regards to the recording microphone or higher driving
pressures of the vocal folds (Elemans et al., 2011).

A major issue for echolocating bats is to contain received ELs
within a dynamic range that matches that of their auditory system
(Denzinger and Schnitzler, 1998). To do so, bats can reduce both
their receiving (by contraction of middle ear muscles; Hartley,
1992a) and transmitting sensitivity (i.e. SL), as a function of
decreasing echo delay and therefore target range and transmission
loss (Koblitz et al., 2011). On the transmitting side, studied bats
generally reduce their SL by ca. 6 dB per halving of target range for

short target ranges (Boonman and Jones, 2002; Hartley, 1992b;
Hiryu et al., 2007; Koblitz et al., 2011). While a reduction in SLgrp
by 6 dB per halving of target range will render a received EL of ca.
6 dB higher for a point target, the concurrent increase of 6 dB in
noise level reaching the bats’ ears due to spherical spreading in our
experiment will result in an ENR that remains constant with
diminishing range. Thus, an advantageous strategy under masking
noise in our setup would be to dispense with SL adjustments to
target range. Given a stable SL, for every halving of range, the EL
increases fourfold while the noise increases only twofold; thereby,
ENRs would improve by 6 dB per halving of target range as the bats
home in on the target. Surprisingly, given these virtues of
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dispensing with output gain control, the bats in this experiment kept
on reducing their SLgrp with the same slope as in the no-noise trials
(Fig. 5). We speculate that the bats perhaps were not able to maintain
the same high SL across a whole approach because of the
decoupling of call emission and wingbeats at close ranges that
seemingly dictates lower SL at higher wingbeat frequencies
(Stidsholt et al., 2021). In that light, our findings imply that echo
information redundancy via higher biosonar sampling rates when
closing on a target is more important to the bat than improving
ENRs in noise.

To better understand echolocation performance under the
influence of masking noise, the quantification of ENR is critical
(Au and Penner, 1981; Au et al., 1988), as it is a measure of the
relationship between echoes and noise available to the auditory
system (Luo et al., 2018; Simmons, 2017). Although the drop in
success rate with increasing noise level could have been the result of
noise being an unpleasant stimulus, our ENR calculations along
with the SL compensation of the bats suggest that masking was
indeed the underlying cause of this drop. All bats started increasing
their SLrys at 64 dB NLgrys (Fig. 4A), indicating that they tried to
defend a broadband ENRpp of at least 10 dB (Fig. 6A). Their
increased SLs gave rise to higher target ELs during exposure to
noise (Fig. 4C,D). The lower ELs from the no-noise treatment
were comparable to ELs recorded by archival sound recording tags
attached to bats using constant-frequency calls that were also tasked
with approaching spherical targets in the lab (Stidsholt et al., 2020).
Although ELs were higher in noise, they were not enough to
improve ENRgg, which in the case of the 94 dB NLgys treatment
deteriorated to —11 dB (Fig. 6A). So, even though the bats exhibited
the Lombard effect in masking noise, ENRs were more unfavorable
while approaching the target during the 84 and 94 dB NLyys
treatments, which were characterized by negative broadband
ENRgg across the whole approach (Fig. 7).

Despite such poor ENRs that in big brown bats lead to poorer
ranging performance (Simmons, 2017), our bats were able to
perform echo-guided landings at these noise levels. While
broadband ENRpp was negative for the 94 dB NLyys noise
treatment (Fig. 6A,B), the narrowband ENRyp was on average 8§ dB
(Fig. 6E). For bottlenose dolphins (Tursiops truncatus) whose
auditory system can be explained by the performance of an energy
detector, the minimum ENRy for 75% correct detection is 5-7 dB
(Au, 1993b). The similarity between these dolphin ENRs in noise
and the ENRyp at 94 dB NLgyg implies that the bats could have
completed the task using a similar energy detector. Owing to the
frequency modulation of the call and hence echoes, the ENR can be
improved by substantial processing gain of some 20 dB (Fig. 9) if
processed by a matched filter type receiver as some studies have
claimed for bats (Simmons, 1979; Strother, 1961). {The potential
processing gain for a rectangular pulse with a linear sweep is
10l0og;0(0.002x70,000)=21 dB [with the nominal values of a
Daubenton’s bat call, average duration 2 ms and bandwidth 70 kHz
(25-95 kHz) to form the time-bandwidth product]. The biosonar
calls from Daubenton’s bats are not rectangular or linear (or without
harmonics), but the values calculated in this way are remarkably
close to what is found by actually calculating the processing
gain (Fig. 9).} Our experimental design cannot resolve whether
such a receiver is indeed used by the bats. Despite this, comparable
ENRs to those of toothed whales along with the observation
that human listeners can detect slowed down echoes with
an ENRgg of —11dB (Audio 1) prompt us to opt for the
parsimonious explanation that the auditory performance of bats
during target detection in noise can be explained with the model of

an incoherent energy detector like that of toothed whales
(Au, 1993b).

In conclusion, we have demonstrated that bat species using FM
calls in a captive setting were resilient to the masking effects of
broadband ultrasonic noise when performing a landing task (Griffin
et al., 1963). Such resilience may be augmented for bats in the wild
where spatial release from masking might be readily available and
where, as a result of high absorption, the bats are rarely if ever
exposed to such high levels of ultrasonic noise except perhaps when
leaving the roost or close to streams. In our experimental setting, a
reduction of broadband ENRpp to 10 dB was enough to trigger a
weak Lombard effect, probably limited by metabolic or
biomechanical constraints of an already loud sound production
system. This inadequate output adjustment and a varying
transmitting gain with target range led to unfavorable ENRgp
which, however, did not prevent the bats from solving the task.
Despite this resilience to masking in target interception tasks, noise
can still be a substantial sensory pollutant, compromising the fitness
of bats. Their foraging and mating efficiency can be reduced if noise
affects social communication or other parts of the biosonar process
(tracking of moving targets or discrimination) by distracting them
(Allen et al., 2021) and/or causing aversion (Luo et al., 2015a). It is
therefore clear that the effects of noise on bats are multifactorial,
thus necessitating a multi-pronged approach to study them and the
conservation problems they face.
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