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ABSTRACT

Journal of Experimental Biology has a long history of reporting
research discoveries on animal echolocation, the subject of this
Centenary Review. Echolocating animals emit intense sound pulses
and process echoes to localize objects in dynamic soundscapes.
More than 1100 species of bats and 70 species of toothed whales rely
on echolocation to operate in aerial and aquatic environments,
respectively. The need to mitigate acoustic clutter and ambient noise
is common to both aerial and aquatic echolocating animals, resulting
in convergence of many echolocation features, such as directional
sound emission and hearing, and decreased pulse intervals and
sound intensity during target approach. The physics of sound
transmission in air and underwater constrains the production,
detection and localization of sonar signals, resulting in differences
in response times to initiate prey interception by aerial and aquatic
echolocating animals. Anti-predator behavioral responses of prey
pursued by echolocating animals affect behavioral foraging strategies
in air and underwater. For example, many insect prey can detect and
react to bat echolocation sounds, whereas most fish and squid are
unresponsive to toothed whale signals, but can instead sense water
movements generated by an approaching predator. These
differences have implications for how bats and toothed whales hunt
using echolocation. Here, we consider the behaviors used by
echolocating mammals to (1) track and intercept moving prey
equipped with predator detectors, (2) interrogate dynamic sonar
scenes and (3) exploit visual and passive acoustic stimuli. Similarities
and differences in animal sonar behaviors underwater and in air point
to open research questions that are ripe for exploration.

KEY WORDS: Active sensing, Ultrasound production, Transmission
and reception, Hearing, Auditory perception, Scene analysis,
Predator—prey interactions

Introduction

Echolocation (see Glossary) is a major sensory modality in two
diverse and highly successful orders of mammals: bats and toothed
whales. These animals produce ultrasonic signals (see Glossary)
and process information carried by echo returns as they move
through their surroundings. Echolocation makes it possible to orient
and forage in complete darkness, and to exploit food niches not
available to animals that rely primarily on vision. For example,
echolocation is used by bats to feed at night while avoiding diurnal
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predators. Similarly, echolocating toothed whales can pursue
their prey in environments with limited visual cues, and can
therefore successfully feed in turbulent waters and in the deep sea,
where visually dominant animals cannot efficiently forage.
Echolocating bats and toothed whales represent nearly 20% of all
mammalian species, and they have a significant impact on terrestrial
as well as marine ecosystems (Bowen, 1997; Ramirez-Francel et al.,
2021).

Over many decades, Journal of Experimental Biology has
published work on animal echolocation, which provides a rich
literature for our Centenary Review. The term ‘echolocation’ was
coined by Donald Griffin following his seminal discoveries on bat
navigation and foraging (Griffin, 1944). After Pierce and Griffin
(1938) established that bats produce ultrasonic pulses, Griffin and
Galambos (1941) showed through a series of elegant experiments
that bats use these signals to detect prey and avoid obstacles by
listening to returning echoes. Much of Griffin’s earlier work was
summarized in his classic book, Listening in the Dark (Griffin,
1958). Initial studies of echolocation in dolphins were carried out
by Kellogg (1961) and Norris et al. (1962), starting a new branch
of experimental investigations of echolocators in aquatic
environments. Here, we attempt to bridge these lines of research,
by comparing and contrasting the production, transmission and
reception of echolocation signals of bats and toothed whales as they
operate in dynamic soundscapes (see Glossary).

Both echolocating bats and toothed whales broadcast sounds and
use information contained in the returning echoes to determine the
position, size and other features of objects (Au, 1993; Moss and
Schnitzler, 1995; Thomas et al., 2004; Wisniewska et al., 2012).
Echolocation exploits general functions of the mammalian auditory
system that support sound detection over a wide range of
frequencies and intensities, fine spectro-temporal discrimination
and noise rejection. Humans also demonstrate the ability to use
echoes for navigation, and can sense reverberation in rooms of
different sizes and outdoors (Supa et al., 1944; Kellogg, 1962;
Thaler et al., 2019). However, the resolution of human echolocation
is poor, because we only hear up to 20 kHz, far below the ultrasonic
auditory range of echolocating animals (Fay and Popper, 1994).

In this Review, we provide a comparison of echolocation in bats
and toothed whales. In recent decades, new technologies have
enabled major advances in the study of echolocating animals both in
the laboratory and in their natural environments, deepening our
understanding of their active-sensing systems. Differences in
physical challenges imposed by the two media as well as by the
size differences between bats and dolphins have been reviewed
recently (Madsen and Surlykke, 2013; Brinklov et al., 2022). Here,
we consider challenges that animals encounter when using
echolocation to navigate complex 3D environments and to
intercept moving, evasive prey. We also discuss the use of passive
acoustic listening and vision by bats and toothed whales; these
sensory channels complement echolocation, allowing the animals to
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Glossary

Acoustic gaze

Directional aim of sonar transmission and reception to maximize
detection and discrimination of echoes.

Acoustic glint

Spectral broadening and amplitude peak in sonar echoes produced by
the moving wings of fluttering prey; sometimes also used to refer to a
single sonar reflector.

Acoustic scatter

The return of sound from objects in the form of echoes; can broadly refer
to the reflection, diffraction or refraction of sound.

Biosonar

Animal echolocation.

Biotope

The habitat or environment where animals live.

Constant absolute target direction interception strategy

The pursuer adjusts both its direction of motion and its speed to maintain
a constant absolute direction to an erratically moving target. Unlike
constant bearing, this approach minimizes the time it takes for a pursuer
to intercept an unpredictably moving target. In missile guidance, this is
referred to as proportional navigation.

Constant bearing interception strategy

The pursuer maintains a constant angle between its heading (velocity
vector) and the target over the closing range.

Constant frequency (CF)

Stable tonal component of sound.

Doppler shift compensation

Adjustment in sonar call frequency to offset frequency shifts introduced
by the relative velocity of an echolocating animal.

Duty cycle

Percentage of time that sound is present relative to silence.
Echolocation

The process by which sound energy is produced in order to return
echoes for the purpose of localizing and discriminating objects in the
environment.

Frequency modulated (FM)

Sound that changes in frequency over time.

On-axis beam

Directional aim of maximum sound energy towards an object.

Sonar field of view (FOV)

Region of space sampled by echolocation signals.

Sonar scene analysis

Parsing and integrating echo snapshots from stationary and moving
sonar objects in the environment.

Soundscapes

Multiple sound sources in the environment.

Spherical spreading

Sound pressure halving for each doubling of distance.

Stereopsis

Visual depth perception arising from retinal disparity of binocular images.
Ultrasonic signals

Signals making use of sound frequencies above the upper limit of human
hearing of ~20 kHz.

solve natural tasks. Finally, we outline major research problems for
the future and propose questions for new lines of research.

Echolocation signal characteristics and processing in bats
and toothed whales

Echolocation builds upon the interplay between an animal’s sound
production and reception systems, as well as its ability to rapidly
process and react to incoming streams of echoes in a dynamic
soundscape. Bat and toothed whale biosonar signals (see Glossary)
contain sound frequencies generally above 20 kHz, in some cases
up to 200 kHz (Thomas et al., 2004; Fenton et al., 2014). Ultrasound
is needed as ultrasonic frequencies efficiently reflect off small

targets, such as insects and fish. Still, the returning echoes are very
weak: for insects, fish and squid, about 0.001-0.1% (or —50 to
—30 dB) of the signal energy, measured at 1 m range, returns to the
bat or the dolphin (Norman and Jones, 1980; Surlykke et al., 1999;
Au et al., 2010a; Madsen et al., 2007). To obtain audible echoes,
echolocating bats and toothed whales emit signals that are more
intense than any other animal sounds (Wahlberg and Surlykke,
2014). Below, we present an overview of the characteristics of bat
and toothed whale echolocation signals and the acoustic cues these
animals use to localize objects in their surroundings.

The intensity and frequency composition of returning echoes
depend on sound production characteristics, features of the target
and the acoustic properties of the medium (see Box 1). There are
many similarities in biosonar signal adjustments among bats and
toothed whales navigating 3D space, and yet their sonar differs in
several important ways (Madsen and Surlykke, 2013). Bat
echolocation calls are much longer in duration (0.5-100 ms) than
the ones produced by toothed whales (<0.1 to ~10 ms). There is
much less diversity in the acoustic features of toothed whale
biosonar signals compared with bat echolocation calls (Fenton et al.,
2014). When approaching prey, both bats and toothed whales
decrease the intensity and intervals between sound emissions. Bats
also modify the bandwidth and duration of their echolocation
emissions, but in toothed whales such changes are only pronounced
in some species (Fenton et al., 2014).

Another noteworthy difference between bat and toothed whale
sonar is the directionality of emitted sound pulses. Emitting
directional echolocation signals is advantageous, as this decreases
the reception of clutter echoes and gives the echolocator salient
localization cues for tracking and intercepting targets of interest. Bat
echolocation operates with a much broader sonar field of view

Box 1. Echolocation in air and underwater - the effects of
transmission media

Acoustic signals propagating through air and water differ in many
respects. For example, the speed of sound in water is 4.4 times higher
than that in air, resulting in the wavelength of a given frequency being 4.4
times longer in water than in air (Fig. 1). Sound production intensity and
directionality depend on the ratio between emitter size and wavelength
(Michelsen, 1992); therefore, aquatic animals must increase the
frequency of their sound emissions and/or the physical size of the
emitter to maintain high directionality and efficient sound production. The
reflectivity of targets is also dependent on the size-to-wavelength ratio;
thus, the frequency content of the sonar signals affects the acoustic
scatter (see Glossary) returning to the echolocator (Wahlberg and
Larsen, 2017).

Acoustic signals travelling through a biotope (see Glossary) are
weakened and distorted by different processes. At short distances from
the source, spherical spreading (see Glossary) affects sound intensity at
the receiver. The cross-sectional area of the sound beam increases
approximately with the square of the range, such that the sound intensity
is reduced by the inverse square of the distance to the source (Larsen
and Wahlberg, 2017). In addition to geometric spreading losses, signal
energy is absorbed as a result of interactions between the acoustic wave
and the surrounding medium. High-frequency signals are more rapidly
attenuated than lower frequency ones (Lawrence and Simmons, 1982;
Wahlberg and Larsen, 2017). In air, bat echolocation signals can rarely
be recorded at ranges larger than a few tens of meters (Surlykke and
Kalko, 2008). In water, absorption is much less, and low-frequency blue
whale communication signals at 20—-80 Hz can be picked up at distances
of hundreds of kilometers (Sirovic et al., 2007), whereas high-frequency
echolocation clicks emitted by harbor porpoises at 130 kHz can be
detected up to a range of about 100 m (Nuuttila et al., 2018).
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(FOV; see Glossary) than that of toothed whales, dictated by the
smaller size of their emitters (mouth or nostrils). In toothed whales,
there is a gradient of decreased beam widths from the smallest
species (harbor porpoise) to the largest one (sperm whale; Au, 1993;
Mpohl et al., 2003; Koblitz et al., 2012; Jensen et al., 2018). But even
the widest transmission beam in toothed whales is only about
10 deg, as compared with ~40—60 deg in some bats at dominant call
frequencies (Hartley and Suthers, 1989; Ghose and Moss, 2003;
Jakobsen and Surlykke, 2010).

Apart from the effects of physical size on sonar transmission
directionality, there may be functional advantages of wider sonar
beam widths produced by bats in comparison with those of toothed
whales. As the bat echolocation detection range of insect prey is of
the order of meters, it may be difficult to track prey using a very
narrow beam, especially if the prey tries to escape the approaching
predator. In toothed whales, it is advantageous to operate with a very
narrow beam, both to minimize returning clutter echoes and to
increase the sound intensity of the on-axis beam (see Glossary) to
optimize target detection and tracking. Most aquatic prey do not
detect ultrasound, so the risk of prey ‘steering away’ from the sound
beam is much less than for terrestrial prey. It is noteworthy that both
toothed whales and some echolocating bats increase their
transmission beam width in the final capture phase, potentially to
monitor background and permit motor adjustments to intercept prey
(Jakobsen and Surlykke, 2010; Wisniewska et al., 2015).

The auditory system of echolocating animals shows the standard
organization of other mammals, while it is also specialized to
receive and process echoes to represent the location and movement
of objects (Suga, 1988; Covey and Casseday, 1995; Supin et al.,
2001; Mooney et al., 2012). Many of the same cues used by other
species to localize sound and to process complex patterns of
acoustic information are exploited by echolocating animals for
orientation and perception (Moss and Carr, 2012). These cues
include comparisons of the intensity and arrival time of sounds at
the two ears to localize sound source direction (Blauert, 1996).
Where bats and toothed whales stand out from other mammals is in
their ability to estimate target range from the time delay between the
outgoing sonar signal and returning echo (Hartridge, 1945;
Simmons, 1973; Au, 1993), and they show extraordinary spatial
resolution along the range axis (Moss and Schnitzler, 1989;
Simmons et al., 1990; Murchinson, 1980; Finneran et al., 2019).
Below, we discuss the ways in which echolocation signals are
produced and processed by bats and toothed whales in more detail.

Bat production and reception of echolocation signals
Echolocating bat species have varied diets, which include insects,
fruit, nectar and small vertebrates; here, we focus mainly on
echolocation calls of insectivorous species. In bats, sounds are
produced either in the larynx with superfast muscles (Elemans et al.,
2011) or, in some frugivorous species, by tongue clicks (Yovel
etal., 2010; Lee et al., 2017). Most bat echolocation calls are in the
ultrasonic range, but there are some exceptions, e.g. Eumops
floridanus, the Florida bonneted bat, produces echolocation calls in
the human-audible range (Vannatta et al., 2021). Fig. | illustrates
that bat echolocation sounds are transmitted through the mouth or
the nostrils (Hartley and Suthers, 1987, 1989). Echolocation sound
intensities have been reported above 140 dB re. 20 pPa, measured
10 cm from the bat (Surlykke and Kalko, 2008) but are typically in
the range 100—120 dB (Thomas et al., 2004).

Across bat species, there is great variation in the time and
frequency structure of sonar signals, which is illustrated in Fig. 2.
Many species emit frequency-modulated (FM; see Glossary)

sweeps, initially lasting as long as 10-20 ms, during the search
phase of insect pursuit. As bats approach prey, they shorten their
low-duty cycle (see Glossary) signals at higher repetition rates
(Fenton et al., 2014). Some species, such as horseshoe bats, emit
longer, high-duty cycle calls (up to 100 ms) with constant-
frequency (CF; see Glossary) components preceded and followed
by FM sweeps, which they also shorten as they close in on prey
(Denzinger and Schnitzler, 2013).

Echolocating bats are equipped with sensitive hearing that
extends well into the ultrasound range (Moss and Schnitzler, 1995),
which enables the detection of sonar returns from small insect prey.
Some bat species that produce long-duration, high-duty cycle
CF-FM signals show mechanical specializations of the basilar
membrane in the inner ear and an expanded representation of the CF
component of their calls at each stage of auditory processing in the
brain, from the cochlear nucleus to the auditory cortex (Neuweiler
etal., 1980). Many CF—FM bats exhibit Doppler shift compensation
(see Glossary) in flight to stabilize echo frequencies in the region of
their maximum hearing sensitivity and frequency selectivity
(Schnitzler, 1968; Long and Schnitzler, 1975), which allows them
to detect and discriminate acoustic glints (see Glossary) that are
produced by fluttering insect prey (Trappe and Schnitzler, 1982;
Schnitzler and Flieger, 1983; von der Emde and Schnitzler, 1990).
The use of Doppler shift compensation in sonar scene analysis (see
Glossary) is discussed below.

Bats must not only detect objects but also localize them with high
accuracy. Bats that use FM sonar calls can discriminate microsecond
differences in echo arrival time, corresponding to range differences
in the millimeter range (Simmons, 1973, 1979; Simmons et al.,
1990; Moss and Schnitzler, 1995; Wohlgemuth et al., 2016b).
Further, FM bat hearing sensitivity, call intensity and perceived
loudness of echoes are adjusted with target distance (Kick, 1982;
Simmons et al., 1992; Hartley, 1992a,b), which collectively serves
to stabilize the level of echo sensation, thereby minimizing jitter in
auditory response latencies and facilitating high-ranging accuracy
(Kick and Simmons, 1984).

Directional localization discrimination by echolocating bats is
~1 deg in the horizontal plane (Simmons et al., 1983) and 3 deg in
the vertical plane (Lawrence and Simmons, 1982; Wotton et al.,
1995). The bat’s pinna—tragus system (Fig. 1) produces changes in
the spectrum of incoming echoes, creating patterns of interference
that are used by the bat to estimate target elevation (Lawrence and
Simmons, 1982; Wotton et al., 1995; Simmons et al., 2002).
Interaural spectral cues may provide additional information for
determining target angle in the vertical plane (Grinnell and Grinnell,
1965; Aytekin et al., 2004), and movable pinnae also serve to boost
sonar localization cues (Grinnell and Schnitzler, 1977; Mogdans
et al., 1988; Wohlgemuth et al., 2016a,b; Yin and Miiller, 2019;
Aytekin et al., 2004).

Toothed whale production and reception of echolocation signals

In toothed whales, sounds are generated in the nasal passages right
beneath the blowhole and emitted through the melon, a fatty
container resting on the telescoped mouth (Fig. 1; Au et al., 2010b;
Cranford et al., 2011). Sound emissions are often extremely intense
when measured at close range, in some cases back-calculated to
beyond 220 dB re. 1 puPa, 1 m from the animal (reviewed by
Wahlberg and Surlykke, 2014). Echolocation signals from toothed
whales can be grouped into four major categories, all consisting of
transient clicks (duration 10-80 ps; Fig. 2), except for the longer-
duration frequency upsweeps made by deep-diving beaked whales
(duration of a few 100 ps; Fenton et al., 2014). Available data
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Fig. 1. Sound production and reception mechanisms in bats and toothed whales. Note that the speed of sound in water is approximately 4.4 times
faster than that in air. Bats display different production and emission mechanisms (lingual and laryngeal, nasal and oral). The sonar emission patterns
produced by bats are much broader than those of toothed whales. Bats receive echoes with their ears, whereas toothed whales receive sound through their
lower jaw. Sonar signals produced by animals are shown in blue, and echoes received are shown in yellow.

suggest that the majority of echolocating species of toothed whales
include higher frequencies in their signal emissions than do bats
(Wahlberg and Surlykke, 2014), which boosts echo reflectivity from
small objects. The bandwidth of many delphinid clicks ranges from
a few tens of kilohertz to over 100 kHz, whereas, for porpoises, it
ranges from about 110 to 150 kHz (Mehl and Andersen, 1973). The
high-frequency content of toothed whale echolocation signals helps
to reduce the sonar beam width compared with that of bats. Beaked
whales and sperm whales use clicks of lower frequency and rely on
their large size to obtain a directional sonar beam.

Similar to bats, the hearing sensitivity of echolocating delphinids
changes with target distance, showing higher thresholds for echoes
at short delays. This serves to stabilize the received echo within a
suitable dynamic range for central auditory processing (Nachtigall
and Supin, 2008; Linnenschmidt et al., 2012; Supin and Nachtigall,
2012). Toothed whales lack pinnae, and sounds enter the head
directly through the fatty tissues in the lower jaw and other facial
areas (Fig. 1; Mwehl et al.,, 1999). Their directional localization
accuracy is nonetheless similar to that of bats (Branstetter et al.,
2022), and it appears to benefit from the detachment of their inner
ears from the skull and surrounding air sacs (Mooney et al., 2012;
Cozzi et al., 2016). They exhibit high sensitivity in the ultrasonic
frequency range where they emit sonar clicks. Because of the higher
speed of sound in water than in air (Box 1), the Doppler shift
experienced by toothed whales is much smaller than that
experienced by bats for a given velocity, making it unlikely to serve
any function in toothed whale biosonar. Like echolocating bats,
toothed whales can discriminate small differences in target range/
echo delay (Murchinson, 1980; Au, 1993; Finneran et al., 2019).

Predation by echolocating mammals

Differences between the speed of sound and transmission loss in air
and underwater (Box 1) affect the range and time scales over which
echolocating bats and toothed whales pursue prey. Bat sonar is

restricted by the transmission loss of ultrasonic signals in air, and
bats can typically only detect insect prey within a few meters
(Siemers et al., 2005; Finger et al., 2022), whereas toothed whales
can detect fish and squid at ranges up to hundreds of meters (Waters
etal., 1995; Au et al., 2004). The large difference in sonar detection
distances leads to differences in the time periods over which bats
and toothed whales chase their prey. For bats, the time interval from
prey detection to interception is less than 1 s (Griffin et al., 1960;
Kalko and Schnitzler, 1993), whereas in toothed whales, the pursuit
of prey can last many seconds (Johnson et al., 2004; Wisniewska
et al., 2015).

Echolocation signals of bats and toothed whales show similar
temporal patterning as they forage, from the time of prey detection
to interception (Fig. 2). Both aerial and aquatic echolocators adjust
the inter-signal emissions so that the echo from a target of interest is
received before the next signal is produced (Griffin, 1958; Griffin
et al., 1960; Schnitzler and Kalko, 2001; Madsen and Surlykke,
2013; Wisniewska et al., 2014); this simplifies the task of
computing target range from the delay between isolated pulses
and echoes (Simmons, 1973; Au, 1993; Surlykke and Moss, 2000).
As the echolocator approaches its prey, each echo is received at
progressively shorter delays, which means that the bat or toothed
whale waits less time to receive target echoes.

As sound emissions are directional, the echolocator not only
estimates the range to prey but also computes its direction in
azimuth and elevation. Echolocators also control the direction of the
emitted signals to ‘sweep past’ targets of interest, presumably to
localize and detect movement of prey (Ghose and Moss, 2003,
2006; Wisniewska et al., 2012). In the capture phase, echolocating
mammals broaden the sonar beam, which yields a larger acoustic
FOV when preparing to intercept prey (Jakobsen and Surlykke,
2010; Jakobsen et al., 2012, 2013; Wisniewska et al., 2015). Both
bats and toothed whales hear over a broader spatial region than the
beam width of their transmitted sonar signals; therefore, all echoes
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Fig. 2. Echolocating foraging signals and prey escape responses. The illustrations show the echolocation signals for frequency modulated (FM) and
constant frequency (CF)-FM foraging bats and toothed whales and the sensory-guided evasion strategies of their prey. Spectrograms of the echolocation
signals are also shown. Sonar signals produced by animals are shown in blue, and echoes received are shown in yellow. (A) Search phase signals, which
are adapted for target detection. (B) Approach phase signals, produced by the bat or toothed whale after detection and selection of a prey item. (C) The
terminal buzz phase, which is produced prior to prey capture. (D) Sensory mechanisms used by prey to detect bats and toothed whales and avoid capture at

different distances from their predators.

from objects in the path of the sonar beam return to the animals’
ears. In the future, combined measurements of both directional
sonar emissions and hearing in diverse bat and toothed whale
species will contribute to a deeper understanding of prey tracking by
echolocation.

Echolocating animals reduce the intensity of their sonar
emissions so that echoes are received at levels that fall within a
suitable dynamic range for processing (Hartley, 1992a,b; Schnitzler
and Kalko, 2001; Au and Benoit-Bird, 2003; Supin and Nachtigall,
2012; Stidsholt et al., 2021). In bats, the amplitude of received
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echoes is further modulated by contractions of middle ear muscles
that accompany each sonar vocalization (Suga and Jen, 1975). In
toothed whales, there is a similar reduction in hearing sensitivity
right after the production of echolocation clicks (Supin and
Nachtigall, 2012), and one study reported that the middle ear
muscles are not involved (Schreder et al., 2017). Further
experimentation is needed to understand the role of middle ear
muscles in toothed whale sonar, and to explain any alternative
mechanism of hearing sensitivity reduction during click production.

How do bats use echolocation to localize and intercept moving prey?
As a bat flies toward an insect target, the features of its sonar
vocalizations change. Characteristics of sonar emissions have been
used to divide the bat’s insect pursuit sequence into phases: search,
approach and terminal buzz (Fig. 2; Griffin et al., 1960; Kalko and
Schnitzler, 1993; Schnitzler and Kalko, 2001). Search phase signals
in the big brown bat (Eptesicus fuscus) are characterized by shallow
frequency modulation at a repetition rate of 5—10 Hz and duration of
15-20 ms. Once the bat detects and selects a prey item, it produces
approach phase signals at a repetition rate of 20-80 Hz; these
signals show steep frequency modulation and shorten in duration
(2-5 ms). In the final phase of capture, terminal buzz signals shorten
further (0.5—1 ms); they are produced at very high repetition rates (as
high as 150-200 Hz) and show a drop in sound frequency below
20 kHz (Surlykke and Moss, 2000). This dynamic sound
production pattern is characteristic of most insectivorous bat
species (Schnitzler and Kalko, 2001). Further, bats show
flexibility in echolocation pursuit sequences, revealing that bats
can adapt to changing acoustic information (Moss and Surlykke,
2010).

At each phase of insect pursuit, the sonar sound characteristics
used by FM bats reflect adaptive signal designs for different
acoustic tasks: target detection, localization and tracking (Simmons
and Stein, 1980). The long-duration, shallow FM signals produced
during the search phase are adapted for target detection, as sound
energy is concentrated in a narrow frequency band over an extended
period; the broadband and short-duration approach and terminal
phase echolocation signals are adapted for target localization in 3D
space (Moss and Schnitzler, 1995). Adjustments in the duration of
FM sonar calls are illustrated in Fig. 3A and discussed further below
in the context of sonar scene analysis.

As described above, CF—FM bats adjust the frequency of sonar
emissions as they forage on the wing to compensate for Doppler
shifts in echoes, which then allows them to detect the fluttering
movements of their prey (Schnitzler, 1968). Adjustments in sonar
call frequencies of high duty cycle CF—FM signals also ensure that
calls and echoes are processed in separate frequency channels in the
bat’s auditory system (Neuweiler et al., 1980). This is illustrated in
Fig. 3B and discussed below.

The textbook literature on bat echolocation behavior reports a
continuous and regular decrease in sonar call interval with a
reduction in target range (e.g. Nachtigall and Moore, 1988).
However, subsequent studies have revealed fine temporal patterning
of the production of echolocation signals layered on the overall
changes in call interval with target distance. Specifically, both FM
and CF—FM bats produce clusters of echolocation signals, referred
to as sonar sound groups, particularly when they encounter
challenging sonar tasks, such as navigating tight spaces, tracking
moving prey or discriminating the features of objects (Moss et al.,
2006; Petrites et al., 2009; Séndig et al., 2014; Ding et al., 2022).
The function of sonar sound groups in biosonar imaging has yet to
be fully delineated.

Fundamental to computations for target tracking is the
relationship between the region of the environment sensed by the
animal (acoustic gaze; see Glossary) and the animal’s intended
movements. Ghose and Moss (2006) reported an adjustable linkage
between acoustic gaze and motor output in a flying echolocating bat,
which serves to simplify the transformation of sensory acoustic
information to flight motor commands. This finding has been
extended to consider the bat’s strategies to intercept erratically
flying prey. Studies of target pursuit in animals, ranging from
dragonflies to fish, and dogs to humans (McBeath et al., 1995;
Olberg et al., 2000; Fajen and Warren, 2004), have suggested that
they all use a constant bearing interception strategy (see Glossary) to
pursue moving targets. However, Ghose et al. (2006) demonstrated
that bats use a constant absolute target direction interception strategy
(see Glossary) during pursuit. Unlike constant bearing, this
approach minimizes the time it takes for a pursuer to intercept an
unpredictably moving target.

These findings suggest that echolocating bats predict the future
position of a moving target, but they do not empirically demonstrate
the implementation of internal prediction models in these animals
(Fig. 3C). Salles et al. (2020) provided the first direct evidence that
bats rely on internal models of target motion to predict the future
position of a moving target. They trained bats to rest on a perch and
track a tethered target that sometimes disappeared behind an
occluder. High-speed video and audio recordings captured the bat’s
head aim and echolocation behavior. These recordings showed that
the echolocating bat estimated a target’s velocity from a series of
echo snapshots and used this estimate to predict when a moving
target would reappear from behind an occluder. Predictive tracking
of moving targets by other echolocating animals under natural
foraging conditions is ripe for study (Salles et al., 2021).

How do toothed whales use echolocation to localize and intercept
moving prey?
Just like bats, toothed whales adjust their echolocation signals with
distance to a selected target (Fig. 2). In the search phase, they emit
regular patterns of relatively long inter-click intervals. As discussed
above, when a target of interest is recognized, the inter-click interval
is adjusted to always be larger than the two-way travel time from the
emitter to the target and back (Au, 1993). At close range to the
target, the echolocator enters the buzz phase, when it emits clicks at
a very high rate, although at this stage the inter-click intervals are
still longer than the two-way travel time (Wisniewska et al., 2012).
In the buzz phase, the source level of clicks is reduced to yield
echoes from nearby prey within the dynamic processing range of the
receiver, and the transmission beam width broadens (Wisniewska
etal., 2015). The difference between search and buzz phase clicks is
not as large as in bats, except in the case of beaked whales, which
emit search signals consisting of upsweeps of relatively long
duration and broadband transients in the buzz phase (Johnson et al.,
2004). In other toothed whales, beam broadening does not seem to
be accomplished by a drop in sound frequency, as seen in many bat
species, but may be caused by changes in emitter aperture through
melon adjustments (Wisniewska et al., 2015). Toothed whales
direct their acoustic gaze at the target of interest when approaching
both stationary prey (Wisniewska et al., 2012) and freely moving
ones (Vance et al., 2021). It seems likely that toothed whales can
predict the motion of prey targets just like bats can (Salles et al.,
2020), but further experimentation is needed to confirm this.
Finally, ‘pulse packets’, where echolocation clicks are emitted in
bouts with pauses in between, produced by echolocating toothed
whales (Turl and Penner, 1989; Ivanov, 2004; Finneran, 2013;
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Fig. 3. Sonar call adjustments and tracking of prey. (A) FM bats shorten echolocation calls to avoid overlap between emission and target echoes.
(B) CF—FM bats exhibit Doppler shift compensation as they fly, which effectively separates calls and echoes into different frequency channels. (C) lllustrates
the echolocating bat’s internal model of a moving target’s trajectory, which enables predictive tracking and interception of prey.

Ladegaard et al., 2019) share characteristics of the clustered sound
groups produced by echolocating bats (Moss et al., 2006; Petrites
et al., 2009; Séndig et al., 2014; Ding et al., 2022), but their
functional role remains to be fully understood. Pulse packets make
several echoes available for the echolocator, potentially increasing
the probability of detecting faint echoes from remote objects. They
could also aid in tracking targets if the echolocator can extract
information about target movement from a packet of sonar
emissions (Finneran et al., 2014).

The evolutionary arms race between echolocating predators
and their prey

The prey species of bats and toothed whales have evolved a variety
of strategies to evade detection and capture. Some prey minimize
detection by the echolocator by shaping their body or evolving
physical characteristics to reduce acoustic reflectivity (Shen et al.,
2018; Au et al., 2019). Some prey have evolved ultrasound hearing
to detect their echolocating predators (Surlykke, 1988; Mann et al.,
1997). Once detected and pursued by the echolocator, prey initiate
erratic trajectories or other behaviors to avoid capture (Roeder,
1962; Webb, 1978; Yager and Spangler, 1997; Triblehorn and
Yager, 2005; Domenici and Blake, 1997; Tytell and Lauder, 2008;

Wilson et al., 2011). The evasive behavior of prey challenges the
echolocating predator to rapidly adjust its own behavioral strategies
for prey interception (Box 2). The effects of acoustic signals
generated by insects and conspecifics on bat prey capture are the
topics of other recent reviews (Corcoran and Moss, 2017; Jones
et al., 2021).

The interaction between the echolocator and its prey appears to be
a driving force in the evolution of echolocation behavior and
performance. Based on theoretical calculations using the sonar
equation, Surlykke (1988) proposed that bats may reduce their call
source levels when approaching insects to increase the probability of
detecting their prey before insects are alerted to an impending
attack. The extent to which toothed whales also adjust signal
amplitude to delay their detection by ultrasound-hearing fish prey
remains to be investigated.

Sonar scene analysis

As an animal seeks food, tracks targets and steers around obstacles,
its distance and direction to objects continuously change. Such
natural behaviors invoke dynamic feedback between 3D scene
representation and action selection for spatially guided behaviors.
Parsing, integrating and organizing complex acoustic stimuli to
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Box 2. Predator-prey interactions

Aerial prey of echolocating bats

Once detected, aerial prey species are in trouble, as they have limited
time to escape. There is little evidence that insects use mechanosensors
to detect bats (Triblehorn and Yager, 2005), but many insects have
evolved ultrasound hearing to detect the signals of echolocating
predators (Roeder, 1962; Yager, 1999). Ultrasound triggers a variety of
counter-predator responses in insects equipped with bat detectors,
including erratic escape maneuvers, drops to the ground or the
production of clicks that serve to startle, warn and/or ‘jam’ the
echolocating predator (Miller and Surlykke, 2001; Corcoran and
Connor, 2012). Other strategies could include avoiding areas
frequented by foraging bats (Lewis et al., 1993), flying close to
vegetation (Rydell, 1998) or water (Svensson et al., 2002), and the
evolution of body shapes that may mitigate bat attacks (Barber et al.,
2015). See Fig. 2, upper panels.

Aquatic prey of echolocating marine mammals

Toothed whales can detect prey hundreds of meters away using
echolocation (Madsen and Surlykke, 2013). Because of their longer
pursuit times, toothed whales appear to be more likely than bats to adjust
their biosonar tracking over long time scales to their prey (Vance et al.,
2021). In stark contrast to the aerial prey of echolocating bats, very few of
the 30,000+ species of fish can hear underwater echolocators (Popper
and Fay, 2011). Only shad have been shown to hear ultrasound (Mann
et al., 1997); these fish respond to ultrasonic clicks by swimming away
from a transducer, and their response is greater at higher click rates
(Wilson et al., 2011). Shad are relatively uncommon in the stomach
contents of delphinids, suggesting that ultrasonic hearing reduces
predation of these species. However, recent findings suggest that at least
some harbor porpoises have overcome acoustic-driven escape
responses in shad (Elliser et al., 2020). It is unclear whether harbor
porpoises have evolved adaptations to their sonar emissions that
undermine detection of these signals by their prey, such as reducing
the source level of their signals (as suggested for bats; Surlykke, 1988).
The fact that ultrasonic detectors are uncommon among fish and squid
suggests that the evolutionary pressure to develop such defense
mechanisms is small compared with that of aerial prey. Because
underwater prey species have exquisitely sensitive lateral line organs
tied to rapid escape circuitry (Eaton et al., 2001), most have not evolved
acoustic sensors to detect predators at long distances, but instead
operate with a short safety zone created by the viscous properties of the
medium and the limited maneuverability of toothed whales in relation to
that of their prey. See Fig. 2, lower panels.

support such behaviors are tasks of ‘auditory scene analysis’
(Bregman, 1990), which is coordinated with motor behaviors to
enable successful navigation in the environment. For the
echolocating animal, the analysis of auditory scenes builds upon
its active production of sounds that reflect from objects in the
environment.

It is important to consider that echolocating animals operate in
noisy environments. Not only do biotic and abiotic sound sources
interfere with target echo processing but also the animal’s own
sonar signals return cascades of echoes from clutter objects in the
environment. The animal must therefore sort and track sound
sources from targets of interest in the presence of distractor
sounds, many of which occur close together in time. This
challenge is partially solved by the directionality of echolocation
signals, which can serve to filter out echoes from off-axis objects.
It is likely that other adjustments in sonar signal features and
trajectory path selection also contribute to the echolocating
animal’s ability to negotiate complex echo soundscapes (Moss
etal., 2011, 2014). The contribution of active sonar adjustments to
the analysis of sonar scenes by echolocating animals is discussed
below.

Echolocating bats adjust the direction and range of their

acoustic gaze

Echolocating bats adaptively adjust the features of sonar
vocalizations in response to information obtained from echo
returns. Therefore, the bat’s behavioral control of its sonar calls
provides a window into its perceptual world. Importantly, the bat
adjusts the direction and duration of its calls to probe information
from different locations in space, and this vocal-motor control,
coupled with head and pinna movements, yields a measure of the
animal’s acoustic gaze and analysis of echoes from objects in its
surroundings.

Direction of acoustic gaze

The sonar beam of a bat can be likened to an auditory flashlight,
sampling a limited region of acoustic space at a given point in time.
The bat’s aim of the beam directly influences the echo information it
samples from the environment, and the bat can control the region of
space it inspects by moving its head and/or noseleaf (Hartley and
Suthers, 1987; Ghose and Moss, 2003; Linnenschmidt and
Wiegrebe, 2016). Laboratory studies of sonar emission patterns of
the big brown bat show that the sonar beam is broad enough to
collect echo information from objects within a ~60 deg cone (Ghose
and Moss, 2003), which would enable simultaneous inspection of
objects in the frontal plane. However, the bat’s behavior
demonstrates that it does not inspect objects simultaneously.
Instead, the bat shifts the direction of its sonar beam by moving
its head to accurately and sequentially point the axis in the direction
of closely spaced objects (Surlykke et al., 2009). Field studies reveal
that foraging Japanese house bats, Pipistrellus abramus, shift their
sonar beam aim between the direction of flight and the anticipated
direction of the next prey interception (Fujioka et al., 2017).

Range of acoustic gaze

Bat sonar operates in 3D space, and the bat adjusts the intensity and
duration of calls to sample echoes from targets at different distances
(Fig. 3). FM bats avoid overlap between their outgoing sound and
returning echoes, and vocal-motor adjustments in call duration
therefore provide an indirect measure of where the bat is attending
along the distance axis. For example, the big brown bat can shift its
sonar gaze from a close obstacle to distant prey, by changing the
duration of its calls (Surlykke et al., 2009). Big brown bats show
similar dynamic adjustments in the direction and distance of
acoustic gaze in a target discrimination task (Falk et al., 2011).

Sonar scene analysis in echolocating toothed whales

While pursing prey, toothed whales show similar adjustments in
biosonar signals to those of bats (Madsen and Surlykke, 2013).
They swim in 3D murky waters and are active at night-time. So, just
like bats, the sonar system is not only used for detecting and
pursuing prey but also for navigating 3D space. While searching for
prey, toothed whales scan for targets of interest (Verfuss et al.,
2005). When they detect a target, the inter-click intervals may
decrease to allow the animal to collect information about prey
location, before they enter the buzz phase, where hundreds of clicks
are emitted every second (Au and Benoit-Bird, 2003; Wisniewska
et al., 2012), avoiding overlap between outgoing signals and
returning echoes, as discussed above (Au, 1993; Wisniewska et al.,
2012). Toothed whale scanning behavior continues throughout
approach and capture of prey (Verfuss et al., 2009) or during
approach of an artificial target (Wisniewska et al., 2012). Research
has yet to detail how sonar signal adjustments contribute to the
toothed whale’s analysis of underwater sonar scenes, but
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preliminary work has revealed processes that show similarities to
those of bats (Moss et al., 2014).

Vision and passive listening in echolocating animals
Echolocating animals can operate in complete darkness, but other
sensory cues offer complementary information that guides
navigation and foraging. Here, we present examples from both bat
and dolphin studies that illustrate potential benefits of using vision
and passive listening to localize objects in their surroundings.

Echolocating bats’ use of vision and passive listening

Echolocating bat species differ in their visual sensitivity and acuity
(Suthers, 1966; EkI6f, 2003; EkIof et al., 2014), but even species
that show low acuity can benefit from the combined use of vision
and echolocation to steer around obstacles, discriminate objects and
capture insect prey (Williams et al., 1966). Insectivorous big brown
bats, for example, show superior obstacle avoidance performance
when visual and acoustic cues are available, compared with either
cue alone (Jones and Moss, 2021). By contrast, there are also reports
in the literature that vision can interfere with obstacle avoidance in
echolocating bats (McGuire and Fenton, 2010); however, this
observation is likely due to high light levels affecting the animals’
behavior (Bradbury and Nottebohm, 1966).

Insectivorous bats that forage on summer nights can benefit from
environmental light to detect prey using vision (Ekl6f and Jones,
2003). Interestingly, insectivorous bats that are active before dusk or
under a full moon show reduced echolocation call rates relative to
those operating in greater darkness, suggesting that bats use both
vision and echolocation when light is available (McGowan and
Kloepper, 2020). Similarly, echolocating Egyptian fruit bats,
Rousettus aegyptiacus, reduce their sonar click rate as a function
of light level in a navigation task (Danilovich et al., 2015), and they
appear to differentially weight their use of visual and echoic
information according to the task and environmental conditions
(Danilovich et al., 2015; Danilovich and Yovel, 2019).

Some echolocating bats rely heavily on passive hearing to find
prey. Examples are found in the frog-eating fringe-lipped bat,
Trachops cirrhosus, which uses the mating calls produced by its
prey to find an evening meal (Tuttle and Ryan, 1981; Page and
Ryan, 2008), and the pallid bat, Antrozous pallidus, which listens to
sounds generated by the movement of terrestrial scorpions, beetles
and crickets to localize prey (Fuzessery et al., 1993).

The role of vision in echolocating toothed whales
The eyes of toothed whales have many distinct features, suggesting
that vision may play a larger part in their lives than previously
recognized. The eyes are placed on the side of the head directed
somewhat forward, giving animals a wide visual field, with
binocular overlap in a 20-30 deg region in front and slightly
below their body axis (Dral, 1977; Dawson, 1980). It is unknown
but possible that toothed whales show stereopsis (see Glossary).
Interestingly, each dolphin retina has two foveae (Mass and Supin,
1995): one fovea projects forward, whereas the other projects to the
side and slightly backwards (Mass and Supin, 1995). It seems that
the visual ‘Umwelt’ (von Uexkiill, 1934) of dolphins is unique
among mammals, with a field of binocular overlap in front, and two
foveae to each side of the animal. Their visual acuity underwater is
comparable to that of humans in air, whereas their visual acuity in
air is lower (Herman, 1975).

Whales and dolphins are regularly observed ‘spy hopping’,
poking their heads vertically out of the water, seemingly to obtain a
visual overview of the area around them. Trained dolphins can

perform complicated visual tasks (Herman and Tavolga, 1980), and
during public performances they can execute behavioral tasks
requiring visual planning, such as jumping up through a hoop
placed a few meters above the water surface. This all indicates
that the role of vision is important for toothed whales, in addition to
their well-developed echolocation. Psychophysical studies of
echolocation in trained animals further indicate a large difference
in the animal’s acoustic and swimming behavior and performance
when they are blindfolded (Atem et al., 2009; de Ruiter et al., 2009;
Bakkeren et al., 2023), suggesting the importance of vision in the
sensory biology of toothed whales. However, further studies are
needed to fully understand how vision complements and modifies
echolocation behavior.

Echolocation and social communication

There is growing evidence that echolocation signals can serve a
communicative function. For example, foraging animals may alert
nearby conspecifics to the presence of abundant prey by producing
feeding buzzes. The extent to which echolocating animals emit
feeding buzzes to alert conspecifics to feeding sites (as gulls are
known to do; Frings et al., 1955) or simply as a byproduct of
their foraging behaviors remains unknown. Echolocating animals
appear to make use of passive cues generated by foraging
conspecifics, and future research should expand our knowledge
on such communicative behaviors (Fig. 4).

Social calls and eavesdropping in echolocating bats

Early research on the calls produced by echolocating bats focused
on sonar localization (Griffin, 1958), which was followed decades
later by intensive research on their social communication calls (see
Salles et al., 2020; Jones et al., 2021). Typically, bat echolocation
and social calls are assigned to distinct categories, although some
early researchers in the field raised the possibility that functions of
the two call types can overlap (Mohres, 1967).

Bat social calls are typically longer in duration and lower in sound
frequency than echolocation calls (Fenton, 2003; Bohn et al., 2006,
Salles et al., 2019). There is emerging knowledge of the functional
role of certain call types in some species (e.g. Prat et al., 2016;
Fernandez et al., 2021a,b; Hormann et al., 2021) and how social
calls change over development (Fernandez et al., 2021a,b). For
example, big brown bats produce FM bouts when competing for
prey, and these social calls have been characterized as food-claiming
calls (Wright et al., 2011, 2014; Fig. 4). However, further research is
needed to deepen our understanding of social communication
signals in echolocating bats.

Jones and Siemers (2011) highlight the communicative potential
of bat echolocation calls, which has received growing research
attention in recent years. Echolocation calls can carry social
information about individual identity (Masters et al., 1995; Kohles
et al., 2020) and sex (Kazial and Masters, 2004). Bat social calls are
sometimes interjected during echolocation-based foraging and may
carry information about social hierarchy for food claiming (Wright
et al., 2014). It is noteworthy that several studies report that
echolocating bats eavesdrop on the feeding buzzes of conspecifics
to identify foraging sites (Fig. 4; Gillam, 2007; Dechmann et al.,
2009; Cvikel et al., 2015). Although it can be useful to classify calls
as having echolocation or social functions, research advances will
benefit from the recognition that they can serve both purposes.

Social calls and eavesdropping in echolocating toothed whales

Toothed whales may make use of passive listening to a larger extent
than previously assumed to monitor activities of conspecifics
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Fig. 4. Communication and eavesdropping in bats and toothed whales. (A) Spectrograms illustrate lower-frequency and/or longer-duration
communication signals in bats (top) and toothed whales (bottom). (B) Echolocating animals can eavesdrop on the feeding buzzes (spectrograms) produced

by conspecifics to identify foraging sites.

(Alcéazar-Trevifo et al., 2021). While foraging in groups, animals
often emit social calls (Fig. 4) amidst echolocation sequences
(Simild and Ugarte, 1993; Jensen et al., 2011). Foraging toothed
whales sometimes reveal their presence and activity to attract
conspecifics to the feast (Fig. 4; Barret-Lennard et al., 1996; Gotz
etal., 2005). Trained dolphins emit ‘victory squeals’ as the final part
of their buzzes when catching fish (Ridgway et al., 2014), and wild
dolphins sometimes produce ‘feeding bray calls’ while foraging
(Janik, 2000), which corroborates the notion that they intentionally
try to attract conspecifics to a food source. It is also possible that
dolphins eavesdrop on the echolocation sequences of conspecifics
to gain extra information about prey (Xitco and Roitblat, 1996). By
contrast, some solitary foragers, such as beaked whales, are quiet
except when emitting biosonar signals, probably to minimize
exposing themselves to conspecifics and potential predators such as
orcas (Johnson et al., 2004). Synchronized audio and video
recordings of social interactions of toothed whales in the field can
shed light on the richness of their social behaviors.

Challenges and opportunities

Since the discovery of echolocation in bats and toothed whales,
scientists have made great strides in understanding the behavioral
and neural mechanisms that enable this mode of sensing. When
Journal of Experimental Biology first published research on animal
echolocation, commercial audio and video recording devices were
not capable of capturing the high-frequency sounds and agile
behaviors of echolocating animals operating under natural
conditions. The acoustic behaviors of bats intercepting insects in

the dark and dolphins tracking fish underwater were outside the
operating range of standard instrumentation. Initially using custom
devices, researchers characterized the sonar signals of diverse
species, measured animal performance in sonar target localization
and discrimination tasks, and quantified the adaptive sonar
behaviors of animals carrying out natural behaviors.

With recent advances in technology and a growing interest in the
cognitive processes that support natural behaviors, there are exciting
opportunities to unlock new knowledge of animal sonar systems,
both in the laboratory and in the field. For example, miniaturized
high-speed audio and video recording devices, along with on-
animal data tags (Johnson et al., 2004; Prat and Yovel, 2020), make
it possible to explore the fine-scale dynamics of bat and toothed
whale interactions with their surroundings (Johnson et al., 2004;
Corcoran and Connor, 2012, 2014; Fujioka et al., 2014; Wisniewska
etal., 2016; Stidsholt et al., 2021). New animal tracking technology
can also shed light on biosonar interrogation of natural
environments and behavioral strategies that enable foraging in
complex environments. Further, detailed recordings of echolocating
animals performing natural tasks can reveal the precursors of mode
switching between sonar localization and acoustic communication
with conspecifics. Collectively, work in these areas will inform a
deeper understanding of natural scene analysis by echolocation in
air and underwater.

Comparative studies of echolocating bats and toothed whales are
fundamental to understanding both specializations and general
principles of animal sensing systems. Specific to biosonar, there are
many open scientific questions to explore. How do echolocating
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animals represent natural scenes as they move through the
environment? Does echolocation signal production give rise to
perception that differs from passive acoustic monitoring of the
surroundings? Do bats and toothed whales integrate echo snapshots
to perceive a stable and continuous representation of their
surroundings? When echolocating animals operate in groups, can
they eavesdrop on the calls and echoes of conspecifics to localize
prey and obstacles? The answers to these questions will provide key
scientific breakthroughs in the next 100 years.

Conclusion

In this Review, we have considered how the physics of sound
transmission in air and underwater constrains sonar signal
production and echo reception, resulting in differences in
echolocation signal design, operating ranges and response times
of aerial and aquatic echolocating animals. In addition, prey
behaviors may further influence the ways in which bats and toothed
whales have evolved to use echolocation as they forage. Despite
some differences, there are commonalities between the sonar
discrimination performance and communication behaviors of bats
and toothed whales: future work will deepen our knowledge of the
similarities and differences between aerial and aquatic echolocation
as animals negotiate natural sonar scenes.

Acknowledgements
We thank Clarice Diebold, Nikita Finger and Danuta Wisniewska for valuable
comments on an earlier version of the manuscript.

Competing interests
The authors declare no competing or financial interests.

Funding

Preparation of this article was supported by the following grants: National Science
Foundation NCS-FO 1734744, Office of Naval Research N00014-17-1-2736, and
National Institutes of Health National Institute of Neurological Disorders and Stroke
R01 NS121413 to C.F.M; and Office of Naval Research N00014-22-1-2793, Human
Frontier Science Program RGP0045/2022 to M.W. and C.F.M, and Independent
Research Fund 1026-00183B to M.W. Deposited in PMC for release after 12
months.

References

Alcazar-Trevifio, J., Johnson, M., Arranz, P., Warren, V. E., Pérez-
Gonzalez, C. J., Marques, T., Madsen, P. T. and Aguilar de Soto, N. (2021).
Deep-diving beaked whales dive together but forage apart. Proc. R. Soc. B 288,
20201905. doi:10.1098/rspb.2020.1905

Atem, A. C., Rasmussen, M. H., Wahlberg, M., Petersen, H. C. and Miller, L. A.
(2009). Changes in click source levels with distance to targets: studies of free-
ranging white-beaked dolphins (Lagenorhynchus albirostris) and captive harbor
porpoises (Phocoena phocoena). Bioacoustics 19, 49-65. doi:10.1080/
09524622.2009.9753614

Au, W. W. L. (1993). The Sonar of Dolphins. New York: Springer-Verlag.

Au, W. W. L. and Benoit-Bird, K. (2003). Automatic gain control in the echolocation
system of dolphins. Nature 423, 861-863. doi:10.1038/nature01727

Au,W.W.L.,Home, J. K. and Jones, C. (2010a). Basis of acoustic discrimination of
chinook salmon from other salmons by echolocating Orcinus orca. J. Acoust. Soc.
Am. 128, 225-2232.

Au, W. W. L., Houser, D. S., Finneran, J. J., Lee, W. J., Talmadge, L. A. and
Moore, P. W. (2010b). The acoustic field on the forehead of echolocating Atlantic
bottlenose dolphins (Tursiops truncatus). J. Acoust. Soc. Am. 128, 1426-1434.
doi:10.1121/1.3372643

Au, W. W. L,, Ford, J. K. B., Horne, J. K. and Newman Allman, K. A. (2004).
Echolocation signals of free-ranging killer whales (Orcinus orca) and modeling of
foraging for chinook salmon (Onchorhynchus tshawytscha). J. Acoust. Soc. Am.
115, 901-909. doi:10.1121/1.1642628

Au, W.W. L., Kastelein, R. A. and Helder-Hoek, L. (2019). Acoustic reflectivity of a
harbor porpoise (Phocoena phocoena). J. Acoustc. Soc. Am. 146, 2475-2481.
doi:10.1121/1.5128328

Aytekin, M., Grassi, E., Sahota, M. and Moss, C. F. (2004). The head-related
transfer function reveals binaural cues for sound localization in azimuth and
elevation in the echolocating bat, Eptesicus fuscus. J. Acoust. Soc. Am. 116,
3594-3601. doi:10.1121/1.1811412

Bakkeren, C., Ladegaard, M., Anderson Hansen, K., Wahlberg, M.,
Madsen, P. T. and Rojano-Donate, L. (2023). Visual deprivation induces

stronger dive response in a harbour porpoise. iScience 26, 106204. doi:10.1016/j.
isci.2023.106204

Barret-Lennard, L. G., Ford, J. K. B. and Heise, K. A. (1996). The mixed blessing
of echolocation: differences in sonar use by fish-eating and mammal-eating killer
whales. Anim. Behav. 51, 553-565. doi:10.1006/anbe.1996.0059

Blauert, J. (1996). Spatial Hearing: The Psychophysics of Human Sound
Localization. Cambridge: MIT Press.

Bohn, K. M., Moss, C. F. and Wilkinson, G. S. (2006). Correlated evolution
between hearing sensitivity and social calls in bats. Biol. Lett. 2, 561-564. doi:10.
1098/rsbl.2006.0501

Bowen, W. D. (1997). Role of marine mammals in aquatic ecosystems. Mar. Ecol.
Prog. Ser. 158, 267-274. doi:10.3354/meps 158267

Bradbury, J. W. and Nottebohm, F. (1966). The use of vision by the little brown bat,
Myotis lucifugus, under controlled conditions. Anim. Behav. 17, 480-485. doi:10.
1016/0003-3472(69)90150-X

Branstetter, B. K., Breitenstein, R., Goya, G., Tormey, M., Wu, T. and
Finneran, J. J. (2022). Spatial acuity of the bottlenose dolphin (Tursiops
truncatus) biosonar system with a bat and human comparison. J. Acoust. Soc.
Am. 151, 3847-3857. doi:10.1121/10.0011676

Bregman, A. (1990). Auditory Scene Analysis: The Perceptual Organization of
Sound. Cambridge, MA: MIT Press.

Brinklgv, S. M. M., Jakobsen, L. and Miller, L. A. (2022). Echolocation in bats,
odontocetes, birds, and insectivores. In Exploring Animal Behavior Through
Sound, Vol. 1 (ed. C. Erbe and J. A. Thomas), pp. 419-457. Cham: Springer.

Corcoran, A. J. and Conner, W. E. (2012). Sonar-jamming in the field:
effectiveness and behavior of a unique prey defense. J. Exp. Biol 215,
4278-4287. doi:10.1242/jeb.076943

Corcoran, A. J. and Conner, W. E. (2014). Bats jamming bats: food competition
through sonar interference. Science 346, 745-747. doi:10.1126/science.1259512

Corcoran, A. and Moss, C. F. (2017). Sensing in a noisy world: lessons from an
auditory specialist, the echolocating bat. J. Exp. Biol. 220, 4554-4566. doi:10.
1242/jeb.163063

Covey, E. and Casseday, J. H. (1995). The lower brainstem auditory pathways. In
Hearing in Bats (ed. F. R. Popper AN), pp. 235-295. New York: Springer.

Cozzi, B., Huggenberger, S. and Oelschléger, H. (2016). Anatomy of Dolphins.
New York: Academic Press.

Cranford, T. W,, Elsberry, W. E., Van Bonn, W. G., Jeffress, J. A., Chaplin, M. S.,
Blackwood, D. J., Carder, D. A., Kamolnick, T., Todd, M. A. and Ridgway, S. H.
(2011). Observation and analysis of sonar signal generation in the bottlenose
dolphin (Tursiops truncatus). Evidence for two sonar sources. J. Exp. Mar. Biol.
Ecol. 407, 81-96. doi:10.1016/j.jembe.2011.07.010

Cvikel, N., Berg, K. E., Levin, E., Boonman, A., Amichai, E. and Yovel, Y. (2015).
Bats aggregate to improve prey search but might be impaired when their density
becomes too high. Curr. Biol. 25, 206-211. doi:10.1016/j.cub.2014.11.010

Danilovich, S. and Yovel, Y. (2019). Integrating vision and echolocation for
navigation and perception in bats. Sci. Adv. 5, eaaw6503. doi:10.1126/sciadv.
aaw6503

Danilovich, S., Krishnan, A., Lee, W.-J., Borrisov, |., Eitan, O., Kosa, G.,
Moss, C. F. and Yovel, Y. (2015). Bats regulate biosonar based on the availability
of visual information. Curr. Biol. 25, R1124-R1125. doi:10.1016/j.cub.2015.11.003

Dawson, W. W. (1980). The cetacean eye. In Cetacean Behavior (ed. L. Herman),
pp. 53-100. New York: Wiley.

Dechmann, D., Voigt-Heucke, S., Giuggioli, L., Safi, K., Voigt, C. and
Wikelski, M. (2009). Experimental evidence for group hunting via
eavesdropping in echolocating bats. Proc. R. Soc. B 276, 2721-2728.

Denzinger, A. and Schnitzler, H.-U. (2013). Bat guilds, a concept to classify the
highly diverse foraging and echolocation behaviors of microchiropteran bats.
Front. Physiol. 4, 164. doi:10.3389/fphys.2013.00164

de Ruiter, S., Bahr, A., Blanchet, M.-A., Hansen, S. F., Kristensen, J. H.,
Madsen, P. T., Tyack, P. L. and Wahlberg, M. (2009). Acoustic behaviour of
echolocating porpoises during prey capture. J. Exp. Biol 212, 3100-3107. doi:10.
1242/jeb.030825

Ding, J., Zhang, Y., Han, F., Jiang, T., Feng, J., Lin, A. and Liu, Y. (2022). Adaptive
temporal patterns of echolocation and flight behaviors used to fly through varied-
sized windows by 2 species of high duty cycle bats. Curr. Zool. 69, 32-40. doi:10.
1093/cz/zoac018

Domenici, P. and Blake, R. W. (1997). The kinematics and performance of fish fast-
start swimming. J. Exp. Biol. 200, 1165-1178. doi:10.1242/jeb.200.8.1165

Dral, A. D. G. (1977). On the retinal anatomy of Cetacea. Functional Anatomy of
Marine Mammals 3, 81-134.

Eaton, R. C., Lee, R. K. K. and Foreman, M. B. (2001). The Mauthner cell and other
identified neurons of the brainstem escape network of fish. Prog. Neurobiol 63,
467-485. doi:10.1016/S0301-0082(00)00047-2

Elemans, C., Meas, A., Jakobsen, L. and Ratcliffe, J. M. (2011). Superfast
muscles set maximum call rate in echolocating bats. Science 333, 1885-1888.
doi:10.1126/science.1207309

11


https://doi.org/10.1098/rspb.2020.1905
https://doi.org/10.1098/rspb.2020.1905
https://doi.org/10.1098/rspb.2020.1905
https://doi.org/10.1098/rspb.2020.1905
https://doi.org/10.1080/09524622.2009.9753614
https://doi.org/10.1080/09524622.2009.9753614
https://doi.org/10.1080/09524622.2009.9753614
https://doi.org/10.1080/09524622.2009.9753614
https://doi.org/10.1080/09524622.2009.9753614
https://doi.org/10.1038/nature01727
https://doi.org/10.1038/nature01727
https://doi.org/10.1121/1.3372643
https://doi.org/10.1121/1.3372643
https://doi.org/10.1121/1.3372643
https://doi.org/10.1121/1.3372643
https://doi.org/10.1121/1.1642628
https://doi.org/10.1121/1.1642628
https://doi.org/10.1121/1.1642628
https://doi.org/10.1121/1.1642628
https://doi.org/10.1121/1.5128328
https://doi.org/10.1121/1.5128328
https://doi.org/10.1121/1.5128328
https://doi.org/10.1121/1.1811412
https://doi.org/10.1121/1.1811412
https://doi.org/10.1121/1.1811412
https://doi.org/10.1121/1.1811412
https://doi.org/10.1016/j.isci.2023.106204
https://doi.org/10.1016/j.isci.2023.106204
https://doi.org/10.1016/j.isci.2023.106204
https://doi.org/10.1016/j.isci.2023.106204
https://doi.org/10.1073/pnas.1421926112
https://doi.org/10.1073/pnas.1421926112
https://doi.org/10.1073/pnas.1421926112
https://doi.org/10.1073/pnas.1421926112
https://doi.org/10.1006/anbe.1996.0059
https://doi.org/10.1006/anbe.1996.0059
https://doi.org/10.1006/anbe.1996.0059
https://doi.org/10.1098/rsbl.2006.0501
https://doi.org/10.1098/rsbl.2006.0501
https://doi.org/10.1098/rsbl.2006.0501
https://doi.org/10.3354/meps158267
https://doi.org/10.3354/meps158267
https://doi.org/10.1016/0003-3472(69)90150-X
https://doi.org/10.1016/0003-3472(69)90150-X
https://doi.org/10.1016/0003-3472(69)90150-X
https://doi.org/10.1121/10.0011676
https://doi.org/10.1121/10.0011676
https://doi.org/10.1121/10.0011676
https://doi.org/10.1121/10.0011676
https://doi.org/10.1242/jeb.076943
https://doi.org/10.1242/jeb.076943
https://doi.org/10.1242/jeb.076943
https://doi.org/10.1126/science.1259512
https://doi.org/10.1126/science.1259512
https://doi.org/10.1242/jeb.163063
https://doi.org/10.1242/jeb.163063
https://doi.org/10.1242/jeb.163063
https://doi.org/10.1016/j.jembe.2011.07.010
https://doi.org/10.1016/j.jembe.2011.07.010
https://doi.org/10.1016/j.jembe.2011.07.010
https://doi.org/10.1016/j.jembe.2011.07.010
https://doi.org/10.1016/j.jembe.2011.07.010
https://doi.org/10.1016/j.cub.2014.11.010
https://doi.org/10.1016/j.cub.2014.11.010
https://doi.org/10.1016/j.cub.2014.11.010
https://doi.org/10.1126/sciadv.aaw6503
https://doi.org/10.1126/sciadv.aaw6503
https://doi.org/10.1126/sciadv.aaw6503
https://doi.org/10.1016/j.cub.2015.11.003
https://doi.org/10.1016/j.cub.2015.11.003
https://doi.org/10.1016/j.cub.2015.11.003
https://doi.org/10.3389/fphys.2013.00164
https://doi.org/10.3389/fphys.2013.00164
https://doi.org/10.3389/fphys.2013.00164
https://doi.org/10.1242/jeb.030825
https://doi.org/10.1242/jeb.030825
https://doi.org/10.1242/jeb.030825
https://doi.org/10.1242/jeb.030825
https://doi.org/10.1093/cz/zoac018
https://doi.org/10.1093/cz/zoac018
https://doi.org/10.1093/cz/zoac018
https://doi.org/10.1093/cz/zoac018
https://doi.org/10.1242/jeb.200.8.1165
https://doi.org/10.1242/jeb.200.8.1165
https://doi.org/10.1016/S0301-0082(00)00047-2
https://doi.org/10.1016/S0301-0082(00)00047-2
https://doi.org/10.1016/S0301-0082(00)00047-2
https://doi.org/10.1126/science.1207309
https://doi.org/10.1126/science.1207309
https://doi.org/10.1126/science.1207309
Emma.Kelly
Highlight


REVIEW

Journal of Experimental Biology (2023) 226, jeb245450. doi:10.1242/jeb.245450

Elliser, C. R., Calambokidis, J., D’Alessandro, D. N., Duffield, D. A.,
Huggins, J. L., Rice, J., Szczepaniak, I. and Webber, M. (2020). Prey-
Related Asphyxiation in harbor porpoises (Phocoena phocoena) along the U.S.
West Coast: importance of American shad (Alosa sapidissima) on adult female
harbor porpoise mortality. Oceans 1, 94-108. doi: 10.3390/oceans1030008

EkI&f, J. (2003). Vision in echolocating bats. PhD thesis, Géteborg University.

Eklof, J. and Jones, G. (2003). Use of vision in prey detection by brown long-eared
bats, Plecotus auritus. Anim. Behav. 66, 949-953. doi:10.1006/anbe.2003.2272

EkIo6f, J., §uba, J., Petersons, G. and Rydell, J. (2014). Visual acuity and eye size
in five European bat species in relation to foraging and migration strategies. Envir.
Exp. Biol. 12, 01-06.

Fajen, B. R. and Warren, W. H. (2004). Visual guidance of intercepting a moving
target on foot. Perception 33, 689-715. doi:10.1068/p5236

Falk, B., Williams, T., Aytekin, M. and Moss, C. F. (2011). Adaptive behavior for
texture discrimination by the free-flying big brown bat, Eptesicus fuscus. J. Comp.
Physiol. A 197, 491-503. doi:10.1007/s00359-010-0621-6

Fay, R. R. and Popper, A. N. (1994). Comparative Hearing: Mammals. Springer
Handbook of Auditory Research, vol. 4. New York: Springer.

Fenton, M. B. (2003). Eavesdropping on the echolocation and social calls of bats.
Mammal. Rev. 33, 193-204. doi:10.1046/j.1365-2907.2003.00019.x

Fenton, M. B., Jensen, F. H., Kalko, E. K. V. and Tyack, P. L. (2014). Sonar signals
of bats and toothed whales. In Biosonar (ed. A. Surlykke, P.E. Nachtigall, R. R.
Fay and A.N. Popper), pp. 61-106. NY: Springer-Verlag.

Fernandez, A. A., Schmidt, C., Schmidt, S., Rodriguez-Herrera, B. and
Knérnschild, M. (2021a). Social behavior and vocalizations of the tent-roosting
Honduran white bat. PLoS ONE 16, €0248452.

Fernandez, A. A., Burchardt, L. S., Nagy, M. and Kndrnschild, M. (2021b).
Babbling in a vocal learning bat resembles human infant babbling. Science 373,
923-926. doi:10.1126/science.abf9279

Finger, N. M., Holderied, M. and Jacob, D. S. (2022). Detection distances in desert
dwelling, high duty cycle echolocators: A test of the foraging habitat hypothesis.
Sci. Adv. 7, 0268138. doi:10.1371/journal.pone.0268138

Finneran, J. J. (2013). Dolphin ‘packet’ use during long-range echolocation tasks.
J. Acoust. Soc. Am. 133, 1796-1810. doi:10.1121/1.4788997

Finneran, J. J., Schroth-Miller, M., Borror, N., Tormey, M., Brewer, A., Black, A.,
Bakhijtiari, K. and Goya, G. (2014). Multi-echo processing by a bottlenose
dolphin operating in ‘packet’ transmission mode at long range. J. Acoust. Soc. Am.
136, 2876-2886. doi:10.1121/1.4898043

Finneran, J. J., Jones, R., Mulsow, J., Houser, D. S. and Moore, P. W. (2019).
Jittered echo-delay resolution in bottlenose dolphins (Tursiops truncatus).
J. Comp. Physiol. A 205, 125-137. doi:10.1007/s00359-018-1309-6

Frings, H., Frings, M., Cox, B. and Peissner, L. (1955). Auditory and visual
mechanisms in food-finding behaviour of the herring gull. Wilson Bull. 67,
155-170.

Fujioka, E., Aihara, ., Watanabe, S., Sumiya, M., Hiryu, S., Simmons, J. A.,
Riquimaroux, H. and Watanabe, Y. (2014). Rapid shifts of sonar attention by
Pipistrellus abramus during natural hunting for multiple prey. J. Acoust. Soc. Am.
136, 3389-3400. doi:10.1121/1.4898428

Fujioka, E., Hamai, F., Sumiya, M., Motoi, K., Fukui, D., Kobayasi, K. I. and
Hiryu, S. (2017). Echolocation and flight strategies of aerial-feeding bats during
natural foraging. J. Acoust. Soc. Am. 142, 2495. doi:10.1121/1.5014109

Fuzessery, Z. M., Buttenhoff, P., Andrews, B. and Kennedy, J. M. (1993).
Passive sound localization of prey by the pallid bat (Antrozous p. pallidus).
J. Comp. Physiol. A171, 767-777. doi:10.1007/BF00213073

Ghose, K. and Moss, C. (2003). The sonar beam pattern of a flying bat as it tracks
tethered insects. J. Acoust. Soc. Am. 114, 1120-1131. doi:10.1121/1.1589754

Ghose, K. and Moss, C. F. (2006). Steering by hearing: a bat’s acoustic gaze is
linked to its flight motor output by a delayed, adaptive linear law. J. Neurosci. 26,
1704-1710. doi:10.1523/JNEUROSCI.4315-05.2006

Ghose, K., Horiuchi, T. K., Krishnaprasad, P. S. and Moss, C. F. (2006).
Echolocating bats use a nearly time-optimal strategy to intercept prey. PLoS Biol.
4, 865-873.

Gillam, E. H. (2007). Eavesdropping by bats on the feeding buzzes of conspecifics.
Can. J. Zool. 85, 795-801. doi:10.1139/207-060

Griffin, D. R. (1958). Listening in the Dark. New Haven: Yale University Press.

Griffin, D. R. (1944). Echolocation by Blind Men. Bats and Radar. Science 100,
589-590. doi:10.1126/science.100.2609.589

Griffin, D. R. and Galambos, R. (1941). The sensory basis of obstacle avoidance
by flying bats. J. Exp. Zool. 86, 481-506. doi:10.1002/jez.1400860310

Griffin, D. R., Webster, F. A. and Michael, C. R. (1960). The echolocation of flying
insects by bats. Anim. Behav. 8, 141-154. doi:10.1016/0003-3472(60)90022-1

Grinnell, A. D. and Grinnell, V. S. (1965). Neural correlates of vertical localization
by echo-locating bats. J. Physiol. 181, 830. doi:10.1113/jphysiol.1965.sp007800

Grinnell, A. D. and Schnitzler, H.-U. (1977). Directional sensitivity of echolocation
in the horseshoe bat, Rhinolophus ferrumequinum. |1. Behavioral directionality of
hearing. J. Comp. Physiol. 116, 63-76. doi:10.1007/BF00605517

Gotz, T., Verfuss, U. K. and Schnitzler, H.-U. (2005). “Eavesdropping” in wild
rough-toothed dolphins (Steno bredanensis)? Biol. Lett. 2, 5-7. doi:10.1098/rsbl.
2005.0407

Hartley, D. J. (1992a). Stabilization of perceived echo amplitudes in echolocating
bats. I. Echo detection and automatic gain control in the big brown bat, Eptesicus
fuscus, and the fishing bat, Noctilio leporinus. J. Acoust. Soc. Am 91, 1120-1132.
doi:10.1121/1.402639

Hartley, D. J. (1992b). Stabilization of perceived echo amplitudes in echolocating
bats. Il. The acoustic behavior of the big brown bat, Eptesicus fuscus, while
tracking moving prey. J. Acoust. Soc. Am. 91, 1133-1149. doi:10.1121/1.402640

Hartley, D. J. and Suthers, R. A. (1987). The sound emission pattern and the
acoustical role of the noseleaf in the echolocating bat, Carollia perspicillata.
J. Acoust. Soc. Am. 82, 1892. doi:10.1121/1.395684

Hartley, D. J. and Suthers, R. A. (1989). The emission pattern of the echolocating
bat, Eptesicus fuscus. J. Acoust. Soc. Am. 85, 1348. doi:10.1121/1.397466

Hartridge, H. (1945). Acoustic control in the flight of bats. Nature 156, 490-494.
doi:10.1038/156490a0

Herman, L. (1975).

Herman, L. and Tavolga, W. N. (1980). The communication system of cetaceans. In
Cetacean Behavior: Mechanisms and Functions (ed. L. M. Herman), pp. 149-209.
NY: Wiley & Sons, Inc.

Hormann, D., Tschapka, M., Rose, A. and Knérnschild, M. (2021). Distress calls
of nectarivorous bats (Glossophaga soricina) encode individual and species
identity. Bioacoustics 30, 253-271. doi:10.1080/09524622.2020.1720815

Ivanov, M. P. (2004). Dolphin’s echolocation signals in a complicated acoustic
environment. Acoust. Phys. 50, 469-479. doi:10.1134/1.1776226

Jakobsen, L. and Surlykke, A. (2010). Vespertilionid bats control the width of their
biosonar sound beam dynamically during prey pursuit. Proc. Nat. Acad. Sci. USA
107, 13930-13935. doi:10.1073/pnas.1006630107

Jakobsen, L., Ratcliffe, J. M. and Surlykke, A. (2012). Convergent acoustic field of
view in echolocating bats. Nature 493, 93-96. doi:10.1038/nature 11664

Jakobsen, L., Brinklav, S. and Surlykke, A. (2013). Intensity and directionality of
bat echolocation signals. Frontiers in Physiology 4, 89. doi:10.3389/fphys.2013.
00089

Janik, V. (2000). Food-related bray calls in wild bottlenose dolphins (Tursiops
truncatus). Proc. Roy. Soc 1446, 923-927. doi:10.1098/rspb.2000.1091

Jensen, F. H., Marrero Perez, J., Johnson, M., Aguilar Soto, N. and
Madsen, P. T. (2011). Calling under pressure: short-finned pilot whales make
social calls during deep foraging dives. Proc. Roy. Soc. B 278, rspb.2010.2604.

Jensen, F.,, Johnson, M., Ladegaard, M., Wisniewska, D. M. and Madsen, P. T.
(2018). Narrow acoustic field of view drives frequency scaling in toothed whale
biosonar. Curr. Biol. 28, 1-8. doi:10.1016/j.cub.2017.11.007

Johnson, M., Madsen, P. T., Zimmer, W. M. X., Aguilar de Soto, N. and
Tyack, P. L. (2004). Beaked whales echolocate on prey. Biol. Lett. 10, 1098.

Jones, G. and Siemers, B. M. (2011). The communicative potential of bat
echolocation pulses. J. Comp. Physiol. A197, 447-457. doi:10.1007/s00359-010-
0565-x

Jones, T. K. and Moss, C. F. (2021). Visual cues enhance obstacle avoidance in
echolocating bats. J. Exp. Biol. 224, jeb241968. doi:10.1242/jeb.241968

Jones, T. K., Allen, K. M. and Moss, C. F. (2021). Communication with self, friends,
and foes in active-sensing animals. J. Exp. Biol. 224, jeb242637. doi:10.1242/jeb.
242637

Kalko, E. K. V. and Schnitzler, H.-U. (1993). Plasticity in echolocation signals of
European pipistrelle bats in search flight: implications for habitat use and prey
detection. Behav. Ecol. Sociobiol. 33, 415-428. doi:10.1007/BF00170257

Kazial, K. A. and Masters, W. M. (2004). Female big brown bats, Eptesicus fuscus,
recognize sex from a caller's echolocation signals. Anim. Behav. 67, 855-863.
doi:10.1016/j.anbehav.2003.04.016

Kellogg, W. N. (1961). Porpoises and Sonar. Chicago: University of Chicago Press.

Kellogg, W. N. (1962). Sonar system of the blind. Science 137, 3528. doi:10.1126/
science.137.3528.399

Kick, S. A. (1982). Target detection by the echolocating bat, Eptesicus fuscus.
J. Comp. Physiol. A 145, 431-435. doi:10.1007/BF00612808

Kick, S. A. and Simmons, J. A. (1984). Automatic gain control in the bat’s sonar
receiver and the neuroethology of echolocation. J. Neurosci. 4,2725-2737. doi:10.
1523/JNEUROSCI.04-11-02725.1984

Koblitz, J., Wahlberg, M., Stilz, P., Madsen, P. T., Beedholm, K. and
Schnitzler, H.-U. (2012). Asymmetry and dynamics of a narrow sonar beam in
an echolocating harbour porpoise. J. Acoust. Soc. Am. 131, 2315-2324. doi:10.
1121/1.3683254

Kohles, J. E., Carter, G. G., Page, R. A. and Dechmann, D. K. N. (2020). Socially
foraging bats discriminate between group members based on search-phase
echolocation calls. Behav. Ecol. 31, 1103-1112. doi:10.1093/beheco/araa056

McGuire, L. P. and Fenton, M. B. (2010). Hitting the wall: light affects the obstacle
avoidance ability of free-flying little brown bats (Myotis lucifugus). Acta Chiropt. 12,
247-250. doi:10.3161/150811010X504734

Ladegaard, M., Musow, J., Houser, D. S., Jensen, F. H., Johnson, M.,
Madsen, P. T. and Finneran, J. J. (2019). Dolphin echolocation behavior
during active long-target approaches. J. Exp. Biol. 222, jeb189217. doi:10.1242/
jeb.189217

Larsen, O. N. and Wahlberg, M. (2017). Sound sources. In Comparative
Bioacoustic Methods eBook (ed. C. H. Brown and T. Riede), pp. 3-61. Oak
Park, IL: Bentham Science Publishers.

12


https://doi.org/ 10.3390/oceans1030008
https://doi.org/ 10.3390/oceans1030008
https://doi.org/ 10.3390/oceans1030008
https://doi.org/ 10.3390/oceans1030008
https://doi.org/ 10.3390/oceans1030008
https://doi.org/10.1006/anbe.2003.2272
https://doi.org/10.1006/anbe.2003.2272
https://doi.org/10.1068/p5236
https://doi.org/10.1068/p5236
https://doi.org/10.1007/s00359-010-0621-6
https://doi.org/10.1007/s00359-010-0621-6
https://doi.org/10.1007/s00359-010-0621-6
https://doi.org/10.1046/j.1365-2907.2003.00019.x
https://doi.org/10.1046/j.1365-2907.2003.00019.x
https://doi.org/10.1126/science.abf9279
https://doi.org/10.1126/science.abf9279
https://doi.org/10.1126/science.abf9279
https://doi.org/10.1371/journal.pone.0268138
https://doi.org/10.1371/journal.pone.0268138
https://doi.org/10.1371/journal.pone.0268138
https://doi.org/10.1121/1.4788997
https://doi.org/10.1121/1.4788997
https://doi.org/10.1121/1.4898043
https://doi.org/10.1121/1.4898043
https://doi.org/10.1121/1.4898043
https://doi.org/10.1121/1.4898043
https://doi.org/10.1007/s00359-018-1309-6
https://doi.org/10.1007/s00359-018-1309-6
https://doi.org/10.1007/s00359-018-1309-6
https://doi.org/10.1121/1.4898428
https://doi.org/10.1121/1.4898428
https://doi.org/10.1121/1.4898428
https://doi.org/10.1121/1.4898428
https://doi.org/10.1121/1.5014109
https://doi.org/10.1121/1.5014109
https://doi.org/10.1121/1.5014109
https://doi.org/10.1007/BF00213073
https://doi.org/10.1007/BF00213073
https://doi.org/10.1007/BF00213073
https://doi.org/10.1121/1.1589754
https://doi.org/10.1121/1.1589754
https://doi.org/10.1523/JNEUROSCI.4315-05.2006
https://doi.org/10.1523/JNEUROSCI.4315-05.2006
https://doi.org/10.1523/JNEUROSCI.4315-05.2006
https://doi.org/10.1139/Z07-060
https://doi.org/10.1139/Z07-060
https://doi.org/10.1126/science.100.2609.589
https://doi.org/10.1126/science.100.2609.589
https://doi.org/10.1002/jez.1400860310
https://doi.org/10.1002/jez.1400860310
https://doi.org/10.1016/0003-3472(60)90022-1
https://doi.org/10.1016/0003-3472(60)90022-1
https://doi.org/10.1113/jphysiol.1965.sp007800
https://doi.org/10.1113/jphysiol.1965.sp007800
https://doi.org/10.1007/BF00605517
https://doi.org/10.1007/BF00605517
https://doi.org/10.1007/BF00605517
https://doi.org/10.1098/rsbl.2005.0407
https://doi.org/10.1098/rsbl.2005.0407
https://doi.org/10.1098/rsbl.2005.0407
https://doi.org/10.1121/1.402639
https://doi.org/10.1121/1.402639
https://doi.org/10.1121/1.402639
https://doi.org/10.1121/1.402639
https://doi.org/10.1121/1.402640
https://doi.org/10.1121/1.402640
https://doi.org/10.1121/1.402640
https://doi.org/10.1121/1.395684
https://doi.org/10.1121/1.395684
https://doi.org/10.1121/1.395684
https://doi.org/10.1121/1.397466
https://doi.org/10.1121/1.397466
https://doi.org/10.1038/156490a0
https://doi.org/10.1038/156490a0
https://doi.org/10.1080/09524622.2020.1720815
https://doi.org/10.1080/09524622.2020.1720815
https://doi.org/10.1080/09524622.2020.1720815
https://doi.org/10.1134/1.1776226
https://doi.org/10.1134/1.1776226
https://doi.org/10.1073/pnas.1006630107
https://doi.org/10.1073/pnas.1006630107
https://doi.org/10.1073/pnas.1006630107
https://doi.org/10.1038/nature11664
https://doi.org/10.1038/nature11664
https://doi.org/10.3389/fphys.2013.00089
https://doi.org/10.3389/fphys.2013.00089
https://doi.org/10.3389/fphys.2013.00089
https://doi.org/10.1098/rspb.2000.1091
https://doi.org/10.1098/rspb.2000.1091
https://doi.org/10.1016/j.cub.2017.11.007
https://doi.org/10.1016/j.cub.2017.11.007
https://doi.org/10.1016/j.cub.2017.11.007
https://doi.org/10.1007/s00359-010-0565-x
https://doi.org/10.1007/s00359-010-0565-x
https://doi.org/10.1007/s00359-010-0565-x
https://doi.org/10.1242/jeb.241968
https://doi.org/10.1242/jeb.241968
https://doi.org/10.1242/jeb.242637
https://doi.org/10.1242/jeb.242637
https://doi.org/10.1242/jeb.242637
https://doi.org/10.1007/BF00170257
https://doi.org/10.1007/BF00170257
https://doi.org/10.1007/BF00170257
https://doi.org/10.1016/j.anbehav.2003.04.016
https://doi.org/10.1016/j.anbehav.2003.04.016
https://doi.org/10.1016/j.anbehav.2003.04.016
https://doi.org/10.1126/science.137.3528.399
https://doi.org/10.1126/science.137.3528.399
https://doi.org/10.1007/BF00612808
https://doi.org/10.1007/BF00612808
https://doi.org/10.1523/JNEUROSCI.04-11-02725.1984
https://doi.org/10.1523/JNEUROSCI.04-11-02725.1984
https://doi.org/10.1523/JNEUROSCI.04-11-02725.1984
https://doi.org/10.1121/1.3683254
https://doi.org/10.1121/1.3683254
https://doi.org/10.1121/1.3683254
https://doi.org/10.1121/1.3683254
https://doi.org/10.1093/beheco/araa056
https://doi.org/10.1093/beheco/araa056
https://doi.org/10.1093/beheco/araa056
https://doi.org/10.3161/150811010X504734
https://doi.org/10.3161/150811010X504734
https://doi.org/10.3161/150811010X504734
https://doi.org/10.1242/jeb.189217
https://doi.org/10.1242/jeb.189217
https://doi.org/10.1242/jeb.189217
https://doi.org/10.1242/jeb.189217

REVIEW

Journal of Experimental Biology (2023) 226, jeb245450. doi:10.1242/jeb.245450

Lawrence, B. D. and Simmons, J. A. (1982). Echolocation in bats: The external ear
and perception of the vertical positions of targets. Science 218, 481-483. doi:10.
1126/science.7123247

Lee, W.-J., Falk, B., Chiu, C., Krishnan, A., Arbour, J. H. and Moss, C. F. (2017).
Tongue-driven sonar beam steering by a lingual-echolocating fruit bat. PLoS Biol.
15, 2003148. doi:10.1371/journal.pbio.2003148

Lewis, F. P., Fullard, J. H. and Morrill, S. B. (1993). Auditory influences on the flight
behavior of moths in a Nearctic site. Il. Flight times, heights, and erraticism.
Can. J. Zool. 71, 1562-1568. doi:10.1139/z93-221

Linnenschmidt, M. and Wiegrebe, L. (2016). Sonar beam dynamics in leaf-nosed
bats. Sci. Rep. 6, 29222. doi:10.1038/srep29222

Linnenschmidt, M., Beedholm, K., Wahlberg, M., Hgjer-Kristensen, J. and
Nachtigall, P. E. (2012). Keeping returns optimal: gain control exerted through
sensitivity adjustments in the harbour porpoise auditory system. Proc. Roy. Soc. B
10, 1098.

Long, G. R. and Schnitzler, H.-U. (1975). Behavioral audiograms from the bat,
Rhinolophus ferrumequinum. J. Comp. Physiol. A 100, 211-219. doi:10.1007/
BF00614531

Madsen, P. T. and Surlykke, A. (2013). Functional convergence in bat and toothed
whale biosonars. Physiology 28, 276-283. doi:10.1152/physiol.00008.2013

Madsen, P. T., Wilson, M., Johnson, M., Hanlon, R. T., Bocconcelli, A., Aguilar
de Soto, N. and Tyack, P. L. (2007). Clicking for calamari: toothed whales can
echolocate squid Loligo pealeii. Aquat. Biol. 1, 141-150. doi:10.3354/ab00014

Mann, D. A, Lu, Z. and Popper, A. N. (1997). A clupeid fish can detect ultrasound.
Nature 389, 341-341. doi:10.1038/38636

Mass, A. M. and Supin, A. Y. (1995). Ganglion cell topography of the retina in the
bottlenosed dolphin, Tursiops truncatus. Brain Behav. Evol. 45, 257-265. doi:10.
1159/000113554

Masters, W. M., Raver, K. A. and Kazial, K. A. (1995). Sonar signals of big brown
bats, Eptesicus fuscus, contain information about individual identity, age and
family affiliation. Anim. Behav. 50, 1243-1260. doi:10.1016/0003-3472(95)80041-7

McBeath, M. K., Shaffer, D. M. and Kaiser, M. K. (1995). How baseball outfielders
determine where to run to catch fly balls. Science 268, 569-573. doi:10.1126/
science.7725104

McGowan, K. A. and Kloepper, L. N. (2020). Different as night and day: wild bats
modify echolocation in complex environments when visual cues are present.
Anim. Behav. 168, 1-6. doi:10.1016/j.anbehav.2020.07.025

Michelsen, A. (1992). Hearing and sound communication in small animals:
evolutionary adaptations to the laws of physics. In The Evolutionary Biology of
Hearing (ed. D. M. Webster, R. R. Fay and A. N. Popper), pp. 67-78. New York:
Springer Verlag.

Miller, L. A. and Surlykke, A. (2001). How some insects detect and avoid being
eaten by bats. Tactics and countertactics of prey and predator. BioCcience 51,
570-581.

Mogdans, J., Ostwald, J. and Schnitzler, H.-U. (1988). The role of pinna
movement for the localization of vertical and horizontal wire obstacles in the
greater horseshoe bat, Rhinolopus ferrumequinum. J. Acoust. Soc. Am. 84,
1676-1679. doi:10.1121/1.397183

Mghl, B. and Andersen, S. (1973). Echolocation: high-frequency component in the
click of the Harbour Porpoise (Phocoena ph. L.). J. Acoust. Soc. Am. 54,
1368-1372. doi:10.1121/1.1914435

Mghl, B., Au, W. W. L., Pawloski, J. and Nacthigall, P. E. (1999). Dolphin hearing:
relative sensitivity as a function of point of application of a contact sound source in
the jaw and head region. J. Acoust. Soc. Am. 105, 3421-3424. doi:10.1121/1.
426959

Mghl, B., Wahlberg, M., Madsen, P. T., Heerfordt, A. and Lund, A. (2003). The
monopulsed nature of sperm whale clicks. J. Acoust. Soc. Am. 114, 1143-1154.
doi:10.1121/1.1586258

Mohres, F. P. (1967). Communicative characters of sonar signals in bats. In Animal
Sonar Systems: Biology and Bionics (ed. R.-G. Busnel), pp. 939-945. Frascati:
NATO Advanced Study Institute.

Mooney, T. A., Yamato, M. and Branstetter, B. (2012). Hearing in cetaceans: from,
natural history to experimental biology. Adv. Mar. Biol. 63, 197-246. doi:10.1016/
B978-0-12-394282-1.00004-1

Moss, C. F. and Carr, C. E. (2012). Comparative audition. In R. Nelson and
S. Mizumori (Eds), Volume on Biological Psychology and Neuroscience,
Handbook of Psychology, pp. 115-156. New York: Wiley.

Moss, C. F. and Schnitzler, H. U. (1989). Accuracy of target ranging in echolocating
bats: acoustic information processing. J. Comp. Physiol. A 165, 383-393.

Moss, C. F. and Schnitzler, H. U. (1995). Behavioral studies of auditory information
processing. In Hearing by Bats. Springer Handbook of Auditory Research, Vol, 5
(ed. A. N. Popper and R. R. Fay), pp. 87-145. New York: Springer.

Moss, C. F. and Surlykke, A. (2010). Probing the natural scene by echolocation in
bats. Front. Behav. Neurosci. 4, 33.

Moss, C. F., Bohn, K., Gilkenson, H. and Surlykke, A. (2006). Active listening for
spatial orientation in a complex auditory scene. Front. Physiol. 4, 615-626.

Moss, C. F., Chiu, C. and Surlykke, A. (2011). Adaptive vocal behavior drives
perception by echolocation in bats. Curr. Opin. Neurobiol. 21, 645-652. doi:10.
1016/j.conb.2011.05.028

Moss, C. F., Chiu, C. and Moore, P. W. B. (2014). Analysis of natural scenes by
echolocation in bats and Dolphins. In Springer Handbook of Auditory Research,
Biosonar (ed. A. Surlykke, P. E. Nachtigall, R. Fay and A.N. Popper), pp. 231-254.
New York, NY: Springer.

Murchinson, A. E. (1980). Detection range and range resolution of porpoise. In
Animal Sonar Systems (ed. R.G. Busnel and J. F. Fish), pp. 43-70. New York:
Plenum Press.

Nachtigall, P. E. and Moore, P. W. B. (1988). Animal Sonar: Processes and
Performance. New York: Plenum Press.

Nachtigall, P. E. and Supin, A. Y. (2008). A false killer whale adjusts its hearing
when it echolocates. J. Exp. Biol. 211, 1714-1718. doi:10.1242/jeb.013862

Neuweiler, G., Bruns, V. and Schuller, G. (1980). Ears adapted for the detection of
motion, or how echolocating bats have exploited the capacities of the mammalian
auditory system. J. Acoust. Soc. Am. 68, 741. doi:10.1121/1.384812

Norman, A. P. and Jones, G. (1980). Size, peripheral auditory tuning and target
strength in noctuid moths. Physiol. Entomol. 25, 346-353.

Norris, K. S., Prescott, J. H., Asa-Dorian, P. V. and Perkins, P. (1962). An
experimental demonstration of echolocation behavior in the porpoise, Tursiops
truncatus (Montagu). Biol. Bull. 120, 163-176. doi:10.2307/1539374

Nuuttila, H. K., Brundiers, K., Ddhne, M., Koblitz, J. C., Thomas, L., Courtene-
Jones, W,, Evans, P. G. H., Turner, J. R,, Bennell, J. D. and Hiddink, J. G.
(2018). Estimating effedftive detection area of static passive acoustic data loggers
from playback experiments with cetacean vocalisations. Method. Ecol. Evol. 9,
2362-2371. doi:10.1111/2041-210X.13097

Olberg, R. M., Worthington, A. H. and Venator, K. R. (2000). Prey pursuit and
interception in dragonflies. J. Comp. Physiol. A 186, 155-162. doi:10.1007/
003590050015

Page, R. A. and Ryan, M. J. (2008). The effect of signal complexity on localization
performance in bats that localize frog calls. Anim. Behav. 76, 761-769. doi:10.
1016/j.anbehav.2008.05.006

Petrites, A. E., Eng, O. S., Mowlds, D. S., Simmons, J. A. and Delong, C. M.
(2009). Interpulse interval modulation by echolocating big brown bats (Eptesicus
fuscus) in different densities of obstacle clutter. J. Comp. Physiol. A Neuroethol.
Sens. Neural Behav. Physiol. 195, 603-617. doi:10.1007/s00359-009-0435-6

Pierce, G. W. and Griffin, D. R. (1938). Experimental determination of supersonic
notes emitted by bats. J. Mammalogy 19, 454-455. doi:10.2307/1374231

Popper, A. N. and Fay, R. R. (2011). Rethinking sound detection by fishers. Hear.
Res. 273, 25-36. doi:10.1016/j.heares.2009.12.023

Prat, Y. and Yovel, Y. (2020). Decision making in foraging bats. Curr. Opin.
Neurobiol. 60, 169-175. doi:10.1016/j.conb.2019.12.006

Prat, Y., Taub, M. and Yovel, Y. (2016). Everyday bat vocalizations contain
information about emitter, addressee, context, and behavior. Sci. Rep. 6, 39419.
doi:10.1038/srep39419

Ramirez-Francel, L. A., Garcia-Herrera, L. V., Losada-Prado, S., Reinoso-
Flérez, G., Sanches-Hernandez, A., Estrada.-Villegas, S., Lim, B. K. and
Guevara, G. (2021). Bats and their vital ecosystem services: a global review.
Integr. Zool. 17, 2-23. doi:10.1111/1749-4877.12552

Ridgway, S. H., Moore, P. W., Carder, D. A. and Romano, T. A. (2014). Forward
shift of feeding buzz components of dolphins and belugas during associative
learning reveals a likely connection to reward expectation, pleasure and brain
dopamine activation. J. Exp. Biol. 217, 2910-2919. doi:10.1242/jeb.100511

Roeder, K. (1962). The behavior of free flying moths in the presence of artificial
ultrasonic pulses. Anim. Behav. 10, 300-302. doi:10.1016/0003-3472(62)90053-2

Rydell, J. (2009). Interpulse interval modulation by echolocating big brown bats
(Eptesicus fuscus) in different densities of obstacle clutter. Proc. Roy. Soc. B 265,
1404. doi:10.1098/rspb.1998.0444

Salles, A., Bohn, K. and Moss, C. F. (2019). Auditory communication processing in
bats: What we know and where to go. Behav. Neurosci. 133, 305-319. doi:10.
1037/bne0000308

Salles, A., Diebold, C. and Moss, C. F. (2020). Echolocating bats accumulate
information from acoustic snapshots to predict auditory object motion. Proc. Natl.
Acad. Sci. USA 117, 29229-29238. doi:10.1073/pnas.2011719117

Salles, A., Diebold, C. and Moss, C. F. (2021). Bat homing strategies for prey
interception. Commun. Integr. Biol. 14, 37-40. doi:10.1080/19420889.2021.1898751

Sandig, S., Schnitzler, H.-U. and Denzinger, A. (2014). Echolocation behavior of
the big brown bat (Eptesicus fuscus) in an obstacle avoidance task of increasing
difficulty. J. Exp. Biol. 217, 2876-2884. doi:10.1242/jeb.099614

Schnitzler, H. U. (1968). Die Ultraschall-Ortungslaute der Hufeisen-Fledermause
(Chiroptera-Rhinolophidae) in verschiedenen Orientierungssituationen. Z. Vergl.
Physiol. 57, 376-408. doi:10.1007/BF00303062

Schnitzler, H. U. and Flieger, E. (1983). Detection of oscillating target movements
by echolocation in the Greater Horseshoe bat. J. Comp. Physiol. 153, 385-391.
doi:10.1007/BF00612592

Schnitzler, H. U. and Kalko, E. (2001). Echolocation by insect-eating bats.
Bioscience 51, 557-569. doi:10.1641/0006-3568(2001)051[0557:EBIEB]2.0.CO;2

Schreder, A. E. M., Beedholm, K. and Madsen, P. T. (2017). Time-varying auditory
gain control in response to double-pulse stimuli in harbour porpoises is not
mediated by a stapedial reflex. Biol. Open 6, 525-529. doi:10.1242/bio.021469

13


https://doi.org/10.1126/science.7123247
https://doi.org/10.1126/science.7123247
https://doi.org/10.1126/science.7123247
https://doi.org/10.1371/journal.pbio.2003148
https://doi.org/10.1371/journal.pbio.2003148
https://doi.org/10.1371/journal.pbio.2003148
https://doi.org/10.1139/z93-221
https://doi.org/10.1139/z93-221
https://doi.org/10.1139/z93-221
https://doi.org/10.1038/srep29222
https://doi.org/10.1038/srep29222
https://doi.org/10.1007/BF00614531
https://doi.org/10.1007/BF00614531
https://doi.org/10.1007/BF00614531
https://doi.org/10.1152/physiol.00008.2013
https://doi.org/10.1152/physiol.00008.2013
https://doi.org/10.3354/ab00014
https://doi.org/10.3354/ab00014
https://doi.org/10.3354/ab00014
https://doi.org/10.1038/38636
https://doi.org/10.1038/38636
https://doi.org/10.1159/000113554
https://doi.org/10.1159/000113554
https://doi.org/10.1159/000113554
https://doi.org/10.1016/0003-3472(95)80041-7
https://doi.org/10.1016/0003-3472(95)80041-7
https://doi.org/10.1016/0003-3472(95)80041-7
https://doi.org/10.1126/science.7725104
https://doi.org/10.1126/science.7725104
https://doi.org/10.1126/science.7725104
https://doi.org/10.1016/j.anbehav.2020.07.025
https://doi.org/10.1016/j.anbehav.2020.07.025
https://doi.org/10.1016/j.anbehav.2020.07.025
https://doi.org/10.1121/1.397183
https://doi.org/10.1121/1.397183
https://doi.org/10.1121/1.397183
https://doi.org/10.1121/1.397183
https://doi.org/10.1121/1.1914435
https://doi.org/10.1121/1.1914435
https://doi.org/10.1121/1.1914435
https://doi.org/10.1121/1.426959
https://doi.org/10.1121/1.426959
https://doi.org/10.1121/1.426959
https://doi.org/10.1121/1.426959
https://doi.org/10.1121/1.1586258
https://doi.org/10.1121/1.1586258
https://doi.org/10.1121/1.1586258
https://doi.org/10.1016/B978-0-12-394282-1.00004-1
https://doi.org/10.1016/B978-0-12-394282-1.00004-1
https://doi.org/10.1016/B978-0-12-394282-1.00004-1
https://doi.org/10.1016/j.conb.2011.05.028
https://doi.org/10.1016/j.conb.2011.05.028
https://doi.org/10.1016/j.conb.2011.05.028
https://doi.org/10.1242/jeb.013862
https://doi.org/10.1242/jeb.013862
https://doi.org/10.1121/1.384812
https://doi.org/10.1121/1.384812
https://doi.org/10.1121/1.384812
https://doi.org/10.2307/1539374
https://doi.org/10.2307/1539374
https://doi.org/10.2307/1539374
https://doi.org/10.1111/2041-210X.13097
https://doi.org/10.1111/2041-210X.13097
https://doi.org/10.1111/2041-210X.13097
https://doi.org/10.1111/2041-210X.13097
https://doi.org/10.1111/2041-210X.13097
https://doi.org/10.1007/s003590050015
https://doi.org/10.1007/s003590050015
https://doi.org/10.1007/s003590050015
https://doi.org/10.1016/j.anbehav.2008.05.006
https://doi.org/10.1016/j.anbehav.2008.05.006
https://doi.org/10.1016/j.anbehav.2008.05.006
https://doi.org/10.1007/s00359-009-0435-6
https://doi.org/10.1007/s00359-009-0435-6
https://doi.org/10.1007/s00359-009-0435-6
https://doi.org/10.1007/s00359-009-0435-6
https://doi.org/10.2307/1374231
https://doi.org/10.2307/1374231
https://doi.org/10.1016/j.heares.2009.12.023
https://doi.org/10.1016/j.heares.2009.12.023
https://doi.org/10.1016/j.conb.2019.12.006
https://doi.org/10.1016/j.conb.2019.12.006
https://doi.org/10.1038/srep39419
https://doi.org/10.1038/srep39419
https://doi.org/10.1038/srep39419
https://doi.org/10.1111/1749-4877.12552
https://doi.org/10.1111/1749-4877.12552
https://doi.org/10.1111/1749-4877.12552
https://doi.org/10.1111/1749-4877.12552
https://doi.org/10.1242/jeb.100511
https://doi.org/10.1242/jeb.100511
https://doi.org/10.1242/jeb.100511
https://doi.org/10.1242/jeb.100511
https://doi.org/10.1016/0003-3472(62)90053-2
https://doi.org/10.1016/0003-3472(62)90053-2
https://doi.org/10.1098/rspb.1998.0444
https://doi.org/10.1098/rspb.1998.0444
https://doi.org/10.1098/rspb.1998.0444
https://doi.org/10.1037/bne0000308
https://doi.org/10.1037/bne0000308
https://doi.org/10.1037/bne0000308
https://doi.org/10.1073/pnas.2011719117
https://doi.org/10.1073/pnas.2011719117
https://doi.org/10.1073/pnas.2011719117
https://doi.org/10.1080/19420889.2021.1898751
https://doi.org/10.1080/19420889.2021.1898751
https://doi.org/10.1242/jeb.099614
https://doi.org/10.1242/jeb.099614
https://doi.org/10.1242/jeb.099614
https://doi.org/10.1007/BF00303062
https://doi.org/10.1007/BF00303062
https://doi.org/10.1007/BF00303062
https://doi.org/10.1007/BF00612592
https://doi.org/10.1007/BF00612592
https://doi.org/10.1007/BF00612592
https://doi.org/10.1641/0006-3568(2001)051[0557:EBIEB]2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051[0557:EBIEB]2.0.CO;2
https://doi.org/10.1242/bio.021469
https://doi.org/10.1242/bio.021469
https://doi.org/10.1242/bio.021469

REVIEW

Journal of Experimental Biology (2023) 226, jeb245450. doi:10.1242/jeb.245450

Shen, Z., Neil, T. R., Robert, D. and Holderied, M. W. (2018). Biomechanics of a
moth scale at ultrasonic frequencies. Proc. Natl. Acad. Sci. USA 115,
12200-12205. doi:10.1073/pnas.1810025115

Siemers, B. M., Baur, E. and Schintzler, H. U. (2005). Acoustic mirror effect
increases prey detection distance in trawling bats. Naturwissenschaften 92,
272-276. doi:10.1007/s00114-005-0622-4

Simild, T. and Ugarte, F. (1993). Surface and underwater observations of
cooperatively feeding killer whales in northern Norway. Can. J. Zool 71,
1494-1499. doi:10.1139/293-210

Simmons, J. A. (1973). The resolution of target range by echolocating bats.
J. Acoust. Soc. Am. 54, 157-173. doi:10.1121/1.1913559

Simmons, J. A. (1979). Perception of echo phase information in bat sonar. Science
(New York, N.Y.) 204, 1336-1338. doi:10.1126/science.451543

Simmons, J. A, Kick, S. A., Lawrence, B. D., Hale, C., Bard, C. and Escudié, B.
(1983). Acuity of horizontal angle discrimination by the echolocating bat,
Eptesicus fuscus. J. Comp. Physiol. A 153, 321-330. doi:10.1007/BF00612586

Simmons, J. A., Ferragamo, M., Moss, C. F., Stevenson, S. and Altes, R. A.
(1990). Discrimination of jittered sonar echoes by the echolocating bat, Eptesicus
fuscus: The shape of target images in echolocation. J. Comp. Physiol. A 167,
589-616. doi:10.1007/BF00192654

Simmons, J. A., Moffat, A. and Masters, M. (1992). Sonar gain control and echo
detection thresholds in the echolocating bat, Eptesicus fuscus. J. Acoust. Soc.
Am. 91, 1150. doi:10.1121/1.402641

Simmons, J. A. and Stein, R. A. (1980). Acoustic imaging in bat sonar:
echolocation signals and the evolution of echolocation. J. Comp. Physiol. 135,
61-84. doi:10.1007/BF00660182

Simmons, J. A., Wotton, J. M., Ferragamo, M. J. and Moss, C. F. (2002).
Transformations of the external ear spectral cues into time-domain biosonar
images by the big brown bat, Eptesicus fuscus. J. Acoust. Soc. Am. 111,
2771-2782. doi:10.1121/1.1466869

Sirovic, A., Hildebrand, J. and Wiggins, S. (2007). Blue and fin whale call source
levels and propagation range in the Southern Ocean. J. Acoust. Soc. Am. 122,
1208-1215. doi:10.1121/1.2749452

Stidsholt, L., Greif, S., Goerlitz, H. R., Beedholm, K., Macaulay, J., Johnson, M.
and Teglberg Madsen, P. (2021). Hunting bats adjust their echolocation to
receive weak prey echoes for clutter reduction. Sci. Adv. 7, sciadv.abf136. doi:10.
1126/sciadv.abf1367

Suga, N. (1988). Auditory neuroethology and speech processing: complex-sound
processing by combination-sensitive neurons. In Auditory Function (ed. G. M.
Edelman, W. E. Galland W. M. Cowan), pp. 679-720. New York: John Wiley & Sons.

Suga, N. and Jen, P. H.-S. (1975). Peripheral control of acoustic signals in the
auditory system of echolocating bats. J. exp. Biol 62, 277-311. doi:10.1242/jeb.62.
2.277

Supa, M., Cotzin, M. and Dallenbach, K. M. (1944). ‘Facial vision’: the perception of
obstacles by the blind. Am. J. Psychol. 57, 133-182. doi:10.2307/1416946

Supin, A. Y. and Nachtigall, P. E. (2012). Gain control in the sonar of odontocetes.
J. Comp. Physiol. 199, 471-478. doi:10.1007/s00359-012-0773-7

Supin, A. Y., Popov, V. V. and Mass, A. M. (2001). Sensory Physiology of Aquatic
Mammals. New York: Springer Science & Business Media.

Surlykke, A. (1988). Interaction between echolocating bats and their prey. In Animal
Sonar. Processes and Performance (ed. P. E. Nachtigall and P. W. B. Morre),
pp. 551-566. NY: Plenum Pressy.

Surlykke, A. and Kalko, E. (2008). Echolocating bats cry out loud to detect their
prey. PLoS One 10, 1371.

Surlykke, A., Ghose, K. and Moss, C. F. (2009). Acoustic scanning of natural
scenes by echolocation in bats. J. Exp. Biol. 212, 1011-1029. doi:10.1242/jeb.
024620

Surlykke, A. and Moss, C. F. (2000). Echolocation behavior of big brown bats,
Eptesicus fuscus, in the field and the laboratory. J. Acoust. Soc. Am. 108,
2419-2429. doi:10.1121/1.1315295

Surlykke, A., Filskov, M., Fullard, J. H. and Forrest, E. (1999). Auditory
relationships to size in noctuid moths: bigger is better. Naturwissenschaften 86,
238-241. doi:10.1007/s001140050607

Suthers, R. A. (1966). Optomotor responses by echolocating bats. Science 152,
1102-1104. doi:10.1126/science.152.3725.1102

Svensson, A. M., Danielsson, I. and Rydell, J. (2002). Avoidance of bats by water
striders (Aquarius najas, Hemiptera). Hydrobiologia 489, 83-90.

Thaler, L., De Vos, R., Kish, D., Antoniou, M., Baker, C. and Hornikx, M. (2019).
Human click-based echolocation of distance: superfine acuity and dynamic
clicking behavior. J. Assoc. Res. Otolaryngol. 20, 499-510. doi:10.1007/s10162-
019-00728-0

Thomas, J. A., Moss, C. F. and Vater, M. (2004). Echolocation in Bats and
Dolphins. Chicago: University of Chicago Press.

Trappe, M. and Schnitzler, H. U. (1982). Doppler-shift compensation in insect-
catching horseshoe bats. Naturwissenschaften 69, 193-194. doi:10.1007/
BF00364902

Triblehorn, J. D. and Yager, D. D. (2005). Timing of praying mantis evasive
responses during simulated bat attack sequences. J. Exp. Biol. 208, 1867-1876.
doi: 10.1242/jeb.01565

Turl, C. W. and Penner, R. H. (1989). Differences in echolocation click patterns of
the beluga (Delphinapterus leucas) and the bottlenose dolphin (Tursiops
truncatus). J. Acoust. Soc. Am. 86, 497-502. doi:10.1121/1.398229

Tuttle, M. D. and Ryan, M. J. (1981). Bat predation and the evolution of frog
vocalizations in the Neotropics. Science 214, 677-678. doi:10.1126/science.214.
4521.677

Tytell, E. D. and Lauder, G. V. (2008). Hydrodynamics of the escape response in
bluegill sunfish, Lepomis macrochirus. J. Exp. Biol. 211, 3359-3369. doi:10.1242/
jeb.020917

von Uexkiill, J. (1934). Streifziige durch die Umwelten von Tieren und Menschen.
Reprinted in English: A Foray into the Worlds of Animals and Humans.
Minneapolis: University of Minnesota Press.

Vance, H., Madsen, P. T., Aguilar de Soto, N., Wisniewska, D. M., Ladegaard, M.,
Hooker, S. and Johnson, M. (2021). Echolocating toothed whales use ultra-fast
echo-kinetic responses to track evasive prey. Elife 10, €68825. doi:10.7554/eL ife.
68825

Vannatta, J. M., Gore, J. A., Mathis, V. L. and Carver, B. D. (2021). Eumops
floridanus (Chiroptera: Molossidae). Mamm. Species 53, 125-133. doi:10.1093/
mspecies/seab012

Verfuss, U. K., Miller, L. A. and Schnitzler, H. U. (2005). Spatial orientation in
echolocating harbour porpoises (Phocoena phocoena). J. Exp. Biol. 208,
3385-3994. doi:10.1242/jeb.01786

Verfuss, U. K., Miller, L. A, Pilz, P. K. and Schnitzler, H. U. (2009). Echolocation
by two foraging harbour porpoises (Phocoena phocoena). J. Exp. Biol. 212,
823-834. doi:10.1242/jeb.022137

von der Emde, G. and Schnitzler, H. U. (1990). Classification of insects by
echolocating greater horseshoe bats. J. Comp. Physiol. A 167, 423-430. doi:10.
1007/BF00192577

Wahlberg, M. and Larsen, O. N. (2017). Propagation of sound.+r—Gomparative
Bioaeousties: In (COMmparativenBioacoustcmvetiods) (ed. C. H. Brown and
T. Riede), pp. 62-119. Oak Park, IL: Bentham Science Publishers.

Wahlberg, M. and Surlykke, A. M. (2014). Sound intensities of biosonar signals
from bats and toothed whales. In Biosonar (ed. A. Surlykke, P.E. Nachtigall,
R. R. Fay and A. N. Popper), pp. 107-142. Springer-Verlag: NY.

Waters, D. A., Rydell, J. and Jones, G. (1995). Echolocation call design and limits
on prey size: a case study using the aerial-hawking bat Nyctalus leisleri. Behav.
Ecol. Sociobiol. 37, 321-328. doi:10.1007/BF00174136

Webb, P. W. (1978). Fast start performance and body form in seven species of
teleost fish. J. Exp. Biol. 74, 211-216. doi:10.1242/jeb.74.1.211

Williams, T. C., Williams, J. M. and Griffin, D. R. (1966). The homing ability of the
neotropical bat Phyllostomus hastatus, with evidence for visual orientation. Anim.
Behav. 14, 468-473. doi:10.1016/S0003-3472(66)80047-7

Wilson, M., Schack, H. B., Madsen, P. T., Surlykke, A. and Wahlberg, M. (2011).
Directional escape behavior in allis shad (Alosa alosa) exposed to ultrasonic
clicks mimicking an approaching toothed whale. J. Exp. Biol. 214, 22-29. doi:10.
1242/jeb.043323

Wisniewska, D. M., Johnson, M., Beedholm, K., Wahlberg, M. and Madsen, P. T.
(2012). Acoustic gaze adjustments during active target selection in echolocating
porpoises. J. Exp. Biol. 215, 4358-4373. doi:10.1242/jeb.074013

Wisniewska, D. M., Johnson, M., Nachtigall, P. E. and Madsen, P. T. (2014).
Buzzing during biosonar-based interception of prey in the delphinids Tursiops
truncatus and Pseudorca crassidens. J. Exp. Biol. 217, 4279-4282. doi:10.1242/
jeb.113415

Wisniewska, D., Ratcliffe, J. M., Beedholm, K., Christensen, C. B., Johnson, M.,
Koblitz, J. C., Wahlberg, M. and Madsen, P. T. (2015). Range-dependent
flexibility in the acoustic field of view of echolocating porpoises (Phocoena
phocoena). eLife 4, e05651. doi:10.7554/eL.ife.05651

Wisniewska, D. M., Johnson, M., Teilmann, J., Rojano-Donate, L., Shearer, J.,
Sveegaard, S., Miller, L. A., Siebert, U. and Madsen, P. T. (2016). Ultra-high
foraging rates of harbor porpoises make them vulnerable to anthropogenic
disturbance. Curr. Biol. 26, 1-6. doi:10.1016/j.cub.2016.03.069

Wohligemuth, M., Kothari, N. B. and Moss, C. F. (2016a). Action enhances
acoustic cues for auditory localization in echolocating bats. PLoS Biol. 14,
e1002544.

Wohlgemuth, M., Luo, J. and Moss, C. F. (2016b). 3D auditory localization in bats.
Curr. Opin. Neurobiol. 41, 78-86. doi:10.1016/j.conb.2016.08.002

Wotton, J. M., Haresign, T. and Simmons, J. A. (1995). Spatially dependent
acoustic cues generated by the external ear of the big brown bat, Eptesicus
fuscus. J. Acoust. Soc. Am. 98, 1423-1445. doi:10.1121/1.413410

Wright, G., Wilkinson, J. and Moss, C. F. (2011). Social learning of a novel foraging
task by big brown bats (Eptesicus fuscus). Anim. Behav. 82, 1075-1083. doi:10.
1016/j.anbehav.2011.07.044

Wright, G., Chiu, C., Xian, W., Wilkinson, G. and Moss, C. F. (2014). Social calls
predict foraging success in big brown bats. Curr. Biol. 24, 885-889. doi:10.1016/j.
cub.2014.02.058

Yager, D. D. (1999). Structure, development, and evolution of insect auditory
systems. Microsc. Res. Tech. 47, 380-400. doi:10.1002/(SICI)1097-
0029(19991215)47:6<380::AID-JEMT3>3.0.CO;2-P

14


https://doi.org/10.1073/pnas.1810025115
https://doi.org/10.1073/pnas.1810025115
https://doi.org/10.1073/pnas.1810025115
https://doi.org/10.1007/s00114-005-0622-4
https://doi.org/10.1007/s00114-005-0622-4
https://doi.org/10.1007/s00114-005-0622-4
https://doi.org/10.1139/z93-210
https://doi.org/10.1139/z93-210
https://doi.org/10.1139/z93-210
https://doi.org/10.1121/1.1913559
https://doi.org/10.1121/1.1913559
https://doi.org/10.1126/science.451543
https://doi.org/10.1126/science.451543
https://doi.org/10.1007/BF00612586
https://doi.org/10.1007/BF00612586
https://doi.org/10.1007/BF00612586
https://doi.org/10.1007/BF00192654
https://doi.org/10.1007/BF00192654
https://doi.org/10.1007/BF00192654
https://doi.org/10.1007/BF00192654
https://doi.org/10.1121/1.402641
https://doi.org/10.1121/1.402641
https://doi.org/10.1121/1.402641
https://doi.org/10.1007/BF00660182
https://doi.org/10.1007/BF00660182
https://doi.org/10.1007/BF00660182
https://doi.org/10.1121/1.1466869
https://doi.org/10.1121/1.1466869
https://doi.org/10.1121/1.1466869
https://doi.org/10.1121/1.1466869
https://doi.org/10.1121/1.2749452
https://doi.org/10.1121/1.2749452
https://doi.org/10.1121/1.2749452
https://doi.org/10.1126/sciadv.abf1367
https://doi.org/10.1126/sciadv.abf1367
https://doi.org/10.1126/sciadv.abf1367
https://doi.org/10.1126/sciadv.abf1367
https://doi.org/10.1242/jeb.62.2.277
https://doi.org/10.1242/jeb.62.2.277
https://doi.org/10.1242/jeb.62.2.277
https://doi.org/10.2307/1416946
https://doi.org/10.2307/1416946
https://doi.org/10.1007/s00359-012-0773-7
https://doi.org/10.1007/s00359-012-0773-7
https://doi.org/10.1242/jeb.024620
https://doi.org/10.1242/jeb.024620
https://doi.org/10.1242/jeb.024620
https://doi.org/10.1121/1.1315295
https://doi.org/10.1121/1.1315295
https://doi.org/10.1121/1.1315295
https://doi.org/10.1007/s001140050607
https://doi.org/10.1007/s001140050607
https://doi.org/10.1007/s001140050607
https://doi.org/10.1126/science.152.3725.1102
https://doi.org/10.1126/science.152.3725.1102
https://doi.org/10.1007/s10162-019-00728-0
https://doi.org/10.1007/s10162-019-00728-0
https://doi.org/10.1007/s10162-019-00728-0
https://doi.org/10.1007/s10162-019-00728-0
https://doi.org/10.1007/BF00364902
https://doi.org/10.1007/BF00364902
https://doi.org/10.1007/BF00364902
https://doi.org/ 10.1242/jeb.01565
https://doi.org/ 10.1242/jeb.01565
https://doi.org/ 10.1242/jeb.01565
https://doi.org/10.1121/1.398229
https://doi.org/10.1121/1.398229
https://doi.org/10.1121/1.398229
https://doi.org/10.1126/science.214.4521.677
https://doi.org/10.1126/science.214.4521.677
https://doi.org/10.1126/science.214.4521.677
https://doi.org/10.1242/jeb.020917
https://doi.org/10.1242/jeb.020917
https://doi.org/10.1242/jeb.020917
https://doi.org/10.7554/eLife.68825
https://doi.org/10.7554/eLife.68825
https://doi.org/10.7554/eLife.68825
https://doi.org/10.7554/eLife.68825
https://doi.org/10.1093/mspecies/seab012
https://doi.org/10.1093/mspecies/seab012
https://doi.org/10.1093/mspecies/seab012
https://doi.org/10.1242/jeb.01786
https://doi.org/10.1242/jeb.01786
https://doi.org/10.1242/jeb.01786
https://doi.org/10.1242/jeb.022137
https://doi.org/10.1242/jeb.022137
https://doi.org/10.1242/jeb.022137
https://doi.org/10.1007/BF00192577
https://doi.org/10.1007/BF00192577
https://doi.org/10.1007/BF00192577
https://doi.org/10.1007/BF00174136
https://doi.org/10.1007/BF00174136
https://doi.org/10.1007/BF00174136
https://doi.org/10.1242/jeb.74.1.211
https://doi.org/10.1242/jeb.74.1.211
https://doi.org/10.1016/S0003-3472(66)80047-7
https://doi.org/10.1016/S0003-3472(66)80047-7
https://doi.org/10.1016/S0003-3472(66)80047-7
https://doi.org/10.1242/jeb.043323
https://doi.org/10.1242/jeb.043323
https://doi.org/10.1242/jeb.043323
https://doi.org/10.1242/jeb.043323
https://doi.org/10.1242/jeb.074013
https://doi.org/10.1242/jeb.074013
https://doi.org/10.1242/jeb.074013
https://doi.org/10.1242/jeb.113415
https://doi.org/10.1242/jeb.113415
https://doi.org/10.1242/jeb.113415
https://doi.org/10.1242/jeb.113415
https://doi.org/10.7554/eLife.05651
https://doi.org/10.7554/eLife.05651
https://doi.org/10.7554/eLife.05651
https://doi.org/10.7554/eLife.05651
https://doi.org/10.1016/j.cub.2016.03.069
https://doi.org/10.1016/j.cub.2016.03.069
https://doi.org/10.1016/j.cub.2016.03.069
https://doi.org/10.1016/j.cub.2016.03.069
https://doi.org/10.1016/j.conb.2016.08.002
https://doi.org/10.1016/j.conb.2016.08.002
https://doi.org/10.1121/1.413410
https://doi.org/10.1121/1.413410
https://doi.org/10.1121/1.413410
https://doi.org/10.1016/j.anbehav.2011.07.044
https://doi.org/10.1016/j.anbehav.2011.07.044
https://doi.org/10.1016/j.anbehav.2011.07.044
https://doi.org/10.1016/j.cub.2014.02.058
https://doi.org/10.1016/j.cub.2014.02.058
https://doi.org/10.1016/j.cub.2014.02.058
https://doi.org/10.1002/(SICI)1097-0029(19991215)47:6%3C380::AID-JEMT3%3E3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-0029(19991215)47:6%3C380::AID-JEMT3%3E3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-0029(19991215)47:6%3C380::AID-JEMT3%3E3.0.CO;2-P
Emma.Kelly
Cross-Out

Emma.Kelly
Highlight
TS: italics


REVIEW Journal of Experimental Biology (2023) 226, jeb245450. doi:10.1242/jeb.245450

Yager, D. D. and Spangler, H. G. (1997). Behavioral response to ultrasound by the ~ Yovel, Y., Moss, C. F. and Ulanovsky, N. (2010). Optimal localization by pointing off

tiger beetle Cicindela marutha dow combines aerodynamic changes and sound axis. Science 327, 701-704. doi:10.1126/science.1183310

production. J. Exp. Biol. 200, 649-659. doi:10.1242/jeb.200.3.649 Xitco, M. J. and Roitblat, H. L. (1996). Object recognition through eavesdropping:
Yin, X. and Milller, R. (2019). Fast-moving bat ears create informative Doppler shifts. passive echolocation in bottlenose dolphins. Anim. Learn. Behav. 24, 355-365.

Proc. Natl. Acad. Sci. USA 116, 12270-12274. doi:10.1073/pnas.1901120116 doi:10.3758/BF03199007

Summary: This Review compares echolocation in bats and toothed whales, with special emphasis on predator—prey interactions and
adaptive sonar behaviors used to negotiate complex natural scenes.

Funding details
S.No. Funder name Funder ID Grant ID
National Science Foundation http:/dx.doi.org/10.13039/100000001 NCS-FO 1734744
2 Office of Naval Research http:/dx.doi.org/10.13039/100000006 N00014-17-1-2736
N00014-22-1-2793
3 National Institutes of Health National Institute of RO1 NS121413
Neurological Disorders and Stroke
Office of Naval Research http:/dx.doi.org/10.13039/100000006
Human Frontier Science Program http:/dx.doi.org/10.13039/100004412 RGP0045/2022
Independent Research Fund 1026-00183B

15


https://doi.org/10.1242/jeb.200.3.649
https://doi.org/10.1242/jeb.200.3.649
https://doi.org/10.1242/jeb.200.3.649
https://doi.org/10.1073/pnas.1901120116
https://doi.org/10.1073/pnas.1901120116
https://doi.org/10.1126/science.1183310
https://doi.org/10.1126/science.1183310
https://doi.org/10.3758/BF03199007
https://doi.org/10.3758/BF03199007
https://doi.org/10.3758/BF03199007



