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Directional hearing may enable fishes to seek out prey, avoid predators, find mates, and detect
important spatial cues. Early sound localization experiments gave negative results, and it was
thought unlikely that fishes utilized the same direction-finding mechanisms as terrestrial verte-
brates. However, fishes swim towards underwater sound sources, and some can discriminate
between sounds from different directions and distances. The otolith organs of the inner ear detect
the particle motion components of sound, acting as vector detectors through the presence of sensory
hair cells with differing orientation. However, many questions remain on inner ear functioning.
There are problems in understanding the actual mechanisms involved in determining sound direc-
tion and distance. Moreover, very little is still known about the ability of fishes to locate sound
sources in three-dimensional space. Do fishes swim directly towards a source, or instead “sample”
sound levels while moving towards the source? To what extent do fishes utilize other senses and
especially vision in locating the source? Further behavioral studies of free-swimming fishes are
required to provide better understanding of how fishes might actually locate sound sources. In addi-

tion, more experiments are required on the auditory mechanism that fishes may utilize.
© 2018 Acoustical Society of America. https://doi.org/10.1121/1.5082306

[JFL]

I. INTRODUCTION

One of the primary roles of the vertebrate auditory sys-
tem is to determine the location of a sound source in relation
to the position of the animal (Masterton et al., 1969; Fay and
Popper, 2000; Heffner and Heffner, 2016). Animals are able
to determine the direction, and in some cases the distance, of
sound sources such as predators and prey, relative to their
own position in the environment, and respond appropriately.
While sound source localization has been well studied in ter-
restrial vertebrates (see papers in Popper and Fay, 2005),
there have been far fewer studies in fishes (Fay, 2005;
Sisneros and Rogers, 2016), partly due to difficulties in
doing such studies in water.

There are several aspects of sound source localization
that need to be considered. Can fishes distinguish between
sounds coming from different directions and with what pre-
cision can they determine the bearing or direction of a partic-
ular source relative to themselves? How well can they
actually locate sound sources; that is, determine where in
space a sound originates? Can fishes determine the distance
to the source?

A major impediment to carrying out such studies has
been the suggestion by early and very influential investi-
gators that fishes should not be able to localize sound sources
due to the nature of the structure of the auditory system in
fishes and the high speed of sound in water (e.g., von Frisch,
1938; van Bergeijk, 1964). As a consequence of those
papers, and because of the difficulties in developing appro-
priate underwater sound fields in order to test whether fishes
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can locate sounds, there has been very little work done on
sound source localization by fishes.

In the late 1960s, and particularly in the 1970s, there
came the realization that the mechanisms for sound source
localization in fishes are not necessarily the same as in ter-
restrial animals (e.g., Schuijf, 1976a; Schuijf and Buwalda,
1980; Schuijf, 1981; Schellart and de Munck, 1987). During
that period, a series of studies demonstrated that at least
some species of bony fishes and sharks are capable of direc-
tional hearing and in some cases they might be able to local-
ize sound sources (e.g., Nelson and Gruber, 1963; Nelson
and Johnson, 1972; Schuijf and Siemelink, 1974; Schuijf,
1975; Myrberg et al., 1976; Schuijf, 1976b).

A. Purpose of paper

This paper discusses the nature of sound localization by
fishes. However, in doing this review, we “discovered” that
the terminology for sound localization is not clearly defined,
and terms are used differently by various authors. While it is
not our goal to define terms for the field (especially consider-
ing that the bulk of the localization literature is on mam-
mals), we did find it necessary to ensure that the terms used
herein are made clear. Accordingly, in this paper, the term
directional hearing refers simply to any degree of discrimi-
nation of the direction of a source. Whereas sound source
localization (or sound localization) refers to the precise loca-
tion of the source in three-dimensional (3D) space.

The intent of this paper is to critically discuss what is
known about directional hearing and sound source localiza-
tion in fishes and how it is similar to, and different from, that
in terrestrial vertebrates. We also pose questions for future
research that will move understanding of the topic forward.
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As part of this discussion, we provide a broad review of
what is known about the mechanics and function of the inner
ear of fishes. We point out that, while the mechanics of the
ear are very critical to determining how fishes localize
sounds, there are still numerous questions on inner ear func-
tioning that need to be answered. The reader interested in
additional discussions of fish sound localization can see
recent papers by Fay (2005), Sisneros and Rogers (2016),
Edds-Walton (2016), and Rogers and Zeddies (2008).
Broader discussions of vertebrate sound source localization
can be found in a volume by Popper and Fay (2005). A
detailed analysis of the structure of the inner ear of fishes
and its adaptations can be found in an excellent paper by
Schulz-Mirbach et al. (2018a).

B. Fish hearing

For readers not familiar with the likely mechanisms of
sound localization by fishes, we provide a brief introduction
to relevant topics before our discussion of sound localiza-
tion. Accordingly, Sec. II discusses the rudiments of under-
water acoustics, with a particular focus on detection of
particle motion, and Sec. III describes the peripheral audi-
tory system of fishes. Readers wanting a deeper understand-
ing of underwater acoustics and fish hearing are directed to
several recent reviews (Webb et al., 2008; Hawkins, 2014;
Hawkins and Popper, 2014; Ladich, 2014; Ainslie and De
Jong, 2016; Ladich and Schulz-Mirbach, 2016; Popper and
Hawkins, 2018).

By detecting sounds, fishes gain major sensory advan-
tages since hearing can provide animals with information
from a larger space around them than is possible using other
senses. Indeed, many animals, both on land and in the sea,
carry out auditory-scene analysis—they break down the
overall sound field into separate elements to analyze the
world around them and assign the different elements to par-
ticular sources (Bregman, 1994; Fay, 2000; Fay and Popper,
2000).

In addition to analyzing the auditory scene around them,
many fish species produce sounds that are used for intra-
specific communication, territorial defense, courtship, ago-
nistic behavior, alarm raising, and many other behaviors
(e.g., Fish, 1954; Moulton, 1963; Tavolga, 1971; Hawkins
and Myrberg, 1983; Amorim, 2006; Fine and Parmentier,
2015). Perhaps most importantly, some fishes may be able to
determine the direction and even the distance of any sound
source, facilitating an appropriate response, whether that is
attraction or avoidance. The ability to locate sound sources
may be especially crucial where light levels are low and
long-distance vision is impaired. Essentially, sound source
localization by fishes may enable them to seek out prey and
to avoid predators, to find mates, and to detect cues impor-
tant for navigation and orientation, often under conditions
where other senses do not operate effectively.

Il. UNDERWATER SOUND

In order to understand sound source localization by
fishes it is imperative to have some understanding of the
basic principles of underwater sound. While sound in air and
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water follow the same “rules,” the greater density of water
than air results in the speed of sound in water being of the
order of 4.8 times faster than in air, and, of course, the resul-
tant wavelength for a particular frequency is 4.8 times
greater in water (e.g., Rogers and Cox, 1988; Ainslie and De
Jong, 2016; Popper and Hawkins, 2018).

Sounds are generated by the movement or vibration of
any immersed object, and result from the inherent elasticity
of the surrounding medium: water (Pierce, 1981; Urick,
1983; Kinsler er al., 1999). As the source moves, kinetic
energy is imparted to the water and in turn is passed on, trav-
eling as a propagated longitudinal elastic wave. The wave
can be detected as a transient change in pressure above and
below the ambient or hydrostatic pressure, termed the sound
pressure (ISO, 2017). The pressure changes are accompanied
by a back and forth motion of the component particles of the
medium, termed the particle motion. The motion takes place
along the axis of transmission of the sound wave and can be
expressed as the particle displacement, the particle velocity,
or the particle acceleration.

Sound pressure at any particular point in the medium
has no directional component; it is a scalar quantity that can
be described simply in terms of its magnitude and its tempo-
ral and frequency characteristics. Particle motion is an oscil-
lation back and forth in a particular direction; it is a vector
quantity that can only be fully described by specifying both
the magnitude and direction of the motion. The to-and-fro
displacements of the very small body of water (that gives
rise to the concept of the particle in particle motion) are of
the order of nanometers (1 nm is 10~° m, or one billionth of
a meter).

In a free sound field, where there are no close physical
obstructions that affect passage of the sound (e.g., the sur-
face, bottom, or discontinuities in the water), and where the
advancing wave front is an almost plane surface, the particle
velocity (v, the first time derivative of the particle displace-
ment) and the sound pressure (p) are directly proportional to
one another (i.e., v = p/c, where c is the propagation velocity
(m sfl), and p is the density of the medium (kg m*3). The
quotient (p/c) is the acoustic impedance, and is a measure of
the acoustic properties of the medium. The particle velocity
is measured in meters per second and the sound pressure in
Pascals (1 Pa=1Nm 2= 1 ubar = 10 dyn cm ), but because
a great range of amplitudes of both quantities are encoun-
tered in nature, it has become conventional to express sound
levels in terms of a logarithmic measure—the decibel
(dB)—relative to a reference quantity. In water, the refer-
ence quantity for sound pressure is one microPascal (1 uPa),
and for particle velocity, it has been suggested that it should
be one nanometer per second (ISO, 2017).

Sounds diminish in amplitude as they propagate away
from a source. Distant from the source, in a free acoustic
field, both sound pressure and particle velocity decline with
the inverse of the distance (i.e., by a factor of 2, or 6 dB, for
a doubling of distance), and both parameters are in phase
with one another. Close to a source, however, where the
radiating wave fronts are no longer plane but spherical, this
simple relationship does not apply. Instead, the particle
velocity is much higher for a given sound pressure. This
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region near the source is called the near field, while the
region beyond the near field is called the far field. Within the
near field, particle velocity from a monopole source (gener-
ally an omnidirectional source which is smaller in dimen-
sions than the wavelength) declines with the inverse square
of the distance (Harris and van Bergeijk, 1962), and the
phase of the particle velocity lags that of the sound pressure
(by 90° close to the source). The extent of the near field
depends on the wavelength () of the sound (the speed of the
wave divided by its frequency, for a sine wave). The near
field extends a greater distance for sounds of longer wave-
length. The limit of the near field is defined as the distance
of 1/2n from the source. The near field also depends on the
nature of the source and whether it is monopole, dipole, or
multipole. Whereas monopole radiation is omnidirectional
(equal in all directions), dipole radiation produces a bi-
lobed, figure of eight pattern, and multipole radiation is
multi-lobed (Harris, 1964).

Close to acoustic boundaries such as the seabed and the
sea surface, and in shallow waters, and particularly waters
such as bays, rivers, lakes, and streams that are shallower
than a wavelength, which are inhabited by many fishes and
invertebrates, sound transmission is rather different than in
an unbounded medium and the relationship between sound
pressure and particle motion is more complex (Popper and
Hawkins, 2018), so that it is often necessary to measure par-
ticle motion directly. Propagation of sound in shallow-water
environments can be especially complex and difficult to pre-
dict or model (Rogers and Cox, 1988; Ainslie and De Jong,
2016). The sound pressures associated with low-frequency
sounds generated in the water propagate less well through
shallow water. However, particle motion levels may be
higher close to the water surface as a result of pressure
release into the less dense air above the water. Particle
motion is also generated by waves travelling along the inter-
face between the water and the substrate (Hazelwood and
Macey, 2016), although the level declines rapidly above the
substrate. Some low-frequency sounds may propagate over
considerable distances by way of the substrate/water inter-
face, although the levels of substrate-borne sound in aquatic
environments are not well documented.

I1l. SOUND DETECTION MECHANISMS OF FISHES
A. The ears of fishes

The ears of fishes are located in the cranial cavity at the
level of the medulla (Fig. 1) The ears consist of three semi-
circular canals and associated sensory regions (cristae) and
three otolith organs, the saccule, utricle, and lagena (Retzius,
1881) (Fig. 2). In addition, some teleost fishes, and all elas-
mobranchs, have another receptor called the macula neglecta
(Tester et al., 1972; Corwin, 1977). In elasmobranchs
(sharks, skates, and rays), the macula neglecta may be very
large and it is thought to be involved in sound detection
(Corwin, 1981b,a, 1989; Casper and Mann, 2007b).

The semi-circular canals are involved in detection of the
angular acceleration associated with body rotation
(Lowenstein and Sand, 1940; Platt, 1983). The saccule, and
likely the other otolith organs, are involved in hearing, the
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FIG. 1. (Color online) The body of an Atlantic cod (Gadus morhua) show-
ing the location of the ear in the cranial cavity and its relationship to the
gas-filled swim bladder (anterior is to the left). The Atlantic cod, as a num-
ber of other species, has anterior projections of the swim bladder that brings
the rostral end of the structure close to the ear. Other species do not have
such projections. Figure Copyright 2018 A. D. Hawkins, all rights reserved.

detection of linear motion, and the determination of body
position relative to gravity (von Frisch, 1938; Dijkgraaf and
Verheijen, 1950; Popper, 1983). Thus, the otolith organs
detect linear accelerations, resulting for example from body
tilts and swimming, and gravitational forces, as well as
sounds (see Hawkins, 1993; Schulz-Mirbach ef al., 2018a).
The otolith organs each contain a mass of calcium car-
bonate crystals which are about three times denser than the
rest of the animal’s body. In elasmobranchs and non-teleost
bony fishes (as well as all terrestrial vertebrates, including
humans), these crystals, called otoconia, are embedded in a
gelatinous mass (e.g., Carlstrom, 1963). In teleost fishes, how-
ever, there is a single, dense, calcareous mass, the otolith, that

DORSAL

auditory nerve

fish brain

ANT. POST.

posterior
ampulla

lagena

‘ o =
utricle \L/ : 3
anterior horizontal DR
ampulla ampulla

saccule saccular macula

VENTRAL

FIG. 2. (Color online) Lateral view of the left ear of an Atlantic cod and its
relationship to the brain. Anterior to the left and dorsal to the top. Each of
the otolith organs has a single dense calcareous otolith that has a species-
specific shape (Popper et al., 2005). [Note that while the saccular macula is
visible in this image, this is only for illustrative purposes since it is actually
on the medial (brain) side of the end organ.] Dark lines are other cranial
nerves. Figure Copyright 2018 Anthony D. Hawkins, all rights reserved.
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FIG. 3. Medial side of saccular otoliths from various species of bony fishes to show the wide interspecific variation in shapes and extensive “sculpting.” The
horizontal elongate regions about half-way from the top in each otolith is the indentation (sulcus acousticus) where the sensory epithelium sits, with the ciliary

bundles directed in to the sulcus. Anterior is to the left and dorsal to the top.

expands in size with the age of the animal by the laying down
of “rings,” so that otoliths can be used to determine the age of
individual fish (Gauldie, 1996; Popper et al., 2005).

Otoliths have characteristic species-specific shapes (Fig. 3)
that are often used for taxonomic purposes, though the shapes
are thought to have functional significance with respect to hear-
ing and, potentially, determination of sound source direction
(Popper et al., 2005). A recent paper discusses the functional
role and evolution of fish otoliths (Schulz-Mirbach et al.,
2018a). It is suggested that otolith shapes may have evolved
along with the considerable diversity of, and improvements in,
auditory abilities in teleost fishes.

EXCITATION

(A)

stereocilia

kinocilium

Depolarization

i

The otoliths lie in close proximity to the sensory epithe-
lium (or macula) of each otolith organ. The maculae contain
sensory hair cells (Figs. 4 and 5), each of which is surrounded
by supporting cells [Figs. 5(C) and 5(D)]. These sensory cells
serve for transduction of the acoustic signal (Lowenstein,
1957; Flock, 1965; Popper, 1983; Popper et al., 2003).

The apical end of each sensory cell has a ciliary bundle
which consists of a single, eccentrically placed kinocilium (a
true cilium) and multiple stereocilia. There is considerable
variation in the length and overall form of the ciliary bundles
in different parts of the maculae of fishes, suggesting func-
tional differences between various epithelial regions (Dale,

INHIBITION
(B) |
ALLLLL

Hyperpolarization

LLLLLN
Tt

Nerve impulses Resting Ir]creased D_ecreased |_|_|_|_|_|I|_|_|_|_|_|
discharge impulse impulse
frequency frequency

hair cell

afferent nerve fiber

FIG. 4. (Color online) Schematic of sensory hair cells showing the physiological responses to directional stimulation. (A) Bending of the cilia from the stereo-
cilia towards the kinocilium results in excitation of the innervating eighth nerve, which is reflected as an increase in nerve impulses over the normal resting
level, while stimulation in the opposite direction results in a decrease in the number of impulses. (B) Looking down on a sensory hair cell (kinocilium is black
dot). Stimulation in various directions (red arrows) results in a neural discharge that is somewhat between the maximum excitation (bottom arrow) and inhibi-
tion (top arrow). Figure Copyright 2018 Anthony D. Hawkins, all rights reserved.
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FIG. 5. Scanning electron micrographs (SEM) of the left utricular sensory
epithelium of a deep-sea fish, Melamphaids acanthomus (slender big scale).
Serial enlargements show details along an orientation dividend line on the
macula and hair bundles that orientate to opposite directions. (A) The whole
macula (anterior to the left, dorsal to the top). The extent of the macula is
the region that has the small white spots, which are, in subsequent images,
seen to be the ciliary bundles on the sensory cells. Tissue outside of the mac-
ula regions is non-sensory epithelium. Note that the cracks are fixation arti-
facts. The area in the box is enlarged in (B) which shows the large expanse
of ciliary bundles (white dots). The region in the small box in (B) is enlarged
in (C) showing ciliary bundles on multiple hair cells. This is further enlarged
in (D), which shows the details of the ciliary bundle with the kinocilia (k)
and stereocilia (s). Note that the bundles on the left in (D) have their kinoci-
lia on one side of the bundle and the cells on the right are oriented in the
opposite direction (see Fig. 3). This represents the dividing line between the
larger groups of ciliary bundles in the lower right figure. Figure courtesy of
Dr. Xiaohog Deng. Figure Copyright Xiaohong Deng, all rights reserved.

1976; Popper, 1976, 1977; Platt and Popper, 1981; Popper
and Platt, 1983; Platt and Popper, 1984). The sensory cells
are innervated by the eighth cranial nerve, and many of the
sensory cells also receive efferent innervation from the audi-
tory region of the brain (Popper and Saidel, 1990; Walton
et al., 2017). Each macula may have anywhere from hun-
dreds to hundreds of thousands of sensory cells, and these
are added throughout life as the fish grows (Corwin, 1983,
1985; Lombarte and Popper, 1994).

The sensory epithelium and otolith are separated by a
gelatinous otolith membrane (Fig. 6), the detailed structure

varies between fishes and is still not clearly understood
(Werner, 1926; Dohlman, 1971; Dunkelberger et al., 1980).
The otolith membrane connects the macula to the otolith via
fine fibers, maintaining the relative positions of these struc-
tures, while allowing some relative motion between the two
structures (Popper, 1983; Popper et al., 2003).

B. Sensory hair cell polarization

Bending of the ciliary bundle, as a result of relative
motion between the otolith and the sensory epithelium,
results in a release of a neurotransmitter that stimulates the
innervating nerve fiber (Flock, 1964; Hudspeth and Corey,
1977; Jacobs and Hudspeth, 1990). Moreover, physiological
recordings from sensory cells and innervating neurons dem-
onstrate that the morphological polarization is related to a
physiological directional polarization (Fig. 4). As such,
bending of the ciliary bundle on the axis fowards the kinoci-
lium results in maximum depolarization of the sensory cell,
while bending in the exact opposite direction results in maxi-
mum hyperpolarization. Bending of the bundle in other
directions results in a graded response from the hair cell,
resulting in its being a directionality receptor (Flock and
Wersill, 1962).

C. Hair cell orientation patterns

A critical feature of the sensory epithelia in terms of
directional hearing is the precise organization of the sensory
cells (Figs. 5 and 7). Of particular importance is that the
maculae are divided into “orientation groups” [Figs. 5(D)
and 7] in which all of the ciliary bundles have their kinoci-
lium in the same general direction (e.g., Flock, 1964; Dale,
1976; Popper, 1976; Platt, 1977; Popper, 1977). The dividing
lines between the different orientation groups is rather sharp.
Whereas most teleost fishes have saccular hair cells oriented
in four directions (Fig. 7) (Popper and Coombs, 1982;
Popper, 1983; Saidel and Popper, 1983b), in otophysan
ﬁshes,1 such as the goldfish (Carassius auratus), the saccule
has hair cells oriented in two directions.

While innervation of the sensory hair cells has not been
studied in great detail, there is evidence that each afferent

FIG. 6. Saccular sensory epithelium showing the epithelial surface and parts of the otolith membrane. In each case, small pieces of the otolith membrane were
fortuitously left in place when the otolith was lifted off during dissection in preparation for scanning electron microscopy. It is important to note that fixation of
the tissue results in changes in the chemical structure of the otolith membrane, and this no doubt alters the way the membrane appears. However, these figures do
show the general location of the membrane above (left) and around (right) the ciliary bundles. In particular, in the lower figure, note that there are ciliary bundles
(HC) surrounded by the otolith membrane (OM), suggesting that the OM extends from the otolith to the epithelium, typing the two structures together.
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(A). Saccular Patterns

FIG. 7. (Color online) Variations in
hair cell orientation patterns on saccu-
lar (A) and lagenar (B) maculae of var-
ious species. In each case, the dotted
line indicates the general dividing
point between different hair cell orien-
tation groups. The arrows (or arrow-
heads) indicate the side of the ciliary
bundles on which the kinocilium is

VERTICAL

(B). Lagenar Patterns

neuron may innervate 100 or more hair cells (Popper and
Hoxter, 1984; Popper and Saidel, 1990).

There is considerable inter-specific variation in hair cell
orientation patterns, particularly in the saccule [Fig. 7(A)]
(e.g., Popper, 1977; Popper and Coombs, 1982; Buran et al.,
2005; Deng et al., 2013; Schulz-Mirbach et al., 2014). In
contrast, while there is some interspecific variation in pat-
terns in the utricle and the lagena [Fig. 7(B)], all species
tend to have hair cells oriented in two opposing orientations
in these organs (Fig. 7, vertical pattern). However, these pat-
terns in the utricle and lagena [Fig. 7(B)] are not simply
opposing groups of cells. Instead, and due to epithelial cur-
vature, there is often a gradation in orientations so that hair
cells are, in fact, oriented in various directions, with the
change in direction rather gradual and parallel with the cur-
vature of the epithelium (as related to the closest edge).

The patterns in the saccule, in contrast, are in many spe-
cies more complex than in the other otolith organs. In an
attempt to understand the variation, Popper and Coombs
(1982) proposed that saccules be ‘“classified” into several
general orientation patterns [Fig. 7(A)] (see also Popper,
1983; Popper et al., 2003). These patterns are not correlated
with particular taxonomic groups of fishes, and any individ-
ual pattern may be found in taxonomically very diverse spe-
cies, suggesting that they evolved multiple times.

It is likely that the most basal saccular pattern is the
“bidirectional” or “vertical” pattern, and it is from this that
the others likely derived. The bidirectional pattern is found
in all non-teleost species including elasmobranchs, and all
sarcopterygian (lobe-finned) species including terrestrial ver-
tebrates. The pattern has two opposing hair cell orientation
groups, though, as in the other end organs, there may be
some shifting in orientation of specific hair cells as the epi-
thelium curves (e.g., Popper, 1978; Popper and Northcutt,
1983; Corwin, 1989).

Interestingly, the vertical pattern is also found in a num-
ber of teleosts including the otophysan fishes (goldfish,
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found [see Fig. 5(D)]. Note that while
these are the most common types of
patterns, other patterns may be found
in different species.

catfish) (Platt, 1977; Popper and Platt, 1983) and elephant-
nose electric fishes, the Mormyridae (Popper, 1981). Both of
these groups have specializations in the auditory system that
enhance hearing sensitivity and bandwidth of hearing. Since
both groups evolved from teleost groups having saccular
hair cells oriented in four directions (Popper and Platt,
1983), it is likely that the bidirectional pattern in these
groups evolved for some particular reason associated with
specializations for hearing.

Where the hair cells are organized in four directions on
the saccule, the two groups on the rostral end of the epithe-
lium are generally oriented on the fish’s rostral-caudal axis,
while the cells that are more caudal are organized dorsally
and ventrally. The most common pattern has been called
“standard” since it is the most frequently encountered pattern
across most teleost taxa (Popper and Coombs, 1982). The
variants on the pattern are many, but generally fall into
groups, all of which have an elaboration of the anterior end
of the epithelium where the cells are rostral/caudal (Fig. 7).
At the same time, orientation of hair cells on the maculae is
probably more complex than just the absolute direction of
the ciliary bundles. Instead, the maculae often have various
curvatures that give them a 3D shape so that even hair cells
in the same orientation group may be oriented in slightly dif-
ferent directions, as demonstrated using 3D reconstruction
by Schulz-Mirbach et al. (2013) and Schulz-Mirbach et al.
(2014) in several species.

While there have been no studies examining the functional
significance of the various hair cell orientation patterns, macula
shape, or the effects of the 3D curvature, there is a clear corre-
lation between having a non-standard pattern and having other
specializations that are thought to enhance hearing range and
sensitivity. Put another way, fishes that have swim bladders or
other gas chambers close to or associated with the ear generally
have one of the special orientation patterns.

Perhaps the clearest example of this correlation is found
in the Holocentridae (squirrelfishes) where there are several
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species that live sympatrically and yet have very different
hearing capabilities (Coombs and Popper, 1979). In one of
these groups, Myripristis, the fish can hear from below 50 Hz
to over 3kHz (a range that is similar to that of the goldfish)
and the swim bladder terminates at the ear. The saccular pat-
tern in these species is highly elaborate. In contrast, mem-
bers of the genus Adioryx detect sounds to not much above
1 kHz with poorer sensitivity than in Myripristis, and the fish
has no specializations of the saccule, which follows the stan-
dard pattern.

Other examples of wide variation in saccular hair cell
orientation patterns associated with enhanced hearing capa-
bilities are found in some members of the Sciaenidae
(croakers and drum fishes) (Ramcharitar et al., 2006) and in
diverse groups of deep sea fishes (Buran et al., 2005; Deng
et al., 2011, 2013). Moreover, in sciaenids, species with
deeper (dorsal/ventral) anterior regions of the saccular mac-
ule appear to have better hearing than species with less deep
maculae (Ramcharitar et al., 2001), and similar observations
have been made in cichlids (Schulz-Mirbach et al., 2014).

D. Mechanics of the inner ear
1. Particle motion stimulation of the ear

Dijkgraaf (1960) and others proposed that when stimu-
lated by sound, the tissues of the fish, including the inner
ear, move with the particle motion generated in the sur-
rounding water since the density of the body tissues is about
the same as that of the water. However, due to their much
higher density, the otoliths exhibit greater inertia and this
results in shearing forces being applied to the cilia of the
hair cells (de Vries, 1950; Pumphrey, 1950) relative to the
body of the hair cells, which are embedded in the sensory
epithelium (Fig. 6). This results in deflection of the ciliary
bundles in the direction of the particle motion and, as a con-
sequence, a directional response from the sensory cell that is
graded (Fig. 4).

This mechanism for the direct detection of particle
motion by the otolith organs is found in all fishes, including
elasmobranchs. However, many species of bony fishes (but
not elasmobranchs) have gas-filled structures close to the
ear, most often the swim bladder, where the gas is more
compressible than the surrounding tissues and water. The
pressure changes accompanying the passage of a sound
cause changes in the volume of the gas-filled structure,
which, in turn, may re-radiate the sound as particle motion,
and this has been referred to as an indirect stimulus (Fay and
Popper, 1974, 1975). The radiated particle motion compo-
nent of this sound has the potential to stimulate the otoliths,
thereby enabling the ear to respond, indirectly, to the pres-
sure component of the sound field. Indeed, Poggendorf
(1952) and de Vries (1950) examined the particle displace-
ment levels that might be provided by re-radiation of energy
from the swim bladder. They concluded that if an appropri-
ate mechanism existed for coupling the motion of the swim
bladder to the ear, such as the Weberian ossicles of the
Otophysan fishes, then larger levels of particle motion might
stimulate the otolith organs over a wide range of frequencies.
Poggendorf (1952), Van Bergeijk (1967), and Alexander
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(1966), went further and suggested that in some species, the
swim bladder might be capable of stimulating the ear even
in the absence of a mechanical linkage. Pulsations of the
swim bladder, induced by sound pressure, might be commu-
nicated to the ear simply through the intervening body tis-
sues. This has been shown to take place in the Atlantic cod
that has anterior projections from the swim bladder that
bring its rostral end close to the ear (Fig. 1) (Enger and
Andersen, 1967; Chapman and Hawkins, 1973; Sand and
Hawkins, 1973). The resonance frequency of the swim blad-
der in the Atlantic cod is just above the frequency range of
hearing, and although the motion of the swim bladder is
heavily damped, the gas-filled organ radiates particle dis-
placements at a higher level than those generated in a free
sound field, especially at higher frequencies (Sand and
Hawkins, 1973). However, although the particle motion radi-
ated from the swim bladder may increase sensitivity to
sounds, it should be noted that it comes from one direction
only, related to the location of the swim bladder, and may
not provide information on the direction of the sound source
itself. Moreover, the swim bladder is not involved in hearing
in all of those species that possess this organ (Hawkins and
Johnstone, 1978; Yan et al., 2000).

2. Inner ear mechanics

One of the biggest, and most important, questions
regarding sound localization relates to the actual mechanics
of the inner ear in fishes. How do the otolith organs respond
to both direct and indirect stimulation? Put another way, in
the presence of a sound, do the otoliths move (relative to the
epithelium) just “back and forth” in the direction of the parti-
cle motion or are the movements more complex, resulting in
differential stimulation of various macula regions in
response to different sounds? Analyzing otolith motion and
the role of otoliths in inner ear function is vital to under-
standing of how the ear detects and processes auditory and
vestibular information (Popper et al., 2005; Schulz-Mirbach
et al., 2018a). There are major questions over how otoliths
move relative to the sensory epithelium and how properties
such as otolith mass and shape, and other anatomical fea-
tures, influence their motion in response to forces from dif-
ferent directions.

Several observations lead to the suggestion of
“complex” motions. One might predict that to have a simple
response the shapes of the otoliths would be simple so that
there is no “disturbance” in the pattern of motion as the oto-
lith moves within the fluids of the ears. However, otolith
shapes are not simple (e.g., Fig. 3), and in many cases the
otoliths have highly complex species-specific shapes that
include extensive sculpting on the surface (e.g., Lychakov
and Rebane, 1992; Popper et al., 2005; Lychakov et al.,
2006). This is especially the case with the saccule. Indeed,
from the perspective of evolution, one must assume that the
complex shapes have arisen for some functional purpose,
and the logical purpose is involvement in inner ear function,
including hearing (Popper et al., 2005; Schulz-Mirbach
etal.,2018a).
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There have been some studies of the nature of otolith
motion, though primarily based upon modeling (Lychakov
et al., 2006; Kotas et al., 2011; Krysl et al., 2012). Some
experimental data, albeit limited, support the idea of complex
motion (Sand and Michelsen, 1978; Schulz-Mirbach et al.,
2018a; Schulz-Mirbach et al., 2018b). For example, Sand and
Michelsen (1978) used laser vibrometry to examine otolith
motion in the perch (Perca fluviatilis). They observed that
vibration of the fish in the horizontal plane along its long axis
resulted in vertical movements of both ends of the otoliths at
several driving frequencies. An area of minimum vertical
movement appeared around the midpoint of the otolith at dif-
ferent frequencies, indicating the existence of a horizontal
axis of rotation or rocking. Subsequent finite element model-
ing of the movements of the saccular otolith in the white sea
bass (Atractoscion nobilis) by Krysl et al. (2012), in response
to low-frequency planar progressive acoustic waves, pre-
dicted that the otolith oscillated both in the direction of the
propagation of the progressive waves and also in the plane of
the wave front as a result of angular motion.

Most recently, Schulz-Mirbach et al. (2018b) examined
the in situ motion of the otoliths in two cichlid species,
Steatocranus tinanti and Etroplus maculatus, using x-ray
phase-contrast imaging, which allowed for a detailed exami-
nation of the motion of the otoliths of all end organs. The
investigators found that each of the three otoliths in each ear
showed different motion patterns as expected by their differ-
ent in situ orientation and attachment to the respective
underlying sensory epithelium. These results therefore
strongly support the idea that the motion of complicated
shapes such as otoliths under plane harmonic wave excita-
tion may be more complex than the simple back-and-forth
oscillation in the direction of the progressive waves that was
suggested by Pumphrey (1950) and de Vries (1950).

While the pattern of otolith motion is a major factor in
determining the way in which the ear responds to sound, and
particularly to sound direction, other factors must be taken
into consideration in thinking about hearing in fishes. One
such factor is that the movements of otoliths are also con-
strained within the otic capsule not only by the otolith mem-
brane (see above), but most likely also by the walls of the
end organ chamber which may not be any larger than the
otolith itself. This morphology will restrict and guide the
direction of motion of the otoliths. The density of the otolith,
and the viscosity of the fluid or endolymph within each oto-
lith organ may also influence the motion of the otoliths.

Another factor is the 3D configuration of the epithelia
and the fact that they curve along their length, as shown in
micro-computed tomography (CT) analysis by Schulz-
Mirbach and colleagues (Schulz-Mirbach et al., 2011; Schulz-
Mirbach et al., 2013). This suggests that even as the otolith
moves, the pattern of stimulation of hair cells may differ even
along a single orientation group. This finding may provide
insight into understanding the basis for the small amount of
evidence suggesting that different regions of the saccular mac-
ula may be stimulated by different frequencies in both the
goldfish (Furukawa and Ishii, 1967; Smith et al., 2011) and
Atlantic cod (Enger, 1981), although the extent of this region-
alization is not likely to be the same for different species.
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Finally, an added “complication” to understanding otolith
function may be that they grow over the life of fishes (adding
“growth rings” which are used to age fish) and there is some
correlation in size and shape of otoliths with the ecological
niche of many species (Lombarte and Cruz, 2007; Lombarte
et al., 2010). Thus, there may be dynamic changes in the way
otoliths respond in a sound field as the animals age and oto-
liths get larger and potentially have some changes in shape.

It is evident that our knowledge of how exactly all these fac-
tors influence the motion of the otoliths is currently incomplete.

E. The hearing abilities of fishes

There is an extensive literature on fish auditory sensitiv-
ity (for reviews see Fay, 1988; Ladich and Fay, 2013).
However, as pointed out recently (e.g., Hawkins et al., 2015;
Nedelec et al., 2016; Popper and Hawkins, 2018), there are
many problems with most of the earlier data, most notably
because (a) studies were done in tanks where the acoustic
environment could not be calibrated (Duncan et al., 2016;
Rogers et al., 2016) and so it is not possible to know the
actual signal to which a fish was responding and (b) the vast
majority of studies were done with signals monitored in terms
of sound pressure, even though we now know that most fishes
are primarily detectors of particle motion—a parameter that
was often not measured (Popper and Hawkins, 2018).

It is clear that all fishes can detect sounds and that the
majority primarily detect signals from below 50Hz to any-
where from 300 to 1000Hz, depending on the species.
Species that detect sound pressure may be able to detect fre-
quencies above about 300 Hz, while species that have spe-
cializations that bring a gas chamber close to (or into contact
with the inner ear) may hear frequencies up to 3000 Hz or
above. There is a great deal of variation in sensitivity to
sounds, reflecting the high level of diversity in fishes.

Fishes are able to discriminate between sounds of differ-
ing amplitude and frequency (Jacobs and Tavolga, 1967,
1968; Fay, 1970; Fay and Passow, 1982). Fay and Passow
(1982) pointed out that the teleost ear may be especially well
adapted for distinguishing the temporal structure of sounds
(see also Fay, 1994, 1995). Behavioral studies of sound com-
munication have indicated that fish discriminate between
calls on the basis of differences in repetition rate and dura-
tion, rather than frequency or bandwidth (Fine, 1978;
Spanier, 1979; Myrberg, 1981). The goldfish can discrimi-
nate between sounds that differ in phase; that is, between
sounds that begin with a compression and those that begin
with a rarefaction (Piddington, 1972). It was shown that the
goldfish can discriminate between a given click and its phase
inversion, which humans cannot do. Fishes are also able to
improve their detection of sounds in the presence of back-
ground noise, showing evidence of complex auditory proc-
essing, in some cases involving frequency filtering (Tavolga,
1974; Hawkins and Chapman, 1975; Fay et al., 1978; Fay,
2012). In the natural environment the ability to detect sounds
against the ambient noise background is likely to be more
important than absolute sensitivity (Chapman, 1976).
Masking of a given frequency is confined to a narrow band
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of noise frequencies (the critical band), close to the signal
frequency.

IV. EVIDENCE FOR DIRECTIONAL HEARING IN
FISHES

A. Early experiments

Early experiments on sound source localization in fishes
gave negative results. Attempts were made by von Frisch?
and his student Dijkgraaf to condition European minnows
(Phoxinus phoxinus) to locate a sound source in a shallow
lake, using food as a reward (von Frisch and Dijkgraaf,
1935). Although the minnows showed a conditioned arousal
response to the sound, they were not observed moving
towards the feeding station, and it was concluded that they
could not locate underwater sound sources. von Frisch
(1938) subsequently proposed that Otophysan fishes like the
minnow, with what he supposed was a single sound pressure
receptor, the swim bladder, were not able to determine sound
direction, as the sound pressure at any single point contains
no information about the direction of sound propagation.

A similar conclusion was later drawn by van Bergeijk
(1967) who went on to argue that fishes, in general, could not
localize sounds using their ears. He based his argument on the
assumption that fishes must use the mechanism of localization
described for terrestrial vertebrates, and especially mammals,
where the brain compares the sounds arriving at the two ears
and calculates direction (Masterton et al., 1969; Popper and
Fay, 2005; Heffner and Heffner, 2016). Such localization is
based on differences in time of arrival, signal phase, and/or
intensity of the sounds at the two ears, depending on sound
frequency and other characteristics. van Bergeijk (1964)
argued that such localization is not possible in water since the
speed of sound is faster than in air and the wavelengths pro-
portionally larger. He concluded that the cues used for locali-
zation in terrestrial mammals would not be available for
fishes, especially since, in most species, the ears are very
close together. Van Bergeijk also pointed out, as did von
Frisch, that since there is only a single sound pressure recep-
tor in fishes (the swim bladder), there is no difference in the
sound pressure signals reaching the two ears (see Fig. 1).

van Bergeijk (1964) suggested that directional hearing
would be possible only very close to a sound source, with the
fish utilizing the lateral line. This view contrasted with that of
Dijkgraaf (1963), who had proposed that the lateral line served
mainly to detect and locate moving objects at short range on
the basis of current-like water disturbances. The lateral line
system was not involved in the detection of propagated sound
waves. Evidence now strongly supports Dijgraaf’s view of the
lateral line as an independent sensory system, detecting local
movements of the surrounding water (e.g., Coombs and
Conley, 1997; Sand and Bleckmann, 2008).

B. Studies of sound localization by fishes
1. Elasmobranchs

Despite initial doubts, it has now been established that
some fishes tested (albeit still only very few species) can
swim towards sources of sound, although whether a
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mechanism exists for sound source localization is still not
clear. Swimming towards a source does not necessarily indi-
cate that the fish knows where the source is in 3D space.
Such a response may be termed “phonotaxis,” defined as the
oriented movement of an animal with respect to a source of
sound. Using phonotaxis, a fish may simply be sampling the
sound level at different locations and moving towards the
highest levels. Or the fish may simply be able to determine
the direction of the source relative to its own orientation, but
not its precise location.

One of the earliest demonstrations of phonotaxis in
fishes came from work of Nelson and Gruber (1963) who
demonstrated that the sounds of struggling fish were effec-
tive in attracting predatory sharks (see also Nelson and
Johnson, 1972; Nelson, 1977). Large sharks, in their natural
environment, were attracted to low-frequency (predomi-
nantly 20 to 60 Hz) pulsed sounds in the far field, but appar-
ently not to higher frequency (400 to 600 Hz) pulsed sounds,
or to low-frequency continuous sounds (e.g., Richard, 1968).
Similar results were found by Wisby et al. (1964) who used
light aircraft to observe that sharks could detect and swim
towards a source of sounds from a distance of almost 200 m.
Subsequently, using underwater television, Richard (1968)
confirmed that demersal predatory teleosts and sharks were
attracted by pulsed low-frequency acoustic signals.
Similarly, Myrberg et al. (1969) observed and recorded the
attraction of free-ranging sharks to a sound source. Several
species of shark, including the silky shark Carcharinus falci-
formis were attracted by irregularly pulsed signals, confirm-
ing that these fishes could also swim towards sources of
sound in the sea. It has since been confirmed that sharks may
identify and track down their prey by means of sound, often
over large distances (Myrberg et al., 1976). The effective-
ness of such sounds in eliciting approach responses increased
with pulse irregularity, increased pulse rate and lower fre-
quencies. It has been suggested that such impulsive sounds
simulate the sounds produced by feeding fish and the strug-
gling movements of prey animals.

Whether these sharks were engaged in sound source
localization is still not clear. For example, it is not clear
whether the sharks swam directly to the sound source as they
knew its precise location or direction, or whether they sam-
pled sounds along the way by swimming across the sound
field, thereby potentially following a path towards the loud-
est sound levels. Moreover, as pointed out by Casper and
Mann (2009), there may have been mitigating circumstances
in those field studies, such as the sharks actually responding
when close to the electromagnetic radiation from the sound
sources or that, at least in one study (Richard, 1968), the
sharks may have been following bony fishes to the source
and not actually localizing the sound source themselves.

There is also the issue that since elasmobranchs do not
have any compressible discontinuities that would allow for
sound pressure detection; they are only detecting particle
motion (Casper and Mann, 2007a,b, 2009). Considering that
the studies on shark sound localization have suggested that
at least some animals are detecting particle motion from
sound sources that are over 1000 m from the initial position
of the animal, the question arises as to whether sharks are
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exquisitely sensitive to particle motion and/or whether they
are detecting larger particle motion levels that may be asso-
ciated with pressure release at the sea surface or from the
transmission of interface waves along the substrate.

While experimental data are limited, there are some
data suggesting that at least the white-spotted bamboo shark
(Chiloscyllium plagiosum) is particularly sensitive to particle
acceleration from a dipole sound source, which closely
resembles the sounds from a struggling or swimming fish,
compared to earlier studies that only used monopole sources
(Casper and Mann, 2007a). The involvement of the ear in
directional hearing was also shown by placing white-spotted
bamboo sharks on a shaker table (a flat surface which is
moved back and forth in various directions to simulate direc-
tional particle motion)—a technique first used by Enger
et al. (1973) and Fay (1984). Using a shaker table, Casper
and Mann (2007b) found that the inner ear of the sharks
responded differently to motion in different directions.
However, they also found that the responses in the otolith
organs of the bamboo shark were less directional than those
found in the goldfish by Fay and Olsho (1979), though the
reason for the difference may have been that the shaker table
did not stimulate the macula neglecta in the bamboo shark;
this may be the major organ for sound detection and sound
localization in elasmobranchs. Indeed, there is evidence that
the pathway of sound to the ears in sharks comes through the
endolymphatic fossa, a fluid-filled area on the top of the
head that leads directly to the macula neglecta (Tester et al.,
1972; Fay et al., 1974; Corwin, 1989; Casper and Mann,
2007b,a).

2. Bony fishes

A number of studies have demonstrated that teleost
fishes are sensitive to sound source direction. Tavolga
(1958) showed that male and female gobies (Bathygobius
soporator) approached a sound projector emitting male
courtship calls. It has also been shown that the round goby
(Neogobius melanostomus) can directionalize, and possibly
localize, conspecific calls (Rollo et al., 2007; Rollo and
Higgs, 2008). Moulton and Dixon (1967), in a paper that
provides an exceptional review of directional hearing up to
that year, conditioned goldfish Carassius auratus to show a
directional tail-flip response towards a sound source in
response to a food reward, although whether sound source
localization took place is questionable since the investigators
did not calibrate the sound field in the tank. Olsen (1969)
demonstrated clear directional avoidance responses by
Atlantic herring schools in a pen floating in a fjord to the
playback of sounds. Later, Olsen (1976) observed the attrac-
tion of a school of saithe (Pollachius virens) conditioned to
come to a pulsed 150 Hz pure tone, at distances of up to
80m, and also reported directional avoidance responses by
free-swimming herring (Clupea harengus) to impulsive
sounds. Winn (1972) showed that female oyster toadfish
(Opsanus tau) were attracted to playback of the male’s
“boatwhistle” call. However, some of these responses from
teleosts may simply have demonstrated phonotaxis, based
either on detection of the direction, or upon sampling of the
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sound level at different locations. Winn subsequently
showed that gravid female plainfin midshipman Porichthys
notatus also exhibited phonotaxis to the playback of adver-
tisement calls and pure tones that resembled these calls
(Cohen and Winn, 1967). Popper et al. (1973) demonstrated
that several species of Hawaiian squirrelfish of the genus
Mpyripristis in an acoustically transparent cage floating in a
small bay would swim towards a speaker emitting conspe-
cific sounds.

It has been demonstrated through conditioning experi-
ments that some fishes can discriminate between sounds
from different directions and distances. A number of these
experiments were carried out on captive fish held in cages in
midwater in the sea. Schuijf er al. (1972) showed that the
Ballan wrasse (Labrus bergylta) was able to detect a change
in the direction of a sound. Chapman (1973) noted that the
masking effect of noise on the detection of a pure tone by
the Atlantic cod was reduced when the masking noise was
transmitted from a separate sound projector spatially sepa-
rated from the signal projector. Subsequently, Chapman and
Johnstone (1974) repeated the experiment with Atlantic cod
using four sound projectors, allowing a wider range of sepa-
ration between signal and masker. For angles greater than
10°, there was a significant decrease in the mean thresh-
old:noise ratio of about 7 dB. Experiments were then carried
out where Atlantic cod and haddock were conditioned to
respond to a short period of switching of a pulsed tone from
one loudspeaker to another at a different angle in the hori-
zontal plane. The fish readily detected the switching of direc-
tion when the loudspeakers were separated by 20° or more.

Further experiments under field conditions showed that
Atlantic cod were able to discriminate between sound sour-
ces in the median vertical plane as well as the horizontal
plane (Hawkins and Sand, 1977). Atlantic cod could also
discriminate between pure tones emitted alternately from
two aligned sound projectors at different distances (Schuijf
and Hawkins, 1983). The amplitude of the pulses was varied
randomly to ensure that discrimination was not based on
amplitude differences. It was suggested that since the phase
relationship between sound pressure and particle motion
varies with distance from a source, it might therefore provide
distance cues to the fish. These experiments demonstrated
that the cod is well able to discriminate between separate
low frequency sound sources in 3D space. The abilities of
the Atlantic cod to discriminate between sound sources at
different distances and in different directions appear to
exceed those of many terrestrial vertebrates, perhaps because
fishes like the Atlantic cod live in a 3D medium rather than
being restricted to living on a surface. They may be able to
maintain a 3D image of the acoustic scene surrounding
them.

In a later series of experiments, the ability of Atlantic
cod to discriminate between diametrically opposed loud-
speakers in both the horizontal and vertical planes was inves-
tigated (Buwalda et al., 1983). The experiments involved a
number of loudspeakers suspended from a raft in different
positions relative to the fish (Fig. 8). The set up was designed
to determine whether the Atlantic cod was able to discrimi-
nate sounds from opposing directions, and also whether a

Anthony D. Hawkins and Arthur N. Popper



FIG. 8. (Color online) Schematic of setup used by Buwalda et al. (1983) to
study directional discrimination between sound sources in a deep Scottish
sea loch. The raft at the surface acted as a working platform. The four under-
water sound projectors were mounted on a vertically orientated diamond of
scaffolding tube hung beneath the raft, each projector being capable of being
moved. Within each pair, the two projectors were always arranged symmet-
rically with respect to the acoustic center. The fish cage and associated
hydrophones were slung from a polyvinyl chloride bar. The suspension sys-
tem was designed to isolate the diamond from movement of the raft on the
waves. The ability of Atlantic cod to discriminate between sound waves
coming from opposing directions was verified. It was concluded that the
detection of sound propagation direction was based on comparison of the
phase relationship between particle motion and sound pressure.

phase reversal of sound pressure with respect to particle
motion was experienced by the fish as a 180-degree change
in direction. Switching a continually pulsed 120Hz pure
tone stimulus from a reference source to an opposing source
was detected. However, discrimination between the two
sources was not possible when a standing wave was added to
the opposing source, locally inverting the phase of sound
pressure with respect to the acoustic particle motion. It was
concluded that the detection of sound propagation direction
was based on the characteristic phase relationship between
particle motion and sound pressure.

Although these conditioning studies essentially showed
that fishes could effectively discriminate between sounds
coming from different directions and even distances, they did
not definitely demonstrate sound source localization by fishes,
as the fish were not required to actually move towards the
source. The experiments simply demonstrated discrimination
of sounds from different angles and distances. Some of the
directional responses observed from free-living fishes (e.g.,
Wisby et al., 1964; Olsen, 1976; McKibben and Bass, 1998),
may have involved sound source localization. Nevertheless,
Kalmijn (1997) pointed out that to find a source, fish did not
necessarily need to know precisely where the source was
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actually located. They could find their way to a sound source
by swimming in a direction that maintained a constant angle
between the fish and the axis of particle motion. The fish did
not necessarily have to determine the precise orientation of
the local particle motion vector, it just had to behave in a way
that maintained a constant angle with the particle motion vec-
tor. It would then eventually arrive at the source.

More recently, Zeddies et al. (2010) and Zeddies et al.
(2012) performed phonotaxis experiments on the plainfin
midshipman (Porichthys notatus) to investigate how fish
may locate sound sources. The experiments were carried out
in a circular concrete tank (4 m diameter, 0.75 m deep) where
the particle motion components in different directions could
be estimated from measurements of the sound pressure gra-
dient, thereby providing a map of the directional sound fields
within the tank. Gravid female midshipman followed straight
or slightly curved paths to the monopole sound projector that
was producing a signal that emulated the advertisement calls
of male fish. The sound projector was visually occluded so
that the fish were forced to rely on acoustic cues to locate it.
The study by Zeddies et al. (2010) was the first to describe
in detail the paths that fish take towards a sound source,
showing that the fish swim along the axis of the particle
motion vectors in the monopole sound field. Interestingly, no
evidence was found that the midshipman fish were confused
by the 180° ambiguity of the particle motion (see later dis-
cussion of this point). At the same time, what Zeddies et al.
may have seen is the final approach behavior of the females
rather than how they behave when they first hear the sound
in the wild. The fish were examined relatively close to the
source.

In a subsequent study on the same species, Zeddies
et al. (2012), a dipole sound projector was utilized rather
than a monopole. Whereas monopole radiation is omnidirec-
tional (equal in all directions), dipole radiation produces a
bi-lobed, figure of eight pattern. When released along the
dipole vibratory axis, the responding female fish took essen-
tially straight paths to the source. However, when released
approximately 90 degrees to the source’s vibratory axis, the
responding females took highly curved paths to the source
that were approximately in line with the local particle
motion axes. Essentially, the fish swam towards the source
along pathways parallel to the axes of particle motion at this
location in the field. It was concluded that the local particle
motion is an important cue that guides sound source localiza-
tion behavior in the midshipman fish. Gravid females can
use acoustic cues to localize dipole sound sources. The fish
did not necessarily “know” where the source was, but by
adopting a O-degree orientation angle relative to the local
particle motion vector they were able to reach the source.

A number of studies have investigated the possible use
of sound as a sensory cue for navigation by fishes, including
the larvae of reef fishes, which are said to locate suitable
habitats using sound (e.g., Leis et al., 2003; Tolimieri et al.,
2004; Simpson et al., 2005). These investigators suggest that
sounds emanating from reefs provide useable cues for
settlement-stage larvae searching for settlement sites,
although the mechanism for such homing responses is not
known.
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3. Conclusions on whether fishes can localize sound
sources

It is now clear that fishes, as other vertebrates, can dis-
criminate between sound sources in different directions and
in some cases at different distances. This conclusion is based
on a wide range of behavioral studies on diverse species.
However, the extent of behavioral data is still very limited,
and there are far more questions to be asked before we have
a good understanding of whether sound source localization
is possible in both bony fishes and elasmobranchs. It is still
not clear whether fishes can locate the actual position of a
sound source in 3D space.

To date, the majority of studies have focused on animals
that are restrained and where physiological or conditioning
studies are used to measure responses. While these are criti-
cal studies and provide a great deal of insight into potential
mechanisms of hearing, including directional responses, it
will only be behavioral studies with free-swimming animals
that will provide a detailed understanding of how fishes
might actually go about locating a sound source.

Accordingly, the most important studies to date are
those on the midshipman, indicating that females are able to
follow the direction of the sounds emitted by males.
However, while the studies provide some insight into how
one species may find the sound source, there are a number of
issues that must be kept in mind. For example, it is clear that
the conditions for this experiment were not ideal, as the fish
started out at a point close to the sound source (80 to
100 cm) and particle motion levels were especially high in
comparison to conditions in a free sound field, where one
would expect that the initial detection of the male sound
would be at some distance from the sound source and also
rather distant from reflecting boundaries. In addition, it is
possible that the sound was also travelling through the con-
crete substrate. In reality, even in the case of toadfish, it is
likely that the female often detects the males at some sub-
stantial distance from the source as she is looking for a mate,
but nothing is yet known about the path that is used in the
field to move to the vicinity of the males, or from how far
she will hear and seek a male. For example, do the females
take a straight path to the source, as seen in the studies by
Zeddies and his colleagues, where the females start close to
the source, or do they “sample” the sound field and go in
approximate directions, frequently changing direction as
they test the sound levels? Indeed, some of the very same
questions raised about directional hearing in sharks (Sec.
IV B 1) may be applied to toadfishes since there is evidence
that these species, like sharks, only use particle motion for
sound detection (Yan et al., 2000).

Another issue is that the only behavioral data are for one
species in a (albeit large) tank with a cement bottom. How
will other species locate sounds, and how do they localize at
different distances from the source as well as at different
water depths? Indeed, it is highly likely that the females of
many species find their mates by listening to calls, and so the
questions raised for toadfish are of equal importance to spe-
cies as diverse as sciaenids (Luczkovich er al., 2008) and
gadoids (Casaretto et al., 2014; Casaretto et al., 2015).
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V. EXAMINING THE MECHANISMS OF DIRECTIONAL
HEARING

A. Examining binaural mechanisms

As discussed earlier, it had initially been thought highly
unlikely that fish utilize the same direction-finding mecha-
nisms as terrestrial vertebrates in air. However, surgical
elimination experiments on the Atlantic cod have shown that
both the ears are essential for directional detection at a dis-
tance from the source, as in terrestrial vertebrates (Schuijf,
1975). In that study, Schuijf unilaterally severed the saccular
and lagenar nerves in an Atlantic cod and found that this
deprived the fish of its acoustic localization ability, but not
its acoustic detection ability. Schuijf and Buwalda (1975)
also tested the ability of Atlantic cod to discriminate
between sound waves coming from the direction of the fish’s
head or tail. The positive results obtained indicated that bin-
aural differences were not always required for the determina-
tion of the direction of the sound source, as the sounds
presented were binaurally symmetrical. In a later paper,
Schuijf et al. (1977) demonstrated the ability of the ide
(Leuciscus idus, an Otophysan fish) to discriminate between
sound waves coming from the direction of the head or tail,
providing a control by interchanging the two sources.

B. Physiological studies

As discussed in Sec. III and elsewhere, the otolith
organs themselves detect particle motion (Dijkgraaf, 1960;
Hawkins and MacLennan, 1976; Lu et al., 2004, 2010;
Popper and Hawkins, 2018). Indeed, in his classic paper,
Dijkgraaf (1960) also made the critical point that a particle
motion detector is inherently directional in its response.

1. Directional response to particle motion

It is clear that, depending on the suspension of the oto-
lith and the orientation of the hair cells in the macula, the
stimulation of the morphologically and physiologically
polarized sensory hair cells by relative movement of the oto-
lith will vary with the direction of the incident sound wave.
This idea was supported experimentally, first by Enger et al.
(1973), who monitored microphonic potentials from the sac-
cule of the haddock as the fish was subjected to oscillatory
motion from different directions. Microphonics are the elec-
trical potentials generated by the hair cells as they are stimu-
lated by motion of the otoliths. The levels of the saccular
microphonics varied as the fish was shaken at different
angles of azimuth on a vibrating table where the direction of
vibration could be controlled. Maximum amplitude from the
saccule was obtained when the fish was vibrated along its
long axis. Using a more sophisticated controlled vibrating
table, Sand (1974) showed that the two bilateral saccules in
the perch Perca fluviatilis had different axes of maximum
sensitivity in the horizontal plane. The angle between the
optimal vibration for the two saccules was 45° and was inde-
pendent of the stimulus frequency and the locus of the
recording. Following from this, Fay and Olsho (1979)
recorded the discharge patterns of lagenar and saccular affer-
ent neurons in the eighth cranial nerve of the goldfish in
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response to vibration in three orthogonal directions. The neu-
rons from both otolith organs showed similar patterns of
directional sensitivity which corresponded quite well with
the orientation patterns of the hair cells. These results were
further supported using the same methodology in other spe-
cies (Lu et al., 1998; Lu and Popper, 2001; Meyer et al.,
2011).

The morphology of the ears of bony fishes shows that
there are hair cells oriented in numerous directions. This
idea derives from several morphological characteristics.
First, the two ears of most bony fishes are oriented in differ-
ent directions (e.g., see Fig. 1), thereby providing animals
with end organs oriented in many different ways. Thus, even
though the saccules (for example) of the aforementioned
perch have the same patterns, the cells on the two saccules
would be 45 degrees apart. Second, hair cells oriented in dif-
ferent directions on single maculae, as well as curvature
within maculae, means that even hair cells within the same
orientation group actually have their axes of best response in
different directions (see Fig. 9), providing fishes with recep-
tors oriented in many different directions.
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FIG. 9. The directional response in different planes of the signals generated
within a single neuron from the saccule of the Atlantic cod at a frequency of
63 Hz by Hawkins and Horner (1981). The fish was placed on a table capa-
ble of being vibrated in all three planes. The response of the neuron was
monitored for each angle as the number of electrical spikes per cycle of the
stimulus.
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Enger et al. (1973) and Sand (1974) were concerned
that the presence of a swim bladder in fishes might obscure
the directional responses of the hair cells to the detection of
directly received particle motion stimuli; the high levels of
particle motion radiated from the swim bladder might exceed
those levels received directly from the sound source.
However, scanning electron microscopic studies of hair cell
orientation in the perch by Enger (1976), in a salmonid, the
lake whitefish (Coregonus clupeaformis) by Popper (1976),
and in the Atlantic cod by Dale (1976), found that the ante-
rior saccular hair cells in taxonomically diverse fish species
are oriented rostro-caudally, whereas the more caudal cells
had a dorso-ventral sensitivity axis (Fig. 5) (see also Popper,
1977, 1981). Sand (1974) suggested that the particle motion
radiated from the swim bladder would only stimulate those
hair cells oriented towards the particle motion radiating from
the swim bladder, leaving the other hair cells, with their dif-
ferent orientation, to respond to the particle motion gener-
ated directly by the sound source.

Later, Buwalda and van der Steen (1979) showed that
the level of the saccular microphonics of Atlantic cod, held
in a free sound field, depended on the direction of the sound.
A cosine dependence of microphonic levels upon sound
direction was found, compatible with a vector detector func-
tion for the left and right saccules, the main axes of sensitiv-
ity of the two sacculi differing by 73°. Similar results were
found for goldfish (Fay and Olsho, 1979; Fay, 1984) and
sleeper goby, Dormitator latifrons (Lu et al., 1998), and lake
sturgeon, Acipenser fulvescens (Meyer et al., 2011) using
shaker tables.

2. Segregation of directional information in the eighth
cranial nerve

Studies using auditory microphonics showed that differ-
ent parts of the ear show different directional responses
based upon the orientation patterns of the sensory hair cells.
Further, studies monitoring the responses of the afferent
nerve fibers suggested that the differing directional informa-
tion from these regions is maintained as separate streams
within the eighth cranial nerve and then into the brain.

The first such study, by Furukawa and Ishii (1967), sug-
gested that different single neurons from the saccule respond
either to hair cells oriented upwards or downwards (see Fig.
5—uvertical orientation), although they did find a subset of
neurons that innervated across the line between hair cell
groups. The later experiments by Fay and Olsho (1979) on
the goldfish confirmed that the neurons from the otolith
organs showed similar patterns of directional sensitivity to
the hair cells that they innervated. Hawkins and Horner
(1981) working with Atlantic cod showed directional
responses at the level of the primary afferent neurons.
Vibration at different angles in the horizontal and vertical
planes resulted in changes in the response of each individual
neuron (Fig. 9). The spike activity of the auditory units was
highly synchronized with the waveform of the stimulus. This
synchronization is termed phase-locking and occurs when
the action potentials of the auditory neurons coincide with a
particular phase of the sound being received.
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Later, morphological and physiological studies in sev-
eral species confirmed that individual neurons only innervate
sensory hair cells oriented in one direction (Saidel and
Popper, 1983a,b; Popper and Saidel, 1990; Lu and Popper,
2001). More recent studies, primarily with the oyster toad-
fish, clearly show segregation of information from different
regions of the ear and from the different end organs them-
selves in the eighth nerve (Fay and Edds-Walton, 1997b;
Edds-Walton et al., 1999), strongly supporting the idea that
there is likely separation of information from the hair cells
of different macular orientation groups within the brain.

Hawkins and Horner (1981) showed that the majority of
saccular units in the Atlantic cod were sensitive along the
long axis of the fish (0 or 180 degrees) or at a small angle of
offset from this axis, with their minima at right angles.
Approximately the same axis was obtained at different fre-
quencies. Utricular units were also strongly directional in
their response, again yielding a bi-lobed polar diagram in the
horizontal plane, often at right angles to the long axis of the
fish. However, not all utricular units showed the same axis
of orientation. There was considerable variation compared
with the relatively narrow angle of orientation of the saccular
units, which is not unexpected considering the wide range of
hair cell orientations found in the utricle (e.g., Lu et al.,
2004). Interestingly, the mean direction of the relatively nar-
row range of best angles for the saccule did not coincide
with the orientation of the hair cells in the saccular macula
in the Atlantic cod. A majority of hair cells in the middle
part of the macula are orientated largely in the vertical plane,
although some hair cells at the extreme anterior and posterior
ends are orientated along the horizontal line of the macula.

The directional responses of the otolith organs have now
been examined for a number of additional species (e.g., Fay
and Edds-Walton, 1997a; Lu and Popper, 1998; Edds-
Walton et al., 1999; Fay and Edds-Walton, 2000; Lu and
Popper, 2001; Lu et al., 2004; Meyer et al., 2011). For exam-
ple, Fay (1984) re-investigated the directionality of the affer-
ent fibers from the saccule, utricle, and lagena in the goldfish
and found that they were all highly directional.
Subsequently, Fay and Edds-Walton (1997a) examined the
directional response properties in the oyster toadfish
Opsanus tau, a species using “boat whistle” calls to locate
conspecifics, using a vibrating table. The most sensitive sac-
cular afferents responded with a phase-locked response to
displacements as small as 0.1 nm. Eighty percent of the
afferents had 3D properties that would be expected if they
innervated a population of hair cells with the same direc-
tional orientation within the macula. In general, the direc-
tionalities of saccular afferents corresponded qualitatively
with the orientation of the sensory epithelium and with
regional patterns of hair cell orientation. Fay and Edds-
Walton (2000) suggested that directional hearing in the hori-
zontal plane probably depended on the processing of inter-
aural differences in overall response magnitude. These
response differences arise from the gross differences in the
orientation of the two saccules. In the vertical plane, eleva-
tion might be computed from differences in the response of
afferents from different parts of the saccule. At the same
time, there is evidence in toadfish (Maruska and Mensinger,
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2015) and sleeper goby (Lu et al., 2004) that the utricle
responds differently to sound coming from different direc-
tions, suggesting that it is likely to contribute to sound locali-
zation in at least some species.

There is a problem in determining the relationship
between the direction of motion of the actual otoliths, and
the orientation of the hair cells within the macula. The move-
ments of the otoliths themselves may be rather complex. It is
not clear how otolith mass and shape, and the relationship
between the sensory epithelium and overlying otolith, influ-
ence the motion of the otoliths (Schulz-Mirbach et al.,
2018b). It is also not entirely clear how their motion trans-
lates into directional information that can be computed based
on the hair cell orientation patterns. In effect, it is not clear
how the movements of the otoliths interact with the direc-
tional orientation of the sensory cells on the maculae.

C. Central auditory system

Central processing, which entails integration of informa-
tion from different sources including the two ears, is the
basis of sound source localization in terrestrial vertebrates
where each ear provides information that, by itself, has no
directional properties (e.g., Colburn and Kulkarni, 2005;
Trahiotis et al., 2005). It is clear in fishes that there is
already considerable differentiation of responses from vari-
ous directions both in the otolith organs and the auditory
nerves of fishes. Fishes are getting directional information
from different parts of each ear, which is not the case for ter-
restrial animals. An additional question is whether this infor-
mation alone is sufficient for sound localization or whether
additional processing of signals takes place in the central
nervous system (CNS).

Though studies have focused on only a few species, it is
now apparent that there is directional representation of sound
both in the brainstem and as high as the torus semicircularis
of the midbrain (reviewed by Fay, 2005; Edds-Walton,
2016; Walton et al., 2017). The most thorough analysis to
date is for the oyster toadfish, where Edds-Walton and Fay
have done an extensive analysis of the responses from the
ear to the midbrain (for an excellent review of these studies,
see Edds-Walton, 2016).

Anatomical studies show that each of the octaval nuclei,
located in the hindbrain, receive input from each of the oto-
lithic end organs in a number of diverse species (Horner
et al., 1980; McCormick, 1999; Tomchik and Lu, 2005;
Edds-Walton and Fay, 2008, 2009). Moreover, at least in
goldfish, there is evidence that single cells in the descending
octaval nucleus of the goldfish receive input from more than
one otolithic end organ (McCormick and Wallace, 2012).
Further adding to the connectivity is evidence that along
with the convergence of connections between the different
end organs of one ear, that there are commissural connec-
tions between regions of the left and right descending
octaval nucleus (e.g., Nieuwenhuys and Pouwels, 1983).
Such results strongly support an idea that there are likely
binaural interactions in the brainstem of fishes (reviewed in
Walton et al., 2017).
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It has also been shown, based on physiological studies,
that the majority of neurons in the brainstem octaval nuclei
of the oyster toadfish show directional preference when the
animal is stimulated in a shaker table, and there is evidence
that these units are bringing together response from hair cells
oriented in different directions, at least from one ear (Edds-
Walton et al., 1999). These observations lead to the sugges-
tion that the brain may use such information to refine direc-
tional responses to give more accurate directional
information than is possible with a single end organ. In the
oyster toadfish, approximately 60% of the cells of the dorsal
descending nucleus have sharpened directional responses (in
azimuth and/or elevation) as compared to other cells coming
into the nucleus from the saccules, which have more of a co-
sine function (Edds-Walton and Fay, 2008). The mechanism
of this sharpening is not clear, but may result from binaural
computation and/or inhibitory responses (Fay, 2005)

Edds-Walton and Fay (2008) went further into the
CNS and found that there is additional directional sharpen-
ing of cells in the midbrain areas (nucleus centralis of
the torus semicircularis) that are on the auditory pathway
(Edds-Walton and Fay, 2003, 2005b,a). This sharpening was
found in about 85% of the cells studied, particularly when
the cells were associated with determining azimuthal direc-
tion. Findings of directional responses in the torus have also
been found in other species including a salmonid (Wubbels
and Schellart, 1997).

Taken together, these results strongly support a hypothe-
sis that information from multiple end organ receptor regions
are integrated in the CNS to give the fish refined directional
information about a sound source (Popper et al., 1988;
Rogers and Cox, 1988; Fay, 2005; Walton et al., 2017). At
the same time, numerous questions remain as to how this
processing of information is actually used, as well as
whether the mechanisms are the same in different species.

D. Theoretical aspects

It is now generally accepted that fishes locate sound
sources by detecting the axes of particle motion using their
otolith organs (reviewed by Schuijf, 1975; Popper and
Hawkins, 2018) although the actual mechanisms used in
localization are likely based on integration of information
from hair cells oriented in many directions rather than just a
simple analysis of which orientation groups are stimulated
by a sound from a particular direction. By comparing the
outputs of differently orientated groups of hair cells the fish
may be able to determine the axis of propagation of the
sound from that source. Given that the fish has two ears,
each containing three otolith organs that are potentially sen-
sitive to sound, each with its own distinctive pattern of hair-
cell orientation, then a system is available which is poten-
tially capable of determining the axis of propagation in 3D
space.

There are several problems with this model of direc-
tional detection, however. First, detection of the axis of
propagation does not in itself indicate the location of the
source. Particle motion alternately takes place towards and
away from the source, and the hair cells are inherently
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bidirectional so that a simple vector weighing of the kind
proposed yields a 180 degree ambiguity in the detection of
the source. Kotas et al. (2011) elaborated on this ambiguity,
which remains for plane acoustic waves even when the line
of bearing of the source can be determined by the direction-
ally sensitive otolith organs.

As discussed in Sec. IV B2, experiments conducted in
mid-water in the sea have demonstrated that the Atlantic cod
can discriminate between opposing sound sources (180
degrees apart) in both the horizontal and vertical planes
(Buwalda et al., 1983). Models of directional hearing in fish
with mechanisms to resolve the 180-degree ambiguity
include the “phase model” proposed by Schuijf and col-
leagues (Schuijf, 1975, 1976a; Schuijf and Buwalda, 1975)
that involves comparison of the phase of the pressure and
particle motion components of sound to resolve the ambigu-
ity. Interestingly, some terrestrial animals, including
humans, are unable to discriminate between opposing sound
sources in the median vertical plane, where the stimuli
reaching the two ears are identical.

Other models have been suggested for fishes that
involve simultaneous detection of both particle motion and
sound pressure to resolve the 180° ambiguity. An “orbital”
model by Schellart and de Munck (1987) suggested that
sound pressure and particle motion together cause the otolith
orbits to rotate either clockwise or counterclockwise depend-
ing on whether the source is to the left or right. A computa-
tional model by Rogers et al. (1988) also required both
pressure and particle motion sensitivity. However, as
Sisneros and Rogers (2016) point out, many fish species
seem to lack the ability to detect sound pressure. They also
suggest that another difficulty with the phase model is that it
requires the use of sinusoidal signals, while broadband sig-
nals such the clicks transmitted by cod and haddock are far
more common than sinusoidal signals in nature and cannot
be used with the phase model. Against that, however, it has
been shown by Piddington (1972) that fish can discriminate
between a given click and its phase inversion.

It is particularly difficult to determine how far the mod-
els developed for fish like the Atlantic cod, which can detect
sound pressure using the swim bladder, can be applied to
other species of fish, especially those lacking a swim blad-
der. However, a study on the grey bamboo shark
Chiloscyllium griseum (Van den Berg and Schuijf, 1983) has
suggested that this species is sensitive to both particle
motion and sound pressure, though the actual pressure to dis-
placement transformer is unknown, as sharks lack a swim
bladder (see Sec. III D). Schuijf (1981) postulated an alterna-
tive to sound pressure detection as a phase reference from
the vertical particle motions reflected from the substrate and
the water surface.

Rogers and Zeddies (2008) examined alternative mecha-
nisms by which fishes with and without sound pressure
detection could determine the direction to a sound source
and resolve the 180° ambiguity. They drew attention to the
differences between monopole, dipole, or quadrupole sen-
sors of sound. The response of a monopole sensor is simply
proportional to the incident sound pressure. The response is
independent of the direction of incidence of the sound. The
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response of a dipole sensor to an arbitrary incident field is
proportional to the pressure gradient and the particle motion.
A dipole sensor is characterized by a vector response. In
general, it yields a cosine response pattern. They agreed with
Schuijf (1975) and others that dipoles could be used to deter-
mine the direction of a sound source if they also incorporated
data from a monopole channel to resolve the 180°
ambiguity.

In fish without a monopole detector, Rogers and
Zeddies (2008) suggested that hair cells that were not
directly under an overlying otolith (which they call
“uncovered” hair cells), as has been observed in the saccule
of a number of fish species (e.g., Popper, 1980; Deng et al.,
2013) could serve as quadrupole detectors. A quadrupole
and a dipole sensor could resolve the 180° ambiguity in
much the same way as a monopole and a dipole. Uncovered
hair cells could thus provide a mechanism for fish without a
gas-filled chamber to resolve the ambiguity. Interestingly,
this model by Rogers and Zeddies (2008) is one of the few
that addresses how the 180° ambiguity might be resolved for
fish without a gas bubble, although it may only be applicable
in the far field.

More recently, Sisneros and Rogers (2016) suggested
that the direction of energy flow (i.e., the acoustic intensity)
can be determined by fishes to provide information on the
direction of the sound source. They say that this is true in the
free-field for monopole and for dipole sources, and it is even
true for most non-free-field propagation conditions. They
conclude that time averaged intensity provides a physics-
based approach to source localization with wide applicability
with regard to source type, acoustic environment, and time
waveform. However, they do not explain how the fish audi-
tory system deals with this time-averaged intensity approach.
Thus, it is clear that the details of the auditory mechanisms
used by different fishes to discriminate direction need further
examination. It is not yet clear whether all the otolith organs
of the ear are implicated, nor is it clear whether certain parts
of the ear are isolated from stimulation via the swim bladder,
enabling directional responses to the particle motion to be
retained and conveyed to the central nervous system.

As Sisneros and Rogers (2016) have pointed out, the
180° ambiguity problem has dominated most of the theoreti-
cal and empirical work on directional hearing in fishes since
the 1970s and all new experiments on sound source localiza-
tion in fish must confront this problem. It would appear that
terrestrial animals, including humans, have some problems
discriminating between sounds coming from opposing direc-
tions. Recently, Hazelwood and Macey (2016) have pointed
out the 180° ambiguity that may exist for plane acoustic
waves may be resolved for the particle motion generated by
interface waves, travelling along the interface between the
water and the substrate. The water motion driven by such
waves, often termed “ground roll,” has components orthogo-
nal to the propagation direction. If these components can be
detected, the elliptical particle motion within seismic wave-
lets may provide a mechanism whereby benthic creatures
could resolve the direction from which the ground roll is
traveling. Hazelwood and Macey (2016) suggested that this
is feasible for animals with three axis inertial sensors, even
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when they are small in comparison to a wavelength. In many
aquatic environments, including rivers, shallow lakes, and
coastal waters, ground roll from various natural sources may
be especially important to the fishes inhabiting these waters.
In a more recent paper Hazelwood et al. (2018) have carried
out further modeling work on the propagation of seismic
vibration wavelets. These special wavelets are associated
with high peak levels of the associated water particle veloc-
ity as they ripple outwards from the source.

VI. INFORMATION GAPS AND FUTURE RESEARCH
PRIORITIES

It has been shown that some fishes can discriminate
between sounds from different directions and distances. This
not only comes from experiments that tested their ability but
also from a pragmatic view of the “purpose” of hearing and
the realization that fishes, like other vertebrates, use hearing
to glean information about the “auditory scene” around them
(Bregman, 1994; Fay, 2008; Popper and Fay, 2011; Fay and
Popper, 2012). While it is possible that some animals are
only using sound to be aware of the nature of their environ-
ment, it is far more likely that fishes, as other vertebrates,
extract a good deal of information about the source from the
sounds, and, most importantly, the direction of the source
relative to the animal. Without such an ability, a fish might
hear the sound of a predator, try to escape, but swim right to
the source. Conversely, the fish might hear the sound of a
coral reef on which it might want to settle, but not know the
direction in which to swim to find the reef. Indeed,
Masterton et al. (1969) have argued that the ability to local-
ize sound sources was the major factor in driving the evolu-
tion of mammalian (and likely vertebrate) hearing.

That said, and despite the range of experiments con-
ducted on directional responses by fishes, we still know very
little about their ability to actually locate sound sources in
3D space, or the actual mechanisms involved in determining
direction and distance. In addition, considering the diversity
of hearing capabilities of various species, as well as the vari-
ation in ear structure and environments in which different
species live, it is reasonable to suggest that sound localiza-
tion capabilities and mechanisms may vary considerably
between species.

There are several major gaps in our knowledge.
Foremost perhaps, is a much better understanding of the
behavioral responses to sound direction. Do fishes swim
directly to a source, or do they “sample” sound levels and
move towards a sound by successive approximation of direc-
tion? What is the minimum discrimination ability (known as
minimum audible angle, or MAA) for fishes—can they dis-
criminate between two sound sources that are only a few
degrees apart or, as suggested by the current data on just a
few species, or is the MAA much larger—on the order of 15
degrees or more. By way of comparison, the MAA for a bot-
tlenose dolphin is less than 1 degree (Renaud and Popper,
1975). And, since fishes live in a 3D world, how well do
they localize in all three dimensions. It was shown by
Hawkins and Sand (1977) that Atlantic cod can discriminate
between sources in the median vertical plane, and by Schuijf
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and Hawkins (1983) that they can also discriminate between
sound sources at different distances, but there has been no
additional work on other fish species. These capabilities
have only been shown in one species, and there is dire need
to replicate the results and examine similar capabilities in
other species, and especially species that show diversity in
behavior and auditory anatomy and physiology.

The second major set of questions relates to physiologi-
cal mechanisms of localization. This starts with questions
about the role of the ear and whether the very complex hair
cell orientation patterns, macula shapes, ear curvatures, oto-
lith shapes, and other aspects of morphology have evolved to
enable fishes to localize sounds. The hair cell orientation pat-
terns alone suggest that the different groups of cells respond
best to sounds from different directions. However, it is not
entirely clear how the otoliths move in response to sounds
from different directions, or how they move in response to
linear acceleration of the fish or to changes in fish orientation
relative to the Earth’s gravitational field. There is a real need
to examine the motion patterns of the otoliths in order to
understand more fully how the hair cells are stimulated by
sounds from different directions, especially when one con-
siders that the hair cell orientation patterns in the maculae
appear to have evolved for detection of direction.

As discussed earlier, it is hypothesized that the broad
range of directions of cells in different parts of each end
organ, combined with input from different end organs, could
provide a good picture of sound direction, even in species,
such as elasmobranchs, that do not have a sound pressure
detector. At the same time, even if the ear itself provides a
very good indication of direction, there remains the 180°
ambiguity that needs to be resolved. While data suggest that
fish can do this by using information from the ear and swim
bladder, this has been demonstrated in only a few species
and, in each case, the fish was restrained and the stimuli
were pure tones as opposed to far more complex biologically
relevant sounds (Rogers et al., 1988; Sisneros and Rogers,
2016).

A third set of questions relate to the processing of direc-
tional information in the CNS. Mammals and other terrestrial
vertebrates generally localize sounds by comparing informa-
tion from the two ears, and this comparison is done at some
level(s) of the CNS where information from the two ears are
brought together (e.g., Carr, 2004; Ashida and Carr, 2011;
Walton et al., 2017). There are also data on the central audi-
tory pathways in a few fish species, and there seems to be
reasonable consistency in anatomy between species, for the
most part (McCormick, 1999; Walton et al., 2017). There is
also evidence, albeit very limited, that there are interactions
between the different end organs of individual ears, and per-
haps binaurally, in the CNS. However, data are still very
limited, primarily for one species (the oyster toadfish—a
species that primarily detects particle motion), and do not
provide the levels of cellular interactions between hair cells
from different regions to allow for a working hypothesis for
how sound direction is processed in the CNS. Indeed, what
is needed are data comparable to those available in mamma-
lian systems (Carr, 2004; Ashida and Carr, 2011) and in the
teleost electroreception system (Bell and Maler, 2005) in
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order to provide a better understanding of localization (and
its evolution).

What this comes down to is that there remains a plethora
of questions about how well fishes can localize sound sour-
ces; and if they can, how they may achieve this. In addition,
the questions are further “complicated” by the extraordinary
diversity of fishes, the diverse environments in which they
live, and how they detect and use sound. There is no reason
to think that the 33 0004 species of fishes all localize sound
in the same way, and so any addressing of localization must,
ultimately, be comparative.

One reason for the lack of data is the difficulty in doing
localization studies. One of us (A.N.P) started his doctoral
dissertation studying sound source localization and decided
not to continue that topic since he quickly realized that the
complexities of acoustics in tanks made it virtually impossi-
ble to develop a sound field that provided clear directional
cues that were similar to those any fish would have evolved
to use. The other of us (A.D.H) was far more successful in
doing directional hearing studies, but he had to deal with the
extraordinary complexities of doing experiments in the field
where a pristine sound field could be generated. The point
being that anyone pursuing sound source localization in
fishes today needs to be very aware of the stimulus, and be
particularly cognizant of issue related to detection of sound
pressure and particle motion (Popper and Hawkins, 2018).
At the same time, we are convinced that sound localization
is the single most fascinating question in fish bioacoustics
and we hope that future investigators will get as excited
about exploring sound localization as we have for over 100
combined career years.
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