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I. DETECTION OF SOUNDS BY FISHES

Fishes obtain substantial information about their environment by lis-

tening to the sounds around them. Indeed, because sound propagates rap-

idly and over great distances in water as compared to in air, it provides

fishes with information from far greater distances than do other sensory

stimuli. Thus, any interference with detection of sounds has the potential

of reducing fitness and impacting the lives of fishes (e.g., Popper and

Hawkins, 2019).

Although the sounds that fishes hear are confined to low frequencies

(often to no more than 800–1000 Hz, but this is very species dependent) in

comparison with many terrestrial vertebrates and aquatic mammals, fishes

are able to discriminate between sounds of different amplitude and fre-

quency, and between calls that differ in their temporal characteristics (e.g.,

Fay, 1988; Fay and Megela Simmons, 1999). Fishes are also able to use

auditory cues to seek out the location of a sound source (Sand and

Bleckmann, 2008; Hawkins and Popper, 2018). Sounds may play a role in

navigation, foraging for prey, detection of predators, and communication of

reproductive state, and some marine species may use sound for habitat selec-

tion. Detailed discussions of the role of sound in the lives of fishes can be

found in several recent reviews (e.g., Popper and Hawkins, 2019; Putland

et al., 2019).

II. PURPOSE OF THIS PAPER

Because sound is so important to fishes, knowledge of their hearing

capabilities is imperative for determining whether human activities, particu-

larly in terms of noise pollution, have an impact on hearing and thus on fish

behavior. It is important, therefore, to determine those levels of different

sounds that particular species are able to respond to, and those levels that

they cannot detect, in order to evaluate the significance of different sounds

to fishes and to determine the distances over which sounds can be detected.

It is also important to have a far better understanding of how fishes detect

and process sounds.

A key point that led to our thinking for this paper derives from the

observation that many investigators (including the authors) have measured

hearing by fishes using a wide range of techniques and approaches. Most of

this work has focused on measuring hearing sensitivity by determining hear-

ing thresholds—defined as the lowest sound levels an animal can detect and

respond to at particular frequencies. There have been far fewer studies of

other, albeit very important, questions, such as whether, how, and how well,

fishes can discriminate between sounds (e.g., frequency, intensity, temporal

patterns), detect signals in the presence of sounds that mask them, and deter-

mine the direction to a sound source.

While there are few data for anything but hearing thresholds and band-

width of hearing, it was recognized a number of years ago that there is very

wide variation in thresholds determined for even a single species (Fig. 1).

This variation has been attributed to differences in experimental techniques

and approach rather than reflecting actual differences in hearing between

species (e.g., Hawkins, 1973; Ladich and Fay, 2013; Sisneros et al., 2016).

Hence, we are not able to reliably examine and compare the hearing abilities

of different species, nor can we even be fully confident of most of the data

we have on hearing in species that have been studied in a single lab. This

unreliability of data hamper our understanding of what fishes can hear, and

thus reduces our understanding of fish bioacoustics. Moreover, uncertain

data on fish bioacoustics affects our understanding of the potential impacts

of anthropogenic sounds on fishes.

The purpose of this paper is twofold. First, we discuss the basis for the

variation in data, and point out what we see as the major issues resulting

from having unreliable data. Second, we present, as investigators who have

focused on fish hearing for many decades, some initial thoughts on what and

how future scientific work should be carried out to investigate fish hearing

for both basic science and applied purposes. Our hope is that these sugges-

tions may provide a basis for future discussions and approaches on how

experiments should be done.

We do want to point out that this paper is not meant to be a full or

comprehensive review. While we do cite some literature, our intent is to just

illustrate points with some basic (and often “historic”) literature and focus

on our ideas. Readers interested in more depth on various parts of this paper

should refer to the reviews we cite throughout.

III. BACKGROUND

Before getting to the heart of our arguments, it is important to provide

a few ideas and terms that help understanding of various issues. In each

case, we provide a number of references that will provide more detailed

background for those needing additional information.

A. Underwater acoustics

One of the fundamental issues with regard to any experiments on fish

hearing is the nature of sound in water, and, in particular, sound in tanks. As

a reminder, sound originates as a local mechanical disturbance generated by

the movement or vibration of any immersed object, and results from the

inherent elasticity of the surrounding medium. Sound consists of a traveling

energy wave, within which the component particles of the water are alter-

nately forced together and then apart. The to-and-fro motion that constitutes
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the sound, referred to as the particle motion, is accompanied by an oscilla-

tory change in pressure above and below the local hydrostatic pressure,

defined as the sound pressure. Both the sound pressure and the particle

motion are important to fishes, although while all fishes detect and use parti-

cle motion, only a subset can detect sound pressure (e.g., Nedelec et al.,

2016; Popper and Hawkins, 2018).

The particle motion, which can be measured in terms of displacement,

velocity, or acceleration, differs from the sound pressure in that it is inher-

ently directional, and all the motion parameters are vector quantities. Sound

pressure, on the other hand, is a scalar quantity, acting in all directions. A

more detailed understanding of sound pressure and particle motion can be

found at www.dosits.org and in Popper and Hawkins (2018). An early and

important discussion of the acoustic near field and far field, and its relevance

to fishes, was provided van Bergeijk (1964).

B. Fish sound detection mechanisms

Two sensory systems were initially suggested as detectors of sound in

fishes: the paired labyrinth organs of the head (the inner ears), and the lateral

line system of the head and trunk. The inner ear includes three semicircular

canals as well as three otolithic end organs. The otolithic end organs are

involved in hearing in all fishes, through the detection of particle motion

(Popper and Hawkins, 2018). In some fishes, sensitivity is also shown to

sound pressure through the coupling of a gas-filled body (e.g., the swim

bladder) to the inner ear (e.g., Poggendorf, 1952). The gas is more com-

pressible than the surrounding medium, and changes volume in response to

the sound pressure, generating greater amplitudes of particle motion at the

inner ear (e.g., Sand and Hawkins, 1973).

While the inner ears are sensitive to sound, and to linear and angular

acceleration of the fish body, the lateral line is primarily sensitive to local

water movements relative to the fish surface (Dijkgraaf, 1963). In this paper,

we focus on the role of hearing, but similar methodological issues need to

be considered with regard to better understanding of the function of the lat-

eral line. For a comprehensive discussion of the functional overlap and non-

overlap between lateral line and auditory systems, see Braun and Sand

(2013).

IV. MAJOR METHODOLOGICAL ISSUES

A most important question is why there is great variability in hearing

data within the same species determined by different investigators (see Fig. 1).

Related to this, and much harder to answer at the moment, is whether the vari-

ability is restricted to goldfish (Carassius auratus), the species for which we

have the most hearing data, from the widest number of investigators, or

whether the same issues would apply to other species if more hearing studies

were carried out on them. Our suggestion is that the same methodological

issues apparent for goldfish would be found for other species. Thus, hearing

data on every species studied to date should be questioned unless one can

show that the methods utilized did not impact the results adversely. The only

exception to this argument is when different species have been studied in

exactly the same acoustic environment (Tavolga and Wodinsky, 1963; Ladich

and Fay, 2013; Hawkins, 2014) or when the research questions are related to

measuring changes in hearing, such as in studies of temporary threshold shift

(e.g., Popper et al., 2007).

The remainder of Sec. IV examines the methodological issues that we

consider most critical in affecting what is known about fish hearing capabili-

ties. These include: (a) the acoustic environment (Sec. IV A); (b) behavioral

vs electrophysiological methods (Secs. V A and V B); (c) threshold determi-

nation (Sec. V C); and (d) other issues (Sec. VI).

A. The acoustic environment

One of the main reasons for differences in the hearing thresholds deter-

mined for the same species (Fig. 1) results from the different acoustic condi-

tions under which experiments were conducted. The fundamental issue is the

complexity of the sounds in restricted environments, such as aquarium tanks

(e.g., Rogers et al., 2016; Campbell, 2019). This issue was actually pointed out

decades ago by Griffin (1950) and Parvulescu (1964), who noted that there are

pitfalls when carrying out experiments in small tanks. These warnings, how-

ever, have rarely been heeded, and most investigators are only “rediscovering”

them today, though often still not acting on, or understanding, them.

A major contribution to this problem is that it is very hard (if not

impossible) to accurately predict or even measure the particle motion com-

ponents of the sound field in tanks (but see below for exceptions). As a con-

sequence, few fish hearing studies have been carried out under acoustic

conditions that allow for accurate determination of the sound field. These

include several experiments that have been carried out under free-field con-

ditions in the sea, which provide hearing thresholds for different species,

including particle motion thresholds (Fig. 2).

One of the real difficulties in most fish hearing studies is that they

most often express hearing sensitivity in terms of sound pressure alone and

ignore particle motion (reviewed in Nedelec et al., 2016; Popper and

Hawkins, 2018), partially because sound pressure instrumentation is more

readily available. However, since most fishes primarily detect particle

motion, presenting hearing sensitivity data in terms of pressure is virtually

meaningless.

FIG. 1. (Color online) Variation in auditory thresholds determined behaviorally for the goldfish (Carassius auratus) by various investigators. Similar variation

in goldfish thresholds for ABR data can be found in Ladich and Fay (2013).
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1. Particle motion and sound pressure in tanks

An issue with measuring particle motion, however, is that it generally

has to be measured along three axes because it is a vector quantity and so is

far harder to measure than sound pressure (even if one has the right instru-

ments). There are some particle motion hydrophones available commer-

cially, although they can be rather expensive. Many of the particle motion

hydrophones used in bioacoustics measurements are custom made, and con-

sist of three accelerometers or velocity transducers, aligned in x, y, and z

directions within a watertight housing, and the assembled unit is adjusted to

be virtually neutrally buoyant in water. Alternatively, particle motion in a

stable sound field may be measured with only one transducer, which is

sequentially rotated in order to obtain measurements along three axes.

In contrast to a free-field environment, sounds in a tank or close to any

interface (e.g., surface or bottom of a body of water shallower than a wave-

length) deviate from ideal conditions because the relationship between

sound pressure and particle motion is changed close to interfaces with media

of different acoustic properties than water. Standard aquarium tanks are

especially deficient in this respect. The sound fields presented to fish within

even large tanks are generally very complex and quite unlike natural sound

fields that a fish would encounter in a normal aquatic environment, including

shallow water (see Duncan et al., 2016; Rogers et al., 2016).

Moreover, the direction of the particle motion may be affected by the

presence of hard and soft surfaces. The majority of small aquarium tanks

are, in effect, completely surrounded by air, resulting in any loudspeaker

immersed in the tank close to the fish producing very high levels of particle

motion. The walls of the tank are usually so thin and flexible that they act as

pressure release boundaries (Parvulescu, 1964). As pointed out by Rogers

et al. (2016), for a tank wall not to be flexible it would have to be >3 cm

thick steel. In many tanks, when the sound source is in the water, the sound

pressure often falls towards zero at the walls, bottom, and surface, greatly

increasing the levels of particle motion. Under such experimental conditions

it is virtually impossible to achieve a ratio between sound pressure and parti-

cle motion similar to the ratio encountered in a free sound field.

Parvulescu (1964) suggested that sound pressure generated in air out-

side a small tank could be used to generate a uniform sound pressure field

within the tank itself. However, hardly any particle motion is then generated

within the water itself, and those species that are sensitive only to particle

motion will not respond well to the sounds generated (Popper and Hawkins,

2018).

2. Special tanks

A range of special acoustic tanks have been constructed by different

workers. An approach suggested by Parvulescu (1964) was to generate the

acoustic field within a tubular tank, shorter than the wavelength of the

sounds to be presented, and with the tube be fitted with a sound projector at

each end (Fig. 3). By driving the projectors with signals of similar ampli-

tude, but differing phase, it is possible to control the ratio of sound pressure

to particle motion at the center of the tube. Poggendorf (1952) (well before

Parvulescu) applied these principles in examining the hearing of fishes,

although in his case the tube was open at one end. Later, Hawkins and

MacLennan (1976) described in detail the characteristics of a standing wave

tube that had very thick steel walls (Fig. 3), and applied it in hearing experi-

ments, where they demonstrated sensitivity of a flatfish (plaice,

Pleuronectes platessa) to particle motion rather than sound pressure.

A related, but more sophisticated, approach is to create standing waves

by pairs of opposing sound projectors suspended in large tanks or in the field

(Buwalda, 1981). Several researchers have used variants of this technique to

alter the amplitude, phase, and direction of the input variables to the ear in a

stationary fish (e.g., Buwalda et al., 1983). The most versatile projector con-

figuration includes three projector pairs, which secures complete spatial con-

trol of the parameters (Schellart and Buwalda, 1990).

Another, but more difficult, approach is to do studies in midwater in

large bodies of water, well away from reflecting boundaries, where measure-

ments of the sound pressure can be used to calculate particle motion levels.

The various techniques have been reviewed by Hawkins (2014). These stud-

ies include experiments in the sea, where the effects of reflecting boundaries

can largely be eliminated and, by changing the distance of the animal from

the sound source, the ratio of sound pressure to particle motion can be varied

(Chapman and Hawkins, 1973).

Because a fish in water is nearly acoustically transparent and vibrates

with the same phase and amplitude as the surrounding medium, vibration of

a fish in air mimics stimulation by the kinetic sound component in water.

This technique, such as mounting the fish on a vibrating table in air, was first

used by Enger et al. (1973) and later refined and used by others (e.g., Sand,

1974; Hawkins and Horner, 1981; Fay, 1984), and eliminates the problem of

making directionally well-defined stimuli in small tanks. Many later neuro-

physiological studies of hearing in fish have employed variations of this

stimulation technique (Fig. 4) (e.g., Lu and Popper, 2001; Meyer et al.,

2011).

3. Sound sources

An additional problem in generating underwater sounds is that there is

only a limited range of suitable sound projectors (loudspeakers) available.

The generation of underwater sound requires projectors that can operate at

quite low frequencies and generate higher sound pressures than is necessary

in air. Many of the underwater projectors available commercially have been

designed to generate sound for humans to listen to within swimming pools

and are not especially effective at producing the low frequency sounds that

can effective stimulate the inner ears of fishes.

An additional significant weakness with many studies of fish hearing,

and particularly those investigating directional hearing, is the use of

FIG. 2. (Color online) Fish hearing thresholds obtained in the sea under

free-field conditions. The thresholds were determined in response to pure

tone stimuli at different frequencies. The absolute thresholds in the Atlantic

cod (Gadus morhua) (Chapman and Hawkins, 1973) are below the natural

ambient noise levels, especially at the most sensitive frequencies. So, when

the fish are in the presence of such noise, the thresholds are raised. The

Atlantic cod is sensitive to both sound pressure and particle motion, whereas

the dab (Limanda limanda) (Chapman and Sand, 1974) and Atlantic salmon

(Salmo salar) (Hawkins and Johnstone, 1978) are only sensitive to particle

motion. The reference level for the particle velocity is based on the level

that exists in a free sound field for the given sound pressure level.

FIG. 3. (Color online) The functioning of a standing wave tube. Two sound

projectors opposing one another are driven with the same signal at different

phases, thereby varying the ratio of sound pressure to particle motion at the

center of the tank, where the head of the fish is placed. (Modified and

revised from Hawkins and MacLennan, 1976.)
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monopole sound projectors (projectors that oscillate in volume). In the near

field, however, the directional characteristics of the particle motions of

monopole sources are greatly different from the characteristics of dipole

sources that oscillate with constant volume (van Bergeijk, 1964). Because

the majority of natural sound sources are dipoles (except most vocalizing

fishes) and many natural, behavioral responses to sounds occur within the

near field (due to the low frequencies of relevant sounds), dipole sources

may be preferred for studying directional responses in the field. The power

of this approach was demonstrated by Zeddies et al. (2012).

4. Background noise

It is also critical when carrying out hearing experiments to ensure that

the level of background noise in the experimental tank, or in the sea or fresh-

water environment, is also monitored. Noise can be a particular problem in

aquarium tanks, where pumps, aerators, and the presence of human activities

in their vicinity may create high levels of background noise that can affect

the sensitivity of fishes to other sounds (e.g., Fig. 2). Even in natural envi-

ronments, the level of ambient noise from natural sources can also affect the

ability of fishes to detect sounds (Chapman and Hawkins, 1973). In many

studies, the thresholds reported may well have been masked by background

noise, thus resulting in incorrect or underestimated threshold data (see Fig. 2).

Thus, the measurement of background noise levels will be important in future

studies, to help determine the potential limits of collected hearing threshold

data.

5. Summary of the acoustic environment for studying
fish hearing

Because of these issues, the design of environments for studying fish

hearing is very difficult, and often very expensive. It is likely that most, if

not all, of the tanks used by investigators in the past were acoustically messy

and gave results that were likely not accurate. Attempts have been made to

improve the sound field in tanks using a variety of devices, most often

absorbing materials covering the walls and bottoms of the tanks (e.g., foam

rubber, horse hair, etc.), but none of these are truly effective in reducing

sound reflections (Rogers et al., 2016).

Moreover, where investigators have argued that their tank design is

useful, these measures (if they really do work) have only been for sound

pressure, and no one, to our knowledge, has ever made a study of how vari-

ous measures might mitigate the excessive particle motion in a tank. If

researchers must use tanks for their fish hearing studies, a suggestion for

future studies is to measure the acoustic impedance at different locations

within the tank environment (Popper and Fay, 2011) (e.g., the ratio of

pressure to particle velocity, p/v) and compare it to the acoustic impedance

in water in a free-field.

V. METHODS FOR EXAMINING THE DETECTION OF
SOUNDS BY FISHES

Fish hearing capabilities have primarily been studied using either

behavioral or electrophysiological approaches to measure behavioral thresh-

olds and to determine the animal’s detection bandwidth (that is, the range of

sound frequencies that a fish can detect). These approaches have also been

used to measure changes in sensitivity, caused by masking sounds and the

effects of high intensity sounds on hearing sensitivity. However, only behav-

ioral methods can be used to determine more subtle aspects of hearing, such

as discrimination between sounds, determination of sound direction, the

ability to detect sounds in the presence of masking noise, and to identify

complex signals (e.g., Fay, 2008).

A. Behavioral approach

The behavioral approach involves conditioning fishes to respond to a

sound stimulus. This approach was pioneered for fish studies by Karl von

Frisch and his students (e.g., von Frisch and Stetter, 1932). The approach

was later refined by Tavolga and his colleagues (Tavolga and Wodinsky,

1963; Jacobs and Tavolga, 1967) who applied modern psychoacoustical

approaches (Green and Swets, 1966) to “ask” fishes what they could hear.

The behavioral approach involves training fish to do some task, which

may include overt movement from one side of a tank to another or hitting a

paddle, in an unambiguous behavioral way when the fish detects a particular

sound. No matter the task, the fish is trained to respond to sound (the condi-

tioned stimulus) by pairing it with an unconditioned stimulus to which the

fish will respond without training, such as food or an electric shock. The

results reflect not only detection of sound by the ear, but the processing of

the signal by the whole nervous system in order to elicit the response.

In other cases, fish may be trained to change their heart or respiratory

rate in anticipation of an aversive stimulus (e.g., electric shock) (e.g.,

Chapman and Hawkins, 1973; Fay, 1974). In such studies, there is a direct

measure of heart or respiratory rate in a restrained fish. The fish is presented

with a sound (conditioned stimulus) followed, after a few seconds, by an

unconditioned stimulus, a mild electric shock. After several trials, the fish

then starts to change its heart or respiratory rate at the onset of the sound,

having associated the sound with the shock.

More recently, a different behavioral approach was developed to deter-

mine hearing thresholds in larval zebrafish using a modification of the

acoustic startle reflex (an innate behavioral response) by pre-pulse tones

known as pre-pulse inhibition (Bhandiwad et al., 2013). This very sensitive

FIG. 4. A vibrating table, which allows

a fish to be vibrated in different direc-

tions. Figure based upon work described

by Hawkins and Horner (1981).
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behavioral testing paradigm has the potential to be adapted to determine

hearing thresholds in other larval and adult fishes.

A critically important advantage of the various conditioning paradigms

as compared to physiological approaches (discussed below) is that animals

tend to be motivated to detect the signal, and so they even respond when the

signal is very low, and in all cases the responses are clear and objective—

the animal responds, or it does not. And, because this is a behavioral

response, the signal is processed within the whole nervous system, thereby

enabling the animal to maximize the likelihood of detection and thus

respond appropriately.

At the same time, training may take a substantial amount of time (per-

haps several days or even weeks) to be reliable. Therefore, this approach is

not always suitable for cases where data are needed from a large number of

animals. In those cases, and with a more limited number of research ques-

tions, an electrophysiological approach may have some advantages.

B. Electrophysiological approach

The electrophysiological approach measures responses to a sound at

various levels by placing electrodes close to the ear, nerves, and central ner-

vous system (CNS). This was pioneered for fishes by Enger (e.g., 1963) and

later by Kenyon et al. (1998). The simplest application of such techniques

involves gross recordings of synchronous neural activity from sensory cells

within the ears, the auditory nerves, and/or auditory brainstem activity that

is evoked by acoustic stimuli within the CNS. This approach does not

require any behavioral response on the part of the animal, and it only indi-

cates detection of sound stimuli potentially up to the level of the auditory

brainstem (Sisneros et al., 2016). Such recordings are often referred to as

the auditory brainstem response (ABR) or auditory evoked potentials

(AEP). Results from such experiments are most often based on the lowest

sound level at each frequency that gives a defined repeatable physiological

response from some level of the auditory pathway and is based on the sub-

jective analysis of the observer, who decides when the animal has detected

the signal. Confounding such studies, however, is that when conducting

electrophysiological studies, it is especially important to reduce the level of

electrical background noise by careful screening against extraneous sources

of electrical noise, since high variability in residual noise can lead to signifi-

cant inter-observer differences in AEP thresholds (Xiao and Braun, 2008).

Moreover, at least for fishes, there is no good evidence that the electro-

physiological results represent the most sensitive hearing or the widest band-

width that the fish can detect. At the same time, these techniques are ideal

for studying a rapid change in auditory sensitivity, such as temporary hear-

ing loss where fishes are compared to themselves before and after exposure

to high level sounds (e.g., Popper et al., 2007; Sisneros et al., 2016).

Thus, while AEP and ABR measures have real value, they do not pro-

vide the kind of information about the actual hearing capabilities of fishes

that can only be gotten in behavioral studies. There is a particular problem

in examining the effects of detection and discrimination of complex sounds,

including measures of masking and critical bands, where there is likely

extensive signal processing of signals in the central nervous system before

animals have the information that elicits a response.

C. Determining thresholds

In any sensory study, the lowest level of detectability is generally

referred to as the “threshold.” The sensitivity of a fish to sound is expressed

as an audiogram, a curve showing the thresholds or minimum sound levels to

which the fish will respond over a range of frequencies (e.g., Figs. 1 and 2).

In presenting sounds to fishes, to determine auditory thresholds, it is common-

place to use pure tone stimuli that last for a few seconds, and to present them

over a range of frequencies. It is important, however, to ensure that there is a

gradual rise and fall in the level of each pure tone stimulus, as an abrupt start

and stop may result in the generation of a broader band of frequencies from

the sound source (e.g., Tavolga and Wodkinsky, 1963).

As mentioned earlier, most thresholds for fish have been determined in

terms of the measured sound pressures even when they primarily detect par-

ticle motion. While it is, as discussed, hard to get a good sound field in a

tank, there have been some studies in tubes and in the field where the ratio

of sound pressure to particle motion has been varied. In these circumstances,

the thresholds for some species follow the sound pressure; but in others the

thresholds follow the particle motion. In such cases, the tradition of relating

fish audiograms to sound pressure may lead to misinterpretations concerning

optimal frequency ranges and hearing capabilities, because the shape of the

audiogram greatly depends on the acoustic parameter to which thresholds

are related. Figure 5 shows a hypothetical audiogram related to particle dis-

placement, sound pressure (or particle velocity) and particle acceleration.

When thresholds are presented in terms of particle acceleration, which is the

relevant stimulus parameter for a species sensitive to particle motion rather

than to sound pressure, the apparent drop in sensitivity towards low frequen-

cies disappears.

It must also be recognized that thresholds may vary not only between

animals, but also within animals from moment to moment. As a conse-

quence, thresholds are considered to be a statistical measure (e.g., Green

and Swets, 1966). With regard to fishes, a number of different threshold cri-

teria have been used (e.g., two standard deviations above background noise

level, a given sound pressure or particle acceleration level), but the most

commonly used approach is to define the threshold as the signal level that is

detected in 50% of the presentations. A variety of different psychophysical

approaches have been used to determine thresholds. One of the most frequently

used with fishes has been the “staircase method,” where the sound is succes-

sively raised and lowered by several dB to bracket the 50% level (Fig. 6)

(Cornsweet, 1962; Tavolga and Wodinsky, 1963).

These methods are not just applied to hearing sensitivity per se. They

have also been used to determine thresholds for the detection of signals in

the presence of noise (Fig. 6) (e.g., Chapman and Hawkins, 1973). A vari-

ant, referred to as the just noticeable difference (JND) has been used to mea-

sure the ability to discriminate between sounds (e.g., Jacobs and Tavolga,

1967) as well as to determine the ability to discriminate sound directions

(e.g., Chapman and Johnstone, 1974). The JND is often determined by con-

ditioning the fish to respond to a stimulus in which sound pulses of different

frequency, amplitude, or direction alternate with one another.

Rather than determining the AEP or ABR thresholds, it is possible

instead to examine the relative sensitivity of the animal to different frequen-

cies by monitoring the sound levels that generate similar AEP or ABR

responses at those frequencies (see, for example, Hawkins and MacLennan,

1976). However, as pointed out above, these methods only measure

responses at lower levels of the auditory system and do not reflect the full

hearing capabilities of an animal.

VI. CRITICAL ISSUES FOR UNDERSTANDING FISH
HEARING

To this point in the paper we have discussed the most widely used

approaches for studies examining the auditory sensitivity and hearing of

fish, with the intention of showing that there is substantial inconsistency in

how studies have been performed. We have also made suggestions about

approaches that might be explored in future studies, often using examples

based on the older literature, with the goal of developing a body of data that

FIG. 5. Hypothetical fish audiogram related to particle displacement (D),

sound pressure or particle velocity (P), and particle acceleration (A) (from

Sand and Karlsen, 2000).
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are the most useful for understanding fish hearing and effects of anthropo-

genic sound on fishes.

In this section, we briefly discuss a number of specific issues which are

important to address in the future. In each case, getting useful data requires

carefully designed experiments not only from the perspective of acoustics

and other methodology, but also from how the questions are actually asked.

Moreover, great care will be needed to ensure that the most useful

approaches are taken in order to get useful data that are comparable between

species and laboratories.

Moreover, future studies should consider several variables that impact

hearing directly, but are beyond threshold determination per se. Among a

wide range of interesting questions in need of clarification are potential

impacts on hearing capabilities of fish size, season, age, etc. Considering

that fishes continue to grow throughout their lives, that they continue to add

sensory hair cells to the ear, and that the physical relationship between struc-

tures such as the swim bladder and inner ear may change, there is reason to

ask whether hearing changes in fishes with age. It is also an open question

as to how hearing in fishes possessing a swim bladder may be affected by

changes in depth. Indeed, changes in the acoustic properties of the swim

bladder with depth have, for example, been examined for the Atlantic cod

(e.g., Sand and Hawkins, 1973).

Several aspects of experimental design have not been considered in

many studies done to date. Most investigators do not discuss the importance

of the temperature of the water in which their animals are held, though this

has been shown to have a significant impact on hearing sensitivity in several

studies (e.g., Wysocki et al., 2009; Maiditsch and Ladich, 2014). And while

it has been shown that drug treatment, including the use of anesthetics, dur-

ing hearing studies have the potential to impact hearing and the lateral line

(e.g., Cordova and Braun, 2007), this has yet to be systematically examined

in fishes.

A. Beyond hearing sensitivity

Most earlier studies have focused on determining thresholds. Yet, there

is greater need for more practical or “real world” data on detection of more

natural sounds as well as the detection of sound in the presence of natural

and anthropogenic sound (masking); discrimination between sounds of dif-

ferent frequencies, intensities, temporal characteristics, direction and dis-

tance; and the extent of hearing loss in the presence of high level sounds.

Moreover, the majority of studies to date have focused on use of pure

tones or simple band-limited noise. However, “real world” sounds to which

fish are exposed every day are often very complex signals that change in

amplitude, spectrum, and temporal pattern. Little is known about detection

and processing of such real-world signals by fishes.

Another problem with current knowledge is that the only comprehen-

sive studies of complex processing of sound by fishes have been done on

goldfish (reviewed in Fay and Megela Simmons, 1999). While having some

of the aforementioned problems with tank acoustics, these studies provide

very important insight into how fishes can deal with varying sound sources.

The goldfish (and it is now popular relative, the zebrafish, Danio rerio) is

from a group of mostly freshwater fishes (Otophysi) that is highly special-

ized for hearing and not representative of the vast majority of teleost fishes,

and certainly not the species of most economic importance, or for which

there is greatest concern about potential effects of anthropogenic sound.

Therefore, while recognizing that the extent of Fay’s goldfish studies would

be almost impossible to replicate for other species today, a select sub-set of

these studies, those that would give greatest insight into overall hearing

capabilities, should be done for some other species.

Although there are some data on how well fishes can detect signals in

the presence of maskers, the mechanisms by which fishes do this detection

is still not understood. In mammals, detection of signals in noise depends on

the presence of the cochlea where the only sounds that interfere with detec-

tion of a signal are those in the same frequency band (Green and Swets,

1966). Studies of critical bands (or the related critical ratios) in fishes have

been done a few times (Tavolga, 1974; Hawkins and Chapman, 1975;

Coombs and Fay, 1989), but these are difficult and time-consuming experi-

ments that need repetition. They can only be done behaviorally and must be

designed with utmost care in order to ensure useful data.

There are many other issues that need to be considered, such as the

most appropriate way to measure thresholds, and how to measure hearing in

free swimming vs restrained animals, etc. Moreover, while we have focused

on hearing in the “sonic” range for fishes, it is important to keep in mind

that a related issue is that low frequency hearing in fishes extends into the

infrasonic (<20 Hz) range (e.g., Sand and Karlsen, 2000), while fishes in the

Clupeid family Alosinae can detect sounds within the ultrasonic

(>10 000 Hz) range (e.g., Mann et al., 2001).

VII. CONCLUSIONS AND SUGGESTIONS FOR
CONSIDERATION

Determining hearing capabilities of fishes is clearly a complex prob-

lem that requires dealing not only with the animal, but the acoustic environ-

ment in which determinations are made, and the approach taken in making

those determinations. As implied above, the vast majority of studies to date

have been done in ways, and under conditions, that result in data that may

be less than useful in helping to understand what (and how) fishes hear, and

the potential effects of anthropogenic sound on fish hearing and behavior.

There is a wealth of information about fish hearing capabilities in the

literature, but because of the limitations we have discussed, the value of

most of the studies must be questioned in relation to the methodological cav-

eats we have examined. Of particular concern are the data on hearing in

fishes that are primarily detectors of particle motion (most species), and the

uncertainty of data collected for these particle motion sensitive fish that

characterize hearing sensitivity in terms of sound pressure.

FIG. 6. Auditory thresholds determined for the Atlantic cod, showing the

staircase method for determining thresholds. In this method, the sound level

is lowered in increments (e.g., 3 or 6 dB) until the animal no longer

responds. The sound is then raised until a response occurs. The “threshold”

at that point in time is midway between the non-detection and detection

level. A full threshold determination involves multiple lowering and raising

of sound levels and the individual thresholds are then averaged to get the

overall threshold for that session. A: shows threshold determination to a

160 Hz pure tone when the sea was hit by a natural rain squall (1), where the

threshold was higher. A 2 shows the threshold determination after the squall

was over. B: shows changes in the 160 Hz thresholds as the background

noise was raised artificially. B 1 was obtained in the presence of natural

ambient noise, whereas 2 and 3 involved the presence of artificial noise. The

dotted lines above the thresholds show the noise levels measured over the

frequency band 20–1000 Hz, whereas the dot-dashed lines below show the

spectrum level of noise. The numbers provide the threshold/noise ratios

(Chapman and Hawkins, 1973).
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A. What to do now

The ideal situation would be some kind of agreement as to the best

approaches to adopt in studying fish hearing, along with the development of

appropriate tools, so that data from different labs and for different species

will be consistent and comparable. The problem, however, is twofold.

First, it will take time to develop the approaches to gain consistency.

There are also numerous gaps in what we know about fish bioacoustics (e.g.,

Hawkins et al., 2015), and even if we can get better data on fish hearing per

se, as discussed in this paper, these other gaps need to be filled as well.

Second, there are too few investigators today, and far too little fund-

ing, to encourage more studies of fish hearing, and to carry out the kinds of

studies needed. This is a paradoxical situation in light of the growing con-

cern about potential impacts of anthropogenic sound on fishes, particularly

because fishes make up such a major component of the human (and marine

mammal) food chain.

Our view is that there needs to be a renewed focus on doing studies of

fish hearing in order to really know what fish can hear and how well they

hear. To do this, we make the following recommendations:

• More studies should be done behaviorally in order to gain better under-

standing of what fish actually can actually hear and respond to.

Behavioral measures of fish hearing are often the most appropriate,

because acoustic stimuli must be processed by higher order processing

areas in the auditory CNS in order to elicit the measured behavioral

response. This is particularly the case when studying abilities that require

complex analysis of signals, such as directional hearing, discrimination,

and detection of masked signals.

• All hearing studies must be done in terms of both sound pressure and par-

ticle motion. We also suggest that the impedance (ratio of sound pressure

to velocity for the given stimulus frequencies) of the testing environment

should be reported.

• Focus on select species that may best reflect hearing over broad groups

defined by hearing type rather than taxonomically (see Popper and Fay,

2011). Perhaps use the designations described by Popper et al. (2014).

• Carry out a detailed analysis of hearing in several selected species, not

only to determine hearing sensitivity to pure tones, but also to examine

hearing in the presence of anthropogenic maskers, frequency and inten-

sity discrimination, temporal discrimination, directional discrimination,

and other more complex processes used by fishes in sound analysis (dis-

cussed by Fay and Megela Simmons, 1999).

• Regarding anthropogenic sound, it is still unclear which components of

such sounds may evoke avoidance responses in fishes as well as other

types of sound (e.g., continuous vs pulsatile). Focus has been on sonic

frequencies, but it has been suggested that infrasonic particle acceleration

due to water motion caused by the sound source (e.g., a moving ship

hull) is more important (Sand et al., 2008). This question should be

clarified.

• Hearing studies conducted in the laboratory should focus on the develop-

ment of some version of the standing wave technique either using acous-

tic tubes or opposing pairs of suspended sound projectors, thus allowing

variation of the ratio of sound pressure to particle motion.

• Where feasible, it would be sensible to revert to doing studies in the natu-

ral environment where the fish are found (Hawkins, 2014), and where the

sound field is far easier to define and monitor.

B. What must be done in the future

While our recommendations above are for immediate work, future

studies would also benefit greatly from even greater standardization to

enable comparison and use of data obtained in all labs. Standardization can

take several forms. One is to set up a site that is designed for studies of fish

hearing—where the acoustic conditions are well understood and can be con-

trolled, particularly with regard to sound pressure and particle motion. With

such a site, investigators would not have to spend a great deal of time in

designing the correct acoustic conditions and then constructing, testing, and

calibrating complex sound fields.

Of course, the downside of this is that investigators, and their research

animals, would have to travel to the research site (and a particular species

may not be allowed at such sites if they could be seen as potentially inva-

sive), making long-term studies difficult. Furthermore, such sites still may

not have the ability to work in both fresh and salt water, etc. Finally, any

site designed to provide a fully understood acoustic field is likely to be com-

plex and expensive to build and maintain, and perhaps outside of the funds

available to individual investigators.

A second approach is to develop not only standards for how to carry

out studies, but also provide designs for experimental chambers and other

apparatus, as well as experimental approaches and conditions, that would

allow investigators to build their own setups, adapted for their specific needs

and laboratory conditions. It is particularly important to design efficient

dipole sound sources and infrasound sources that generate high level near

field particle motion.

Thus, our final recommendation is that the community of scholars

interested in, and needing, an understanding of fish hearing should work

together to develop common, experimental standards.
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