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Responses
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Abstract Examination of fish responses to sound stimuli has a rich and varied his-
tory but it is not always clear when responses are true measures of hearing or the
lateral-line. The central innervation of auditory and lateral-line sensory afferents lie
in close proximity in the brainstem and both sets of receptors are, at heart, hair cell-
based particle motion detectors. While it is possible to separately measure physio-
logical activity of these two receptor subtypes, many studies of fish “hearing” use
whole brain potentials or behavioural assays in complex sound fields where it is not
possible to distinguish inputs. We argue here that, as often measured, what is thought
of as fish “hearing” is often a multisensory response of both auditory and lateral line
receptors. We also argue that in many situations where fish use sound stimuli, the
behaviour is also an integrative response of both systems, due to the often close
proximity of fish during sound communication. We end with a set of recommenda-
tions for better understanding the separate and combined roles of ear and lateral-line
hair cells as well as an acknowledgment of the seminal and continuing contributions
of Arthur N. Popper and Richard R. Fay to this field.

Keywords Fish hearing ¢ Mechanosensory ¢ Auditory ¢ Lateral line ® Acoustic
communication ® Multisensory integration

1 Introduction

As generally reported, the response of fish to a sound source is typically considered
“hearing” and structural correlates to this response have focused on ears and other
auditory structures, such as Weberian ossicles and laterophysic connections (e.g.
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Popper and Fay 1973, 1993, 1999; Fay and Popper 2012). While this might be a
reasonable approach to take for terrestrial animals, we feel it is unjustified for studying
responses of fish to sound due to the complexities of sound transmission underwater
(Parvulescu 1967; Akamatsu et al. 2002; Zeddies et al. 2010) as well as the short
distances over which fish “acoustic” communication typically occurs (reviewed in
Zelick et al. 1999; Ladich 2004). As early as 1967 Parvulescu argued that, espe-
cially in laboratory experiments, “animal behavior may be due to lateral-line
response rather than to auditory system response” (Parvulescu 1967) and yet many
researchers focus largely on the “auditory response” when examining responses of
fish after sound presentation in tanks. By focusing on hearing as the main mecha-
nism of sound source detection in fish, not only are we missing valuable insights
into how fish respond to sound stimuli but we also may have difficulty interpreting
evolutionary trends in sound detection. We argue here that detection of many sound
sources, although by no means all, is best examined as a multimodal response in
which fish use both the ear and lateral line, and associated structures (e.g. Weberian
ossicles and laterophysic connections), to form a full picture of sound stimuli, likely
incorporating all inputs into a sensory gestalt after integration by central neural
structures. While we of course do not advocate going back to the views of van
Bergeijk (1964) that the ear plays little role in localization or even detection, we do
argue that the pendulum has swung too far toward focus on the ear as the primary
detector of sound stimuli, especially in the highly artificial laboratory or nearfield
environment. The ear and lateral line are complementary, but not redundant, systems
and only by fully understanding their central integration will we have a true appre-
ciation for the importance of sound to the sensory ecology of fish and how this may
have evolved across the Osteichthyes particularly and across the broader grouping
of animals considered “fish”.

2 Basic Concepts

An underwater acoustic stimulus has two components, the nearfield and farfield,
both of which provide important information to fish. The “nearfield” is dominated
by hydrodynamic flow and the “farfield” is dominated by a propagating pressure
wave (Fig. 1). Hydrodynamic flow is generated by the movement of water near the
acoustic stimulus source, while sound pressure waves propagate from the acoustic
source as a cyclic compression and rarefaction of the water (Rogers and Cox 1988;
Higgs et al. 2006). The fish mechanosensory lateral line is sensitive to hydrody-
namic flow within one to two body lengths from the source (nearfield), and is not
generally sensitive to pressure (Montgomery et al. 1995; Sand and Bleckmann
2008). The lateral line has two types of receptors: superficial neuromasts (particle
velocity sensitive), which lie on the surface of the skin; and canal neuromasts (particle
acceleration sensitive), which are found in subdermal canals that open to the exter-
nal environment via a series of pores. The inner ear is also sensitive to the particle
movement of an acoustic field as a result of whole-body accelerations (Rogers and
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Fig. 1 Sound level as a function of distance for a representative source. Fluctuations near the
source are due to source structure and would depend on direction. Dotted line shows sound level
for an ideal point source

Cox 1988; Montgomery et al. 2006), through the differential movement of the
denser otolith with the body motions of the fish. Sound pressure can be detected by
fish from pressure-induced oscillations of the walls of an air pocket, such as the
swim bladder, that then are transduced into mechanical stimuli appropriate to sen-
sors (Higgs et al. 2006), such as the hair cells of the inner ear (Montgomery et al.
2006) or possibly the hair cells of the neuromasts that overlie laterophysic or otolat-
erophysic connections (Webb 1998; Webb and Smith 2000; Radford et al. 2013).
The inner ear often lies just medial to the confluence of several cephalic lateral line
canals (Fig. 2), so mechanical transduction to inner ear hair cells is also likely to be
passed on to at least those neuromasts in the cephalic lateral line.

3 Underwater Sound Propagation

The behaviour of sound underwater is well characterized for ideal situations so will
not be extensively reviewed here (see Rogers and Cox 1988; Montgomery et al.
2006). Sound consists of two components, particle motion and pressure, that, in the-
ory, propagate in well-defined ways in unbounded media with the nearfield/farfield
boundary dependent on wavelength. The problem with these physical descriptions of
sound propagation for understanding the sensory ecology of fish is that the vast



258 D.M. Higgs and C.A. Radford

BB Otoliths

~o Canal Neuromast

Fig. 2 MicroCT scan of a New Zealand Bigeye showing in vivo location of the otoliths and the
canal neuromasts. Images were acquired on a Skyscan 1172 scanner and axial images were recon-
structed as 17-35 mm slices. Anatomical structures were reconstructed from microCT slices, with
Amira 5.2.1 (Visage Imaging, Inc.). Diagrams were prepared with Corel Graphics Suite X4.
Green=eye; blue=otoliths; purple =cephalic lateral line; red=canal neuromasts

majority of fish species live in shallow and/or highly structured habitats (Lévéque
et al. 2008) that disrupt sound propagation in highly unpredictable ways (Lugli and
Fine 2007; Wilson et al. 2013). In the case of complex sound sources such as a coral
reef, sound propagates much further than would be predicted from simple spreading
models and it is likely that much of this propagation would be in the form of pressure
waves (Fig. 3). Radford et al. (2011) described propagation of ambient reef sound
from a temperate reef and observed a zone around the reef where sound loses little
energy, what they termed the “reef effect” (Fig. 3c). Beyond the range of the reef
effect (when the receiver is approximately 90° to the reef) sound propagation can be
described by cylindrical spreading with some bottom attenuation. The reef effect
essentially extends the range at which reef sound can propagate away from the reef.
Even when examining the propagation of single species calls, propagation dynamics
do not follow theoretical predictions (Fig. 3a, b). Courtship calls of oyster toadfish
(Opsanus tau) propagate less than 5 m from the source (Fig. 3b), with transmission
loss much higher than predicted due to interaction with the substrate on which they
are calling, although low frequency pure tones can propagate further than predicted
due to boundary interactions (Fine and Lehnardt 1983). Damselfish (Pomacentridae)
that enter the water column to signal (Fig. 3a) likely cannot detect their own calls
over approximately 10 m away due to rapid propagation loss (Mann and Lobel 1997)
and freshwater goby (Padogobius spp.) calls attenuate up to 30 dB 30 cm from the
source (Lugli and Fine 2003) due to the shallow nature of their habitat. While simple
spreading models would predict greater sound propagation of many of these low
frequency calls, it is clear that—in the structured world in which many vocalizing
fish live—habitat structure and depth put additional constraints on the effective
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Fig. 3 Diagrammatic representation of relevant sound propagation in natural settings. (a) In
pelagic spawning fish, communication sounds would be expected to stimulate both particle motion
(double arrows in figure) and pressure sensors (arcs in figure) when fish are close together but
likely are completely undetectable by either sensor at 10 m and beyond. (b) For benthic spawning
fish, communication sounds likely are completely lost by 3 m from the source. (¢) For reef com-
munities there is little propagation loss even 1 km from the reef and then sound decays following
idealized spherical spreading

distance of these calls and would put the effective range well within the detection
range at which both ears and lateral lines would likely be stimulated (Fig. 3a, b).

4 Sound Propagation in Tanks

In experimental tanks, the propagation problem may be even harder to model due to
relatively small tank sizes and variations in tank construction that have frequency-
dependent disruptions to sound travel. Sounds do not travel in standard plane waves
in small tanks, causing inaccurate pressure recordings (Parvulescu 1967), and sig-
nificant distortions can occur due to tank resonance, water depth and the complexity
of sounds presented (Akamatsu et al. 2002). If carefully measured, the direct
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contributions of sound pressure and particle motion can be used to the experiment-
ers’ advantage by examining behavioural responses of freely swimming fish in dif-
ferent components of the sound field. Using this approach Zeddies et al. (2012)
were able to definitively demonstrate that plainfin midshipman (Porichthys notatus)
can localize to tonal signals by following particle motion gradients in a tank but this
approach is rare. It is much more common to only characterize the sound pressure
level at a release site and assume a constant gradient from the sound source to the
animal of interest. Until more careful sound characterizations are done in the model
of Zeddies et al. (2012) it will be difficult, if not impossible, to ascertain exactly
what component of the sound is being used to drive “acoustic” responses in the
laboratory environment (Coffin et al. 2014).

S Acoustic Ecology

Despite the supposed importance of acoustic signalling in fish, there still remain
very few studies that have actually measured the propagation of fish acoustic com-
munication in natural environments but, where these studies do exist, it appears that
acoustic communication is very limited in effective range (Egner and Mann 2005;
Lugli and Fine 2003; Fine and Lehnardt 1983). Many of the vocalizing species that
have been studied live in association with the bottom or in shallow, structured envi-
ronments and in these situations there is poor sound propagation (Forrest et al.
1993). Even damselfish (Dascyllus albisella) that leave the bottom during acoustic
“signal jumps” have propagation of acoustic signals lasting only 11-12 m from the
source (Mann and Lobel 1997). Bottom-associated species such as gobies
(Padogobius martensii) have an even greater transmission loss, calls are likely
indistinguishable from noise approximately 50-60 cm away from the source (Lugli
and Fine 2003). Even fishes in the family Batrachoididae (“toadfishes” such as O.
tau and Halobatrachus didactylus) that are known to have quite loud calls (Fine and
Perini 1994) likely cannot detect conspecifics above background noise within 5 m
of the sources (Fine and Lehnardt 1983; Amorim and Vasconcelos 2008). Thus, the
vast majority of fish acoustic communication likely occurs in the nearfield, where
particle motion should dominate (Rogers and Cox 1988; Au and Hastings 2008),
and is likely to use lateral line receptors in conjunction with auditory receptors.
Lateral line receptivity has been characterized to explain the behavioural orienta-
tions to sound stimuli for at least one fish species, the squirrelfish, (Myripristis spp.)
and physiological responses of lateral line afferents show directional-dependent
responses that are consistent with, and possibly sufficient for, orientation behav-
iours to these sounds (Horch and Salmon 1973), although it remains possible that
auditory responses could also aid in orientation. When investigating the interplay of
sound and behaviour it is also important to consider the distance (farfield or
nearfield) at which the behaviour is occurring and the acoustic modality used. Here
we review the role sound plays in fish communication (short range) and orientation
(long range).
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While fish may use sound as a long-distance attraction in some cases (see below),
for conspecific communication—using Myrberg’s (1981) definition of purposeful
transfer of information to benefit the sender—both the signaller and the receiver are
generally quite close together. In aggressive interactions involving sound cues, fish
are typically within centimetres of each other (reviewed in Ladich 2004) and fre-
quently produce high energy but low frequency (<600 Hz) sounds as aggressive
displays (e.g. Tavolga 1958; Torricelli and Romani 1986; Torricelli et al. 1990;
Amorim and Vasconcelos 2008; Johnston et al. 2008). In such cases, particle motion
would predominate and both auditory and lateral line hair cells would likely be
stimulated (Fig. 4a). For mating displays it is possible for fish to be further sepa-
rated from one another, at least when calls might be used for mate attraction, and in
these cases the predominant modality may change with distance from the source
(Fig. 4b). In species such as midshipman (Brantley and Bass 1994), toadfish (Gray
and Winn 1961), and many gobiids (Tavolga 1958; Torricelli and Romani 1986)
males will vocalize without visual contact from a female. It is generally argued that
directionalization is made possible by auditory processing (reviewed in Fay and
Megela Simmons 1999), but lateral line inputs are known to be important in
nearfield localization (Fay and Feng 1987) and have recently been hypothesized to
work in conjunction with auditory processing at least for the midshipman response
(Zeddies et al. 2012). For courtship sounds, the vocalization behaviour typically
happens when a male and female are in close contact (Ladich 2004) and it is here
that both hearing and lateral line hair cells are especially likely to be stimulated
(Braun 2002; Sand and Bleckmann 2008). While it may be likely that longer-dis-
tance attractive calls are first detected and analysed by the auditory system, sounds
used in final mating decisions are almost certainly analysed by both auditory and
lateral-line peripheral and central mechanisms and both these systems must be con-
sidered when making functional correlates to behavioural responses.

Fig. 4 In aggressive contexts (a), sound emission typically happens when fish are less than one
body length apart and likely stimulate both particle motion (double arrows in figure) and pressure
sensors (arcs in figure). Mating displays (b) may happen at a greater range of distances so sensory
systems used will likely differ with distance, with pressure sensors needed further from the source
but both ear and lateral line particle motion sensors stimulated as conspecifics come close for
mating
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6 Acoustic Attraction

Long range (farfield) orientation studies began in the 1960s with Nelson and
Myrberg’s pioneering work on sharks, investigating the frequencies which attracted
distant sharks the best. Nelson and Gruber (1963) found that different species of
Carcharhinidae and Sphyrnidae were mostly attracted to low frequency (20-60 Hz)
pulsed sounds compared to higher frequency (400-600 Hz) pulsed sounds or low
frequency continuous sounds. Myrberg et al. (1969, 1972) took this work a step
further and observed that sharks showed sensitivity to low amplitude irregular
pulsed sounds up to a frequency of 1000 Hz. The sharks also exhibited directional
responses beyond the visual range of the camera (>25 m), which highlights that they
were orienting to the sound stimulus well into what is typically thought of as the
farfield (Myrberg et al. 1969). The actual nature of the attraction remains to be
determined however, as sharks likely have little to no pressure sensitivity because
they lack any pressure sensitive ancillary hearing structures, such as a swim bladder.
Therefore, the particle motion component could be stimulating both the ear and
external mechanoreceptors.

More recently, ambient underwater sound has been shown to play a major role in
a key life history stage of many reef fish species—the transition from the larval
pelagic stage to the benthic juvenile/adult stage (see Montgomery et al. 2001, 2006
for review). The first studies (Tolimieri et al. 2000; Simpson et al. 2004) employed
the use of light traps and showed that traps with a sound source (recordings of ambi-
ent reef noise collected at night when most larvae settle) consistently caught more
fish than silent traps. In free-swimming pelagic larvae followed by divers, it was
also demonstrated that pre-settlement larvae will orient to a reef at night and that
broadcast sounds can change their orientation behaviour, indicating that they can
use sound to orient to reef habitats up to 1000 m from the reef source (Leis et al.
2002; Leis and Carson-Ewart 2003). The next step was using binary choice experi-
ments which showed that all reef fish tested could directionally orient themselves to
the sound source (Tolimieri et al. 2002, 2004; Leis and Lockett 2005). This was
followed by patch reef experiments where reef fish settled onto the patch reefs asso-
ciated with a sound source in greater numbers than silent patch reefs (Simpson et al.
2005). Not only do reef fish show a behavioural response towards sound, they also
have the hearing capability to be able to detect these sounds (Wright et al. 2005,
2008, 2011). Combining the different hearing thresholds determined by Wright
et al. (2011) with the reef sound propagation model developed by Radford et al.
(2011), larval reef fish have the capability to detect a reef from between 8—15 km
offshore. All these experiments highlight that sound plays a critical role as a long
distance orientation and settlement cue for reef fish and at these distances it is likely
that responses to sound are indeed likely dominated by true hearing responses
because of the steep attenuation of particle motion sources likely to stimulate the
lateral line at these distances (Figs. 1 and 3).
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7 “Hearing” as a Physiological Response

While some field studies have assessed hearing in free-field situations (e.g. Chapman
1973; Chapman and Hawkins 1973; Chapman and Sand 1974), the vast majority of
especially physiological work has tested “hearing” in the lab environment. Sound
travel in laboratory tanks is notoriously complex (Akamatsu et al. 2002) and likely
contains particle motion information well beyond what is typically thought of as the
nearfield limit. A common physiological measure of fish “hearing” is the use of
auditory evoked potentials (AEP, previously called auditory brainstem response or
ABR). In this technique a fish is restrained under or at the surface of the water and
a recording electrode implanted somewhere over the brainstem (Corwin et al. 1982;
Kenyon 1996; Kenyon et al. 1998). In response to “sound” the waveform of brain
activity will change in definable ways and the disappearance of this change as sound
level decreases is taken to represent some sort of “auditory threshold”. This tech-
nique is attractive to researchers because it is a fairly simple way to determine what
sounds fish can detect and AEP can be quite useful in a comparative context to test
how sound detection changes ontogenetically (e.g. Kenyon 1996; Higgs et al. 2002,
2003; Caiger et al. 2013), how experimental manipulations can affect detection (e.g.
Yan et al. 2000; Radford et al. 2012, 2013; Higgs and Radford 2013), and to exam-
ine the bandwidth of detection between different species of interest (e.g. Corwin
etal. 1982; Kenyon et al. 1998; Niemiller et al. 2013). While we have both used this
technique extensively (e.g. Higgs et al. 2002; Radford et al. 2012, 2013; Higgs and
Radford 2013) and recognize its utility in examination of sound detection, we no
longer feel it can be used as an accurate test of hearing sensu strictu. The purpose of
the present synopsis is not to review all the AEP/ABR papers that have been pub-
lished, as that has been effectively done elsewhere (Ladich and Fay 2013), but rather
to review the limited available evidence for the dual roles of the ear and lateral line
in physiological responses to “acoustic”” stimulation. The primary innervation sites
for both auditory and lateral line nerves lie in close proximity in the brainstem
(McCormick 1999; Higgs et al. 2006) and the same AEP recording setup that is
commonly used in “hearing” studies has recently been used to measure direct lateral
line stimulation (Brack and Ramcharitar 2012), therefore it seems likely that past
AEP/ABR studies have been detecting responses of both systems. While there
exists behavioural evidence that the lateral line can play a role in “acoustic”
responses (see below), to our knowledge the only examination of the role of the
lateral line in AEP responses is Higgs and Radford (2013). In that paper we showed
that canal neuromasts play a role in “acoustic” thresholds previously attributed
solely to the ear and that detection of sound stimuli in experimental tanks is likely
an integrative response of both the ear and the lateral line, at least at low frequencies
(<400 Hz). Direct recording from lateral line afferents in response to “acoustic”
stimulation also shows that neuromasts can directly detect conspecific calls (Weeg
and Bass 2002; Radford and Mensinger 2014) and can aid in localization of these
calls in free-swimming fish (Radford and Mensinger 2014). The highlighted evi-
dence clearly demonstrates that what was typically considered “hearing” may often
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be an integrative response between these two acoustic modalities. Unless the role of
each system can be explicitly identified, we would recommend that future whole-
brain physiological work be identified as acousticolateralis evoked potentials rather
than the current ABR/AEP terminology.

8 ‘‘Hearing” as a Behavioural Response

In a more behavioural setup, there is also good evidence that lateral line afferents
can also drive “hearing” responses, although the effect seems to vary with species.
The Mauthner-mediated (M-cell) escape response is a reliable behavioural measure
of reaction to aversive stimuli in fish that is driven by M-cell innervation of trunk
musculature (Eaton et al. 1977). This M-cell escape response has been frequently
used to test directional orientation to acoustic stimuli (reviewed in Eaton et al. 2001)
and has been said to form a defined linkage between the ear and the trunk muscula-
ture (Moulton and Dixon 1967; Eaton and Popper 1995; Canfield and Rose 1996).
While it is clear that the ear is involved in this behavioural response, the lateral line
can also play an integrative role. Chemical ablation of the lateral line improves the
ability of goldfish (Carassius auratus) to respond to sound stimuli while blocking
the response of cichlids (Astatotilapia burtoni) (Canfield and Rose 1996) so both
systems play a role in the M-cell response. The lateral line has been further impli-
cated in both the directionality of this response and its interaction with environmen-
tal obstructions (i.e. tank walls) (Mirjany et al. 2011), showing that at least lower
frequency sound stimuli are detected and processed by both auditory and lateral line
systems.

9 Particle and Pressure Detection

To date there is only one published paper that has directly compared the contribu-
tion of particle motion and pressure sensitivity in fish (Radford et al. 2012). This
paper compared the hearing thresholds of three species of fish (C. auratus, Pempheris
adspersa, and Forstergyian lappilum) using a shaker table stimulus and an in-tank
speaker stimulus. The results showed that all fish have the same basal hearing ability
to particle motion and it is the fish’s ability to detect the pressure stimulus that dif-
ferentiates hearing ability between different groups, and likely drove evolutionary
diversification in this modality. In a behavioural assay, female plainfin midshipman
fish (Porichthys notatus) use particle velocity paths to directly guide their move-
ment toward a vocalizing male with the response likely due to both hearing and
lateral-line inputs (Zeddies et al. 2012). Radford and Mensinger (2014) have also
shown that the toadfish (O. fau) can use their anterior lateral line to respond to a
speaker stimulus using chronic recordings. Thus both the lateral line and inner ear
may play in sound source localisation and, depending how the stimulus is presented,
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behavioural and physiological techniques may actually measure an integrated
response from the lateral line and ears.

Fish of course can be using their auditory systems for much more than just conspe-
cific communication and it has been cogently argued elsewhere (Popper and Fay
1993, 1997; Fay 2009) that “hearing” in fish may have evolved to function for audi-
tory scene analysis rather than just conspecific communication. Under this model, the
fish auditory system works to extract a range of relevant signals out of the background
noise, forming a sensory gestalt of the entire acoustic landscape. While there is little
direct evidence for this hypothesis, it does make intuitive sense and it is in analysis of
the broader range of sounds that auditory and lateral line inputs may be separated. For
nearfield communication sounds however, and especially for sound fields in labora-
tory tanks, it is likely that central processing of both auditory and lateral line inputs is
combined in integration centres to form an integrative picture of sound stimuli. Until
this central integration is better understood it will not be clear exactly what roles the
ear and lateral line play in sound detection, although for a fish it may not matter what
system predominates as long as the appropriate response is elicited.

10 Conclusions and Recommendations

Popper and Fay have had an outsized influence on the general field of vertebrate
hearing through their superb compendium of Springer-Verlag volumes, their strong
individual scientific work, and their training and mentoring of numerous students,
postdoctoral fellows and visiting researchers and, for fish hearing in particular, in
their excellent series of review papers (Popper and Fay 1973, 1993, 1999; Fay and
Popper 2012) laying out the state of the field and major research questions still to be
addressed. While we are far from their status as ‘senior bioacousticians’ (Fay and
Popper 2012), we wish to end this review by emulating their model and offer three
suggestions where we feel the research community could helpfully progress. As we
hope we outlined above, we are not the first to suggest these research foci but by
laying them out explicitly below we urge the field to consider new approaches that
will better elucidate how the ear and lateral line work together to form a central
image in response to sound stimuli.

1. In other vertebrates, especially mammals, the study of multisensory integration
has become well established but researchers studying fish sensory function have
predominantly studied sensory systems in isolation. We feel an enhanced empha-
sis on truly integrative physiology has the potential to advance the field in signifi-
cant ways. Both single- and multi-unit recordings from integrative centres such
as the torus semicircularis in response to sound stimuli as well as more natural
stimuli (e.g. conspecifics or prey stimuli presented in the recording chamber, e.g.
Wysocki and Ladich 2003; Maruska et al. 2007) would better inform us as to
how fish encode and process sensory stimuli at the central level and turn that
processing into behavioural responses. This physiological work would ideally be



266 D.M. Higgs and C.A. Radford

coupled with anterograde and retrograde tracing to better understand how and
where ear and lateral line afferents are integrated at a central level.

2. While there have been some attempts to isolate ear and lateral line inputs by
selective ablation, especially of lateral line inputs (see above), more could be
done in this regard. We echo Zeddies et al. (2012) suggestion that selective abla-
tion of each input in freely behaving fish would be highly instructive in deter-
mining the role of each system. While selective ablation is not without controversy
(Janssen 2000; Brown et al. 2011), if done carefully this technique can add
insights into how fish perceive stimuli and how this perception drives responses.

3. While challenging, more effort must be put into physiological and behavioural
responses in animals in their natural environment. At least for larger fish it is now
possible to accurately track movements of free-swimming fish with either
implanted passive integrated transponder (PIT) tags (e.g. www.Biomark.com) or
acoustic tags (e.g. www.vemco.com) and these technologies could be effectively
used to record responses of fish to a variety of sound stimuli. There has also been
rapid progress in side-scan sonar applications from many companies that provide
impressive details on fish movements and behaviours. Physiologically, it is now
possible to record from neurons of free-swimming fish (e.g. Radford and
Mensinger 2014) so more effort in this regard would be highly instructive as to
how fish process sensory stimuli at both peripheral and central levels, although
current technology would limit this to larger, more robust fish.
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