Submitted to:

Peter Oliver
ChevronTexaco Ltd.

lan Buchanan
TotalFinaElf Exploration UK PLC

Graham Jackson
DSTL

Graeme Cobb
Department of Trade and Industry

Debbie Tucker
Shell U.K. Exploration and Production Ltd.

Submitted by:

Dr J Nedwell

Subacoustech Ltd

Chase Mill

Winchester Road

Bi shopos Waltham
Hampshire SO32 1AH

Tel: +44 (0) 1489 891849

Fax: +44(0) 8700 513060

email: subacoustech@subacoustech.com
website: www.subacoustech.com

Fish and Marine Mammal Audiograms:
A summary of available information

Subacoustech Report ref: 534R0214

by

Dr. J.R. Nedwell, Mr. B. Edwards, Dr. AW.H. Turnpenny?,

Dr. J. Gordon®.

3 September 2004

The reader should note that this report is a controlled document. Appendix 5 lists the version numb
record of changes, referencing information, abstract andratbeumentation details.

! Fawley Aquatic Research Laboratories Ltd.;? Ecologic.

Approved for release: .




Fish and Marine Mammal Audiograms: A summary of available information

Contents

R [0 Yo [T 10 o SRR 1
2. Fish and marine mammal hearing mechanisSms...........cccoooiiiieeeiiiiiiiiie e eees 3
2.1. Fish hearing MmechaniSmS. ............uuiiiiiiiiieeeii e 3
2.1.1. Structure of the INNEI @aAL.........coooi i i 3
2.1.2. Hearing MECNANISIIS. ........uuuiiiiiiiiiiiiieeeiiiieee ettt et e e e e e e e e ammmr e e e e e e e e e e e e e e e e 4
2.1.2.1. The OtOIIth.....veieiiiiiiiiiie e 4
2.1.2.2. Gadilled CAVILIES .....uuuuiiiiiieie e eeeeeeeeee e e e 4
2.1.2.3. Lateral Line SyStemM.........ccceeeiiiiiiiiieeee e
2.1.3. Hearing SpecialiSatiQNS..........cccuuuuriiiiiiireeiiiiiiiiiiieie e e seesssesee e e eeeeaaaeaeeas 4
2.1.3. 1. INtrOUCTION.....cce it s e e e e e e e e 4
2.1.3.2. High SENSITIVILY.......cceveiiiiiiiiiie et i e e e erene s e e e e e e e e e e eees 5
2.1.3.3. Medium SeNSItIVILY........coeiiiiiiiei e e 5
2.1.3.4. LOW SENSILIVILY....uuuiiiiiiii e eeeee e eeme e 5
2.2. Mammal hearing mechaniSMS...........oooiiiiiieree e 6
P20 N 1 0 T U Tox T 6
2.2.2. Hearing MECNANISIIS. ........uuiiiiiiiiiiiitieeeeiiiiiee et et e e e e e e e e et e e e e e e e e e e e e e e 6
I T A ¥ To [ o T =T o ORI 8
3.1. Introduction; the aUdIOgIraml.........ccoiiiie e rree e e e e e e e e e eeeeeeaene 8
3.2. Quality of the experimental environMent................ooovviieeer e 8
3.2.1. Calibration of the field............ccouiiiiiiiieee s 8
3.2.2. Independent measurement and control of pressure and particle velocity.9
3.2.3. Uniformity of field...........ooemrieie e 10
3.2.4. BacKground NOISE......ccceeeiiiiiieiieeeeeee et ens 10
3.2.5. Number of individuals teSted............uuuuiiiiiiiiieeeiiiiiiiiieeeee e 10
3.2.6. Frequency and dynamic range of measurements............ccccvvveeeeeeeeeeenn. 11
4. Methods of obtaining aUdIOGIaIS..........uuuuiiiiiiiiii et err e 13
O [ (oo {3 ox T U U U SSTTPP 13
4.2. Behavioural MethOUS...........uu i eeeeee e e e e e e e e eeeaanee 13
4.3. Evoked auditory potential methQds............ccooeeeiiiiiccceicccce e 14
5. General comments on the audiogramsS...........ooouiiiiiiiiccc e 15
5.1, FISh QUAIOQIamS. . ...ttt eeeee e et e e e e e b e e e emeeaaaaeees 15
5.2. Mammal QUAIOGIaMS.......ccueiiiiiiiieieee e 15
TG T U1 0] 4=V S 15
B. RETEIENCES......ieeeeeeieti e e e e e e e e e e e s ameera s e e e e e eeeeeeeeteeeeeesstnnneeeeeeaeeeeenennnnnes 34
Appendix1l. The ABR MEthO.........coooiiiiiiii e eeree e 36

Document ref: 534R0214 i )

www.subacoustech.com



Fish and Marine Mammal Audiograms: A summary of available information

Appendix 2. Fish audiOgramsS. ..........ooeiiiiiiiiiiiiie et eeeerss e e e e e e e e e e eeeens 39
Appendix 3. Marine mammal audiOgramS........cceeiiiieieeeeiiieeeieeee e e eree e 181
Appendix 4. Miscellaneousata. ...........oooiiiiiiiiieeee e 267
Appendix 5. Record Of Changes............uuuiiiiii e 278
Document ref: 534R0214 il ;;\\

www.subacoustech.com



Fish and Marine Mammal Audiograms: A summary of available information

1. Introduction

This report draws together the public domain information regarding the audiograms of marine
speces, that is, the measurement of their hearing, and presents this information in a standard
format. The format includes a summary of the conditions of the measurement and its
conclusions.

Studies have been conducted for many years on the hearing abiliieth fish and marine
mammals. In many cases, these studies have been driven by curiosity or by the need for
largely qualitative information concerning the way in which sound is used by marine
mammals and fish for communication, navigation and exptoraéind exploitation of the
environment.

With the increasing level of mamade noise in rivers and the oceans it is becoming more and
more important to be able to form objective estimates of the effect of noise on a wide range of
species. To achieve thibjective, good quality and reliable data is needed on the hearing
sensitivity of these animals.

Concerns over the environmental effects of offshore seismic shooting using airguns prompted
the authors to develop and propose thg(&peciep scale as a foral method of evaluating
the effects of noise (Nedwell and Turnper{h998)).

Man made noise underwater can cover a wide range of frequencies and level of sound, and the
way in which a given species reacts to the sound will depend on the frequency reage it
hear, the level of sound and its spectrum. Both the sensitivity of hearing, and the frequency
range over which sound can be heard, varies greatly from species to species. For man, sound
is ultrasonic (i.e. above human hearing range) above abddi20 However, for many fish

sounds above RBHz are ultrasonic. For a marine mammal, much of the energy of an airgun
may be infrasonic, as many cannot perceive sounds bekidz.l These considerations
indicate the importance of considering hearing abilithen evaluating the effect of
underwater noise on marine animals.

The dB(Speciek accounts for these differences by passing the sound through a filter that
mimics the hearing ability of the species, and measuring the level of sound after the filter; the
level expressed in this scale is different for each species (which is the reason that the specific
name is appended), and corresponds to the perception of the sound by that species. A set of
coefficients is used to define the behaviour of the filter abithcorresponds to the way that

the acuity of hearing of the candidate species varies with frequency: the sound level after the
filter corresponds to the degree of perception of the sound by the species.

The scale may be thought of as a dB scalewheretk peci es & hearing thr
reference unit; it is identical in concept to the dB(A) scale used for rating the behavioural
effects of sound on man. In effect, the dB(A) may be thought of as th@idBio sapiens

One major benefit of thecale is simplicity; a single number (the,gdBpeciey may be used

to describe the effects of the sound on that species.

The research program in conjunction with which this report has been produced aims to
validate the dR(Speciesas a means of objeetly evaluating the effects of noise on a wide
range of species.

The purpose of this review of audiograms is to assess their quality and hence suitability in the
dBn(Species process and hence in assessing the likely effects ofnmaale noise on marine
mammals and fish. This report therefore presents a review of the available information on
fish and marine mammal hearing, and in particular summarises the audiograms that are
available for marine species. Fay, in his 1988 book 'Hearing in Vertebrateghmptsysics
Databook’, assembled most of the data available at that time, presenting it in graphical and
tabular form with brief comments on it. This report draws together information which has
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been obtained since then, and also considers many of thesstigélt with in Fay's book, but

gives more details of the experimental conditions and methods. Whenever possible original
sources of data have been used for assembling this report. While it is believed that it covers
much of the material on audiograthsit is available in the open literature, there are instances
where papers have been cited by authors but the original source papers have not been located.

Section2 briefly outlines the hearing mechanisms of marine mammals and fish, while
Section3 consiers the validity and shortcomings of this earlier work. Sectioansiders the
methods that are used to estimate audiograms. Sécpoovides a brief summary of the
available literature.

The audiograms that have been located, after extensive seafutungh the literature, are
given in Appendice2 (for fish) and 3 (for marine mammals), while Appendlixontains

other data that has been found which, while not presenting audiograms, has information on
hearing which is of relevance.

The audiograms haugeen summarised in a standard form which, it is hoped, will allow their
convenient comparison and use.
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2. Fish and marine mammal hearing mechanisms

The purpose of this section is to provide a brief review of the mechanisms by which fish and
marine mammla hear underwater.

2.1. Fish hearing mechanisms
2.1.1. Structure of the inner ear

The main structures within the inner ear of fish are three semicircular canals and the otolithic
organs: the utriculus, the sacculus and the lagena. The relationshg@ebdtwese structures
defines the division of the ear into thpars superiorand thepars inferior, which are
responsible for the vestibular senses (related to equilibrium) and the auditory senses (involved
with sound detection), respectively (Popper & Cbsifi980)).

The semicircular canals have an ampulla at the base, which contains sensory receptive hair
cells located on the crista. The lumen of the canals contains a fluid known as endolymph,
which has a particular ionic composition and special visgoperties (Hawking1986)).
Associated with the canals are the three otolithic structures the utriculus, the sacculus and the
lagena. The utriculus has a direct association with the canals and forpershsuperioy

while the sacculus has a connectiith both the utriculus and the lagena, though it is with

the lagena that thears inferioris formed.

Otoliths are found within the utriculus, the sacculus and the lagena. These are essentially
stones of calcium carbonate and are situated on a sengiingliem, the macula. In
elasmobranchs and more primitive fish the otolith is replaced with numerous spherules of
calcium carbonate, the otoconia.

In many fish the inner ear is the main structure in fish hearing, though in other species there
are definedstructural linkages with gadled cavities. Cypriniformes have a connection
between the inner ear and the swimbladder through the Weberian ossicles, while in
Clupeiformes the swimbladder directly enters the cranium (HawkB86)). The
specialisation of different fish families will be discussed later.

SACCULUS
LAGENA

UTRICULUS

DORSAL VIEW OF LEFT EAR

ANT POST

SEMI

LAGENA

AMPULLA

SEMI CIRCULAR CANAL

LATERAL VIEW OF LEFT EAR

Fig. 2.1. Figure showing main structures of the inner ear. Adapted from
Hawkins (1986).
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2.1.2. Hearing mechanisms
2.1.2.1. The otolith

A study carried out on the plaicBlgeronectes platessahaved that when fish were placed

in a standing wave tank where particle motion and sound pressure could be varied
independently, a response was only shown to changes in particle motion. This was also
backed up with field experiments on the dalim@nda limada and the salmonSalmo

salar), where sound pressure thresholds within the nearfield of the source were lower, thus
confirming that fish respond to the greater amplitudes of particle motion that occur close to
the source (Hawkingl986)).

2.1.2.2. Gadilled cavities

Fish having a close association between the swimbladder and the inner ear are sensitive to
sound pressure (Hawkiii$986)). It appears that the ¢f@ted cavity acts as an acoustic
pressurego-motion transformer; sound pressure causeschi@nber to pulsate, generating a
higher amplitude of particle motion (Hawki(E986)). Groups of fish showing these
specialisations are tf@tophysi, mostly freshwater species, including the order Cypriniformes
(e.g. goldfish, carp, minnows) (Popper &Ha993)).

2.1.2.3. Lateral Line System

The other main mechanoreceptory system in fish is the lateral line system (Helfmann, Collette
and Facey1997)). In teleost (bony) fish the lateral line is usually visible as a row of small
pores along the trunk dnthe head. These pores lead to the underlying lateral line canal
(Bleckmann(1986)). The basic unit of the ordinary lateral line system is the neuromast,
consisting of a cluster of peahaped sensory cells called hair cells, surrounded by supporting
cdls. Neuromasts are covered by a gelatinous cupula which encompasses the sensory hairs
from the underlying mechanosensitive hair cells (Bleckn{a086)).

The sensory hair cells of the lateral line system are sensitive to minute water movements
(Hawkins(1986)). This is essential for fish to be able to detect currents, maintain position in
a school, capture prey and avoid obstacles and predators (Popper a(i®8Bjt

Detection begins when sound waves around the fish or in the canals displace ttheugela
cupula, causing bending of the stereocilia, thus altering the firing rate of the sensory neurons
system (Helfmann, Collette and Fad&997)).

Sand(1981) confirmed that the trunk lateral line is an acutely sensitive vibration (particle
motion) detetor. Using vibrational stimuli he found that roadRufilus rutilug displayed
optimal sensitivity to frequencies around39. The lowest threshold value measured at this
frequency was 3.3 x fcmrms.

The lateral line system responds to Ageld water displacements produced by a sound
source and to tiny water currents set up b
static objects. The ordinary lateral line organs found throughout teleosts are used as "distance
touch" receptors. They aod special importance for the detection and localisation of prey,

for predator evasion, for schooling, and for intraspecific communication (Bleck{h8&)).

2.1.3. Hearing specialisations
2.1.3.1. Introduction

The anatomical, behavioral and physiol@jivariation among fishes is immense. This
includes the ear and associated structures and suggests that various species may detect anc
process sound in different ways (Popper and(E893)).
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Table2.1 shows a summary of the fish species, showing diffdexels of specialisation.
Those fish with specialist structures have been classified as 'high' sensitivigpemalists
with a swimbladder are 'medium' sensitivity and 13pecialists with no swimbladders are
termed 'low' sensitivity.

Table 2.1. Summary to show specialisation levels of a variety of fish species.

Species Common name Family Swimbladder connection| Sensitivity
Anguilla anguilla European eel | Anguillidae Noné? Medium
Clupea harengus Herring Clupeoidea Prootic auditory bulld@ High
Cottus scorpius Sculpin Cottidae No swimbladdée? Low
Gadus morhua Cod Gadidae Noné? Medium
Limanda limanda Dab Pleuronectidae | No swimbladdéP Low
gﬂeeg;?er}?n%rs mmus Haddock Gadidae Nonég? Medium
Merluccius merluccius | European hake |Merlucddae Noné" Medium
Pleuronectes platessa | Plaice Pleuronectidae | No swimbladdée? Low
Raja clavata Thornback skate | Raiidae No swimbladdéP Low
Scomber scomber Atlantic mackerell Scombridae Noné" Medium
Sprattus sprattus Sprat Clupeoidea Prootic audiory bullaé? High

W popper & Fay1993),? Blaxteret al (1981),® Turnpenny & Nedwel(1994).

2.1.3.2. High Sensitivity

The Clupeoidea, including herrin@lupea herringus and sprat $prattus sprattys show
elaborate specialisations of tteuditory apparatus. This group is characterised by the
presence of a prootic bulla, a gamtaining sphere evolved from the bones of the ear capsule
(Blaxter(1980)). A membrane divides the bulla into an upper part containing fluid and a
lower part cordining gas. Movements of the bulla stimulate both the utricular macula and the
lateral line, thus generating a coupling effect. Ducts connecting the bulla with the
swimbladder represent a unique adaptation system that prevents the bulla membrane from
bursting during a dive and maintains it in a flat resting state where it is most sensitive. The
bulla membrane is elastic, enabling much of the pressure to be taken up in the event of the
fish diving. The swimbladder is, however, compliant on pressure presaure difference is

set up between the bulla and swimbladder, causing gas to flow into the bulla, restoring the
membrane to its flat state. The hearing ability of clupeoids is enhanced by the presence of the
bulla (Blaxter(1980)).

2.1.3.3. Medium Sasitivity

Cod Gadus morhuphave a rather restricted frequency range. Sensitivity to sound pressure
indicates that the gddled swimbladder may be involved in the hearing of cod, although
there is no direct coupling with the labyrinth. At lower freggies high amplitudes can be
obtained close to source, suggesting sensitivity to particle displacements. Hearing thresholds
are determined by the sensitivity of the otolith organs to particle displacemaatiaid

from the swimbladder (Chapman & Hawki(1973)).

2.1.3.4. Low Sensitivity

Flat fish such as the plaic®léruronectes plates(aand dab I{imanda limanda have no
swimbladder and are therefore relatively insensitive to sound; they are insensitive to sound
pressure and rely on the detectionpafticle displacement (Turnpenny & Nedwg@lb94)).
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The sculpin Cottus scorpius also has no swimbladder and is deaf to propagated sound
waves, therefore it can only perceive the near field effect (Ehg§ér)).

2.2. Mammal hearing mechanisms
2.2.1. Introduction

In the frequently murky waters of the seas an acute sense of hearing is of central importance
in a marine mammal's life, and may be used to retain cohesion in social groups, for
echolocation to locate and capture food, for detection of thedsofuan approaching predator

and for avoidance of harmful situations, such as being struck by boats.

Marine mammals divide into three orders, the Cetacea, Sirenia and Carnivora. The cetaceans
comprise two groups, the odontocete, or toothed whales, amiyisticete, or baleen whales.

There are 68 species of odontocetes. Odontocetes are known to communicate at frequencies
from 1kHz to in excess of 2RHz. Many species also have echolocation systems operating at
frequencies of 2A50kHz.

There are 11 gzies of mysticetes; these differ from the odontocetes in that they lack-a high
frequency echolocation system.

The sirenians are herbivores that inhabit shallow tropical and subtropical waters; they
comprise three species of manatees and one species afgdudg/lanatees have a hearing
range of 40846,000Hz.

The carnivora are comprised of the pinnipeds, sea otters and polar bears, and are characterised
by being mammals which spend time both in terrestrial and marine environments. The
pinnipeds are comprideof the 18 species of Phocidae or true seals, 14 species of Otariidae or
eared seals (including the sea lions), and the Odobenidae, represented by a single species, the
walrus. Of the carnivora the pinnipeds both call and hear under water and in aime\st

of their visibility and widespread distribution they are probably the group which has received
most attention in terms of the effects of noise.

Many marine mammals both produce and receive sound. Seals, seal lions, and male walruses
produce vocizations underwater, probably by cycling air through air pouches in the animal's
head. Underwater vocalizations can include clicks, trills, warbles, whistles, arikéell
sounds. Odontocetes produce a wide variety of sounds, which include clickisesylaind

pulsed sounds within the air sacs of the nasal system. The details of sound production in
mysticetes, manatees and dugongs are not well known. Both groups of animals produce
vocalizations and possess a larynx and vocal folds. Manatees makpitiaitged squeaks,

while baleen whales produce lower frequency thumps, moans, groans, tones, and pulses.

2.2.2. Hearing mechanisms

This section is a brief overview of hearing in marine mammals, and is not intended to provide
an exhaustive summary of theptc. The reader is directed towards useful summaries of
hearing in marine mammals provided by Keit#894), Richardsoet al (1995).

The hearing mechanisms of marine mammals, in common with that of terrestrial mammals,
may be divided into three compongn These comprise an outer ear, a flilldd inner ear

which contains a frequen@ependent membrane interacting with the sensory cells, and an
air-filled middle ear which serves to provide an efficient connection between these. In
terrestrial mammalghe function of these structures is well established and the auditory
pathway, which may be termed the tympanic hearing process, is well understood. However,
in marine mammals the detailed structure of the hearing pathway varies significantly between
speies, and there is evidence that additional auditory pathways exist for some marine species.
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The most dramatic differences in hearing between terrestrial mammals and marine mammals
can be found in the cetaceans (whales, dolphins and porpoises), wher@¢heoeexternal
pinnae; in addition the ear canals are vestigal or absent and may not be functional. In
odontocetes sound is channeled from their environment to the middle ear through the lower
jaw, through fats in conjunction with a thin bony area datlee pan bone. These conduct
sound to the tympanic membrane of the middle ear. The middle/inner ear complex is encased
in bones and suspended by ligaments in a cavity outside the skull of cetaceans. The details of
how the middle ear functions in cetaos are still being investigated. In mysticetes the
narrow ear canal, while present, is terminated by a waxy cap. In the odontocetes the ear canal
is narrow and plugged with debris and dense wax. N@®80) first speculated that fat

filling the lowerjaw might act as a preferential path for ultrasonic signals to the middle ear;
Brill et al(1988) later confirmed this role. Scheif¢l®91) indicates that dolphins receive
sound through their lower jaw (mandible); the core of the lower jaw is fill¢dl fats that
conduct the sound. A thin bony area at the rear of the lower jaw known as the pan bone acts
as an acoustic window.

The inner ear of cetaceans functions in the same way as terrestrial mammals((&d¢n

The differences lie in the innearecharacteristics; these include the number of nerve cells, the
size of the basilar membrane, and the support of the basilar membrane. Toothed whales have
more nerve cells associated with hearing than terrestrial mammals. Baleen whales have fewer
nerve cells associated with hearing compared to toothed whales, but more than terrestrial
mammals. The thickness and width of cetacean basilar membranes are closely linked to the
unique hearing capacities of toothed and baleen whales. The thicker and tstifferstiar
membrane the more tuned an ear will be for higher frequency hearing. Toothed whales have
evolved adaptations that increase the stiffness of the basilar membrane. Bony supports are
present in toothed whale cochleae to increase stiffness.hithadss of the membrane is also
larger compared to terrestrial mammals of the same body size. These adaptations contribute
to the exceptionally high hearing range in toothed whales. Baleen whales, on the other hand,
have exceptionally broad, thin, anth&ic basilar membranes. It is thought on the basis of
these characteristics that baleen whales have good sensitivity to low frequencies of sound.

The pinnipeds (seals, sea lions, walruses, sea otters and polar bears) spend time on land as
well as in wagr, and consequently their auditory structures and hearing are similar to those of
terrestrial mammals, other than the pinnae (external ear flaps), which are greatly reduced or
absent. This presumably arises as a consequence of the longer wavelermgihd of svater

than in air, the relative transparency of body tissues and the need for a hydrodynamically
efficient outline. Pinnipeds have also not developed high frequency ultrasonic or low
frequency infrasonic hearing. The middle and inner ears ofgads, polar bears, and otters

are similar to those of humans and other terrestrial mammals. Otarids (eared seals) have
small ear flaps and broad ear canals. Phocids (true seals) have no pinnea and narrow ear
canals; the ears themselves are still atdbethe skull, and muscles around the ear canal
hole function to close the ear canal to water.

It is interesting to note that wheareas the physics of mammalian hearing in air is reasonably
well understood, and models exist to predict hearing ability famatomical information
(Fay(1988)), there is no generally accepted equivalent ability to specify marine mammals'
hearing from morphological detail. It must therefore be concluded that, for the time being at
least, the only method of obtaining detailed actcurate information on marine mammal
hearing ability is to directly measure it.
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3. Audiograms
3.1. Introduction; the audiogram

It is intuitively obvious that the quality of the scale used to quantify the effects of noise on a
marine animal will be dermined, at least in part, by the quality of the information that is
available concerning its hearing.

In general, the principle of measuring an audiogram is that sound at a single frequency and at
a specified level is played to the subject, typicallygmilsed tone. A uniform and calibrated
sound field is created by means of loudspeakers or headphones in air, or projectors
(underwater loudspeakers) in water. A means is required to find whether the subject can hear
the tone. In the case of human agplams, this is provided by the subject pressing a button
when the tone can be heard. The level of the sound is reduced, and the test repeated.
Eventually, a level of sound is found where the subject can no longer detect the sound. This
is the thresholdf hearing at that frequency. The measurement is typically repeated at a range
of frequencies. The results are presented as the threshold of hearing of the subject as a
function of frequency; this is knoamns hawve t he
the appearance of an inverted ksbped curve, with a lowest threshold level (maximum
hearing sensitivity) at the base of the curve and increasing threshold levels (decreasing
sensitivity) on either side.

In principle, measuring audiograms ofinme species in water is identical to performing the
measurement in air, other than the need to use suitable underwater sound projectors. It might
be noted, however, that it is difficult to create uniform fields underwater; this is further
complicated bythe fact that marine species can respond not only to the pressure of the sound,
but also its particle velocity (level of vibration). It is therefore necessary to ensure that both
of these quantities are well controlled during the measurement of theyeardio In addition,

it is very difficult to provide an experimental facility having adequately low acoustic and
electrical noise.

3.2. Quality of the experimental environment

There are five factors in respect of the quality of the experimental envirorhaninay
influence the quality of an audiogram.

3.2.1. Calibration of the field

In order to provide an accurate estimate of the audiogram of a species, it is necessary to know
exactly the acoustic field to which the species is exposed. This is comgblimathe fact that

there are two parameters of the sound to which the species can respond, the pressure and the
particle velocity.

The pressur® of a sound field is the parameter with which most are familiar, since it is the
parameter that determinesthd oudness o of a sound to humar
specify a sound field is its particle velocy Particle velocity is a measure of the vibration

of the fluid transmitting the sound. In open water, the two quantities are related by

P=rcVv
wherer is the density of water armis the sound speed in it.

However, this simple relationship breaks down in many circumstances, including:

1 near to a water surface, where the acoustic pressure drops to zero but the particle
velocity increases tomaximum.;

1 near a seabed carrying seismic waves, where the evanescent component of the wave
can induce high particle velocities in the overlying water without corresponding
acoustic pressure;
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1 near to a source, where the reactive nearfield can induce higls lef particle
velocity;

1 near to compressible materials, such as bubble swarms, at@h&ming materials,
such as divero6s suits, and

71 in small volumes of water, such as experimental tanks.

It is therefore important to understand the pressure andlparélocity fields not only when
measuring the audiogram of a species, but also when using the information to determine a
speciesd6 |ikely response to a noi se.

At low frequency, acoustic fields in experimental tanks generated by a submerged sound
projectormay have low levels of pressure and high particle velocities, as a result of the walls
and surface of the tank displacing outwards under the influence of the pressure. At high
frequencies, however, reflections of sound at the tank walls may causeldh® fiecome

diffuse, with sound travelling in all directions, such that the pressure is high and the particle
velocity low. At intermediate frequencies complex modal patterns of sound may form. The
behaviour of the field may be different when a loudkpean air above the tank is used to
generate sound in the water, as has sometimes been done. For instance, at low frequencies,
the pressure induced by the airborne sound will tend to be high, but the particle velocity will
be low.

In general, there wilbe no simple relationship between pressure and particle velocity in an
experimental tank, and there is also no reliable method of calculating the relative levels of the
two quantities. Hence they must be measured.

3.2.2. Independent measurement and cordt of pressure and particle velocity

Since animals may be able to detect both pressure and particle velocity, these must be
independently controlled in order for the importance of each to be identified and the results of
the audiogram to be generally applble. For instance, consider a simple test in which two
identical transducers are placed in a large tank of water facing each other, with an
experimental subject on the centreline between them. If the two transducers are in phase, due
to symmetry the pé#icle velocity from one transducer will be equal and opposite to the
particle velocity from the other, and the subject will be positioned at a particle velocity null.
The pressures from the two transducers will, however, sum and be high. If one of the
transducers is opposite in phase to the other, due to symmetry the pressure from one
transducer will be equal and opposite to the pressure from the other, and the subject will be
positioned at a pressure null. The particle velocities from the two tramsduidlenow sum

and be high.

Consider two separate audiograms measured under these two conditions. If the animal is
more sensitive to the first case than the second, it is responding to presswieg-andsaif

the animal is more sensitive to the setaase than the first, it is responding to particle
velocity.

The importance of separating these two quantities has not generally been recognised, although
several authors have realised that both fish and marine mammals (e.g. @Ia&Gr

Turl (1993)) nay be sensitive to particle velocity. It is therefore important that the two fields
are calibrated when audiograms are measured. The exact pressure at which the auditory
threshold occurs must be known for frequencies at which the animal respondsucepeess
similarly the exact particle velocity for frequencies at which the animal responds to particle
velocity. It may be added that the current best practice would be to ensure that such
measurements of sound are also traceable to International S&ndar

Document ref: 534R0214 9 Y
www.subacoustecbom



Fish and Marine Mammal Audiograms: A summary of available information

The process of calibrating the sound field is somewhat more involved than would be the case
for the equivalent measurement taken in air, since animals in water may interact with the
sound field. When a marine animal is placed in a sound field, teidielistorted and may
increase or decrease in level. This mainly occurs when there is a compliant structure in the
animal, and may occur at lung resonant frequency with marine mammals or at swimbladder
resonant frequency with fish.

The simplest methodf @alibrating the sound level at which the auditory threshold occurs is to
measure and note the level of sound while the animal under test is in position, say by a
hydrophone placed adjacent to its head. This is usually referred thrast@alibration

However, in practice, the level of sound adjacent to an animal of a given species will not be
known. Typically, the sound in the open water, well away from any animals, will be
estimated or measured. The increase or decrease in level that occursnwdr@mal is
present in the sound field is immaterial; what is of interest is the sensitivity of the animal to
sound of a given fre@eld level. In order to relate this to the perception of the sound by the
animal, the equivalent frefeeld threshold of karing is required. To perform this
measurement, the frdéeld level of sound, in the absence of the animal, is recorded in the
experimental tank for a wide range of level settings of the equipment generating the sound.
The animal is then inserted intioe field and the threshold of hearing of the animal is found.
The threshold is then related to the equivalentfiedd level of sound, rather than the actual
level of sound adjacent to it. This method of measurement is termedhsartion
measuremensince the level is measured prior to the subject being inserted into the field.

In the only known case of both insertion and direct audiograms being recorded (for human
divers wearing neoprene wetsuits), the two measurements varietidyB(Parvin, Nedell
et al(1994)).

3.2.3. Uniformity of field

A further complication arises when the audiogram measurement involves -advagg

subject, as is usually the case with marine mammals, as even when the animal is called back
to a start position it cannotvedys be guaranteed that the animal will be at a precise location
when the sound is played. In this case, the uniformity of the sound field around the test
position will be an important parameter.

It is suggested that, as a minimum, the sound field sHmilctcorded and documented over
the area in which the experimental animal is confined in order that the level of threshold can
be assessed to an adequate and specified accuracy.

3.2.4. Background noise

Background noise has the potential to mask the tgmesented to an animal during an
audiogram measurement, causing artificially elevated thresholds. Some methods of
estimation of audiograms, such as the ABR method, use an averaging procedure and hence
are insensitive to noise. Others, such as the balr@limethods, rely on the animal being

able to detect the tone above the background noise. It is therefore essential that the
background noise is measured in any facility, and compared with the threshold measured.

3.2.5. Number of individuals tested

Inevitably, marine animals will have varying acuity of hearing between individuals. Part of
this variation will result from natural variability in ability, and it is possible that certain
individuals may have suffered hearing damage as a result of diseasss@®s) age, or as a
result of traumatic exposure to sound. Consequently, the number of individuals tested in any
given audiogram measurement has to be sufficient to establish reasonable confidence in the
quality of the measurement.
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A greater degree of afidence arises where audiograms have been reported for the same
species by different authors, under different experimental conditions, and using individuals
drawn from different stocks. If the results are repeatable it implies that they represerd the tru
threshold of hearing and are not an artefact of the measurement process.

Due to the difficulty of procuring and working with marine mammals, many of the published
results are for a single individual. In at least one case known to the authors, thdualdivi
was a single elderly animal confined in a zoo, and hence possibly not representative of the
natural stock. Published audiograms for single individuals must be considered provisional
information only, and in need of confirmation where the resultsuaesl to estimate the
environmental effects of noise.

Fish are generally easier experimental subjects and generally greater numbers of individuals
have been tested in measurements of audiograms. In some cases, such as the goldfish
(Cassius auratys sufficient numbers of individuals have been tested to achieve reasonable
statistical confidence in the results, and different authors report similar audiograms.

3.2.6. Frequency and dynamic range of measurements

The hearing range of a marine animal may spaerakdecades of frequency. Above and
below this hearing frequency band are regions in which the animal is insensitive to sound.
Above the hearing band the sound is described as being ultrasonic for the animal, and below
the hearing band the sound is désed as being infrasonic for the animal. The frequency
ranges in which the sound is infrasonic and ultrasonic therefore pertain to a particular animal.
A sonar system operating aklHz may be ultrasonic for many fish, as they are mainly low
frequency larers, but infrasonic for some marine mammals, which hear at frequencies of
10kHz to 100kHz.

Within the hearing frequency band for a given species, the sensitivity to sound will vary;
usually the audiogram when plotted on a logarithmic frequency axaughly an inverted
bell-shaped curve, with maximum hearing sensitivity near the centre. It is convenient to split
the hearing range into three bandg,

1 theiipeak h e a r, iextegpding faom dtiie maximum sensitivity to, say, a
frequency at which thieearing threshold is 1@ higher than the peak value;

1 affhi gh f r e q whichextends kpwards ram the peak hearing band to the
frequency at which the sound becomes ultrasonic for the species, sagBnbBove
the maximum sensitivity, and

T afil dw e g u e n cwhichsextendst downwards from the peak hearing band to
the frequency at which the sound becomes infrasonic for the species.

The hearing bandwidth, which may be defined as the width in Hz of the entire hearing range
(all three hearing bamsd, varies from species to species. Generally, animals which use sound
to navigate, explore and communicate (hearing specialists) have a wider hearing range and
greater sensitivity to sound than other species.

One drawback of many reported audiogram#$& the frequency range over which they are
recorded is insufficient to define the entire hearing range of the species, from infrasonic to
ultrasonic frequencies. This may partly arise because the insensitivity of species to sound at
the extremes of heay means that the high levels of sound that are required to cause an
evoked response are difficult to generate. In addition, at high frequencies it is difficult to
generate uniform sound fields. It is also probable that some audiograms are measured as a
result of the identification of general fea
peak hearing band is sufficient to satisfy this requirement.
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In the case of the behavioural response of species to sound, the entire hearing range must be
known, as a species may be equally affected by, say, a low level noise generating frequencies

in the peak hearing band, or by a high level source generating frequencies at the extremes of

the upper or lower skirts. In man, the human hearing range is définpdactical purposes

over a dynamic range (from the threshold at the most sensitive frequencies, to the extremes at
which hearing becomes ultrasonic or infrasonic) of at leadB70

It will be noted that many of the audiograms herein are reported awer smaller dynamic

ranges. In most cases the peak hearing band is reasonably well reported. In many cases, the
high frequency skirt is also reasonably well documented. However, in many cases the lower
frequency skirt is poorly defined; this probablysulis from the fact that high levels of
undistorted low frequency sound are, in general, difficult to generate.
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4. Methods of obtaining audiograms
4.1. Introduction

When conducting experiments to obtain an animal's audiogram it is necessary to gauge
regponse to the sound by a means that does not require the cognitive compliance of the
subject. Consequently, there are two principal methods by which audiograms have been
obtained for fish and mammalsjz. by behavioural means and by evoked potential

measu e ments (by monitoring of the electrical

4.2. Behavioural methods

In behavioural methods the subject is trained to respond unambiguously to the measurement
signal. The response may involve, for instance, titgest moving to another location in its

test environment, or altering its heart rate. Of the former, there are two approézhes,
go/nogo method, or a method in which it has to choose between two stations to move
towards.

For marine mammals, in tlgw/nc-go method, the subject is stationed at a listening position at
the start of a trial. The animal is trained to stay in position if it does not detect the signal, or
to move to another position if it does. Typically, it may have to press a swischmaf sort at

the second location, and if it has responded correctly the subject is rewarded with food. The
start of a trial is signaled, perhaps by the switching on of a light, and the subject moves
immediately it hears the signal if one has been prederiteno signal has been presented the
end of the trial is signaled, by the switching off of the light or the trainer giving a signal.

In the method in which a choice has to be made, a signal is presented to the subject. The
subject has to go to eithef two locations depending on whether or not it detected the signal;
the experiment may be arranged such that the subject initiates the presentation of the signal.
Again, a correct response is typically rewarded with food.

Regarding establishing the lowestund level that the subject can hear, the most common
approach isthesoal | ed O6staircase met hodd. I n thi
which is known to be above the animal ds t
respond in the marer which indicates it has heard it. The level of subsequent signals is
lowered steadily (usually in @B steps), until the subject fails to detect it, whereupon the level

is increased (again, usually indB steps) until the subject again detects it.er€apon the

signal is lowered in steps until again the subject fails to detect it. This procedure is repeated
until a set number of reversals has been obtained (typically 10). The average of the levels at
which reversals took place is then taken ashihestiold level. This procedure is repeated for

as many frequencies as necessary to establish the complete audiogram.

Anot her approach is the O6constant stimul us?aé
of sessions of trials is carried outn éach session the signal is presented at the same level a
number of ti mes. Typically a total of 20

session. For each trial the subject responds as trained if it has heard the signal. At the end of
the session the proportion of correct responses is calculated. The series of sessions starts with
the signal set at a | evel known to be abov
has its signal level reduced, typically by 2 tdB} until a level is reached at which the subject
responds correctly in only 50% of the trials. A few further sessions may take place, with the
signal level increased, to verify the results. The 50% correct responses level is taken as the

A

subject 6s t hhatdregnemdy.d | ev el for

I n both methods o6écatchdo trials, I .e. trial:
trials in which signalsire presented.
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A major disadvantage with behavioural measurements of audiograms is that they require the
complianceof the subject, and hence only work well with animals that can easily be trained.
They are also very time consuming, both as a result of the training and as a result of the large
number of individual trials that are required.

4.3. Evoked auditory potental methods

An alternative approach to finding the level of sound at which a response occurs is to directly
measure the evoked auditory potential, or electrical impulse in the auditory nerves, that results
from the sound. These methods, which were orityirddveloped for use on narompliant

human subjects (babies and in the case of feigned deafness) have largely been used with fish,
but some marine mammals have also been tested in this way.

In this approach, subcutaneous electrodes may be insertedsnuttiiej ect 6 s head t
auditory end organ and directly measure the evoked voltage. Less invasively, the electrodes
may also be placed cutaneously (on ¢tfiblle ski
manner the activity in the eighth nervadabrainstem auditory nuclei. This latter approach is
termed the Oauditory brainstem responsed (A

In a typical ABR measurement two electrodes are used, one of which is referred to as the
6recording' el ectrode aarale. tTheoltage tbdtveeen thea svo t h e
el ectrodes, of the order of evolts, is inpt
a signal there is a typical response waveform, the amplitude of which is dependent on the
level of the sound it heard. The signaldeis steadily reduced until the typical response
pattern can no longer be discerned in the waveform, and the sound level at which this occurs

is taken as the subjectds threshol d. A mo
Appendix1.
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5. Gereral comments on the audiograms
5.1. Fish audiograms
The fish audiograms that have been found and evaluated are summarised fhIlable

The full details of the audiograms for each species are given in App&ndicluding
methods used to measure theiagthm.

5.2. Mammal audiograms.

The marine mammal audiograms that have been found and evaluated are listed %2Table
The full details of the audiograms for each species are given in Appndix

5.3. Summary.

A detailed summary of the audiograms igomssible, as the assessment of the quality of any
given audiogram will depend to some degree on the detail of the use that is to be made of it.

In the context of the estimation of the environmental effect of noise using tHSpEXiek
scale, it may bewsnmarised that:

1. the range of species for which audiograms are available represents a small subset of the
marine animals that are of economic or conservational significance worldwide;

2. those audiograms that are available are generally of a lower qualitywihald be
desirable as the basis of a robust{feciesalgorithm;

3. there are relatively few audiograms which have sufficient measurements, on sufficient
individual animals, by enough different authors, to yield a high degree of confidence in
theruseo t o be accepted as a Adefinitived au

4. the extremes of hearing (the upper and lower hearing band skirts) are in general more
poorly documented than the peak hearing band.

Nonetheless, it is believed that estimates of environmental effect bated dB(Speciey

scale, albeit based on the existing imperfect audiograms presented in this report, will be a
significant improvement over the estimates based on unweighted scales currently in use,
which embody the assumption that all species have aal égaring ability and an infinite
hearing bandwidth.

It is thought likely that current concerns over the effects of underwater noise, and the
prospective adoption of the gfSpecies scal e as a metric for es
will provide canmercial pressures for the provision of good quality audiograms, as a
requirement for the assessment of the effects of noise for Environmental Impact Assessments
and other offshore activity. It is suggested that in due course there will be the neadd® pro

a public domain repository of this information, and the means to encourage organisations
conducting such studies to contribute their information to this repository. A publicly
available standard for the gBSpeciey regularly updated to embody thxest available
information, could be an output of this exercise.
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Appendices

Appendix 1. The ABR method

This description of the auditory brainstem response method is based on that given in the paper
AA comparative study of hearing ability 1in
by T.N.Kenyon, F.Ladich and H.YYan (1998).

A sketch of the experiental arrangement is given in FAL.1. The subject is held in a nylon
mesh O0sock6é in a water tank, such that onl
fitted, is exposed. In fact, this area also is covered with some tissue to keep theh@p of
subject s head -dontroled gravihfeet aeratpdewatartsystene is used for
respiration of the fish.

I power
ampirer

ondapeagker @_l__., mlgzll.rtl:u':rllilg
mIGopho i )
ecortng ecorng
o potok — ] T
Fppolt
nrieh

and R0
1=
& oo

alr sapply
j R ]

e thodig
ek v poz Bow

Iydroph oe

Fig. A1.1. Sketch of seup for experiments.

The recording electrode is placed oregion.he m
The reference electrode is placethB anterior to the recording electrode. The electrodes,
which consist of 0.25nm dia. Teflorinsulated silver wire with inm of insulation removed

at the tip, are pressed ¢ electrndey areacgnmdctadstd thet h e
differential inputs of an amplifier, care being taken to eliminate extraneous noiseppick
(twisted screened leads are used. The authors note that they usBdof#i@ain, and a
passband of 3Bz to 3kHz for the tests&r r i ed out on gol dfi sh).
connected to the water in the test tank.

The loudspeaker used to generate the sound to which the fish is exposed is located in air
above the subject; the particular loudspeaker used depends on tleméyetange of the tests.

A microphone located near the loudspeaker monitors its output. A hydrophone located near
the exterior of the presumed inner ear of the fish monitors the sound level in the water.

I n the author sdé expe rcedmoreavibratioisoaion tatdetloeated in a n k
a soundproof chamber. The electrode and hydrophone amplifiers were also inside this
chamber; the rest of the electronic apparatus was located outside the chamber.

The signals used can be clicks or tone bur§tee authors used clicks Onis in duration,
presented at a rate of 38.2/sec. (this rate was used to prevent phase locking wittHany 60
mains noise). The number of cycles in a tone burst is adjusted at each test frequency to get
the best compromise lveten rapidity of builelp to steady level and duration of signal at the
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steady level (greater rapidity of builp gives greater efficacy of ABR generation, while
longer duration gives a sharper spectral peak). The authors used a Blackman window on the
tone bursts to reduce spectral sidelobes and to provide ramped onsets and decays.

Typical stimulus and response waveforms for a tone burst are shown W1Eg.for (i)a

goldfish (top curve) and (in oscar Astronotus ocellatys(second curve). Heravb bursts

of opposite polarity have been presented and the responses overlaid. The authors used 1000
bursts of each polarity in their experiments, so that they had 2000 responses to establish an
average response curve, and thereby eliminated stimultectsti They also carried out this
procedure twice at each test frequency to ensure that traces were repeatable.

I.-"‘l.l |'ﬂ'| ™
—/ \ ."I 'lu,-" N 390 deqy. o
= stirmuli
——J\/\/\/‘\fw 270 deg.
0 5 10 15 20 25

time (ms)

Fig.A1.2. Responses of a goldfish (top curve) and an oscar (second curve) to tone bursts
of opposite polarities. Adapted from Kenyon,T.N. et al (1998).

The experiments start with the projected sound level above the expected threshold level at the
test frequency, and the stimulus level is gradually reduced until a recognizable and repeatable
ABR trace can no longer be discerned. Rif).3 ows the responses obtained from tests on

a goldfish by Lovell (Nedwell).R.(2003)). The level was reduced irdB steps initially,

and in 2dB steps at the lower stimulus levels, until a recognizable and repeatable ABR trace
could no longer be discerhie The lowest sound pressure level at which a repeatable trace
could be obtained was taken as the threshold level at that frequency.
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1 u‘v“] WW | 80dE re 1uPa
W\ﬁ ﬂwﬂwﬁ%ﬁm 76dB re 1pPa

MMWMm%:%EM 72dB re 1pPa

iMWMﬁMWM 63dE re 1pPa

W-MWWW EEdB re 1pFa

he G64dB re 1pPa

1

| | I | |

a | A 10 15 20
o time (ms)

Fig. A1.3. ABR waveforms for a goldfish in response to a 508z stimulus signal of
reducing level. The averaged tracesf two runs, each of 1000 sweeps, at each stimulus
level, are overlaid. The arrow with the abbreviation 'st' indicates the arrival of the
centre sinusoid of the stimulus sound. From Nedwell,R. et al (2003).
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Appendix 2. Fish audiograms.

Common name Database page ref. Page number
African mouthbreeder................. EIAfrenMthbrdr/OL ... 41
BasS....coiiii F/BaSS/OL......coooiiiiiiiit e 45
Bluegill sunfish........................... E/Bluegill/OL........cccoii e a7
Bonefish.......ccccvveiiiiiiiiiiiiicene, F/Bonefish/OL........cccccvvviiiiiiiiiiieeeiiiiiiiiieeeeen. . 49
CaArP e F/ICarp/Ol......coooiii e 51
Catfish.......ccoociiiiiiiiiiicceeie, FICatfiSh/OL.........cuvviiiiiiiiiiiiiiceeiiiiieeceeeee e 53
Clown knifefish...........cccceeeeeee. FICIOWN/OL....cooiii e 85
COd.coovvieieeeiieee F/COA/0L oo 57
COod..oooiiiiie e F/COA/O2...eiiiieeee e 58
COod.coiiiiiiiiiiee FICOA/03....coiiiiiiiiiieeeee e 59
CubbyuU......coooviiiiiiiie FICubbyu/01.......ccc e 61
Dab.....cccociiiiiii F/Dab/OL....coeeiieiiiiiiiiiii 63
D= | o F/Dab/02.......oveeiiiiiiieieeeeeseeeeeieee e 66
Damselfish..........ccccooeviiiiiiiiennn. FIDamMsSel/O1.......ccouvvviieeiiiiiiiiiie e, 68
Damselfish, Beagrregory............. F/DamselBeauGregory/Ol............ccvveveiiieiiiennee. 70
Damselfish, Beaygregory............. F/DamselBeauGregory/02...............ccccvvvvnnneene. 72
Damselfish, bicolour................... FE/DamIBicolour/O1..........ccooeevviieieiiiieemeeeenn. 74
Damselfish, cocoa...................... E/DamselCocoa/0l............ccooeeiiiiviimnnni s 75
Damselfish, honey gregory......... F/DamselHoneyGregory/Q1..........ccccvvvvvvveerenns 77
Damselfish, longfin................... E/DamselLongfin/OL.........ccccceeeeeeeiiiivieeeeeeeen. 79
Damselfish, Three spot.............. F/Damsel3Spot/OL.........cevvviviiiiiiiiiiieeeiiiiieeeen 81
Elephant nose fish...................... E/ElephantNose/0l...............oovvviviiviimreeeeeeennns 83
Fathead minnow............cccc.eeeee. F/Fathed/O1..........ccoovvviiiiicmme e 85
(CT0] o) V2 F/GODY/OL.......ccoieieee 87
(€0 o)V | SLCT0] 0 )Y/ 17 88
GODY..coovi e FIGODbY/O3.......cco 89
Goldfish...........ooe e, FIGoldfish/O1..........ccoooiieeee e 91
Goldfish..........oooiiiieees FIGOoIdfish/O2..........ccooiiieeee e 92
Goldfish...........ooe e, FIGoIdfish/03..........ccoooieeee 93
Goldfish..........cooiiiieees FIGOIdfisSh/O4..........cccoiieee 94
Goldfish...........ooe e, FIGoIdfish/O5..........cccoeieeee e 96
Goldfish..........cooiiiieees FIGOoIdfish/OB............ccooiiiiiiieeee e 97
Goldfish...........ooe e, FIGOIdfisSh/OT.........ccoeee e 98
Goldfish..........oooiiiieees FIGOIdfisSh/08..........ccooiieeee 100
Goldfish...........cooeiieieeee, FIGoldfish/09............ccooiieeee e 101
Gourami, blue.............cccccnvinnne F/GouramiBIue/OL.........ccevvvviiiiiiiiiiieeieieeeen. 104
Gourami, blue..........ccocoeevvnnennnn. F/GouramiBIue/02..........ccooeveveeeiiiiiceeeeieeeen, 105
Gourami, blue.............cccccvnnnnne F/GouramiBIue/03.........cccvvviiiiiiiiiiiieeeeeceeee. 106
Gourami, croaking...................... E/GouramiCroaking/OL.........ccccceevviiiiiiicannnnn. 108
Gourami, dwarf............ccceeeeinne F/GouramiDwarf/O1...........coooviiiiiiiiiiieeeiiiee 110
Gourami, dwarf..........cooeveeevennen. F/GouramiDwam02...........cooevvviiiieiiiceeeeeieees 111
Gourami, Kissing.........c.cccevvvvnnnn. F/GouramiKissing/OL...........cccovvviiiieivieeneeeenns 113
Gourami, Kissing............c..eveeeee. F/GouramiKissing/02............cooooeiiiiivinnnnnnnnns 114
Gourami, pygmy.......ccceeeeeeeeennnnn. F/GouramiPygmy/OL...........ccooviiiiiiiiiiieeeeeenn, 116
Grunt, bluestriped....................... E/GruntBlueStriped/O1..........ccccceeeviiiiiiiiccnnnn. 118
Grunt, bluestriped....................... E/GruntBlueStriped/02............coeeiiiiiiiiieeeeenn, 119
[ F=To [0 [0 1o G F/HaddoCK/O1.........covveeiiiiiieee e 121
o [T £ 1] [ F/Herring/OL........ccooooiiiii e, 123
LiNG. oo F/LING/OT......co o eeee e 125
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Mexican blind cave fish............... FIMXCNCave/Ol..........oovviiiiieiieeieem e 127
Mexican river fish............ccoeeeee. E/MXCNRIVEI/OL.. ..., 129
MOormyrid..........ooooiiiiiiiiiiieeenn FIMormyrid/OL.......coooooiiiiiiiiiiiiee e 131
(O 1] or- | S F/OSCAI/OL....covveiiiiiie e 133
OSCaAL...cuiiviiiiiiieci e, F/OSCAIO2....ccniieeieeeeee e 134
Oyster toadfish............ccccceeeennn. F/OysterToadfish/OL..............ccooovvvvviiieeee e, 136
Oyster toadfish.............ccccvvvveeee. F/OysterToadfish/O2.............ccceevviiiiiiieeciiiiee 137
Oyster toadfish...........ccccceeeeennn. F/OysterToadfish/03............cccooviiviiviieeee e 138
Paradise fish........ccooooveiiiiiinneen F/Paradise/0l.........cooviviiiiiiiieeee e 140
Perch....cooveiiiiiicceee e, F/Perch/OL......cccoovviiiii it 142
Pike perch.......ccccovvviiiieeen, F/IPikePerch/OL..........cccciiiiiiiii e 144
PinfiSh.......oooiiiiiii e FIPINFISN/OL ..., 146
PollacK.......ccooeveeiiiiiiiiiiieeeei 0] | F= Tod ¢ O 148
PollaCK........cooeevveviiiiiieei e, FIPONACK/O2........eeeeieieiie e 149
Red hind..........oooviiiiiiiiiie FIRedHINA/OL.......oeiieiii e 151
RUf e, FIRUFFIOL ..o 153
Salmon.. ..o, F/Salmon/OL.......cocuoiiveiiiiieeemeee e 155
Salmon....ccooovveeeii e, F/Salmon/O2..........covvveeiiiiiiiiieeee e, 157
SardiN€.....cooeveeiiiiiie e, FISardine/O1.........covveeiiiiiiceeeeeeee e 159
Schoolmaster.......ccooocvvveviiivnnneins F/Schoolmaster/OL...........cooevvveviiiiieemieeeeeen, 161
Shad, American..........cccc.cuuvee... F/Shad/OL.....cooviieii e 43
Skate, little.........ccevevieniiiiiiien. FISKate/OL.......ooveviiiiieeeeet e 163
Slender sea robin....................... F/SeaRobin/OL.......cooouiiiii e 165
Squirrelfish.......ccooeeeeiiiiiiiiiiieen, FISquirrel/OL...........ooooiiiiiieeee e, 169
Squirrelfish........ccceeeiiieen. FISQUIrTEl/02.....ceeeveieeiiieeee e 170
Squrrelfish ..., FISQUIrrel/03...........coooiiiiieeee e, 171
Squirrelfish, dusky...................... E/SquirrelDusky/O1..........ccccvvviiiiiiiiiieeeiieeee 167
Tautog.......ccoovvvveeeeieieeee e FITautog/OL.......cooovvviiie e 173
TaUtOg.....cce oo FITAutog/02........ceuiiiiiiiiiiiieeee e 174
Tautog........coovvvvveeeeieeee e FITautog/O3.......cooveeee e 175
Wrasse, bludead........................ E/WrasseBlueHd/OL........c..ccoovvvvviieiiiieeeeeee 177
Yellowfin tuna..........coeeevivnneeeenen. E/TunaYellowfin/OL.........ccooovvviiiiiiiiiiieemeiiee 179
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Database page ref: F/AfrcnMthbral/

Common name | African mouthbreeder.

Family

Species Tilapia macrocephala.

Paper from which| Fay,R.R. & PopperA.N. (1975). Modes of stimulation of the teleost ear. |
audiogram Exp. Bid., 62, 370387.

obtained

Paper having Fay,R.R. & PopperA.N. (1975). Modes of stimulation of the teleost ear. |
original Exp. Biol., 62, 37€387.
audiogram data

Comments on Microphonic potentials were recorded fromthefisiie i nner e al
methodology of | was a 250mndia. PVC cylinder 200mm high filled to a height of 160mm.
getting audiogran| bottom of the cylinder was made of 5mm thick Rhaubber supported by a
plastic grating. A 200mm dia. loudspeaker was suspended 250mm belowv
tank ofwater, facing upwards into an extension of the cylinder and forming
airtight cavity.

Animals were anaesthetised and immobilised before surgery to implanta
insulated tungsten electrode to measure the saccular potential. They wel
submerged in #tank, and tonal sounds were produced by the loudspeaks
The electrode signals were filtered between 10Hz and 10kHz before bein
analysed in a wave analyser with a 10Hz bandwidth filter; the filter was s¢
twice the stimulus frequency (its 2nd harri@dyn The sound pressure level
whi ch ¢ a uRMS spanseIranMhe inner ear was determined. SH
were measured with a Clevite Model @HT hydrophone placed where the
fishdéds ear would have been.

Any other 10 animals, of about 160mm standiéength, were tested.
comments All experiments were conducted in a doublalled soundproof acoustic
chamber.

The two ears in this species are not connected, so the saccular potential
recordings were the responses from one eatr.

Tests were also done in whichtheapent i al s were reco
head was vibrated, and also with the swimbladder filled with water; no log
sensitivity at any frequencies was found. Some retesting of specimens w|
done.
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Audiogram from Fig2(a). Threshold levelsindBrelb ar . Val ues are the

resul t e dRMS potersial. 1@ specimens.

Frequency (Hz] 50 80 100 160 200 250 315 400 500 600 700 800 900
Mean 21 22 15 16 17 18 20 24 29 34 41 51 59
SD 5 8 5 3 4 5 5 3 4 4 12 7 10

Threshold levels in dB r& saP

Frequency (Hz] 50 80 100 160 200 250 315 400 500 600 700 800 900
Mean 121 122 115 116 117 118 120 124 129 134 141 151 159

160 j
150 J
140

—& —&
] Ll
— —

—h
—
]

100

80

g0

threshold level (dB re 1 pPa)

70

B0

50

4[] T T T T T TTT T T T T T TTT T T T T LI
10 100 1000 10000

frequency (Hz)

—&— Fay & Popper (1975). (n=10)
[Fig. ref: AfrcniMthBrdr_G_01]

Audiogram for African mouthbreeder.
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Database page ref: F/Shad/01.

Common name | American shad.

Family

Species Alosa sapidissima.

Paper from which| Mann,D.A., Lu, Z. & PopperA.N. (1997). A clupeid fish can detect
audiogram ultrasound. Nature, 48:341. [25 Sept. 1997].

obtained

Paper having
original
audiogram data

Comments on Trained 5 fish to reduce their heart rates when they detected sound.
methodology of
getting audiograrm

Any other Notes that low frequency thresholds might have been masked by backgrg
comments noise (pumps)
Document ref: 534R0214 43 ;;;
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Audiogram from Fi

g2. Threshold levels idB re InPa.

Frequency (kHz)

0.2

0.4

0.8

1.5

3.3

7

14

25

40

80

100

130

200

Mean

132.1

118.2

126.5

147.5

160.0

160.0

169.8

148.2

141.9

148.6

148.6

147.2

164.2

200

190

180

170

—&
(s3]
—

—&
[y}
[}

—&
Je
L]

130

120

7

threshold level (dB re 1.Pa)
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—&— Mann, Lu & Popper. (1997) (n=5)

[Fig. ref. AmericanShad(1]

Audiogram for American shad.
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Fish and Marine Mammal Audiograms: A summary of available information

Database page ref: F/Bass/0O1.

Commaon name

Bass

Family

Species

Dicentrarchus labrax

Paper from which
audiogram
obtained

Paper having
original
audiogram data

Audiogram supplied by J. Lovell.

Comments on
methodology of
getting audiograrm

ABR method used, basically as described in AppehdiSubject was held in
block of soft foam saturated with seawater and held with the nape of its h
just above the water surface. The electrodes were held in place by
micromanipulators. Tests were done in a &X453x 0.2m plastic tank placed
on a vibrationisolating table, inside ax82 x 2m underground room. The
control equipment was located in an adjacent room. The 200mm dia.
loudspeaker was located 1m above the fish, in a Faraday cage grounded
control room. The stimuli were tone Ists, generated by a PC and amplifie(
The signals from the electrodes were amplified before being input to a
MedelecMS6 system which was connected to the PC. The sound level at
fish's position was measured with a B&K Ty@EI6 hydrophone in the
absace of the fish.

Any other
comments

6 specimens.
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Fish and Marine Mammal Audiograms: A summary of available information

Audiogram from figure supplied by J. Lovell . Threshold levels in dB eeP a . 6
Frequency (Hz] 100 200 300 400 500 600 800 1000 | 1600
Mean 98 100 100 102 106 107 106 107 119
160
150
140
130
g 120 /
=110
; 100 p——
@
= oo
£
i
£ a0
70
B0
a0
-Iq-l:l T T T T LI T T T T T TT T T T T LI
10 100 1000 10000
frequency (Hz)
—&— Lovell (2003) (n=F)
[Fig. ref. Baz=s01]
Audiogram for bass
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Fish and Marine Mammal Audiograms: A summary of available information

Database page ref: F/Bluegill/O1.

Common name

Bluegill sunfish

Family

Species Lepomis macrochirus.

Paper from which| Scholik,A.R. & Yan,H.Y. (2002). The effects of noise time auditory
audiogram sensitivity of the bluegill sunfisibepomis macrochirusComp Biochem
obtained Physiol A, 133:43%2.

Paper having
original
audiogram data

Scholik,A.R. & Yan,H.Y. (2002). The effects of noise on the auditory
sensitivity of the bluegill sunfisih,epomis macrochirusComp Biochem
Physiol A, 133:43%2.

Comments on
methodology of
getting audiograrm

Specimens exposed to white noise for selected durations in a plastic tub
24.5 x 14.5cm), with 5.5cm water depth. Fish were free to swim abouttxhg
during the exposure, but a mesh screen prevented them from jumping ou
The noise was band limited to 300Hz to 2kHz, and at 142dBfra.1

The ABR technigue was used to obtain the threshold values (see Append
for a description of the ABR method, and database page ref. F/Goldfish/0
a description of the experimental-sgt and method). Fish were sedated wit
Flaxedil.

2 aspectsa experiment: (1) establishing thresholds immediately after
exposures of 2, 4, 8 or 24s; (2) establishing recovery after @ of
exposure. For this latter, ABR tests were carried out after 1, 2, 4 or 6 day
Subjects were used in groups of 6 for edatation of exposure.

Any other
comments
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Fish and Marine Mammal Audiograms: A summary of available information

Audiogram from Tabld.. Threshold levels in dB renPa.
Frequency (Hz 300 400 500 600 800 1000 [ 1500 | 2000
Baseline| Mean | 122.9( 118.7 | 122.6 | 122.1 | 126.5| 126.5| 132.7 | 133.9
SE °1.3| °2.0 °1.9 °2.0 °1.3 °1.6 °1.5 °1.4
2 hrs Mean | 120.9| 121.1 | 123.7 [ 120.0 [ 123.3 | 124.9 | 131.1 | 134.3
SE [°16]| °1.7 °1.1 °1.2 °0.9 °2.1 °2.5 °14
4 hrs Mean | 124.4] 124.0 | 125.0 | 123.9 | 125.7 | 125.1 | 134.2 | 134.7
Duration of SE °1.2 | °2.3 °1.9 °2.5 °2.1 °l.4 °1.7 °0.9
exposure 8 hrs Mean | 125.3| 122.7 | 1249 [ 125.8 | 127.4 | 128.2 | 129.1 | 133.1
SE [°11] °1.8 °0.9 °1.0 °l4 °11 °3.3 °24
24 hrs | Mean| 125.0| 122.2 | 123.2 | 126.1 | 128.2 | 128.3 | 136.1 | 138.7
SE [°15] °1.2 °15 °1.1 °1.3 °2.0 °1.2 °14

Audiogram from Tabld.. Levels after stated recovery period aften&lexposure to noise.

Threshold levels in dB renfa.

Frequency (Hz 300 | 400 | 500 | 600 | 800 | 1000 [ 1500 [ 2000
lday | Mean | 124.1| 123.7| 1265 125.9| 125.7 | 127.7| 129.0| 137.1
_ SD | °11 | °02 | °16 | °24 | °21 | °18 | °46 | °27
Elapsed time [ gays| Mean | 121.3 | 118.9 | 119.0 | 120.3 | 125.1 | 124.6 | 127.8 | 137.7

%‘Pgi%‘fusri“g SD | °15 | °19 | °1.7 | °10 | °19 | °23 | °1.7 | °16
no'iosefor 4 days| Mean | 118.8 | 120.6 | 1246 | 1244 | 1252 | 126.8 | 131.9 | 1386

24 hrs. SD [ °17 [ °16 | °19 [ °18 | °21 [ °12 | °1.2 | °10
6days| Mean | 1222 | 121.8 | 1219 | 121.8 | 123.2 | 126.5 | 135.3 | 137.8
SD | °30 [ °13 [ °28 [ °33 [ °25 [ °21 [ °09 [ °1.9

160

150

140

—&
[N}
=

)}E)
K
d

=y
—
=

100

80

80

threshold level (dB re 1 pPa)

70

60

50

4[] T T T T LI T T T T LI T T T T LI B I |
10 100 1000 10000

frequency (Hz)

—&— Scholik & Yan. (2002). (n=6)
[Fig. ref. BluegillSunfizh01]

Audiogram for bluegill sunfish (baseline results).
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Fish and Marine Mammal Audiograms: A summary of available information

Database page ref: F/Bonefish/01.

Common name | Bonefish.

Family

Species Albula vulpes.

Paper from which| Fay,R.R.(1988). Hearing in Vertebrates: A Psychophysics Databook: Hi
audiogram Fay Associates, Winnetka, IIl.

obtained

Paper having
original
audiogram data

Tavolga,W.N. (1974). Sensory parameters in communication among corg
reef fishes. Mt. Sinai J. Med., 41, 33240.

Comments on
methodology of
getting audiograrm

Original source not seen.

Any other 1 specimen tested. Thresholds below 400Hz likely to have been masked
comments ambient noise.
Document ref: 534R0214 49 Y
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Fish and Marine Mammal Audiograms: A summary of available information

Audiogram from Tablé8-0. Threshold levels in dB re 1 dynefcni specimen.

Frequency (Hz] 50 100 200 300 400 500 600 700
Mean -175 | -199 ] 237 | 261 | 241 ] -103] 2 14.5
Threshold levelsindBré € P a .
Frequency (Hz] 50 100 200 300 400 500 600 700
Mean 82.5 80.1 76.3 73.9 75.9 89.7 102 114.5
160
150
140
130
& 120
2110 J?
e /
=
= 100
= 90
I
o G | /
7o
60
a0
4[] 1 1 1 1 1 LI 1 1 1 1 LI 1 1 1 1 1 LI
10 100 1000 10000
frequency (Hz)
—&— Wodinsky (1974). (n=1)
[Fig. ref. Bonefizsh_G_01]
Audiogram for bonefish
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Fish and Marine Mammal Audiograms: A summary of available information

Database page ref: F/Carp/O1.

Common name

Carp. (Japanese or Koi).

Family

Species Cyprinus carpio.

Paper from which| PopperA.N. (1972). Purdone auditory thresholds for the ca@yprinus
audiogram carpio. JASA, 52(6) Part 2, 1714717.

obtained

Paper having
original
audiogram data

PopperA.N. (1972). Purdone auditory thresholds for the caGyprinus
carpio. JASA, 52(6) Part 2, 1714717.

Comments on
methodology of
getting audiograrm

Avoidance conditioimg procedure used for tests. Fish were trained to crog
barrier in middle of tank whenever a pure tone was presented through a
loudspeaker in air about 100mm from the test tank. If fish failed to cross
barrier when sound was presented it had not detéctd hresholds were
calculated at the 50% threshold level using theloyn staircase method, wit
at least 20 changes between sound detection and no detection averaged
daybés threshold determination f orf
acoustic chamber to reduce ambient noise. Apparatus and methods fully
described in Popper (1972), JASA 51(1):5983.

Any other
comments

6 animals, 50 to 60mm in standard length, were tested.

Sound spectrum levels (ambient noise) were found to be comisigibelow
the threshold levels for the animals at each frequency (no more details gi
Carp are in the superorder Ostariophysi, which are considered to have
considerably better auditory capabilities in terms of range of sensitivity an
absolute sesitivity at each frequency. Enhanced abilities are related to the
presence of a series of bones, the Weberian ossicles, connecting the sou
detector, the swim bladder, to the inner ear. They enhance acoustic sens
by closely coupling the swim blddr to the inner ear.
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Fish and Marine Mammal Audiograms: A summary of available information

Audiogram from Tablé Threshold |l evels in dB re
Frequency (Hz) 50 100 300 500 800 1000 | 1500 | 2000 [ 2500 | 3000
Mean -31.0 | -286 | -37.4 | 420 | -34.0 | -416 | -25.2 | -17.2 | +5.9 | +25.1
Rangel upper -21.8 | -22.1 | -28.7 | -334 | -27.8 | -32.8 | -184 | -12.3 | +15.2 | +31.4
Rangei lower -40.0 | -38.0 | -469 | -470 | -41.8 | -51.9 | -35.6 | -27.0 -3.3 +20.9
SD 7.09 5.41 4.84 5.81 5.78 6.30 4.59 5.36 5.64 3.45
No. of determinations 9 10 12 16 15 16 15 14 14 12
Threshold levelsindBré ¢ P a .
Frequency (Hz) 50 100 300 500 800 1000 | 1500 | 2000 [ 2500 | 3000
Mean 69 71.4 62.6 58 66 58.4 74.8 82.8 [ 105.9 | 125.1
160
150
140
130
@ 120 [
2110
I:D f
=
= 100
/
= 90 ’J
I
@
60 —=
50
4[] T T T T LI T T T UL T T T T LI
10 100 1000 10000
frequency (Hz)
—a— Popper (1972). (n=6)
[Fig. ref: Carp_G_01]
Audiogram for carp.
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Fish and Marine Mammal Audiograms: A summary of available information

Database page ref: F/Catfish/O1.

Common name | Catfish.

Family

Species Ictalurus punctatus.

Paper fron which | Fay,R.R. & PopperA.N. (1975). Modes of stimulation of the teleost ear. |
audiogram Exp. Biol., 62, 376387.

obtained

Paper having
original
audiogram data

Fay,R.R. & PopperA.N. (1975). Modes of stimulation of the teleost ear. |
Exp. Bid., 62, 370387.

Comments on
methodology of
getting audiograrm

Mi crophonic potentials were recot
was a 250mndia. PVC cylinder 200mm high filled to a height of 160mm.
bottom of the cylinder was made of 5ntinick RhoC rubber supported by a
plastic grating. A 200mm dia. loudspeaker was suspended 250mm belowv
tank of water, facing upwards into an extension of the cylinder and formin
airtight cavity.

Animals were anaesthetised and immobilised beforgesyto implant a glass
insulated tungsten electrode to measure the saccular potential. They wel
submerged in the tank, and tonal sounds were produced by the loudspeal
The electrode signals were filtered between 10Hz and 10kHz before bein
analysedn a wave analyser with a 10Hz bandwidth filter. The sound pres
l evel whi ¢ hRMS aespsnsedfronathelinmey ear was determine
SPLs were measured with a Clevite Model-CH hydrophone placed wherg
the fishdéds ear would have been.

Any other
comments

10 animals, of about 200mm standard length, were tested.

All experiments were conducted in a doublalled soundproof acoustic
chamber.

The two ears in this species are connected, so the saccular potential recg
were the summed response frore ttvo ears.
Tests were also done in which thg
head was vibrated, and also with the swimbladder filled with water. This |
test resulted in a loss of sensitivity at all frequencies above 100Hz, with Ig
of 30dBor greater above 200Hz. Some retesting of specimens was done
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Fish and Marine Mammal Audiograms: A summary of available information

Audiogram from Figl ( a ) . Threshold | evel s n dB
resul t e dRMS potersial. 1@ specimens.
Frequency (Hz) 50 80 100 160 200 250 315 400 500 600
Mean 23 16 17 7 4 2 -3 -6 -4 -5
SD 7 11 7 13 5 5 5 4 4 6
Frequency (Hz)| 800 1000 1250 1500 2000 2500 3000 3500 4000
Mean -5 -7 -7 -7 -6 -6 -4 3 8
SD 5 5 7 7 6 6 5 5 7
Threshold levelsindBreé ¢ P a .
Frequency (Hz) 50 80 100 160 200 250 315 400 500 600
Mean 123 116 117 107 104 102 97 94 96 95
Frequency (Hz) | 800 1000 1250 1500 2000 2500 3000 3500 4000
Mean 95 93 93 93 94 94 96 103 108
160
150
140
130
& 120 O\\W
2110
S M\a ?f
=z
= 100
= 90
)
wn
2 80
Ta
60
50
4[] T T T LILEL T T T T LI T T T T T LI
10 100 1000 10000
frequency (Hz)
—&— Fay & Popper (1975). (n=10)
[Fig. ref. Catfish_G_01]
Audiogram for catfish.
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Fish and Marine Mammal Audiograms: A summary of available information

Database page ref: F/Clown/01.

Common name

Clown knifefish.

Family Notopteridae.

Species Notopterus chitala.

Paper from which| CoombsS. & PopperA.N. (1982). Structure and function of the auditory
audiogram system in the clown knifefistNotopterus chitala J. Exp. Biol., 9:225239.
obtained

Paper having
original
audiogram data

CoombsS. & PopperA.N. (1982). Structure and function of the auditory
system in the clown knifefistNotopterus chitala J. Exp. Biol., 97:22239.

Comments on
methodology of
getting audiograrm

Both ultrastructural and behavioural studies were conducted.
Ultrastructural procedures involved dissection and decapitation in order tq
assess the association between the ear and anterior projections of the sw
bladder.

Behavioural auditory sensitivity was detened using operant conditioning
techniques. Fish were trained to cross a hurdle in the center of a tank wh
sound was presented to avoid being given an electric shock. Hearing
sensitivity was measured using the-tlgwn staircase' method. The sound
pressure level was decreased by 5dB following each avoidance response
increased by 5dB following each ndetection.

Test tanks (2 were used) were placed in seattehuated rooms which had
200mm thick walls filled with sand; ambient noise was attenuateat least
20dB at 50Hz, and more at higher frequencies. The sound source was a
203mm diameter speaker above the test tank.

3 specimens were tested.

SPLs were measured at 10 locations in the two tanks used at frequencieg
100Hz to 1kHz.The levels had ranges of up to 21dB, and standard deviat
about the mean of up to 6.3dB. The median values were used as the fing
calibration value for each test frequency.

Vertical particle velocity was also measured with a velocity hydrophone a
positions.

Authors tabulate all the threshold values determined for each specimen,
as the pooled means. They note that the range of threshold values at 40
was 55dB, and the smallest range was about 20dBZBy). Also, in some
cases, theras variability in thresholds in a single test session. InlFilgey
present the sound levels as they were presented in one sedsidhreshold
appeared to stabilize at a high value for several trials but then abruptly dr
to a much lower valyevhere it again stabilized, and then finally returned tg
the higher level.

Notopterushelongs to the superorder Osteoglossomorpha, a group in whigq
there is wide variation in structural features of the auditory syshémtopterus
in particular has a clesphysical relationship between the inner ear and the
swimbladder. As far as is known, no other vertebrate saccular macula is
divided into distinct regions along the otolith as it iNiotopterus
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