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1.  Introduction 

This report draws together the public domain information regarding the audiograms of marine 

species, 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 abilities of both 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 exploration and exploitation of the 

environment. 

With the increasing level of man-made 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 this objective, 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 the dBht(Species) scale as a formal method of evaluating 

the effects of noise (Nedwell and Turnpenny (1998)). 

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 range it can 

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 about 20 kHz.  However, for many fish 

sounds above 1 kHz are ultrasonic.  For a marine mammal, much of the energy of an airgun 

may be infrasonic, as many cannot perceive sounds below 1 kHz.  These considerations 

indicate the importance of considering hearing ability when evaluating the effect of 

underwater noise on marine animals. 

The dBht(Species) 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 so that it corresponds 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 scale where the speciesô hearing threshold is used as the 

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 the dBht(Homo sapiens).  

One major benefit of the scale is simplicity; a single number (the dBht(Species)) 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 dBht(Species) as a means of objectively 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 

dBht(Species) process and hence in assessing the likely effects of man-made 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 Vertebrates: a Psychophysics 

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 the studies dealt 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 audiograms that 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. 

Section 2 briefly outlines the hearing mechanisms of marine mammals and fish, while 

Section 3 considers the validity and shortcomings of this earlier work.  Section 4 considers the 

methods that are used to estimate audiograms.  Section 5 provides a brief summary of the 

available literature. 

The audiograms that have been located, after extensive searching through the literature, are 

given in Appendices 2 (for fish) and 3 (for marine mammals), while Appendix 4 contains 

other data that has been found which, while not presenting audiograms, has information on 

hearing which is of relevance. 

The audiograms have been 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 mammals 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 relationship between these structures 

defines the division of the ear into the pars superior and the pars inferior, which are 

responsible for the vestibular senses (related to equilibrium) and the auditory senses (involved 

with sound detection), respectively (Popper & Coombs (1980)). 

The semi-circular 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 viscous properties (Hawkins (1986)).  

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 forms the pars superior, 

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

the lagena that the pars inferior is formed. 

Otoliths are found within the utriculus, the sacculus and the lagena.  These are essentially 

stones of calcium carbonate and are situated on a sensory epithelium, 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 defined structural linkages with gas-filled 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 (Hawkins (1986)).  The 

specialisations of different fish families will be discussed later. 

 

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 plaice (Plueronectes platessa) showed 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 dab (Limanda limanda) and the salmon (Salmo 

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 (Hawkins (1986)). 

2.1.2.2.  Gas-filled cavities 

Fish having a close association between the swimbladder and the inner ear are sensitive to 

sound pressure (Hawkins (1986)).  It appears that the gas-filled cavity acts as an acoustic 

pressure-to-motion transformer; sound pressure causes the chamber to pulsate, generating a 

higher amplitude of particle motion (Hawkins (1986)).  Groups of fish showing these 

specialisations are the Otophysi, mostly freshwater species, including the order Cypriniformes 

(e.g. goldfish, carp, minnows) (Popper & Fay (1993)). 

2.1.2.3.  Lateral Line System 

The other main mechanoreceptory system in fish is the lateral line system (Helfmann, Collette 

and Facey (1997)).  In teleost (bony) fish the lateral line is usually visible as a row of small 

pores along the trunk and the 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 pear-shaped sensory cells called hair cells, surrounded by supporting 

cells.  Neuromasts are covered by a gelatinous cupula which encompasses the sensory hairs 

from the underlying mechanosensitive hair cells (Bleckmann (1986)). 

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 and Platt (1993)). 

Detection begins when sound waves around the fish or in the canals displace the gelatinous 

cupula, causing bending of the stereocilia, thus altering the firing rate of the sensory neurons 

system (Helfmann, Collette and Facey (1997)). 

Sand (1981) confirmed that the trunk lateral line is an acutely sensitive vibration (particle 

motion) detector.  Using vibrational stimuli he found that roach (Rutilus rutilus) displayed 

optimal sensitivity to frequencies around 50 Hz.  The lowest threshold value measured at this 

frequency was 3.3 x 10
-6

 cm rms. 

The lateral line system responds to near-field water displacements produced by a sound 

source and to tiny water currents set up by the fishôs own motion which are reflected from 

static objects.  The ordinary lateral line organs found throughout teleosts are used as "distance 

touch" receptors.  They are of special importance for the detection and localisation of prey, 

for predator evasion, for schooling, and for intraspecific communication (Bleckmann (1986)). 

2.1.3.  Hearing specialisations 

2.1.3.1.  Introduction 

The anatomical, behavioral and physiological variation among fishes is immense.  This 

includes the ear and associated structures and suggests that various species may detect and 

process sound in different ways (Popper and Fay (1993)). 
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Table 2.1 shows a summary of the fish species, showing different levels of specialisation.  

Those fish with specialist structures have been classified as 'high' sensitivity, non-specialists 

with a swimbladder are 'medium' sensitivity and non-specialists 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 None
(1)

 Medium 

Clupea harengus Herring Clupeoidea Prootic auditory bullae
(2)

 High 

Cottus scorpius Sculpin Cottidae No swimbladder
(1)

 Low 

Gadus morhua Cod Gadidae None
(1)

 Medium 

Limanda limanda Dab Pleuronectidae No swimbladder
(1)

 Low 

Melanogrammus 

aeglefinus 
Haddock Gadidae None

(1)
 Medium 

Merluccius merluccius European hake Merluccidae None
(1)

 Medium 

Pleuronectes platessa Plaice Pleuronectidae No swimbladder
(3)

 Low 

Raja clavata Thornback skate Rajidae No swimbladder
(1)

 Low 

Scomber scomber Atlantic mackerel Scombridae None
(1)

 Medium 

Sprattus sprattus Sprat Clupeoidea Prootic auditory bullae
(2)

 High 

(1)
 Popper & Fay (1993), 

(2)
 Blaxter et al. (1981), 

(3)
 Turnpenny & Nedwell (1994). 

 

2.1.3.2.  High Sensitivity 

The Clupeoidea, including herring (Clupea herringus) and sprat (Sprattus sprattus), show 

elaborate specialisations of the auditory apparatus.  This group is characterised by the 

presence of a prootic bulla, a gas-containing 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 containing 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 and a pressure 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 Sensitivity  

Cod (Gadus morhua) have a rather restricted frequency range.  Sensitivity to sound pressure 

indicates that the gas-filled swimbladder may be involved in the hearing of cod, although 

there is no direct coupling with the labyrinth.  At lower frequencies 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 displacements re-radiated 

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

2.1.3.4.  Low Sensitivity 

Flat fish such as the plaice (Pleruronectes platessa) and dab (Limanda limanda) have no 

swimbladder and are therefore relatively insensitive to sound; they are insensitive to sound 

pressure and rely on the detection of particle displacement (Turnpenny & Nedwell (1994)).  



Fish and Marine Mammal Audiograms: A summary of available information 

   

Document ref: 534R0214 6  

www.subacoustech.com 

The sculpin (Cottus scorpius) also has no swimbladder and is deaf to propagated sound 

waves, therefore it can only perceive the near field effect (Enger (1967)). 

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 the sound of an 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, and the mysticete, or baleen whales. 

There are 68 species of odontocetes.  Odontocetes are known to communicate at frequencies 

from 1 kHz to in excess of 20 kHz.  Many species also have echolocation systems operating at 

frequencies of 20-150 kHz. 

There are 11 species 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 of dugong.  Manatees have a hearing 

range of 400-46,000 Hz. 

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 comprised of 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 air.  As a result 

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 vocalizations underwater, probably by cycling air through air pouches in the animal's 

head.  Underwater vocalizations can include clicks, trills, warbles, whistles, and bell-like 

sounds.  Odontocetes produce a wide variety of sounds, which include clicks, whistles, and 

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 make high pitched 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 the topic.  The reader is directed towards useful summaries of 

hearing in marine mammals provided by Ketten (1994), Richardson et al (1995). 

The hearing mechanisms of marine mammals, in common with that of terrestrial mammals, 

may be divided into three components.  These comprise an outer ear, a fluid-filled inner ear 

which contains a frequency-dependent membrane interacting with the sensory cells, and an 

air-filled middle ear which serves to provide an efficient connection between these.  In 

terrestrial mammals the 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 

species, 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), where there are no external 

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 called the 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 cetaceans 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.  Norris (1980) first speculated that fat 

filling the lower jaw might act as a preferential path for ultrasonic signals to the middle ear; 

Brill et al (1988) later confirmed this role.  Scheifele (1991) indicates that dolphins receive 

sound through their lower jaw (mandible); the core of the lower jaw is filled with 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 (Ketten (1994)). 

The differences lie in the inner ear characteristics; 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 stiffer the basilar 

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.  The thickness 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, and elastic 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 water, 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 wavelengths of sound in water 

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 of pinnipeds, 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 attached to the 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 from anatomical 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 and accurate 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 determined, 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, typically as a pulsed 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 audiograms, 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 threshold of 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 known as the subjectôs audiogram.  Typically, audiograms  have 

the appearance of an inverted bell-shaped 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 of marine 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 by the 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 the audiogram.  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 environment that may 

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 complicated by the fact that 

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

particle velocity. 

The pressure P of a sound field is the parameter with which most are familiar, since it is the 

parameter that determines the ñloudnessò of a sound to humans.  Another quantity used to 

specify a sound field is its particle velocity V.  Particle velocity is a measure of the vibration 

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

P = rcV 

where r is the density of water and c is the sound speed in it. 

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

¶ near to a water surface, where the acoustic pressure drops to zero but the particle 

velocity increases to a maximum.; 

¶ 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; 



Fish and Marine Mammal Audiograms: A summary of available information 

   

Document ref: 534R0214 9  

www.subacoustech.com 

¶ near to a source, where the reactive nearfield can induce high levels of particle 

velocity; 

¶ near to compressible materials, such as bubble swarms, and air-containing materials, 

such as diverôs suits, and 

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

It is therefore important to understand the pressure and particle velocity fields not only when 

measuring the audiogram of a species, but also when using the information to determine a 

speciesô likely response to a noise. 

At low frequency, acoustic fields in experimental tanks generated by a submerged sound 

projector may 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 cause the field to become 

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 loudspeaker in 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 will be 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 control 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 applicable.  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 particle 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 transducers will now 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 pressure, and vice-versa if 

the animal is more sensitive to the second case 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. Blaxter (1980); 

Turl (1993)) may 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 responds to pressure, and 

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 Standards. 
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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, the field is distorted 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 method of calibrating 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 to as a direct calibration. 

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 occurs when an animal is 

present in the sound field is immaterial; what is of interest is the sensitivity of the animal to 

sound of a given free-field level.  In order to relate this to the perception of the sound by the 

animal, the equivalent free-field threshold of hearing is required.  To perform this 

measurement, the free-field 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 into the field and the threshold of hearing of the animal is found.  

The threshold is then related to the equivalent free-field level of sound, rather than the actual 

level of sound adjacent to it.  This method of measurement is termed an insertion 

measurement, since 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 varied by 5-10 dB (Parvin, Nedwell 

et al (1994)). 

3.2.3.  Uniformity of field 

A further complication arises when the audiogram measurement involves a free-moving 

subject, as is usually the case with marine mammals, as even when the animal is called back 

to a start position it cannot always 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 should be recorded 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 tones presented 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 behavioural methods, 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 disease processes, 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 confidence 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 represent the true 

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, the individual 

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 results are used 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 auratus), 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 span several decades 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 described 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 at 1 kHz may be ultrasonic for many fish, as they are mainly low-

frequency hearers, but infrasonic for some marine mammals, which hear at frequencies of 

10 kHz to 100 kHz. 

Within the hearing frequency band for a given species, the sensitivity to sound will vary; 

usually the audiogram when plotted on a logarithmic frequency axis is roughly an inverted 

bell-shaped curve, with maximum hearing sensitivity near the centre.  It is convenient to split 

the hearing range into three bands, viz: 

¶ the ñpeak hearing bandò, extending from the maximum sensitivity to, say, a 

frequency at which the hearing threshold is 12 dB higher than the peak value; 

¶ a ñhigh frequency skirtò, which extends upwards from the peak hearing band to the 

frequency at which the sound becomes ultrasonic for the species, say at 70 dB above 

the maximum sensitivity, and 

¶ a ñlow frequency skirtò, which extends 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 bands), 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 audiograms is that 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 hearing 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 features of a speciesô use of sound, and knowledge of the 

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 defined for practical 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 least 70 dB. 

It will be noted that many of the audiograms herein are reported over much 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 probably results 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 

response 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 mammals, viz. by behavioural means and by evoked potential 

measurements (by monitoring of the electrical activity of the animalôs hearing mechanism). 

4.2.  Behavioural methods 

In behavioural methods the subject is trained to respond unambiguously to the measurement 

signal.  The response may involve, for instance, the subject moving to another location in its 

test environment, or altering its heart rate.  Of the former, there are two approaches, viz. a 

go/no-go method, or a method in which it has to choose between two stations to move 

towards. 

For marine mammals, in the go/no-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 switch of some 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 presented.  If no 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 either of 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 lowest sound level that the subject can hear, the most common 

approach is the so-called óstaircase methodô.  In this the signal is played initially at a level 

which is known to be above the animalôs threshold; consequently it is almost bound to 

respond in the manner which indicates it has heard it.  The level of subsequent signals is 

lowered steadily (usually in 2 dB steps), until the subject fails to detect it, whereupon the level 

is increased (again, usually in 2 dB steps) until the subject again detects it.  Thereupon 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 as the threshold level.  This procedure is repeated for 

as many frequencies as necessary to establish the complete audiogram. 

Another approach is the óconstant stimulusô method.  In this, at a particular frequency, a series 

of sessions of trials is carried out.  In each session the signal is presented at the same level a 

number of times.  Typically a total of 20 to 30 trials (including ócatchô trials) are done in a 

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 level known to be above the subjectôs threshold.  Each subsequent session 

has its signal level reduced, typically by 2 to 4 dB, 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 

subjectôs threshold level for that frequency. 

In both methods ócatchô trials, i.e. trials in which no signal is presented, are interspersed with 

trials in which signals are presented. 
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A major disadvantage with behavioural measurements of audiograms is that they require the 

compliance of 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 potential 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 originally developed for use on non-compliant 

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 inserted in the subjectôs head to contact an 

auditory end organ and directly measure the evoked voltage.  Less invasively, the electrodes 

may also be placed cutaneously (on the skin of the subjectôs head) to monitor in a far-field 

manner the activity in the eighth nerve and brainstem auditory nuclei.  This latter approach is 

termed the óauditory brainstem responseô (ABR) method. 

In a typical ABR measurement two electrodes are used, one of which is referred to as the 

órecording' electrode and the other as the óreference' electrode.  The voltage between the two 

electrodes, of the order of ɛvolts, is input to the measuring apparatus.  When the subject hears 

a signal there is a typical response waveform, the amplitude of which is dependent on the 

level of the sound it heard.  The signal level is 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 subjectôs threshold.  A more complete description of this method is given in 

Appendix 1. 
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5.  General comments on the audiograms 

5.1.  Fish audiograms 

The fish audiograms that have been found and evaluated are summarised in Table 5.1. 

The full details of the audiograms for each species are given in Appendix 2, including 

methods used to measure the audiogram. 

5.2.  Mammal audiograms. 

The marine mammal audiograms that have been found and evaluated are listed in Table 5 2. 

The full details of the audiograms for each species are given in Appendix 3. 

5.3.  Summary. 

A detailed summary of the audiograms is impossible, 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 the dBht(Species) 

scale, it may be summarised 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 quality than would be 

desirable as the basis of a robust dBht(Species) algorithm; 

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 

their use or to be accepted as a ñdefinitiveò audiogram, and 

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 based on the dBht(Species) 

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 an equal hearing 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 dBht(Species) scale as a metric for estimation of the noiseô effect, 

will provide commercial 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 need to provide 

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 dBht(Species), regularly updated to embody the best 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 

ñA comparative study of hearing ability in fishes: the auditory brainstem response approachò 

by T.N. Kenyon, F. Ladich and H.Y. Yan (1998). 

A sketch of the experimental arrangement is given in Fig. A1.1.  The subject is held in a nylon 

mesh ósockô in a water tank, such that only the nape of its head, where the electrodes are 

fitted, is exposed.  In fact, this area also is covered with some tissue to keep the top of the 

subjectôs head damp.  A temperature-controlled gravity-feed aerated water system is used for 

respiration of the fish. 

 

Fig. A1.1.  Sketch of set-up for experiments. 

 

The recording electrode is placed on the midline of the fishôs skull over the medulla region.  

The reference electrode is placed 5 mm anterior to the recording electrode.  The electrodes, 

which consist of 0.25 mm dia. Teflon-insulated silver wire with 1 mm of insulation removed 

at the tip, are pressed firmly against the subjectôs skin.  The electrodes are connected to the 

differential inputs of an amplifier, care being taken to eliminate extraneous noise pick-up 

(twisted screened leads are used.  The authors note that they used 40 dB of gain, and a 

passband of 30 Hz to 3 kHz for the tests carried out on goldfish).  The amplifierôs grounds are 

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 the frequency range 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. 

In the authorsô experiments the water tank was placed on a vibration-isolation table located in 

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 bursts.  The authors used clicks 0.1 ms in duration, 

presented at a rate of 38.2/sec. (this rate was used to prevent phase locking with any 60 Hz 

mains noise).  The number of cycles in a tone burst is adjusted at each test frequency to get 

the best compromise between rapidity of build-up to steady level and duration of signal at the 
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steady level (greater rapidity of build-up 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 in Fig. A1.2, for (i) a 

goldfish (top curve) and (ii) an oscar (Astronotus ocellatus) (second curve).  Here two 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 stimulus artifacts.  They also carried out this 

procedure twice at each test frequency to ensure that traces were repeatable. 

 

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.  Fig. A1.3 shows the responses obtained from tests on 

a goldfish by Lovell (Nedwell, J.R. (2003)).  The level was reduced in 4 dB steps initially, 

and in 2 dB steps at the lower stimulus levels, until a recognizable and repeatable ABR trace 

could no longer be discerned.  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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Fig. A1.3.  ABR waveforms for a goldfish in response to a 500 Hz stimulus signal of 

reducing level.  The averaged traces of 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, J.R. et al (2003). 
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Appendix 2.  Fish audiograms. 

Common name Database page ref. Page number 

African mouthbreeder ..................... F/AfrcnMthbrdr/01 ................................................. 41 

Bass ................................................. F/Bass/01 ................................................................ 45 

Bluegill sunfish ............................... F/Bluegill/01 ........................................................... 47 

Bonefish .......................................... F/Bonefish/01 ......................................................... 49 

Carp ................................................ F/Carp/01 ................................................................ 51 

Catfish ............................................. F/Catfish/01 ............................................................ 53 

Clown knifefish .............................. F/Clown/01 ............................................................. 55 

Cod ................................................. F/Cod/01 ................................................................. 57 

Cod ................................................. F/Cod/02 ................................................................. 58 

Cod ................................................. F/Cod/03 ................................................................. 59 

Cubbyu ........................................... F/Cubbyu/01 ........................................................... 61 

Dab ................................................. F/Dab/01 ................................................................. 63 

Dab ................................................. F/Dab/02 ................................................................. 66 

Damselfish ...................................... F/Damsel/01 ........................................................... 68 

Damselfish, Beau-gregory .............. F/DamselBeauGregory/01 ...................................... 70 

Damselfish, Beau-gregory .............. F/DamselBeauGregory/02 ...................................... 72 

Damselfish, bicolour ....................... F/DamselBicolour/01 ............................................. 74 

Damselfish, cocoa ........................... F/DamselCocoa/01 ................................................. 75 

Damselfish, honey gregory ............. F/DamselHoneyGregory/01 ................................... 77 

Damselfish, longfin ........................ F/DamselLongfin/01 ............................................... 79 

Damselfish, Three spot ................... F/Damsel3Spot/01 .................................................. 81 

Elephant nose fish ........................... F/ElephantNose/01 ................................................. 83 

Fathead minnow ............................. F/Fathead/01 ........................................................... 85 

Goby ............................................... F/Goby/01 ............................................................... 87 

Goby ............................................... F/Goby/02 ............................................................... 88 

Goby ............................................... F/Goby/03 ............................................................... 89 

Goldfish .......................................... F/Goldfish/01 .......................................................... 91 

Goldfish .......................................... F/Goldfish/02 .......................................................... 92 

Goldfish .......................................... F/Goldfish/03 .......................................................... 93 

Goldfish .......................................... F/Goldfish/04 .......................................................... 94 

Goldfish .......................................... F/Goldfish/05 .......................................................... 96 

Goldfish .......................................... F/Goldfish/06 .......................................................... 97 

Goldfish .......................................... F/Goldfish/07 .......................................................... 98 

Goldfish .......................................... F/Goldfish/08 ........................................................ 100 

Goldfish .......................................... F/Goldfish/09 ........................................................ 101 

Gourami, blue ................................. F/GouramiBlue/01 ................................................ 104 

Gourami, blue ................................. F/GouramiBlue/02 ................................................ 105 

Gourami, blue ................................. F/GouramiBlue/03 ................................................ 106 

Gourami, croaking .......................... F/GouramiCroaking/01 ......................................... 108 

Gourami, dwarf ............................... F/GouramiDwarf/01 ............................................. 110 

Gourami, dwarf ............................... F/GouramiDwarf/02 ............................................. 111 

Gourami, kissing ............................. F/GouramiKissing/01 ........................................... 113 

Gourami, kissing ............................. F/GouramiKissing/02 ........................................... 114 

Gourami, pygmy ............................. F/GouramiPygmy/01 ............................................ 116 

Grunt, blue-striped .......................... F/GruntBlueStriped/01 ......................................... 118 

Grunt, blue-striped .......................... F/GruntBlueStriped/02 ......................................... 119 

Haddock .......................................... F/Haddock/01 ....................................................... 121 

Herring ............................................ F/Herring/01 ......................................................... 123 

Ling ................................................. F/Ling/01 .............................................................. 125 
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Mexican blind cave fish .................. F/MxcnCave/01 .................................................... 127 

Mexican river fish ........................... F/MxcnRiver/01 ................................................... 129 

Mormyrid ........................................ F/Mormyrid/01 ..................................................... 131 

Oscar ............................................... F/Oscar/01 ............................................................ 133 

Oscar ............................................... F/Oscar/02 ............................................................ 134 

Oyster toadfish ................................ F/OysterToadfish/01 ............................................. 136 

Oyster toadfish ................................ F/OysterToadfish/02 ............................................. 137 

Oyster toadfish ................................ F/OysterToadfish/03 ............................................. 138 

Paradise fish .................................... F/Paradise/01 ........................................................ 140 

Perch ............................................... F/Perch/01 ............................................................. 142 

Pike perch ....................................... F/PikePerch/01 ..................................................... 144 

Pinfish ............................................. F/Pinfish/01 .......................................................... 146 

Pollack ............................................ F/Pollack/01 .......................................................... 148 

Pollack ............................................ F/Pollack/02 .......................................................... 149 

Red hind .......................................... F/RedHind/01 ....................................................... 151 

Ruff ................................................. F/Ruff/01 .............................................................. 153 

Salmon ............................................ F/Salmon/01 ......................................................... 155 

Salmon ............................................ F/Salmon/02 ......................................................... 157 

Sardine ............................................ F/Sardine/01 ......................................................... 159 

Schoolmaster .................................. F/Schoolmaster/01 ................................................ 161 

Shad, American .............................. F/Shad/01 ................................................................ 43 

Skate, little ...................................... F/Skate/01 ............................................................. 163 

Slender sea robin ............................ F/SeaRobin/01 ...................................................... 165 

Squirrelfish ..................................... F/Squirrel/01 ......................................................... 169 

Squirrelfish ..................................... F/Squirrel/02 ......................................................... 170 

Squirrelfish ..................................... F/Squirrel/03 ......................................................... 171 

Squirrelfish, dusky .......................... F/SquirrelDusky/01 .............................................. 167 

Tautog ............................................. F/Tautog/01 .......................................................... 173 

Tautog ............................................. F/Tautog/02 .......................................................... 174 

Tautog ............................................. F/Tautog/03 .......................................................... 175 

Wrasse, blue-head ........................... F/WrasseBlueHd/01 ............................................. 177 

Yellowfin tuna ................................ F/TunaYellowfin/01 ............................................. 179 
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Database page ref:  F/AfrcnMthbrdr/01. 

 
Common name African mouthbreeder. 

Family  

Species Tilapia macrocephala. 

Paper from which 

audiogram 

obtained 

Fay, R.R. & Popper, A.N. (1975).  Modes of stimulation of the teleost ear.  J. 

Exp. Biol., 62, 370-387. 

Paper having 

original 

audiogram data 

Fay, R.R. & Popper, A.N. (1975).  Modes of stimulation of the teleost ear.  J. 

Exp. Biol., 62, 370-387. 

Comments on 

methodology of 

getting audiogram 

Microphonic potentials were recorded from the fishesô inner ears.  Test vessel 

was a 250mm dia. PVC cylinder 200mm high filled to a height of 160mm.  The 

bottom of the cylinder was made of 5mm thick Rho C rubber supported by a 

plastic grating.  A 200mm dia. loudspeaker was suspended 250mm below the 

tank of water, facing upwards into an extension of the cylinder and forming an 

airtight cavity. 

Animals were anaesthetised and immobilised before surgery to implant a glass-

insulated tungsten electrode to measure the saccular potential.  They were 

submerged in the tank, and tonal sounds were produced by the loudspeaker.  

The electrode signals were filtered between 10Hz and 10kHz before being 

analysed in a wave analyser with a 10Hz bandwidth filter; the filter was set to 

twice the stimulus frequency (its 2nd harmonic).  The sound pressure level 

which caused a 1ɛV RMS response from the inner ear was determined.  SPLs 

were measured with a Clevite Model CH-17T hydrophone placed where the 

fishôs ear would have been. 

Any other 

comments 

10 animals, of about 160mm standard length, were tested. 

All experiments were conducted in a double-walled soundproof acoustic 

chamber. 

The two ears in this species are not connected, so the saccular potential 

recordings were the responses from one ear. 

Tests were also done in which the potentials were recorded when the fishôs 

head was vibrated, and also with the swimbladder filled with water; no loss of 

sensitivity at any frequencies was found.  Some retesting of specimens was 

done. 
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Audiogram from Fig. 2(a).  Threshold levels in dB re1ɛbar.  Values are the levels which 

resulted in a 1ɛV RMS potential.  10 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 re 1ɛPa. 
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 

 

 

 

 

 
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 

audiogram 

obtained 

Mann, D.A., Lu, Z. & Popper, A.N. (1997).  A clupeid fish can detect 

ultrasound.  Nature, 48:341.  [25 Sept. 1997]. 

Paper having 

original 

audiogram data 

 

Comments on 

methodology of 

getting audiogram 

Trained 5 fish to reduce their heart rates when they detected sound. 

Any other 

comments 

Notes that low frequency thresholds might have been masked by background 

noise (pumps) 
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Audiogram from Fig. 2.  Threshold levels in dB re 1mPa. 
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 

 

 

 

 

 
Audiogram for American shad. 
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Database page ref:  F/Bass/01.  

 
Common 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 audiogram 

ABR method used, basically as described in Appendix 1.  Subject was held in a 

block of soft foam saturated with seawater and held with the nape of its head 

just above the water surface.  The electrodes were held in place by 

micromanipulators.  Tests were done in a 0.45 x 0.3 x 0.2m plastic tank placed 

on a vibration-isolating table, inside a 3 x 2 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 in the 

control room.  The stimuli were tone bursts, generated by a PC and amplified.  

The signals from the electrodes were amplified before being input to a 

Medelec MS6 system which was connected to the PC.  The sound level at the 

fish's position was measured with a B&K Type 8106 hydrophone in the 

absence of the fish. 

Any other 

comments 

6 specimens. 
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Audiogram from figure supplied by J. Lovell .  Threshold levels in dB re 1ɛPa.  6 specimens. 
Frequency (Hz) 100 200 300 400 500 600 800 1000 1600 

Mean 98 100 100 102 106 107 106 107 119 

 

 

 

 

 
Audiogram for bass 
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Database page ref:  F/Bluegill/01. 

 
Common name Bluegill sunfish 

Family  

Species Lepomis macrochirus. 

Paper from which 

audiogram 

obtained 

Scholik, A.R. & Yan, H.Y. (2002).  The effects of noise on the auditory 

sensitivity of the bluegill sunfish, Lepomis macrochirus.  Comp Biochem 

Physiol A, 133:43-52. 

Paper having 

original 

audiogram data 

Scholik, A.R. & Yan, H.Y. (2002).  The effects of noise on the auditory 

sensitivity of the bluegill sunfish, Lepomis macrochirus.  Comp Biochem 

Physiol A, 133:43-52. 

Comments on 

methodology of 

getting audiogram 

Specimens exposed to white noise for selected durations in a plastic tub (38 x 

24.5 x 14.5cm), with 5.5cm water depth.  Fish were free to swim about the tub 

during the exposure, but a mesh screen prevented them from jumping out of it.  

The noise was band limited to 300Hz to 2kHz, and at 142dB re 1mPa. 

The ABR technique was used to obtain the threshold values (see Appendix 1 

for a description of the ABR method, and database page ref. F/Goldfish/02 for 

a description of the experimental set-up and method).  Fish were sedated with 

Flaxedil. 

2 aspects to experiment: (1) establishing thresholds immediately after 

exposures of 2, 4, 8 or 24 hrs; (2) establishing recovery after 24 hrs of 

exposure.  For this latter, ABR tests were carried out after 1, 2, 4 or 6 days. 

Subjects were used in groups of 6 for each duration of exposure. 

Any other 

comments 
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Audiogram from Table 1.  Threshold levels in dB re 1mPa. 
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 

Duration of 

exposure 

2 hrs Mean 120.9 121.1 123.7 120.0 123.3 124.9 131.1 134.3 

SE °1.6 °1.7 °1.1 °1.2 °0.9 °2.1 °2.5 °1.4 

4 hrs Mean 124.4 124.0 125.0 123.9 125.7 125.1 134.2 134.7 

SE °1.2 °2.3 °1.9 °2.5 °2.1 °1.4 °1.7 °0.9 

8 hrs Mean 125.3 122.7 124.9 125.8 127.4 128.2 129.1 133.1 

SE °1.1 °1.8 °0.9 °1.0 °1.4 °1.1 °3.3 °2.4 

24 hrs Mean 125.0 122.2 123.2 126.1 128.2 128.3 136.1 138.7 

SE °1.5 °1.2 °1.5 °1.1 °1.3 °2.0 °1.2 °1.4 

 

Audiogram from Table 1.  Levels after stated recovery period after 24 hrs exposure to noise.  

Threshold levels in dB re 1mPa. 
Frequency (Hz) 300 400 500 600 800 1000 1500 2000 

Elapsed time 

since cessation 

of exposure to 
noise for 

24 hrs. 

1 day Mean 124.1 123.7 126.5 125.9 125.7 127.7 129.0 137.1 

SD °1.1 °0.2 °1.6 °2.4 °2.1 °1.8 °4.6 °2.7 

2 days Mean 121.3 118.9 119.0 120.3 125.1 124.6 127.8 137.7 

SD °1.5 °1.9 °1.7 °1.0 °1.9 °2.3 °1.7 °1.6 

4 days Mean 118.8 120.6 124.6 124.4 125.2 126.8 131.9 138.6 

SD °1.7 °1.6 °1.9 °1.8 °2.1 °1.2 °1.2 °1.0 

6 days Mean 122.2 121.8 121.9 121.8 123.2 126.5 135.3 137.8 

SD °3.0 °1.3 °2.8 °3.3 °2.5 °2.1 °0.9 °1.9 

 

 
Audiogram for bluegill sunfish (baseline results). 



Fish and Marine Mammal Audiograms: A summary of available information 

   

Document ref: 534R0214 49  

www.subacoustech.com 

Database page ref: F/Bonefish/01.  

 
Common name Bonefish. 

Family  

Species Albula vulpes. 

Paper from which 

audiogram 

obtained 

Fay, R.R. (1988).  Hearing in Vertebrates: A Psychophysics Databook.  Hill-

Fay Associates, Winnetka, Ill. 

Paper having 

original 

audiogram data 

Tavolga, W.N. (1974).  Sensory parameters in communication among coral 

reef fishes.  Mt. Sinai J. Med., 41, 324-340. 

Comments on 

methodology of 

getting audiogram 

Original source not seen. 

Any other 

comments 

1 specimen tested.  Thresholds below 400Hz likely to have been masked by 

ambient noise. 
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Audiogram from Table F8-0.  Threshold levels in dB re 1 dyne/cm
2
.  1 specimen. 

Frequency (Hz) 50 100 200 300 400 500 600 700 

Mean -17.5 -19.9 -23.7 -26.1 -24.1 -10.3 2 14.5 

 

Threshold levels in dB re 1ɛPa. 
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 

 

 

 

 

 
Audiogram for bonefish 
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Database page ref:  F/Carp/01. 

 
Common name Carp.  (Japanese or Koi). 

Family  

Species Cyprinus carpio. 

Paper from which 

audiogram 

obtained 

Popper, A.N. (1972).  Pure-tone auditory thresholds for the carp, Cyprinus 

carpio.  JASA, 52(6) Part 2, 1714-1717. 

Paper having 

original 

audiogram data 

Popper, A.N. (1972).  Pure-tone auditory thresholds for the carp, Cyprinus 

carpio.  JASA, 52(6) Part 2, 1714-1717. 

Comments on 

methodology of 

getting audiogram 

Avoidance conditioning procedure used for tests.  Fish were trained to cross 

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 detected it.  Thresholds were 

calculated at the 50% threshold level using the up-down staircase method, with 

at least 20 changes between sound detection and no detection averaged for each 

dayôs threshold determination for each animal.  Test tank was placed in an 

acoustic chamber to reduce ambient noise.  Apparatus and methods fully 

described in Popper (1972), JASA 51(1):596-603. 

Any other 

comments 

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

Sound spectrum levels (ambient noise) were found to be considerably below 

the threshold levels for the animals at each frequency (no more details given). 

Carp are in the superorder Ostariophysi, which are considered to have 

considerably better auditory capabilities in terms of range of sensitivity and in 

absolute sensitivity at each frequency.  Enhanced abilities are related to the 

presence of a series of bones, the Weberian ossicles, connecting the sound 

detector, the swim bladder, to the inner ear.  They enhance acoustic sensitivity 

by closely coupling the swim bladder to the inner ear. 
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Audiogram from Table I.  Threshold levels in dB re 1ɛbar.  6 specimens. 
Frequency (Hz) 50 100 300 500 800 1000 1500 2000 2500 3000 

Mean -31.0 -28.6 -37.4 -42.0 -34.0 -41.6 -25.2 -17.2 +5.9 +25.1 

Range ï upper -21.8 -22.1 -28.7 -33.4 -27.8 -32.8 -18.4 -12.3 +15.2 +31.4 

Range ï lower -40.0 -38.0 -46.9 -47.0 -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 levels in dB re 1ɛPa. 
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 

 

 

 

 

 

Audiogram for carp. 
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Database page ref:  F/Catfish/01.   

 
Common name Catfish. 

Family  

Species Ictalurus punctatus. 

Paper from which 

audiogram 

obtained 

Fay, R.R. & Popper, A.N. (1975).  Modes of stimulation of the teleost ear.  J. 

Exp. Biol., 62, 370-387. 

Paper having 

original 

audiogram data 

Fay, R.R. & Popper, A.N. (1975).  Modes of stimulation of the teleost ear.  J. 

Exp. Biol., 62, 370-387. 

Comments on 

methodology of 

getting audiogram 

Microphonic potentials were recorded from the fishesô inner ears.  Test vessel 

was a 250mm dia. PVC cylinder 200mm high filled to a height of 160mm.  The 

bottom of the cylinder was made of 5mm thick Rho C rubber supported by a 

plastic grating.  A 200mm dia. loudspeaker was suspended 250mm below the 

tank of water, facing upwards into an extension of the cylinder and forming an 

airtight cavity. 

Animals were anaesthetised and immobilised before surgery to implant a glass-

insulated tungsten electrode to measure the saccular potential.  They were 

submerged in the tank, and tonal sounds were produced by the loudspeaker.  

The electrode signals were filtered between 10Hz and 10kHz before being 

analysed in a wave analyser with a 10Hz bandwidth filter.  The sound pressure 

level which caused a 1ɛV RMS response from the inner ear was determined.  

SPLs were measured with a Clevite Model CH-17T hydrophone placed where 

the fishôs ear would have been. 

Any other 

comments 

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

All experiments were conducted in a double-walled soundproof acoustic 

chamber. 

The two ears in this species are connected, so the saccular potential recordings 

were the summed response from the two ears. 

Tests were also done in which the potentials were recorded when the fishôs 

head was vibrated, and also with the swimbladder filled with water.  This last 

test resulted in a loss of sensitivity at all frequencies above 100Hz, with losses 

of 30dB or greater above 200Hz.  Some retesting of specimens was done. 
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Audiogram from Fig. 1(a).  Threshold levels in dB re 1ɛbar.  Values are the levels which 

resulted in a 1ɛV RMS potential.  10 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 levels in dB re 1ɛPa. 
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  

 

 

 

 

 
Audiogram for catfish. 

 



Fish and Marine Mammal Audiograms: A summary of available information 

   

Document ref: 534R0214 55  

www.subacoustech.com 

Database page ref:  F/Clown/01.  

 
Common name Clown knifefish. 

Family Notopteridae. 

Species Notopterus chitala. 

Paper from which 

audiogram 

obtained 

Coombs, S. & Popper, A.N. (1982).  Structure and function of the auditory 

system in the clown knifefish, Notopterus chitala.  J. Exp. Biol., 97:225-239. 

Paper having 

original 

audiogram data 

Coombs, S. & Popper, A.N. (1982).  Structure and function of the auditory 

system in the clown knifefish, Notopterus chitala.  J. Exp. Biol., 97:225-239. 

Comments on 

methodology of 

getting audiogram 

Both ultrastructural and behavioural studies were conducted. 

Ultrastructural procedures involved dissection and decapitation in order to 

assess the association between the ear and anterior projections of the swim 

bladder. 

Behavioural auditory sensitivity was determined using operant conditioning 

techniques.  Fish were trained to cross a hurdle in the center of a tank when 

sound was presented to avoid being given an electric shock.  Hearing 

sensitivity was measured using the 'up-down staircase' method.  The sound 

pressure level was decreased by 5dB following each avoidance response and 

increased by 5dB following each non-detection. 

Test tanks (2 were used) were placed in sound-attenuated rooms which had 

200mm thick walls filled with sand; ambient noise was attenuated by at least 

20dB at 50Hz, and more at higher frequencies.  The sound source was a single 

203mm diameter speaker above the test tank. 

   3 specimens were tested. 

SPLs were measured at 10 locations in the two tanks used at frequencies from 

100Hz to 1kHz.  The levels had ranges of up to 21dB, and standard deviations 

about the mean of up to 6.3dB.  The median values were used as the final 

calibration value for each test frequency. 

Vertical particle velocity was also measured with a velocity hydrophone at four 

positions. 

Authors tabulate all the threshold values determined for each specimen, as well 

as the pooled means.  They note that the range of threshold values at 400Hz 

was 55dB, and the smallest range was about 20dB (Fig. 2(B)).  Also, in some 

cases, there was variability in thresholds in a single test session.  In Fig. 1 they 

present the sound levels as they were presented in one session ï the threshold 

appeared to stabilize at a high value for several trials but then abruptly dropped 

to a much lower value, where it again stabilized, and then finally returned to 

the higher level. 

Notopterus belongs to the superorder Osteoglossomorpha, a group in which 

there is wide variation in structural features of the auditory system.  Notopterus 

in particular has a close physical 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 is in Notopterus. 

 
































































































































































































































































































































































































































































