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Preface
The sense of hearing is pre-eminently the sense for communication. Underwater (UW), aquatic
vertebrates explicitly make use of it. For human, the UW environment is biologically seen a hostile
environment. This is a reason the more to gather as much as possible sensory information, both at
short and long distance, allowing coping and anticipating adequately on this surrounding.
Unfortunately, for human with respect to hearing, this is not very successful. As a result of the large
difference between the propagation of sound in air and in water, only already for this reason human
UW hearing will differ considerably with regard to hearing in air. All together, human is poorly
equipped for UW hearing. And speaking UW is even entirely impossible.
In order to get insight in UW-audiology of human and animals it is necessary also to know the basics
of UW-acoustics what is treated in Chapter I. Self-evidently, also the theory of acoustics in air will be
discussed. In Chapter II, hearing of fish and aquatic mammals is treated. The sea mammals enjoy a
particular popularity under sport divers and some knowledge of their hearing is therefore certainly in
place. In Chapter III hearing of fish is discussed more closely. Warm-blooded animals have two
senses, the auditory and equilibrium system of which the sensory receptors are hair cells. Much
attention is given to hearing of fish because for the sport divers fishes are the aquatic animals of UW
live which give the greatest pleasure of observing like diving practice proves. Fish and amphibians
have a third system which utilizes hair cells, the lateral line system. With this system the flow of water
along the body and also the disturbance of flow by nearby objects can be detected. This unique
system does not have its equivalent in terrestrial animals. The lateral line hair cells have been the first
hair cells of vertebrates of which the mechano-electric transduction was elucidated at subcellular
level. This system will comes up for discussion in Chapter IV.
For a good understanding of human UW hearing, treated in Chapter VI, it is necessary to know
something of the physiology and physics of the human hearing organ under normal circumstances,
i.e. in the air at sea level. For this reason this will be treated firstly in Chapter V. Finally, sound
communication of fish and aquatic mammals will be treated in the last chapter (VII).
This syllabus is intended for physicians, especially in otorhinolaringology, and for people with interest
in the subject who have a science training, e.g. medical biology or medical physics. Some diving
experience of the reader is considered as an advantage.
The syllabus was written for an ENT coarse of the Scott Haldane Foundation, but it covers more than
can be addressed during the oral presentations. However, the aim was to present a review which
covers the subject rather well and is detailed enough to give insight.
The syllabus has 3 levels of difficulty.
1. Textboxes in the main text are statements which one can adopt without further explanation. They
can be considered as “take home messages”. They are understandable for everyone with a higher
education.
2. The main text, resumed in the boxes, is such that exhaustive explanation and argumentation with
formulas are restricted up to a minimum.
3. On a large scale footnotes are applied. Mostly they give more detailed information and some treat
mathematical equations. They can be skipped because they are not necessary for understanding of
the main text. However, sometimes they respect definitions.
For the major part of his carrier, the author was involved in the research of the electrophysiology and
psychophysics of the auditory and visual system of animals and human. This resulted in many
scientific publications and chapters in textbooks. A major part of this syllabus is based on these
papers. His special interest in the sensory systems of fish and the convergence of multi-sensory
sensory information can be found again in chapters III and IV.
N. Schellart, November 2012.
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UNITS, ABBREVIATIONS, CONSTANTS AND VARIABLES
SI units and derivatives
In this manuscript the basic SI (Système Internationale) units (or their derivatives) are preferably
used. The seven basic units are: m, kg, s, A, K, mole and cd (A en cd not used).
For typographical clearness the symbol of litre is L.
J
K
kg
m
mol
N
Pa
s
W

Joule, unit of energy (≡ 1 N·m)
Kelvin, absolute temperature; 273.15 K 0 oC
kilogram
meter
1 mol gas at 1 bar and 0 oC comprises 6.02·1024 particles and has a volume of 22.7 l
Newton, unit of force (≡ 1 kg·m·s–2)
Pascal (≡ 1 N/m2, 1 bar is 105 Pa
second
Watt, unit of power (≡ 1 J/s)

Abbreviations, constants and variables
a
A
α
atm
β
bar
bar
B
BM
c
γ
d
Δ
E
f
fbest
F
gain
I
IHC
IID
IPD
J
k
K
κ
L
Lp

λ
m
m
M
MAF
N

particle acceleration (m/s2), length (m)
area (m2), amplitude
absorption coefficient (dB/km)
1 physical atmosphere = 101325 Pa; for convenience 1 atm is considered as 1 bar
compressibility
≡ 105 Pa. The pressure of 10 m H2O = 0.98067 bar; for convenience this is considered as 1
bandwidth
basilar membrane
sound velocity (m/s)
cp/cv ratio (ratio of specific coefficients of heat capacity with constant p and constant V)
diameter (m)
difference
energy (J)
frequency (Hz)
frequency of best hearing
force (N)
(dB)
sound intensity (W/m2)
inner hair cell
interaural intensity difference
interaural phase difference
energy (J)
constant
constant, bulk modulus (Pa)
compressibility (1/Pa)
length (m)
SPL

wavelength (m), is c/f
molecular mass (relative mass with respect to the mass of one proton)
mass (kg)
mechanical momentum = force x length of action (Nm)
minimum audible field
number
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ξ
p
OC
OHC
OW
p
P
P0
r
rayl
R
Re
RT
ρ
SIL
SPL
t
T
TM
TS
v
V
Φ
W
x
y
ω
Z

particle displacement (m)
pressure (bar, Pa)
organ of Corti
outer hair cell
onder water
sound pressure (Pa)
power (W), ambient pressure (Pa), sound intensity (W/m2)
ambient pressure (Pa)
radius (m), distance (m)
unit of acoustic impedance Z ((kg∙m-2∙s-1)
universal gas constant (= 8315 J/(kmol·K), distance (m)
reflection coefficient
reticular lamina
specific density at 0 oC (kg/m3)
sound intensity level (rel. 10–12 W/m2)
sound pressure level (dB rel. 20 μPa)
time (s), temperature in oC
temperature in Kelvin
tectorial membrane
Torus semicircularis
particle velocity in sound field (m/s)
volume (m3 or L)
angle
weight (kg)
particle displacement amplitude (m)
particle displacement (m)
= 2πf, angular frequency (1/s)
acoustic impedance (1 rayl = 1 kg∙m-2∙s-1)
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SOUND, IN AIR AND WATER

What is sound?
Introduction
For a scuba diver or skin diver hearing underwater (UW) is clearly subordinate to seeing with a facemask (and in general even without mask). 1 However, for many water animals hearing is preeminently the sense to communicate because of the restrictions of the visibility UW, for example in
turbid water. Consequently, they cannot rely on the visual system. But then it is of importance of
having a good hearing system and a system to produce meaningful sounds. Except for
communication, generally between conspecifics, is it also of importance to gather as much as
possible auditory information, both at short and at long distance, to anticipate adequately on the
surroundings.
To understand UW hearing is it necessary to know something of sound and of aerial and UW
acoustics. Here an epitome will be given. For a more extensive treatment of the fundamentals of the
phenomenon sound and of acoustics one is referred to Appendix 1, Sound and Acoustics (from
Schellart 2008).

Oscillations and waves
Sound is a longitudinal mechanical wave phenomenon which is characterized by a so-called
compression wave which can be described by alternating rarefactions (dilutions) and
compressions of the medium. They give raise to the pressure phenomenon, the pressure wave.
To get rarefactions and compressions, the particles have to move back and forth around an
equilibrium position, the so-called particle displacement wave.
The analogy with light forces itself: an electric and at the same time a magnetic wave phenomenon.
The pressure and displacement wave propagate with the same velocity. Both are interwoven
inextricable with each other. Generally, it respects propagating waves which are along the axis of
particle motion (the longitudinal wave). The wave can also respect a so-called standing waves with
fixed nodes and ventral segments, like with an organ pipe.
Sound is characterized by:
 the strength. This is defined as the strength of the sound pressure p, which is force/surface
expressed in Pascal or Newton/m2 (1 Pa ≡ 1N/m2), or in bar (1 bar = 105 Pa). However, in
audiology and acoustics it is generally measured in decibels (dB) with regard to a reference. But
what is a decibel and what the reference?
A decibel (dB) is a relative, dimensionless unit to express the power of a signal related to the
power (=energy/time) of a reference. It is derived from the bel (B): 1 dB = 0.1 bel. Hence, a signal
of 1 bel has 10 times more power (P) than the reference signal. In other words, the relative power
P of a signal, expressed in dB is 10log(Psignal/Preference). Often pressure (is strength) is used and
since p2 is proportional to P, the relative strength becomes in dB 20log(sound pressure/pressure
reference) = 10log(sound intensity/intensity reference).
The relative sound pressure of a signal expressed in dB is: 20log(sound pressure/pressure
reference). Sound pressures is expressed in Pa or bar.

1

For a comprehensive review of human UW vision see Schellart 2006b and for an extensive
description Schellart 2006a.
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The reference of pressure in-air is 20 μPa (1 Pa = 10-5 bar) or 200 μμbar. In water the reference 1
μPa is used.
The pressure in dB, related to the 20 μPa reference is denoted in dB SPL (Sound Pressure Level):
20log(sound pressure in μPa/20 μPa).
 the intensity. This is the generated power per surface (e.g. in W/m2). Often, the intensityis
expressed in dB with respect to a reference.
 the loudness.
In phon In contrast to strength and intensity, which are physical entities, loudness is a
subjective quantity which aims to quantify the strength of the acoustic percept or sensation; it is
a psychophysical. Loudness correlates roughly logarithmically to sound pressure.It is expressed
in phon. By definition two pure tones that have equal phons are equally loud. An equal-loudness or
Fletcher-Munson curve is a measure in dB SPL versus frequency for which a listener perceives a constant
loudness. Each curve is expressed in phon and has its own shape. At 1 kHz, α phon is α dB above 20 µPa.

 In sone

Per definition 1 sone is equivalent to 40 phon. For every doubling of sones, 10 phons should be
added,. Hence, 4 sone is equivalent to 60 phon. The rational of the sone is that every doubling of sones
doubles the strength of sensation.

 the direction of propagation.
 the acoustic impedance, which is of importance to obtain insight in the extent of reflection and
refraction.
A pure tonethis means a sinusoidal oscillation of sound, is characterized by its pitch or better the
frequency, expressed in Hz or kHz. One speaks of sound if the frequency is between 20 Hz and 20
kHz because these are the extreme limits of human hearing. Above this range, it is ultrasound for
which many animals are sensitive (not only dogs for the dog whistle). Also for infrasound ( <20 Hz)
many animals are sensitive.
Sound propagates in gases (for example air), liquids (for example water and soft tissues) and (semi)solid materials (for example bone tissue). Sound comprises generally many frequencies at the same
time, everyone with its own amplitude (and if necessary direction). Splitting up sound is mentioned
frequency, spectral or Fourier analysis. This process results in two spectra, the amplitude and the
phase spectrum. The latter indicates the mutual phase relations of the frequencies. Generally, one
can suffice with the amplitude (or power) spectrum. A closer explanation concerning the spectral
analysis of sound can be found in Appendix B Sound Spectra and the description of the Fourier
analysis itself can be found in Appendix D Fourier analysis.

Sound pressure, particle velocity and acoustic impedance
Sound has both a pressure and particle displacement component (in water the water molecules). The
sinusoidal (with a pure tone) displacement is around a position of balance, i.e. no displacement. As a
function of time, the displacement component can be described with position, but also with velocity v
(the time derivative of position) or with acceleration (the time derivative of velocity) of the particles.
The pressure p and displacement phenomenon, or more precise v are proportional with each other.
The proportionality constant is a kind of resistance. For a given p and a high resistance v will be
small. A simple analogue will make this clear. Suppose a river has a fall of 1 m over 10 km, realized
by a dam. This is a hydrostatic pressure difference p of 0.1 bar. Now the river is bifurcated by digging
a canal of one km parallel to the river and exactly as wide and as deep. Just before the dam they
come together. Since they are parallel, together they will have half the original resistance. Since p is
still 0.1 bar the total volume flow velocity will be doubled. The resistance is called the acoustic
impedance or acoustic stiffness (Z) 2, of the medium.3 Hence, the relevant relation is:
2

In physics, impedance is generally a type resistance which decreases reciprocally with the
frequency. However for sound there is no frequency dependence. Therefore it would be better to
mention it simply acoustic resistance, but that is never practised. Acoustic stiffness is a better name
than acoustic impedance since stiffness is generally frequency independent. The reciprocal of
acoustic stiffness is the acoustic compliance which is also known as acoustic capacitance (with the
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(1a)

where v (a vector, hence with direction) is the particle velocity and p (scalair; no direction) the sound
pressure.
With a given sound pressure it holds that the higher the acoustic impedance (stiffness), the
smaller is the particle motion.
Z is determined by two material constants, ρ the specific density of the medium (water approx. 1000
kg/ m3) and c the sound speed in the medium. Z is equal to:
Z = ρc,

(1b)

with Z in rayl (from the Noble laureate Lord Rayleigh; kg∙m-2∙s-1). With gas as a medium both
decrease with pressure, whereas with water as a medium both are practically independent is of
(hydrostatic) pressure. In air, the sound speed is approx. 340 m/s, in helium slightly lower and in CO2
gas higher. In liquids the sound speed is (generally) larger and in solid materials still larger (see also
Table 1 of Appendix C). Obviously, speed increases roughly with the density of the medium. The
density of water is approx. 900 time larger than of air and in pure water the speed is 1437 m/s. All this
leads to the fact that the acoustic impedance of water is approx. 3800 time larger. Appendix C gives a
more detailed description of the term impedance.
The effective or RMS value
The root mean square (RMS) or effective value is a measure of the magnitude of a varying quantity. It
is used here (in acoustics) to indicate the strength or intensity of a sound signal which pressure is
known at any time instant. For instance, when a pure tone (sinus) has a pressure with an amplitude
A, then the RMS or effective value of the pressure is 0.5A√2 ≈ 0.71A. This is found by squaring the
signal Asin(2πft) with f the frequency and t time. This yields the signal 0.5A2 +0.5A2cos(4πft). This
must be done over one period (=1/f) and then the mean is calculated: only 0.5A2 remains. Since
squared pressure/Z is intensity this means that a pure tone with pressure amplitude A has a power
equal to a constant pressure of 0.5A√2.
The sound intensity is definition:
P I = pv = p2/Z = v2Z

(2)

where p and v are effective values. This holds for a single tone with p = 0.5A√2. When a sound is
composed of two tones, with pressure amplitudes A and B, one must add the powers. So the total
intensity is 0.5(A2 + B2)/Z. To obtain the RMS value of the total pressure one must now take the
square root of the power times Z. This yields {0.5(A2 + B2)}0.5. or 0.71(A2 + B2)0.5. This procedure
leads to the following “rule”:
The effective or RMS strength (i.e. pressure) of a compound sound signal is 0.71 times the square
root of the summed squared amplitudes of the pressures of the constituent tones (harmonics).
At each inhomogeneity in the medium there is, similar as with the propagation of light, reverberation
(reflection), refraction and diffraction (based on interference; the Huygens principle), and/or scatter
and in addition and always absorption. These phenomena will be discussed later.

Behaviour when propagating
Propagation speed

drawback that electrical and mechanical capacitance is frequency dependent)
3
It is analogous to the law of Ohm of the theory of electricity, being V = iR or in words: electric
pressure (voltage) = electric flow velocity (current) times resistance.

Nico Schellart Underwater hearing of human and aquatic vertebrates

11

Sound propagates with a speed which is in the first place determined by the state of aggregation
(gas, liquid and solid materials) and in the second place by the specific properties of the medium.
In air, speed is approx. 340 and in pure water 1437 m/s. The sound speed depends on the
temperature4. For air a good approximating equation is:
cgas = 331.5 + 0.6t,
(3)
where t the temperature in degrees Celsius.
The sound speed in liquids and solid substances (for example cortical bone) can be calculated
from their material properties (see Appendix C for more explanation). This comes because liquids
are hardly compressible and that holds still stronger for solid materials. All kinds of clinical
methods of measurement utilize the fraction of sound reflected by some tissue (for example
osteophony). But what one hears can be influenced by the measurement itself (stetoscoop). In
particular, all kinds of ultrasound techniques, whether or not combined with the Doppler technique
are of great importance, such as (Doppler)echo(cardio)graphy, CEU (contrast enhanced
ultrasound, opto-acoustic imaging, ultrasonic flow meter (cardiovascular, pulmonary) and magnetic
resonance guided focused ultrasound (MRgFUS).

Reflection and refraction 5
Reflection and refraction of sound is similar to that of a light beam at the interface of two media,
e.g. the water surface. It always occurs at the interface of two media with different acoustic
impedances. The striking difference with light is that at the air-water interface almost all sound is
reverberated by the surface. Therefore air-born sound hardly penetrates water and the other way
around water-born sound hardly leaves the water: The enormous difference in the acoustic
impedance is the reason. One says that there is a bad matching of impedances. The fraction of
reflected sound energy is given by:
Reenergy = (Z 1 – Z2)2/(Z 1 + Z2)2, 6

(4a)

where Z 1 en Z2 the impedances of both media. Since energy is proportional wit p2, the reflected
ratio of pressure becomes:
Repressue = │Z 1 – Z2│/(Z 1 + Z2),

(4b)

For air Z is 401 rayl and for water 1520000 (both at 37 oC), hence Repressure = 0.9994725, and
consequently nearly all is reflected. This applies for air to water and for the reversed direction. The
fraction of pressure that passes the interface is 0.0005275 and this is equivalent to a pressure loss
of 20 x log0.0005275 = 65.6 dB and of course also an energy loss of 65.6 dB (10xlog Reenergy).
In air crying something to a diver is useless since the sound does not reach him. For the same
reason a middle ear completely filled with liquid gives an enormous hearing loss.

Diffraction
This is hardly of importance for UW hearing and therefore not discussed.7
4

For gases it holds:
cgas = (γRT/M)0.5 ,
(2)
where γ the so called adiabatic index (the cp/cv ratio, See Adiabatic compression and expansion,
Schellart 2008)), for air 1.402, R the universal gas constant (287.05 J/(kg.K), T thee absolute
temperature en M the molecular mass (kg).
5
When a white light beam is refracted by a prism it is unraveled in its constituting wavelengths
(colours). Sound shows a similar phenomenon, but its discussion is beyond the scope of this paper.
6
This is it acoustic equivalent of the simplified (perpendicular incidence) Fresnel equation for the
reflection of light from e.g. a glass plate.
7

This is a property of each wave phenomenon when a beam passes a narrow aperture which is of
the size order of the wave length. Then interference phenomena occur. Since all tissues behave more
or less as water themselves (except bone), and since the wave lengths are generally > 40 cm, in the
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Scattering
This occurs with particles which are much smaller than the wave length, for example when raining
and snowing and in fog. With scattering, reflection and refraction do not fulfil the usual physical
laws.

Absorption
This is weakening of a sound wave because the medium of propagation takes up sound energy. In
A plane sound wave propagates nearly without absorption loss, in water even 100-1000 time less
then in air.
general that energy is entirely converted into heat.
But in sea water absorption is much larger (particularly due to the solved boric acid and Mgsulphate). See for numerical data Table 1. Absorption becomes rapidly less if the air humidity
increases. As the frequency becomes higher, absorption is stronger. Moreover, the water surface
and the bottom (dependent on its composition) absorb more strongly the higher the frequencies.
This is the reason why UW on large distance the sound of a water fall is perceived as a low rumble
and above water the same holds, whereas on short distance this sound contains also many high
frequencies.
Frequencies above 4 kHz generally play no role for a sport diver listening at a distance of more
than 10 m.

Radiation-attenuation
In accordance with the law of conservation of energy the sound intensity (in W/m2) diminishes with
r2 (r is the distance) since during propagation the surface of the sphere (= 4πr2) - where the energy
is passing - increases with r2. This is the reason why the sound of a dive regulator is already no
longer audible at some meters.
With a spherical wave (sound, light, radiation, etc.), in any medium the intensity decreases with
the square of the distance (apart from absorption). It is called radiation-attenuation.

Fig. 1 Spherical wave fronts of a small sound source. (The transitions of light to the dark zones are
abruptly indicated but with a pure tone they are much more gradual, i.e. sinusoidal). (Bron is source.)
Apart from the above properties, there are some specific effects of sound, the Doppler effect (see
Schellart, 2008) and shock wave (sonic and utrasonic).
Tabel 1 gives numerical values of some specific properties of sound in air and in water.
Tabel 1 Properties of sound in air and in water
property
air
human hearing organ diffraction plays no role.

distilled water

sea water
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Sound speed (m/s) at 1 bar
Idem at P (bar)
Wave length at 500 Hz (m)
Density of medium (kg. m-3)
Acoustic impedance (kg∙m-2∙s-1)
Absorption coefficient α with plane
wave (s2/km)
½-value distance at 100 Hz (km)
½-value distance at 1 kHz (km)
Reciprocity

340
331.5P0,094
0.68
1.225
417
4∙10-7∙f2

1437
1437
2,87
999.1
1.42∙106
2.5∙10-11∙f2

1471
1471
2.94
1.026
1.5∙106
α'sea water #

12.5
1.25 *
often not (wind)

2 x 106 **
20000 **
yes

3062 **
61**
yes (current is
negligible)
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Compressibility coefficient
(P-1)/P
0.044x10-3/bar***
* With α =0.16 dB/km the values are nearly doubled. (Humidity 60%) ** 4 oC, salinity 35%o. *** At low
pressure and 35 oC (Handbook of Chemistry and Physics).
#
α'sea water = 0.075f2/(0.82 +f2)+ 36f2 /(5000+ f2) +4 .1 x 10-4f2 dB/km, with f in kHz (Fischer and
Simmions, 1977).
Example 1: air 1 kHz: so α’ = 0.4/km, in other words after 1 km a fraction of 0.4 is absorbed. But for
the ½-value distance 0.5 should be absorbed. This occurs at 10(log0,5 - log0,4) km = 1.25 km.
Example 2: for 1 kHz α'sea water = 0.049 dB/km. But halving means 10log0.5 = 3 dB less. Hence, the ½value distance is 3/0.049 = 61 km.

Environmental physics of sound in air and water
By reflection to the surface of the earth there can arise areas with less sound since the sound reflects,
depending on the incident angle, against the layer with a higher speed (Fig. 2a). In this way, by a
temperature gradient in air, there can arise silence areas and areas with unexpectedly much sound
(Fig. 3). The higher, the colder and therefore the lower the sound speed and this causes the
curvatures. Silence areas arise dozens of km further away and then there is again an area of
audibility, with gun shots at some hundred km.

Fig. 2 (a) Refraction and reflection of sound beams from a source at 2 m altitude. At day time, the
temperature is approx. 6 oC lower each km higher. (b) propagation in deep water where the principle
of the generation of silence areas is represented. To approx. a depth 100 m, the temperature is nearly
constant, but beyond it diminishes with 4 oC/100 m. Source depth is 50 m, with 10o intervals between
the beams. (Afstand is distance, Hoogte altitude, Diepte depth)
In water, the sound speed increases with the depth because of the hydrostatic pressure, but it
decreases because of the decreasing temperature. Silence areas also occur in water, where
moreover salinity play also a role (Fig.2b). With a smooth water surface, the sound is caught in the
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isothermic layer. 8 In the oceans at large depth, there arise moreover sound canals which extend
themselves over thousands of km. Fin-fishes make use of them in the rut.

Fig. 3 Propagation of sound in the atmosphere. (a) Upper layer colder (normal). (b) Upper layer
warmer (inversion). (c) Silence zone (stilte gordel) with low-frequency sound.
In horizontal direction, sound propagates badly against the direction of the wind (Fig. 4). In water, the
propagation is the same in all directions because flow speeds are with regard to the sound speed
negligible.

Fig. 4

Effect of wind at the propagation in air.

Background sound
The background sound between 10 and 1000 Hz - that is always present in open sea - is generated in
the first place by natural causes, but human activities, such as shipping, contributes significantly. The
natural sound between 0.1 and 50 kHz is caused by waves (generated by wind), falling rain in the
8

Sound waves that are radiated down into the deep ocean bend back up to the surface in great arcs
due to the increasing pressure (and hence sound speed) with depth. The ocean must be at least 1850
meters deep to prevent bottom absorption and echoing instead of refracting upwards. Under the right
conditions these sound waves will then be focused near the surface and refracted back down and
repeat another arc. Each (annular) focus at the surface is called a convergence zone (CZ). With the
temperature and salinity of the North Atlantic, CZs are found approximately every 61 km. Sounds that
can be heard from only a few miles in a direct line can therefore also be detected hundreds of miles
away.
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water, demolishing ice caps, seismic activities, etc. Fig. 5 gives the sound pressure of the background
sound on a depth of 30 m in the ocean in frequency bands of 1 Hz. Above the continental plateau,
outside the surf zone, the background sound will be approx. 10 dB stronger than in the ocean. The
sound of heavy rain and a heavy surf gives an extra increase of 5-10 and 10-15 dB respectively. At 1
kHz the intensity (pressure) of the background sound outside the surf area on 30 m depth is 10-15
time stronger than ashore. With little wind, a small, shallow inland lake have much less background
sound than the sea (Fig. 5). 9
The strong resonance of gas-filled volumes (swim bladders, bubbles, also seismic bubbles)
significantly increases the background noise.
Biological sounds listened from nearby, such as firmly closing special pincers (what gives cavitations)
of large shrimps catching invertebrates, vocalisations of fish (by means of the swim bladder like for
example the drum fish and the croaker), coral eating parrot fish and sea mammals, frequently have
enough intensity to hear even above the background. Hence, in principle UW enough can be heard.

Fig. 5 Background sound in water. The drawn lines give the background sound on 30 meters depth
in the open ocean at several wind strengths. The hyphenated lines give the background sound in
large, deep lake at Beaufort (B) 1 and B 2. From 4 B in large lake, the background sound is almost as
strong as on open sea. The dotted line gives the background sound at 0 B of a small, quiet inland
lake. 1 µbar corresponds to 10 Pa (100 dB re 1 µPa). (After Urick 1975 and Schellart and Popper
1992).

Sound fields
With a remote source, in the so-called far field, then there is a fixed amplitude relation and no phase
difference between p and v.10 p always decreases reciprocally with the distance to the source. Is the
source nearby, then v attenuates more rapidly than p. Because the acoustic impedance of water is
approx. 3600 times that of air, with equal sound pressure the particle velocity of the sound vibrations
of the water molecules is 3600 time smaller than in air. Therefore also the displacement (or the
excursion), this is integrated velocity of the water molecules, is 3600 time smaller. In water of 37 oC at
a sound pressure of 1 Pa v is only 0.67 μm/s. This is a very small fraction of the velocity of the
Brownian movement (the thermal velocity) of the water molecules, which is on average 0.91 m/s (for
9

The noise levels close to the bottom will be greater in deep water than in shallow water. The lower
noise levels in fresh waters and especially the very strong high pass filtering in very shallow waters,
are additional causes for the lower noise levels in fresh water as opposed to marine environments.
The effect of high pass filtering is stronger for soft than for hard bottoms, since the latter have lower
cut-off frequencies. This filtering effect is of less importance in marine waters, since the depth, even
very close to the coast, is often many meters and the sea bottom at the continental shelf is generally
hard.
10
Then Z behaves as an ohmic resistance. (The border between far- and near field depend on the
type of sound source. With the most simple source it is λ/2π; the phase difference is then 45o).
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a calculation to see Evaporation and Perspiration, Schellart 2008), so hardly 1-millionth. UW sound of
1 Pa is a very strong sound. At 1 Pa in air, this is 100 dB SPL, also a very hard sound, v is 2.36 mm/s
and at the same time the thermal velocity of N2 is on average 525 m/s (see Schellart, 2002). In air the
acoustic velocity is therefore approx. 200,000 times less than the velocity of the thermal motion.
Consider, however, that the auditory particle motion holds for all the particles (in gas and liquid) and
this collective motion is superimposed on the chaotic thermal motion (going in any direction) of the
individual particles of a gas or liquid.
The very vast thermic motion of the particles is in all directions. Superimposed on these random
motions is the very small motion with much smaller velocities caused by sound. These motions are
around a position of equilibrium and the same for all particles. They are parallel to the direction of
sound propagation.

Measurement of UW sound
Because sound is a pressure as well as a particles displacement phenomenon, one can measure
pressure and particles displacement (or the speed or acceleration, the last is most simple) separately.
In general, one suffices with the pressure because far from the source (say further then one wave
length) particles velocity is proportional with pressure. However, on short distance in the direction of
the source, the velocity appears to increase much more rapidly than pressure (see below Sound
sources). UW, sound pressure are measured with a so-called hydrophone. Generally its sensor is a
piezo-electric crystal which is coupled to a membrane in a small pressure chamber. Particle
acceleration is measured by an accelerometer, for example with a metal ball suspended in a sphere
filled with a gas. The sphere moves with the water particle motion and the ball is immobile due to its
inertia. (The displacement between ball and sphere can be measured by piezo-crystals, so actually
this device is a displacement meter, which makes use of inertia.)

Sound sources
Monopole source
The most simple sound source is a sphere that in a medium periodically shrinks (compression of
particles) and expands (rarefaction of particles), for example a nitrogen bubble in a liquid (such as
blood). This is the monopole source. The sound field spreads itself spherical-symmetric, with the
pressure and particle displacement (and therefore also the particle velocity and acceleration)
decreasing proportionally with the distance.
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Fig. 6 Particle velocity of sound displacement wave and of local flow calculated for monopole
source in seawater with radius 2 cm. (The volume of the source is about that of the swim bladder of a
gurnard, with which vocalizations are produced). Velocity amplitude at the surface of the source is
6.58 μm/s. At 1 m with 100 Hz this yields 80 dB SPL. The two vertical lines indicate the intersection
between the curve of local flow and particle velocity of the sound wave for 100 and 200 Hz. Along the
horizontal axis (distance) they indicate the border between near and far field (i.e. at λ/2π).
Very close to the sphere a purely mechanical displacement wave is superimposed on the sound
wave. Its amplitude is much larger than that of the particle displacement of the sound wave. On the
surface of the source it is nearly the amplitude of the periodically shrinking and expanding. However,
the amplitude of the mechanical wave decreases with the square of the distance and already rapidly
the particle displacement wave of the sound phenomena dominates. On the distance λ/2π the
mechanical and the sound displacement wave are just as large and this is defined as the border
between near field and far field of a monopole source (Fig. 6).
Natural, in water occurring monopoles are gas bubbles that for example take off from the bottom, and
bubbles generated by a water fall or evoked by a strong surf. Moreover, we know cavitation bubbles
(of swimming animals and propellers of ships) as well as the bubbles of dive regulators. The swim
bladder of fish, although not spherical, also behaves as a monopole.
Gas bubbles in a liquid have a resonance frequency (fres) that diminishes proportional with diameter
and can be calculate from the physical properties of both media and the ambient hydrostatic
pressure. Sound impinging upon a swim bladder is nearly entirely reflected. The sonar of fishing
boats uses this effect to look for fish schools.
Any bubble in a liquid (in the blood, the water, and swim bladders) are monopole sources emitting
spherical, concentric sound waves, which pressure diminish linear with distance.

Intermezzo: Embolic gas bubbles and ultrasound
A nitrogen bubble with a diameter from 0.05 mm has a resonance frequency (fres) of 136 kHz (see
Appendix C for equation). When the surface tension of blood is also taken into account then fres
becomes approx. 8% higher, although the surfactant with which the bubble is “coated” diminishes fres
somewhat. In blood, the width of the resonance peak is much larger then that in pure water. This
makes it easier to detect bubbles in the blood with a Doppler bubble detector, which is generally
adjusted at approx. 3.5 MHz. This much higher frequency is necessary to obtain a good axial
resolution. But the higher the frequency, the smaller the penetration depth becomes. This and other
factors result in a tuning frequency of some MHz.
The distribution of diameters and the density of the bubbles determine the signal of the Doppler
apparatus which is used to determine venous gas embolism (VGE) in the blood of divers after
finishing a dive. Because more than 99.9% of ultrasound impinging on the bubbles is scattered, the
signal emitted by the bubbles can be distinguished well against the background of the signals coming
from the blood cells. The Doppler measurements are generally made from the pulmonary artery
(called precordially, but – and that is more important – it is prepulmonary) by adjusting the Doppler
probe at the left third intercostal space. The probe signal can by displayed as a function of time on a
(PC) screen and at the same time listened. It is also possible to make a Doppler-echocardiogram.
Then, the bubbles can be seen as (big) white dots in the ongoing echocardiogram.

Dipole source
Formally any acoustic source can be described by the sum of a monopole, dipole, quadripole,
octapole etc. In some cases the higher order sources are negligible, and in that case a monopole
description remains. In other cases the dipole source remains.
An acoustic dipole source is a solid sphere that moves back and forth. The field of a dipole source is
considerably more complicated. Except the radial compression wave (weakening with 1/distance)
there is a 2nd compression wave that diminishes with 1/distance2 and which moreover has a radial
and tangential component. Then there is a purely mechanical wave (diminishes with 1/distance3), with
also a radial and tangential component. All components are dependent on the angle between the axis
of movement of the sphere and the direction of observation. Near the source, in the near field, all
displacement components together produce ellipsoidal movement, as appeared from the author’s
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calculations.
By approximation, the cone of a sound speaker is a dipole source.
A vibrating membrane (speaker, UW tools) is by approximation a dipole source. Far away (in the
far field), it emits spherical, concentric sound waves, which pressure diminish linear with distance,
but the waves are non-uniform. Along the axis of vibration it is maximal, but in the plane of the
membrane it is nil.

Analysis of sound (sound spectra)
Sound is generally analysed using the power spectrum that proportional is with the square of
amplitude spectrum of the sound pressure (see Appendix B Sound spectra). The basis of the analysis
is formed by Fourier analysis, which decompose the signal in its frequency components (see
Appendix D Fourier analysis).
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Appendix A Sound and Acoustics

Basic Principles
In any elastic medium, gas, liquid or solid, an acoustic wave can be described as mechanical compressions and
rarefactions. To be propagated, in liquids and solids, the elasticity guarantees some compressibility, also in
solids, which is necessary to evoke and propagate sound pressure. The wave comprises a pressure variation
within the medium and as well as a to-and-fro oscillation of the component particles. The oscillations of the
particles can be expressed as displacement in time (and space). The simplest case is a standing (not travelling)
sinusoidal wave. Such a wave occurs when a tout string of a violin is plucked to make a pure tone. However, this
is a transversal wave. Longitudinal standing waves are produced by organ pipes. With a standing wave, the
sound pressure within a single sound cycle is maximal when the displacement of particles of the medium is
maximal. At that instant, the particles move towards each other and 0.5λ further from each, causing a
compression and rarefaction respectively.
In formula, the standing wave is described as y = y0sin(2πft) with y0=sin(2πx’/λ) with f the frequency, t time, λ the
wavelength, x’ the distance from the place of maximal excursion (the crest). However, most waves are travelling
or propagating and then the equation comprises a single sine wave which is a function of t and the distance from
the sound source x:
y(x,t) = y0sin(ω (t-x/c))

(1)
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with y(x,t) the displacement of particles from the equilibrium position, y0 the maximal amplitude of the particle
displacement, ω the angular frequency (= πf), c the sound propagation velocity. x/c is the time that the wave
needs to travel the path x.
When the particle oscillations are in the direction of propagation, the wave is longitudinal. When the direction is
perpendicular on the propagation direction it is a transversal wave, like a taut string of a violin. Equation (1) holds
for both types. However, generally sound is a longitudinal wave phenomenon (in the so called far-field, see More
Info). Fig. 1 illustrates the propagation of a longitudinal sound wave.
The oscillatory displacements of the particles is denoted with the vector ξ (vectors are denoted in bold), its time
derivative, the particle velocity with v. The particle motion around an equilibrium position causes the pressure
increase and decrease. This sound pressure p is superimposed at the ambient (the atmospheric) pressure.
Sound pressures are generally much smaller than atmospheric pressure. Even at the human pain limit some
5000 smaller. With a longitudinal displacement wave the pressure wave is also longitudinal (see Fig. 1).
With a sound wave through a medium, the particle displacement is the physical movement of a particle (e.g. a
molecule of air). Far from the source the direction of the oscillations is the same as that of the sound wave. Close
to the source the direction of the oscillations is dependent on the type of sound source (see More Info, near and
far field). For a free propagating wave with a plane wave front, the sound pressure (the scalar p) and the particle
velocity v are mutually related such that p = ρcv, with ρ being the (characteristic) density of the medium. The
acoustic impedance Z is Z= ρc, in N·s·m-3 (rayl). v is the acoustic analogue of electric current, and p the analogue
of voltage. So, Z is also p/v and consequently, pv or p2/Z gives the intensity J (in W/cm2) of the sound. When the
wave acts on surface A we obtain the power J·A (W).

Sound pressure

The amplitude or strength is expressed as the effective amplitude (= (0.5v2)0.5 = v√0.5 where v f the amplitude of
the particle velocity a sinusoidal pressure wave) of the sound pressure. SPL or sound level Lp is a logarithmic
measure of the energy of a particular sound relative to a reference sound source.
Lp = 20log(p1/p0)
= 10log((p12/p02) dB SPL
(2)
where p0 is the reference sound pressure and p1 is the sound pressure being measured.

Application
The use of (ultra)sound in medical practice is enormous. In much classical application the physician is the listener
to evaluate the sound. The sound can be evoked by him (palpation) or is generated by the subject (patient) and
listened by an instrument (stethoscope etc.). Many modern applications generate sound as a probe and record
the sound evoked by the probe. Examples are found in echography, Doppler applications, opto-acoustic imaging,
audiology and audiological apparatus, cardiology, phonocardiography, etc.
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Fig 1 Longitudinal sound wave visualized at 4 time instants. The density of the white specks represents the
particle density in the medium and so the sound pressure. The propagation direction is arbitrarily chosen to the
right. The distance between to compression peaks is the wavelength λ. To shift a peak over distance the
wavelength λ takes about 6 ms. So, the frequency is ca. 167 Hz.

More Info
Sound intensity

The sound intensity, I, (acoustic intensity, W/m2) is defined as the sound power Pac per unit area A. It is also
equal to Peff2/Z and to p.v. The usual context is the measurement of sound intensity (W/m2) in the air at a
listener's location.
T

I

1
 p (t )  v(t )  dt
T 0

(3)

For a spherical sound source, the intensity as a function of distance r is:

Ir = Pac/A= Pac/(4πr2)

(4)

The sound intensity in W/m2 of a plane progressive wave is:
LJ = 10log(J1/J0) dB SPL

(5)

where J1 and J0 are the intensities. If J0 is the standard reference sound intensity, where J0 = 10 –12 W/m2. Then
instead of "dB" we use "dB SIL". (SIL = sound intensity level).
Our ears as sensors cannot convert sound intensities and powers. In most conditions for the sense of hearing,
the auditory system only utilizes the sound pressure as input signal.
With all these parameters defined, now particle displacement can be represented in terms of many combinations
of the other parameters.
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p
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J /Z
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(6)

Sound velocity
See main text and Sound impedance for the sound velocity of some biomaterials).

Near-field and far-field
The near- and far-field are concepts to indicate whether an object (or listener) is close or remote from a sound
source in relation to the emitted frequency (see Kalmijn 1988). The border between near-field and far-field is
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defined as λ/2π. The behaviour of pressure and displacement is different in the near- and far-field, the actual
reason why this distinction is made.
For hearing in the air with air borne sound, only the far-field is of importance and sound is perceived by the sound
pressure received by the ear drum. Within the near field particle displacement also plays a role. Now, sound is
also transmitted by particle displacement and perceived via conduction by the tissues of the head (with bone
conduction dominating). Listening with headphones is based on a transmission mixture of pressure and
displacement, with the ear drum and the head-tissues as receiver.

Sound sources
The easiest sound source to deal with mathematically is the monopole source, a pulsating sphere that produces
spherical waves. At distances from the source that are large with respect to λ, the amplitudes of v and p decrease
linearly with the distance from the sound source (R), as does the time integral ξ of v (i.e., the particle
2
displacement, and the acceleration, respectively). It is clear that intensity of the sound decreases with R . For
2
R<< λ, p decreases linearly but ξ decreases with the R . The phase difference between p and v depends upon R.
When R >> λ, p and v are in phase with one another. However, for R< λ, p leads v for at least 45°, up to a
maximum of 90°. For distances approximately λ/2π, there is a gradual transition from the near- to the far-field. In
addition to the near- and far-field effects of λ, there is also an effect of the frequency f (where f=c/λ). Under the
condition that v at the interface of the pulsating source is the same for all frequencies, p is proportional to f,
irrespective of R. In the near-field, displacement is proportional to 1/f, but in the far-field displacement is
independent of f.
Many (biological) sound sources are dipoles (vibrating spheres) rather than monopoles.
Dipole sources produce complicated sound fields that are composed of a radial and a tangential component. The
tangential component, in contrast to the radial, is very small in the far-field. All frequency effects for the radial
component are a factor of f (in Hz) times stronger in a dipole field than in monopole field.
In the far-field of a dipole source, distance effects are the same as for a monopole source, aside from the effect of
the angle between the direction of oscillation of the dipole and the direction of observation (multiplication by a
cosine function). The near-field of a dipole is very complicated. A more complete discussion of the fields of
monopole and dipole sources can be found in Kalmijn (1988).

Appendix B Sound Spectra
Principle
Table 1
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Fig. 1 Wave shapes (left) and amplitude spectra (right) of two vowels, evoked by singing a Dutch aa (top) and a
Dutch oo (bottom).

Types of sounds
Sounds that are sine waves with fixed frequency and amplitude are perceived as pure tones. While sound waves
are usually visualized as sine waves, sound waves can have arbitrary shapes and frequency content. In fact,
most sounds and so the waves are composed of many sine waves of different frequencies, according to the
principle of Fourier (see Fourier analysis, Appendix D).
Waveforms commonly used to approximate harmonic sounds in nature include saw-tooth waves, square waves
and triangle waves. The frequency of these periodic sounds is called the fundamental frequency f1 and the higher
frequencies in the sound are the overtones or harmonics. A harmonic with frequency fk is an integer multiple (k) of
the frequency f1, so fk =k f1. Table 1 presents a number of sounds, indicated by its range of composing
frequencies or by f1. Tones produced by a music instrument are generally periodic (not with drums), but speech is
a-periodic.
Instruments can play a nearly (pure) tone, but mostly notes have many harmonics accounting for the timbre. With
many harmonics voices are warm (alt) and with few high pitched (soprano). Noises (strictly speaking) are irregular
and disordered vibrations including all possible frequencies. They are a-periodic, i.e. the wave shape does not
repeat in time

Spectra
With Fourier analysis the spectrum of the signal can be calculated. Spectral analysis yields the amplitude
spectrum (amplitude versus frequency) and the phase spectrum (phase versus frequency). They present the
frequencies of which the signal is composed. With the amplitudes and phases of all harmonics the signal can be
composed uniquely (Fourier synthesis). In the analysis of sounds, generally only the amplitude spectrum is
calculated.
The emitted spectra are limited by the technology of the emitting apparatus. For instance, low frequencies (< 100
Hz) are hard to produce by loudspeakers, such that they are not contaminated by distorting higher harmonics.
Another limitation is that the emitted spectrum is filtered by the medium in between generator and receiver. In air,
high frequencies are strongly diminished (a train listened at a long distance produces a dull rumble). Finally, the
receiver should by capable to sense all emitted frequency and, moreover, with the same amplitude ratio’s as
occur close to the source.

Vowels, formants, consonants, phonograms and the vocal cords
Fig. 1 presents two sounds as a function of time, together with their spectra, evoked by singing vowels. The
periodicity of the signal is characteristic for vowels. The fundamentals of vowels are the same but the higher
harmonics are quite different. The fundamental can be adjusted by changing the tension of the vocal cords. The
range of singing is normally about two octaves (factor 2x2). The length of the vocal cords determines the lowest
fundamental. The harmonics are determined by the mouth opening and by the shape of the mouth cavity, which
acts as a resonator. Their spectrum is called the formant. It is specific for the vowel.

Nico Schellart Underwater hearing of human and aquatic vertebrates

23

Fig. 2 Phonogram of two different subjects pronouncing the same sentence.
Consonants are generated in a similar way but they contain more noise, produced by pressing air though a
constriction. Their wave shapes are not periodic. This hampers a straightforward Fourier analysis. To get round
this problem, the analysis is made in a short span of time and this time window glides over the signal, producing a
spectrum at each time sample point. In this way a phonogram can be constructed with the frequency versus time.
The amplitude of each frequency is depicted by a gray-scale. Fig. 2 presents the phonogram of two subjects,
which pronounced the same Dutch sentence. Comparison of both panels shows that the speech-phonogram is
highly subjects specific.
The phonetogram is another method to examine (human) voice abilities. It registers the dynamic range of the
fundamental frequency (for pitch) versus the range of the sound pressure level of a singing, speaking and
shouting voice. With singing a large number of sustained tones are recorded and .it covers the entire frequency
range, the speaking voice uses only a. The speaking voice profile is usually measured by counting in normal, soft
and tense/loud voice mode. It covers only a part of the range. It is of diagnostic value for ENT specialists and
phoniatricians. Fig. 3 gives an example.
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Fig. 3 Phonetogram of singing. Along the horizontal axis the notes of a keyboard are indicated with a frequency
scale on top. Each bar indicates the range of strengths in SPL covered by the same note song at various
strengths. For diagnostics the covered area is compared to a norm contour.

Applications
Speech analysis is widely used in for example:
 clinical speech-training examinations,
 in the technology of hearing aids,
 cochlear implants, etc.
Such technologies will develop fast, since hearing-loss and disorders will become endemic due to hair cell
damage (too frequently too long exposure to too high artificial sound levels).
Other applications are artificial speech understanding/interpretation and producing artificial speech.
Sound analysis is applied in many medical equipment and apparatus, e.g. in echography.
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Appendix C Acoustic impedance
Principle
Acoustic impedance Z (or sound impedance) is the ratio of sound pressure p to particle velocity v. Also it is the
product of the density of air ρ (rho) and the speed of sound c. The acoustic impedance Z is expressed in rayl
(from Rayleigh, in N·s·m-3 = Pa·s/m):

with p = sound pressure, in N/m2 = Pa (Pascal),
v = particle velocity in m/s,
J = sound intensity in W/m2,
ρ (rho) = density of the medium (air) air in kg/m3,
c = speed of sound (the acoustic wave velocity) in m/s.
v is the acoustic analogue of electric current, and p the analogue of voltage. Table 2 gives the densities (ρ),
sound velocities (c) and acoustic impedance (Z) is of some bio-materials. With known p, v directly follows from v
= p/Z. For exampe when p = 20 μPa (absolute human hearing threshold), then v is in air 20 x 10-6/412 = 48.5
nm/s, but in water ca. 4000 times smaller. Since displacement is reciprocal with the radial frequency (2πf) the
displacement for 3 kHz is 2.6 pm (NB p and v values are effective values, i.e. 0.5√2 times the amplitude of the
sine.)

Table 1

More info
Hearing
For an equal sound pressure in two materials, v is reciprocally with Z. For instance Zwater ≈ 4000 Zair, and so the
particle velocity in water is nearly 4000 smaller than that in air. Therefore, also the particle velocity of a sound
impinging from a source in the air onto the head is 4000 times smaller than in the air. The resulting vibration of
the head gives rise to bone conduction, but compared to the sound sensation evoked by the pressure impinging
onto the eardrum bone conduction is under normal conditions irrelevant. However, underwater (e.g. diver), bone
conduction, especially due to the lager sound speed in bone, is relatively more important.

Speed of sound
In air:
Under normal conditions air is nearly a perfect gas, and so the speed of sound in gas, e.g. air does hardly depend
on pressure and on humidity.
Sound travels slower with an increased altitude, primarily as a result of temperature and humidity changes. The
speed (in m/s) is:

c    R  T  M 1

(6)

where γ is the adiabatic index or cp/cV ratio, the ratio of heat capacity of the gas (cp) with constant p and the
specific heat capacity of the gas (cV) with constant volume, T the absolute temperature (K), and R (8.314
kJ/kmol K) the universal gas constant and M the molecular mass. The derivation can be found in various
textbooks. For air γ = 1.402.
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In a liquid or solid:
The speed of sound in liquid and solid is:
c = (K/ρ)0.5 = (κρ)─0.5,
where ρ is the specific density and K is the bulk modules, or volumetric elasticity. It is the tendency of an object's
volume to deform when under pressure. It is defined as the volumetric compressive stress over volumetric
compression. It is the reciprocal of compressibility κ.

Ultrasound detection of gas bubbles
Gas bubbles in a liquid can be characterized by a resonance frequency f, which is directly related to their
diameter r0. f can by approximated (liquid surface tension not included) by:

f  0.5   1  r01 (3 /  l ) P0 

0.5

(7)

with γ the specific heat ratio of the gas (=1.40 for N2; see) ρl the liquid density (=1050 kg/m3 for blood) and P0 the
ambient pressure (here 114.7 kPa). With r0=2.5 cm, f is about 136 Hz.. In pure water, bubbles have an extremely
sharp resonance peak (quality Q about 70).
Bubbles oscillate (expand and contract) in a (ultra)sound field. The pattern and nature of their oscillation, and thus
the nature of the backscatter signal, differs depending on the transmitted acoustic power. In addition to the usual
backscatter of the fundamental frequency, the bubbles also produce backscatter of harmonics.
Injected gas bubbles are used for medical ultrasound imaging, called contrast enhanced ultrasound. This
technique relies on a harmonic analysis of the scattered signal.

Appendix D Fourier analysis
In medicine, in all kinds of ways and for many aims signals are measured from the human body. Signals can be
represented as a function of area or space (2-D or 3-D), for example with CT and MRI scans and as a function of
the time, as with ECG and EEG, but also as function of time and space as with fMRI.
We will limit our description to analogue, ongoing time signals. These can be periodic (for example a cosine or
ECG) and non-periodic. Non-periodic signals are for example a once occurring pulse or a noisy signal, such as
the EEG. The description is also limited to the real notation.
Often it is important to know which frequencies occur in the signal, e.g. in communication technology but also in
medicine this is frequently the case. Then the signal is no longer represented in the time domain but in the socalled frequency domain. The theory on which this is based, is the theory of Fourier, which says that each
(random) signal can be described by the sum of a series of sine or cosine functions, everyone with its own
amplitude and phase (or as the sum of a series of sinus and cosine functions, everyone with their its amplitude).
The frequencies of the sine and cosine waves have the ratio 1, 2, 3, 4 etc. and they are called the harmonics. The
first harmonic (with ratio 1) is the ground or fundamental frequency. Since any signal comprises this harmonic
series of frequencies Fourier analysis is also called frequency analysis.
The term harmonic comes of the term harmonic oscillator. An example is the harmonic movement performed by a
weight suspended from a feather. The excursion of the weight as a function of time is described by a sine wave.
Fig. 1 shows an analysis of the blood flow signal.

Fourier analysis and synthesis
Like already mentioned, an important description method is the approach of a signal by the sum of a number of
sine and cosine functions. A single sine function is described by its amplitude C, angular frequency ω (ω = 2πf
with f the frequency in Hz) and its phase φ (in radians) with regard to another signal of the same frequency (or
position in time):
x(t) = Csin(2πft + φ).

(1)

In Fig. 1 is demonstrated how a number of harmonic sine waves compose some signal, here the volume flow of
blood, indicated by the thick curve. The thin drawn line is the sum of the 1st to 4th harmonic shown below the flow
signal. The more harmonics are summed the better sum-signal will match the flow signal. The function which
expresses this procedure of adding harmonics is:


x(t )   C k sin(2kft   k ) ,
k 1

where x(t) is the sum of an infinite number of harmonics, each with its own rank number k, amplitude C, and
phase angle φ.

(2)
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The above makes clear that any signal can be developed in a series of Fourier terms and that a signal can be
synthesized with such a series: Fourier synthesis.

Fig. 1 Fourier analysis of blood flow in a dog lung artery. The upper panel gives the measured signal, indicated
by a dotted line and the drawn curve is the mean signal plus the first 4 harmonics.
How the amplitudes Ck and the phases φk are calculated can e.g. be found in Schellart 2008, section Systems
and basic concept, Chapter Fourier analysis. The elegance of the method is that the coefficients are exactly those
found with the minimum square method this applies even to each component separately.
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Chapter II HEARING OF AQUATIC VERTEBRATES
Introduction
For many aquatic animals hearing is pre-eminently the sense used for communication. Because of
the restriction of visibility underwater (UW), for example in turbid water, often an appeal cannot be
made to the visual system for even moderate distances. This becomes clear from the functional area
of the three senses of for example fish (Fig. 1). With poor visibility, good hearing is a prerequisite for
obtaining information, both at short and long distance in order to anticipate adequately on the
surrounding. Together with a system to produce sound the ability arises to communicate, which is
generally done between conspecifics.

Fig. 1 Functional distance range of three senses of fish.
In order to understand underwater hearing of vertebrates it is necessary to know the basics of sound
and acoustics in air as well as in water. This is treated in Sound, in air and water.

Comparative aspects
Fig. 2 shows the frequency range of some important taxa of vertebrates. Human is a good auditory
species with a range of nearly 3 log units, definitely more than the other groups shown, except the
whales and dolphins which cover nearly 4 log unit.

Fig. 2 Frequency range of the auditory system of various groups of vertebrates. Aquatic species are
presented in boxes.
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Fig. 3 Audiograms of diverse vertebrates with histograms of the frequency of occurrence of the
highest sensitivity (best frequency) and the related best threshold. (From Fay, 1992.)
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Fig. 3 gives the audiograms (mostly pure tone thresholds) of fish, amphibian together with reptiles,
birds and mammals. Also shown are the frequencies with the highest sensitivity (best frequencies)
and the related best thresholds, both presented as histograms of occurrence. In comparison with
birds, the low best frequency of the cold blooded animals is partly due to their lower body
temperature, which restricts the extent of time resolution. It is also related to the fact that in water high
frequency sounds cannot be produced in a simple way.
Many mammals have higher best frequencies than birds. This is related to the outer hair cell function
of mammals, which is explained in “Physics of the human hearing organ”. For the same reason
mammalian best thresholds are lower.
The several taxa of animal, restricting ourselves to Vertebrates, have several adaptations for
underwater hearing. Among vertebrates, fish and aquatic mammals are most numerous represented
in the water, the reason to discuss these animal taxa. Hearing of fish is extensively treated in The
auditory system or fish. Here, a short treatment follows which is considered as an introduction to the
just mention contribution. Next, hearing of marine mammals is discussed, whereas human UW
hearing is discussed separately in Underwater hearing by Homo sapiens. Anticipating on this, it is
noticed that our auditory performance UW are only moderate, but we have not been created for this.

Fishes

a

b
Fig. 4 (a) Inner ear and organ of equilibrium of fish. L lagena, S sacculus, U utriculus, HC
semicircular horizontal canal, AVC semicircular anterioventral canal, PVC semicircular posteriorventrale canal. (b) Hair cells of the macula of an otolith system. K kinocilium, ST stereocilia. Arrows
indicate the directional sensitivity.

Otolith systems and hair cells
The hearing organ of fish exists of three otolith systems, sacculus, utriculus, and lagena (Fig. 4a). The
first two also occurs in mammals, as otoconia systems, and the last has possibly developed to the
cochlea.
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The three otolith systems have primarily an auditory function, but they also work for detecting of autoacceleration. With their ears, several species can observe infrasound frequencies. Moreover, fish has
the disposal of (generally) three pairs of semicircular canal systems, the same as in mammals.
The hair cells of the otolith systems, which have been classified in species-specific patterns, are
because of their morphology direction-sensitive. They have a sensitivity which can be described with
the projection of a reclining figure 8 at the horizontal axis (Fig. 5).

Principle of stimulation of otolith system
The hair cell macula, which has nearly the specific density of water, vibrates just like the whole fish
body vibrates identically as the particles vibrate in the UW sound field as illustrated in Fig. 6a (see for
particle displacement Sound, in air and water). The otolith with its much larger specific density
vibrates, depending on the frequency, not at all or much less (and in the last case also lags behind).
As a consequence, the hair bundle of the hair cells deflect because the hair bundle is “sticked” to the
otolithic surface. The stimulation by particle displacement is the direct stimulation. The hair cells with
their best direction sensitivity in the direction of the sound source are maximally stimulated and the
group with the exactly opposite sensitivity too (but with a temporal phase difference of 180o).

Fig. 5 Strength of sensory stimulation as a function of deflection angle of the hair bundle. Angles
give the direction of deflection. When the stereocilia bend precisely toward the kinocilium the
depolarization (= activation) is maximal. Notice that hyperpolarization is smaller than depolarization
for the same angle. An angles of + 45o is half-effective since the projection of the oblique line on the
horizontal axis (the thick arrow) gives the activation. With angles > + 90 and < ─ 90o the cell
hyperpolarize.
Most teleost (bony fish) species have a swim bladder. Within a sound field the swim bladder will itself
resonate (with rarefactions and compressions) with the frequency of the sound (Fig. 6b). The
oscillating movements of the swim bladder wall is conducted by the fish body as a particle
displacement wave to all directions and thus also to the otolith systems, which gives rise to the
indirect stimulation. This indirect stimulation always comes from the same direction, being from the
apex of the swim bladder. Swim bladder-bearing fish have therefore always an direct and indirect
auditory stimulation. Cartilage fish (sharks, rays), tuna-like species and flatfishes have no swim
bladder and therefore only have the direct stimulation.
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Fig. 6 (a). Principle of direct stimulation of otolith system. (b) Principle of indirect stimulation of
otolith system.
The role of the swim bladder for hearing is an important adaptation, especially in the so-called far field
( see Sound, in air and water) where the pressure/particle displacement ratio increases with the
frequency. Because of this, the swim bladder increases the auditory working range in the spatial and
in frequency domain. The Weberian ossicles (see The auditory system if fish), when present,
augments the effect of the swim bladder even more. Such species perform auditory not less than the
average terrestrial vertebrate.

Aquatic mammals
The aquatic mammals are taxonomically divided as follows:
Cetacea
Odontoceti (dolphins, coast-tooth whales, white whales, sperm whales, killer whales (orca’s)
and the narwal, river dolphins and some more species)
Mysticety (the right whales, such as the fin-fishes, humpback and Nordic whale).
Pinnipedia (seals, porpoises, sea lions, walruses)
Sirenia (“sea” cows, the manatees (fresh water) and dugongs (marine))
All these taxa have auditory specializations. Those of the dolphins and odontocetic whales are the
most extraordinary and therefore they will be discussed

Nico Schellart Underwater hearing of human and aquatic vertebrates

33

Dolphins

Fig. 7 Incoming sound path of odontocete. Incident high frequency sound (Is), echoed by an object
enters the lower jaw, which is filled by a waxy tissue. The propagation through the waxy tissue can be
considered as wave propagation in fibre optics for frequencies in the echolocation range (100 kHz
has a wavelength of about 1.3 cm). (Modified after Ketten, 1992.)
The ear canal of odontocetes is located just behind the eye with a small inconspicuous opening and
there is no external pinna. Dolphins have a very well-developed, acute sense of hearing which is only
just surpassed by the bats, the most remarkable other mammalian taxon with echolocation. The
hearing ranges of odontocetes are from about 75 Hertz to over 150 kHz, with peak sensitivities
between 8 and 32 kHz. The hearing range of the harbour porpoise goes up to about 180 kHz. The
bottlenose dolphin has best frequencies at 45 and120 kHz, the first for communication and the
second for echolocation. The weight of the tympanic bone plus the ossicles limits the upper hearing
frequency. 11 Unlike terrestrial mammals, a dolphin's inner ear is encased in a separate bone, called
auditory bulla (ear bone complex), which is connected to the skull with fibrous tissue. 12
The uncoupling of the ear bones from the skull obviously was an essential prerequisite for
directional hearing, for effective ultrasound orientation and communication, and finally, for the
striking development of the dolphin brain.
A fat-filled cavity in the left and right lower jawbone (mandibule) appears to conduct sound incident
from especially forward directions to the left and right tympanic bulla with sharp sound maxima at the
lateral surfaces of the bullae. Especially the lower jaw pan bones appeared to contribute to these
maxima and also functions with more laterally impinging sound. This all holds for high frequencies (>
32 kHz) used in echolocation.
Modelling of echo discrimination by dolphins makes likely that mechanical and neurological filtering in
the peripheral auditory system precedes central nervous system processing of echoes.
11

In terrestrial mammals, the high-frequency hearing limit (fH) is roughly inversely proportional to the
cubic root of the mass of the vibrating structures, i.e. fH ~ W ─3, where W is the summed mass of
malleus and incus. (Does ossiculoplasty in humans with super-light materials improve fH? See e.g.
Otol Neurotol. 2002;23:836-9).
12
In the evolution of the odontocetes the periotic and tympanic were successively uncoupled from the
skull and combined to a new morphological and functional unit (tympanoperiotic complex). This
uncoupling was mainly achieved by shortening the periotical processes and simultaneously extending
the tympanic air sacs. For functional reasons, however, the periotic (posterior process) stayed in
immediate contact with the mastoid, the latter remaining in the lateral wall of skull. In advanced
marine dolphins, the bony sheaths of the accessory air sacs are largely reduced, presumably
because of volume fluctuations in the tympanic cavity during diving.
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Fig. 8 Cross-sections of the auditory apparatus and the peribullar regions with the relationship of the
periotic-tympanic complex to surrounding cranial elements and to the external auditory canal of the
Odontoceti. (1) tympanic conus; (2) malleus; (2a) processus gracilis; (3) tensor tympani; (4) incus; (5)
stapes in oval window; (6) scala vestibuli; (7) scala media; (8) vestibule; (9) round window; (10)
periotic; (11) tympanic; (12) peribullar sinus; (13) one of five ligamentous bands suspending the
periotic in the sinus; (14) peribullar plexus; (15) blubber; (16) external auditory meatus; (17)
squamosal and basioccipital; (VII) facial nerve; (VlII) acousto-vestibular nerve. (From Ketten, 1992.)
Model studies, brain stem potential and evoked potential studies point to the existence of a second
acoustic window in the dolphin head (Aroyan, 2001; Brill RL et al., 2001). For frequencies in
environmental sound and used in speech the acoustic window is probably the fatty tissue surrounding
the bullae. This window, especially of importance for communication is much broader in horizontal
and vertical direction such that directional hearing of speech from many directions is possibly.13 The
azimuth angle of resolution of directional hearing of the Bottle nose for pure tones is 3o ± 1o for the 40
dB sensation level what is nearly that of human in air (see Fay, 1988 for references). It is the same for
elevation, what is better than that of human. For complex sounds both species reach 1o (with the
bottle nose a smaller head width).
The middle ear cavity of dolphins is protected against imploding (descent) and exploding (ascent) by
regulating middle ear volume with large volume changes of a cavernous tissue of thin-walled vessels
beneath the respiratory epithelium in the middle ear inner wall. By vasodilatation of the vessels the
volume of the middle ear reduces strongly. During the ascent, by volume expansion, the surplus of
blood is driven outward. This mechanism has also been found in seals (Stenfors et al. 2002), which
can dive 1000 m deep (100 bar). It is presumably present in all odontocetes and mysticetes. A similar
mechanism is used by well trained human free divers, but then to avoid imploding of the lungs.
A blood plexus in the inner ear regulates the middle ear volume during descents and ascents
during diving.
With fast panic ascents (often caused by human interference) the ear and semicircular canals are
damaged which results in disorientation. This is probably the cause of many fatal beach landings.
Fig. 9 shows hearing thresholds for bottlenose dolphins and white whales.
13

The precise location of the window is probably close to the external auditory meatus with an
asymmetry in sensitivity favouring the left side of the head (Brill et al. 2002). In owls left-right
asymmetry is known to allow good elevation discrimination.
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Fig. 9 A to F Seven audiograms of white whale from various authors. G Audiogram of bottlenose
dolphin. See http://onlinezoologists.com/topics/mmsound/heartest/ for the references.
The hearing system of dolphins has a mechanism to prevent that weak sounds are masked by strong
background sounds. The same effect, paradoxical lateral suppression, has been shown in man, but
not so evidently (Popov et al. 1998).
Table 1 summarizes the most important differences between cetaceans and human.

Outer ear
Middle Ear

Inner Ear

Cetaceans (Fully Aquatic Ears)
Temporal bone is not part of skull
No pinnae
Auditory meatus is plugged
Middle ear is filled with air and vascular
tissue
Basilar membrane thin and broad at
apex of odontocetes
Mysticetes basilar membrane thinner
and wider than odontocetes and
humans
Strong support of basilar membrane for
odontocetes, less for mysticetes
Long basilar membrane length
Semi-circular canals are small

Large number of auditory nerve fibers
From http://www.dosits.org/animals/produce/ceta.htm.

Human (Aerial Ears)
Temporal bone is part of the skull
Pinnae
Air-filled auditory meatus
Middle ear completely air-filled
Basilar membrane thick and narrow
at the basal end

Little support of basilar membrane
Short basilar membrane length
Semi-circular canals are average to
large
Average number of auditory nerve
fibers

Seals
Seals have UW audiogram going from about 100 Hz to 60-200 kHz. In-air audiograms are much less
sensititive (20-30 dB) and the high frequency sensitivity ends at about 20-40 kHz (Fay, 1998).
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Middle ear damage by diving is prevented not only by the cavernous middle ear tissue described
above (dolphins) but also by action in the tensor tympani and stapedius muscles and discharge of gas
through the Eustachian tube. The presence of a firm, broad-based exostosis in the floor of the meatus
lateral to the tympanum helps to obstruct the ear canal but it seems unlikely that the pars flaccida14
participates in pressure equalization.

Right whales (Mysticety)
Mysticete ossicles are as dense as those of the odontocetes to resist the enormous pressure
changes when diving. However, in contrast to the odontocetes, they are not fused to the bulla. The
right whales have also a freely suspended periotympanic complex but lack the specific properties of
the odontocean mandible. Basilar membranes are exceptionally wide and thin which is in line with
reports about well developed infrasound hearing. However, the acoustic path for infrasound, sound
and ultrasound is not known. Their audiograms range from about 10 Hz to some tens of kHz.
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The open part of the incomplete bony ring. The bony part is the pars tensa, which holds the
tympanum in place).
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THE AUDITORY SYSTEM OF FISH

Introduction
Various sense organs inform cold blooded aquatic animals, i.e. fishes and amphibians, about
acoustico-mechanical events in their environment. The octavolateral system, mentioned after the VIII
nerve and the lateral line nerve, is a collective noun for three very different mechanosensory systems,
i.e. the auditory, the equilibrium and the lateral line (LL) system, which all have hair cells as sensory
transducers. The central pathways of these systems in fish and, to a less extent, amphibians are
similar and partly overlap.
Generally, sensory systems for the detection of acoustico-mechanical environmental information are
of major importance for survival. The range of vision is often limited, whereas attenuation of sound is
relatively small. The two complementary acoustico-mechanosensory systems, the ear mainly for the
long range and the LL for the short range, supply the fish with this type of information. The auditory
and LL sensory systems enable detection of 'active' sources by mechanical vibrations, and the latter
also provide clues about the static (mechanical) environment, i.e. flow in the surrounding medium.
The LL system is described in Chapter IV The mechanosensory lateral line system.
Fish hearing is, in general terms, comparable with other vertebrate hearing. Apart from regular sound
sources, disturbances of the ambient noise in space and time as a result of reflection, scatter or
absorption can be detected. Fishes can distinguish a specific sound "popping out" of the background
noise (masking experiments). This can be compared with the segregation of an object from the
background by the visual system.
Under the assumption that the reader has some knowledge about the fundamentals of underwater
acoustics (see “Sound, in air and water”) we start with a description of the structure and function of
the sensory organs, and we will have a look at how sensory abilities may be related to habitat and
behaviour.
After discussing the psychophysics, the neuroanatomy and neurophysiology will be discussed shortly.

The inner ear

Fig. 1 The bauplan of the semicircular canals and otolith organs of bony fish, here of the cod, with l:
lagena, s: saccule and u: utricle. For clarity, the corresponding otoliths, indicated by lo, so and uo are
drawn outside the labyrinth. Hair cell orientation is indicated by arrows (see also Fig. 4). Adapted from
Dale, Norw. J. Zoology,1976, 24, 85.
In general, the inner ear has three semicircular canals (which will not be discussed any further) and
three otolith organs i.e. the saccule, lagena, and utricle (Fig. 1). A calcareous otolith, suspended in
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the endolymph, is mechanically coupled to the sensory epithelium by a thin otolith membrane. A hair
bundle consists of one eccentric, long kinocilium and many stereocilia. A deflection into the direction
of the kinocilium depolarizes the hair cell. This depolarization is followed by an increase in the firing
rate of the nerve fibres transmitting the sensory information to the brain (the afferent fibres).

Fig. 2 Cartoon of otholith organ with hair cell deflections with 1 ms intervals. Sound causes motion
of the hair cells with respect to the otolith. The deflection of the hair bundles is shown at three
different instants in time for a pure tone (250 Hz). (Modified from From Schellart and Wubbels (1998).
The densities of a fish's body and water are practically identical and wavelengths of sound are in the
order of meters. Therefore, the fish body follows the acoustic motion component of the water
molecules. However, the otoliths lag the rest of the body because of their higher density and weak
suspension in the otolithic sac. Above 50-100 Hz an otolith, behaving like a damped harmonic
oscillator, can be considered as immobile (for fish > 0.25 m). The result is that hair cells oscillate with
respect to the otolith, and hair bundles are deflected (Fig. 2). For fishes without a swim bladder or
other air cavities this is the only way of stimulation.
The displacement between the vibrating fish body (due to the particle motion of the water
molecules) and consequently the shear displacement between the hair cells and the immobile
otoliths is referred to as 'direct' stimulation of the ear and can be considered as a functional
analogue of bone conduction in terrestrial mammals.

The swim bladder
Most species of bony fish have a swim bladder. 15In addition to the role of the swim bladder in
buoyancy and vocalization (by muscle contraction in its wall), it has a function in sound detection. The
oscillating pressure component of a sound field, causes alternating compressions and rarefactions of
the swim bladder (behaving as a monopole source, see I Sound, in air and water), which are
propagated to the otholith maculae. Thus,
The swim bladder functions as a pressure-to-displacement transducer. The oscillation of the swim
bladder wall, which can be seen as a functional analogue of the tympanum, is transmitted to the
hair cells.
This mechanism is referred to as 'indirect' stimulation of the ear which is visualized in Fig. 3. The
swim bladder increases the hearing bandwidth by lowering the threshold. The role of the swim
bladder in hearing is a significant adaptation, particularly in the far field where the pressure to
displacement ratio increases with frequency, thus extending the auditory "scope" in the space and
frequency domains.

15

Tuna’s, mackerels, flatfish, shark, rays and lower fish lack a swim bladder.
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Fig. 3. Direct and indirect stimulation of the inner ear (solid gray ellipse). Direct stimulation (particle
motion) along the line source-ear, and the indirect stimulation (swim bladder mediated) are indicated
by bold vectors. The bold ellipse, resulting from vectorial summation, represents the displacement
orbit (drawn 106) times too large) of the hair cells with respect to the otoliths. Source located in far
field. (From Schellart and Wubbels, 1998.)

Experimental stimulation of the auditory system
Most psychophysical and neurophysiological work (e.g. that of the author) about fish hearing has
been done within a small tank. In such tanks the sound field of the stimulus is hard to control.16 This is
the first reason why audiograms of are so variable. Moreover, it is very difficult to get rid of disturbing
vibrations of the building.
The complexity of sound fields in a small experimental tank and building vibrations are the reasons
why the underwater audiograms of the same species and also of human are very variable.
In the neurophysiological set up the problem was solved by measuring the vibrations of the fish head
by miniature accelerometers and measuring sound pressure in the swim bladder (e.g. Wubbels and
Schellart 1997).

Hair cell orientation pattern
A striking characteristic of the maculae is the interspecific variation of the orientation pattern of hair
cells, i.e. the distribution of directional sensitivity of the hair cells. This holds especially for the
saccule, in most species the primarily otolith system involved with audition. Hair cell orientation
patterns are to some extend related to taxonomic groups. Fig. 4 gives the most frequently observed
patterns of the sacculus macula. The orientation patterns are generally not related to taxonomy.

Fig. 4. Most common types of hair cell orientation patterns of the saccular macula. The majority of
16

The sound fields in such tank are very inhomogeneous due to the long wavelengths. Consequently
there are multiple reflections. Therefore sound pressure (p) and particle velocity (v) are not easy to
manipulate. In tanks of some cube meter p and v can be controlled well (Schellart and Buwalda
1990). In early studies, only the sound pressure was considered, whereas there is also a direct
stimulation.
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teleosts have saccular hair cells oriented in four directions, the four-quadrant or 'standard' pattern.
(Modified after Schellart and Popper 1992)
It is assumed that for a pure tone the motion of the macula relative to the (almost immobile) otolith is
an ellipse17 due to the dual stimulation (directly by v and indirectly by p via the swim bladder, which
are out of phase) as Fig. 3 illustrates.

Hearing specializations
In fish audiology four groups of species are distinguished in relation to their hearing specialisation,
based at some auxiliary structure or its absence.

Fig. 5 Lateral (1), in situ (2) and dorsal (3) schematic view of the four Weberian ossicles, claustrum,
intercalarium, scaphium and tripus.(From L.A. Krumholz Copeia 1943, © JSTOR).
Group I Some 8000 species, the otophysans, including especially carp-like fish, have Weberian
ossicles (Fig. 5) connecting the swim bladder to the saccule.
The Weberian ossicles, which improve hearing, can be considered as functional analogue of the
mammalian middle ear bones.
Species from Group I have extended hearing to higher frequencies, which is attributed to the saccule.
Low frequency detection is thought to be a function of the lagena
Group II Species from several unrelated taxonomic orders, have other specializations to improve the
transduction from pressure to displacement, but less adequate than the Weberian ossicles. E.g.
elephantfish species (Mormyridae) have a small air bubble that is closely linked to the inner ear.
Groups I and II are often referred to as hearing 'specialists'.

17

However, it is a straight line when the source is at the length axis of the fish body.
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Fig. 6 Audiograms of a representative of the groups (Gp) I to IV and human in air and water. Ca
goldfish, Gp Elephant nose fish (both fresh water species), Ma haddock, Pp place (both marine
species). From Schellart and Wubbels, 1998.
Group III Diverse taxa, have no specific structures to enhance hearing but do have a swim bladder.
They are referred to as hearing 'non-specialists'. The audiograms are characterized by a relatively low
frequency of the frequency with the highest sensitivity, fbest, and high threshold at fbest. Their hair cell
orientation pattern of the sacculus is standard type or dual type (Fig. 4). This group comprises nearly
all 6000 perch-like species.
Group IV Jawless fish (agnathans), sharks and rays (elasmobranchs), flatfishes and most tuna-like
fishes lack a swim bladder. Their audiograms are characterized by a low fbest and high threshold at
fbest.

Comparative aspects
Frequency analysis, with a set of selective filters, enables animals to decompose complex sounds.
Recognition of a source is a matter of evaluation of the discriminated components. Behavioral studies
show that vocalizing species do perform this synthetic process of listening. Goldfish is able to detect
the various components of a sound (analytical listening) and also to evaluate a sound as a whole
(synthetical listening).
Most fish audiograms (about 50 are known) are pressure audiograms. fbest of the species with a swim
bladder is between 100 and 700 Hz, which is lower than the fbest of terrestrial vertebrates. Generally, a
fish audiogram with a higher fbest is broader than that with a lower fbest, even on a logarithmic scale.
The mean threshold at fbest of all species is 60 - 100 dB relative to 1 µPa, i.e. 1 - 100 mPa (1 Pa = 10
µbar), which is higher than for birds and mammals.
Taking all swim bladder-bearing species together, it was shown that the higher fbest the lower its
threshold. This is assumed to be a biological adaptation since ambient noise also diminishes with
frequency (Fig. 5 of Chapter I Sound, in air and water).

Audiograms, habitat and food choice
Fishes with good hearing (broad audiograms and low thresholds), generally, live in quiet (usually
fresh) water with a soft bottom and are able to hear low ambient noise levels (Fig. 8).
Species with good hearing dwell in shallow (fresh) water environments, and can be found in Group II
and especially in Group I. Most of these species are non-predators or predators of small
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invertebrates, and often they are prey for larger fishes themselves. Vocalizations are generally not
known.
A noisy habitat (usually a marine environment or upper courses of rivers) combines with more narrow
audiograms and high thresholds (Pp and Ma of Fig. 6). These habitats are populated with Group III
and IV species. Species with poor hearing, probably to prevent response saturation by the
background noise, often feed on fishes or invertebrates. Species with a moderate hearing often turn
out to be invertebrate predators.

Fig. 8 Audibility of background noise. Stippled curves represent background sensitivity based on
critical bandwidth of threshold pure tone audiograms. In the ocean, salmon does not hear ambient
noise, but the cod is able to hear it. In quite lakes goldfish can hear background levels. Dashed
curves are background spectra (ocean: 30 m depth, Beaufort 4, heavy shipping). (From Schellart,
1995.)
There is a large scatter among the perch-like fish, an order with some 6000 of species having
substantial variability in behaviour and ecology. The pisciforous (fish eating) marine perciforms
(perch-like) and fresh water predators have relatively poor hearing but good vision. Predators
generally do not hunt by the sounds produced by their prey. The otophysans use their superior
hearing ability to avoid predators. The moderate to poor hearing of most cod-like and freshwater
perch-like fish, which are all predators, indicate that hunting does not rely on hearing but generally at
vision.
In general good vision is negatively correlated with good hearing. This holds generally for hearing
specialists, the otophysans, which live in still waters with low to moderate visibility, and often with a
crepuscular or nocturnal life style. Some species clearly deviate from the general trend; the soldier
fish has excellent hearing and excellent vision. The eel has very poor vision (before migration to the
ocean) and hearing, but has very good olfaction.

Fish with good hearing generally live in quite (fresh) waters and are mostly non-predators. Fish
with moderate and poor hearing are generally marine fish and are often predators.

Hearing Abilities
Frequency sensitivity
The typical high frequency sensitivity of otophysan fishes (e.g. carplike fish) might be a mechanism to
compensate for the strong low frequency filtering in the shallow waters with soft bottoms that these
fish often inhabit. The harder bottoms and higher current speeds in the upper courses of rivers result
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in higher noise levels than in the lower courses. In upper courses relatively more species (perch-like
fish) are found, which are not specialized in hearing.

Sensitivity to background noise
Fish with good hearing ability can hear the background noise, but fish with moderate hearing often
cannot hear it.
Theoretically, detection of noise can be estimated with the pure tone pressure threshold, Sf, and the
critical bandwidth, B3dB (Schellart and Popper, 1991). Fig. 9 gives the thresholds for three nonspecialists, salmon, cod and squirrel fish, and for the hearing specialists goldfish, knife fish and
elephant nose fish. Since most of the time the wind force is greater than 2 on the Beaufort scale, the
cod will generally hear background noise up to 300 Hz and the same is probably true for the squirrel
fish. As illustrated in Fig. 9, the salmon should only hear background noises when the wind force is
greater than 7. In contrast, the goldfish will hear even the lowest levels of background noise. The
knife fish and elephant nose fish will have intermediate capabilities to hear the background noise.
Due to the relatively high noise levels (mostly due to wind) in the oceans and large seas, detection of
low intensity biological sounds by codfishes, mackerels and tunas would be impossible because of
extensive masking.

Fig. 9 Underwater ambient noise levels for different wind strengths. Solid lines represent open sea
noise levels. Dashed-stippled lines represent the noise levels in a 15 m deep Scottish loch. The
stippled line gives the noise level of a shallow, quiet lake. The symbols indicate the theoretically
predicted thresholds for hearing the ambient noise for Group I, II (both open symbols, fresh water)
and III species (closed symbols, marine). Vertical axis: sound pressure per 1 Hz (1 µbar = 0.1 Pa.).
From Schellart and Popper 1992.

Directional hearing
The distance between both ears, especially in young fishes, is only some mm.
Fishes cannot use the difference in time-of-arrival of the sound as happens in mammals (1 cm
corresponds to 7 µs) for directional hearing.
For far sound sources, both ears have (almost) the same position in space. This implies that the
frequency content of the sound and its intensity are the same on both sides due to the identical
acoustic transparency of the fish body and water. Thus:
The cues that are used by terrestrial vertebrates for sound localization cannot be used by fishes.
The presence of perpendicular oriented populations of hair cells on the three maculae allows the
auditory system, by vectorial analysis, to establish the 'line of action' along which particle motion
takes place in space, just like a three-dimensional (3D) accelerometer. With such a system, however,
no distance-information is available and the detection of source location is not unique: the source may

Nico Schellart Underwater hearing of human and aquatic vertebrates

44

be positioned in opposite directions. This is the so called ambiguity of 180o. However, behavioural
experiments (in tanks and open water) have demonstrated that fishes have solved the 180o ambiguity
and some have been shown to distinguish distances.
Various models have been proposed, for instance the so called the orbit model (Schellart and De
Munck 1987), hypothesizing the analysis of the orbit parameters of the elliptical motion of the hair cell
maculae and the phase model (Schuyf and Buwalda, 1975) assuming a simultaneous, but spatially
segregated, detection of direct particle motion and indirect stimulation (via the swim bladder; sound
pressure). Also other authors have made suggestions about the possible neuronal mechanisms
involved.

Summary of hearing abilities


Frequency and intensity discrimination are important features for recognition, distance
perception and detection under noisy circumstances.
1. The frequency discrimination thresholds , expressed as the relative frequency difference
between two tones, is 5% for Group I (goldfish even only 3%, twice the human threshold).
2. The intensity discrimination threshold of goldfish (Group I) is 1.5 dB, which is nearly as good
as humans perform.

Sensitivity for amplitude modulation of a pure tone.

Sensitivity for gap detection (ms period of silence).

Sensitivity for masking by noise and distinguishing of relevant signals from the ambient
noise.

Swim bladder bearing fish is able to detect uniquely the direction of a sound source and also
its distance.
Fishes with the best hearing are found in quit, shallow, fresh water habitats with soft bottoms.
They are planktonivorous, herbivorous and/or predators of small invertebrates. Fishes living in
noisy environments (open seas, oceans and upper courses of rivers) tend to have poor to
moderate hearing. Their life style is predatory or even purely piscivorous. (Schellart 1992).
The best hearing, in terms of sensitivity and bandwidth of the audiogram and of intensity and
frequency discrimination, is only found in species with auxiliary structures (such as Weberian
ossicles) to improve swim bladder-to-ear coupling.
The swim bladder is generally a prerequisite for long-distance and spatial hearing. Fishes without
a swim bladder, or not having another air cavity in some intimate relationship to the inner ear, do
not hear sounds from the far-field and are not able to detect sound source direction.

Anatomy and physiology of the auditory pathway
The central auditory wiring of fishes resembles that of other vertebrates, a notion not surprisingly
seen the evolution of vertebrates. Fig. 9 gives a general view of the auditory (and LL and visual)
pathways.
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Fig. 9…Pathway of the auditory (and equilibrium) system, the lateral line system and the visual
system of a general teleost (bony fish; here the trout). Connections to the forebrain are not indicated,
since they are poorly developed and hardly investigated. (A summary constructed from a dozen of
neuroanatomical and neurophysiologal papers of Schellart c.s.).

The efferent system
Just as all mammals and other vertebrates the acoustic system (and the LL) system is provided by an
efferent system. As in mammals it is thought to modulate the hair cell response. Its somata have thin
unmyelinated fibres with propagation speeds of a few m/s. They are located in the octavolateral
efferent nucleus (OEN). A minority of OEN neurons on one side innervate hair cells on both sides.
OEN neurons receive direct input from the semicircular canals and indirect input, via the hindbrain
octavolateral nuclei (and the TS), from the auditory (and LL) end-organs.

Fig. 10. (a) Spike density as a function of simulated source direction of units of the trout TS. The
direction of each tone burst (rotated a few degrees anti-clockwise with respect to the preceding one)
is given along the vertical axis (0o is forward). The bottom histogram denotes the peri-stimulus time
histogram and the right-hand histogram the number of spikes elicited during a single tone burst
(stimulus 172 Hz, rectilinear motion, amplitude 1.03 nm). (b) The instant of firing is represented in six
polar period histograms18, where A-F correspond to the indicated sections in (a). SI: synchronization
index (range 0-1). Section A and F mainly contain spontaneous activity. From Schellart and Wubbels
1998,
18

In a polar period histogram, the phase of the firing of the spike related to the phase of some sine
period in the pure tone burst is indicated in degrees. The 360 degrees are indicated by a circle, going
anti-clockwise. Each spike in this polar plot is represented by a dash and all spikes elicited during the
tone burst are collected in the circular histogram, similar as in a classical histogram. When the spikes
are fired randomly in the periods, there is no direction of preference in the polar histogram and the
index of synchronization is 0. When all the spikes have a fixed phase, the index is 1. Mammalian
central neurons have generally indices close to 1.0 (like here), but than even for frequencies of many
kHz.
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Peripheral and central neurophysiology
Despite the peripheral variation among species, the general features in nerve fibres and central
neurons, which have been reported in some hundreds of papers, are rather similar as in higher
vertebrate taxa (Feng and Schellart,1997).
Auditory processing has been measured in brainstem nuclei, the midbrain, diencephalon and the
telencephalon (forebrain). The torus semicircularis (TS), the homologue of the mammalian inferior
colliculus, has been investigated most extensively.
In general the principles found in terrestrial animals and humans for frequency and intensity coding
and other stimulus features are basically alike. However, the neuronal organization for directional
hearing is very different due to the specific properties of water to transmit sound. Despite this, the
functional organization of the involved structures is, as in warm-blooded animals, in columnar
structures perpendicular to the brain surface and in addition the principle of mapping is generally
found (Feng and Schellart, 1997).
A problem for many decades was to elucidate the neural mechanism of directional hearing. Due to
the very long wavelengths of sounds utilized by fish and their generally small inter-aural distance this
was an intriguing challenge. It was found out that the main structure for directional hearing was the
lower part of the midbrain (Wubbels and Schellart 1997, 1998; Ma and Fay 2003). Here also other
sensory information, especially visual and LL, is processed and integrated (Schellart 1983). Fig. 10
gives an example of a directionally sensitive neuron of the TS.
Despite the aquatic environment, requiring other adaptations than in air, the basic principles of
information processing in the central auditory pathway appear to be similar as in mammals. The
sensory modalities and their features are organized in columns and lamina parallel to the surface
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Chapter IV THE MECHANOSENSORY LATERAL LINE SYSTEM
Introduction
The mechano-sensitive lateral line (LL) system has been evolved to inform cold blooded aquatic
animals, i.e. fishes and amphibians, about low frequency oscillations in the water caused by constantpace swimming and during acceleration, by motion of other animals and by environmental conditions
(e.g. objects on the bottom). As with the auditory and vestibular system the LL sensory receptors are
hair cells. The central pathways of these systems in fish and, to a less extent, in amphibians are
similar and do partly overlap.
Flow patterns (and sounds) caused by swimming contain energy up to 1 kHz. Invertebrates, as
crustaceans and molluscs produce sounds up to some kHz, with lower frequencies often dominating.
The local flow (see Sound, in air and underwater) of these signals is generally strong enough to
stimulate the LL system. While swimming around, the fish generates a (laminar) flow along the body,
which can be detected by its own LL system. However, ambient turbulent flow, e.g. in the upper
course of a river, may deteriorate the signal to noise ratio of relevant sounds.

Structure and function of the lateral line organ

Fig. 1 (a) Schematic neuromast structure. Modified from Dijkgraaf 1963. (b) Example of the
distribution of neuromasts of the blind cave fish. Solid dot: CN-pore (accompanying a CN), small dot:
SN. Redrawn from Bleckmann 1986.
The LL system consists of a complex arrangement of endorgans, the neuromasts, usually distributed
over the entire body. The neuromast comprises some 5 to many tens and sometimes hunderds of
sensory hair cells interspersed with supporting cells. This whole assembly of cells is covered by a
gelatinous cupula (Fig. 1a). Adjacent hair cells typically are oriented with their kinicilium in opposite
directions, resulting in two populations of hair cells, and afferent nerve fibres, responding 180o out of
phase.
The embedding of the hair bundles in the cupula improves the signal to noise ratio, because the
Brownian motion of free standing hair bundles is substantially reduced.
Shape and size of neuromasts vary considerably among species and among the different types of
neuromasts of a single species (Fig. 2).
The LL system is comprised of three subsystems (Fig. 1b):
 The head system consists of canal neuromasts (CNs) enclosed in completely closed or partly
open widened canals, with the cupulae surrounded by the canal fluid (Fig. 2, middle and lower
part).
 The trunk system consisting of canal neuromasts (idem).
 A subsystem comprising the superficial neuromasts (SN's) at the trunk including the tail, with the
cupulae extending into the water (Fig. 2 upper part).
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Fig. 2 Variations in cupula’s. (A) Saggital view. The single arrow at the top represents water flow. The
length of the two arrows in the middle represent the speed of water flow. Due to the speed gradient,
and only then, a current in the canal is evoked which stimulates the cupula. Wide canals are open at
the places indicated by a stippled line. (B) Coronal section at the level of the copular base. Open
circles are pores and hatched ellipses the cupula’s. (From Coombs et al. 1992.)

Fig. 3 (A) Canal scales with SNs at top of the scales and CNs in the scale canal. Arrow: sensory hair
cells in the SNs and CNs respond maximally to water movements along the canal axis. P: posterior
suprascalar pore. (B) Schematic longitudinal section through 2 lateral line scales. Positions of SNs
and CNs are depicted. The pore (P) provides the connection with the outside water volume and the
fluid in the scale canal. The canal segments are connected by the pores (I) and (S). PLN, posterior
lateral line nerve. After Kroese and Schellart (1992).
Fig. 3 gives a closer look of the latter two. SN's are relatively small (ca. 100 µm). CN's can have much
larger diameters (up to several hundreds of µm), especially on the head.
There is a wide variability of shape and size and number of canals as the result of functional
adaptation during the evolutionary process to habitat and feed facilities. For instance, the
subterranean living blind cave fish has compensated the loss of vision by an increase of the number
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of SNs (and taste buds) on their head, thus improving object detection. With an array of SN's on its
strongly flattened head, the topminnow searches for trapped insects on the water surface.
The number of nerve fibres innervating a single CN is sometimes even several hundreds, including
afferent as well as the very numerus efferent (centrifugal) fibres. SNs are innervated by much less
fibres.

Frequency sensitivity

Fig. 4 Frequency response of four SN (A) and four CN (B) fibres of the trunk LL nerve. Gain is given
in arbitrary decibels. For clarity, some of the curves are shifted vertically. Adapted from Kroese and
Schellart (1992).

Fig. 5 Neural and behavioural thresholds as function of frequency for the same specimen of the
mottled sculpin. For all examined frequencies the position of the stimulus, a vibrating sphere at some
place next to the trunk LL canal, was the same. Modified after Coombs et al. (1992).
Microphonic potentials have been measured to establish the organ's frequency characteristics19 and
to show that the LL system responds to the local flow field (see Sound, in air and water). In addition,
LL afferent nerve recordings have been made of fibres innervating CN and SN neuromasts. Fig. 4
gives an example for the trout, a species with moderate LL sensitivities. Along the vertical axis the
sensitivity, expressed as reciprocal displacement amplitude of the pure “tone” stimulus, is depicted.
19

When measuring the summated hair cell potential (called microphonic potential) of a neuromast, it
was observed that its frequency is twice the stimulus frequency. A deflection of the hair bundle
towards the kinocilium depolarizes the hair cell; a deflection in the opposite direction gives a smaller
hyperpolarization. The responses of the two populations of oppositely oriented hair cells in the
neuromast.are 180o out of phase. After adding the two population responses there is no complete
cancelling, the cause of the frequency doubling.
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The trunk CN units appeared to have a low frequency attenuation of about 40 dB/decade. However,
when the acceleration of the stimulus, so the second derivative of displacement, was depicted, then
for low frequencies there would be no attenuation at all. In an experiment with another species the
stimulus strength was expressed as m/s2, so acceleration, and examined was the threshold of various
fibres innervating trunk CN neuromasts (Fig. 5). Here, indeed, up to about 120 Hz, the acceleration
threshold was constant, as shown for five fibres. In case of SN neuromasts, not acceleration but
velocity should be used to express stimulus strength. Then, up to some 50-100 Hz, the SN neuromast
has a constant sensitivity. Fig. 4B shows an attenuation of (about) 20 dB/decade for displacement,
which is equivalent with 0 dB/decade for velocity.
Resuming, plotting the frequency characteristics in terms of velocity (for the SN system) or its time
derivative, i.e. acceleration (for the CN system), instead of in terms of displacement (the integral of
velocity), gives them the appearance of a filter progressively attenuating high frequencies without
affecting low frequencies (low-pass filter). This is not just mathematics, but it answers the question
which physical quantity is the relevant biological input parameter for the LL system.20
The low frequencies of the water particle velocity are well transmitted by the SN organs and
similarly the acceleration by the CN organs.
In Fig. 5 the psychophysical frequency characteristic and the thresholds of the CN afferent fibres are
compared. It appeared that the behavioural threshold is determined by the CN and not the SN
system.
The psychophysical threshold of the cupula movement, when stimulating a single CN on the head
(e.g. of ruff with its very large cupula’s), is only a few nm at fbest (75 Hz).

Lateral line abilities
The spatial distribution of neuromasts suggests that gradients of flow play an important role in LL
functioning. It is conceivable that
in very turbid water the ensemble of head LL organs have the same function of vision in prey capture.
Perception of the prey by a single neuromast is not enough for successful hunting.
Because the amplitude of particle motion in a local flow field of a vibrating source (generating a dipole
field) decreases with the 3rd power of the source distance there exists large gradients along the body.
They are used to identify the source and its location.21
When, in contrast, the fish is positioned in the far field of a source, there are no gradients because the
oscillation of the fish body and the surrounding water particles is everywhere the same along the fish
body. Consequently the LL organs are not stimulated and therefore,
The LL system is not sensitive for sources located in the far field.
Stationary objects can also be detected by the LL system if the fish is swimming around. As the fish
moves water is displaced around its body. Moving towards or past obstacles causes strong changes
of the velocity gradients of particle motion along the body of the fish. This can be detected by the LL
system. Analysis of this spatio-temporal velocity distribution, provided by the SN subsystem can
provide relevant information about the object.
Experiments have been performed to investigate the orientation capabilities of fishes with the help of
20

Stimuli that have to be perceived by the LL system will often be of transient nature (e.g. sudden
movement of a predator). A detector for velocity leads to a faster response, because a velocity
maximum precedes the displacement maximum. For an acceleration detector this advantage is even
larger. Since, the LL functions at low frequencies, the latency of the response to a transient stimulus
can be substantially shortened.
21
The gradients and points of reversal of the direction (phase) of the particle motion depend on the
size of the source. The amplitude gradients together with the accompanying phase differences in the
spatial pattern of the local flow along the fish body provides the detailed information for the fish brain
to analyse the source type and its location.
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the LL system. Blinded specimens join the veering motion of a school of anchovy, apparently with
their LL system. The blind cave fish has been shown to avoid obstacles in the water. When
approaching an unknown object, it is often inspected by accelerating and subsequently gliding past
the object at a small distance without moving its tail.

Comparative aspects and relationships with habitat and behaviour
Combining anatomical data and data of fibre recordings may give an indication of the performance
of LL subsystems. The performance can be expressed as an index comprising functional anatomical
and physiological quantified features (Schellart 1992). This index appeared to be related to
behavioural LL characteristics and habitats of many species. It appeared that different habitats and
behaviour may go hand in hand with different adaptations of the LL (sub)systems of species of the
same taxon.
Moderately turbulent waters, rapid swimming and feeding on small prey, all generating high
frequency local flow fields, appear to have favoured the development of widened head canal
systems. In line with this, marine fish seldom have these widened head channels.
Moderately turbulent waters and rapid swimming appear to favour the development of widened head
canal systems, as found in the minnow. the sculpin and the ruff. This specialization is thought to be
especially useful for catching small prey.

Anatomy of the lateral line pathway
The LL nerves (one for the upper jaw, one for the lower jaw and one for the rest of the body) project
mainly to the dorsal part of octaval column in the hindbrain and in addition to the cerebellum
(Schellart et al., 1992). The LL projection from the octavolateral column to the midbrain, diencephalon
and telencephalon are parallel to those of the auditory system (see Fig. 9 of Chapter III).
Trunk LL fibres have very different lengths due to the distribution of the LL organs. With equal
propagation velocity of spikes from neuromast to brain, spikes arrive asynchronous. From a combined
electrophysiological and electron-microscopic study it was concluded that arrival time is about the
same since fibre diameter is larger the longer the fibre and moreover increases per individual fibre the
closer the fibre is near the brain (tapering) (Schellart and Kroese, 2003). Since propagation velocity is
proportional with fibre diameter, the LL information of the whole trunk arrives synchronous in the
brain. In this way, the brain can make an instantaneous LL “image” of the surrounding.

Multimodal relationships with habitat and behaviour
During evolution, pertinent choices have been made for one or at most two of the three modalities for
remote sensing by vision, hearing and the lateral line system. Since taxa with widened head canals
are not related taxonomically, the origin of the widened head canal will be polyphyletic. This makes a
straight-forward relationship with the quality of the auditory system unlikely.
Hearing specialists generally do not have wide head canals suggesting that the quality of the
hearing system is not necessarily accompanied by a good head canal system.
The high density of SNs in the blind cave species is a possible compensation for the lack of eyes.
From a comparative study about the abilities of the LL, auditory and visual system the following could
be concluded (Schellart, 1992)22.
A good (head) CN system can be accompanied by a good visual system as in tilapia and the ruff. The
simultaneous occurrence of high densities of SNs, as found in otophysans, and good hearing are
22

To perform such a study the quality of the performance of these three sensory systems has been
quantitatively expressed as an index, constructed from neuro-anatomical and/or behavioural or
neurophysiological data (Schellart 1992).

Nico Schellart Underwater hearing of human and aquatic vertebrates

52

probably related to quiet habitats. A well developed SN subsystem (many and sensitive SNs) seems
to be a sensory extension to good pressure hearing. Hearing specialists generally do not have wide
head canals, suggesting that the quality of the hearing system is not necessarily accompanied by a
good LL system.
Despite the small number of species studied by the author (Schellart 1992) some preliminary
conclusions can be made, which however only hold for well grown adults, living in the habitat where
they are most common. Two frequently occurring combinations are:
 Good vision – poor hearing – [good LL sensitivity] – small number of SNs, accompanied with the
characteristics: marine (or upper courses) – clear water – [much background noise] –
[turbulent] – pelagic – diurnal – predator. (Items in brackets are less strict.). This is often
found among perciforms,
 The same sequence (more or less) but with reversed features: poor vision – good hearing – poor
CN subsystem – high number of SNs, accompanied with the characteristics: fresh – [turbid] –
silent – few current. This is often found among otophysans.
Both the perciforms and otophysans are very successful taxa with about 6000-8000 species each at a
total of ca. 25,000 extant teleost. With respect to the relevant sensory systems they are, generally
speaking, each others opposite.
Perciforms (perch-like fish) are vision specialists, often with a well developed CN system, whereas
otophysans (species with Weberian ossicles) are hearing specialists with a well developed SN
system.

Neurophysiology
Afferent LL nerve fibre responses
In general, afferent responses of LL nerves (just as with auditory nerves) are synchronized to the
periodicity of the stimulus, i.e. the instant of spike firing is locked to a particular phase of a sinusoidal
stimulus (phase locking).
The peripheral structure of LL canals and the size of the neuromasts of the same species can display
large variation (e.g. head canals versus trunk canal). Nevertheless, the frequency response
properties of the fibres innervating different parts of the LL system are relatively homogeneous, even
for specimen of different sizes.
LL fibres respond up to a few hundred Hz only, but different for CN and SN fibres. For the various
species, the high-frequency cut-off in terms of velocity is mostly at 10 to 60 Hz for SNs and, in terms
of acceleration, at 50 to 200 Hz for CNs.

Central processing
The efferent system Just as the acoustic system, the LL system is provided by an efferent system.
Its function and morphology is very similar to that of the auditory efferent system.
Exposure of a prey can keep afferent activity suppressed by efferent stimulation for tens of seconds
after the stimulus has been removed.
Processing of source location Input from afferent LL fibres converges in the medulla, and receptive
fields (the 3-D space in which a response can be elicited) can become very large (Fig. 5). However, a
map of the body surface within the medulla has not been found, and it remains unknown to what
extent the medulla is involved in localization of LL sources (Wubbels et al. 1993).
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Fig. 6 Distribution and size of LL receptive fields of medullar neurons of the rainbow trout. The solid
line indicates the trunk canal. Circles: small receptive fields, broken lines: elongated receptive fields
along the trunk canal, contours: large receptive fields dorsal of the trunk canal. From Wubbels et al.
1993.

Concluding remark
For many fish species the range of vision is often limited, whereas attenuation of sound is
relatively small. For the short range the LL system supplies the fish with information about 'active'
sources, but also provides clues about the static (mechanical) environment. In relation to habitat
and behaviour, many structural specializations of the LL organs and adaptations of the neuronal
processing have been evolved.
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Chapter V PHYSIOLOGY AND PHYSICS OF THE HUMAN HEARING
ORGAN
The outer ear
The auricle (pinna) and auditory canal (meatus) together form the outer ear. The pinna's most
important function is the reflection and channeling of the incoming pressure-waves to the opening of
the auditory canal. In humans, channeling is a minor factor, but for certain animals (e.g. rabbits, owls)
it contributes significantly to hearing.

Pinna and source elevation
Audiograms are preferably measured in anechoic chambers with loudspeakers on wide distance of
the head. Remaining reflections, despite the absorbing structures, can be cancelled by electronicacoustic feedback. This is an imitation of the free field measurement (no vegetation). However,
routinely the measurements are performed with classical head-phones or with in-ear phones. It has
been proven that these measurements give little difference with the measurements with
loudspeakers. I.e. for the sensitivity of pure tones (or 1/8 octaves tones) the presence of a pinna is
without function. This does not apply however to source localization (direction and distance).

Fig. 1 Transfer of the pinna as a function of frequency. Upper panel: the lines give the angle of the
elevation in the median plane of -40, -35,…, +55 degrees. The line thickness increases with the
angle. Lower panel: the same data, but now in the elevation/frequency plane. More blackening
represents a larger gain as a result of the pinna-acoustics. (From Hofman, 2000)
Source location is a complicated cerebral process since for pre-processing only the tonotopic
organization of both basilar membranes is available. For localization in the horizontal plane the
interaural phase difference (IPD) becomes available as a result of the difference in time of arrival
caused by the interaural distance difference with regard to the source. This applies up to 1500 Hz. In
addition, the difference in interaural intensity (IID) is of importance, for example caused by a distance
difference or by head shade. This applies above 1500 Hz, because waves of lower frequencies
deflect around the head what reduces the IID. IID’s amounts many dB’s, up to a maximum of 35 dB.
IPD and IID can concern a pure tone (as in a clinical test or laboratory experiment), but also a
complete spectrum. The later applies in practice of all day.
For source localization in the vertical plane, the pinnae are of importance. The signal impinging upon
the tympanum is the sum of the sound which comes straight forward from the source, and the signal
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which reaches the tympanum by means of reflections and diffractions of the ear shell. Generally these
signals reinforce each other, but can also (partly) cancel each other. The ear shell adds an acoustic
“pinna image” which is dependent on the direction (elevation and azimuth) of the sound source. For
the azimuth this is not relevant since then IID’s and IPD’s are the cues for localization, except for the
case to solve the in front – behind (180o) ambiguity (symmetrical front – behind locations of solving
give the same IPD and IID). Below 4 kHz the transfer characteristic of the ear shell is little dependent
on the elevation, although it can differ 15 dB from frequency to frequency. Without pinna there is an
average loss of 10 dB. Above 4 kHz the contribution of the ear shell is strongly elevation dependent,
up to 20 dB, and moreover more frequency-dependent than below 4 kHz (Fig. 1). Besides the
contribution of the pinna, the head and the shoulder contribute to some extent.
The most important auditory function of the pinnae is improvement of directional hearing in vertical
directions.

The ear canal (meatus)
Sound travels down through the meatus (also called meatus externus) and sound pressure wave
causes the tympanum (eardrum) to vibrate. The auditory canal can be considered as a vibrating
cavity with the pinna as open end and the tympanum as a closed end, analogue to the open organ
pipe. Frequencies will resonate when they can perform standing wave behaviour. This happens when
¼λ has the length (L) of the meatus, with λ the wavelength of the frequency. The average ear has a
meatus of 2.5 cm in length, resulting in a resonance frequency of 3.4 kHz (with csound = 343 m/s). This
frequency causes the dip in the audiogram of 10 dB SPL between 3 and 4 kHz.
There are more frequencies which fulfil the condition of having a node at the tympanum and a ventral
segment at the pinna. Their wavelengths and frequencies are:
λ = 4L/(2n+1) and f = c(2n+1)/(4L).
(1)
Consequently, the next resonance frequency (for n=1) is 3x3.4 ≈ 10 kHz, but its effect is too small to
be revealed in the threshold audiogram.
The physics of the ear canal has been examined thoroughly for development of audiological
equipment and hearing aids.23
The most important auditory effect of the hearing canal is the increase in sensitivity around 3½
kHz.

The middle ear
The vibration of the tympanic is transmitted by the three middle ear ossicles (consecutively malleus or
hammer, incus (anvil), stapes or footplate). The three bones almost work ideally. The tympanic
membrane is characterized by a large surface and low impedance, the oval window by a small
surface and high impedance. Generally speaking, going from a low to high impedance, there wouldn't
be any transfer at all: the sound wave reflects. However, the ear has a very high sensitivity, up to the
level which is set by the physics of quantum mechanics. The problem is solved by impedance
adjustment which must take place in the middle ear (sometimes called the meatus internus).
Impedance adjustment might be realized by increasing the pressure acting on the membrane of the
oval window. Here, this pressure is transformed to displacement.
Three principles are used to adjust the impedance in the middle ear:
1) The surface of the tympanic membrane is much larger than the surface of the oval window, which
is practically the surface of the stapes. This causes a pressure-gain of a factor 25 (28 dB) at the
stapes.24
23

The amplitude variation in transversal direction caused by a planar wave at the entrance of the
meatus is irrelevant up to 4 kHz and beyond it slowly increases to almost 5 dB at 15 kHz. In practice it
will be something more (no planar wave). The transfer in the canal can be calculated along the central
axis, given the length along the curved central axis and the variation in diameters along this axis.
More precise calculations have been done with a numerical 3D computer model (Stinson and Daigle,
2005).
24
Knowing from physics, the force (F) produced by sound pressure (p) working on an area (A) is
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2) A second factor is the lever action of the middle ear bones The arm of the malleus is longer than
the arm of the incus. This causes a gain with a factor 1.3 (1 dB) in the pressure at the stapes.25
3) The third factor depends upon the conical shape of the tympanic membrane. Less surface moves
due to the elasticity of the membrane when the stapes pushes the oval window in and out. This
also increases the pressure, finally transformed to displacement along the cochlear membranes.
The first system is by far the most important one. This contributes to a gain of approximately 28 dB to
the overall pressure gain of somewhat more than 30 dB.
The acoustic power which enters the ear through the eardrum at the threshold of hearing (20 μPa) is
very small, about 30 attowatts (1 attowatt = 10─18 watt).
The first principle, the area ratio tympanum/oval window is by far the most important one. This
contributes to a gain of approximately 28 dB to the overall gain of nearly 30 dB.

Fig. 1a Top: Ratio of fluid pressure in the scala vestibuli to pressure in the ear canal in decibels (dB).
The inset shows the click response. Bottom: phase characteristic.
Until now, frequency has been ignored. However, the transfer is strongly frequency dependent, as
shown in Fig. 1a. Only for a frequency of nearly 1 kHz the theoretical gain of about 30 dB is
approximated.

Comparative aspects and a functional model of the mammalian outer and middle ear
Morphometric measurements have shown that there is a relation between the radius of the idealized
tympanum rt and the radius of the idealized middle ear volume rv:
rv = 0.05 + 1.685 rt.
(3a)
given by the formula:
F = pA,
(1a)
and assuming no losses, the sound pressure on the oval window (ow) of the scala vestibuli puw is:
puw = F/Auw.
(1b)
The result is that pow is considerably larger than the pressure at the tympanic pt since Aow < At. The
gain in pressure is since F is preserved:
g = pow/pt = At/Auw.
(1c)
The pressure at the tympanic membrane must be multiplied by a factor g in order to obtain the value
for the pressure at the cochlea. Finally, the factor g, the “gain” in pressure of the window is ca. 28 dB.
25
Normally a lever is in balance, i.e. the sum of the moment (M = F∙L) of both arms is zero:
ΣMn = 0, or
(2a)
(2b)
│Fmalleus ∙ Lmalleus = │Fincus ∙ Lincus│,
where L is length.
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Similarly there is a relation between the wavelength of the ear canal resonance frequency λ and rt.:
λ = - 0.45 + 2.718 rt.
(3b)
The basic assumptions of a generalized model of the middle ear are (Plassmann and Brändle, 1992):
1. the eardrum has a resonance frequency fd;
2. the middle ear behaves as a Helmholz26 resonator with resonance frequency fb;
3. both structures resonate with the same frequency, i.e. they are coupled:
fd = fb.
(4)
Both frequencies can be expressed by equations27 comprising anatomical parameters and material
constants. By applying the model of Eq. 4 to a number of species, some general constants and
species specific parameters could be estimated. By comparing them with measured parameters the
model could be verified. For Homo sapiens it was found that fd = 2.9 kHz, rv = 1.93 mL, meatus cross
area 44 mm2, meatus length 22. 5 mm and rt = 3.22 mm. These values are rather close to the
empirical values.

The inner ear
The basilar membrane is ca. 35 mm long. The inner hair cells (IHCs) form a single row of ca. 5000
cells. The outer hair cells (OHCs, some 15000) occur in three or four rows. OHCs make contact with
the tectorial membrane (TM), IHCs do not. As a reaction to the incoming sound pressure wave, TM
and BM move up and down. This causes the hairs of the OHCs to vibrate and in a similar way the hair
bundle of the IHCs are vibrating. The mechanical excitation of the IHCs, which are innervated by
afferent fibers 28, leads to electrical excitation of the IHCs which results in receptor potentials29. These
potentials give rise to action potentials in the fibres of the auditory part of the VIIIth cranial nerve.

26

This is a hollow solid sphere filled with a gas at much higher pressure than the ambient pressure.
Via a small tube with a valve the sphere can be depressurized. When the valve is opened very fast,
the process of depressurizing is not continuous but intermittent with a certain frequency, i.e. the gas
outflow resonates. This is based at adiabatic expansion (see e.g. Schellart 2002, 2008)
27
With some assumptions about the tympanum (thin, uniform circular fixed at the rim, negligible stiff,
ideal elastic and uniform tension) it is found that:
fd = H∙M/(2πrt) where M = √(T/m)
(5)
H is a constant (= 2.405) holding for membranes like the one defined. M is a material constant derived
from the tension T per unit length and mass m per unit area of the membrane.
For fb of the Helmholtz resonator it holds that:
fb = (c/2π)√(Sm/L’V), L’ = 1.5∙rm + ln,
(6)
where c is the sound velocity of air (352.9 m/s at 36 oC), rm the radius of the neck opening, Sm the
neck opening area into the meatus, L’ the effective length of the resonator neck, ln, the morphological
neck length and V the middle ear volume.
28
A single IHC is innervated by numerous afferent nerve fibres, whereas an afferent single nerve fibre
innervates various OHCs. IHC nerve fibres are also very heavily myelinated, which is in contrast to
the non-myelinated efferent nerve fibres, which massively innervate the OHCs. The efferent fibres
have there cell bodies in the superior olivary complex. The efferent stimulation of the OHCs
projections play an important indirect role in the perception of sound.
29
The deflection of the hair-cell stereocilia to the kinocilium, in Fig. 2 to the right, opens mechanically
gated ion channels that allow any small, positively charged ion (primarily K+ and Ca++ from the
endolymph in the scala media) to enter and depolarize the cell, resulting in a receptor potential. This
receptor potential opens voltage gated Ca++ channels; Ca++ ions then enter the cell and trigger the
release of neurotransmitters at the basal end of the cell. The neurotransmitters diffuse across the
narrow space between the hair cell and the nerve terminal, where they then bind to receptors and
thus elicit action potentials in the nerve fibre.
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Fig. 2 Cochlear transversal view. Corti’s organ is indicated in the gray rectangular structure in the
middle. The hair bundle of IHCs is not connected to TM, but the longest stereocilia of OHCs do.
OHCs are not innervated by afferent fibres, and consequently give no rise to afferent action
potentials.
The Reissner's membrane can be neglected in determining the stiffness of the endolymph sac. The
major part of the stiffness is caused by the basilar membrane, such that this membrane is seen as the
main mechanical element determining the stiffness of the organ of Corti.
A travelling wave, starting at the oval window, runs along the length of the basilar membrane.30 The
speed of propagation of this wave decreases and the amplitude of vibration increases from oval
window to the cochlear apex. At some point the wave reaches its highest point (Fig. 3). Beyond this
point, the wave becomes quickly attenuated. The point where the wave reaches its highest point at
the basilar membrane is given by the sound frequency. High frequencies resonate at a point near the
windows where the width of the membrane is 0.04 mm, while low frequencies resonate with the
highest amplitudes more closely to the helicotrema, where the membrane is about 0.5 mm wide, but
moreover ca. 2000 times less stiff. The dependency of the resonance frequency on width and
stiffness (or tension) is basically the same as the dependency of a violin string on length and tension.
are similar as the dependencies of the resonance frequency on the length and stiffness of a violin
string. Consequently, the place at the basilar membrane encodes the frequency. This is the place
theory and so the hair cells are tonotopically arranged. In this way, the nerve fibres can only be
stimulated by a small frequency band with the most effective frequency, the best frequency, fbest, in
the middle of the band.

30

In theory it should not matter which window is stimulated by a sound pressure wave. Both give the
same wave pattern since there is hardly a loss in energy by moving the basilar membrane. The other
window prevents the reflection of the wave since that window can be considered as the open end of
an organ pipe. However, when both windows are stimulated at the same time a sound would be
heard more than once or the basilar membrane does move atypical due to interference of the two
elicited mechanical waves along the basilar membrane.
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Fig. 3 Classical view of BM vibrations. The figure shows four successive instantaneous patterns (14) of a travelling wave through the cochlea evoked by a pure tone of 250 Hz. The envelope (solid line)
js formed by connecting all tops of all successive patterns of the travelling wave.
Fig. 3 suggests that nearly all hear cells along the membrane are stimulated. However, this is not the
case due to non-linear and active cochlear mechanics (see below) which expresses itself also in
mechanical lateral inhibition. More centrally along the auditory pathway there is also neuronal lateral
inhibition.
The non-linearity is based on the mechanical coupling via the viscosity of the endolymph of adjacent
segments of OC that act as oscillators. This gives a significant sharpening of the BM oscillations.
Additional strong sharpening is provided by the active role of OHC cell bodies.

Active cochlear mechanics
In Fig. 4a, the hair bundles of the OHCs are deflected by the shear displacement between the
reticular membrane (RL) at the top of the OC and TM, but there is no change in the length of the hair
cell. The hair bundle of the inner hair cells (IHC) is deflected in the same manner as the OHCs. (The
cell body of the inner hair cell is not shown). The small box (in the upper right corner) shows the
range of these displacements with no OHC length change. The dot indicates the input-output
relationship; its vertical motion is proportional to the input (BM displacement) and its horizontal motion
is proportional to the output (IHC displacement). This is the classical view of OC function. But actually
it is much more complicated.

Fig. 4 (a) Classical view. The dot oscillates within the box along the diagonal. (b) Modern view. The
dot moves ellipsoidal and comes outside the box. See text for more explanation and for animation of
the
movments:http://www.boystownhospital.org/Research/Areas/Neurobiological/MoreInfoComLab/cochle
ar_amp.asp
OHCs as acoustical pre-amplifiers
The oscillatory behaviour of the BM-OHC-TM system is enhanced by the electrically driven length
changes of the OHCs (called electromotility). This behaviour was established by interferometric
measurements based on laser beam reflections from the basilar membrane and RL. Fig. 4b shows
the organ of Corti with contracted OHCs. This is the basis of the OHC amplifier function. (See for
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animation http://147.162.36.50/cochlea/cochleapages/theory/index.htm).

Fig. 5 When the hair bundle is deflected in the direction of depolarization (i.e. to the right), as a
response the OHC becomes thicker31 and the Deiter cell, connecting OHC and BM, becomes longer,
such that this results in a deflection to the left and a bending of BM downward. This can happen since
the right OHC contracts more than the left OHC. See for animation
http://147.162.36.50/cochlea/cochleapages/theory/extmid/extmid.htm
However, when shortening of OHCs in phase with bundle deflection to the right, there is no profit at
all. In contrast, the IHC deflection would become even less since then there is very little shear
displacement between the RL and TM (the dot in Fig. 4a has very little horizontal amplitude). Actually,
the contraction is assumed to lag by 90o behind the hair bundle deflection (i.e. voltage and current are
out of phase, so the cell length changes with the voltage instead of the current).32 This causes larger
oscillations of the OHC cell bodies and consequently larger shear movement between TM and RM.
This results in a larger stimulation of IHCs. The dot goes beyond the limits of the box of Fig. 4b. More
important is the fact that forces exerted by OHCs and Deiter cells enhance the resonance of BM by
pumping energy into the mechanical system in the same way that one does when "pumping a swing".
The energy contributed by OHCs will improve the sensitivity of the cochlea to low-level sounds. This
is the basis for the amplifier theory of cochlear mechanics.
The receptor potential of mammalian OHCs generates active vibrations of the cell body. This socalled somatic electromotility consists of oscillations of the cell’s length at the frequency of the
incoming sound and in a fixed phase related to the bending of the hairs. OHCs have evolved only
in mammals. They improved the hearing sensitivity compared to other classes of vertebrates
which goes up to about 11 kHz (in some birds). Their main function is to extend the hearing range
above 11 kHz, until about 200 kHz (maximum in some marine mammals). They have also
improved frequency selectivity of the TM-OHC-BM system. This allows better frequency
discrimination, which is of particular benefit for humans, because it enabled the evolution of
speech.

Adaptation to sound level
The first technique that was used successfully to obtain nonlinear basilar membrane frequency
response functions in a living (and apparently undamaged) cochlea was the Mossbauer method. This
technique measures the Doppler shift in gamma radiation from a small radioactive source placed
directly on the basilar membrane. With this technique it was showed that the amplitude of basilar
membrane vibrations grew nonlinearly with increasing stimulus level. For example, Fig. 7 shows the
level dependence of the ratio of malleus vibration to BM vibration. If the mechanics of the cochlea
31

When a voltage difference is present between the top and sides of the cell, deflection of the hair
bundles modulates an electrical current passing through the cell. Conformational changes in many
voltage sensitive molecules situated within the lateral membrane cause the length of the cell to
change. Then the diameter of the cell increases slightly as the cell contracts to maintain constant cell
volume as shown in Fig. 4b and 5. The OHC motility is proportional to the voltage across the cell
membrane. The maximum length change observed in isolated OHCs is about 10% of the total length
of the cell.
32
When OHCs (and Deiter cells) contract in-phase with deflection of the hair bundle toward the
kinocilium (right; see Fig. 2), the current through the cell and the voltage across the lateral membrane
will be in-phase with the current.
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were linear, this ratio would be independent of the stimulus level. However, the response ratio near
fbest, is largest when the signal level is smallest. This type of input/output relationship is referred to as
a compressive nonlinearity. When the animal dies, or when OHCs are damaged, the magnitude of
basilar membrane responses becomes smaller near fbest, and its growth with stimulus level becomes
linear.
The ability of OHCs to change their length out of phase in response to the receptor potential is
believed to be the source of the compressive nonlinearity of BM: the weaker the sound, the stronger
the amplification of BM oscillations. This enables the matching of the enormous range of sound
pressure levels, some 107 compressed to a 104 range of variation of BM oscillations.
Further compression is provided by the steps in the processing sequence: BM oscillation →IHC
bundle deflection →receptor potential → action potentials.

Fig. 6 BM maximal response to a 250 Hz tone calculated with a model of the non-linear and active
cochlear mechanics.
In addition to the compressive behaviour, the non-linear and active cochlear mechanics also accounts
for the narrowing of the travelling wave pattern along the BM as shown in Fig. 6 (compare Fig. 2). A
related property of the OHC amplifier is tone-to-tone suppression.

Fig. 7 Transfer characteristic of BM displacement/malleus (= tympanic membrane) displacement.
Around fbest the ratio is strongly dependent on SPL, indicating the non-linear character of the motion
transduction from TM to BM. Symbols present measurements and solid lines model fits.
Frequency coding
Measurements from single auditory nerve fibres provide only indirect information about cochlear
mechanics, but have the advantage that the cochlea need not be opened during the measurement.
Neural tuning curves, like the ones shown in Fig. 8, indicate the sound pressure level at the eardrum
just sufficient to elicit a criterion increase in the firing rate of an auditory nerve fibre, as a function of
the frequency of a pure tone stimulus. After recording from a nerve fibre, it is possible to mark it
chemically so that the path of the fibre can be traced to the place within the cochlea where it
synapses (connects) with an IHC. In this way, reliable frequency-to-place (tonotopic) maps can be
determined.
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Fig. 8. Typical neural threshold response tuning curves in cats show a minimum ear canal pressure of
about 14 dB SPL at their fbest with the highest response) and are sensitive to a band much more
narrow than the tuning curve of the basilar membrane. The human bandwidths of the tuning curves of
the fibres are roughly 1/3 octave.
The degree of similarity between BM and neural tuning is important because of its relevance to the
debate between the resonant tectorial membrane (RTM) and cochlear amplifier (CA) models. It is
generally agreed that the tuning measured at the IHC is the same as that measured in an auditory
nerve fibre. The IHC tuning curve, however, is not identical to either the isodisplacement or the
isovelocity tuning curves of BM. The CA models stress the similarities between BM and IHC tuning
curves and try to account for the observed BM tuning. The RTM models stress the differences
between these two curves and try to account for the ratio of IHC to BM frequency response. The
significance of the differences between BM membrane and IHC tuning is still a controversial issue.

Otoacoustic emissions
Otoacoustic emissions (OAEs) are low-level sounds of cochlear origin that can be recorded from the
external auditory canal either spontaneously or evoked by sound stimuli. Emissions can also be
detected when electric current is applied to the cochlea. The observation that otoacoustic emissions
are band-pass filtered sounds with a centre frequency related to the place of generation within the
cochlea has strengthened the belief that they reflect the active processes taking place in the cochlea.
A likely hypothetical mechanism is the electromotil activity of a restricted number of OHCs producing
a too high cochlear amplification. This may possibly be due to a reduced inhibitory efferent
stimulation. Via vibration of the TM-OHC-BM system the endolymph of the Scala vestibulus is brought
into vibration. This vibration is transmitted to the oval window, and although less effective, via the
ossicles it reaches the tympanum. OAEs can be evoked by short tone pulses, which stimulate the
OHCs. Via the same mechanism, the tympanum is touched and the emission can be measures in the
canal within a latency of about 5 ms. There appear to be two types of emissions, each with another
underlying mechanism; nonlinear distortion or linear reflection. (For more info see Otoacoustic
Emission, Schellart 2008).

Efferent control
The mechanical feedback loop provided by the OHC must be finely regulated to guarantee optimal
functioning of the cochlear amplifier. To cope with simultaneously occurring transient (sudden) and
tonic (sustained) stimuli the regulatory mechanisms should at least control the operating point and
gain of the OHC electromotility through a direct action of nerve efferents. Efferent stimulation
suppresses afferent sound-elicited activity of the auditory nerve by the release of ACh on two time
scales: a rapid action (tens of milliseconds) is responsible for modulating nerve responses to transient
acoustic stimulation, whereas a slower action (tens of seconds) is thought to protect the ear from
acoustic overstimulation.
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In addition to the efferent control there are probably chemical control mechanisms based at
endolymphatic ATP and endolymphatic Ca2+.

Summary of cochlear mechanics
As sensory cells, hair cells convert sounds into receptor potentials when their stereocilia are
deflected. IHCs act as the receptor cells and OHCs can act as a kind of motor cells for low and
moderate sound levels. They respond to variation in potential, and change length at rates
unequalled by other motile cells. The forces generated by OHCs are capable of altering the
delicate mechanics of the cochlear partition, increasing hearing sensitivity and frequency
selectivity. The discovery of hair-cell motility has modified the view of the cochlea as a simple
frequency analyzer into one where it is an active non-linear filter that allows the features of
acoustic signals to be transmitted to the acoustic nerve by the IHCs. In this view, such frequency
selectivity arises through the suppression of adjacent frequencies, a mechanical effect equivalent
to lateral inhibition in neural structures. These processes are explained by the interplay between
the hydrodynamic interactions among different parts of the cochlear partition and the effective nonlinear behaviour of the electromotil OHCs.

Bone conduction
There exist two mechanical acoustic pathways to the inner ear, the regular one via the ear canal and
middle ear and the other via the body tissues, especially those in the head. The sound vibrations in
the air evoke to and fro vibrations of the whole body. Self-evident, those of the head are most
important. They are transmitted via the skin to the deeper tissues. Inside the head, due to differences
in mechanical and acoustic properties between the head tissues, the tissues vibrate with different
amplitudes and phases. This gives rise to the second pathway, the bone conduction pathways. The
vibration in the temporal bone stimulate the middle ear bones and at the same time small vibratory
deformations of the bony encapsulation of the cochlea emit waves in BM and TM. However, which
anatomical structures, soft tissues and skeletal structures under what conditions are precisely
involved and to what extent is still enigmatic.
Bone conduction is a highly complicated process (e.g. Taschke and Hudde, 2006). Despite this, it is
certain that the pathway of the stimulation with a tuning-fork on the scalp is different from the pathway
when the head is submerged and an UW source generates the stimulus.33. In air, with air-born sound,
the bone conduction pathway is again different but now its contribution in hearing is strongly overruled
by the canal-tympanic pathway. For frequencies up to about 1 kHz and at 4 kHz, the tympanic
pathway is ca. 55 dB more sensitive, and at 2 and 8 kHz about 45 dB (Reinfeldt et al. 2006).
Recent research suggest that the 'classical' bone conduction theory with a vibrating tuning-fork as
stimulator should be modified to include a major pathway for cochlear excitation which is nonosseous: the bone vibrations may induce audio-frequency sound pressures in the skull contents
(brain and cerebro-spinal fluid) which are then communicated by liquid-like channels to the liquids of
the inner ear (Freeman et al. 2000). A similar conclusion was drawn from results of experiments with
the bullfrog (Seaman, 2002).
The classical theory that the “bone-conduction” pathway is dominated by conduction via skull
bones still holds. However, there are more pathways, especially via the middle ear. Fixed ossicles
decrease bone conduction with ca. 20 dB.
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UNDERWATER HEARING OF HOMO SAPIENS

Introduction
Human UW-hearing and that of other terrestrial mammals is very moderate. This is because the
sound propagated in the ear canal filled with water is no longer transmitted adequately by the
tympanum to the middle ear ossicles. The transducer function of the tympanum, namely of sound
pressure in air to displacement in the inner ear is lost because of the enormous difference (a factor of
about 3500) in acoustic impedance between water and air.34 The most important consequence is that
our sensitive audiogram is corrupted, and that the ability of directional hearing is practically vanished.
In order to understand this chapter, the reader is supposed to have knowledge of acoustics above
and underwater (see Sound, in air and water) and the basics of the physics and physiology of the
hearing organ (see Physiology and physics of the human hearing organ).
Why human hears UW so poorly is extensively treated including the hypotheses which try to explain
this loss of sensitivity. On the basis of the UW-audiogram it can be predicted whether sound can be
observed and whether specific sounds can be discriminated from the background noise. The
unfavourable consequence of background sound is that it frequently masks specific sounds which we
want to hear. Another aspect is the physiological influence the high partial gas pressures on UW
hearing. Finally, this chapter gives some recommendations for the prevention of hearing impairment
as a result of the exposition to high sound intensities generated by heavy UW-equipment.

The outer ear
The pinnae
The auricle (pinna) and auditory canal (meatus) together form the outer ear. The pinnae's most
important function is the reflection and channeling of the incoming pressure-waves to the auditory
canal to improve source localization. In the chapter “Physiology and physics of the ear” the function of
the pinnae in directional hearing was discussed. This appeared to have a significant function in the
determination of the direction of the sound source. When the head is underwater, this function
vanishes completely since the acoustic impedance of pinna and surrounding water is the same.
Underwater, the water-like pinnae lacks any auditory function.

The ear canal (meatus)
When the ear canal is filled with water, the principal resonance frequency of the ear canal is about
four times the (about) 3 kHz as holds for in-air hearing due to the much longer wavelengths UW.
Finally and most important of all, the canal transmit the sound wave as effective as its surrounding
tissues. The simple reason is that sound propagates in the tissues of the head as it does in the water.
35

34

The acoustic impedance is the product of sound speed and the specific density of the propagating
medium. The sound propagation velocities at 0 oC are: seawater csw = 1471 m/s; air: cair = 331,5P0,094
with P the air pressure in bar) and specific densities: ρsw = 1026 and ρair at oC = 1.29 g/L.
35
The soft tissue transmits 100% and hard tissue (bone; transmission) about 70% (calculated with
Eq. 4 of Chapter I). In other words, the sound impinging upon the tympanum comes from all exterior
directions of a half sphere (drawn through the plane of the tympanum with the tympanum in the
centre.)

Nico Schellart Underwater hearing of human and aquatic vertebrates

66

With UW hearing the ear canal does not function as a sound channel like in aerial hearing.
Consequently the whole outer ear is without function.

The middle ear
Due to the enormous difference in acoustical impedance between water (in the meatus) and air (in
the middle ear, the malleus vibrates much less than with hearing in the air. Nearly all sound energy
impinging upon the tympanic membrane reflects, resulting in a depth dependent loss of some 60 dB
(see Sound, in air and water). This enormous loss is the principal reason that humans and other
terrestrial vertebrates have very poor hearing underwater.
Underwater less then 1/1,000,000st of the sound energy reaches the middle ear cavity, a loss of
about 60 dB.

The inner ear
The mechanism of human underwater hearing is still not clear. In the UW acoustic pathway the
middle ear is likely involved and probably the ear canal only to a very small extent. Further, it is likely
that some form of bone conduction (see Physics of the hearing organ) is involved. Below, in the
paragraph “Hypotheses of the physiological principle of UW hearing” this will be discussed.

Methods in UW audiology
The experiments to measure the human UW-pressure audiogram have been performed in open water
conditions and in tanks with dimensions of some meters. With a wavelength of nearly 5 m for a 100
Hz tone reflections from the walls and the water surface may cause large local variations in stimulus
amplitude. For this reason, at low frequencies the audiogram measured by different authors may
differ as much as 40 dB. 36 Open water experiments have another drawback; high levels of
background noise. 37
A good solution to control the pressure and displacement field around the head of a subject
submerged in a tank is the application of a cylindrical tank (with its axis vertical) with the head of the
subject in the centre. The tank should be mounted on springs to avoid building vibrations. By using 4
UW loudspeakers mounted in the horizontal plane through the ears, in pairs perpendicular to each
other and driven in the push-push mode (membranes of speakers move outward at the same time
and produce a standing wave), the displacement field is cancelled in the centre and only a pressure
field remains. In other words, there is now vibration of the head. This can be checked by using a 3Daccelerometer attached on the skulls inion of the subject. Accelerometer signals can be nullified by
fine adjustment of the 4 driving signals. With this method a pure pressure audiogram can be
determined.
With one pair (opposite placed speakers) driven in the push-pull mode (one membrane moves
36

At use of a large tank (laboratory conditions) all kinds of undesirable reflections of the walls and the
surface emerge, as a result of which a homogeneous sound field around the head is hardly feasible.
Moreover, there are all kinds of disturbances, especially at low-frequency because of background
sound and undesirable vibrations of the building. From published work it is not always clear how well
the stimulus conditions were.
37
In the sea, interference with background noise is practically unavoidable (see Sound, above and
underwater). For a lake this holds less and at no swell in a small lake without boats one can neglect
the background sound (at least for human UW hearing). However, whether this applies for published
data is generally not clear.
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outward and the other inward), in the centre there is no pressure but strong displacement. In this way
the displacement UW audiogram can be determined. Since there is no sound pressure stimulation,
only the (or some) bone conduction pathway is involved.
The human UW hearing abilities are very hard to determine precisely, but with some adequate
technology it can be done well.

The UW human audiogram
In air, human nearly always hears predominantly by means of sound pressure. Indeed, by the particle
displacement in air the head is brought in to vibration (generally < 1 nm, Von Békésy, 1960), but this
plays no role because of the enormous effectiveness of our middle ear. In air, the tympanum works as
perfect pressure-to-displacement transducer.

Fig. 1 In-water and in-air audiogram (Al-Masri et al. 1992; minimum audible field (MAF) with 1/3
octave noise. Also is depicted an audiogram, calculated by the author (NS) as an average of the
audiograms measured by eight authors who are cited by Al-Masri et al. (1992). Bars indicate 2
standard deviations of the eight audiograms. (gemiddelde: mean, lucht: air)
In the past five decades, many investigators have measured the UW-audiogram (see Farmer 1994,
Al-Masri et al. 1992), but in general these measurements are rather unreliable. This is especially
caused by a too high level of the background noise and also by the choice of the test subjects and
control groups. Moreover, the conditions of the several investigators were far from the same. Up to
500 Hz the (pressure) UW-audiogram of Al-Masri et al. (1992) shows a loss of approx. 25 dB
compared to air. Beyond 500 Hz the loss increases to 60 dB, whereas above 4 the kHz the loss
becomes less (Fig. 1).
The UW pressure audiogram of Masri et al. 1992 38 is much more sensitive for frequencies < 1 kHz
than those of other authors due to a successful suppression of low-frequency noise that generally
increases with decreasing frequency. 39 In my opinion, it is for this reason the only reliable UW
audiogram (Fig. 1). Even a recent published OW-audiogram is too insensitive below 500 Hz.

38

In fact the `minimum audible field' (by means of UW speakers) have been determined with 1/3
octaves noise.
39
Just like in sea, measurements in buildings etc. show a background noise that decreases more or
less with the frequency, so-called 1/f noise.
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Fig. 2 UW-audiogram of Al-Masri et al. (1992) compared to the predicted audiograms by the several
hypotheses. The audiogram in-air (lucht) audiogram is presented for comparison. (botgeleiding: bone
conduction; trommelvlies: tympanum; middenoor: middle ear)
Most published UW-audiograms have a (much) too low sensitivity for frequencies < 2 kHz due to
poor methodology.

Hypotheses of the physiological principle of UW hearing
In the last half century at least five hypotheses have been developed which tries to explain the
hearing of the UW audiogram. Three of them have been reviewed by Molvær (2003).
a. the tympanum hypothesis (see Molvær, 2003);
b. the alternative of Bauer of the tympanum hypothesis (Bauer, 1970)
c. the bone conduction hypothesis (see Molvær, 2003);
d. the dual pathway hypothesis (see Molvær, 2003);
e. the middle ear hypothesis (Schellart, 1995).

De tympanum-hypothesis
This hypothesis assumes that the UW sound will reach our tympanum via the ear canal. A better
name for this hypothesis would be auricular hypothesis, since the tympanum can also be excited by
bone conduction. The tympanum hypothesis assumes the canal as the exclusive and only pathway.
UW a normal functioning of the tympanum is not possible because the canal is filled with water
instead of air. Molværs (2003) notion that the sensitivity decreases with 12 dB/octave is, however,
entirely incorrect. The miss-match of impedances at both sides of the tympanum (water-air), as
mentioned before, causes that the sound energy is reflected nearly completely by the water-air
transition at the site of the tympanum. Despite this, the tympanum will vibrate just a little, which
motion will be transferred to the oval window by means of the normal middle ear conduction. The loss
in energy (and pressure!) is approx. 60 dB and not as Molvaer states 60 dB pressure and 30 dB
energy. 40 The theoretical loss at 0 m respectively 50 m depth is 65 and 50 dB. Such a loss,
according to the measured audiograms, is only found around 4 kHz and is elsewhere much less (Fig.
2).
Tympanum hypothesis offers certainly no explanation.

40

loss = 20log((2ρswc sw (ρswc sw + ρlclP1,094)-1)

(2).
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Bauer’s version of the tympanum-hypothesis
Bauer used an electric analogue to predict the frequency transfer from water to middle ear under the
conditions; aerial, UW hearing and UW hearing with a gas bubble in the ear canal). His analogue has
the sequential compartment water (inertia medium dependent), ear canal (compliance and inertia
medium condition dependent) and tympanum (self-evidently invariant). As Fig. 2 shows, his
audiogram matches well the experimental audiogram. However, at 125 Hz the gain is the same as
with aerial hearing and below 125 Hz even better. This unrealistic low frequency behaviour makes
this version rather unlikely. The main criticism is however that he assumed the canal as an isolated
compartment. However, when filled with water it forms a continuum with the surrounding tissues.
Bauer’s version behaves poorly below 250 Hz and the physical model is doubtful.

De bone conduction hypothesis
Bone conduction is a very complicated process, which has been thoroughly studied by the Nobel
laureate von Békésy in the fifties. Also this hypothesis offers no good explanation, as is evident from
the theoretical audiogram of Fig. 2. Underlying theory and motivation will be discussed now.
Bone conduction evoked by a tuning fork or apparatus with corresponding functioning (in air) has an
osteotympanic component and a compression component. The first one is evoking a vibration motion
of the inner ear or stimulation of the tympanum caused by “bone“ conduction. This results in exiting
the ossicles. The second component is stimulation of the inner ear directly by bone conduction. By
small differences in density between the endolymph and the surrounding bony structures a small part
of the sound energy in the bones can by transmitted to the scala’s. This results in a transversal
oscillation of the basilar membrane similar as with hearing in air.
Bone conduction in water should be compared in the first place with to and fro oscillations of the head
as a result of the particle displacement in a sound field in the air. The head oscillations are supposed
to excite the ossicles and moreover vibrations of skull bones and soft tissue would stimulate the inner
ear. In air, the amplitudes of the head oscillations are so small that the sensitivity by means of bone
conduction with regard to the pathway via the tympanum (that reacts to the sound pressure) is 80 dB
to 60 dB (to 2 kHz) less effective (von Békésy 1960). Experimental data, in air, come with a difference
which is approx. 15 dB lower (Reinfeldt et. 2006).
The measured amplitude of the head movement to reach the threshold (Fig. 6.43 of von Békésy
1960) can be use to calculate the hypothetical UW audiogram of bone conduction. It has been
assumed that the head as a result of the displacement component has an amplitude just as large as
the water molecules (in the nm-range). From Fig. 2 it appears that the bone conduction hypothesis
matches the Al-Mashri audiogram rather well between 1 and 4 kHz, but below 1 kHz strongly fails.
It is remarkable that tooth whales (dolphins, killer whales, etc.) and right whales, the aquatic
mammals par excellence with the most well developed hearing system, do not use bone conduction
(their hearing organ has been acoustically isolated from the skull).
Bone conduction is not a good mechanism to explain UW hearing.

The dual pathway hypothesis
The mixture of the traditional tympanum hypothesis and the bone conduction hypothesis offers
nothing extra above the bone conduction hypothesis because low-frequency sensitivity is still too bad.
The dual pathway hypothesis has the same drawbacks as its constituent components.

The middle ear hypothesis
The hypothesis developed by the author in 1995 (Schellart, 1995) and published in 2008 (Schellart,
2008) assumes that the middle ear lumen just like in air works as pressure-to-displacement
transducer. The difference is however that the tympanum is not brought into vibration by the sound
pressure in the ear canal, but directly by the sound pressure, just like a swim bladder of fish in a
sound field. I.e. the sound field in the water continues in the head since the density of the head is
practically that of water. This hypothesis is, like Fig. 2, shows from most promising. Here is the
theoretical argumentation.
The sound pressure reach the middle ear cavity, as a result of which it will pulsate: shrinking and
expanding with the sound pressure. At shrinking (pressure-minimum) the tympanum will bends inward
and also the round window will bend inward into the middle ear cavity. The action of the ossicles onto

Nico Schellart Underwater hearing of human and aquatic vertebrates

70

the oval window is in phase with the tympanum motion. This means that the middle ear behaves itself
therefore more or less normal, but of coarse the amplitudes are much smaller than in air.
The vibration of the middle ear cavity and so the tympanum, both as a function of the sound
frequency, can be calculate by approximation.41 In air the tympanum has an amplitude of 20 µm at a
sound pressure of 100 Pa (134 dB SPL, a very strong sounded) (von Békésy 1960). Underwater, at
the same sound pressure, the author calculated, according to the middle ear model, an amplitude of
0.20 µm, so 40 dB less. This holds for the middle ear wall (when it could move freely), and also for the
tympanum since the load by the ossicles can be ignored compared to the load by the water in the ear
canal.42 As Fig. 2 shows, not only the UW-audiogram of the middle ear model (with a resonance
frequency of 714 Hz) is close to the experimental audiogram, also its behaviour for very low and high
frequencies (not shown) is physiological and physically sound. In a recent experimental study it is
suggested that UW the main pathway is via the middle ear, not via bone conduction (Pau et al, 1911).
Schellarts middle ear model seems the most promising hypothesis.

Influence of depth
Several researchers have simulated the influence of the depth in dry compression chambers and
submerged. The interpretation of the results meets the problem to distinguish the physical effect from
the effects due to the physiological influence of the partial gas pressures in the breathing mixtures.
This problem has hardly been addressed. OW-audiograms showed no differences between 3 and 32
(Brandt and Hollien, see Farmer 1994), but the data are not very reliable seen the disputable
methodology. Despite this, the impression exists that loss increases slightly with the depth, leaving
the cause enigmatic.
From the physical point of view, the bone conduction hypothesis with the conduction path directly to
the inner ear behaves probably hardly pressure dependent. However, with the conduction path to the
ossicles there may be some extra loss with greater depth. 43
The tympanum hypothesis predicts also a diminishing of loss since the density in the middle ear
cavity increases proportionally with the absolute pressure and at the same time the sound speed
increases somewhat. This diminishes the ratio of the acoustic impedances and so more sound is
refracted to the middle ear, improving hearing. By approximation, the fraction of refracted sound
pressure to the middle ear is 0.00053 P01.1, where P0 is the hydrostatic pressure 44. This yields a
frequency independent improvement of 13 dB at 30 m depth. This is not compatible with experimental
data and again argues against this hypothesis.
The middle ear hypothesis predicts an extra loss of about 6 dB for low frequencies per doubling of
P0.45 Consequently, this theory seems to be more in line with the experimental data.

Influence of the neoprene hood and of a bubble in ear canal

41

The following assumptions and values of parameters hold. The middle ear behaves itself as a nonlinear resonator (De Munck and Schellart, 1987) with a low pass 2nd order characteristic with a quality
factor Q =1. The middle ear effective volume was 0.59 mL, its shape a prolate ellipsoid with axis ratio
3, and cut-off frequency 714 Hz (5% higher than those of the equivalent sphere).
42
However, the bony encapsulation of the middle ear complicates the calculation. This increases the
inertia and the stiffness of the resonator which (roughly) counteract each other (de Munck and
Schellart, 1987).
43
Every theory which uses the middle ear function is subjected to a frequency dependent small
sensitivity decrease due to the increase of frictional forces of the ossicles function causes by the
higher gas density.
44
Using Eq. 4b of Chapter I, the refracted fraction is 2P01.094/(3790.5237-P01.094). Going from just subsurface to a depth of 30 m the fraction goes from 0.000528 to 0.00240, an improvement of a factor
4.55 or 13 dB.
45
The loss is proportional with the compliance parameter of the resonator model, so with P0. For low
frequencies this yields 6 dB extra loss per doubling of P0 and for the high frequencies there is no
change. The resonance frequency increases with about the square root of P0.
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Carrying a neoprene hood gives a 10 dB larger loss above 400 Hz than without hood and above 500
Hz 15-20 dB. At frequencies below 400 Hz, a 3-mm neoprene wet-suit hood offers no sound
protection. 46 The relation between cap thickness and (frequency-dependent) loss has not been
investigated. Loss is caused by the air bubbles in the neoprene which scatter the sound waves which
is mainly outward and so they shield the (middle) ear. This makes clear why a small hole (some mm)
off the meatus is useless. Holes of 2-3 cm are adequate but thermal isolation is partly lost.
Using a neoprene hood worsens hearing and a small (mm) hole off the meatus is useless.
If the ear canal is (partially) filled with air, then the data suggest that the loss goes from 4 dB at 250
Hz to 15 dB at 4 kHz less (Farmer 1994). This is in line with Bauers hypothesis for the low
frequencies but his theory predicts a reversal at high frequencies. In contrast, Schellarts hypothesis
predicts an improvement for all frequencies (compare the bubble with a resonating fish swim bladder
in a pressure field) that emits a displacement wave to the very nearby tympanum. The bone
conduction hypothesis cannot offer an explanation.
The beneficial effect of an air bubble in the meatus is best explained by the middle ear and
tympanum hypothesis.

Directional hearing
Very little research has been done on certain aspects of UW-hearing, such as the just noticeable
difference of frequencies and intensities. However, in compression chambers such experiments did
not show an effect compared to in-air hearing.
More is known about directional hearing (see Molvær 2003 for references). In air, interaural time
differences (ITDs) and interaural intensity differences (IIDs) are the major stimulus characteristics for
sound localization. In air, ITD and IID thresholds (50 dB SPL) are about 22 μs and 0.7 dB respectively
(Fay, 1988). These cues are also used for underwater, but now the ITDs are strongly reduced due to
the higher sound speed and the IID are generally irrelevant. Moreover, the pinnae have no function.
These effects together result in a very moderate capacity to localize UW a pure tone sound source of
3.5 and 6.5 kHz: a minimum audible angle of about 11.5o in the horizontal plane after training of the
subjects (non-trained 22 o,Feinstein 1973). In air 2 o found (see Fay, 1988). Recently, a resolution of
only 86 o was found (Shupak et al. 2005). This study is however corrupted by a poor test set-up in
several respects and is also in many other respects highly disputable.47 Therefore the accuracy of
source localization is much less than in air.
The resolution of directional hearing UW in the horizontal plane is about six times less than with inair hearing. The ability of directional hearing in the vertical plane is vanished.
With a sound speed of 4040 m/s in cortical bone and a just notable ITD of 22 μs the difference in path
length must be at least 89 mm. This means that in a frontal cone with top angle of 90o directional
hearing is totally impossible if bone conduction in the skull constitutes the dominant transmission
path. This has never been found experimentally. This again argues that the bone conduction
hypothesis is improbable.

Hearing of background sound and masking
Background sound masks “foreground” sound, the sound what may contain important information.
Background sound impinges from several directions at the same time. In air forefront sound from a
small source (e.g. speech) is mostly easily perceptible since the background comes from many
directions. With the cerebral 3D-frequency analysis of the input of both ears such hearing tasks are
feasible, but UW this approach is unfortunately stripped to practically a frequency analysis since
directional hearing UW is highly impeded.
For human, background sound (10-100 Hz by shipping; higher frequencies by waves caused by
mainly wind) is hardly audible. Inland lakes without shipping are soundless below Beaufort 2. Above
the continental plateau and in the surf zone the sound is respectively 20-40 and 30-55 dB stronger.
46

At shallow depths and with a 3-mm neoprene wet-suit. (Fothergill et al. 2004).
This paper contains dozens of inadequacies, flaws, loose ends and not or incorrectly motivated
statements.
47
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Knowing the UW audiogram, one can ask how strong the background sound should be to be audible.
By using the critical band48 the background threshold curve as a function of frequency can be
calculated.49 Fig. 3b presents two background spectra, one for the ocean and one for a lake. For
comparison the in-air and UW audiogram are also presented. Every pure tone (or sound with a
spectrum within the critical band) with a strength below the background threshold curve is inaudible.

Fig. 3 (a) See Fig. 8 Chapter III. (b) Audibility of background sound for human. Solid curves are
audiograms, dotted curve the threshold for background sound and dashed curves give the strength of
the background sound (ocean: 30 m deep, wind strength 4, heavy shipping).
The figure also shows that the ocean background itself is under the given conditions only audible
below 200 Hz. In lakes without shipping noise, background noise cannot be detected. And every
sound above the background threshold curve is audible for it arises above the masking effect of the
background. With an inaudible background, audible hard sounds are shrilly.
The sound of the diving respirator strongly masks. This sound is caused by vibrating membranes and
the generation of bubbles which moreover act as sound sources. Only with breath-holding biological
sounds (e.g. swim bladder vocalizations of fish, coral eating fish listened from nearby) may pop up
from the background.
The noise of scuba regulator strongly masks UW sounds of aquatic animals. Breath holding
makes many audible.
Comparing Fig. 3a and b show that human performs not worse than salmon, but cod, also a fish
without hearing specialization, performs better.
We experience the UW-world generally as a world of (relative) silence. The diving-regulator sound
of inspiration and especially expiration strongly masks specific sounds from the surroundings. But
during breath-holding and attentively listening there appears much worth to hear. Despite this, our
auditory performances UW are all together everything but moderate.

Influence of pN2 and pO2
The literature does not indicate that N2 narcosis plays a role, since in a compression chamber the
change of the threshold at 30 m is hardly measurable (approx. 7 dB) and is moreover strongly
48

The frequency band around a reference tone, within which a second tone or very narrow noise
band does influenced the audibility of the reference.
49
According to 20logB0.5, where B is the frequency difference of the 3 dB points of the critical band,
the latter being 1/3 octave which holds over a large frequency range very well.
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frequency dependent (Farmer 1994). Also it does not seem probable that the higher pO2 is important,
because 3 bar O2 (compression chamber) gives no impairment. At large depths one can expect
however problems, because at 75 m there is a reduction of the evoked EEG to sound stimuli. At
extreme depths (Heliox) generally there is impairment, but not for all frequencies. The underlying
mechanism is obscure and interpretation is hampered by the physical effects of pressure changes
Experiments have shown that speech understanding deteriorates under very high pressures in a
chamber. Speech understanding is a very complicated cerebral process. It is unknown what is
causing this deterioration
For the regular depths as allowed in sport diving, the influence of pN2 and pO2 on hearing seems
to be negligible. For extreme depth, as used in professional diving, generally a deterioration is
found for the majority of the frequency range.

Prevention of hearing loss of professional divers
From research of Navy divers it became clear that there is a decrease of the high and low-frequency
sensitivity. Professional divers have frequently a hearing loss. This is thought to be caused by the
noise of UW tools or by the noise of the influx of the gas mixture in the dive helmet and in the dry
decompression chambers. Hearing loss is the disorder most occurring as a result of diving and
therefore it has been studied extensively. Here, this will not be treated. The reader is referred to text
books of diving medicine.
Exposure standards for UW works do not exist (except an attempt in the form of an in Norwegian
written report). A method to prevent los has been described by Nedwell et al. (1993).
For UW works the principle should be that the exposure standards for UW are diminished as many
dBs as the UW-audiogram is less sensitive than the in-air audiogram. It is advisable to use the UWaudiogram of Al-Masri et al. (1992) because those of other authors give a too low sensitivity for the
low frequencies. Exposure standards always implicitly used the far field concept. Then the ratio
between pressure and displacement is constant. However, in a diving helmet (source distance cmrange), a compression chamber (source distance m-range) and with using heavy, noisy UW-tools
(source distance dm-range) the near-field condition holds. Due to the phenomenon of local-flow the
particle displacement fields are very strong since UW tools have (at least) a dipole character (see
Sound, in air and water). With a dipole source at a distance 25 cm, with 250 Hz the v/p (particle
velocity / pressure) ratio is a factor 30 (30 dB) stronger than in (distant) far field and 60 dB with a
quadrupole source. Although stimulation via tissue conduction is about 60 dB less effective than
pressure stimulation, with a ratio > 50 dB halving of exposure time every 3 dB in excess is needed.
A few decimeters from the tool the particle displacement can be 1.5 – 3 orders of magnitude larger
than a measurement with a hydrophone indicates on the basis of the far-field concept.
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Fig. 4 For explanation see text. wrench wei: spectral level of impact wrench weighted with ISO226.
With more complex sound sources the effects are progressively stronger, such that the displacement
component can stimulate the ear (via the conduction path) more strongly than via the pressure path
(middle ear hypothesis). However, high frequencies attenuate as function of distance more then lower
ones, the sound of tools in the 0.5 - 10 kHz band are some 50 dB stronger as around 100 Hz. Among
the hand-tools impact wrenches produce most sound, ca. 150 dB at 500 Hz (Nedwell et al., 1993).
Fig. 4 explains the procedure to calculate maximum exposure time. The frequency with the highest
difference between the weighted spectral level of the tool and MAFwater is determined. (It is more
precise first to apply so-called weighting of the spectrum of the UW tool with an filter. 50) At this
frequency the difference between the exposure norm (here Dutch norms) and MAFair is calculated.
The excess of the first difference compared to the latter gives the shortening. (Every 3 dB more sound
level halves the exposure time, since 3 dB doubles the intensity). Wearing a hood increases the
exposure-time for pressure hearing (NB not for displacement). For 500 Hz this gives 15 dB protection.
The example shows that using an impact wrench can only be performed with a helmet. But most
common tools produce about 30-40 dB less sound and allow a hood during the whole working day.
However, as long as the mechanisms of UW are unknown extra safety is recommended. For this
reason it is advisable at use of heavy equipment not only to perform pressure measurements but also
measurements of the particle velocity (or acceleration)51. On the basis of these data the exposure
standards can be adapted. With some more effort the contribution of pressure and displacement
hearing can be separated in a chamber experiment.52 Finally vibration conduction via the arm should
be considered (temporal bone displacement measurements).

Procedure to prevent hearing loss by OW labor
1. Follow the procedure visualized in Fig. 4.

50

With such a filter applied to a sound with a white spectrum (all frequencies have the same
strength), all frequencies are heard equally loud. There are several filters to obtain equal loudness
percepts for white noise. Decades ago, the so-called A-weighing curve was used but nowadays ISO
226, 1987 is applied (except in UK).
51
The amplitude (effective or RMS value of a pure tone or composed sound) of a 3D-displacement
field can be measured with a 3D accelerometer at the position of the head.
52
In a wet chamber-experiment with the push-pull method it is possible to nullify the pressure field.
Then only the (various) vibrations of the head stimulate the cochlea. The strength of this percept can
be compared with pure pressure stimulation (push-push method) which should be equal to that of the
UW tool recorded with a hydrophone.
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2. With excessive noise (> 130 dB SPL) below 250 Hz it is advised to record the displacement field of
a UW-tool with e.g. a 3D accelerometer and the pressure with a hydrophone at the intended ear
position.
3. Repeat these measurements in the far field.
4. When the acceleration/pressure ratio measured at the right temporal bone is larger than 50 dB
compared to the far field, then reduce the exposure time (halving for every 3 dB in excess).

Conclusions









The acoustic properties of water do generally not allow hearing above 4 kHz.
Due the inadequate functional anatomy of the human hearing organ for OW-hearing, the UWworld is a world of silence: background sound is generally not or hardly perceptible. For this
reason specific, hard sounds pop out stridently.
UW, the sensitivity for sound pressure is some tens of dB less than in air, but for frequencies
<500 Hz better then initially measured UW audiograms indicate.
The middle ear hypothesis (Schellart, 1995) describes the difference between the in-air and
UW audiogram more precisely than other hypotheses and describes several UW
phenomenons best.
Directional hearing is poor.
The effect of high partial N2 and O2 pressures are irrelevant at regular depths for sport diving.
Authorized UW exposure norms are advised, based at in-air norms with the difference
between the in-air audiogram and a reliable UW audiogram (i.e. with the proper low frequency
sensitivity) taken into account.
These new UW-exposition norms need strengthening when stimulation via the conduction
pathway (displacement) contributes in addition to the “regular” stimulation (pressure).
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UNDERWATER COMMUNICATION

Sound is, in many ways, more appropriate for underwater communication than other signals. Since
the wavelengths of low frequency sounds are long, rocks and other barriers probably only minimally
impede communications. Although there are some limitations as to when biological sounds would be
most useful for the various aquatic vertebrate species, it is likely that there were strong selective
pressures that resulted in the use of sounds in communication. Consequently, we would expect that
sound detection would be an important function for many species.
Human is unable to produce understandable speech underwater due to an impedance mismatch
between the ambient water and the air filled mouth and throat cavity. The mismatch distorts strongly
the resonance functions of these cavities.

Fish
Biological sounds in the aquatic environment are many and variable. In general, such sounds tend to
be stronger than the sounds produced by wind. Fish vocalizations (often generated using the swim
bladder either directly or indirectly, thereby resulting in the sounds being monopole) generally have an
upper frequency of 800 Hz, with fundamentals (see Appendix B Chapter I) between 25 and 250 Hz.53
Many species of fish, produce sound by using muscles around their swim bladder (Fig. 1). By fast
oscillatory contractions of these muscles sounds are produced by the swim bladder. These sounds
are for intraspecific communication, including courtship and territorial behavior. Although it may not
hold for all species, there is an interesting concurrence of vocalization bandwidth and hearing
bandwidth for fifteen species for which data are available on both hearing and sound production (Fig.
2). We find that the geometric mean of the bandwidth of the sonograms increases nearly
proportionally with that of the audiogram, suggesting to us potential co-evolution of vocalization and
frequency sensitivity. Further analysis of the data also indicates that larger species generally produce
sounds with lower frequencies than small species. Larger species have a larger swim bladder that
has a lower resonance frequency.
Fig. 3a gives some spectra of swim bladder vocalizations of three western Atlantic fish, two of aquatic
mammals and one spectrum of shrimp sound.

Fig. 3a Sounds of aquatic animals.
Fishes, as other vertebrates, don't just respond to the presence or absence of sound. Instead, many
species respond behaviorally to the temporal pattern and/or to specific frequency components of
53

Swimming sounds (produced as a result of hydrodynamic interactions between parts of the fishes
body and water) may contain energy up to 1 kHz. Invertebrates, and particularly crustaceans and
mollusks, produce (non-monopole) sounds which range from several hundred Hz (fundamental
frequency) to many kHz.
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sounds. This is important so that fishes can discriminate between behaviorally relevant and
behaviorally irrelevant sounds. A vocalization of the squirrel fish, presented in a sonogram (frequency
versus time with the blackening the strength) is given in Fig. 3b.
As an example, various species of pomacentrids (damselfishes) produce sounds that differ from one
another in temporal parameters and not in frequency. Various pomocentrid species can discriminate
between sounds of conspecifics and those of other species on the basis of these temporal patterns.
It is therefore likely that there has been some selective pressure for pomacentrids (and potentially for
other species) to develop acoustic systems that differ between species, and that such systems not
only include sound production, but also sound discrimination capabilities. Also the freshwater, shallow
water elephant nose fish with its very high-frequency hearing is known to use sound for
communication.

Fig. 1

Fig. 2

Fig. 1 Swim (or gas) bladder with the surrounding muscles. The innervation of these muscles is
arranged in such a way that the muscles contract every where at the same instant of time,
irrespective the frequency which is emitted.
Fig. 2 . Relationship between the swim bladder sounds produced by 16 fish species and their
audiogram. Vertical axis: geometric mean of the (nearly) whole range bandwidth of the swim bladder
produced sounds. Horizontal axis: geometric mean of the frequencies f1 and f2, limiting the 10 dB
bandwidth of the audiogram of the species. The correlation coefficient between the two parameters is
0.56 (p=0.01). The majority of the species are Perciformes of tropical waters. Solid squares represent
tropical fish and open squares species) living in the Atlantic Ocean. These species are large with
large swim bladder except O.t. From Schellart and Popper,1992.
Acoustic theory leads us to predict that fish are likely to communicate with higher frequencies in very
shallow waters than they will in deep waters, although frequencies would still be well below those
used by terrestrial vertebrates and well within the constraints of the muscle systems used to produce
the sounds. These higher frequencies are related to the very strong high pass filtering in very shallow
waters. The noise levels close to the bottom will be greater in deep water than in shallow water. The
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lower noise levels in fresh waters of biological sound sources, and especially the very strong high
pass filtering in very shallow waters, are additional causes for the lower noise levels in fresh water as
opposed to marine environments. The effect of high pass filtering is stronger for soft than for hard
bottoms, since the latter have lower cut-off frequencies. This filtering effect is of less importance in
marine waters, since the depth, even very close to the coast, is often many meters and the sea
bottom at the continental shelf is generally hard.

Fig. 3b Sonogram of the squirrel fish of the Caribbean’s, a well known coral fish.
An examples of swim bladder sounds of the foghorn can be found at
http://www.marine.usf.edu/bio/fishlab/sounds/OBeta.wav. and that of the oyster toadfish on
http://www.dosits.org/animals/produce/1f.htm
Some fish such as the marine catfish have specialized pectoral fin spines that make a stridulatory
squeaking sound. The base of the pectoral fin spine is modified in these catfish. A part of the base,
known as the dorsal process, looks like a ridged potato chip. Sound is created when the dorsal
process is rubbed against the pectoral girdle. An example can be listened at
http://www.dosits.org/animals/produce/1f.htm
Finally there are fish that make eating sounds by cracking nearly dead coral with their teeth, as do for
example parrot fishes and napoleon fishes. This can easily be heard by divers within some meters of
distance.

Use of Sounds by Fishes
Biological sounds in the aquatic environment may be stronger than the sounds produced by wind
(e.g. toad fish vocalizations, valve snapping sound of mollusc populations). In addition to swim
bladder generated vocalizations fish produce swimming sounds as a result of hydrodynamic
interactions between parts of the fish body and water (up to 1 kHz). Invertebrates, and particularly
crustaceans and molluscs, produce sounds in the 100 Hz and kHz range. This allows fish to localize
them as prey.

Marine mammals
Echolocation
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Echolocation, also called biosonar54, is the biological sonar used by several mammals such as
dolphins, most whales, shrews and some bats. Two bird groups also employ this system for
navigating through caves. The physical principle is the same as applied in medical echography:
sender (small-angle sound beam), reflecting object, receiver and analysis. The latter is basically the
measurement of the time delay between sending and receiving to calculate the object distance and
other characteristics. To obtain a well defined time delay echolocating animals emit very short calls (a
few ms) out to the environment. The calls can be constant frequency (single or composed) or for
instance frequency modulated (FM). They use these echoes to locate, range, and identify the objects.
Echolocation is used for navigation and for foraging (or hunting) in various environments.
However, the cerebral analysis is not simple since the animal has to correct for the speed of selfmotion and that of the (living) object. Suppose that a marine animal is at a distance of 10 m from a
prey. Then the echo returns after 2x10/1437 = 13.9 ms. Now suppose that the predator has a speed
of 2 m/s (=7.2 km/h) in the direction of the prey and the prey swims with the same speed towards to
animal. In 14 ms the both animals are approximation 4 m/s x 14 ms = 5.6 cm closer together, which
makes the localization still accurate enough. This example shows that for marine animals self-motion
and prey-motion are irrelevant. For terrestrial animals the outcome is however different.55
Unlike some sonar that relies on an extremely narrow beam to localize a target, animal echolocation
relies on multiple receivers. Echolocating animals have two ears positioned slightly apart. The echoes
returning to the two ears arrive at different times and at different loudness levels, depending on the
position of the object generating the echoes. The time and loudness differences are used by the
animals to perceive direction. With echolocation the bat or other animal can see not only where the
prey is going but can also see how big another animal is, what kind of animal it is, and other features
as well.

Odontoceti
Toothed whales (suborder Odontoceti), including dolphins, porpoises, river dolphins, orcas and sperm
whales, use biosonar that is very helpful when visibility is limited, e.g. in estuaries and rivers due to
light absorption or turbidity.
Echoes are received using the lower jaw as the primary reception path, from where they are
transmitted to the inner ear via a continuous fat body. Lateral sound may be received though fatty
lobes surrounding the ears with a similar acoustic density to bone. Some researchers believe that
when they approach the object of interest, they protect themselves against the louder echo by
quieting the emitted sound. In bats this is known to happen, but here the hearing sensitivity is also
reduced close to a target.

54

Sonar (for SOund Navigation And Ranging) is a technique that uses sound (ranging from infra- to
ultrasound) propagation (usually underwater) to navigate, communicate or to detect underwater
objects. There are two kinds of sonar, active and passive.
55
Due to the nearly five times lower sound speed and about 5 times higher velocities (10 m/s) of
flying predators and prey (bats, insects) flying speeds become relevant. Again at a distance of 10 m
both animals are now about 1.18 m closer. For prey catching this is not negligible (imaging that the
trajectory of the insect is sideward). It is also obvious that with these high speeds the predator has to
cope with the Doppler effect. Bats have cerebral mechanisms to compensate for that and also to
estimate the speed and speed-direction of the prey.
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Fig. 4 Diagram illustrating sound generation, propagation and reception in a toothed whale.
Outgoing sounds are drak gray (red) and incoming ones are light grey (green).
Toothed whales emit a focused beam of high-frequency clicks in the direction that their head is
pointing. Sounds are generated by passing air from the bony nares through the phonic lips. These
sounds are reflected by the dense concave bone of the cranium and an air sac at its base. The
focused beam is modulated by a large fatty organ known as the 'melon'. This acts like an acoustic
lens because it is composed of lipids of differing densities. Most toothed whales use a click train for
echolocation, while the sperm whale may produce clicks individually. Toothed whale whistles do not
appear to be used in echolocation. Different rates of click production in a click train give rise to the
familiar barks, squeals and growls of the bottlenose dolphin. In bottlenose dolphins, the auditory EEG
response resolves individual clicks up to 600 Hz trains, but yields a graded response for higher
repetition rates.
Some smaller toothed whales may have their tooth arrangement suited to aid in echolocation. The
placement of teeth in the jaw of a bottlenose dolphin, as an example, are not symmetrical when seen
from a vertical plane, and this asymmetry could possibly be an aid in the dolphin sensing if echoes
from its biosonar are coming from above or below. (A similar asymmetry for elevation localization has
been found in the barn owl.)

Fig. 5 (a) Parasagittal slice in a plane lying slightly to the right of the midline of the common dolphin
forehead. This diagram includes the skull and jaw bone (gray hatched), the nasal air sacs (black or in
colour red), the right MLDB (monkey lip/dorsal bursae) complex, the nasal plug (np), the epiglottic
spout (es) of the larynx, and the melon tissue. Other tissues, including the muscle and connective
tissue surrounding many of the labeled forehead tissues, are not shown. (b) Diagram of dolphin skull
and nasal air sacs. PS – premaxillary sacs; VS – vestibular sacs; NS – nasofrontal (or tubular) sacs;
BH – blowhole, SC - spiracular cavity; the skull and upper jaw (light gray); and the lower jaw (gray).
Dolphins use a narrowly focused sound beams which mainly emanates from the forehead and
rostrum during echolocation as illustrated in the simulation of Fig. 6. The beam formation results
primarily from reflection off the skull and the skull-supported air sac surfaces. For the frequencies
tested, beam angles best approximate those measured by experimental methods for a source located
in a region of the MLDB complex. The results suggest that: 1) the skull and air sacs play the central
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role in beam formation; 2) the geometry of reflective tissue is more important than the exact
acoustical properties assigned; 3) a melon velocity profile of the magnitude tested is capable of mild
focusing effects; and 4) experimentally observed beam patterns are best approximated at all
frequencies simulated when the sound source is placed in the vicinity of the MLDB complex.
Examples of vocalizations can be found at http://neptune.atlantis-intl.com/dolphins/sounds.html …..
Divers with not-impeded high frequency hearing can hear speech vocalizations of the common
dolphin.

Right whales
These animals use very low frequency vocalizations for breeding behavior. Males produce sound to
attract females at even thousands of km by using acoustic annular zones (see Sound, in air and
water) and channels in the (Antarctic) ocean.
If the sound source is deep and the conditions are right, propagation may occur in the 'deep sound
channel'. This provides extremely low propagation loss to a receiver in the channel. This is because
of sound trapping in the channel with no losses at the boundaries. Similar propagation can occur in
the 'surface duct' under suitable conditions. However, in this case there are reflection losses at the
surface.
In shallow water propagation is generally by repeated reflection at the surface and bottom, where
considerable losses can occur.

Fig. 6 A 2D computer simulation of sound production in the common dolphin. The dolphin's head
(based at parasagittal CTs) is indicated by a dotted outline. Sonar pulses from a spot (just beneath
the uppermost air sac) below the dolphin's blowhole reflect and refract through these structures. The
lines around the dolphin's head represent the direction and intensity of sound waves emitted from the
model. Most of the acoustic energy is emitted in a forward and slightly upward-directed beam in this
100 kHz simulation.

Other aquatic taxa
Manatees and dugongs have vocalizations with fundamental frequencies of 2-5 kHz. In contrast to the
other taxa, seals have calls generally limited to some kHz.

Nico Schellart Underwater hearing of human and aquatic vertebrates

References
Aroyan JL, McDonald MA, Webb SC, Hildebrand JA, Clark D, Laitman JT, Reidenberg JS (2000)
Acoustic Models of Sound Production and Propagation. In: Au WWL, Popper AN, Fay RR (eds),
Hearing by Whales and Dolphins. New York: Springer-Verlag, pp. 409-469.
Ketten DR. The marine mammal ear: specializations for aquatic audition and echolocation. In The
evolutionary biology of hearing, Webster DB, Fay RR and Popper AN (eds.), 1992, pp 717-750.
Springer, New York.
Schellart NAM. and Popper AN. Functional aspects of the evolution of the auditory system of
actinopterygian fish, in The Evolutionary Biology of Hearing, Webster, D. B., Fay, R. R. and
Popper A. N., Eds., Springer-Verlag, New York, 1992, pp 295-322.

82

Nico Schellart Underwater hearing of human and aquatic vertebrates

Index
Especially, entries are listed which definition is given at the respective page.

83

Nico Schellart Underwater hearing of human and aquatic vertebrates
accelerometer, 17
acoustic capacitance, 10
acoustic compliance, 10
acoustic impedance, 10
acoustic stiffness, 10
amplifier theory, 61
amplitude spectrum, 23
angular frequency, 26
biosonar, 81
cochlear mechanics, 61
cupula, 48
dB, 20
dB SPL, 21
dipole source, 18
displacement wave, 8
Doppler bubble detector, 18
Doppler effect, 13
echolocation, 81
electromotility, 61
far field, 18
Fourier analysis, 9
Fourier synthesis, 23
fundamental, 22
fundamental frequency, 26
harmonics, 22
hydrophone, 17
infrasound, 9
intensity, 9
kinocilium, 31
loudness, 9
melon tissue, 82
monopole source, 17
near field, 18
neuromast, 48
otoacoustic emissions, 64
otolith system, 31
otophysans, 40
pan bone, 33
paradoxical lateral suppression, 35
particle velocity, 10
phase spectrum, 23
phon, 9
phonetogram, 24
phonogram, 23
place theory, 60
pressure, 8
pure tone, 9
push-pull mode, 69
push-push mode, 68
rayl, 10
reflection, 11
refraction, 11
scattering, 12
sone, 9
sound, 8
sound pressure, 8
sound speed, 11
specific density, 10
speed of sound in gas, 25
speed of sound in liquid and solid, 26
SPL, 20
standing wave, 8
stereocilia, 31
strength, 8
tonotopy, 60
tympanic bulla, 33

tympanoperiotic complex, 33
ultrasound, 9
Weberian ossicles, 32

84

Nico Schellart Underwater hearing of human and aquatic vertebrates

85

