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SECTION I 
GENERAL OUTLINE

1.1. On the division of this dissertation

A decisive proof of acoustic localization requires sound stimuli that differ only in 
propagation directions to the fish. Notwithstanding that the theme of the underlying 
study finds its origin in sensory physiology, the production of suitable stimulus fields and 
their physical measurement and description have become major topics. It was realized 
that only experiments in acoustically not too shallow waters could solve the stimulus 
problem at reasonable costs and efforts. All experiments were carried out under a raft 
moored in norwegion fjords. Observation of the behavioural responses of a fish to the 
sound alternatives, however, necessitated development of non-standard apparatus and 
techniques to cope with this field situation. Conditioned responses in a choice situation 
are very suitable to indicate discrimination of the stimulus alternatives on other cues than 
propagation direction when carried out in proper control situations. In the analysis of 
thus obtained sequences of responses one enters the branch of testing statistical 
hypotheses. The responses of the fish to the stimuli were maintained by rewarding with 
food. To this purpose underwater fish feeders with remote operation were developed.

The biological results of the studies are presented in section II either as a reprint of a 
previously published paper or as manuscript. The non-biologist reader may find a general 
setting of the studies in 1.2.1. The in this matter not specialized reader may start reading 
the introductions to and summaries of papers 2.1. and 2.2. (see contents). Whenever some 
point in the introduction to paper 2.2. needs further clarification the reader should either 
consult the references there or select the relevant passage in the introduction of section I 
(1.2.2. and 1.2.3.) that presents some basic annotations on the physiology and physics 
pertaining to the subject. Similarly section III presents annotations to the methodological 
parts of the papers 2.1. up to 2.4. for workers in the field of hearing in fish and 
unterwater acoustics. Section III and the papers 2.4. and 2.5. are related to the main 
theme as explained in the first paragraph.

1.2. Introduction

1.2.1. Directional hearing in fish: motives and implications

It was considered that any results of a study of directional hearing in fish might 
contribute to:
(a) an understanding of the evolution of hearing in vertebrates,
(b) fisheries techniques.

The advantage to a fish of being able to discriminate ambient sounds as to the nature 
and location of their origin is evident. Furthermore in the turbid water of the sea low
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frequency sounds are far less absorbed and scattered than is light. Distant objects may 
thus appear merely as ghosts in vision. Many fish possess special sound producing organs, 
as e.g. drumming muscles causing vibrations of the gas in the swimbladder, resulting in 
specific, more or less strong sounds that may evoke responses especially in individuals of 
the same species. These facts immediately point to the importance of hearing in the life 
of numerous fish species. Cod (Gadus morhua L), one of the two species studied (the 
Ballan wrasse, Labrus berggylta Ascanius, is the other one: see cover), possesses such 
drumming muscles.
ad a. Tumarkin (1948; 1955; 1968) proposed a new view on what should be considered 
the most primitive ear found in vertebrates. His functional theory explains how originally 
water-dwelling vertebrates evolved, in their adaptation to land life, middle ear structures, 
to match an inner ear, that was essentially sensitive to the weak displacements in 
unterwater sounds, to the air. In an earlier theory on the evolution of the ear (de Burlet, 
1934) the principle of optimal matching to the acoustic properties of the medium to 
realize sensitive ears was not applied. The primitive ear of a fish consists of an otolith of 
lime (aragonite) covering a sensory epithelium of hair cells (Fig. 1) at the inner side of the 
membraneous labyrinths.

a

b c

Fig. la. Schematic cross-section of an otolith organ (after Dijkgraaf, 1952). The otolith is embedded 
in a gelatinous mass (cupula: dotted).
Fig. lb, 1c. The right labyrinth of cod (Gadus morhua) in median aspect (view from brain side) and in 
lateral aspect respectively (after Retzius, 1881). The semicircular canals (ca, cp, ce) are parts of the 
rotational sense organ. A large otolith (o) is present in the sacculus (s) and a much smaller one in 
another sac-like part: the lagena (Ig). Different parts of the sensory epithelium of the sacculus (ms) 
are all connected to the main acoustic nerve via various nerve branches [in reality the saccular macula 
is more curved at the anterioir side than in Retzius’ drawing: see discussion in 2.3].
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As the tissues in the skull of a fish acoustically do not differ widely from water, a 
sound wave can move directly to this inner ear. Physically this ear responds to 
accelerations in the sound wave resulting in relative oscillatory displacements between the 
tips of the hair cells and their bases. These hair cells, however, have a preference direction 
that is caused by their asymmetrical ultrastructure. Dijkgraaf (1960) predicted the 
directional sensitivity of the otolith organs and mentioned the possibility that a pair of 
these ears might mediate the propagation direction of sound (or abbreviated: direction of 
sound).

The hearing sense of most fishes resides in the lower part (pars inferior) of the 
labyrinths. The reader is referred to the Figs, lb and 1c and to von Frisch (1970, Ch. 14). 
Although the sensory organ in the sacculus, a recession of the pars inferior, is still present 
in primates (including man), very little is known about its function there.

It is an essential assumption in the theory of Tumarkin that the hearing sensation in 
fish is evoked by (weak) oscillatory motions near the otolith organs. A sufficient proof 
(here a behavioural experiment) is still lacking. Recently, however, necessary conditions 
for the validity of this assumption have already been verified. The directional sensitivity 
of the sound receptors has been shown by means of electrophysiological methods 
(recordings of the microphonic potentials from the sacculus in the haddock: Enger et al, 
1973; and in the perch, Perea fluviatilis, Sand, 1973, produced by vibratory stimuli). 
Buwalda (in preparation) succeeded in recording microphonic potentials (polar plot) from 
the sacculus produced by sound waves.

The difficulty in showing the motional sensitivity of the organ of hearing in fish with 
swimbladder is caused by the fact that the gasbladder converts the pressure oscillations of 
the incident sound wave in oscillatory displacements, that indirectly stimulate the sound 
receptors. The inherent sensitivity of the primitive ear to motion is thus obscured 
(swimbladder acting as matching device). The vibratory coupling of both labyrinths to a 
single receiver, the gasbladder, also hampers the hypothetical directional hearing with 
pairs of otolith organs. Only if the direct stimulation by the sound wave is sufficiently 
strong as compared to the indirect stimulation via the gasbladder then the suggested 
mechanism might work. Conjunctural evidence exists that this is the case for frequencies 
lower than say 120 Flz in cod (apparently no conditioning possible to higher frequencies).

Owing to the interfering action of the swimbladder described above the results of the 
behavioural experiments in this dissertation support the validity of the fundamental 
assumption of Tumarkin only in several indirect ways.

The lost phase analysis (see 2.2.) of the acoustic pressure in humans, but demonstrated 
and essential in directional hearing in fish should fit in future evolution theories of hearing.

ad b. The main problem of fisheries seems no longer to be how to catch more with less 
effort, but how to conserve and exploit the fish stocks (see Cushing, 1968). Although the 
study of hearing in fish might contribute to catching more with less effort, the results 
could presumably serve this object only by collecting data to improve or devise fishing 
gear and techniques that kill less unwanted fish (as to size or species).

A relation between sound stimuli and fish capture exists (Buerkle, 1974), but
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descriptions of fisheries, either active (towing nets) or passive (gill nets, etcetera), do not, 
at present, allow more than the conclusion that sound can stimulate increased locomotion 
activity. Experimentally this has been shown for trawling noises (Buerkle, 1974).

It is necessary to make a further division in fisheries where sound is produced 
intentionally (see Wolff, 1966, for the use of sound in small-scale fisheries) or where it is 
generated as a byproduct in active fisheries (ship noise and noises of the towed nets). High 
frequency sounds (sonar) produced, either for fish finding or population estimates, 
surpass the upper frequency limit of hearing in most fish (say 500 Hz) by far and are of 
course excluded from this division.

Another question is whether directional responses to sound occur in fisheries 
situations. Do the sounds in the active fisheries that act as a releasing stimulus for 
locomotion, also act as a steering stimulus, causing schools to be scared away from (or 
attracted by) the noise of approaching trawlers and/or towing nets (trawls) by directional 
escape. If noise causes flight in fish, then, theoretically, they may either flee from the 
acoustically localized sound source, or, if they cannot localize the source, they may swim 
upwards or downwards (orientation by means of gravity receptors or eyes), or swim away 
from the visually detected sound source (net, ship, or, in research, sound projectors).

Luring fish by means of emitting sounds of feeding noises of the species (play-backs of 
recordings) has been reported by Hashimoto and Maniwa (1970) to be effective in 
Yellowtails (Seriola dorsalis Gill, Carangidae). Recently there seem to be similar 
experiences for tunny species (acoustic lure). The possibilities of attraction of fish by 
sound certainly need more investigation, because it may offer not only capture of the 
wanted species but also a selection of age classes.

In complex stimulus situations as described above the sensory physiologist can help by 
offering a decisive proof that fish possess the ability to localize a sound source. This is the 
more so because the suggested mechanism of detection of sound direction does not 
explain how a fish is able to discriminate sounds coming from opposite directions. How 
the problem is split into detail problems permitting unambiguous conclusions, will be 
dealt with below.

1.2.2. Testing directional hearing in fish

The detection of a stimulus is measurable (formal use of the word) via the action of an 
effector in response to the applied physical stimulus. This formal approach to sensory 
physiology has been treated in detail by Werner (1968).

In order to prove the ability of fish to discriminate or detect the direction of a sound 
one has to select a behavioural response for measuring purposes that meets the 
requirements of the posed problem. In investigating this ability of fish one can distinguish 
several questions:

a. Is a fish able to detect a change in the direction of a sound?
Any affirmation does not imply that the fish is actually able to determine the 

direction of the sound. To study this type of problem, the response may be conditioned 
and non-directive with regard to the sound direction (e.g. heartbeat intervals).
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Let us assume that a change in the sound direction is detected and that any other 
spurious stimulus attributes are found to be ineffective. In a situation with several sensory 
modalities responding to oscillatory mechanical stimuli (maculae in the labyrinth, 
lateral-line organs, cutaneous tactile sense endings) there are only a few methods to trace 
via which sensory input the effective stimulus was mediated. One possibility is the 
elimination experiment, another is a simultaneous recording of peripheral, electro- 
physiological responses and of the overt behavioural response (hence the analysis of the 
CNS processing). These reasonings are the fundament for criticism on authors who infer 
the participation of the lateral line from a sensitivity of fish to motional variables at low 
frequencies.

b. Is a fish able to determine the direction of a sound? If so, which sense organ(s) is 
(are) involved?

A minimum requirement for the response is a motor pattern resulting in a deflection 
with a fixed angular relationship to the direction of the impinging sound: typically a turn 
towards or away from it.
However, sound from a particular direction need not necessarily evoke and determine an 
oriented movement.

With conditioned oriented locomotions one can decide whether or not the 
physiological basis is present for an acoustic taxis, but not whether this occurs under 
natural stimulus conditions.

c. Does sound release a taxis in which sound acts as a steering stimulus?
The obvious response is an unconditioned locomotion oriented towards or away from 

the source. It must be realized, however, that for instance swimming in het ’’direction of 
a sound” might be released by the acoustic perception of the sound but steered by the 
visual perception of the sound source. Directional responses in the natural behaviour 
immediately hint at the adaptive value of detection of a sound (further on abbreviated as 
acoustic localization) in the species. Without the outcomes of a study of problem 2 it will 
be hard to specify the essential features of the stimulus situation (acoustical, optical, etc.) 
as well as the sensory modalities that are involved, under experimental circumstances 
acceptable both for an ethologist and for a physicist.
A working group in Miami has studied the attractiveness of pulsed noises for several 
species of sharks in the sea (Nelson 1965, Myrberg et ai. 1969, Nelson & Johnson, 1972, 
Myrberg et al. 1972). Aspects of the underlying sensory physiology have been studied by 
Nelson (1965, 1967) in behavioural experiments in acoustically very shallow water.

Another aspect of subdividing work on acoustic localization is the way in which 
external stimuli are transferred to the maculae of the labyrinths. Here the division in 
fishes without swimbladders (e.g. sharkes, flatfishes) and with swimbladders is important 
in that gas bladders convert compression in the sound wave into motions that reach the 
otolith organs with more or less attenuation. Adaptations are known that apparently 
diminish this attenuation like Weberian ossicles and paired extensions of swimbladder to 
the labyrinths (see e.g. Van Bergeijk, 1967 and Von Frisch, 1970).

Of course stimulus properties that have been shown to be essential in producing 
peripheral responses in the labyrinths and the lateral line (microphonic potentials,
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responses in the afferent nerves) can aid in selecting possible stimuli for tests in 
behavioural experiments. Important parameters for the external stimuli are: frequency, 
propagation direction, magnitude of the sound pressure p, amplitude of the particle 
displacement and the ambient noise level.

A quite different, but also important problem in studying hearing in fish is caused by 
the fact that the output of the sound projector undergoes several transformations on its 
path(es) to the subject. In a medium without boundaries (no walls, surface etcetera) the 
stimulus is in line with the position vector r drawn from the source (origin) to the 
receiving point, provided that the source is omnidirectional or that the distance in units 
r/X (X= wavelength) is not too small (lateral motions in the near field: see next part). 
However, the reflecting properties of existing boundaries can cause very complex patterns 
of the stimulus field that have hardly any similarity with the unbounded situation. For 
this reason only field experiments of the previous work in acoustic localization will be 
mentioned here. The reader is referred to Schwartzkopff (1962) and Erulkar (1972) for 
other work on the subject including different phylae (principles, etc.).
For fish only the introductions to the papers by Nelson (1965), Schuijf et al. (1972), and 
Schwartz (1973) are recommended.

Schuijf et al. (1972; see 2.1. in this dissertation), tackling a detection problem (type a, 
see above), have shown that the teleost Labrus berggylta (Ballan wrasse), is able to react 
to a change in the direction of a complex tone with a fundamental of 115 Hz. The fish 
was 1.5 m from the sound sources and about 3.6 m below the surface of a fjord (water 
layer 10 m). The fish was trained to respond when a change in sound direction (through 
71°) occurred in an unlimited sequence of sound trains.

The fish responded by abruptly stopping itself with its pectoral fins (extreme forward 
movement of these fins), a short stop in fanning with these fins, finally by inspecting the 
single feeding system. When the change in sound direction was only 10° (control 
experiment), the fish responded not significantly more frequently than during the neutral 
signal preceding the stimulus (p-level = 0.07). It could not be determined whether it was 
the direction change of propagating dilatation waves that was detected, or whether 
oscillating fluid currents around the sources (near field phenomena: see below) were 
involved.

Olsen (1969) has started a study on acoustic localization (problem b) in a cod. He 
observed abrupt turns towards the emitting sound projector of a pair hanging in a fjord at 
opposite sides of the cage with the subject. See abstract in Schuijf et al. (1972). The 
experiments in 2.2. proceed more or less on the same principles adding control 
experiments to test whether sound direction is the only cue for the discrimination. 
Elimination experiments werd started1 to examine which sense organ (labyrinth or lateral 
line system) is involved in the acoustic localization, once this ability was shown in intact 
cods. In one cod the angular threshold for acoustic localization could be determined.

During these experiments observations were made that seemed to justify the 
generalization that cod is not only able to discriminate sounds impinging from left of 
right on the fish but can also discriminate sounds impinging either caudally or rostrally on 
the fish.
1 The operations were developed and carried out by Professor S. Dijkgraaf (see Dijkgraaf 1973).
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Fig. 3. In the course of the years the raft was reconstructed several times to adapt in to the demands 
of the experiments. The basic construction was always the same: a scaffolding tube construction, with 
a tent compartment to protect the electronics, resting on foam-plastic floaters (see 2.1; Fig. 4). In the 
photographed situation of 1974 the floats keep up the ends of the underwater outriggers (see 2.3; Fig. 2). 
However, during the initial phase of the experiments, the sound projectors (invisible on the photograph) 
under the outriggers enclosed an angle of 90 to the fish. The water bottle at the top of the turning 
axis of the outriggers is needed for the operation of the fish feeders.
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Together with the obtained result that the lateral line is not essentially involved, a 
working hypothesis was worked out to explain the principle on which directional hearing 
is based. Consequently in paper 2.3 the discrimination of sounds impinging from opposite 
directions has been shown. Furthermore in a completely axisymmetrical situation the 
directional responses could be reversed by inverting the polarity of the compression only 
in the travelling wave. The positive effect obtained indicates that the involved detection 
system is based on that principle.

1.2.3. On the nature of the sound stimulus

For reasons explained under the heading ’’Physical and physiological evaluation of the 
stimulus properties” in 2.2. a fixed stimulus frequency as low as 75 Hz was chosen in the 
experiments with cod. The corresponding wavelength X of about 20 m is a crucial 
parameter for choosing the acoustic environment.

A prerequisite for experiments in directional hearing with fish of not too shallow 
habitats is a stimulus field approximating spherically or cylindrically spreading waves 
without echoes or standing waves. In problems of type c the demands can deviate 
(acoustics of the natural habitat). We are concerned with the demand of presenting 
sounds that are identical except for their directions. As sound sources must be displaced 
either for producing different stimulus directions or for control purposes a derivative 
demand is that the water layer in which the experiment is to be performed must transmit 
isotropically. Therefore this acoustic isotropy itself becomes an object of empirical 
verification. Further explanation may be found in 2.1.: Schuijf et al. (1972, p. 84).

The sound field of a point source under a pressure releasing surface and theoretical 
consequences for directional hearing are dealt with in 3.2.1. (a): The distant dipole field 
and directional hearing.

In every sound wave besides compressions and/or rarefactions related to the acoustic 
pressure, the transfer of momentum makes up the propagation of a wave at the velocity 
of sound c. The momentum of unit volume of fluid is in line with the propagation 
direction of sound in a homogeneous isotropic medium at rest and at locations far enough 
from the source, so that lateral motions (if any) may be neglected. This momentum of 
unit volume is equal to the mass flux density j = pv, where p denotes the instantaneous 
value of the density of the fluid, and v denotes the instantaneous velocity of the fluid 
particles, analogous to the concept ’’current” in hydrodynamics.

The mass flux density is the amount of mass transported per second through a unit 
surface oriented in such a way that a maximum current passes it.

Note that vectors are printed in bold type letters. An equation relating vectors is 
valued for each of the (three) components in the direction of the coordinate axes when 
the vectors are printed in bold types, otherwise it only relates the magnitudes (moduli) of 
the vectors.

Under the mentioned conditions (far field travelling waves) application of the impulse law 
results in: pv = Ape (1)
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where Ap denotes the instantaneous density fluctuation. Equarion (1) is valid both for 
a square pulse and for a sine wave. It follows that in the far field, the region where 
particle velocity is only related to density changes (exclusively longitudinal waves), 
the mass flux density j determines the direction of the sound except for an uncertainty 
of 180 degrees; for example, in a rarefaction pulse the propagation direction and the 
momentum are opposite (see equation 1). The direction normal to the wave fronts at a 
certain position is usually an equivalent definition for sound direction. The concept, 
looses its meaning in a steady sound field when strong returning reflections occur 
(standing waves).

There are many situations in which the displacements accompanying the momentum 
transport in compression waves are not the only oscillatory fluid motions.

Because of the low compressibility of water a small source produces an extensive 
current field. This oscillatory velocity field requires no density changes (pumping action). 
Depending on the velocity distribution over the surface of the source these currents have 
radial and/or lateral components. The radial components of the near field around a 
breathing sphere can exist because even without any density changes an oscillatory radial 
mass transfer is possible, where in the expanding phase an outward moving amount of 
liquid can occupy a wider imaginary spherical shell resulting in release. Compression and 
sound arise owing to the pressure gradients that exist in every unsteady streaming because 
of the inertia of the fluid. Therefore high frequencies are more effective in producing 
compression waves. The transient interactions between the near field and the far field 
energy form the subject of a theoretical paper by Junger (1966). The essential thing to 
remember is that the far field component is already present in the near field and carries 
momentum and energy to distant regions. The incompressible near field lacks elastic 
forces that restore the equilibrium position of the particles and that are necessary for 
wave propagation.

The phase of the near field velocity lags 90° behind the acoustic pressure. It is 
clear that the near field velocity is not necessarily in line with the source. However, at 
radial distances of a few times the dimensions of the source, the component of the fluid 
velocity that is in phase with the acoustic pressure has approximately the direction of the 
outward spreading sound.
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SECTION II
PHYSIOLOGICAL RESULTS

2.1. Schuijf, A., Baretta, J.W. and Wildschut, J.T.:
A field investigation on the discrimination of sound direction in Labrus berggylta 
(Pisces: Perciformes).
Reprinted from: Neth.J.Zool.22 (1): 81-104 (1972).

18



Reprinted from:
Netherlands Journal of Zoology
22 (1) : 81-104 (1972)

A FIELD INVESTIGATION ON THE 
DISCRIMINATION OF SOUND DIRECTION IN 

LABRUS BERGGYLTA (PISCES: PERCIFORMES)*

by

A. SCHUIJF, J. W. BARETTA and J. T. WILDSCHUT 
(Laboratory of Comparative Physiology, Utrecht, The Netherlands)

CONTENTS
I. Introduction................................................................................................. 81

II. Material and methods.............................................................................. 85
A. Outline of the experiment and general principles............................... 85

1. Training apparatus and procedure............................................... 85
2. Site of the investigation................... ;............................................ 88
3. The experimental subject...........................   88

B. Further specification of equipment and procedures........................... 88
1. The sound projectors, their excitation, and inclination adjustment 88
2. The practice of the training.......................................................   . 90
3. The raft..............................................    . 92
4. Measurement of the sound field...................................................... 93

III. Results........................................................................................................ 96
1. Sound field..................................................................................... 96
2. Reactions of the fish.......................................................................... 96
3. Statistics.............................................................................  97

IV. Discussion..................................................................................................... 99
Types of directional sensitivity and underlying mechanisms ... 99

V. Summary .......................................................................................................... 101
Acknowledgements.......................    102
References......................................................................................................... 102

I. INTRODUCTION

In a field investigation Nelson (1965) showed that sharks (Carcha- 
rhinidae, Sphyrnidae) could be attracted by low-frequency sounds 
(predominantly 20 to 60 Hz) pulsed with a transientless switch at 
distances of at least 200 m. Continuous low-frequency sounds were as 
ineffective as pulsed high-frequency sounds (400 to 600 Hz). The 
initial response was orienting towards the sound source followed by 
swimming in a line towards the transducer. The orbits were observed 
from the air. The results indicate directional hearing. The crucial 
qualitative and quantitative properties of the sound signal might 
better be deduced from conditioned responses.
* The investigation was partially supported by the Fiskeridirektoratet, Havfors- 
kningsinstitutt, Bergen, Norway.
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In teleosts all behaviour experiments indicate directional responses 
when the fish is very close to the vibration transducer. Van Bergeijk 
(1964) assumes that in most cases the lateral-line system is involved. 
The basis for his deduction is the angular response of the canal organs 
to motional variables in the near field* of a vibrational source in the 
electrophysiological study of Harris & Van Bergeijk (1962). Von 
Frisch & Dijkgraaf (1935) and Reinhardt (1935) attribute such 
directional responses to the cutaneous tactile sense.

It is a pity that such training experiments in combination with the 
elimination of the lateral line and/or the pars inferior of the labyrinth 
as performed by Reinhardt (1935) have not been repeated with 
harmonic sources in deeper water. Arguments for this view are: 
Reinhardt used only blinded ostariophysian fish and could not 
show directional hearing in behavioural experiments. He used very 
shallow water (12 cm), while in the deeper basins (i 50 cm) echoes 
were certainly important. The fish reacted non-directionally but 
promptly before the arrival of the surface waves. In the elimination 
experiments Reinhardt used only a single impulsive disturbance of 
the surface produced by a slightly concave dipper as a stimulus. The 
frequency spectrum is therefore wide. Operated minnows localized 
the stimulus source accurately at a distance of 10 cm, except when the 
wave was incident upon the tail.

Training experiments with the goldfish at 1500 Hz by Moulton & 
Dixon (1967) provide some evidence that also the pars inferior might 
be involved in a directional response (tail flip reflex) via the Mauthner 
cell mechanism.

For the comparison of experiments in directional hearing the fre
quency is very important. There are indications that above a certain 
frequency teleost fish with a swimbladder are sensitive to sound pressure: 
according to training experiments of Cahn et al. (1969) with grunts 
(Haemulon spec.) this holds for tones of 400 Hz (> 200 Hz).

Enger & Anderson (1967) showed that the microphonic potentials 
in the labyrinth of the cod (Gadus morhua L.) depend only on the sound 
pressure. Dijkgraaf (1950), in training experiments combined with 
bilateral labyrinthectomy, has demonstrated that Gobius niger reacts to 
sound at frequencies over 480 Hz by the pars inferior only. An inherent 
sensitivity of the maculae to motion seems likely whereby the swim- 
bladder responds nearly non-directional as a secondary vibration 
source (breathing mode of the gasbladder). The vibration of the swim- 
bladder presents equal forced vibrations to both ears (see also Alexan-

* Near field phenomena do not propagate like the simultaneously produced sound 
waves, because low frequency sources can act like pumps that cause predominantly 
oscillatory fluid currents in their vicinity.

scHUijF et al.
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der, 1966). In this frequency region fish with swimbladders would be 
unable to localize the source of a sound (Van Bergeijk, 1964). 
Actually this was found by Von Frisch & Dijkgraaf (1935) in the 
minnow (Phoxinus laevis) at frequencies of 426 Hz and 640 Hz. How
ever, an extra link between the ears is offered by the Weberian ossicles 
in the Ostariophysi.

Fish without a swimbladder seem to be sensitive to a kinetic com
ponent only. In the shark Negaprion brevirostris Banner (1967) showed 
a displacement sensitivity in conditioning experiments at the frequen
cies 20, 320, 640 and 1000 Hz. The labyrinth of a teleost without 
swimbladder, Cottus scorpius, seemed to respond electrophysiologically 
only to a kinetic component (Enger & Andersen, 1967).

Some experiments on directional hearing in fish have been carried 
out in water layers that must be considered very shallow in an acous
tical sense. In a shallow water layer the kinetic variables dominate 
over the compression (sound pressure) as compared to plane sound 
waves in deep water, whatever the distance from the sound source in the 
layer and the sound decays exponentially with this distance (if the 
medium has no boundaries the sound pressure decreases as the inverse 
first power of the range). Experiments in deeper water at some distance 
from the source might lead to different conclusions, as a result of the 
differences in stimulation. For instance, in a very shallow layer a 
vertical particle velocity component appears in the spreading sound 
field in addition to the radial one; in deep water this extra vertical 
component is absent.

Apparently in deep water Podlipalin (1962) observed directional 
orientation on sound in Solea lascaris Risso and Crenilabrus tinea L. 
A number of fishes were kept in a cage of netting lowered 3 m below 
the surface. Two sound sources were hanging at opposite sides of the 
cage at distances of 4 m. The mentioned species swam towards the side 
of the cage from where the signal, a noise with frequencies centred 
around 500 Hz, came after they had been trained in an aquarium 
by being fed near the sound source (a dummy was present).

Olsen (1969) investigated directional responses to tones in the cod 
(Gadus morhua L.) in a choice-conditioning setup. A cod was kept in a 
cage of netting lowered in a fjord 2 m below the surface of the sheltered 
“patio” of a floating laboratory (local depth 22 m). In two diagonally 
opposite corners of the cage identical, remote-controlled, feeding 
dispensers were mounted in line with two sound projectors. The fish 
was rewarded if it turned in the direction of the source. Evidence for 
directional responses was found at eight discrete frequencies from 
20 to 400 Hz. The distances from the sound projectors to the limits of 
the cage, 1 m and 3 m, had no influence on the results in the field
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experiment. An investigation as to whether the angle between the 
projectors is the only cue for discrimination is still lacking.

It is concluded that the indications are that teleosts can localize the 
sound source also at larger distances than a few dm. It is not yet 
known which detector system(s) are involved. The presence of a 
swimbladder does not preclude directional responses, and frequency is 
an important parameter.

In tests to demonstrate directional responses it is difficult to avoid 
the trap that the sound projectors are not placed at acoustically 
equivalent positions, although the projectors might be identical (in 
other words: that different reflections or echoes might result; or 
technically: that the modes in the water layer are excited differently). 
Consequently a demonstration of pseudo-directional hearing is not 
precluded. If the fish cannot discriminate the direction of whatever 
sound parameter, such deviation can result in intensity or timbre 
(for complex tones) differences for the fish. Therefore adjustment to 
the same sound pressure at the location of the fish is not sufficient. One 
should be aware of the magnitude of the intensity limen that still 
evokes a response in the fish. Interchanging the sound projectors even 
if that leads to the same reactions of the fish is no adequate test.

Indications for directional discrimination must disappear if the 
angle between the sound sources, as observed from the place of the 
object, becomes smaller than a certain threshold value (a necessary 
though not sufficient condition). Directional discrimination is not 
proved until, after some partial destruction of the complete detection 
system, the fish’s ability to react directionally on sound is completely 
abolished, however, without abolishing the fish’s reactions to sound as 
such. Such a proof awaits further experiments.

Negative results in showing directional hearing in the past might 
be the result of some inadequacy with respect to the type of sound or/ 
and with respect to the task to be performed by the fish. A choice 
experiment might fail, e.g., because:
a) the sound signal does not possess the adequate qualities for the 

species;
b) for the investigated species sound is not the directing stimulus for 

localizing and reaching a feeding place.

The following training experiment was designed to find out whether 
or not any detection of the direction of the sound is possible under 
favourable conditions; such as: small backward reflections (echoes) 
and imposing a simple training task upon the fish. Surgical treatments 
of the detection system were not yet carried out and therefore any 
unbalance that might result from bringing the sound projectors
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together (so as to produce minimal difference in sound direction) was 
observed carefully as a preparatory substitute.

II. MATERIAL AND METHODS 

A. OUTLINE OF THE EXPERIMENT AND GENERAL PRINCIPLES

1. The training system and procedure
Two identical underwater sound projectors were directed towards a 
keeping net with the fish. The situation is shown in Fig. 1. At low tide 
the loudspeakers are about 3 m down the surface (tidal difference about 
1m).
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feeding system

keeping-net

string attached 
to bottom to 
avoid yawing

spacing-tube
shaft (drawn 
horizontally 
for clarity)

sound projector

0,23 mA / \

supporting tube 
1,2 m over the 

sound projectors

Fig. E Top-view of the suspension construction for the adjustment of the inclination 
between the sound projectors. Rotating the flexible shafting by means of a crank 
(see Fig. 4) will result in an outward or inward movement of the two polyacetal 
guiding nuts on the right and left threaded screw spindle. The bar in the front carries 
the keeping net by thin nylon lines. The plastic tubes of the feeding system are stuck 

through the meshes of the net.
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At any time only one projector emitted sound. The neutral signal 
lasted all the time of a training session. It consisted of a repeated sound 
signal during 1.5 s (sound train) separated by a silence of 1.5 s from the 
next period of sound. A sound train consisted of pulses of limited 
bandwidth with a repetition rate of 115 Hz. This complex tone 
possessed a fundamental of 115 Hz. It was used instead of a pure tone 
because one can conceive direction detection principles that are more 
effective with pulses than with a gradually increasing and fading 
harmonic wave. To produce the training stimulus, the signal generator 
(see subsection II B l.b) was switched over to the other projector 
during a silence. Provided that the projectors are sufficiently equal in 
pulse response only the direction of the sound will have changed and 
remains so during the following sound train. The stimulus could be 
repeated, however, by switching to and fro between the projectors in 
the periods of silence.

After the change in sound direction the fish was rewarded with food 
after a reaction. An action of the fish was characterized by a sudden 
interruption of the motion and/or the following sequence: an extreme 
forward movement of the pectoral fins, a short interruption in the 
fanning followed by an acceleration, turning the body, and more 
often than not succeeded by an inspection of the feeding system (for a 
description see III). In order to keep the behavioural task as simple 
as possible during our present experiments we planned no shaping in 
an oriented response correlated with the direction of the sound in the 
present experimental set-up; consequently only one feeding place was 
designed. As a result no biological significance of an ability to distin
guish the direction of sound can be inferred from these experiments.

The schedule involved is essentially the repetitive scheme of Dijkgraaf 
& Verhijen (1950), who applied this scheme for training minnows to 
discriminate pitch, and of Thompson (1959). In these repetitive 
schemes the demands on the memory to discriminate a stimulus 
quality (in our investigation: the direction of the sound) are minimal 
as compared to the demands in absolute or alternative schemes. The
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absolute

alternative

Fig. 2. Division of training procedures according to Thompson (1959) for testing 
stimulus qualities. The duration of the dotted time intervals is irrelevant.

24



different training procedures are presented graphically in Fig. 2. In 
a pitch discrimination problem for cats Thompson found the highest 
score, 63.3%, for the repetitive scheme (only one change) as compared 
to 16.3% for the alternative. In our experiments details of the behav
iour of the experimental fish were watched by an observer by means of 
a periscope (Fig. 4). To avoid subjective results, it is essential that 
the observer is not aware when the stimulus occurs. A training proce
dure is described by which neither hearing nor vision could give a cue 
to the moment of stimulation (see IIB 2). Masking of hearing was 
provided by natural sound sources, e.g., a distant waterfall. The 
procedure of a classical conditioning with an independent observer, 
used in studies in pitch discrimination in the minnow, was described 
by Dudok van Heel (1956).

The test whether reactions after switch-over of one projector to the 
other are due to a change in sound direction or to changes in intensity 
and/or timbre is of course crucial. The suspension of the sound;pro
jectors allowed a transposition from an angle of 71° to 10° inclination 
between the axes of the projectors. In the daily training sessions/the 
transitions from a large angle (71°) to a small angle (10°) and vice 
versa followed a random sequence with the majority of the stimuli at 
large angles. Differences in the sound emission of the projectors, if 
any, will persist at the small inclination of 10°. The statistical test 
assumed the null hypothesis that there was no difference in probability 
of responding of the fish at both angles. In the case of rejection we 
conclude to the fish’s discrimination of the change of sound direction. 
Of course, the balance in the output of both projectors was adjusted 
to obtain equal acoustic pressures at the location of the fish at 71 ° in
clination before starting the training. Human subjects could not 
distinguish the transition from one loudspeaker to the other when 
listening to the sound monitored by a (pressure) hydrophone suspended 
in the symmetry plane of the test arrangement. In the frequency range 
of interest the piezo-electric hydrophone is nearly perfectly non- 
directional.

The magnitude of the intensity difference limen of fish under a 
repetitive scheme is only known of goldfish, an ostariophysian, sub
jected to an avoidance conditioning (Jacobs & Tavolga, 1967). The 
goldfish discriminated about 5 dB of acoustic pressure at 10G Hz and 
200 Hz. In our experiment the differences in the acoustic pressure 
due to each of the projectors were less than 0.5 dB (considering the 
stability of the transmitting and receiving apparatus). The level of 
the neutral signal was made to change continuously in an irregular 
manner (pseudo-random modulation: see II B l.b; range 3 dB and 
standard deviation about: 0.9 dB) to obscure any difference in the
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sound signals from both projectors and intensity differences that result 
of a slightly asymmetrical position of the fish in the keeping net with 
regard to the projectors.

2. Site of the investigation
The following requirements for the outdoor investigations are to be 
fulfilled:

weak reflections at the boundaries (shores);
deep water of uniform depth to avoid returning reflections (a low 

bottom reverberation level; see Urick, 1967: Chap. 8); 
little traffic over the water (and on the surrounding land); 
reasonably sheltered from wind.
Dr. K. Olsen of the Fiskeridirektoratets Havforskningsinstitutt, 

Bergen, Norway, had the happy idea to establish a floating laboratory, 
and anchored it in Fjellspollen, a fjord inside the island of Sotra at the 
Norwegian coast near Bergen. A small bay belonging to this fjord 
called Skotbergvik was the anchoring place of our raft (see IIB 3). The 
shortest distance to the shores was more than 100 m.

3. The experimental subject
The subject of the investigation was a Ballan wrasse, Labrus berggylta 
Ascanius (Perciformes, Labridae) of 30 cm length. For descriptions see 
Poll (1947), Quignard (1966) and Wheeler (I960). It is quite 
common in Fjellspollen and lives on the rocky (wrasse = rock-fish: 
see Yarrell, 1841, p. 312), weed-grown shores. It feeds on Bivalvia 
(Mytilus edulis, Cardium edule), Gastropoda and Decapoda (Quignard, 
1966). It could be caught either with a gill net or with a line. The 
fishes accepted food about 8 to 10 days after catching. During the 
training it was fed with pieces of cockle (Cardium edule).

B. FURTHER SPECIFICATION OF EQUIPMENT AND PROCEDURES

1. The sound projectors, their excitation, and inclination adjustment
(a) Sound projectors. Two large electrodynamic projectors were 

designed and built in our workshop: every part in duplicate, one after 
the other, to achieve the high degree of similarity required in this 
experiment. Intentionally an upper limit of 1000 Hz was imposed on 
the frequency range of the electric signal. Heavy damping of the 
projectors reduced spurious transients.

The piston at the front had a diameter of 18 cm. The first flexural 
vibration mode of this disk had a frequency of over 1200 Hz. The slit 
around the piston was filled with water and as a result the efficiency 
was rather poor. A mechano-electrical feedback of the piston velocity
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proved to be superfluous. The recoil of the projectorcase resulted 
in small accelerations due to the large mass (about 25 kg).

(b) The generation of the electrical signal. A continuously running 
symmetrical multivibrator timed by a unijunction transistor deter
mined the periods of silence and sound. Its period was 3.0 s. We call 
it interval generator. The interval generator gated a unijunction 
relaxation oscillator which determined the frequency of 115 Hz of the 
fundamental of the signal (see diagram in Fig. 3).
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Fig. 3. Diagram of the emitting and receiving apparatus. The event marker recorder 
and the oscilloscope, in use for displaying the sound pressure signal, are omitted for

clarity.

Its pulses in turn triggered a one-shot multivibrator. The result is 
a train of rectangular pulses lasting 1.5 s each. The series of pulses was 
led through a low pass filter to reduce harmonics higher than 300 Hz; 
this attributes to an equal timbre of both sound projectors.

At any time of two transistor switches only one was conducting and 
transmitted the signal towards the selected channel of identical power 
amplifiers with the sound projectors connected to the outputs. The 
transistor switches did not produce transients at all, as could be ascer
tained on an oscilloscope screen and with a listening device by acti
vating the electronic switches in the absence of a signal (disconnected 
gated oscillator). Logic circuits prevented an erroneous switching over 
during the signal phase. All the electrical circuitry for the sound 
emission was powered by a 44 Ah 12 volt motorcar battery.
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It was possible to obtain a pseudo-random amplitude modulation of 
the signal. For that purpose the collector load of one transistor was a 
time-dependent resistance. It consisted of a potentiometer with its 
slide contact shunted by a light-dependent resistance (DR). The LDR 
was irradiated by a bulb over a rotating disk with sectors of different 
density, arranged in a random sequence. The sectors were produced 
on photographic negative material. Both the speed of the disk (typi
cally: 1 rev. in 10 s) and the current through the bulb could be adjusted 
(time scale and degree of modulation). The device operated in dark
ness.

The current through the coils of the sound projectors was inspected 
by means of a 1% bandwidth wave analyzer (General Radio type 
1568 A). The amplitudo ratios of the harmonics 2 f0, 3 f0 and 4 f0 as 
compared to the fundamental f0 were 0.54, 0.39 and 0.09, respectively.

(c) Inclination adjustment. The suspension system (Fig. 1) con
sisted of A1 tubes (0 = 3.0 cm). The screw spindle was made of stain
less steel. The guiding nuts and the conical gears were made of poly
acetal. The sound projectors were directed slightly downwards towards 
the centre of the keeping net (distance from the front of the projectors 
1.52 m).

2. The practice of the training
The fish was permanently kept in a keeping net suspended by lines 
attached to a transverse tube of the suspension system (Fig. 1). The 
sound projectors and the keeping net floated 6 m over the bottom 
(Fig. 4) as a result of the tension in anchor cords due to the buoyance 
(780 N) of a submersed plastic float (Polyform, Aalesund, A4) near the 
surface (symmetrically between the sound sources). Yawing of the 
equipment was prevented by several cords in different directions 
towards the bottom. The keeping net was made of blue nylon netting. 
The dark netting (mesh: 12 mm) together with a sheet of light plastic 
below the cage stretched on a PVC hoop offered a good view of the 
fish (Fig. 4).

During an observation period the observer recorded any reaction 
of the fish on a multi-channel event marker recorder (AEG type RN 
12) by means of a small keyboard. The recorder was placed in a sound- 
isolating, watertight box.

Any behavioural change considered as (re) action was signalled to 
the trainer by means of light flashes of coloured indicator bulbs invisible 
to the fish at the moment that the button switch was closed. Then the 
trainer rewarded the fish by means of a feeding system consisting of a 
long, closed loop of angler’s line (if a stimulus had just been given). 
Two thin, bent plastic tubes (Fig. 1) conducted the line through the
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meshes of the keeping net. A piece of cockle was knotted to the loop 
and pulled downwards until it was hidden in one of the opaque con
duits. After a reaction to the stimulus the food could appear immedia
tely between the conduits by an additional pull (Fig. 1).
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ju—ƒ periscope

spacing-tube

9,50m

Fig. 4. Schematic side view of the experimental equipment (impression not drawn 
to scale). The heights are measured in meters at low tide. The hydrophone was 

removed during the training.

When the feeding system was ready for rewarding the observer 
started to watch the behaviour. The moment of stimulating was 
determined by the trainer via the next reading on a random time 
table. Essentially it was independent of the behaviour of the fish and 
mechanical cues, if any. The influence of waning vigilance of the 
observer on the detection of reactions was obviated by relaxing
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during the time of preparation of the feeding system for the next 
reward.

For the trainer the observer functioned as an unbiased, elaborated 
detector of the response of the fish. Bias of the observer regarding the 
effect of the inclination between the loudspeakers can be precluded by 
an adapted statistical treatment of the results (see III).

Handling the “rein” of the feeding system and operating the channel 
switch by the trainer might produce adjacent stimuli (visual, mechani
cal) announcing the moment of stimulation. The absence of cues was 
checked by means of dummy stimulations. No effects were found.

The fish was always rewarded after a positive reaction independent 
of the inclination of the projectors. A possible conditioning process 
based on the visually perceived location of the sound projectors is 
unlikely because the rate of spontaneous reactions was not influenced 
(see III) by the inclination. Only at the inclination of 10° was a 
negative response occasionally rewarded according to a random scheme 
to encourage the animal to react.

The periscope was assembled of spectacle glasses in the standard 
diameter of 63 mm. The periscope (front 2.1m down the surface) was 
indispensable during a period when algae were present in the mass. 
At any time details (e.g., fin movements) were transferred much better. 3

3. The raft

The raft over the submersed training system must fulfil the following 
requirements:

no drift or rotations (yawing) relative to the keeping net in order 
to avoid continuous adjustment of the periscope and to promote work 
in less favourable weather;

a very small draught and a symmetrical construction to avoid in
fluence on the sound field and to maintain true acoustically indifferent 
locations for the sound projectors;

effective isolation of trainer and observer;
sheltered platforms for the electronic equipment and the investi

gators.
The raft is shown in Fig. 4. Two platforms, 3.4 m apart, are joined 

together by a frame of scaffolding tubes. This system floats like a 
catamaran to the main frame by a kind of huge hinges. The floaters 
(3.0 X 1.5 X 0.1 m) consisted of blocks of polystyrene foam (ISOPOR) 
kept together by a framing of wood (like the floating laboratory of the 
Fiskeridirektoratet). Draughts of the drivers was only 7 cm. Six 
anchor cords towards the distant shores kept the raft within 1/4 m of 
its correct position.
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4. Measurement of the sound field
The sound pressure was monitored by means of a hydrophone equipped 
with a preamplifier in the same housing (NUS Corp. Model 1100; 
operating sensitivity: —58 dB re 1 volt per ;xbar). Subsequent ampli
fication for driving a headphone was obtained by a solid state circuit 
powered by a second battery which offered isolation from the projector 
circuit (see Fig. 3). The output of the preamplifier could be led to a 
battery-operated oscilloscope (Tektronix model 321 A) after a gain of 
40 dB in another amplifier.

A hydrophone was lowered symmetrically with regard to the sound 
projectors just outside the keeping-net with the fish (hydrophone at 
depth z = 3.5 m). The photographic recordings from the screen of 
the oscilloscope represent the sound pressure signals at both inclinations 
of the speakers, and are shown in Fig. 5. The differences in amplitude 
between the different samples are due to the pseudo-random modu
lation; this is reflected in PI. I a-d. Other recordings are alike. An 
approximate average value for the sound pressure was 20 [xbar (peak- 
to-peak).

A specification of both sound pressure and a kinetic variable such 
as the particle velocity determines the sound field with respect to both 
pressure and motion-sensitive sensory detectors, if involved.

In Norway it was not yet possible to determine the particle velocity 
of the stimulus. As a substitute the accompanying particle velocity was 
calculated and compared with the results of direct measurements 
obtained afterwards during a simulation of the sound field with the 
original equipment in a large swimming pool which had been dug in 
peat-bog in the Netherlands (Maarsseveen).

The horizontal components of the particle velocity were then 
measured by means of a geophone (Sensor Netherlands, The Hague, 
type SM 2/H basic unit without case; resonance frequency f0 = 14 Hz; 
sensitivity S = 24 V m^s with a shunt damping of 1760 ohm), 
mounted in a spherical aluminium shell suspended by means of two 
nylon angler’s lines (parallel pendulum) from the upper rod of a 
rectangular Perspex frame (Fig. 5). Vibration modes of the geophone 
relative to its spherical envelope are opposed by the rigidity of epoxy 
resin bondings.

The same principle has been used in a different arrangement by 
Banner (1967: 12) and Bauer (1967). The wall thickness d = 5 mm 
at a radius R = 3 cm was calculated to cause an effective bulk modulus 
—p/(AV/V) of the sphere that exceeds that of water 25 times. There
fore the velocity hydrophone was considered as sound hard.

For the moment the simple geometry of the sphere allowed a calcu
lation of the dynamic performance of the particle velocity meter as a
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safe substitute for the realization of reliable calibration conditions 
(Bauer, 1966).

The next equation relates the output E of the velocity hydrophone to 
the particle velocity v in the unperturbated sound field (condition: all 
frequency components higher than the resonance frequency):

E (t)
M + Ms 
M' + M

M = mass liquid displaced by the sphere = 116 g.
M' = mass velocity hydrophone = 240 g.
Ms= virtual mass of the sphere = 1/2 M (for a sphere only) = 58 g.
S = sensitivity of the geophone.

The factor relating the true velocity of the sphere to the particle 
velocity without the presence of the device is given by Skudrzyk 
(1954, p. 203, Eq. 9, 129). The overall sensitivity was E/v = 
0.58 X 24.2 = 14 V m^s. An amplification of 2000 times was applied 
before leading the signal to an oscilloscope (Tektronix 502 A). The 
diameter of the sphere was determined on 6 cm to compensate for the 
high average specific weight (=5) of the geophone. The frame for 
supporting the hydophones is shown in Fig. 5.

During the simulation experiment the end of a long narrow jetty 
supported by slender concrete columns made an excellent lowering 
site in the middle of the pool without danger of acoustical interference. 
Evaluation of the simulation experiment is possible by comparing 
theoretical anticipations and experience.

The field at the receiver is considered to be composed of the direct 
spherical wave (dominant!) and the wave radiated from the mirror 
source over the water. The model of a monopole point source and its 
image in the surface is a simple model for calculation purposes con
sisting of a pulsating sphere in a semi-infinite liquid with a plane, 
pressure release boundary (= surface; Albers, 1960, p. 48), and gives 
a first order sphericity correction calculation for the specific acoustic 
impedance Z (soundpressure p/particle velocity v). The contribution 
of the near field to the particle velocity can be estimated from the 
deviation of the magnitude (modulus) of this ratio Z from the value 
pc (p = density; c = velocity of sound) for plane sound waves (far 
field). At the frequency of the fundamental, 115 Hz, the ratio 
p/vr (adiai) = 0.72 X pc = 1.09 X 106 kgm^s“1 (modulus value). The 
specific acoustic resistance (wave resistance) pc of fresh water at 18° C 
(1.51 X 10s kgm-V) was substituted.

The influence of the receiving position z on the amplitudes of the 
signals in the simulation experiment was small within distances of a 
few dm. Therefore, the distance between both types of hydrophones in
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the frame is not important. From the recordings of p(t) and ^(t) (the 
direction follows from Fig. 5) the modulus of the specific impedance
iz was calculated from the formula: 

Z| = p(Q •cos(a)/p1(fo), where

other float omitted 
\ in figure

hydropfu

Fig. 5. The conveyor (elevator) construction for positioning the particle velocity- 
and pressure hydrophone which avoids draught effects by the surface waves (length 
scales differently in horizontal and vertical direction). It was possible to attach the 
pull line of the frame to a fixed point over the water in Maarsseveen. The submerged 
float was filled with 98% ethyl-alcohol for minimal scattering. The keeping net was 

removed during the measurement.
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p{{0) = the amplitude of the fundamental of p{t)
^(fo) = the amplitude of the fundamental of ^(t) 
and
2a = the angle of inclination between the sound projectors. The 
average value and the probable error calculated from five determi
nations were:
|Z| = (1.15 i 0.20) • 106 kgm~2 * *s-1; this is in good agreement with the 
theoretical value. The modulus deviates from pc, as found in the far 
field, by about 35% (—3 dB).

III. RESULTS

scHUijF et al.

1. Sound field

The investigated Ballan wrasse, length L = 30 cm, was trained on a 
change in the direction of the sound under the following acoustical 
conditions:

a) presentation of a complex tone (see PI. I) with a fundamental 
frequency of 115 Hz.

b) continuous pseudo-random modulation was applied to the signal 
(see IIA 1 and IIB 1 .b) in order to obscure differences in intensity 
resulting from directional changes (stimulation) if the fish is outside the 
symmetry plane.

c) the mean effective (RMS) values for the sound pressure p and the 
horizontal component of the particle velocity v of the fundamental 
are about:

6 [xbar (15 dB re 1 pibar) and 5 X 10~5 cm/sec (18 dB re 1 microvar) 
respectively. In a plane sound wave, the far field condition, both 
levels are equal (Siler, 1969). The values are derived from the simu
lation of the field in fresh water. The measured sound pressure in 
Norway was about 20 [ibar peak-to-peak (in the pool 25 ybar).

d) the sound field within the netting cage is primarily inhomoge
neous in the direction of the direct wave. Apparently spherical, di
vergent waves constitue a reasonable model for the acoustic field (see 
II B 4). The mean distance r from the sound sources is 1.5 m.

2. Reactions of the fish

The keeping net (o = 32 cm; height 41 cm) was rather narrow, so as 
to prevent the fish from deviating too much from the symmetry plane 
(see Fig. 1). Nevertheless the wrasse was seldom in contact with the
meshes. It used to swim in an oblique elliptic orbit (the highest point
over the feeding system and the lowest down at the side of the sound
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projectors). The fish propelled itself with its pectoral fins. A character
istic reaction was its abruptly stopping itself with its pectoral fins 
(extreme forward movement of the fins), and immediately afterwards 
began backing slowly to a position where it could observe the feeding 
system. If a reaction occurred after stimulation the piece of cockle 
was snapped at as soon as it appeared from the conduit.
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3. Statistics

The following results were obtained with one single Ballan wrasse.
The following procedure covers the “spontaneous reactions”. The 

time scale is divided in discrete time intervals lasting 3.0 s each: the 
duration of one sound train and a period of silence. In any interval 
during an observation period either during the neutral signal or 
during stimulation the exclusive events: action ( + ) or no action (—) 
were scored.

An action of the fish was scored as a tentative reaction on a direc
tional change if it occurred within the interval that started with the 
arrival of the sound train from a new direction. If no (re)action was 
recorded by the observer before the end of this interval the trainer 
usually switched back towards the previous channel, only thus pro
ducing an additional change in direction when the next sound train

TABLE I

Discrimination of two equivalent sound sources at different locations by Labrus
berggylta.

inclination 71° inclination 10°
stimulus neutral stimulus neutral

signal signal
date -)- — number + — number + — number -|- — number
1969 of of of of

intern. intern. intern. intern.

28/8 7 10 17 9 167 176 no observations
30/8 9 11 20 18 272 290

totals 16 21 37 27 439 466
mean* 0.432 0.058

31/8 7 9 16 7 134 141 2 10 12 9 103 112
6/9 11 11 22 38 492 530 3 20 23 23 363 386
9/9 8 17 25 28 318 346 1 11 12 5 114 119

totals 26 37 63 73 944 1017 6 41 47 37 580 617
mean* 0.413 0.072 0.127 0.060

* Average number of actions during one time interval for the different categories.
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started. After the recording of a (re) action the observation was stopped 
and the fish was rewarded. One trial consisted of at most four subse
quent directional changes, irrespective of whether an (re) action had 
been observed or not (sometimes the sequence was stopped already 
after three or two transitions).

The results are compiled in Table I. Observations on one day are 
printed in one row.

Rejecting the hypothesis that the differences in the frequencies of 
the actions are random if Xi2 (index 1 for one degree of freedom) 
exceeds 3.84 (equivalent to a significance of 5%: P(xi2 > 3.84) = 
0.05), we compared the action frequencies in the following four 
different respects.

a) Action frequencies during neutral signal with the projectors at 
inclinations of 71° or 10°. Only those days are considered when both 
observations at wide and small inclination were performed.

A statistical test for comparing two frequencies has been derived by 
Van der Waerden (1965, p. 255, equation 2). The chi square value 
Xx (one degree of freedom) is:

X? = (xin2 — Xsan^K + n2 — 1)
1 nin2(xx + x2)(y1 + y2)

The meaning of the symbols: under condition 1 (index 1) together the 
observation periods contained the total number of ni intervals; in Xj 
intervals an action ( + ) was observed and in yx intervals none ( —). 
The data are presented in a 2 X 2 table.

number of time intervals
4~ —

angle 71° x2 = 73 Yi — 944
angle 10° x2 = 37 y2 = 580
In this case Xi2 = 0.85 or P(Xi2 > 0.85) > 0.34.

During the neutral signal the frequency of the actions of the wrasse 
did not change with the inclination (no effect due to vision of the 
location of the sound projectors nor indication of a bias of the ob
server) .

b) The action frequencies with projectors at an inclination of 71° 
(42 + ; 58 —) compared with the action frequencies during the neutral 
signal (100 +; 1383 —) indicates without further tests that the change 
of direction over 71° is perceived.

c) The action frequencies of the fish at 10° with and without stimulus.

scHUijF et al.

total
n! = 1017 
n2 = 617
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stimulus 
neutral signal

+
6

37
41

580 P(xi2 > 3.30) > 0.05

The effect of stimuli at 10° is nearly significant.
d) The action frequencies at 71° and 10° during stimulation.

+
26

6
37
41 P(x!2 > 10.5) < 0.0015

angle 71° 
angle 10°

The probability of a (re)action at large inclination (71°) between 
the projectors as compared to a small inclination is significantly 
different although timbre or intensity differences, if any, do not 
diminish at the smaller angle. It is concluded that the fish responded 
to the change in direction of the stimulus. It must be doubted whether 
the angle of 10° was beyond the resolution power of the fish (see test 
under c).

The actions are considered as events in a stochastic time series. 
Since the moment (epoch) of stimulation is disregarded in Table I the 
statistical procedure is admissable if the residual recurrence time till 
the next action to follow after a certain epoch (a potential moment 
of starting the stimulus) is independent of the time lapse since the last 
action. In terms of a (hypothetical) lifetime problem Feller (1966) 
explains: “whatever the present age the residual lifetime is unaffected 
by the past, and has the same distribution as the lifetime itself.” Only 
an exponential distribution for the recurrence times of the actions has 
this property.

An estimation of the distribution of the recurrence times was derived 
from samples out of the recordings. The probability of reacting immedi- 
diately after a preceding action is definitely lower than according to 
an exponential distribution (Fig. 6). In practice this is of no importance; 
it is partly to be attributed to the method of recording.

IV. DISCUSSION

Types of directional sensitivity and underlying mechanisms

Neither the principle (e.g., intensity-, time differences, a pair of direc
tion sensitive receptors) used by fish in, detecting the directional 
changes, nor the involved sensory system (s) are known. Recent surveys 
of the subject are from Schwartzkopff (1962), Van Bergeijk (1964) 
and Moulton & Dixon (1967).
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The possible detector systems are to be divided in: a) perception 
via concentrated (lumped) groups of receptor cells (maculae) in the 
labyrinth with or without adaptations as vibratory links with small 
gasbladders (Anabantidae, Mormyridae) or with the swimbladder 
(Weberian apparatus or tubular extensions of the swimbladder towards 
the labyrinth: for instance Clupeidae, Holocentridae, Gadidae); b) 
spatially distributed receptors along the fish’s skin: the cutaneous 
tactile receptors and the lateral-line organs.

scHuijF et al.

8 10 12 14 16 18 20 22 24
n

Fig. 6. Graph of the frequency fn of a recurrence time equal to n-times the period of 
a sound train plus a silence (3 sec). If the actions occurred according to a Poisson 
process then the recurrence time will be exponential (proof see Feller, 1966) and 

will yield a straight line if plotted on semilogarithmical scales.

An analysis of the influence of the distance r of the wrasse to the 
sound sources on the stimulation of the receptor-system (s) involved 
in directional discrimination in this region near the sound sources 
should include the parameters rjL and r/A.

rjL (= 5), the distance r expressed in the body length L of thefish (rigorously: 
radius of curvature of the equivelocity potential surface at the detector 
position). Spatial inhomogeneities—spherical spreading is one cause— 
might be transferred as a contrast (perhaps enhanced by simultaneous
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contrast phenomena as demonstrated by Von Békésy (1960) for the 
cutaneous tactile sense of man) along the neural path for the distributed 
mechanoreception senses (see b above). Comparison of electrophysio- 
logical studies indicates that the receptors of the lateral-line sense are 
much more sensitive to oscillating water motions than those of the 
nerve endings in the skin (threshold difference > 40 dB?).

It is still unknown whether the lateral-line is engaged in detecting 
the location of a harmonic source—of say 100 Hz—in the region where 
the oscillating water motions (as in an incompressible fluid)—the 
near field terms in the mathematical description of the field—transfer 
into propagating sound waves (Dijkgraaf, 1963). The hypothesis of 
directional “non-labyrinthine hearing” is well known and has been 
disputed (Van Bergeijk, 1964; Dijkgraaf, 1964).

rß (= 0.155 T; 0.015 in the keeping net used) determines the extent 
of the near field effects. This parameter is important in calculating the 
ratio of the acoustic pressure and the particle velocity, and has been 
used frequently in the literature of the 1960’s, because practical velocity 
hydrophones were lacking.

At the frequency of 115 Hz, used in our experiments, it should be 
remembered that displacements in the magnitude of 7 Ä (5.10-7/M) 
might stimulate the labyrinthine maculae without any transmission 
path for forced oscillations of the gas bladder due to the sound field. 
Such a coupling, if present in Labrus berggylta, is at least not apparent. 
The subject possessed an ellipsoidal swimbladder, without extentions 
towards the labyrinths, in the dimensions: 70 X 26 (height) X 24 mm 
with its frontside 34 mm from the saccular otoliths. The excitation of 
the maculae in the pars inferior by shearing as proposed by Tumarkin 
(1948), and studied biophysically by De Vries (1956) makes this 
receptor directionally sensitive. It is a hypothetical, dynamic version of 
the functioning of the utricular macula in gravity reception shown by 
Von Holst (1950) in fish. In a sound field an otolith will lag behind 
the motion of the tissues due to its larger density (2.9 g/cm3). Only 
the component of the (oscillating) medium displacements parallel 
to the epithelium will be adequate. Differently oriented otoliths might 
mediate the direction of the incident sound (Dijkgraaf, 1950, 1960).

V. SUMMARY

A field investigation was carried out to find whether the marine teleost 
fish Labrus berggylta can discriminate the direction of sound. In con
ditioning experiments with food as a reward only detection of the 
change in direction of a sound signal was required, not the actual 
location of the sound source. The experiments were carried out at a
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depth of over 3 m in a Norwegian fjord. The signal had a fundamental 
of 115 Hz and the kinetic variables (motion) exceeded the far field 
ratios to the sound pressure in the training by about 35% (3 dB).

It is demonstrated that the Ballan wrasse, Labrus berggylta, perceives 
a change of sound direction under these acoustical circumstances, 
which includes a much less dominant particle velocity than in most 
laboratory experiments.
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PLATE I

20 /VVV

b

c d

Oscillographs of the sound pressure signal in pbar during the training experiment. 
Pseudo-random modulation applied. The frequency of the fundamental was 115 Hz. 
a-b. Sound pressure in the fjord as a function of time at an inclination of 10°. Units: 

pbar.
c-d. The same at an inclination of 71°.
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Directional hearing of cod (Gadus morhua) under approximate 
free field conditions.

A. Schuijf

Laboratory of Comparative Physiology (Utrecht, The Netherlands) 
and Institute of Marine Research (Bergen, Norway).

Summary. It is proved that the cod, Gadus morhua L., can hear the direction of a sound source of 75 
Hz in the transversal plane. At the experimental site in the middle of a fjord, local depth 35 m, the 
sound sources were situated at radial distances of 4 to 5.3 m from the subject in its netting cage. Both 
in two-alternative and four alternative choice experiments, in which an acoustic discrimination of 
separate similar sound sources was required, reward conditioning yielded positive results. Control 
experiments showed that the bearing of the sound sources was decisive for discrimination and not the 
identity of the sound sources used (intensity or timbre deviations). If the reverberation characteristics 
of the fjord at the receiving point were strongly dependent on the spatial position of the source, the 
results of the choice experiments might represent a demonstration of pseudo-directional hearing. 
However, from acoustic measurements of the time averages of the sound parameters such an 
anisotropy for sources with different bearing was not apparent (fig. 4). Furthermore in a well-trained 
cod, in which the pars inferior of only one single labyrinth was put out of function by surgery, the 
discrimination of the bearing of the sound sources was abolished but not the detection of sound as 
such (see table 7). Detection of the direction of the sound therefore seems to be a function of a 
labyrinths and not of the lateral line system (directional hearing). Estimates are given of the minimal 
angle that can be distinguished (about 22° for a 50% detectability likelihood; fig. 6), and of the 
minimal acoustic level necessary for acoustic orientation (about - 13 dB re 1 pbar; see fig. 9).

Finally an extension to an existing detection model of directional hearing is proposed. It receives 
empirical support in the next paper.

Introduction

Creating adequate test conditions for verifying acoustic localization in fish is 
complicate, because of the following essential conditions:
(A) free-field conditions as could be obtained in a uniform boundless medium.
(B) a ’’sufficiently” large projector-fish separation.
(C) control experiments to verify that the used stimulus alternatives do not evoke the 

responses via other cues then differences in propagation directions.
A true free field is only an idealized concept. To what extent the conditions (A) and

(B) should be approximated is furthermore dependent on the posed problem:
(1) is a fish able to detect a change in the propagation direction of a sound?
(2) is a fish able to determine the direction of a sound? If so, which sense organ(s) is 
tare) involved?
(3) does sound release an orientational response in which sound acts as the only steering 
stimulus? Moreover the demands on the type of behavioural response to be used also 
differ in the problems (1-3).
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There are two important theories on how a fish might detect the propagation direction 
of a sound:
(a) the fish locates the sound source with the lateral-line system (van Bergeijk’s 
hypothesis, 1964). Only the fluid motions in the near field of the source would in general 
exceed the threshold.
(b) the fish detects the direction of the impinging sound waves by the direct stimulation 
of differently oriented otolith organs (Dijkgraaf, 1960). External sound does not only 
reach the labyrinths via a secundary sound source (gasbladder).

The unverified theory (a) has been quite popular and left the misconception that only 
under true far field conditions a proof of acoustic localization is valuable.
If it could be shown that the lateral-line system is not or not essentially involved in 
detection of the bearing of a sound source at a distance of a few meters, then the problem 
as to where the ’’boundary” of the near field region is to be located would biologically 
also be less relevant. Details about some of the aspects of acoustic localization mentioned 
above have been reviewed by Hawkins (1973); see also Schuijf et al. (1972) and Schuijf 
(1974 b).

The present state of knowledge on the subject may be summarized as follows:
— several species of sharks most likely possess directional hearing (e.g. Nelson, 1965; 
Myrberg et ah, 1972).
— the teleost Labrus berggylta detects a change in sound direction (Schuijf et ah, 1972); 
Chapman (1973) has shown that propagation direction influences detection of sound in 
cod (Gadus morhua Linné) and haddock (Melanogrammus aeglefinus).
— Olsen (1969) obtained conditioned directional responses to sound stimuli in cod that 
suggested acoustic localization. Popper et al. (1973) have shown that playbacks of alarm 
calls of squirrelfishes (Myripristis spec.) release an oriented movement.

The present study aimed at answering the following questions:
— Is cod able to localize a sound source? Special attention is given to control 
experiments.
— Once this ability is shown, which sense organ (labyrinth or lateral-line system) is 
involved?
— What is the magnitude of some parameters of the detection system for localization?

SECTION I
THE TWO-ALTERNATIVE CHOICE CONDITIONING

Methods

Training set-up, and experimental procedures.

Juvenile cods 22-35 cm long, caught in shallow water (<Cl0m) in order to avoid damage to the 
swimbladder, were used.

A triangular netting cage (altitude 35 cm; cross section 80x55x55 cm) with the subject was 
suspended with thin lines from an experimental raft (fig. 2; for a detailed description see Schuijf et al., 
1972) in a fjord, local depth 34 m, at a depth of 3.6 m (top). Theoretically neither the massive PVC
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rod (010 mm) of the cage’s framing nor its netting perturbates the propagating field within the cage 
(no appreciably secundary radiation). A sheet of white PVC under the cage and a periscope were 
necessary for the observation of the behaviour of the cod.

y = 2.37-

x = 4.0

c
v^Óp'v,

fig.1. The two-alternative choice experiment in 1971. When the fish approached corner C, directed 
away from the sound sources as drawn, and the variable recurrence time for giving a stimulus had 
lasted, the sound was presented. At the wide angle setting of the sound-projectors (position 1) the fish 
used to turn and swim straight towards the feeding place (marked with X) that was at the same side of 
the symmetry plane as the active sound projector. Note the orientation of the velocity hydrophones 
for the horizontal components of the particle velocity (vj and v2) and the one for the vertical 
component indicated by V3. Further explanation in the text.

The discrimination task imposed to the subject is clear from fig. 1. In contrast with the experimental 
design of Olsen (1969), the angular separation or inclination between the sound sources was variable 
between 7.3° and 61° at a maximum (for x= 4 m see fig. 1) instead of a fixed value of 180°. One of 
the objects was to test any discrimination of differences in the sound emission (intensity, timbre) 
between the two sound projectors. The presence of the fish with its nose in corner C was considered a 
not too well shaped operant preceding the sound stimulus. A correct response (choice) is described in 
terms of the list of behavioural patterns of cods in the cage (see results).
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The fish in the netting cage could be rewarded in two upper comers of the cage by means of two 
food dispensers mounted on one perspex frame, which could be lowered along two of the suspending 
lines of the cage like an elevator. The principle of blowing pieces of food out of a magazine by means 
of a brief water current (Olsen, 1969) was retained, however, the magazine was now disc-shaped and 
contained feet of periwinkles of which the operculum had been removed in 18 radially drilled 
chambers. After a piece of food had been dropped out of the chamber directed downward at that 
moment, a mechanical stepping device turned the magazine until the next chamber with food was in 
downward position, so that the dispenser was ready to drop the next piece of food (see Van Arkel et 
al. 1973).

The moment of stimulation (see below) was determined by the trainer (random epochs). An 
independent observer, not aware of the direction of the incident sound wave, watched the behaviour 
of the cod.

The observer classified and scored the response on the appropriate channel of an event marker 
recorder (AEG type RN 12) by means of a keyboard and communicated the result to the trainer. The 
observer’s judgement of the response preceded the rewarding by the trainer. Each trial was followed 
by a reward.

A disadvantage of the observation technique was that the important dorsal fin erection of D1 
(Mohr, 1965) could not be seen by looking from above.

Physical and physiological evaluation of the stimulus properties.

Because of the slow progress in collecting data a fixed frequency and a fixed radial distance 
between source and fish were chosen to obtain samples of sufficient size in the various categories 
(individual X treatment X inclination X response class) to make statistical inference possible.
A frequency of 75 Hz was chosen because literature data (Kuiper, 1956, p.138; Offutt, 1970, p.22) 
suggest that it is optimal for periodic stimulation of the lateral line: a necessary condition to provide a 
conservative test of van Bergeijk’s assumption that fish cannot use their labyrinthine system for 
directional hearing. A frequency of 75 Hz is also close to strong frequency components in the low 
grunts of Gadus morhua with a peak at 50 Hz (Fish and Mowbray, 1970, p. 16).

We are concerned with the demand of presenting sounds that are identical except for their 
directions. As sound sources must be displaced either for producing different stimulus directions or for 
control purposes, a derivative demand is that the water layer in which the experiment is to be 
performed, must transmit isotropically. Hence this isotropy must be verified (Schuijf et al., 1972, 
P-84).

A good approximation to free field conditions was found at the raft’s permanent mooring site in a 
roughly circular part of the fjord Brotosen inside the island of Sotra at the Norwegian coast near 
Bergen. The mud covered bottom both inside the square area (sides 50 m) between the four anchors 
and well outside it had a remarkably uniform depth of 34 ± 1 m (depending on the tide; tidal 
difference up to about 1.5 m). This fact and the remote rock boundaries (range: 150-200 m) promote 
low reverberation levels. The surface forms an ideal flat sound mirror even with surface waves. The 
isotropic model of a direct spherical wave from a monopole source to the receiver and a reflected wave 
(seemingly emanating) from the mirror source over the surface (180° out of phase) was verified for the 
training site under the same acoustic conditions as during the conditioning.

Two electrodynamic sound projectors, described by Schuijf et al. (1972), were each suspended by 
means of lines from a travelling crab construction (PVC) under a PVC supporting tube, length 5 m, 
parallel to the base of the triangular cross-section of the cage (Fig. 2). The perpendicular distance from 
the pistons of the projectors to the centre of gravity of the cage was 4 m. Turing a crank on the raft 
resulted in synchronous, opposite translations of the travelling crabs along the single PVC rail under 
the tube. The rotation was transferred to two Perspex drums at one end of the tube via a horizontal 
and a vertical flexible shafting connected by conical gears at the surface. Both travelling crabs were 
moved like a pair of cable-cars by means of a single cord of which one end was wound round a drum
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while the other end was unwound from the other drum (same shaft). At the other end of the tube a 
Perspex shiv diverted the line (steel core) over 180°. Although the supporting tube was carried by only 
one float at the surface with a kind of crowfoot (Fig. 2), it was always in balance because the centre of 
gravity remained in the middle whatever the position of the projectors.

elastic strand

Fig. 2. A simplified perspective view of the dismantled raft and the underwater parts of the training 
set-up in the two-alternative experiment.

One pressure hydrophone (Atlantic Research Corp., type LC54) and three velocity hydrophones 
(own design: see Schuijf et al., 1972, p.93-94) were mounted in a perspex frame (see Fig. 2 and text 
Fig. 1). Recently the velocity hydrophones have been calibrated (Schuijf, 1974b; open circuit 
sensitivity 17.8 V/m/s) confirming approximately the theoretical values used before. The frame hung in 
a vibration isolation system (elastically connected viscous dampers) to reduce transmission of motions 
of the raft. The frame with the hydrophones was held in position by a pair of lines (only drawn at one 
side in Fig. 2) stretched between a bar (not drawn) at 10 m down the surface and a plastic float filled 
with ethyl alcohol (minimal scattering). The mentioned lines were diverted via screw-eyes attached to 
the bar below and fixed to 0.5 m behind the reference point in the cage (safe distance).

The conditioning started at the maximum inclination of 61° after balancing the currents through 
both projector coils until equal acoustic pressures at the measuring site were established.

Three types of tests were performed in an essentially identical manner:
(a) in a fraction of the trials in an observation series it was tested whether the cod could discriminate 
the sources if the projectors were placed as close together as possible (7.3° to the fish). Then 
discrimination that might be based on differences in properties between the sound projectors would 
persist, whereas the differences in sound directions may be subliminal for acoustic localization.
(b) in the matching experiment the percentage of correct choices was determined as a function of the 
inclination between the sound sources for a set of six discrete angles corresponding to an integer
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number of turns of the crank (except the minimum inclination: the mechanical stop). After a correct 
choice the inclination was reduced to the next smaller one in the set and after a false choice the 
inclination was similarly increased.
(c) in the isotropy test physical detectors were used to test the isotropy of the sound spreading. To 
this purpose the sound parameters p,vi,V2 and V3 were measured for each of the sound projectors at all 
positions in the set of inclinations.

In an ideal situation p and the vertical component V3 should be invariant under a rotation of the 
source around the receiver. The vector sum of Vi and V2 should lie in a vertical plane through the 
source and the receiver. The spreading law predicted by the isotropic model (p. 51) is necessary 
because the arithmetical test (least square fit) must not be influenced by the fact that the locus of the 
projector positions is a line segment instead of a circle segment (radial distance r is a function of the 
semi-angle # : see table 2). For the involved calculus and numerical methods see Schuijf (1974b).

Transmitting and receiving circuits

Figure 3 shows a diagram of the electronic circuits. Under all conditions the sound signal is emitted
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by only one sound projector. The sound was never continuous, but was switched on and off by gating 
a photo-conductive switch with a square wave: the clock signal T (period 3 s). Which sound projector 
would emit was chosen in advance by bringing the flipflop FF in the appropriate state (1 or 1).

The transmitting circuit had two modes of operation: absolute and repetitive; in the latter only 
changes in the direction of sound in an otherwise neutral signal occur (Schuijf et al., 1972). In the 
absolute mode the gating square wave was only present during stimulation.

In the repetitive mode one of the projectors emitted a neutral signal like that in the absolute mode 
during stimulation. During stimulation in the repetitive mode the JK-flipflop was switched over to the 
other state in every interval of silence at the delayed trailing edge of the square wave, because both the 
J (set) and the K (reset) inputs are then made true (+5V). This mode was used to check the acoustic 
balance of the system by listening.

A sine wave generator Farnell type LFM 2 was used. Pure tone pulses, duration 1.5 s, with smooth 
envelopes were obtained. The transmitting circuit was powered by means of two motorcar batteries 
(symmetrical supply voltages of + and — 12V).

Low noise operational amplifiers (Burr-Brown, type 3500) were used in the differential 
preamplifiers for the velocity hydrophones (effective shunt resistances about 1150 £2). The received 
signals were measured with a 1.3% bandwidth wave analyzer (General Radio, type 1568A). Band levels 
of the noise were measured by connecting the output of the wave analyzer to a square law element 
(multiplier Burr-Brown 4094/15C) and an integrator.

Results

1 Acoustic evaluation of the sound field.

In Fig. 4 the measured values for the spreading loss of p, pctt pcv2 and pcv3 are 
compared for a series of radial distances with those computed with the model consisting 
of a point source and its mirror source in the surface (f=75 Hz, depth source d=5.05 m, 
depth p-hydrophone z-5.2 m). The unknown source level of the sound projectors in the 
model, defined as the acoustic pressure in dB re 1 pbar at a reference distance of 1 m 
from the source, is calculated to be 31.4 dB re 1 pbar at 1 m after a least squares fit. The 
discrepancy of the empirical value of p at r=2m is supposed to be an erroneous 
measurement. The estimated probable errors in the measurements are about 1 dB for p 
and about 2 dB for Vj, v2, and v3. The agreement between the empricial and the 
theoretical spreading law is sufficiently close to apply the model for distance corrections 
in the isotropy test (see methods).
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r

fig.4. Comparison of the empirical spreading law with computed values. Horizontal: radial distance r 
in meters; Vertical: acoustic pressure (A) in ;Ubar; particle velocity components Vi(+), vjfX) and Vafd) 
in jltvar.
Computed with the model: solid line for p(r) and dotted lines for the particle velocity components. 
See text.

The absence of specular reflections during stimulation was confirmed by the isotropy 
test (f=75 Hz). In Fig. 5 the solid lines represent the values of the various sound 
parameters as a function of ü (see inset). Other data on this experiment are found in table
2. The theoretical and the empirical values agree very well. The slight symmetrical 
variation in the acoustic pressure can be attributed to the effect of variation in distance 
r=r (d). The vertical component of the particle velocity v3 is found to be almost 
independent of ê, which makes discrimination on differences in v3 hard. Apart from the 
mirror source over the surface no other virtual sources of reflected waves are necessary to 
explain the results. In addition the presence of the bottom could not be detected by 
interference identification by means of changing the stimulus frequency (Bobber, 1970, 
P-155).

It can be concluded that at the training site there is only one important reflector: the 
surface. The isotropic model can be used for calculations.
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fig.5. Acoustic evaluation of the matching experiment.

2. Behaviour of the fishes in the cages.

Not all cods (length: 23-32 cm) were suitable for the choice conditioning. There seems 
to be a correlation between the type of behaviour in the netting cage and the chance on a 
successful conditioning.

In the following list the relevant behaviour of cod during stimulation is summarized.

1. the fish typically stops abruptly at the onset of the stimulation, starts fanning with its pectoral 
fins and sometimes turns up its head.

2. as 1 but in addition makes a full turn at the spot (variant: zig-zagging with the head).
3. the fish turns its head towards the source.
4. immediately after the behaviour mentioned under 3 the fish swims towards the corresponding 

food dispenser and feeds.
5. the fish turns and heads for the wrong dispenser.

The stimulus was presented when the head of the cod was near corner C directed away 
from the supporting-tube (see fig. 1). The responses R obtained on stimulating are divided 
in two categories: directional responses or choices and non-directional responses; the 
latter subset includes behaviour listed under 1 and 2. Non-directional responses are 
indicated by crosses (X). The choices include correct choices indicated by +, typically the
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sequence of behaviour listed under 3 and 4, and false choices (—), behaviour mentioned 
under 5. Immediately before directional responses were observed, behaviour as under 1 
was sometimes recognized separately.

The unconditioned fish accepted the food from the food dispensers usually after a few 
trials. It was essential to train the fish from the very beginning to eat at both dispensers. 
Four cods responded directionally to sound after 18-42 trials. For the fourth subject time 
lacked to complete the observation series.

3. Discrimination of sound direction at 75 Hz.

The observed frequencies in the three response classes are tabulated for three cods in 
table 1. The distance x (Fig. 1) ranged from 3.8 to 4.1 m. At the inclination of 61° 
between the sound projectors the acoustic pressure was about 11 dB re 1 qbar and the 
particle velocity 12 dB re 1 qvar (1 juvar = 1 qbar/pc) corresponding to a particle 
displacement of 0.57 nm.

table 1: results in the two-alternative conditioning

subject
code

G 3 G 5 G 7

inclination 
in degrees

61 7.3 61 7.3 61 7.3

+
response —
class* X

14 1
2 0
6 3

20 0
4 0
1 4

17 1
2 1
0 1

p-level 
see text

0.122 2.5X1 O'4 0.038

* + = correct choice; - = false choice; X = non-directional response

The increase in the frequency of non-directional responses (X) at 7.3° together with 
the decrease in the frequency of correct choices (+) is supposed to reflect that the sound 
images of projectors 1 and 2 are more similar to the fish at 7.3° than at 61° inclination.

Accordingly existence of such an effect was tested in the following way. Let pj ■ be the probability 
that the response falls in category i (i=l,2,3) under condition j (j=l,2), then the nullhypothesis, 
to be tested is
Hq : Pit = Pi2 (i=l,2,3), against the alternative hypothesis 
HmP,, >p12 and p31 <p32

The likelihood ratiotest is applied. The p-level (see Conover, 1971, p.81) follows from the exact 
sampling distribution for this statistic under H0. The computed p-levels (Schuijf, 1974a) are presented 
in table 1.
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The three independent test results are combined with Fisher’s omnibus test to detect the effect for 
the considered group of cods. The null hypothesis Hq should be rejected with p = 1.6 X 10"5 (Schuijf, 
1974a).

Further the total number S of correct choices in the three experiments at 61° inclination exceeds 
the expected number for random choices significantly:
Prob { S 51 [ < 0.02 (combination of 3 sign tests for the response dichotomy: + and the pooled 
classes - and X; special solution based on pooling of all observations, see Oosterhoff, 1969, p.37).

It is concluded that the sounds are discriminated at 61° inclination. This discrimina
tion is based on the bearing of the sources and not on the timbre or intensity differences.

4. Estimation of the angular threshold.

Cod G7 was selected for the matching experiment (see methods). During a series of 57 
trials, starting at the 96th trial, the random walk was six times intentionally inter
rupted and restarted at the widest angle (position I) after about six successive trials

Table 2 Data on and results of the matching experiment

code angle I II III IV V VI

inclination in
degrees (=2$) 60.7 51.0 40.2 28.7 16.6 7.2

* r in meters 4.69 4.49 4.31 4.18 4.09 4.06

+ 8 7 9 7 3 2
responses — 1 2 2 6 3 2

X 0 2 0 1 1 1

total number of
sound trains 11 13 14 17 9 8
** acoustic pres
sure with source 1 3.18 3.18 3.42 3.54 3.60 3.60
item with source 2 3.12 3.18 3.36 3.54 3.60 3.60

f = 75 Hz; z = depth middle of the cage = 4.0 m; x = horizontal distance between the 
reference point in the cage and the plane through the pistons of the sound projectors (see 
figure 1) = 4.05 m; x = similar distance to measuring point P = 4.55 m; Zp= depth of the 
acoustic centre of the pressure hydrophone = 3.75 m; d! = depth of the axis of sound 
projector 1 in position I = 3.4 ± 0.1 m; d2 = 3.25 ± 0.1 m (m.m. the same) * **

* r = horizontal projection of the line from source to reference point
** in jtbar measured at point P.
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fig.6. Estimation of the likelihood of directional responses (+,0) and non-directional responses (X) as 
a function of the semi-angle 0. Solid lines: probabilities for the various response categories computed 
with a detection model of the discrimination. See text

in the region of the smaller inclinations (IV, V, VI). This was done to avoid extinction 
and/or to counter a change in the cod’s choice criterion.

The cod typically reacted to sound with a prompt initial trun towards the correct 
feeding place or sound source, then it swam quickly in one line against the sound 
direction towards the hypotenuse; this phase cannot be distinguished from an approach 
whereby the emitting sound projector possibly also serves as a visual beacon: see the next 
discussion.

Then, at the smaller inclinations on prolonged stimulation, a sharp turn preceded a 
slow motion towards the appropriate feeding place (otherwise the cod was already there). 
Among the non-directional responses circling in corner C was observed (list of behaviour; 
p 53, under 2), just as several times in the other cods during controls. The division of the 
responses at the inclination of 7.3° as to the reliability depends on the skill of the 
observer (trained vision) and was only possible because yawing was completely absent 
(very calm surface).
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The acoustic data on the stimulation are identical with those of the isotropy test 
(figure 5; other data in table 2). The observed frequencies in a response class (rows) are 
presented for each possible angle of incidence d (columns) in table 2. The relative 
frequencies of the three response types are displayed as a function of & in figure 6 and 
compared with a detection model (see below) for the matching experiment. Each dash 
roughly represent a 90% confidence interval of the probability of a correct choice. The 
interval limits are calculated with a large sample approximation (Goodman, 1964).

A variant of a detection model presented by Luce and Galanter (1963, p.234) is fitted to the 
empirical data with a least square technique with the aim to estimate the 50% detectability angle. Let 
Z denote the normally distributed output of the (internally single ended) angular detection system of 
the fish with mean value Z=a sin (|$|) and unit variance. If ZXsign (i9) assumes a value in excess of 
the criterion value c (c>0) then the cod chooses the correct direction and if ZXsign (0) <-c then it 
chooses false. If Z < c then non-directional responses follow with probability b and random 
approaches with probability 1-b (no bias for one dispenser). The angle ©that is detected in 50% of the 
trials is calculated form Prob { sign (0) XZ>c}=0.5. It follows that 0=c/a radians. For an appropriate 
quadratic form (Schuijf, 1974b) the minimizing parameter values were obtained: a=6.10, b=0.134, and 
c=2.38 and hence 0=22.4°.

Considering the variance in the observed data there is neither need nor justification to 
look for a better representation of the behaviour of the fish in this experiment.

Discussion

Why continuation, changing to four-alternative experiments?

Discrimination of the sound signals from each sound projector is proved. The cue for 
the discrimination gradually disappears when the sound sources are brought together.

It is a pity that for lack of time direct vision of the sound projectors could not be 
eliminated in 1971.
The observations do not allow rejection of another alternative hypothesis: if the fish is 
able to distinguish the sounds from each of the sources (e.g. by means of differences in 
timbre, in intensity or in curvature of the wave fronts), then the fish is (perhaps) able to 
associate each of the sounds with an approach towards the sound projector to the right or 
to the left of the middle of the cage therein supported by vision. Because the two 
travelling crabs (carrying the sound projectors) could not pass each other in the middle 
(one rail), this hypothesis could not be tested at once. The circling responses among the 
non-directional responses, observed quite a few times in all cods, but only in control 
experiments (position VI), do not fit readily in this hypothesis.

Of course a simple explanation of the behaviour of the fish in the matching 
experiment is, that the fish turns immediately towards the acoustically localized source 
and that the shortcomings of this set-up are that the projectors are not hidden behind an 
acoustically transparent screen, and that it is impossible to reward the fish at intermediate 
places along the long side of the cage. In the following four-alternative choice 
experiments it was tried to shape the response in such situations where the direction of
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the sound and the feeding place are coincident and interchanging of the sound sources 
was possible with certain constraints.

For other discussions on the two-alternative experiments see the general discussion of 
the experiments after section II.

SECTION II
THE FOUR-ALTERNATIVE CHOICE CONDITIONING

1. Principles, outfit and experimental procedures.

The training in 1972 was performed in the same fjord and at the same site. Substantial changes in 
experimenting are now specified.

A cod, length about 30 cm, was kept in a flat circular netting cage, altitude 17 cm, at a depth of 
4.75 m. Two loops of PVC tubes (0 16 mm) stretched the netting walls.
Mr. M.E. Siemelink developed and tested in the laboratory a configuration of netting screens (see 
figure 7) to keep the fish coming back to the centre of the cage with a correct orientation for a choice 
out of four possible sound directions. The training started with rewarding the cod on completing a 
closed track passing through the ’’corridor”: the operant. A fish that exerted the operant was 
rewarded after a directional response towards the feeding place (Fig. 7: all four marked with X).

120° 6u

0° I

<- 1.0m >

4 5.7m

fig.7. Diagram of the four-alternative experiment. See text.
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A cylinder op opaque PVC sheet (0 1.4 m; altitude 2.4 m) around the netting cage concealed the 
locations of the sound projectors to the eye of the fish. The amplitude ratio of the wave transmitted 
through the screen (thickness 0.20 mm) and the incident wave (Kinsler and Frey, 1962) differs from 1 
by about - 10"9 theoretically. Four sound projectors hung in a circle with 0, 60, 120 and 180 degrees 
bearing (Fig. 7: measured counter-clockwise; directions indicated by I, II, III and IV) at a depth d of 
5.07 + 0.1 m.

The cage and tubular frame (PVC tube : 0 20 mm) of the cylindrical, acoustically transparant 
screen were both suspended by means of cords that were attached to a conical steel framing at the 
surface. Numerous small holes in the PVC framings of the cage and the screen allowed a careful 
removement of enclosed air. The lower hoop of the steel framing was held at about 0.7 m under the 
surface by means of four bicycle tyres (not drawn) stretched between the raft’s framing and the four 
extending spokes of the ring. The steel ’lampshade’ was a central access to the cage, and it also served 
as a vibration isolator for movements of the raft. Figure 8 shows how the netting cage slided along four 
guiding lines. For the sake of clearness it has not been drawn in its normal position: 10 cm above the 
cross of spokes of the screen’s framing (depth 4.9 m).

fig.8. Schematic perspective plot of the dismantled raft and the suspension of the equipment under 
the surface in the four-alternative choice experiment. See text.
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The frame for the four food dispensers was constructed of three PVC hoops. The two lower, 
concentric hoops were joined by means of several radial perspex strips, on which loose perspex food 
dispensers were mounted with plastic screws (adapted version of the construction of van Arkel et 
ah, 1973).
In use this frame rested almost on the cage. The hydraulic activation of these dispensers was realized 
via a bundle of PVC hoses (8 X 11 mm), which were brought together by equally spaced rings that also 
guided the lines for pulling the levers of the stepping devices of the food magazines. The bundle, not 
drawn in fig. 8, followed the descending food dispensers via the central access opening of the steel 
framing.

The scaffolding tube framing of the raft had an open partition wide enough for the upper part of 
the stationary steel frame. Two short vertical scaffolding tubes, at diametrical positions of the centre 
of the open partition, formed the rotation axes of a pair of extending scaffolding tubes (6 m), of which 
only the outrigger in direction II has been drawn in figure 8. The outrigger could rotate in a horizontal 
and in a vertical plane. The end of the outrigger was lifted out of the water by the force and torque 
excerted by the upper eyelet of a bar penetrating a spherical plastic float (0 40 cm), owing to the fact 
that the lower eye was loaded with a sound projector (see figure 8). The frontal line carried most of 
the weight. Together with the rear suspension line, directly attached to the outrigger, it formed a 
parallel pendulum, which could be pulled out of the perpendicular by means of an auxiliary line so as 
to adjust the distance to the centre of the cage. A shorter outrigger (5.5 m) rotated with a coupling on 
a lower mounted metal sleeve on the vertical pipe. Accordingly the positions of the sound projectors 
of one pair of outriggers could be interchanged, provided the auxiliary line of the sound projector of 
the longer outrigger was stretched towards a pully on the outrigger just outside the track of the inner 
one (figure 8). Each outrigger was kept in the correct orientation by means of a pair of 1.5 (circ.) 
ropes, that were belayed near the corners of the raft’s framing. The locus of the sound sources at the 
various angular positions had to be a circle around the polar axis of the underwater arrangement, 
although the rotation axis of the outriggers were eccentric. Marks on the ropes determined that the 
angular setting of an outrigger was correct for the front of a sound projector at a radius r of 5 m. The 
outcome was that the sound projectors emitted at a distance of 5,3 ± 0.15 m whereto a variable length 
of line towards a sound projector had to be taken in.

A series of five indentical electro-dynamic sound projectors were constructed in the workshop of 
our laboratory (one spare). The sound projectors had a regular spectral response in the limited 
frequency range of 40 to 750 Hz (the upper frequency limit of hearing in cod is about 400 Hz : 
Chapman and Hawkins, 1973) and attained a source level SL of about 30 dB re 1 /Ubar at 1 m for 75 
Hz and 6.5 V RMS input (load resistance 1.0 ohm). Of the higher harmonics the third predominated in 
the output and had a level of less than - 35 dB as compared to the fundamental.

The hydrophones were attached to a perspex frame (see e.g. figure 2), and the pressure 
hydrophone was kept approximately on the polar axis 28 cm under the bottom of the cage. A direct 
suspension of the perspex frame from the spoke’s cross resulted in frequent mechanical oversteering of 
the velocity hydrophones and another vibration isolation system had to be developed. Two plastic 
each containing six liters of 96% ethyl alcohol (every bubble of air was removed), carried this frame 
under its gravity centre. Therefore an erecting torque was needed. Stabilization was obtained by means 
of a thin I I shaped A1 rod structure (fig. 8) with sides of 1 m, directed downward by the reaction force 
of the net buoyancy stretching the lines towards a bar which hung by means of independent lines (not 
drawn) at a depth of 9 m. A chain of rubber rings between the framing of the raft and the end of the 
pressure hydrophone cable (not very flexural) countered transfer of dragging effects to the measuring 
system.

The transmitting circuits were mainly obvious extensions of those used in the two-alternative 
experiments. Four identical power amplifiers (developed at the laboratory, DC-20KHz; AC peak 
current rating at least 12A; voltage noise at output for 75 Hz <8 ftV/Hz) were used of the same type 
also used in 1971, each connected to its own channel consisting of a transient free switch and a helipot 
volume control for balance. Only one projector at a time could sound.

The stimulus consisted of periodically repeated Gaussian tone pulses with fundamental (carrier) of
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75 Hz. The Gaussian pulse gives the best legato for a certain specified duration of the tone pulse. After 
each trigger from the clock signal (period 1.5 s: see methods part 1) a time-dependent voltage with a 
Gaussian curve was generated according to a principle attributed to Zimmermann (1963). Via a 
voltage-current converter this signal drove a bulb which irradiated three independent CdS photo 
resistances (LDR). The resistance response in the third LDR was electrically fed back into the converter 
so as to diminish lagging effects and non-linear effects in both the light emission and the LDR. 
Apparently the responses of the other two photoresistances that were parts of normal photoconduc- 
tive switches (see figure 3a), were sufficiently similar for a faithful reproduction of the Gaussian 
envelope.

An pseudo-random modulator (see Schuijf, et al., 1972, p.90), an attenuator, adjustable in 1 dB 
steps (Hewlett Packard, type 350D), and a monitor for the observer completed the common stimulus 
path for all channels.

The trainer pressed the stimulus button after a variable intertrial time, when the head of the cod 
had reached a point about 10 cm before the end of the corridor. The observer heard the stimulus 
without directional cues in his earphones, while looking through a periscope (length 4 m, 0 10 cm, 
depth of the biconcave objective of -20 dpt at 3.5 m, 11 achromatic field lenses — telescope 
objectives - 0 50 mm, f = 19.2 cm).

The selection of the direction for presenting the next stimulus was determined by readings on a 
table with a random sequence of the labels { I, II, III, IV } . All these directions had an equal 
presentation probability. All runs in the original sequence with more than 3 elements had been 
reduced to runs of 2 elements to avoid biasing of the cod. The acoustic pressure was also an 
independent random variable (and not correlated with the directions) that fluctuated at successive 
trials within a range of + and — 2 dB around the mean value.

Interchanging experiments: During the observation series the locations of the pair 1 and 2 or 3 and 4 
were interchanged occasionally to check whether directional responses were not associated with some 

^other property of the sound of a particular source than its direction.

2. Operated cods

The planning included training with four categories of cods: (1) intact cods; (2) cods without 
lateral-line sense; (3) cods with an intact lateral-line system, but with the pars inferior of the labyrinth 
eliminated unilaterally; (4) control animals to evaluate the effect of the concomitants of an operation 
on the training performance.

An experimental design was preferred in which an intact subject (category 1) was trained before 
surgery and afterwards tested again in the same situation. The effects of the treatment were related to 
those in the control experiment, category 4, with the same design.

The selected sense organ(s) were put out of function by means of severing the appropriate nerve 
roots on leaving the medulla oblongata. Professor S. Dijkgraaf developed the method and performed 
all the operations at the Havforskningsinstitutt in Bergen, Norway (see Dijkgraaf, 1973).

Before and after the operation the fish were transported in plastic bags by car and boat from the 
training site to the institute and v.v.

To reach the nerve roots a longitudinal incision was made in the dorsal musculature and an 
oval-shaped access window was milled in the dorsal cranium of the narcotized cod. After removal of 
this piece of bone, the nerve roots were dissected free and servered. Finally the dorsal musculature and 
the skin were on both sides of the longitudinal incision sewn together thus covering the brain after the 
operation. In the control operation the fish underwent the same treatment, but without severance of 
the nerve roots.

Provided no infection has started the cod can survive the eliminations for weeks or months: 
otherwise the fish becomes quite wild and/or shows equilibrium disturbances after a couple of days. 
After the training of an operated fish had been ended, the actual state of the nerve roots was inspected 
by Prof. Dijkgraaf in the freshly killed animal (sometimes after storage in a deep-freeze).
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Results

1. Behaviour of the subjects

Some cods performed the operant rather regularly at a low speed. A correct directional 
response was virtually the same as in the two alternative case for a trial with a wide 
inclination: the fish stops et cetera (see section I, results 2 behaviour list nr. 1), turns its 
head towards the source (idem 3) and approaches the correct food dispenser (idem 4). 
Non-directional responses were scored seldom now. Motivated fish could also respond 
with an almost instant turn towards the source. For example when a stimulus from 
direction I or IV happened to be given too soon (the stimulus delay is a random variable: 
see 1.1) it occurred that the fish abruptly struck with its head against one of the lateral 
netting walls of the corridor at the side of the source: evidently an oriented movement. 
Again, rapidly swimming cods were unsuitable for this type of training (choice 
predominantly by trial and error).

2. The independence of successive responses

During the observation series or sample any of the four possible configurations of the 
sound projector was used at least once. Unordered discrimination occurs when the 
successive responses in the sample are independent events (random sample). It is 
conceivable, that if after each interchanging of a pair of the outriggers a learning process 
starts on some other parameter than direction then this is likely to influence the number 
of runs of an element in the sample. Let r! denote the number of runs of the n! correct 
choices in the sample (element +), and similarly there are r2 runs of the n2 false choices 
(-), and r3 runs of the n3 non-directional responses (X). According to Mood (1940) the 
expected number of responses in the sample is : E(rj) = nj (n — nj + l)/n 
(i = 1,2,3 and n = ni+n2+n3).

For example, in cod G4 the following series was obtained (runs underligned):

25/8 NN 27/8 NR NN 28/8 Rn

+ X+ — + + + + + + + + + + + + + + + + ++ + + — +--------_X

RN RR NR

+ + + — + + + + +X + + +-+-+ + + + + + +

The results are collected in Table 3. The first letter N or R indicates whether the first 
pair of sound projectors 1 and 2 was in the ’’normal” position { II, 112 } or in the 
’’reversed” position { 12, III }, and similarly { III3, IV4 } was called ’’normal” for the 
pair 3 and 4 (second letter).
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For example, the first wrong choices after an interchange in this sample are (B, III3) for 
the RN trial and (B, III4) for RR and they do not point to an effect caused by the 
interchanges.

Table 3: runs of three kinds of responses
+ - X

subject ni ri EOT) n2 r2 E(r2) n3 fa E(r3)

G1 intact* 20 7 6.9 7 7 5.6 2 2 1.9

G1 control* 25 9 7.9 9 7 6.9 1 1 1.0

G4 intact 42 9 10.1 9 7 7.7 3 3 2.9
* responses for stimuli at I were omitted, because cod G1 visited food dispenser A too little 

(bias for other dispensers), thereby introducing extra runs when the direction was assumed 
to be the decision criterion.

The number of runs are sufficiently close to the expected values (table 3) to discard 
the order of the events if the chosen response criteria are applied.

3. Discrimination of the directions of the stimuli
The presentation of the stimulus X response relation in a contingency table of 8X5 

categories is admissable (table 4), as follows from the randomness of the samples.
The response category X includes non-directional responses and no observable 

reactions to the stimulus.
Table 4: Examples of the stimulus X response matrices*

subject
+ treatment

response A

11 6

12 5
111 1

stimulus 112 0

type III3 1

III4 0

IV3 0

IV4 0

* mean acoustic pressure 
mean particle velocity 
distance r = 5.3 m

G 4 intact

B C D X

0 0 0 1
10 0 0
5 0 0 0
7 10 1
15 0 0
2 3 10
0 0 6 0
0 15 1

: 8.0 jubar (=18 dB)
: 7.9 pvar (= 18 dB) 
: f= 75 Hz.

G 1 control

A B C D X

3 3 0 0 0 
2 2 10 0 
0 2 2 0 0 
0 4 2 0 1 

0 18 0 0 
0 0 4 0 0 
0 0 13 0 
0 0 3 4 0

63



Inspection of the cell frequencies shows that in Gl, which had the worst scores, the 
differences in response scores nevertheless do not seem to be linked to the nature of the 
sound projectors used. The samples are too small to test this generally.

In order to test whether the responses of a fish resulted from a ’’strategy” in which it 
used either:
a) the bearing of a sound source, or
b) the acoustic identities of each sound projector,
the following statistical formulation of the experiment was applied.

Under the null hypothesis Hq the fish, which cannot localize the sources, associates each 
acoustically recognized sound projector with its likely bearing as presented by prior reinforcement 
experience. Under the alternative hypothesis Hi the fish chooses according to the bearing of the 
stimulus. Under Hq the four-alternative choice experiment consists of two independent acoustic 
experiments on either side of the raft. Hence the original 8X5 table was divided in an upper and a 
lower 4X5 table. Moreover, the scarce responses in category X are ignored.

Let p be the unknown probability of a correct response when the fish assumes the strategy of Hq. 
The directional responses that are not in accordance with Hq are classified in:

responses towards the adjacent stimulus direction on the same side of the raft as the correct 
direction - probability q and

a pooled category of responses towards the remaining directions on the opposite side of the raft — 
probability r -, that are irrelevant for testing Hq against Hi, provided r is small. It follows that p+q+r 
= 1. Furtheron we are testing on the condition that the cod has not given the third response (r=0). The 
resulting 4X2 contigency tables are related to the probabilities p and q as:

P 4 
(HoO q P

p q 
q p

p q
(Hi:) p q

q p
q p

Hence in the case of Hq we perform an experiment with probability p of success a certain number of 
times (ni), subsequently we perform tij times a second experiment with probability q of success, 
etcetera. If in the second and the fourth experiment we call a success a failure and conversely, then in 
fact we perform four series of ni, n2, n3 and n4 experiments with probability p of success. Under Hq 
we now get:

P q P q
p q , and under Hi: q p
P q P q
p q q p

The problem is reduced to a test whether the four series are identically distributed 
(homogeneous). For that object the test statistic T according to the C(a) tests of Neyman 
is applied. T follows under H0 asymptotically a chi-square distribution with 1 degree of 
freedom. The results are compiled in table 5.
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Table 5: Approximate probabilities P of rejecting a true Ho- See text.

subject G 4 intact G 1 intact* G 1 control
T P T P T P

upper table 29.3 <<10'5 1.28 0.26 0.05 0.81
lower table 19.5 KT5 1.82 0.18 11.7 0.6X10

* The responses of G 1 towards A are included.

The effect in an upper and a lower table may be combined by taking the sum of the 
T-values. This statistic is approximately x2 (6) distributed under H0.

It is concluded that G4 discriminates the sound sources on their bearing and not on 
other cues. The intact G1 had not yet achieved its final conditioning performance before 
it was operated (operation type 4). The results of the upper tables of G1 are unreliable : 
see note under table 3. In the control animal the results for the lower table (directions III 
and IV) clearly do not point to discrimination of timbre, intensity, etcetera.
Furthermore the responses of G4 with the left pars inferior put out of function (see 
below) do not support a discrimination on base of an anisotropy in the fjord’s 
reverberation that theoretically and empirically must be a minor effect. It is concluded 
that the intact fishes and the control animal are able to choose the direction of the sound, 
although the fishes cannot see the sources. The effect of stimulus direction on the 
responses is compiled in table 7. The mean absolute deviations of the directional 
responses from the true sound directions are smaller than 30° (half of the inclination 
between adjacent food dispensers), as was expected from the matching experiment.

Cod G4 had to be lured to the entry of the netting corridor to learn the opperant by 
rewarding at a point diametrically opposite B (or C); thereto the frame with the food 
dispensers was hooked in the guiding lines after a turn of 180° as compared to its normal 
orientation. A subsequent return via the corridor was rewarded at A or D to reinforce the 
operant.

Before this procedure the hungry G4 did not budge from the food dispensers and 
never exerted the operant spontaneously. During three successive days a training session 
had to start with the inverse orientation of the frame. As a compensation G4 reacted on 
the first presentation of sound with a correct directional response (but systematically 
not until about the 30th trial: normal=30 to 45 trials). The objective to obtain a standard 
incidence of sound on a fish by means of the operant was repeatedly more the main 
learning difficulty, than the orientation itself.

Cod G4 did not show signs of discriminating the sound directions on the day after the 
operation (type 3; see table 7), although before it had had high correct scores. It had 
spent the night after the surgery in its cage under the raft. Swimming behaviour was 
normal after the treatment, the responses to sound were prompt and similar as before, 
and the cod ate well. Owing to its low scores it missed its rewards most of the time, and a
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Table 7 : The frequency of various responses in relation to sound direction at 75 Hz.

subject before the operation after the operation

type : intact type ; control animal
n = :39** N = ‘15
A B C D X A B c D X

I 3 5 0 0 2 I 5 5 1 0 0

II 0 8 1 2 0 II 0 6 4 0 1

G 1 III 0 0 8 1 1 III 0 1 12 0 0

IV 0 1 2 4 1 IV 0 0 3 7 0

type ; intact type : minus left pars inf.
N = 54 N = 14

A B C D X A B C D X

I 11 1 0 0 1 I 1 1 1 1 0

II 1 12 1 0 1 II 0 0 2 1 0

G 4 III 1 3 8 1 0 III 4 0 0 0 0

IV 0 0 1 11 1 IV 2 1 0 0 0

* negligible random modulation; average acoustic pressure: 8.0 qbar (-18.1 dB).
** N = total number of trials in the series.

rapid decline of the operant frequency resulted. We had to wait about half an hour to 
observe the last operant (and response).
In cod G4 only the saccular and the lagenar nerves of the left labyrinth had been severed 
completely as was seen during the operation, before the tissues were restored, and in a 
control section post mortem, when also the swimbladder was found to be undamaged.
The conclusion is that a cod needs two intact labyrinths for the discrimination of the 
sound direction. The intact lateral-line system was apparently not used for the detection 
of the direction and possibly not even for the detection of the sound signal at all. 
Unfortunately the operation to completely sever the innervation of the lateral-line system 
of a previously trained cod has not yet been performed successfully. Therefore a positive 
result with this type of operated cod is still lacking. However, it seems already reasonably 
safe to call the sound discrimination of cod under the given circumstances directional 
hearing.

When the stimulus level was decreased in steps the directional responses remained as 
clear as at the starting level for levels > —7 dB re 1 qbar both in G4 (display sequence in 
Fig. 9) and in Gl. Below this level G1 reacted non-directionally. The (re)actions of G4 
during stimulation at -17 dB re 1 qbar were so weak that on the one hand non-oriented
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responses to sound could be overlooked, and that, on the other hand, if random 
approaches occured, these actions were likely to be classified falsely. This does not apply 
to the other levels. The threshold of acoustic localizing in cod is estimated to about 6 dB 
above the absolute threshold. From the extensive heart-beat response data of Chapman 
and Hawkins (1973) the estimated absolute threshold at 75Hz is —21 dB re 1 pbar. For 
the pressure noise levels SPL of about - 50 dB re 1 pbar during both series unmasked 
threshold are to be expected as according to Buerkle (1969) the critical ratio at 84 Hz is 
11 dB (or SPL + 11 < —21).

It is remarkable that we were never able to start a successful training on sound 
direction at frequencies equal to or higher than 150 Hz in intact cods.

20

dB re 1 pbar
15

10 ■

D ■

-10

+ + - +

+ + + 44 + -

+ + + +

+ + X + - +

+ -

-15 ■

-20 I--------------- *--------------- *--------------- ■--------------- *--------------- -~
5 10 15 20 25

trials

fig.9. Effect of the pressure level re 1/ibar on the responses in acoustic orientation of cod G4. 
Coding: directional responses, + or —, non-directional responses, X, and no response to sound, 0.

Discussion

The acoustic orientation in the four-alternative experiments shows that vision on the 
sound projectors is not essential. Moreover, as the directional responses of cod in the 
two-alternative experiments are similar to those in the four-alternative experiments it is
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far-fetched to suppose that certain drawbacks of the execution of the two-alternative 
design caused an error by rejecting a second alternative explanation (see section I: 
discussion).

1. Directional hearing in the far-field.

Van Bergeijk (1964) puts that far from a source in the propagated wave ’’pressure, a 
scalar, cannot possess information on the source direction”. However, if e.g. we drop his 
assumption that coupling of the labyrinths to the forced oscillations of the gasbladder in 
dilatation waves of normal intensity is the only mechanism that results in supraliminal 
displacements of the hair cells of the labyrinth, then this former statement does not lead 
to the deduction that directional hearing is physically impossible in the far field.

In the present four-alternative experiments the cods showed directional hearing 
although they were in the far-field according to the criterion of Van Bergeijk (1964) 
r < X/2tt = 3.2m. The question rises whether there are sufficient arguments for accepting 
a distance limit for directional hearing in fish, apart from a noise-limited range due to 
masking, and not merely an upper frequency limit for this ability.

Popper et al. (1973) have found unconditioned directional orientations of Hawaiian 
squirrelfish towards a sound projector emitting a playback of the alarm calls of 
squirrel-fish consisting of broad band noise bursts. In a test cage centrally between two 
sound projectors the subjects (3-5) responded by facing the source and clustering in the 
proximal side of the cage if the source was within 2.0 to 3.0 m (significance 5%). The 
final interpretation (Popper and Fay, 1973) is (in Popper et ah, 1973, it is ’’fish do not 
orient in the far field region”) that the less frequent occurrence of directional 
orientations in the far field is not an inability of the animal to localize but a behavioural 
preference for responding to near sources. However, this conclusion does not follow from 
the experiments of Popper et al. (1973). The possibility is not mentioned that the 
observed distance limit is the result of the with distance increasing contribution of 
indirect waves (returning via boundaries of the pond) arriving at the fish from other 
directions than the source (a less directive receiving pattern). This applies especially to the 
most important low-frequency components (f < 200 Hz). Specular reflections from 
transverse directions can be feared in their case.

2. An explanation of directional hearing.

Recently Enger et al. (1973) have shown the magnitude of the saccular microphonics 
in the haddock (Melanogrammus aeglefinus) to be dependent on the direction of forced 
harmonic vibrations applied to the fish. For the perch {Perea fluviatilis) Sand (1974) has 
shown that the maximum response of the saccular microphonics is obtained if the 
horizontal forced vibrations of the skull are applied parallel to the long axes of the 
otolith: Such a type of directional sensitivity has been expected since long, being a 
consequence of the now widely accepted hypothesis that shearing movements of the 
otolith relative to the sensory epithelium (owing to the formers’ inertia in a sound wave)
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are the adequate stimuli for the saccular macula (Tumarkin 1948, and studied bio- 
physically by de Vries 1950).

The direct stimulation of differently oriented otolith organs is assumed to mediate the 
direction of the impinging sound wave (Dijkgraaf 1960; Nelson 1965; Schuijf et al. 1972), 
but extensions of this unverified model are necessary to cope with the following new facts.
a) Sound pressure and not particle motion is the relevant sound parameter for acoustic 
thresholds above about 50 Hz, when measured with the cardiac response (covert 
behaviour; Chapman & Hawkins, 1973).
Further Sand & Enger (1973) have found that cods with an empty swimbladder have 
lower microphonic potentials than with a full bladder for frequencies above 100 Hz. 
Hence a more or less important indirect stimulation of the otolith organs via a 
physiological link with the swimbladder is possible for our test frequency of 75 Hz. Enger 
et al. (1973) therefore suggest a modification of the model: ”. . . stimulation of the 
maculae by re-radiated sounds from the swimbladder is avoided by proper orientation of 
the hair-cells, i.e. some or all (? ) of the hair-cells could be so arranged that they are 
insensitive to radial displacements emanating from the swimbladder”. They point to the 
fact that the saccular maculae has ”a complex curved shape, which suggests that taken as 
a whole it is not exclusively sensitive to any single displacement direction”. In view of the 
results of the unilateral severing experiment in the present study a bilateral pair of otolith 
organs may be kept in mind.
b) From the four-alternative experiments it seems very likely that discrimination of 
sounds impinging from 90° to the left and 90° to the right of the fish are discriminated 
(strictly speaking the applied control experiments are not valid for comparisons of 
sources at opposite sides of the raft).

However, in a tone the direction of sound propagation and that of the particle velocity 
are alternatingly common or opposite depending on whether a compression or a 
rarefaction phase passes (see formulae below), hence without a processing of the phase of 
the acoustic pressure simultaneously with the velocity information the discrimination of 
these diametrically opposite direction is not clear.

In fair field travelling waves we have:
pv=Aftc, or v=(zy)/p)c, where v and are the instantaneous particle velocity (vector in bold type) and 
the ditto density fluctuation respectively.

It is highly interesting that Piddington (1972) in choice experiments has found 
goldfish (Carassius auratus) to be able to discriminate the order of compression and 
rarefaction phases in a given click (excitation of a damped oscillation with a frequency of 
either 50 or 500 Hz) and the same click with inverted polarity. Piddington ascribes this 
sensory ability of goldfish to separate coding for both sound phases (Furukawa & Ishii, 
1967a, b), which physiological capability may be widespread in teleosts. Piddington seeks 
the biological significance of the discrimination in a kind of pseudo-directional hearing, in 
which approach and recession of a distantly swimming fish is discriminated through 
phase-analysis of tail flip sounds. His assumption that a goldfish, an Ostariophysean, is 
unable to detect the direction of a sound naturally is decisive for his theory.

The considerations above lead me to suggest that a phase-analysis in the afferent path 
of the pressure-sensitive hearing system in cod is used to eliminate the 180° ambiguity in
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the direction analysis of the displacement system. In a subsequent paper (Schuijf and 
Buwalda, 1975) empirical data to support this hypothesis are presented.

According to this theory teleosts with a gasbladder are also able to discriminate 
between sounds from ahead and behind. Moreover this discrimination would then be 
based on a reliable principle for free fields in contrast to mammals which must turn their 
head tp overcome the 180° ambiguity in such fields. For fish in their three dimensional 
habitat the proposed mechanism would have adaptive value.

In sharks (which lack gasbladders) a similar processing of the phase of the vertical 
displacement component can explain (see below) the 180° discrimination far from the 
source. Strictly speaking this discrimination has not been proved, but this assumption is 
the simplest explanation for the attraction of distant sharks by low frequency sources. 
The direct wave and the wave reflected by the surface interfere (Lloyd’s mirror effect). It 
can be shown that if r » 2d, where d is the depth of the source, and if 27rr» X then 
the acoustic pressure is in antiphase with the vertical displacement component (, if upward 
is the positive direction (Schuijf, 1974b: 3.2.1a). Hence f can serve as an indicator for the 
compression and rarefaction phases. In a sound wave that impings caudally (rostrally) on 
the fish the vertical component ( lags after (leads) the radial component | by 90° (rostrad 
positive in a reference frame fixed to the fish). These opposite propagation directions 
may thus result in different phase relations between the stimulation of differently 
oriented hair cell fields in one or more macula(e): see Schuijf (1974b: 3.2. la).

In teleosts with swimbladders it should be noticed that the breathing mode of the 
gasbladder produces a near field displacement in the labyrinths that is in anti-phase with 
the driving acoustic pressure (ignoring presence of intermediate tissues) and thus there 
may be a similar phase coding in teleosts and in sharks, with the same function.
In cod it is known that the resonance frequency of the swimbladder is normally above the 
upper hearing limit (Sand and Hawkins, 1973) and therefore the gasbladder indeed 
behaves elastically as was implicit in the above statement.

3. Parameters of the detection system

The estimate of the displacement threshold for directional hearing in cod G4 at 75 Hz 
(3 X 10'11 m) only slightly exceeds the theoretical displacement sensitivity (Chapman 
and Hawkins, 1973) of the otolith organs (about 2 X 10'11 m). It may be an indication 
that the intensity threshold for directional hearing is set by that for direct stimulation of 
the otoliths.

The angular threshold of 22.4° found in the matching experiment (section I) seems 
large when it is compared with the value which Nelson (1965) determined for a lemon 
shark, Negaprion brevirostris, in a similar two-alternative experiment in a shallow plastic 
pool. At 80 Hz, in his comparable experiment 5, a semi-angle 9 of 7.5° is needed for a 
50% recognition (Nelson: mean orientation error), which is about one third of the value 
found in cod G7. However, the comparison is speculative, because nothing is known 
about the variability of the angular threshold in both species, nor about any distance 
effects. Further shaping of the response was better in Nelson’s experiment (partition in
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the middle, and rewarding in the true direction of sound); the sound field in the pool is 
essentially different (exponential decay; large vertical displacements) and the response 
was apparently judged by the trainer himself.

From unpublished data on the detection of changes in sound direction in the Ballan 
wrasse, Labus berggylta, an estimate on the angular threshold at f = 115 Hz can be 
derived for the subject studied in Schuijf et al. (1972). At # = 35.5° the subject scored 26 
+ and 4 — in 30 trials and at i) = 5° the result was 6 + and 13 —. The detection likelihood 
is calculated to 0.84 respectively 0.20 if the frequency of spontaneous actions is taken in 
account. Interpolation by means of the detection model in 14 results in 0 = 12.5°.
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ON THE MECHANISM OF DIRECTIONAL HEARING
IN COD (GADUSMORHUA L.)

A. Schuijf and RJ.A. Buwalda.

Laboratory of Comparative Physiology (Utrecht, The Netherlands)
and

Institute of Marine Research (Bergen, Norway).

Summary. Choice experiments on some aspects of directional hearing in cod were carried out under a 
raft in a fjord. Stimulus situations in which sound impinges either on the head or on the tail were 
used, because according to a previously proposed model (Schuijf, 1975) these stimulus alternatives 
may provide insight in the underlying mechanisms of directional hearing in fish. Results:
1. Cod discriminated travelling sound waves impinging on the head from those impinging on the 

tail at 75 Hz.
2. Phase reversal of the acoustic pressure in the travelling wave caused 180° reversal of the 

directional responses.
3. Directional hearing in the loop of a standing wave appeared to be possible provided that 

additional p-information in the correct phase was added.

Introduction

In a previous article (Schuijf, in press) the ability of cod (Gadus morhua) to orient 
towards a sound source emitting tones of 75 Hz was shown. From elimination 
experiments it appeared that for directional hearing to be possible two intact labyrinths 
were required, and that the lateral line system was not essentially involved. These facts 
support the theory that directional hearing in fish is based on differential stimulation of 
the two ears, as it is in landinhabiting vertebrates. This differential stimulation might 
either be due to time differences, as suggested by Moulton and Dixon (1967), or to 
intensity differences, which, according to Dijkgraaf (1960) may arise from vectorial 
weighing. The former hypothesis is physiologically highly improbable, in view of the high 
speed of sound propagation in water and the close proximity of the labyrinths in fish. 
Furthermore, recent experiments both with perch {Perea fluviatilis), using a vibratory 
stimulus (Sand, 1974) and with cod {Gadus morhua) in a free sound field (Buwalda, in 
prep.) have confirmed Dijkgraaf s basic assumption that the pars inferior of the labyrinth 
(at least in non-Ostariophysean fish) is directionally sensitive. In this view both partes 
inferiores constitute a (more or less) orthogonal vector-detector system, adequately 
stimulated by the particle displacements in a sound field.

A vector detecting system, however, cannot detect the propagation direction of a 
sound wave, since propagation direction and direction of displacement in a longitudinally 
travelling wave, are alternatingly common and opposite. So for this vector-detector to be 
of use to a fish, extra information will ne becessary to cope with its inherent 180° 
ambiguity in sound localization.
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This information might be derived from time-differences. The objections mentioned 
above count less heavily here, since in this case only a binary decision is required.

However, another possibility is mentioned by Schuijf (1974: 3.2.1a; 1975). According 
to this hypothesis an analysis of the phase of the acoustic pressure with respect to the 
phase of the particle displacement might be used by the fish to detect the propagation 
direction of the wave. If, in a far-field situation, a particle displacement in the 
propagation direction of the (horizontal) travelling wave is defined as positive, then the 
displacement lags 90° behind the acoustic pressure. So for a given sound source position a 
maximal particle displacement in a certain direction (taking the fish as the reference 
system) will be preceded by a compression, whereas it would be preceded by a 
rarefaction, if the sound source were to be located diametrically opposed.

The experiments described in the underlying paper have been designed to study the 
ability of cod (Gadus morhud) to discriminate sound impinging on the head from those 
impinging on the tail. The presence of this sensory ability would exclude the first of the 
hypotheses, since in this situation there are no binaural time differences. Furthermore, 
the effect of artificial phase reversal of the acoustic pressure in a travelling wave was 
studied using a cod, that had previously been trained to orient towards a sound source. A 
reversal of the directional response under these conditions can be considered as positive 
evidence for an important role of the phase of the acoustic pressure in directional hearing.

Methods

1. Choice experiments

In all experiments a 32 cm cod had to make a choice between two diametrically opposed feeding 
places A and B (Fig. 1) when the fish was in the central area of its netting cage and a sound stimulus 
was presented either from direction I or II. The sound projectors, identified by 1 and 2, were 
positioned by rigging (Fig. 2) similarly as in Schuijf (1975, in press) 5 m down the fjord’s surface at 
either side of the raft. However, the outriggers were now completely submerged, and now it was 
possible to interchange their bilateral positions for control purposes (intensity and/or timbre 
differences) by rotating them in opposite senses through 180° under one of the raft’s floaters. 
Observation techniques, communication between observer and trainer, food dispensers and the axial 
suspension system were identical to those in Schuijf (loc. cit.).

It was a definite improvement to use punched cylinders of agar flavoured by krill (Euphausiacea) 
or shrimp soup in the food dispensers (system van Arkel et al, 1973; version Schuijf, 1974, 3.3.). This 
low caloric food was prepared like a pudding and punched into rods of standard quality, that 
subsequently could be cut in very small pieces fitting in the chambers. With the use of agar and partial 
rewarding about 50 trials a day could be presented with a sufficient maintenance of the deprivation 
of the fish.

As previously (Schuijf, loc. cit.), only tones of 75 Hz were used.
Every stimulation was preceded by waiting until the cod had entered the central area via the "gate” 

that was previously chosen by the trainer. Stimulations were only presented either when the fish faced 
towards the sound source (invisible to the fish) further denoted by H(ead) stimuli or when the fish 
faced away. T(ail) stimuli.

75



n 180° 0° I

------------------ 4.7 m  ----------------►

Fig.l. Set-up in the head-tail choice experiments. A central area in the netting cage is accessible to the 
cod via two entrances that are in line with both sound projectors (in the same horizontal plane). The 
locations of the food dispensers A and B are marked by crosses. A cylinder of opaque PVC sheet, 0 1.4 
m, hides the position of the sound projectors to the eye of the fish. Note the differences in scale in the 
drawing.

In part A directional responses are reported in sound fields that are in essence propagating waves 
travelling in horizontal directions at the position of the fish. Here it was aimed to provide a test of
(1) discrimination of sounds impinging either rostrally or caudally on the fish: further abbreviated as 

head-tail discrimination,
(2) the relation, as predicted by the model of directional hearing (see introduction), that inversion of 

the acoustic pressure in the travelling waves of (1) without influencing their motional variables 
causes reversal of the directional responses.
In part B it is reported whether superposition of suitable p information enables a cod to 

discriminate sound direction in the loop of a horizontal standing wave.

2. Experimental design and partial reinforcement procedure

The objects (1) and (2) were studied in a single continuous sequence of observations lasting several 
days. We used 16 different stimulus classes resulting from 4 dichotomies in part A:
(Ct) ’’normal” waves (type 1 stimuli) produced by one single sound projector (Si or S2 in Fig. 2) or 

’’synthesized” waves (type 2 stimuli) with inverted acoustic pressure produced by three 
simultaneous emitting sources (see 2)

(ß) source bearing: I or II
(7) sound projector identity: 1 or 2

(5) orientation of the cod: H or T (see J).
The studied cod was selected for this experiment after an excellent conditioning performance in a 

choice experiment with only 2 possible stimulus directions at bearings of 45° and 135° respectively in 
the type of netting cage used in 1972 (Schuijf, loc. cit, Fig. 7). During the head-tail discrimination 
experiments non-directional responses were not observed. The response classes could be confined to 
directional responses towards or away from the emitting projector Si or S2 (see Fig. 2).
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A rewarding strategy had to be chosen such that:
(a) differences in effect of normal and synthesized waves could be attributed to the detection system 

and not to a change in ’’strategy” of the fish evoked by the rewarding strategy (no bias in the tests; 
criterion change in subject);

(b) a stationary training performance could be maintained for normal stimuli (no extinction);
(c) in a fair fraction of the observations synthesized waves are allowed in order to avoid too small 

samples of these trials.
A strategy* that fulfils these conditions is:

(a) the cod is conditioned on normal waves by means of a partial rewarding schedule for instance in 
75% of the correct responses. The rewards are randomly distributed over the correct responses.

(b) in a fraction of the 25% a priori unrewarded trials (percentage in the example) stimuli of type 2 are 
inserted at random. Accordingly responses to these test stimuli of type 2 are never rewarded.

If partial reinforcement itself does not produce extinction then no extinction for type 2 stimuli is to 
be expected if these are equivalent for the fish to type 1 stimuli from the opposite direction. Artefacts 
cannot emerge in this case. There are two more possible outcomes, including the one that the fish 
discriminates type 1 and type 2 stimuli. In that case extinction in type 2 stimuli is likely to occur.

3. Generation and measurement of the sound fields

Type 1 stimuli were emitted either by sound projector Si or S2 (Fig. 2). Type 2 stimuli were 
synthesized by simultaneously driving of either Si +S3 +S4 or S2 + S3 + S4 with proper amplitude and

tjt S4

S' S1

* I *

z = o.67m

Fig. 2. Construction used to suspend the sound projectors and to interchange their locations 
occasionally. Standard scaffolding tubes, 0 48 mm, are attached to a similar vertical tube (axis) by 
means of a coupling and a metal hose sleeve. Floats carry the outer ends of these underwater 
outriggers. The sound projectors at Si and S2 are suspended by means of cords knotted to travelling 
crabs each enclosing an outrigger. An auxiliary line towards the raft’s side aligned and adjusted the 
radial distance of a sound projector. Further explanation in the text. ( f
The positions of the sound sources S3 and S4 and their mirror sources over the surface S3 and S4 are 
relevant in experiments with phase reversal in p. Local depth 34 m.
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phase relations (Fig. 2). Each sound projector had an own power amplifier (see Schuijf, loc. cit.). The 
sources Sj are denoted by their channel number i = 1,2,3,4. It follows that the positions of Sj and Sj 
(Fig. 2) permute after each interchange of the outriggers. The radial distance r of Sj (and S2) was 
4.7 m (depth d = 5.0 m). The cod was at z = (4.75 ± 0.1) m depth. The axial point at this depth is 
denoted by P.

If we omit the common time-dependent complex factor exp (j cot), where Cd = 27Tf denotes the 
circular frequency, then the sound field in the centre of the cage is specified by the 

acoustic pressure P = P exp (ji//p),
horizontal particle velocity u = ü
vertical particle velocity w = w exp (j^w)-

where and t//w denote the difference in phase angle with the theoretical reference u(t). All these 
parameters were measured. The displacements | (radial) and f (axial) can be calculated from these 
data. For example: f = w/cd and \p£ = i//w - 7T/2 rad.

A method to invert p in type 1 stimuli is to superimpose a field produced by S3 + S4 satisfying:

P3 + P4 = - 2P and + f4 = 0,

where ps denotes the resultant acoustic pressure of S3 and its mirror source S3 at point P. etcetera. 
Empirically and theoretically the compensation for f can be achieved (Fig. 3) by adjusting f3 by 
means of 33 and adjusting 1/J3 until f3 and £4 are in phase opposition. This procedure was most 
accurately done by minimizing the output of the velocity hydrophone for w. The adjustment 
procedures were carried out in the absence of the fish using continuous sound emission. The velocity 
hydrophone w was lifted to P during the compensation.

Fig.3. Diagram of the transmitting (upper part) and receiving system (lower part) used during the 
phase reversal experiments. The grounding systems of both systems have no galvanic contact to 
minimize crosstalk. A phase shifter is denoted by The indices indicate the channel number. In this 
diagram the helipot settings are symbolized by ai, etcetera. See text.
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The second step to obtain type 2 stimuli was the compensation of P3 + P4 versus p while keeping 
i/>3 and 33/34 constant. This was easily accomplished as the phase shifters (see description below) had a 
switch for an extra phase shift of 180°. With the volume control of the oscillator, ai and tpi (or 33 and 
1^2) the p-hydrophone output was minimized. Another method was to keep the setting of ai and the 
volume of the oscillator unaltered and adjust i/>], 33 and 34 while keeping 33/34 and 1/53 constant. 
Accurate dials of the 10-turns helipots permitted this alternative. All adjustments had an iterative 
character.

Type 2 waves were obtained by turning over the 180° switch of or 1^3 and doubling the output 
of S3 + S4. The latter settings were noted.

By means of a triangular frame of steel tubes and lines of synthetic fibers S3 (type Schuijf et al. 
1972) and S4 (Chesapeake Instruments, J9) were both suspended with their axes upright.

The suspension of the frame was independent of the opaque cylinder around the fish (vibration 
isolation).

The vibration isolation system that suspended the perspex frame with the velocity hydrophones 
(Schuijf, in press; calibration: Schuijf, 1974:3.1) now had to satisfy the conditions:
(a) no entangling with the suspension of S3 + S4,
(b) a fixed axial distance between the hydrophones under the spoke’s cross (Schuijf, in press) and the

cage permitting temporary lift up to level P for adjustment procedures.
This was solved by an elastic suspension attached to the spoke’s cross with 2 degrees of freedom of 

rotation in the horizontal plane like a cardan joint.
On stimulation the selected channel gate of either Sj or 83 (Fig. 3) switched on before the 

conduction of the common analog gate started and, reversely, switched off after this time lapse. Hence 
the currents through all sound projectors had an identical amplitude envelope, otherwise stimulations 
cannot be considered as changing quasi-statically (validity of adjustment procedures; 90% rising time 
of the sigmoid envelope about 0.08 s, corresponding to a path length of 125 m). The conditioned 
stimulus CS was not intermittent.

The phase shifters were a modelling of an addition formula for circular functions by means of 
operational amplifiers (Analog Devices: /TA747C):
cos (CO -1/>) = cos i/J cos cot + sin sin cot = (cos ip cos cot) -rd (sirup cos cot)/dt 
provided that cor = 1.

The terms between brackets were the two outputs of a 360° sin cos potentiometer (Bourns, 
type 6574 N) connected to a symmetrical source of ± cos cot. The first output was directly connected 
to an adder, the second output was indirectly connected to it via an inverting differentiator with time 
constant T (feed back resistor adjusted so that cor = 1).

The receiving circuits were similar to those used in Schuijf (in press). A phase meter was added 
(Fig. 3). The phase meter was based on a principle due to Heydemann (1963; zero crossing detectors). 
For our version with modern components and its calibration see Schuijf (1974, 3.1.). Reliable 
functioning, with an estimated accuracy of ± 2 when connected to the receiving circuits, was attained 
for signals > 200 mV RMS (noise immunity; hysteresis for a resolution deadband). The reference 
signal was derived from the output of the central gate. Electrical signal interference between 
transmitting and receiving circuits was avoided by means of an optically coupled isolator (Texas 
Instrument: model TIXL 113) provided with auxiliary circuits.

After the adjustments of the transmitting system for producing type 2 stimuli it was possible to 
compare successively type 1 and type 2 stimuli by means of the phase meter and the wave analyzer 
(General Radio, type 1568 A). During the conditioning the stability of both stimulus types was 
checked by means of amplitude and phase measurements of either p or u in a trial. Component w 
could not be measured adequately (measuring position too low during conditioning; w too small for 
phase measurement).

The computer simulation of the various sound fields (see Schuijf, 1974, 3.2.3) yielded results that 
were compared with the empirical data in Table 1.
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Table 1. Comparison of the travelling wave fields with the computer simulation. Sound parameters in 
polar form with phase angles in degrees. All phase angles are referred to u for the case when S2 is 
operated at a bearing* of 180°, i.e. per definition in that case u’s phase angle 0=0. Shortened version 
from Schuijf (1974, 3.2.3.). MKS units. Assumed values: p = 1023.4 kg m"3; c = 1490 ms'1

theoretical empirical

p pcu 0 pew K P pcu pew K
Si 0.286 44.1 0.287 -180 0.096 86.6 0.286 -132.2* 0.295 0.094 X
s2 0.286 44.1 0.287 0 0.096 86.6 0.286 37.9 0.283 0.090 91

Si + s3 + s4 0.286 224.1 0.287 -180 0.096 86.6 0.286 + 0.295 X X
S2 + S3 + S4 0.286 224.1 0.287 0 0.096 86.6 0.294 + 0.283 X X

* The empirical \pp values were computed by substracting the phase of u relative to the output of the 
isolator from the similar measured phase difference of p. The number of specified decimals is not 
justified by the accuracy of the measurements. Errors of about 10° are to be expected in i//p.
+ A direct measurement of the phase of u(t) in type 2 stimuli to check the phase shift of this 
parameter is missing. It was verified however, that S3 + S4 do not contribute to u. Furthermore we 
had checks on the empirical values of the phase shifts and pj that were close to the theoretical 
values (213°, 211° and -20°, -10° respectively). During the conditioning the phase angle between p 
in type 2 stimuli and the oscillator was constant (pressure hydrophone then at z = 4.6 m, just 
above the cage).
X Values not measured during the adjustment procedures.

The number of verified empirical connections between the sound parameters and those predicted 
by the sound model are sufficient to justify the deduction that the phase of p was indeed inverted, 
without appreciably altering any of the other parameters involved.

A standing wave between Sj and S2 was generated by driving Si and S2 simultaneously (Si via 
^1). The phase of p produced by S4 was adjusted by ip4 either to be equal to that produced by S2 

alone, or opposite (denoted by pO and pi80 respectively). The amplitudes of p4 and u had the same 
values as in the type 1 stimuli. S4 also produced a w4 component (unavoidable: lack of a third phase 
shifter; electric break down of S3) with i//w = 190 for pO stimuli.

Results

A

Head-tail discrimination and the effect of phase reversal of p

The cod used to swim in the circular outer tunnel of the cage. Frequently it entered 
the central area via either of both entries. Responses to sound were similar as in Schuijf 
(in press). When stimulated the fish headed almost immediately towards the sound 
source, if necessary preceded by a turn through 180° in the central area. During

* direction II
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prolonged stimulation it used to wait at the feeding place for the possible appearance of 
food. No different motor patterns were observed in response to type 2 stimuli.

A dead-line for the field experiments prevented cure for a sudden electric break down 
of sound projector S3 and extension of the observation series. Nevertheless the obtained 
results shown in table 2 are quite convincing. No deterioration of type 2 stimuli was 
measured until the mentioned event.

Table 2. Frequencies of the responses towards or away from the sound sources in the 
horizontal plane.

type 1 stimuli type 2 stimuli

stimulus

class

response

totals

stimulus

class

response

totalstowards away towards away

I1H 16 1 17 I1H 0 2 2

12 H 14 0 14 I2H 0 0 0

I1T 22 0 22 I1T 0 2 2

I2T 18 0 18 I2T 0 2 2

II1H 14 1 15 II1H 0 2 2

II2H 17 1 18 II2H 0 1 1

HIT 14 0 14 HIT 0 1 1

II2T 17 1 18 II2T 0 1 1

totals 132 4 136 totals 0 11 11

There are no indications that the discrimination could be based on anything else than 
the stimulus directions I and II in type 1 stimuli. This explanation can be accepted 
without statistical test.

For type 2 stimuli the bearing of the sound sources seems decisive again for the choice, 
but the choice is reversed. To test this we pooled all the stimulus categories with common 
directions: I or II. For type 1 and type 2 stimuli the resulting 2X2 tables for the 
directions I and II are respectively:

towards away towards away

type 1 70 1 71 type 1 62 3 65
(II)

type 2 0 6 6 type 2 0 5 5

70 7 77 62 8 70
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In each table was tested:

H0:
TTl
1T2

l-7Ti

1-7T2
or p

def TTi (l-7r2) 
7T2 (1 “7T1)

= 1 against Hi: p>l,

where tti denotes the probability of a response towards the relevant source in row 1, and 
similarly 7r2 for row 2. A conditional statistical test for the comparison of two binomial 
populations is applied (Fisher’s exact test). It is easy to calculate the p-values, because 
each of the tables represents the most extreme event. The results are: Prob { table I under 
Hq } = p! = 3.0 X 10"8 and p2 =4.6X 10'6.

The effects found in both tables are combined with Fisher’s omnibus test (e.g. applied 
in Schuijf, 1974a) resulting in p = pip2 [1 -In (pip2)] = 3.7 X 10‘12. For several 
theoretical reasons this should not be considered an incontestable value, but the 
alternative hypothesis H! can readily be accepted. Apparently p > 1 ; this imphes the 
choice reversal for type 2 stimuli.

B

Directional hearing in the loop of a standing wave with added p and f information.

An observation series was made on the last day available for experimenting. The series 
started with one pO and one pi80 stimulation inserted between trials with type 1 stimuli 
(12 and III) using the partial reinforcement schedule. The pO and pi80 stimuli evoked 
responses (inrewarded) towards A (in line with S2) and towards B respectively, as was in 
accordance with the phase of p4.

In subsequent trials in which the responses to pO and pi80 were partially rewarded, 
part of the a priori unrewarded trials could be used to present tentatively wO and wl80 
stimuli (analogues for w of the pO and pl80 stimuli). The results are specified in the 4X2 
table.

response towards

pO

p!80

wO

wl80

B (Si) 

0 

13 

2 

2

A(S2)

14

0

1

2

The responses to pO and pi80 stimuli could in no respect be distinguished from the
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usual choice behaviour. However, responses to wO and wl80 were markedly different 
(hesitating behaviour; turns through 360°).

Discussion

Before discussing the directional responses shown by the fish in the experiments, we 
have to point out that the synthesized waves only approximated the ideal test situations.
(1) The compensation of f with S3 + S4 demands a high degree of amplitude and phase 

stability in the transmitting system.
The f due to the mirror sources Sf or S2', are relatively small as compared with 
either of the displacements ("3 and (4. Hence a moderate unbalance of the S3 and 
S4 outputs may have a profound effect on the total f in type 2 stimuli, but the 
aimed phase reversal in p is perturbed to a much lesser extent.
In the experiments with a horizontal standing wave produced by Sj + S2, the 

stability of the p compensation was critical. However, since the individual contributions 
of Si and S2 to p are about half the value of p4, p4 normally overrides any unbalance. 
From our measurements during the conditioning experiments we got the impression that 
the transmitting circuits were in effect fairly stable.
(2) The region where an ideal compensation can be achieved is not extensive. Results of 

a computer simulation of the sound field showed, for instance, that theoretically at 
z=4.75 m and r=4.7 + 0.2 m (= 0.2 m from P) the amplitude ratio of p in type 2 
and type 1 stimuli was 1.094 (phase deviation -5.5°) and for z=4.75 + 0.05 m and 
r=4.7 m an amplitude unbalance of 5.9% in ( is produced together with a phase 
shift of -17°.
A disadvantage of the set-up was that w (and hence () could not be measured 
during the training, as an adequate suspension system for the w-hydrophone could 
only be positioned beneath the cage (z=5.28 m) in the extreme near field of S3, 
which implies that the output was by no means representative for the compensation 
of f in type 2 stimuli.

In our view the only reasonable explanation of the obtained directional responses is 
the phase analysis of the sound parameters by the fish, since differential stimulation of 
the labyrinths was excluded in the experimental set-up. With type 1 stimuli in principle p, 
I and f are relevant parameters, as the phase relation of both p and f with respect to | 
depends on the propagation direction of the sound wave (Schuijf 1974, 3.2.1a, 1975). 
However, in type 2 stimuli only the phase of the acoustic pressure p was changed: gross 
variations in amplitude or in phase of (, due to unbalance in S3 + S4, were not likely to 
occur as discusses above. Moreover, from the results mentioned under B it is clear that 
phase reversal of f strictly speaking, adding a relatively large f in the correct phase for 
either propagation direction) per se does not lead to a well-defined choice behaviour.

It is concluded that the phase of the acoustic pressure p with respect to the phase of 
the horizontal particle displacement £ determines the polarity of the directional response. 
During the apparently confusing wO and wl80 stimulations (see above) also a p
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component was present, due to S4. The phase angle (\p0 - i//g) did not correspond, 
though, to those measured in the other stimulus situations (roughly 90° more). Therefore 
we conclude tentatively that only phase angles (i/'p - between ca 90° and ca 180° and 
between 0° and -90° are effective. These values correspond with the naturally occuring 
phase range (depending on the sound source distance).

It has well been established that cod is essentially sensitive to the acoustic pressure at 
frequencies above ca 100 Hz (Chapman and Hawkins, 1973; Sand and Enger, 1974), 
owing to the pressure-displacement transforming effect of the swimbladder. However, this 
effect is still appreciable at frequencies far below 100 Hz. It may thus safely be assumed 
that in any model of the phase analysis in directional hearing in cod the ’’direct” 
horizontal particle displacement and the ’’reradiated” particle displacement (which lags 
180° behind the acoustic pressure, if a direction away from the swimbladder is taken as 
positive) should appear as relevant parameters, interacting in the fish ear. As the stimulus 
situation is bilaterally symmetrical, the individual ear must be capable of extracting the 
phase information.

Although as yet nothing is known about the physiological mechanisms involved in 
’’vectorial” phase analysis, certain features can be deduced in advance. A determination 
of the phase of one vector, i.c. displacement, with respect to another can most easily be 
accomplished by comparing the output of at least two vector detectors, one of which is 
exclusively sensitive to the first vector, the other exclusively to the second. This, 
however, is not a conditio-sine-qua-non. Only a differential sensitivity to the vectors is 
required. A second requirement is that the vectors are not parallel to each other, since 
otherwise no unambiguous phase determination is possible. Two (or more) groups of hair 
cells, having different axes of maximal sensitivity, might constitute the physiological 
correlate of such a phase sensitive system. Evidence that such groups do exist in the 
macula sacculi and the macula lagenae comes from morphological research on the burbot 
Lota lota (Wersäll, et al, 1965) and from electrophysiological data on the perch Perea 
fluviatilis (Sand, 1974). The latter author has demonstrated that a gradient of the ratio 
between vertical and horizontal sensitivity exists along the saccular epithelium, which he 
claims to be the result of complex rocking motions of the otolith. However, an 
explanation in term of different axes of optimal sensitivity seems at least also reasonable. 
In such a system the phase information might be coded as times differences in the 
afferent signals from the different groups.

Obviously other vectorial stimuli might influence a system as depicted above. In this 
respect the vertical particle displacement should be considered (see also Schuijf 1975; 
1974, 3.2.1a). Although in the experiments no clear effects of f were noticed, application 
of stronger (-stimuli in absence op p-information (to eliminate the swimbladder effect) 
might yield positive results. Future research will deal with this problem.

The authors are greatly indebted to the students in biology miss Ine van Spanje, mr J. Klinkhamer 
and mr J. Schillemans for their various and indispensable contributions in the preparations and 
execution of the field experiments. Indirect support of long term guests at Nessoen, Sotra, relieved
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our nearly constant shortage of time. Mr Odd Tvedt and his family sacrificed some of their holidays to 
reconstruct our distorted frame of the food dispensers. The firm of Odd Tvedt and Co AS, Bergen, 
deserves our great gratitude for immediate help offered in this case (and another in 1972, when our 
periscope got leak).

We gratefully acknowledge the suggestion of ir. D.W.van Wulfften Palthe (Delft) to add sound 
source S4 to obtain ’’pure” inversion of p. We are also indebted to him, as we are to Professor S. 
Dijkgraaf and Dr. F.J. Verheijen (Utrecht), for giving comments on the manuscript.

The field study was made possible by the Havforskningsinstitutt, Bergen, Norway, supplying 
essential equipment as boats, outboard motors, etcetera through mr. G. Aase. The Netherland 
Organization for the Advancement of Pure Research (Z.W.O.) financed our study journeys to Norway 
(projects R 88-34 and R88-66).
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SECTION III
DETAILS OF THE APPLIED METHODS

3.1. Velocity hydrophones

3.1.1. Construction and outline of the calibration problem

The velocity hydrophone consists of two hemi-spherical aluminium cups that are 
screwed together with a cylindrical seismic sensor sandwiched between seats at the inner 
sides of both cups (Fig. 4). Epoxy resin was applied to the cylinder ends before mounting 
in order to obtain a rigid bonding. Two suspension rods of stainless steel are aligned with 
the axis of the geophone (Sensor Nederland, The Hague, type SM2) and screwed in holes. 
The shield of the 2-conductor cable is connected to the housing. The coils of the sensor 
units for horizontal use were suspended by means of two Belleville springs that were 
mounted in a counteracting way.

Fig. 4. Cross-section of the velocity hydrophone. Scale 1 : 1. See text.
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The applied sensor units had the
manufacturer.

natural frequency fo =
coil resistance Rel =
transduction S
moving mass (coil) m =

following specifications according to the 

14 Hz
385 S2 ± 5%
30 Vm'1 s 
Hg

Velocity hydrophones of this type have been in use since 1969. Several types of vibration 
isolation systems used in their suspension are described in 2.1 and 2.2. The construction 
is rather similar to the Navy Ordnance Laboratory velocity hydrophone (Bobber, 1970, 
p. 276), however, the average density in our unit is larger than that of water. The 
application of seismic sensors for measuring particle velocities in water is not new 
(Banner, 1967; 1973). Sometimes velocity hydrophones have been calibrated in the 
extreme near field of a projector, assuming a monopole radiation (Banner, 1973).

The necessary formulas are presented for calculating the receiving sensitivity of the 
velocity hydrophone from its transmitting response, when it is operated reversely (dipole 
radiator; reciprocity calibration). Furthermore the formula for the receiving sensitivity
(3) permits the calculation of the amplitude and phase response for other values of the 
electrical load than used in this reciprocity calibration.

3.1.2. Acoustic theory
(a) Transducer as receiver
In a physical description the velocity sensor consists of a spherical housing of radius a 

and mass M, containing a seismic mass m, which is suspended by damped springs having a 
compliance C and a resistance Rm- Furthermore an electrodynamic drive system has been 
inserted between the seismic mass, the coil, and the housing. The drive system is 
characterized by the magnetic induction B, the voice coil length 1 and the electrical voice 
coil impedance Zel. The sphere is loaded mechanically by a radiation impedance which 
can be considered as a mass Mvjrt = 'AßVQ, where p denotes the density of the medium 
and V0 the volume of the sphere.

An external sound field may be present having an unperturbed particle velocity v at 
the position of the centre of the sphere in the axial direction of the transducer. The axial 
velocity of the transducer housing is denoted by u0.

Figure 5 is a schematic representation of the mechanical part of the sensor, assuming a 
driving current i in the voice coil. The extraneous force Fe that would act on the blocked 
sphere in the sound field is in reality splitted in a force F exerted on the movable sphere 
and a force to drive the radiation mass or virtual mass Mvjrt, as follows from the equation 
(2) below. The first part of equation (2) is given together with its physical interpretation 
by Landau and Lifshitz (1963, p. 35 and problem 1, p. 36 in this reference).

:pV°dr
dv pV0 d

2 dt "(u0 - v) =
3 dv
2 pVo dt ■

pVp du0 

2 dt
pV0 du 

Fe~^ dT (2)

provided that the fuild near the sphere is considered as incompressible. Acoustic theory

87



also presents solution (2) as a first approximation: in the case of a harmonic wave with 
wavenumber k = 27r/X the condition being ka < 1.

From (2) it follows that

Fe= |jpwV0v (2a)

The admittance type equivalent circuit for the mechanical part of the system is given 
in figure 6, where currents represent forces. The total mass Mt equals = M + pV0/2. 
The equivalent circuit is completed by the addition of the electrical part, as in figure 7, 
where an electrical load in the form of resistor Rsh had been added.

U| uo Fe

m

^Bli Bli>c

C

----------—-—-L

M

2- 

M virt

\ Rm
1------------------------ 7

. Uo

Fig. 5. The mechanical part of the velocity sensor.
Fig. 6. Admittance type equivalent circuit for the mechanical part of the velocity sensor. 
Fig. 7. Admittance type equivalent circuit for the complete velocity sensor.
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Analysis of figure 7 for the case of an external sound field and no electrical load other 
than Rsh yields:

e =
2 jpwV0Blv

ZM1 +
1

Rsh
<'B1',2('1+ ^) + ZelZMl

(3),

where Zmi = 0 +~ ) (j~^ + Rm) +jwMt.

Without shunt (Rsh 00) and pure mass controlled behaviour of the accelerometer 
(RM ->• 0; C 00) equation (3) reduces to the result mentioned in 2.1 (Schuijf et al. 1972, 
p. 85).

(b) Transducer as transmitter
The acoustic pressure p generated by a rigid sphere executing small (harmonic) 

translatory oscillations with velocity u0 is given by Morse (1948, p. 318).

p = A cos (fl) h(^ (kr) exp (jcot) = —A cos (t?) (1 + ~) exP <jM~kr)} (4),

where A denotes a factor proportional to u0 and d denotes the angle enclosed between 
the position vector r from the centre of the sphere to the receiving point and the dipole 
axis. The time dependence of the waves is altered to conform the technical convention. 
The spherical Bessel function of the third kind h^ (kr) is expressed in circular functions 
by means of Rayleigh’s formulas (Abramowitz and Stegun, 1968, Equations 10.1.25 and 
10.1.26).

The kinematic boundary condition on the impenetrable surface of the sphere is 
satisfied for

— pcu0a exp (jka) _ pcuu0k2 a3 

A 1 + 2/(jka)+ 2/(jkaT ~ 2

(see Skudrzyk, 1954, p. 172). The approximation is valid provided that ka < 1.
The relation between p and u0 may be obtained by substituting the value of A from 

(5) in (4).

(c) Application of the reciprocity principle
We introduce an electro-acoustical four-pole (black box with two electrical terminals 

and two acoustical terminals) consisting of the shunted voice coil of the transducer and 
an imaginary point source (position P) at r (direction &) described by the equations

(6),
p - ziiU + z12io 
e = z21U + z22i0
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where p denotes the acoustic pressure at P and e the voltage over Rsh- Furthermore U 
denotes the volume velocity of the point source and i0 is a current source to drive the 
electric system.

In the impedance type representation of a electro-acoustical four-pole, as chosen in 
eqs. (6), the electrodynamic coupling is anti-reciprocal, i.e. Z12 = ~Z21 and it follows that

(f-) =-(-) (7)>vy/i0=o Vi0/u=o
The unperturbed axial velocity v caused by the point source at P is easily shown to 

equal

OUkr)3^ COSW (8),

Elimination of U from (7) and (8) results in

/e\ = 47rr2 exp (jkr) /p\ =j/P\
lv/ io=0 (l+jkr)cosfl \io/u=0 lio/uO (9),

The ratio of the receiving sensitivity of the velocity sensor to its transmitting response has 
been denoted by J in (9). By means of equation (9) we are able to calculate the effective 
receiving sensitivity for the applied shunt resistor. The receiving sensitivity for other 
values of Rsh may be calculated from (3) if necessary, provided that m, M, C, Rm and Ze| 
are known. If the frequency of the sound exceeds the natural frequency of the seismic 
sensor several times (e.g. f >4f0) and the open circuit damping is low 
(RM /(mCjl 2Mt < 1), as is usual, then (3) may be simplified to

f_ = Rsh 2^ 
V Rel + Rsh Mt (10),

This approximation was used to calculate the sensitivity of the velocity hydrophones in 
studies before 1974.

The result (9) could also have been derived less general without the assumption of 
antireciprocity by using (4), (5) and an expression relating u0 to Bli (via analysis of the 
equivalent circuit in Fig. 7).

3.1.3. Calibration practice

The calibration was performed under the raft in 1974. The velocity hydrophone and 
the pressure hydrophone were each mounted in vertical rectangular frames that formed 
pendulums with one degree of freedom. These were suspended and positioned by means 
of PVC sleeves along a horizontal A1 tube at about 4 m depth. The plane of oscillation of 
the frame with the velocity hydrophone could in the horizontal plane be adjusted to any
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angle d relative to the pressure hydrophone. A polar curve of the sensitivity of the 
v-hydrophone was measured by repeating the procedure for various values of

The transmitting and receiving circuits will be clear from Fig. 8. A constant distance 
r=ro=0.375 m was used.

Measurement of the phase response of the velocity hydrophone has been tried, 
however, the indications of the phase meter did not seem to make sense, possibly because 
the signal to noise ratio was too bad. Lack of time precluded further experimenting.

The accuracy of the calibration depends on that of the p-hydrophone sensitivity 
(Atlantic Research Corporation, type LC 54). A recent spherical-wave reciprocity 
calibration with three transducers at 1000 FIz (at The Physical Laboratory, TNO, The 
Hague, The Netherlands) resulted in a sensitivity of -30.1 dB re 1 V/Pa (LC 54 plus a 
preamplifier with 40 dB gain). Furthermore at 75 Hz a comparison calibration against a 
laboratory standard hydrophone that was involved in the reciprocity calibration gave 
(-30.5 ± 1) dB re IV/Pa (same conditions). The capacitance of the LC 54 was found to 
be markedly different from the nominal value (3000 pF and 1950 pF respectively).

Fig. 8. Measuring system for reciprocal calibration of the velocity hydrophone (without reciprocity 
check) using the reciprocity parameter J of equation (9). The current source circuit contains a high 
current model of FET operational amplifier (Philbrick, Nexus, 1006).
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3.1.4. Results

At a frequency of 75 Hz, the stimulus frequency used in almost all conditioning 
experiments, the following values were measured (without shunt):

i0 = 4.19 mA
6p = 1.26 mV (output preamplifier).

With a shunt resistor of 1 k £2 the electrical output was reduced to 

6p = 0.95 mV

Other data are specified in 3.1.3.

Without shunt the sensitivity of velocity hydrophone Vj (see 2.2.) was calculated by 
means of (9):
ie/vi =(17.7 ± 3) Vms'1 (17.7 Vms'1),
where the value between the brackets is calculated by using (10) and the values: B1 = 
30 Vsm'1 (see 3.1.1.) and M = 0.242 kg. In the case of the shunt the results are: 
le/vl= (13.3 ± 2) Vms"1 (13.0 Vms'1).
The empirical and theoretical sensitivities agree well.
The frequency curve of the sensitivity (Fig. 9) is almost flat in the frequency interval 
between 75 Hz and 750 Hz. This result and the effect of the electrical load of 1 k!2 at 
75 Hz confirm with equation (10). The open circuit sensitivity at 30 Hz (co/co0 = 2.2) is 
of course higher than predicted by (10).

dB re

------f in Hz

Fig. 9. Frequency response of the sensitivity of the velocity hydrophone without shunt resistor.
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90

relative sensitivity

270

Fig. 10. Polar plot of the sensitivity of the velocity hydrophone at 75 Hz relative to the value for $ = 
0. No electrical load. Measured values indicated by A.

Fig. 11. Schematic functional diagram of the digital part of the phase meter (principle due to 
Heydemann, 1963). The edge-triggered RS flip-flop FF1 is switched to the on state when a 
positive-going zero crossing occurs in the signal to be measured. A monolithic comparator (polarity 
detector) was gated by the signal to produce the leading edge (drawn) at that event. This on its turn 
fired a monostable multivibrator (omitted in the diagram) connected to the set input of FF1. The 
timing diagram of the TTL logic is displayed for an example in which the signal leads in phase.

Translated in neurophysiological terms this circuit may form a model of the phase processing in 
directional hearing in fish (note the cross-coupled feature; see also 3.2.1a).

In the phase meter the time average of ei-ej was indicated by a DC meter connected to the 
outputs ei and 62 via an analog subtractor circuit (short time constant) or ditto plus an averager.

The phase meter (see 2.3) and the receiving circuit were calibrated afterwards by comparison with a 
commercial phase meter (Wiltron, Palo Alto, U.S.A., model 351).
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In the studies 2.2. and 2.3. the velocity hydrophones were loaded by about 1150 O. 
The assumed sensitivity was calculated by means of (10) to equal

(13.3 ±2) Vms"1.

The angular dependence of the sensitivity reasonably fits the cosine law (Fig. 10). It is to 
be expected that owing to the spherical shape of the hydrophone the angular dependence 
is almost identical with that of the seismic sensor.

Theoretically the phase shift in the receiving response at 75 Hz and Rsh = 1 kf2 is 
small. An estimate based on (3) is about + 7°. However, it does not seem appropriate to 
introduce such an unverified correction in the measuring results of 2.3.

The priority of the conditioning experiments in 2.3 (part B) made me decide to stop 
further empirical analysis of the velocity hydrophones.

3.2. Model of the sound fields

3.2.1. Acoustic theory

The monopole source under a ’’pressure-release” boundary (surface) is treated by 
Junger and Feit (1972) and many others.

The sound fields is the superposition of spherical divergent waves emanating from the 
projector and the reflected waves from the (virtual) mirror source over the surface. The 
explicit mathematical expressions of the various sound parameters are too complicated to 
obtain amplitudes and phases at acoustically and/or geometrically close range without 
computer aid. In accordance with the scope of this section only harmonic sound sources 
are considered. In this thesis cylindrical polar coordinates are used: see Fig. 12. However, 
at ’’long range” spherical coordinates (R, <I>, ©) are used (Fig. 12). The presence of a 
sea-floor is neglected. s

d

surface

Fig. 12. Coordinate systems in use to calculate in the sound fields. The fields are axisymmetric, hence 
independent of In the cylindrical polar system the coordinates of the field point P are (r,$,z), 
whereas in spherical coordinates they are (R,T>,@). Consequently the surface is the locus z = 0 or 0 = 
7T/2 respectively. Downward is the positive direction for z.
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The preparations for the computer procedures (b) are treated after a few remarks on 
the properties of this sound field in distant regions (a).

(a) The distant dipole field and directional hearing
The resultant sound field at long range is according to Junger and Feit (1972):

p (R,0) = sin (kd cos ®) exP {j (kR - cot) } (11),

where the volume flux of the point source is denoted by U. The other variables follow 
from Fig. 12.
The particle velocity v similarly is given by

v = j^2:[( jkR-1) sin (kd cos ©) er — kd sin © cos (kd cos 0) e©] exp {j(kR-cot)} (12),

where er and e© denote the radial and the tangential unit vectors at P respectively.
The following criteria to characterize the far field are cited from Junger and Feit 

(1972, p. 48):
1. ’’The pressure displays a spherical spreading loss, its amplitude decaying as R“1.
2. The 0- and 'F-dependence of the pressure amplitude do not vary with R.
3. The specific acoustic impedance equals the characteristic, plane-wave impedance pc.”

At distances kRM there is a conical zone around the nadir where the particle velocity 
at the field point P is in line with the source (strictly the origin) and furthermore satisfies 
the conditions 1 and 3 above as follows from 12. In the complementary zone bordered by 
the surface the independence of <F is also valid, but a more or less important vertical or 
tangential velocity occurs. From (11) and (12) is follows that

where r is the radial distance in cylinder coordinates. Equation (12a) may be further 
approximated, if e.g. kdz/R < tt/6 and r/R « 1, to

v
pc

exp {j(kR - cot)} (12b),

The vr term shows the far field ratio with p. It follows that the phase of the tangential 
particle velocity leads the radial component by 90° (sign conventions as in Fig. 12). 
Accordingly the same phase relation applies to the corresponding displacements £ and 
For fish without gasbladder that are used to swim acoustically close to the surface of the 
sea (e.g. several species of sharks) the direct stimulation of the otolith organs by £ and f 
should contain exclusively the information on the propagation direction of the waves, 
according to the hypothesis in Schuijf (1975; see 2.2.: discussion). The resultant describes 
an elliptic path. The rotation sense relative to the fish, however, is determined by the 
propagation direction of the impinging wave. However, it is quite possible that the phase 
comparison occurs somewhere in the afferent paths of separate types of maculae.
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In a far field situation it is the phase of the acoustic pressure p relative to the 
displacement that is decisive for the propagation direction (Kinsler and Frey, 1962, 
p. 114). If the sound impings caudally on the fish the acoustic pressure leads the particle 
displacement in the undisturbed field (fish absent) by 90° if a motion towards the 
rostrum is taken as the positive direction. In teleosts with gasbladder indirect stimulation 
of the otolith organs occurs which transfers the acoustic pressure to the labyrinths as a 
near field displacement £sc of the pulsating swimbladder, or roughly as

-VqP

47rr2pgCg (13),

where V0 is the volume of the swimbladder, r the radial distance between its centre and 
the otolith organs and the index g refers to gas. In (13) it was assumed that the positive 
direction of £sc points radially outward. The proportionality factor and the otolith organs 
and the index g refers to gas. The proportionality factor is only correct for a spherical 
gasbladder and tissues being absent. The elastic response of the swimbladder and its heavy 
damping in living cod is well verified (Sand and Hawkins, 1973, statics only: 1974).

From (13) follows that |sc and p are in phase opposition, hence the phase of £sc lags 
by 90° in the same example as above. However this phase information can only be 
detected when |sc and % are not in line. This is quite well possible, since for the actual 
swimbladder shape and its position relative to the labyrinths, tangential motions in the 
scattered field seem possible. The positions of the swimbladder and the saccular otoliths 
can be derived from radiographs of a 35 cm cod presented in Sand and Hawkins (1973); 
see also: 2.3. (discussion). Of course processing via separate maculae is a possibility as was 
mentioned in the case for sharks. It may be interesting to consider the functional diagram 
of the phase meter (Fig. 11) as a model of the phase processing. The polarity detectors 
might be connected to the differently oriented hair cell fields. Electrophysiological study 
of the labyrinth parts may reveal more of the actual mechanism.

(b) Computation of the exact formulae
Let S! denote the position vector of field point P relative to the point source. Similarly 

index 2 referts to the mirror source. From Fig. 2 follows that 
Si = r2 + (z - d)2 and s^ = r2 + (z + d)2 

The relevant sound parameters are calculated from
p = — jkA<i>t , where <ht = T»! + /? <i>2

(14)
, . , , A, ast ^ a^t xand pcv = A grad <ï>t= A ( er + ez)

where the total acoustic potential <l>t of a point source with a volume velocity of -Arr/pc 
is the sum of the contributions of the direct wave and the reflected wave. The expression 
for <l>t is only exact if the reflection coefficient R does not depend on the angle <8182? 
(otherwise see Morse and Ingard, 1961, p. 36).

Here the technical convention is adopted to take the time dependence of the wave of 
the form exp (jcot): it is further omitted. A signal leading in time thus has a positive phase 
shift.
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3.2.2. Numerical procedures

In order to prepare computer programming a function g(s) = exp (-jks)/s is 
introduced.

It follows that

dg r cos (ks) . . s. \ sin (ks) Ts j-= —[  —- + k sin (ks)l +1 I-k cos (ks) + —-—- ]dS S V /J J L V ^ s j

The contribution of the direct wave to the gradient is now e.g.

^[rer + (z-d) ez] / Sj

With these notes the reader familiar with AlgolóO programming will not have difficulties 
in analyzing procedure potential presented in the text of program sotra74. The 
underlining in Algol delimiters is replaced by ” Procedure potential with the formal 
parameter refl put to -1 was the basic procedure of all computer simulations of the sound 
fields.

In cases where A is fitted to experimental data the projector source level SL is 
computed from

SL = 8.686 X In(kA) (15),

where SL is expressed in dB re 1 pascal at 1 m (add + 20 to obtain the value re 1 jubar at 
1 m).

3.2.3. Applications

With procedure potential it is possible to compute the various contributions of the 
sources Sj to the sound fields applied in 2.3. Program sotra 74 is an example how the 
theoretical values in table I may be computed. It is aimed to present a program of which 
the analysis is simple, but not to produce a sophisticated and efficient program.

The polar form of the volume velocities Uj of the involved sound sources Sj (i=l,2,3,4) 
is written as

Uj = 47raj exp (jy>i) (16),

Equation (16) defines the theoretical counterparts of aj and in the circuit of Fig. 3 in
2.3.

Assume that the sets of values aj and i/?j (i=2,3,4) are known that satisfy the conditions 
for the generation of ’’synthesized” waves or type 2 stimuli (see 2.3: methods 2, 
stimulus dichotomy a), then the contribution of each single sound source to the 
sound parameters p, pcu and pew in type 2 stimuli can be computed at any field 
point by means of procedure sound2 in sotra74: see comment under the procedure 
heading. Cylindrical polar coordinates (r, <p, z), coaxial with S3S4, are used to fix the 
position of the field point. It is assumed that the position of S2 is given by (x, tt, d) left in
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ALGOL-60 PSR 348.LM 08/11/74

00** S0TRA74.
"BEGIN“ "COMMENT” ALGOL-bO PROGRAM FOR COMPUTER SIMULATION OF THE PHASE 

REVERSAL OF THE ACOUSTIC PRESSURE IN ”SYNTHESIZE0“ WAVES 
(APPLIED IN 2.3) .ALSO CALLED TYPE 2 STIMULI. PROGRAM S0TRA74 
GENERATES THE THEORETICAL VALUES OF TABLE 1 IN 3.2.3.?

"REAL" C.RHO.RHOC,PI2,C0NV,F,D,D1,02.R,X,Z,
K.PHASE.A.A3.A4iPHIl.PHI3.PHI4?

"INTEGER" I?

10»» "PROCEDURE" POTENTIAL(A,D,R,Z,REFL,Y)?"VALUE" A,0,R,Z,REFL?
"REAL" A,0,R,Z,REFL?"ARRAY" Y?

"COMMENT" THE REAL AND IMAGINARY PARTS OF THE SOUND PARAMETERS P,/3CU 
(RADIAL) AND /OCW(AXIAL) ARE COMPUTED FOR THE RECEIVING POINT.
ORDER OF THE ASSIGNMENT TO THE ELEMENTS Y£I) (1=1,2,... ,6):
Ytl)« = RE<P> . Y(2)t = IM(P), ETCETERA.
NON-LOCAL IDENTIFIER I K = W A VE NUMBER=l»>/C.
FORMAL PARAMETERS«
A = VOLUME VELOCITY OF THE SOUND SOURCE DIVIDED BY — HDT/pC 

20** D=OEPT F OF THE SOURCE (POSITIVE Z DIRECTION DOWNWARD )
R=RADIAL DISTANCE BETWEEN SOURCE AND RECEIVING POINT (CYLINDER 

COORDINATES)
Z=D£PTH OF THE RECEIVING POINT
REFL=REFLECTION COEFFICIENT.ONLY THREE VALUES ARE ALLOWED!

+1 RIGID 30UN0ARY OR -1 "PRESSURE-RELEASE " BOUNDARY OR
0 NO BOUNDARY (FREE FIELD) ?

"BEGIN" "REAL" G, H,G2, H2 ,S 1,32 , Z1,Z2 , COS1,C0S2, SIN1, SIN2 ?
Z1! = Z-D ;Z2* = Z*D?S1*=3DRT(R*R+Z1*Z1) ?S2I=SQRT(R*R+ Z2*Z2)?

30** G«=<*S1;COS1I=COS(G)/S1?SIN1«=SIN(G)/S1?
Gl=K*S2?C0S2«=C0S(G>/S2?SIN2«=SIN(G)/S2?

Y[1)« = A*K*(-SIN1 -REEL’S IN 2) ? Y [ 2 ) I = A* K* (-COS 1-REF L *COS 2) i 
gi = (-cosi/si-k*5Ini)/si;h«=(sini/si-k*cosi)/si;
G2« = 1-C0S2/S2-K*SIN2) / S2 ?H2 » = ( SIN2/S2-K*C0S2 ï / S2 !

Y [ 3 ) I=A*R*(G+REFL*G2) ?Y(4)«=A*R*(H+REFL*H2) ?
Y(5)« = A*(G*Z1 + REFL*G2*Z2) ?Y(6]!=A*(H*Z1*REFL*H2*Z2)

40** "END” POTENTIAL.SEE SCHUYF,197413.2.2.?

"PROCEDURE" POLAR (X) i"ARRAY" X?
"BEGIN" "REAL" RE,IM,ARG?"INTEGER" A,B,I?"BOOLEAN" NEG?

"FOR" BI=2,4,6 "DO"
"BEGIN" A ! = 3-l ?RE I =Xt A 3 ? I Ml =X[ B ] ? NE G I =RE<0 ?

"IF" RE= 0 "THEN"
"BEGIN" XCA]I=ABS(IM)?

X t B )1 ="I F" SIGN(IM)=1 "THEN" 90 "ELSE" -90? 
50** "GOTO“ ENO

"END" ?
ARGI=CONV*ARCTAN(IM/RE) ?”IF" NEG “THEN" ARG «= ARG* 180 ? 
X£A]«=SQRT(RE*RE+IM*IM)iX[B)«=ARG?

END« “END"
“END" POLAR.PHASE OUTPUT IN DEGREES?
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Fig. 2 in 2.3. The computed pcv lies in the vertical plane through S2 and the field point.
Let \pu denote the phase of u2 at point P (r = 0, z = 4.75 m) caused by S2 with a2 = pc 

and ip2 = 0. Under similar conditions we have the acoustic pressure p2. The following 
relations between the identifiers in the Algol program and the aj and exist:

a2 = a (condition: Ipbar at P or a2 = 0.1 / p2)
-ip2 = i//u = phase/conv (conv = 3 60/27t) 

a3 = a3Xa4 , = phi3 + phi4
a4 = a4 , ip4 = phi4

The values assigned to the relevant indentifiers were computed by another program 
incorporating procedure potential.

The theoretical data in Table 1 were obtained by means of sotra74 (p2 was multiplied 
by 2.86). The empirical values of \p in Table 1 were computed by subtracting the phase 
\pu of u relative to the output of the isolator from the similar measured phase difference 
of the relevant sound parameter (the relation between the theoretical and empirical \pu is 
evident). Empirical data of placed between brackets are inferred by subtracting the 
mean value of \pu. All characters and still undefined symbols have the same meanings as in
2.3. The same remarks apply as well.

Table I. Comparison of the travelling wave fields with the computer simulation. Sound 
parameters in polar form with angles in degrees. All phase angles are referred to u for the 
case when S2 is operated at a bearing of 180°, i.e. per definition in that case the phase 
angle of u is 0 = 0. The amplitudes in pascal (1 Pa = 1 N/m2) are specified for the 
conditioning situation.

theoretical empirical

p V'p pcu 0 pew ’I'w P '/'P pcu pew 'l'w

S, 0.286 44.1 0.287 -180 0.096 86.6 0.286 -132.2* 0.295 0.094 X
s2 0.286 44.1 0.287 0 0.096 86.6 0.286 37.9 0.283 0.090 91
S3 0.428 74.9 0 0 0.731 189.1 0.421 ( 58.8) X 0.610 X
s4 0.964 237.2 0 0 0.731 9.1 0.991 (226.7) X 0.607 X

S3 + S4 0.572 224.1 0 0 0 indef. 0.561 (217.5) <0.01 0.015 X
Si+ S3 + S4 0.286 224.1 0.287 -180 0.096 86.6 0.286 + 0.295 X X
S2 + S3 + s4 0.286 224.1 0.287 0 0.096 86.6 0.294 + 0.283 X X

* The empirical i//p values were computed by subtracting the phase of u relative to the 
output of the isolator from the similar measured phase difference of p.

Finally the relations are inspected between the empirical settings of the phase shifters 
that were necessary to achieve the various compensations during the adjustment
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ALGOL-bü PSR 348.LU S3TRA74 08/11/74

60**

7 0* *

80**

90**

100**

110**

"PROCEDURE" SHIFT(X,Q,PHI) ;"0ALUE“ Q,PHI;“ARRAY" X J"REAL“ Q.PHI; 
“COHMENT“ MULTIPLIES AMPLITUDES 3Y A FACTOR Q AND 
ADDS A PHASE SHIFT PHI TO THE PHASE ANGLES (RADIANS);

“BEGIN” "INTEGER“ Ii“ARRAY" A,BC1!2);
All) l=COS (PHI) ;aC2 ) « = SIN(PHD ;
"FDR" I»=1.3,5 “DO“
“BEGIN" 3[l]t = XtI];Bt2]t = X£I + li;

xm J = Q*(A(1)*B[1]-A(2]*B£2)) ;
Xfl + l) l = Q* (A£1]*3£2)*AE2)*B£1))

"EN3“
“END" SHIFT!

“PROCEDURE“ POLARRAY(X);"ARRAY" X!
“COMMENT" INPUT« SOUND PARAMETERS P,/OCU,/OCW IN RECTANGULAR FORM 

AS PRODUCED BY PROCEDURE POTENTIAL.
OUTPUT! PRINT OF THE ARRAY IN POLAR FORM.

OUTPUT ACCORDING TO THE PROPOSAL OF KNUTH £1964) .!

“BEGIN" "ARRAY" YI1«6]!
“FOR" 11=1 “STEP“ 1 “UNTIL" 6 “DO" Y£I)I=X£I];
POLAR(Y);0UTPUT(61,“(“/“)“,Y)

"END" polarray;

"PROCEDURE" SOUN02(RS,R.THETA,Z);“VALUE“ RS,R,THETA,ZJ 
“REAL" RS,R,THETA,Z!
“COMMENT" GENERATES THE SOUND PARAMETERS IN POLAR FORM.
PRINT OUTPUT IN SUCCESSIVE LINES!
(1) Sj , £ 2) SA ,<3) S3 + S^ , (4) SÄ AND (5) S^ * S3 + S,, !

"BEGIN" "ARRAY" X , Y £ 1! 6 ]; “RE AL" S, T !

S«=SQRT(RS*RS+2*RS*R*COS(THETA)+R*R);
OUTPUT (61, "("2/,“(“S RS R THETA Z“) ",/, FD . 304B") “ , S) !
"FOR" TI = RS,R,CONV*THETA,Z “DO" O UTPUT (61," (" + 2ZD . 304 B") " , T ) ! 
POTENTIAL(RHOC.Dl,R,Z,-1,X)JSH I FT(X,A3*A4,(PH 131PHI4)/CONV) ; 
POTENTIAL(RHOC.O2,R,Z,-1,Y)(SHIFT(Y,A4,PHI4/C0NV)!
POLARRA Y(X)JPO LARRAY(Y);
"FOR" 11 = 1 “STEP“ 1 “UNTIL" 6 "DO“ Y£ I)1 = X £ I]+Y£ I);POLARRAY(Y) 
POTENTIAL(RHOC,D,S,Z,-1,X)}SHI FT(X,A,-PHASE/CONV) !
“FOR" 11=1 “STEP“ 1 "UNTIL" 6 "DO“ YII]l=X£I]+Y£I]i 
POLARRA Y(X)!POLARRAY( Y)J

"END“ SOUND2!

C!=1490.35;RHOI=1023.385;RHOO!=RHO*C;PI2!=8*ARCTAN(1);CONV«=360/PI2i 
F! = 75;Dl! = b.5!D2« = 9!Zl = 4.75;K« = PI2*F/C;D! = 5;X! = 4.7;
PHASE I=1. 60 02 222178234“ + 2!A 1 = 7. 97342 87 902639"-7(PHI1«= 4. 41037629" +1!
A3« = 2.0669618820265"-!(PHI 31 = 1.5319989354758“+2(
A4!=2.27396890 98959"-6(PHI 41 = 4.2367891948727“ + l(

“FOR" Zl=4.6,4.7,4.75,4.8,5.28 "DO" "FOR" R!=-0.2,0,0.2 "DO"
S0UND2 (X,R,Q,Z) (

“END"
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procedures (2.3.: methods 3) and the measured shifts in \pu (relative to the isoiaioi 
output). Of course the phase of a compensated sound parameter could only be inferred 
by turning over the 180° switch of the relevant phase shifter. Results: i/>3 = 169° 
(empirical) and 163.5° (theoretical). When type 1 stimuli and type 2 stimuli are 
compared, we can verify the relation between the i//p’s relative to the oscillator before 
= 0) and after the compensation (</? = ipi):

(17)

A similar equation without 180° at the right side holds for <//u.
Results: i/q = 213° (211.3°) and i/>2 = _210 (-9.9°). The theoretical values calculated 
from (17) are placed between brackets.

It is concluded that the object to invert only p without influencing u was indeed 
achieved in type 2 stimuli. Theoretically the small remaining component w3 + w4 (see 
table 1) influences the resulting w in either of the type 2 stimuli (via Si or S2) in the 
same way. These deviations from the ideal stimulus field are far too small to explain the 
observed reversal of the directional responses.

3.3. Construction of the food dispensers

In van Arkel et al. (1973; 2.4. in this dissertation) the construction and principle of 
the fish feeders was described in the version of 1971 (2.1. two-alternatives choice 
conditioning). The idea to drive pieces of food out of a tube by means of a brief water 
current controlled by the opening of a solenoid valve (Olsen, 1969) had been applied in 
the new design. Several modifications of the design have been introduced in 1972 (2.2: 
section II). The change to (krill-) flavoured agar as food (in 2.3.) made the food 
dispensers much more versatile for conditioning purposes.

The mechanical improvements were the introduction of detachable food magazines 
(Fig. 13 B,C) that enabled
(1) positioning of these units at any feeding place corresponding with the mounting 

plates (Fig. 13 D,E) bolted to two concentric rings of the frame for the food 
dispensers (2.2.: section II, methods 1)

(2) disconnection of the units from their mounting plates in order to fill them in an 
upside-down position (after lifting the frame to the surface).

Alignment pins on the mounting plates (Fig. 13 D) and a stainless steel inbus screw 
(Fig. 13 A,C) were used to connect the food dispensers on the frame. When the frame was 
lowered along the guiding lines (2.2.; 2.4.) the hollow cones of the mounting plates 
(Fig. 13 D) snapped in oval holes of radial perspex plates attached to the upper PVC hoop 
of the netting cage (not drawn). The massive inner ring (Fig. 13 E, R = 400 mm) of the 
frame of the food dispensers was made of sea water resistant aluminium to give the frame
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A

Fig. 13. Exchangeable food dispenser and details of its positioning. Scale: 1 : 2.5
A. top view showing the foot plate with the securing screw and the obliquely attached hose 

connection (PVC).
B. front view.
C. cross section.
D. mounting plate with a hollow cone for guiding the pieces in the netting cage: lateral view.
E. ditto view from below showing the hoops of the frame that carries all mounting plates in a

radial fashion. , __



of synthetic material sufficient rigidity to guarantee the guidance of the cones in the 
holes (at sizes to prevent a fish from hurting its nose when trying to escape).

The designs were the outcome of deliberations between the research workers and 
workers of our workshop, in particular the head of this department: mr W. Maasse.

3.4. Estimation of parameters in the detection model for the matching experiment

In 2.2. a detection model for the matching experiment to determine the minimum 
angle threshold value was presented.

Let pij denote the probability of a response of type i (i = 1,2,3) according to the 
model for a stimulus angle [#j| (j = 1,2, ,6); see 2.2.: Table 2. Similarly the observed
frequencies of the responses are denoted by ny.

The three parameters (a, b, c) in the detection model are determined by minimizing 
the quadratic form:

3 6 3
F = £ 2 ( ny — mjpji)2/mi, where m; = £ nyi=l j=i J J J J J i=l J

The minimizing vector (a, b, c) was computed by means of a steepest descent 
minimizing procedure according to Fletcher and Powell (1963). The estimates of the 
parameters were:

a = 6.10 , b = 0.134 and c = 2.38
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SECTION IV 
DISCUSSION

The change of experimental subject from the Ballan wrasse to cod in these field studies 
might seem rather arbitrary, and so it was from the point of view of a comparative 
physiologist. In this respect comparison of the Ballan wrasse with a fish species with a 
specialized link of the swimbladder with the labyrinths or without a swimbladder would 
be more appropriate. Moreover it is clear that the research on Labrus berggylta should 
have been extended before comparative aspects of the detection of sound direction could 
be treated adequately. However, cod was mainly chosen because it is a commercially 
important species (all studies were supported by the department of fisheries biology of 
the Institute of Marine Research, Bergen), and because the bioacoustics of cod are 
interesting: when adult (> 35 cm) it is a sound producer (Brawn, 1961). Its behaviour 
(sonic, reproductive, etcetera) and population dynamics (e.g. Cushing 1968) have been 
studied extensively.

There were other arguments for stopping the research on Labrus. After it had been 
shown that Labrus berggylta is able to detect a change in the propagation direction of 
sound, the problem posed next was: can the untenability of Van Bergeijk’s hypothesis be 
shown (see 2.2.: introduction theory a)? This hypothesis can be rejected if a fish can 
discriminate sound direction after putting the complete lateral-line system out of 
function. The surgical elimination of the lateral-line system in Labrus berggylta was 
considered. However, the selective severing of all lateralis fibres in the roots of the 
involved nerves near the brain appeared nearly impossible owing to the anatomical 
situation (Dijkgraaf: personal communication), whereas in Gadus morhua both the 
surgical elimination of the lateral-line system and that of parts of the labyrinth system are 
possible (Dijkgraaf, 1973). Only an indirect proof of the invalidity of Van Bergeijk’s 
hypothesis succeeded in cod (2.2.). After the elimination of the lateral-line sense the 
behaviour of the cods in the netting cages was influenced (frequent collisions with the 
netting walls and screens; refusal to perform the operant through the corridor; in other 
cases refusal of food). These experiences, however, showed that a direct test of Van 
Bergeijk’s hypothesis in a cod without lateral-line sense may ultimately succeed.

Since a decisive proof of directional hearing in cod has now been given (see 
preliminary report in Schuijf and Siemelink, 1974), and since it has been demonstrated 
that the Ballan wrasse discriminates a change in sound direction, it may be useful to give 
prospects on future research in this field. To serve this object the connections between 
the different constructs in the model of directional hearing examined in this thesis will be 
worked up in predictions that can be subjected to empirical verification.

The ability of cod to localize a sound source at several bearings in the horizontal plane 
has been shown for source distances around 5 m and at a frequency of 75 Hz. In contrast 
to earlier models of directional hearing in fish [proposed before the ability was actually 
shown; see 2.2.: Introduction (a) and (b)] the model proposed in 2.2. attributes an 
essential role to the swimbladder. However, the underlying principle of phase analysis
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may also be the base for directional hearing in sharks in the variant of the model for 
species without swimbladder, as is explained in 2.2. and 3.2.1a. In the case of a teleost 
with swimbladder, the cod, there is a proof for the role of phase analysis in directional 
hearing (see 2.3.).

The most important predictions and/or expectations based on the now partially 
verified model are summarized below.
(A) The lateral-line system is in general not involved in the detection of sound direction 

and possibly not in the detection of sound itself (exept for extreme near-field 
sounds; displacement gradients not too strong along the body of the fish).

It has already been concluded from the effect of unilateral severing of the saccular and 
lagenar nerves in cod on the choice behaviour in response to sound that the lateral-line 
system is not essentially involved in the detection of sound direction (2.2.). Although the 
responses to sound of cods without lateral-line system were inconclusive as to whether 
directional hearing existed (e.g. some were not trained before the operation), it was clear 
that the fish responded to the sound stimuli, hence there was evidence that the lateral-line 
was not involved in detection of sounds at all (sounds as used in the training set-up).
(B) There is no distance limit for directional hearing (provided that the signal level exceeds 

the threshold for directional hearing at the existing ambient noise level).
A proof requires a behavioural response. It is complicated to present true far field 

stimuli owing to Lloyd’s mirror effect.
Even in a free field situation the stimulation by spherical (harmonic) waves differs in 

three respects from that by plane waves:
(1) curvature (radius r); inhomogeneous stimulation of different maculae seems already 

excluded at r = 5 m (see also discussion in 2.1.).
(2) ratio between p and the particle velocity |v|
(3) phase between p and the particle displacement £

According to the model only (3) may be essential, whereas comment on (2) is given 
under point (D). Assume that the source has a location such that it produces spherical 
waves travelling in the positive x-direction towards the fish’s location (also the positive 
direction for f). The phase relation between £ and p follows from (Kinsler and Frey, 
1962, Eq. 7.17):

(18),

Undefined symbols have their usual meaning. It follows from (18) that in the example the 
phase difference \p between £ and p is given by

^ = — 7T + arc tan (27tx/X)

i.e. about —180° close to the source and —90° for x > X. In this case \p lies in the third 
quadrant of the phase diagram, whereas it lies in the first quadrant, if the fish was located 
at the other side of the sound source.

These are the naturally occuring phase relations. In part B of 2.3. the cod was
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stimulated in the abnormal second and fourth quadrants of the p versus £ phase diagram 
during wO and wl80 stimuli. At the moment it is not known whether the information on 
the source distance contained in x/j may physiologically be important.

According to the model a ’’far field” situation could be easily created for the fish by a 
proper adjustment procedure in a set-up as in 2.3. Part A (or the ’’standing” wave 
equivalent in Part B).
(C) The possibility exists that an upper frequency limit to directional hearing is set by 

too large a ratio between the displacements caused by the scattered wave (near field 
of the swimbladder) and that of the incident wave, because it is likely that there 
exists only a difference in optimal vectorial sensitivity between the groups of hair 
cells involved (see 2.3.: discussion).

This frequency limit is propably lower that 150 Hz in cod, that is much lower than the 
upper hearing limit (about 450 Hz; Olsen, 1969, Chapman and Hawkins, 1973). The 
possibility of an upper frequency limit is also mentioned in Sand (1973).
(D) The detection of sound direction should be fairly insensitive to the amplitude ratio 

between pcv and p (or between the radial and the tangential particle velocity in the 
model for fish without swimbladder).

The function of the phase analysis of p relative to ^direct is t° eliminate the 180° 
ambiguity of the vector system (2.2.: discussion; 2.3. introduction). A phase comparison 
by a zero crossing principle as was suggested in Fig. 11 is fairly independent of differences 
in amplitudes of both signals. Furthermore the propagation direction detector may not be 
very much influenced by distance effects or boundary effects (functional demand; there 
is circularity in this latter remark with B.2.). Empirically the only indication may be that 
in the experiments B of 2.3. the cod always choose direction B when S4 was not emitting. 
A measured slight excess amplitude of source S! (direction II) might have been the cause.
(E) Sharks would only be able to localize a sound source, if in addition to the radial 

component (in spherical polar coordinates as defined in Fig. 12) of the particle 
displacement at the position of the fish there exists a tangential component (in the 
vertical plane through the source and the fish’s position).

This fully hypothetical variant of the model for fish without swimbladder predicts that 
directional hearing in these species is subject to extra acoustic constraints (3.2.1a). At the 
very surface a radial displacement lacks and hence the fish is unable to localize the source 
(the same also applies to fish with swimbladder). The underlying physical principle is less 
reliable here than it is in the case of a fish with swimbladder, for instance it completely 
fails for depths z of the fish that do not satisfy the condition z<RA/4d, where d 
denotes the depth of the source (see Fig. 12 and Eqs. 12a and 12b).

Stimulus alternatives needed to demonstrate the existence of a mechanism as proposed 
above can also be generated by the circuit in 2.3. (Fig. 3): it can also be adjusted to 
produce ’’synthesized” waves in which the vertical particle displacement is inverted (the 
electrical break down of S3 prevented application of such stimuli in cod; the physical 
compensation experiment in July 1974 was quite a success).
(F) For non-sinusoidal sounds a ’’timing analysis” should be read in stead of a ’’phase 

analysis”.
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The concept phase is only applicable for a harmonic signal. As pure tones only 
represent a special class of the overall set of all possible sound signals (including 
non-periodic signals) in the concerned bandwidth for directional hearing, the system must 
be capable to process most of the naturally occurring signals to be biologically relevant.

The propagation direction of a sound with arbitrary wave form is physically at any 
instant determined by the sound energy flux vector q

q = pv (19),
where v denotes the particle velocity vector (see Landau and Lifshitz, 1963, p. 251). The 
direction of v is detected by the vector system of the fish. Whether the propagation 
direction is equal or opposite as compared to the instantaneous direction of v is 
determined by the sign of q (both quantities specified relative to some common reference 
system). The adequate correlates of v and p that stimulate the separate groups of hair 
cells are as yet unknown (however, with the notion that both transforms correspond 
ultimately with the direct and the indirect displacements). A solution for the 
determination of the sign of q could be that in two detectors (for each labyrinth? ) one 
determines the polarity of the relevant v component and the other the polarity of p.

A circuit with properties somewhat similar to an ’’exclusive or” gate connected to the 
outputs of the polarity detectors can then eliminate the 180° ambiguity in the 
propagation direction (the output in the circuit of Fig. 11 is not directly suitable, but 
pictures similar ideas).

The actual transformations of p and v in their transfer to the relevant hair cell groups 
poses some very interesting mechanical problems (phase corrections?) with even 
important implications as to the evolution of hearing in vertebrates (see also 1.2.1a.). 
Biophysical studies of these transfer mechanisms and the mechanics of the otolith organs 
whould extend and up-date the early studies of de Vries (1950, 1956).

A peripheral band-limited receptor might represent another solution to the ’’timing 
analysis” in the 180° ambiguity problem in waves of arbitrary form.

Even if we restrict ourself to sensory physiology, the number of possibilities for closer 
investigation of these points is overwhelming.

The comparative approach may be particularly valuable if it is tried to give decisive 
proofs of directional hearing of teleosts without swimbladder or to make an inventory as 
to whether directional hearing is widely spread amoung teleosts. A re-examination of the 
possibility of directional hearing in Ostariophysean fish in a free field at very low 
frequencies may be worth trying (also suggested by Hawkins, 1973). The above 
suggestion for the ’’reversal” conditioning in sharks (E) should be taken seriously, because 
the outcome may be very helpful in generalizing as to the underlying mechanisms.

Further insight may be obtained by estimation of parameters of the detection system 
for sound direction in psychophysical studies of masking, minimum angle, frequency 
range, etcetera. This field is for the most part still terra incognita.

How attractive a comparative study may seem, the analysis of the detection system 
might better be studied in a single species, in which enough stimulus-response relations 
have been ’’measured” with a behavioural response to legitimate an interpretation of the 
results of electrophysiological methods that are unavoidable at the organ level (although
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elimination experiments sometimes form an alternative method). Today cod belongs to 
the marine fish that are most fully studied with respect to their hearing sense.

Study of the role of sacculus and lagena in directional hearing and in hearing in general 
deserves a high priority in the analysis. The suggested model of directional hearing may be 
extended by more specific statements on the actual coding of the information from the 
two labyrinths and from labyrinth parts.

One of the motives for starting the underlying study on directional hearing was the 
problem of the biological significance of hearing in fish.

To conclude this dissertation it may now be put, that directivity of sound signals 
should be included in any consideration as to this problem. It remains to be studied, 
however, when and where directional hearing is important; the biological significance of 
directional hearing should be elucidated before a complete picture of the sensory ability 
of hearing in fish, perhaps even now still not fully appreciated, can be obtained.
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SUMMARY

This dissertation presents investigations on the existence of directional hearing in two 
species of marine teleosts: the Ballan wrasse Labrus berggylta, and the cod, Gadus 
morhua. Notwithstanding existing theoretical problems decisive proofs could be given for 
the ability of directional hearing in these species. Owing to either incomplete 
experimental designs and/or inadequate stimulus situations in earlier investigations with 
very different species of fish the ability was neither conclusively denied nor affirmed. Field 
studies of acoustic attraction of several species of sharks provided the first consistent 
evidence that directional hearing existed even at long range.

Especially for acoustic reasons the presented conditioning experiments were carried 
out in norwegion Ijords under an experimental raft. In such a situation distances between 
the sound sources and the animal up to 5 m could be realized. The depth of the fish 
under the surface, that forms a flat mirror for underwater sounds, amounted to similar 
values.

This acoustic situation permits stimulation with low frequency tones (generally 75 Hz 
corresponding with a wavelength of about 20 m). This low frequency was probably 
essential for success. The physiological as well as the physical evaluation of the applied 
sound fields are presented in detail.

It was anticipated that some of the acoustic aspects could only be fully appreciated by 
physicists engaged in underwater acoustics and a small number of investigators of hearing 
in fish. Accordingly these items are treated in a separate part of section III. The reader 
has to decide with the aid of 1.1. whether there is the need for consulting parts of the 
elementary introduction.

Almost in chronological order the following physiological results were obtained
(1) Labrus berggylta is able to detect a change in the propagation direction of a 

complex tone: reprint under 2.1.
(2) Gadus morhua is able to localize a sound source emitting a pure tone of 75 Hz (in 

the horizontal plane; distances up to 5.3 m): 2.2.
(3) Preliminary psychophysical studies of the minimum angle that can be 

discriminated, indicated a value of about 20° in cod (50% detectability); probably 
it should be considered an upper bound for the true value. The mechanism of 
directional hearing still functions at pressure levels as low as about -10 dB re 
1 qbar: see 2.2.

(4) The cooperation of both labyrinths is necessary for directional hearing in cod. 
Apparently the lateral-line is not essentially involved in the detection of sound 
direction (results of surgical elimination experiments). These outcomes contradict 
the unverified model of acoustic localization with the lateral-line system proposed 
by van Bergeijk: see 2.2.

(5) Construction of a model to explain the detection of the direction of sound in fish: 
2.2. (discussion). The model has two variants: for fishes with and without 
swimbladder respectively. In both variants the receptors are exclusively situated in
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the labyrinths. The model is based on the functional demand that there is no 180° 
ambiguity in the detection.

(6) Subsequently this assumption was proved: cod discriminates travelling sound waves 
impinging on the head from those impinging on the tail at 75 Hz.: 2.3.

(7) In conditioning experiments the role of phase analysis of the acoustic pressure 
relative to a motional variable in a harmonic sound wave was shown in a fish with a 
swimbladder, the cod. It constituted a partial verification of the model mentioned 
in (5): 2.3.

(8) Further elaboration of the model of directional hearing into a number of 
’’predictions” that may be subjected to empirical tests in future research: 
section IV (discussion).

Since it has been expected from the very beginning of the study that the particle 
displacement or the particle velocity in the sound wave would play an essential role in 
directional hearing in fish, a method for particle velocity measurement was developed.
(A) Construction of a spherical particle velocity meter (velocity hydrophone); the 

sensitivity was computed theoretically from the specified sensitivity of the enclosed 
geophone: in 2.1.

(B) Measurement of the acoustic pressures and particle velocities in the sound fields 
under the raft. The empirical values for the sound parameters were compared with 
those computed from a theoretical model: in 2.2.

(C) Reciprocity calibration of the velocity hydrophone under the raft. The necessary 
reciprocity parameter J (equation 9) was derived. The empirical values of the 
sensitivities agreed well with the expected values used before: 3.1.

(D) Synthesis of a sound field in which locally the propagation direction of the wave 
appears to fish as being directed towards the sound source instead of away from it: 
see 2.3.

(E) Comparison of the amplitude and phase relations in synthesized fields with the 
theoretical simulation on a computer: 2.3.; 3.2.3.

The computer programming of the basic model of the sound fields is commented upon 
in 3.2.

For the reward conditioning of the fishes fish feeders were necessary that could be 
remotely operated from the raft. The mechanical construction of these food dispensers is 
described in 2.4. The later development to exchangeable units that could be positioned at 
several places above the netting cage with the fish is discussed in 3.3.

The relations between the various stimuli Sj (i = 1,2, ,m) and frequencies of
occurrence of all response alternatives Rj (j = 1,2, , ,n) in a training experiment were
generally described by S X R matrices.

As a rule the experimental designs raised problems of testing statistical hypotheses 
(many control experiments). In one case the developed statistical test seemed also of 
interest for other applications. Therefore it was published separately (2.5.)
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SAMENVATTING

In dit proefschrift wordt een overzicht gegeven van onderzoek om het bestaan van 
richtinghoren bij twee soorten mariene beenvissen: de gevlekte lipvis, Labrus berggylta en 
de kabeljauw, Gadus morhua, aan te tonen. Tegen bestaande theoretische verwachtingen 
in kon dit vermogen bij beide soorten onomstotelijk worden aangetoond. Door 
onvolledige proefopzetten en/of door ongeschikte stimulus situaties waren de uitkomsten 
en conclusies van vele vroegere onderzoeken bij uiteenlopende vissoorten sterk wisselend, 
hetgeen zijn weerslag vond in uitvoerige overzichtsartikelen, waarin de conflictstof werd 
uitgesponnen.

Vooral om akoestische redenen zijn de hier gerapporteerde dressuurproeven in noorse 
gorden uitgevoerd onder een speciaal daartoe geconstrueerd vlot. In een dergelijke 
situatie konden de afstanden tussen het proefdier en de geluidsbronnen enerzijds en die 
tot de oppervlakte (die een vlakke geluidsspiegel vormt) anderzijds, tot circa 5 m. 
opgevoerd worden.

Deze omstandigheden laten toe dat met laag frequente tonen (meestal 75 Hz) 
gestimuleerd kan worden, hetgeen vermoedelijk de sleutel tot succes is geweest. Zowel de 
fysiologische als de fysische controle op de toegepaste geluidsvelden hebben sterk de 
aandacht gekregen. Er is rekening mee gehouden, dat de akoestische aspecten slechts 
volledig konden worden overzien door fysici en het kleine aantal onderzoekers op het 
gebied van het gehoor van vissen, door deze zaken nader te bespreken in een afzonderlijke 
sectie III. De lezer zal met behulp van 1.1. zelf moeten uitmaken welke delen uit de 
inleiding van zijn gading zijn.

Het fysiologische onderzoek leverde de volgende resultaten op:
(1) Labrus berggylta is in staat een verandering waar te nemen in de geluidsrichting van 

een samengestelde toon met een grondtoon van 115 Hz: zie de overdruk in 2.1.
(2) Gadus morhua is in staat een geluidsbron te lokaliseren, die een zuivere toon met 

een frequentie van 75 Hz uitzendt (bron in hetzelfde horizontale vlak; afstanden tot 
de bron 4 of 5.3 m): 2.2.

(3) Psychofysiologisch onderzoek van het minimale hoekverschil in geluidsrichting, dat 
door de kabeljauw onderscheiden kan worden, leidde tot een voorlopige schatting 
van circa 20° (onderscheiding in 50% van de gevallen); waarschijnlijk vormt deze 
waarde een bovengrens.

(4) Voor het richtinghoren zijn twee labyrinten nodig. De zijlijn is er niet essentieel bij 
betrokken (resultaten verkregen met chirurgische uitschakelingsproeven). Deze 
uitkomsten zijn in strijd met het niet geverifieerde model van Van Bergeijk 
(lokalisatie van de geluidsbron met de zijlijn): zie 2.2.

(5) Er is een model opgesteld om de detectie van de geluidsrichting bij vissen te 
verklaren: 2.2. (discussie). Het model heeft twee varianten respectievelijk voor 
vissen met en zonder zwemblaas. In beide varianten liggen de receptoren uitsluitend 
in de labyrinten. De modellen zijn gebaseerd op de functionele eis dat er geen 180° 
onzekerheid in de detectie van de geluidsrichting zou bestaan.
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(6) Vervolgens wordt deze laatste veronderstelling bij een vis met een zwemblaas 
bewezen. De kabeljauw onderscheidt geluiden, die op de kop invallen van die, welke 
op de staart invallen (frequentie 75 Hz): 2.3.

(7) In dressuurexperimenten wordt de rol van de faseanalyse van de geluidsdruk t.o.v. 
een kinetische parameter aangetoond bij de kabeljauw. Zuivere tonen met een 
frequentie van 75 Hz werden als stimulus toegepast. De resultaten vormen een 
gedeeltelijke verifiëring van het model voor een vis met een zwemblaas vermeld in 
(5): zie 2.3.

(8) Het model voor het richtinghoren wordt verder uitgewerkt tot een aantal 
’’voorspellingen”, die in toekomstige onderzoekingen empirisch getoetst kunnen 
worden: discussie in sectie IV.

Aangezien reeds in het begin van het onderzoek te verwachten was dat de 
deeltjessnelheid of de deeltjesverplaatsing in de geluidsgolf een essentiële rol bij het 
(eventuele) richtinghoren van een vis zou spelen, werd een deeltjessnelheidsmeting 
ontwikkeld. Mede in verband hiermee kunnen in akoestisch opzicht de volgende stadia 
worden onderscheiden:
(A) constructie van een bolvormige deeltjessnelheidsmeter (snelheidshydrofoon); de 

gevoeligheid wordt theoretisch berekend: zie 2.1.
(B) meting van de geluidsdrukken en de deeltjessnelheden in de geluidsvelden onder het 

vlot; vergelijking van de meetwaarden met een theoretisch model van het 
geluidsveld: zie 2.2.

(C) reciprociteitsijking van de snelheidshydrofoon onder het vlot; afleiding van de 
reciprociteitsparameter: 3.1.

(D) synthese van geluidsvelden, waarin de geluidsrichting voor de vis schijnbaar 
omkeert: 2.3.

(E) vergelijking van amplituden en fasen relaties in dergelijke geluidsvelden met de 
theoretische simulaties, die met een computer werden gegenereerd: 2.3.; 3.2.3.

Voor de beloningsdressuren van de vissen waren voedersystemen nodig, die vanaf het 
vlot te bedienen waren. De mechanische constructie van deze voedersystemen wordt 
beschreven in 2.4. De latere ontwikkeling tot losse eenheden, die op verschillende 
plaatsen boven de kooi met de vis konden worden geplaatst, wordt besproken in 3.3.

De relaties tussen de diverse stimuli Sj (i = 1,2, ...,m) en de frequenties van 
voorkomen van de diverse responsie alternatieven Rj (j = 1,2, . ,n) werden in een
dressuurexperiment i.h.a. beschreven met S X R matrices. De proefopzetten gaven veelal 
aanleiding tot toetsing van statistische hypothesen (veel controle experimenten). In één 
geval leek het toetsingsprobleem ook voor andere toepassingen van belang. Het is daarom 
afzonderlijk gepubliceerd (2.5.).
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SLOTWOORD

Bij het gereed komen van dit proefschrift wil ik gaarne mijn dank betuigen aan vele 
personen in Noorwegen en Nederland, die op sterk uiteenlopende wijzen hebben 
bijgedragen aan de onderzoeken en/of de bewerking van de resultaten.

De experimenten in de fjorden werden in het Laboratorium voor vergelijkende 
fysiologie te Utrecht ontworpen, vervolgens moest speciale apparatuur in de mechanische 
en electronische afdelingen worden vervaardigd, waarbij de ’’dead-line” van de 
verscheping naar Noorwegen velen tot ergernis moet zijn geweest. In Noorwegen werd mij 
als gastwerker van het Havforskningsinstitutt (vertaald: Instituut voor onderzoek van de 
zee) te Bergen alle mogelijke materiële steun verleend; alleen het vangen van voldoende 
kabeljauwen leverde problemen, die op seizoeninvloeden waren terug te voeren. Het zal 
een ieder duidelijk zijn dat de dressuur van vissen onder een vlot midden op een fjord niet 
door één man uitgevoerd kon worden. Het onderzoek zou nooit tot stand zijn gekomen 
als studenten met veel initiatief mij niet hadden gesteund.

De contacten met het Havforskningsinstitutt verliepen in de beginperiode via de 
visserijbioloog Kjell Olsen, aan wie ik veel dank verschuldigd ben doordat ik zijn 
onderzoek aan de kabeljauw in 1971 kon voortzetten. Van jongs af vertrouwd met de 
visserij, leerde hij mij het omgaan met boten, touwen en netten.

Prof.Dr. S. Dijkgraaf, mijn promotor, ben ik buitengewoon erkentelijk voor de 
belangstelling, die hij voor de richtinghoorprojecten heeft getoond. Deze belangstelling 
mag blijken uit het feit, dat hij zowel in 1971 als in 1972 tijdens verblijven te Bergen vele 
operaties bij kabeljauwen heeft uitgevoerd om het zijlijn-systeem en/of delen van de 
labyrinten uit te schakelen. Een van de belangrijkste successen heb ik dan ook aan hem te 
danken. In die spannende tijden was het overleg met hem over beslissingen met 
betrekking tot het type operaties bij de schaarse gedresseerde proefdieren voor mij van 
enorm belang.

Ir D.W. van Wulfften Palthe, mijn co-promotor, ben ik niet alleen erkentelijk dat hij 
zich heeft willen verdiepen in het richtinghoren van vissen, maar van het grootste belang 
voor mij was, dat hij mijn theorieën en berekeningen verifieerde. Grote steun ontving ik 
van hem bij de uitwerking van de resultaten van de ijking van de deeltjessnelheidsmeter.

Dr F.J. Verheijen heeft mij intensief begeleid toen ik, komende uit de hydrodyna
mische wereld, mij wegwijs moest maken in de vergelijkende fysiologie en de biologie in 
het algemeen. Ook later heb ik geprofiteerd van veel waardevolle suggesties voor het 
onderzoek en het onderwijs. Tot het doornemen van mijn manuscripten was hij steeds 
bereid.

Drs. Rob Buwalda, die in 1973 mijn naaste medewerker werd, heeft mij op alle 
mogelijk wijzen ondersteund in de slotfase van dit promotieonderzoek. Zowel aan de 
theoretische als aan de praktische voorbereiding en uitvoering van de laatste Noorwegen 
expeditie heeft hij grote bijdragen geleverd.

Als doctoraal studenten zijn tijdens verschillende expedities bij de proeven in 
Noorwegen betrokken geweest: M. Dubois, S. Knutsen, drs. J.W. Baretta, mevr.drs. J.G.
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Baretta-Bekkers, drs. J.T. Wildschut (Labrus onderzoek), drs. M.A. van Arkel, L. Sauren 
(Gadus, 2 altern, exp.), M.E. Siemelink (id., 4 altern, exp.), J. Klinkhamer, J. Schillemans 
en mej. I. van Spanje (id., voor-achter onderscheiding). Allen hebben wel moeilijke tijden 
op Sotra meegemaakt, als weer en vissen niet meewerkten. Het enthousiasme als de 
moeilijkheden overwonnen waren en wij onze theoretische verwachtingen bevestigd 
zagen, was dan ook groot. Hulde aan hen allen.

De electronische afdeling heeft in het verleden zeer veel analoge en digitale 
schakelingen voor het veldonderzoek gebouwd. De heren van Weerden, Loots, Versteeg en 
Mink hebben allen aan de realisering gewerkt en hen dank ik voor de grote inzet, die soms 
nodig was. De heer R.J. Loots was i.h.b. gespecialiseerd in deze ontwerpen. De apparatuur 
moest zeer betrouwbaar zijn en was het ook.

Ook de mechanische afdeling heeft veel apparatuur geleverd, zoals b.v. de onderwater 
luidsprekers en de voedersystemen. Ik dank de heren Maasse, Stoker en Van Druten voor 
hun prestaties.

Mej. S. van Cornewal dank ik voor de fraaie tekening op de omslag en vele andere 
tekeningen.

Ik dank ook de dierenverzorgers van ons laboratorium voor het verzorgen van onze 
kostbare proefdieren.

Drs. E. Meelis (Instituut voor theoretische biologie, Leiden) dank ik zeer dat hij mij 
hielp bij de statistische bewerking van de proefresultaten in 2.2. en in 2.5.
Dr. J. Oosterhoff (Mathematisch Instituut, Nijmegen) gaf een onverwachte wending aan 
de uitwerking van het toetsingsprobleem in 2.5. door de exacte maximale aannemelijk- 
heidsoplossing aan te geven, die de waarde van publicatie 2.5. vergrootte. Ik ben hem zeer 
erkentelijk voor het commentaar op het oorspronkelijke manuscript.

Diverse stafleden van het Academisch Computer Centrum Utrecht gaven mij adviezen 
op het gebied van numerieke analyse en computer programmering, die hier niet expliciet 
zijn aan te geven (en ook lang niet altijd met dit promotieonderzoek verband hielden). Ik 
dank hen allen en meer in het bijzonder drs. H.A. van der Vorst.

Mevrouw drs T.H. Koning-Van Popta dank ik voor het corrigeren van de meeste Engelse 
teksten: de heer P. Van der Kruk voor het corrigeren van het artikel over de lipvis.

Aan ir J. Stigter w.i. te Zwijndrecht dank ik het zeer goede idee om de 
steigerbuisconstructie van het vlot scharnierend met de drijfelementen te verbinden. Het 
vlot verging zelfs bij windkracht 10 niet. De heer L. Stigter te Haarlem ben ik zeer 
erkentelijk voor de fraaie tekeningen voor de figuren 4 en 13. De heer J.F.H. Roovers te 
Rotterdam dank ik voor de uitstekende afdrukken voor het vervaardigen van de figuren 2 
en 3.

De Nederlandse organisatie voor zuiver-wetenschappelijk onderzoek steunde deze 
onderzoeken door in de loop der jaren gelden voor mijn studiereizen naar Noorwegen ter 
beschikking te stellen.
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CURRICULUM VITAE

(Op verzoek van het college van dekanen van de 
Rijksuniversiteit te Utrecht)

De schrijver van dit proefschrift behaalde in 1956 het diploma H.B.S.-B aan de Van 
’t Hoff H.B.S. te Rotterdam. In hetzelfde jaar begon hij zijn studie in de technische 
natuurkunde aan de Technische Hogeschool te Delft, waar hij zich toelegde op de 
richtingen theoretische natuurkunde en hydrodynamica. De laatste periode van deze 
studietijd (van eind december 1960 tot mei 1962) was hij werkzaam bij het 
Waterloopkundig Laboratorium te Delft, waar hij zich bezig hield met een onderzoek van 
een meter voor turbulente stromingen onder leiding van Prof.ir J.O. Hinze in het kader 
van de studie voor het ingenieursexamen. In 1962 behaalde hij het diploma voor 
natuurkundig ingenieur.

Door tussenkomst van wijlen Prof.Dr. H.C. Burger kwam hij in contact met Prof.Dr. S. 
Dijkgraaf en werd als assistent verbonden aan het Laboratorium voor Vergelijkende 
Fysiologie van de Universiteit te Utrecht. Sinds 1963 is hij daar werkzaam als lid van de 
wetenschappelijke staf.

Zijn wetenschappelijke onderzoekingen werden sterk beïnvloed door de komst van de 
Noorse gastwerker Kjell Olsen, destijds student bij Prof.Dr. P.S. Enger van de Universiteit 
te Oslo en later verbonden als bioloog aan het Havforskningsinstitutt te Bergen. Een en 
ander resulteerde in verscheidene studiereizen naar het eiland Sotra nabij Bergen.
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STELLINGEN

Bij richtinghoren van vissen met een zwemblaas vervult dit orgaan een belangrijke 
functie.

Dit proefschrift.

Bij het buiten de extreme ”near-field” situatie localiseren van geluidsbronnen door 
vissen is de zijlijn niet betrokken.

Dit proefschrift.

Theoretisch is de afstand, waarop een vis de richting waarin een geluidsbron zich 
bevindt kan horen, onbegrensd.

Dit proefschrift.

Het richtinghoren bij haaien, dat ook in zeer ondiep water optreedt (Banner, 1972), 
is te verklaren met het in dit proefschrift voorgestelde richtingsdetectie-model, dat 
ook geldt indien de vis zich in zulk ondiep water bevindt, dat lopende-golf voort
planting niet meer optreedt.

A. Banner (1972),
Bull. Mar. Sc.: 22, 251-283.

In verband met de ontwikkeling van akoestische lokmethoden bij het vissen is 
vergelijkend richting;-hooronderzoek bij Scombridae van soorten met en zonder 
zwemblaas zowel voor de visserij als voor de wetenschap interessant.

De proeven van Tavolga (1971) bij Galeichthys felis (Siluriformes: Ariidae) leveren 
in tegenstelling tot de interpretatie die de auteur eraan geeft, zelfs geen aanwijzing 
voor het bestaan van echolocatie.

W.N. Tavolga (1971),
Ann. New York Acad. Sc. 188, 80-97.



7. Katsuki’s conclusie, dat de vrije neuromasten bij vissen een chemoreceptie-systeem 
vormen, berust niet alleen op een zeer discutabele interpretatie van zijn gegevens, 
maar bovendien op de onjuiste en achterhaalde opvatting dat een louter electro- 
fysiologische aanpak bij problemen over zintuigelijke functie afdoende is.

Y. Katsuki, T. Hashimoto & K. Yanagisawa (1970): 
Advan. in Biophys., 1, 1-51.
Y. Katsuki, T. Hashimoto & J. Kendall (1971), 
Japan. J. Physiol., 21, 99-118.
Y. Katsuki & N. Onada (1973). Ch. XIV in: 
Responses of fish to environmental changes 
(W. Chavin ed.) Springfield (111.): Thomas.

8. Voor de interpretatie van de in het kader van zeer uiteenlopende vraagstellingen 
verzamelde gegevens over de anisotropic van lichtvelden, zal het noodzakelijk zijn 
de gerichtheid via een ’’weighted average (ir)radiance distribution” te kwantificeren.

9. Bij het meten van de momentane snelheden in turbulente waterstromingen met 
behulp van een impeller met een grote spoed bestaat de mogelijkheid, dat het resul
taat sterk beinvloed wordt doordat de hoeksnelheidsresponsie van de rotor ook van de 
versnellingen afhangt (Schuijf, 1966). In verband met dit effect dient de overdrachts
functie in een turbulente stroming te worden bepaald, b.v. door vergelijking met de 
aanwijzingen van een ”hot-film anemometer”.

A. Schuijf (1966):
J. Hydraulic Res. 4. 37-54.

10. De mening, dat bij de huidige stand van de technologie krillvangst in de antarctische 
wateren het mondiale tekort aan eiwitten effectief kan verminderen (Anon., 1971; 
Lagunov et al., 1973), is onjuist.

Anon. (1971),
South Afr. Shipping News and Fish. Industr. Rev. 
L.L. Lagunov, et al. (1973),
F.A.O. Techn. Conf. Fishery Products, Tokyo, 
4-11/12/73, paper FII:FP/73/E-34.

11. Lawaaibestrijding door beplanting is weinig efficiënt, tenzij men rigoureus te werk 
gaat door b.v. een naaldhoutgordel van omtrent 200 m breedte tussen een verkeers
weg en laagbouw aan te leggen.

FIELD STUDIES OF DIRECTIONAL HEARING IN MARINE TELEOSTS.

A. Schuijf. 17 December 1974.



Errata

Correction or comment follows after the symbol =>

page 11 (line 3 from below); this object => Grammar trap in this context: semantically it 
should refer to ”how to conserve and exploit the fish stocks”.

page 13 (line 4 under c) Directional responses............... =>
The occurrence of directional responses steered by acoustic stimuli immediately hints at 
the adaptive value of the detection of the propagation direction of a sound ( ).

page 77 foot note missing => * The authors are indebted to Professor E.E. Roskam and 
drs. A. van de Wollenberg, Department of mathematical Psychology, University of 
Nijmegen, The Netherlands for this solution.

page 87 (line 6 from below) splitted => split

page 112 onder (3) Psychofysiologisch =*• Psychofysisch

Missing references =>

page 117 Enger, P.S., Hawkins, A.D., Sand, O., Chapman, C.J.: Directional sensitivity of saccular 
microphonic potentials in the haddock, J. exp. Biol. 59, 524-433 (1973).

page 118 Retzius, G.: Das Gehörorgan der Wirbelthiere. Morphologisch-histologische Studien. 
Stockholm: Samon and Wallin, 268 pp, 1881.









Separatum EXPERIENTIA 30, 841 (1974) 
Birkhäuser Verlag, Basel (Schweiz)

Exact Test for Opposite Trends of Probability Changes in One or Several 3x2 Tables

In discrimination tasks in two-alternative choice experi
ments, the responses of a conditioned subject may some
times be appropriately classified in more than two 
mutually exclusive categories. For example, it may be 
hard to constrain an animal in a choice experiment to a 
forced choice as is the usual practice in human subjects. 
From an ethologist's and a mathematical psychologist’s 
point of view, it may be preferable to start with a division 
of the occurring overt behavioural responses in a certain 
number of recognizable behavioural elements. Each of 
the responses thus classified can then be paired with the 
stimulus type by which it was evoked.

As a special case we consider here the behaviour of a 
marine fish, the cod, in a food reward conditioning 
experiment in a fjord, in which the subject has to dis
criminate whether sound was incident from left or right 
of the netting cage in which it was kept1. The stimulus 
could be emitted at random via one or the other of a pair 
of sound sources equidistant from the fish. In the list 
with the detailed descriptions of response types1, a 
division in directional responses finally ending near the 
correct or the wrong food dispenser2 at that particular 
trial, and non-directional responses, served to label
3 categories of responses (indicated by — and x). 
In control experiments the sound projectors were brought 
close together near the symmetry plane of the arrangement 
so that the sound ‘image’ was close to one or either side 
of that (imaginary) plane during a trial. As the observa
tions show (Table), there are indications that the prob
ability of non-directional responses increases in control 
experiments (7.3° inclination), and that the probability 
of correct responses decreases in such trials. How to 
detect such an effect in the training results of one or 
several individuals is the object of this paper. Pure tones 
of 75 Hz were used. The distance to the sources was about
4 m.

Observed frequencies of the responses

Subject G3 G5 G7
Inclination 61 7.3 61 7.3 61 7.3
Response type + 14 1 20 0 17 1

— 2 0 4 0 2 1
X 6 3 1 4 0 * 1

Ho : Ph — Ph (1 = 1> 2, 3) against the alternative hypothesis
Hi : Pn > P\2 an(I Pzi < P32 (1)

Further: £i;- + py + p3j =1, j = 1,2 (2)

When p denotes the vector p = (pn, piv.......p3i) then
(2) constitute a 4-dimensional subspace p.
Hence H0 and H! may be rewritten respectively as:

H0 : p ecu def { p \ pi, ~ pi2> i — 1, 2, 3 }
Hj : p £ Q 0) def { P I fhi > Pn, Pzi Pa } (la)

Let p be the maximum likelihood estimate of p under 
the assumption of H0 and p* be a similar estimate under 
Hj, then the test-statistic T of the likelihood ratio test is 
defined by

T = Pi On + On ^ 021 + 022 031 + 03,

j. °ii T 0,, * 031 * 0I2 * 022 * 0,.Pn 11 f’ai 21 An 31 P\2 12 Pi% 22 Pm 3'

where p = (ttj/N, w2/N, m3/N).

(3)

(4)

The following problems remain to be solved: 1. Com
putation of p*. 2. Determination of the exact distributiod 
of T under H0 for fixed marginal totals nly n2, n3, Q ann 
C2 similar to procedures described by Conover5. 3. 
.Determination of the P-value: P = Probjreject a true 
H0}. 4. Combination of the test results obtained in 
experiments with different individuals.

ad 1. The random variable T assumes a discrete value 
for each possible 3x2 table with given marginal totals. 
The cell frequencies in such a table are denoted by wy 
(i = 1, 2, 3; ; = 1, 2) to distinguish them from the ob
served values Oy. The generation of the set of all these 
tables with a digital computer is simple. For each table 
the optimum value of p* is determined that maximizes 
the denominator of the statistic T with the current 
values of My. In fact the optimization under Hj is a 
constrained optimization: the solution is subject to the 
conditions found in (la), a) the solution vector of the 
unconstrained problem:

Similar tables can be formed in acoustic lateralization 
experiments in human subjects, when 3 possible judge
ments are allowed: left, right and middle, which are then 
compared with the true stimulus situation. The detection 
theoretical model for this discrimination problem was 
given by Luce and Galanter3. Strictly speaking thé 
legitimacy of joining the various responses to stimuli from 
sources left or right in common categories should be 
tested in advance.

The data are denoted in the following way (see Cono
ver4).

+ On 0l2 »1
— 021 022 n2
X O3I O32 »3

Ci C2 N

Let pij be the probability that the response falls in 
category i (i = 1, 2, 3) under condition j [j = 1, 2), then 
the nullhypothesis to be tested is

1 A. Schuijf, submitted to J. comp. Physiol.
2 The location of the food dispensers can be seen in a figure in the 

paper of M. A. Van Arkel, W. Maasse and A. Schuijf, Experien- 
tia 29, 642 (1973).

3 R. D. Luce and E. Galanter, in Handbook oj Mathematical 
Psychology (R. D. Luce, R. R. Bush and E. Galanter; Wiley, 
New York 1963), vol. 1, p. 191-243.

4 W. J. Conover, Practical Xonparatnetric Statistics (Wiley, 
New York 1971).

5 W. J. Conover, Practical Xonpammctric Statistics (Wiley, New 
York 1971), chapter 4.
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P* — («n/^-i' “ai/Cu «si/Ci. '!2i/C2, «22/*--2> ”32/^2) (ä)

satisfies provided that in (5) />n* > />2i*» ^si* £ ^32*1 

which means nn/Cl i n12lC2 and n3ljCl < w32/C2. 
b) if Wu/Cj < w12/C2 then put £u* = /?12* = OT!/^1. For the 
remaining subspace of P we find a solution p* that 
differs6 from that in case d) (see below), provided that 
/>31* < ^>32* is fulfilled. Then the maximum likelihood 
estimate is: p2l* = w21 (N-w1)/N(w21 + m31), p3X* = w31
(N-?21)/N(j22l “t“ tt3i), ^22* — W22(N-7ïl)/N(w22 4-tï32), /732* ~
ot32 (N-MjI/N(m22 + m32). It is concluded that the condition 
for case b) is: nllIC1 < w12/C2 m3i/(«2i + w3i) £
W32/(M22 + M32)- C) >f ”3l/Cl > W32/C2 Wll/

(•«,,+M2i) . w12/(m12 + «22) then put p31* = p32* =
w3/N. Similarly as under b): pn* = nlx (N-m3)/N(wu + w21), 
P21* «21 (N-Wal/Nf«!! + «21). Pi2* = «12 (N-m3)/N(m12 +
«22)' P22* - «22 (^-«3)/N(Wi2 + «22)- d) If none of the 
previously mentioned conditions is satisfied (those in b)
and c) exclude each other) then put pi,* = pi2* — pi 
(i^ 1, 2, 3); see (4)..

An example with a conditional Table obtained from the 
data on subject G7 (Table), leading to the solution 1c, 
will illustrate the calculus.

18 0 18 pi = 18/22 P 31* — P32* ~ Pa
0 3 3 P‘i = 3/22 P21* = 0

1 0 1 Pa = 1/22 Pl2* = 0

19 3 22

18x21 21 ^ 3x21 21
Pn* = 22 X 18 ^ 22 P'22 = 22x 3 ^ 22

note: put 0° = 1.

ad 2. Assume that the generated sequence of condi
tional tables [tty] contains m tables. Assign a key number
h — 1,2.......... m to each table in order to sort7 the
sequence of associated values of the statistic T as to 
increasing values. The identity of all the possible events 
(tables) connected to the T outcomes in the sorted 
sequence is preserved in a separate array of the key 
numbers, in which the elements get the same permuta
tions as in the sorted array of T values. The correspon
dence of each table with its sorted X-value is thus solved.

The conditional probability that some table [wy] occurs 
under H0 equals5:

pr°b-=CJ CJ C.) (c) (6)

An Algol 60 algorithm for computing the required bino
mial coefficients is found in reference8.

For the table chosen in the previous example the 
rank r = 1, and the probability n, that this event occurs 
is:

-QOCMT—••
ad 3. The P-value of the observed table [Oy] is calcul

ated by adding the probabilities of all the tables that 
satisfy T X0i)servcd From the data of the Table the 
following values of P were computed9: P, = 0.122 (G3), 
P2 2.53 xlO-4 (G5) and P3 =-. 3.77x10 2 (G7). From 
now on the index i will be used to indicate the independent 
experiments.

ad 4. The k one-sided tests are combined with Fisher's 
omnibus procedure. The examined case of the three 3x2 
tables is further exemplified (k = 3). The hypothesis H0 

is rejected for small values of the product te'st statistic Q.

Q = n=p1pip3
i- 1

in which the p-value of the test results in the different 
experiments are considered as independent random 
variables (in bold type) denoted by P,. The distribution of
Pi has nij discrete probabilities 7tir (i = 1, 2........  Ä;
r — 1, 2, mi), that were calculated before by means of 
(6). Wallis10 has studied the computation of exact tail 
probabilities (P-values) of the Q statistic for discrete P, 
(i — 1, ..., k). The sample space4 consists of m,m2m3 - 
12x15x7 points: all the outcomes of

a b c

Z^r Z71^ Z71^ {a = l' •••’ ; C = 1.......
>- = 1 r 1 r 1

The associated probabilities are The outcomes
of Q are ranked with the same procedure7 as before.

The result of the combination problem is P — Prob 
{0 < PjPaPa} = Prob(0 < 1.165 x KG6) = 1.56 xlO"5.

If a continuous distribution had been assumed for the 
Pi, the results would have been11 (Q = P,P2P3)

iu-jf
P = Q + Q Z (~ln Q) i/i! = 1-26x 10 4-

i^J

In the paper on directional hearing in codit was 
therefore concluded that the direction of the sound 
sources is decisive for the discrimination and not the 
timbre or intensity differences between the sound sources.

Zusammenfassung. Der «Likelihood »-Quotiententest 
wird auf einer 3 x 2-Kontigenztafel mit unbekannten 
Wahrscheinlichkeiten py (i =-= 1,2,3; j - 1,2) angewandt, 
um die Hypothese = phi (i ------ 1,2,3) gegen die
alternative Hypothese H^.p,, > p,2,p3,< £32 zu prüfen, und 
zwar wenn kleine Stichproben vorhanden sind. Ausserdem 
wird die Kombination solcher Tests behandelt. Als 
Beispiel wird diese Testtheorie beim Wahlverhalten des 
Kabeljaus im Dressurversuch über akustische Lokalisa
tion in zwei Stimulussituationen verwendet.

A. SCHUIJF6'12

Laboratory of Comparative Physiology,
Jan van Galenstraat 40, Utrecht (The Netherlands), 
17 December 1973.

6 The author is greatly indebted to Dr. J. Oosteriioff, Mathematical 
Institute, 1'niversity of Nijmegen, The Netherlands, for introducing 
the subclasses lb and 1c in the computation of vector p* and for 
the explicit expressions in these cases which eliminated the need 
for a numerical optimization. Further more valuable remarks re
garding the combination problem were obtained.

7 T. N. Hibbard, Communs, Ass. Comput. Mach. 6, 206 (1963), 
program C.

8 Communs, Ass. Comput. Mach., Collected algorithms Nr. 19-l’l-0.
9 Print outs of the Algol 60 program for the test examined here are 

available on request addressed to Ir. A. Schuijf.
10 W. A. Wallis, Econometrica 10, 229 (1942).
11 K. Pearson, Biometrika 25, 379 (1933).

12 The close cooperation with Drs. E. Meelis, Institute of Theoretical 
Biology Leyden, The Netherlands, in applying the likelihood ratio 
test to this case is gratefully acknowledged.
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An underwater Food Dispenser for Conditioning Fish

Recently a two-alternatives reward conditioning on 
directional hearing in cod was carried out under a moored 
raft in a fjord. The cod was kept in a triangular netting 
cage (Figure 1) about 4 m down the surface.

Two food dispensers were required, that met the 
following conditions: a) remote operation; b) instant 
appearance of the food on activation without appreciable 
mechanical perturbation or the occurrence of other 
spurious stimuli; c) being not too bulky and not too 
dense or incompressible as compared to water, to reduce 
acoustic scattering; d) containing about 15 pieces of food 
per magazine; e) reliable operation and, if necessary, a 
simple trouble-shooting; f) possibility to refill the maga
zines without lifting the cage with the fish, in order to 
avoid disturbance of the fish.

The system shown in the Figures 1-3 works successfully. 
The food dispensers are mounted on a rectangular 
perspex frame (a) .that can slide as an elevator along 
2 (parallel) of the 3 paited nylon lines suspending the 
netting cage (Figure 1), by means of the pulling line (b). 
Both basic corners at the upper side of the cage have a 
perspex covering with a hole (c), to allow the entrance of 
the food (actually the frame (a) rests on the cage).

The food dispenser consists of a turnable, disc-shaped 
feeding magazine (d) in a housing (e) shaped as a pill-box 
(both made of perspex; Figures 2 and 3). The disc contains 
18 radially drilled holes (0 8 mm; length 12.5 mm): the 
chambers (f) for the pieces of food. Each chamber has a 
lateral hole (g). In any of 18 distinct angular positions of 
the disc, the lateral hole of the downwards directed 
chamber communicates with the hose connection (h). To 
activate the fond dispenser, the piece of food is blown 
out of the chamber by means of a shortlasting water 
current (this principle has been applied previously by 
Dr. K. Olsen, Havforskningsinstituttet, Bergen, Norway, 
with a tubular type of magazine). To direct the water 
downwards from the raft to the dispenser via a PVC 
hose (i), a 12V D.C. solenoid valve (Lucifer, Geneva, 
type 121 A 52; not shown in the figures) is opened 
shortly. The water comes from a container (a 5 1 bottle 
with bottom outlet) hanging about 2 m above the surface 
(for sufficient excess pressure). The adequate current 
strength in the hose is adjusted by means of a tap at the 
bottom outlet.

A mechanical stepping device allows turning of the 
magazine until the next chamber with food is just over
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the hole (j) in the housing, ensuring that the food can 
drop into the cage via the hole in the cage. 18 radial slots 
(Figure 2, k; depth: 1 mm) in the surface of the disc 
have a pitch corresponding with that of the chambers. By 
pulling gently line 1 (Figure 1) the lever (m) with the 
stainless steel catch (Figure 2, n) rotates the disc over an 
arc until a locking cantilever spring (o) snaps in the next 
slot. By that time the lever touches the stop (Figure 1, p). 
The lever returns to its resting position by means of the 
weight (q) leaving the dispenser ready to drop another 
piece of food. Shortly after feeding the fish, the magazine 
was turned so that the click of the returning lever was not

b

20 mm

Fig. 1. Sketch of the choice-conditioning setup in the fjord showing 
the cage and both feeding dispensers glued on a frame.
Fig. 2 and 3. The right food dispenser. Further explanation in the 
text.

correlated with the moment of food dropping (training 
requirement; variable waiting times were used.)

We used the dispensers with pieces of food consisting of 
periwinkles (Littorina spec.) of which the operculea had 
been removed (after crushing of the shell and removing of 
the visceral mass). To fill the system the frame was 
lifted to the surface and unhooked from the lines. The 
dispensers were filled via the holes (j) by pushing the 
prepared pieces into the chambers by means of a chip of 
wood. Large airbubbles in the hose and hose connection 
had to be avoided. The periwinkles had to be selected on 
size obtain pieces that fitted fairly firmly in the chambers. 
Any enclosed air in the chambers after filling was released 
under water by turning the frame with the dispensers in 
an upside down position before attaching it again to the 
suspending lines of the cage.

The dispensers and the frame were made of perspex 
because it is rather transparent for underwater sounds 
(little scattering). An additional advantage of a clear disc 
is that inspection, as to whether the food pieces are set well 
while filling, is easy. Perspex has the disadvantage that it 
bends after a long submersion. To prevent the necessity of 
large torques the contact surface between disc and housing 
is minimal due to the circular rim (r); it also reduces 
friction by adhesion effects.

In the field, responses of the cods on the odour spreading 
from the food have not been noticed. Probably the system 
will equally well function with e.g. pieces of spleen, if suita
ble cut, but this was not tried. The reliability during calm 
weather (high surface waves may result in some pieces 
going lost) can be estimated from the fact that as a rule 
only one out of 15 pieces of food got stuck.

Zusammenfassung. Futtergerät für Belohnungsdressur 
beim Kabeljau. Der Fisch befindet sich einige Meter unter 
der Wasseroberfläche in einem Netzstoffkäfig. Von der 
Oberfläche wird aus kreisförmigem Futterbehälter jeweils 
ein Futterbrocken (Schneckenfuss-Stückchen) losgelöst, 
das in den Käfig hinunterfällt (Gehöruntersuchungen an 
Kabeljau in einem norwegischen Fjord).

M. A. van Arkel, W. Maasse and
A. SchuijF

Laboratory of Comparative Physiology,
Jan van Galenstraat 40, Utrecht [The Netherlands), 
24 April 1972.
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