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Summary

The sensitivity of plaice (Pleuronectes platessa) to infrasound has been exam-
ined using a seawater-filled test chamber suspended by steel wires like a swing and
driven by a vibrator. The sensitivity to low-frequency vibrations was determined
using the cardiac conditioning technique. All plaice readily responded to
infrasound down to 0.1 Hz, which was the lowest frequency tested, with threshold
values of approximately 4xlO~5ms~2 rms. This sensitivity is comparable to
infrasound thresholds found in other fish species and it agrees with the acceler-
ation thresholds for plaice in the frequency range 30-100 Hz. The water
movements relative to the fish surface produced during stimulation were below
lateral-line thresholds. The inner ear otolith organs are thus probably responsible
for the observed responses to infrasound. The hearing capabilities of plaice may
be explained by these organs functioning as slightly underdamped harmonic
oscillators with a resonant frequency close to 100Hz.

Introduction

The inner ear and the lateral line in fish are used in the detection of propagated
sound waves and hydrodynamic water flows. The sensory elements in both systems
are mechanosensitive hair cells, which respond to nanometre displacements of
their apical hair bundles (Kroese and van Netten, 1989). In the epidermal lateral-
line organs, or neuromasts, the apical sensory hairs are coupled to an overlying
gelatinous cupula. The stimulus for these sensory organs in the skin is water flow
relative to the fish surface, causing the cupula to slide over the hair cell epithelium
and thereby stimulating the hair cells (Sand, 1981; van Netten and Kroese, 1987,
1989). The wide distribution of superficial and canal neuromasts on the body of a
fish makes the lateral-line system well adapted for detecting spatial patterns of
water flow past the skin. This information is of vital importance in behavioural
tasks such as subsurface short-range prey detection and localization (Enger et al.
1989; Montgomery, 1989), close-range obstacle and predator avoidance (Weissert
and von Campenhausen, 1981; Hassan, 1989; Blaxter and Fuiman, 1990) and
surface feeding (Bleckmann et al. 1989; Elepfandt, 1989; Gorner and Mohr, 1989).

Fish flesh has nearly the same acoustic properties as sea water. Consequently,
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although a fish near a sound source may experience water flows impinging locally
on its body, the displacement field produced will encompass the whole fish when it
is at some distance from the source and this will cause it to move with the same
phase and amplitude as the surrounding water particles (de Vries, 1950). The
lateral-line neuromasts will not be activated by these stimuli, but the three pairs of
otolith organs found in the inner ear are ideally suited for detecting such imposed
whole-body movements (see Kalmijn, 1989). These sensory organs are inertial
detectors in which a dense calcareous otolith is mechanically coupled to a large
hair cell macula through a gelatinous otolith membrane. When the fish is
accelerated, the dense otolith will lag behind, creating shearing movements of the
sensory hairs and thus stimulating the hair cells. In this way, the inner ears in fish
are directly sensitive to the kinetic component of a sound field. The transition
between lateral-line and inner ear function probably occurs at very short source
distances of, at most, a few fish body lengths (Denton and Gray, 1983).

Recent theoretical and experimental results (Denton and Gray, 1983, 1988,
1989; Kroese and Schellart, 1987; Kalmijn, 1988, 1989) suggest that neuromasts
sense water acceleration relative to the body surface or a combination of water
acceleration and velocity. Their optimal frequency range is mainly below 100 Hz
and probably extends well into the infrasound region. Traditionally, such extreme
low-frequency sensitivity was believed to be the sole domain of the lateral-line
system (see Sand, 1984). However, the inner ears of both the Atlantic cod (Gadus
morhud) and the perch (Perca fluviatilis) are highly sensitive to infrasound down to
0.1 Hz and 0.3Hz, respectively (Sand and Karlsen, 1986; Karlsen, 1992). The
infrasound studies on these species were performed using a standing-wave acoustic
tube in which the whole water column inside the tube, including the fish being
tested, was set into low-frequency sine wave movement by vibrators. In the initial
study on Atlantic cod, an involvement of the lateral line in the observed
infrasound responses could not be excluded. Additional experiments were
therefore performed on the freshwater perch using the cobalt method (Karlsen
and Sand, 1987) to block the lateral-line organs selectively. This treatment did not
affect the acute infrasound sensitivity in this species, suggesting that the infra-
sound was detected by the inner ear. A shortcoming of the acoustic tube was the
limited working range of the vibrators, which made it impossible to produce the
large displacements necessary to create accelerations well above thresholds at
0.1 Hz and 0.3 Hz, the lowest frequencies tested. This reduced the possibility of
conditioning to these frequencies and required a compromise in the stimulation
procedure, causing the acceleration to be initiated at its peak value (Sand and
Karlsen, 1986). In addition, large displacements would increase the boundary zone
close to the tube wall and reduce the homogeneity of the water flow inside the
tube. In the present study, these difficulties were overcome by moving the fish and
the surrounding water as a unit. The experimental design also allowed sufficiently
large displacements to achieve an optimal stimulus waveform at the lowest
frequencies tested, giving a sine-wave acceleration starting at zero.

Plaice (Pleuronectes platessa L.) was chosen as the experimental animal.
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Flatfish are sensitive to the kinetic sound components in the whole audible
frequency range since they do not possess a gas-filled swimbladder, which is known
to induce sound-pressure sensitivity in other fish (see Sand and Enger, 1973). The
hearing capabilities of the plaice have also been tested in a conditioning study
under nearly ideal experimental conditions in the sea (Chapman and Sand, 1974).
Replotting the plaice audiogram from Chapman and Sand (1974) in terms of
acceleration (see Fig. 4) shows an upper frequency limit of about 200 Hz and an
optimal and flat frequency sensitivity from 100 Hz to 30 Hz, which was the lowest
frequency examined in that study. Hearing in this species is therefore likely to
extend into the infrasound region.

Materials and methods

Animals

Plaice (Pleuronectes platessa) (28-32 cm) were caught in gill nets in the sea close
to the test site. Before being used in experiments, the plaice were kept for 1-2
weeks in large storage tanks circulated with sea water. During this adaptation
period they started to feed regularly.

Experimental apparatus

The plaice were tested in a thick-walled (15 mm) Perspex chamber with inside
dimensions of 40cmX30cmX10cm. The test chamber was suspended by four
27 cm long steel wires attached to a solid steel frame (Fig. 1). The chamber was
slowly circulated with sea water, which passed through a mechanical pressure
equalizer before entering the chamber to ensure a constant flow rate. The
circulation could also be turned off by stop screws at the water inlet and outlet.
The fish were placed inside the chamber through a rectangular opening in the top
plate. The opening was then firmly closed with a lid and eight locking screws. The
top plate and the lid were transparent, making it easy to ensure that all the air left
the chamber through the water outlet when the chamber was filled with sea water.

Since the chamber was suspended like a swing, it was impossible to eliminate
vertical movements completely. However, for the displacements used in the
present study the horizontal movements exceeded the vertical and transverse
movements by 30 dB or more. The chamber was driven by a vibrator (Derritron-
VP3) with a 10 mm working range. The VP3 has a mass of 23 kg and was bolted to
the steel base of the apparatus. The accelerating force developed by the vibrator
was transferred to the chamber through a connecting brass rod fixed to a 5 cm wide
and 5 mm thick steel plate attached to the end plate of the chamber. The
movements of the chamber were measured by a linear variable differential
transformer (Shaevitz, 100 DC-D; frequency response d.c. to 500Hz (-3dB);
sensitivity 4mVlum~l) incorporated as part of the axis between the vibrator and
the chamber. The suspended chamber and vibrator behaved like a strongly
underdamped second-order system with a damping coefficient of 0.23 and
resonant frequency 4.7 Hz. The background noise was reduced to a minimum by
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Fig. 1. The experimental apparatus used for examining the sensitivity of plaice to
infrasound. The fish was placed inside a thick-walled Perspex chamber, which was
slowly circulated with sea water (A). The chamber was suspended like a swing by four
steel wires (B) and driven by a vibrator. The whole apparatus was mounted on a steel
plate, which was firmly attached to a concrete block resting on dry sand. The
displacement of the chamber was measured by a linear velocity differential transducer
(LVDT). Each brief sound stimulation was followed by a mild electric shock applied to
the tail by shock electrodes attached to the side walls of the chamber (C). See text for
further details, x, y, z, vibration meter measuring movements in the x, y and z
directions.

attaching the experimental apparatus to a 100 kg concrete block, which rested on a
0.5 m layer of dry sand on a concrete floor poured on solid rock. Disturbances
from airborne sounds were reduced by building a separate sound-insulated room
around the apparatus. This room also kept out all light, and the tests were
performed with the fish in total darkness.

During horizontal accelerations of the test chamber, pressure gradients will
develop within it, causing relative water movements. It was essential to compare
these movements with the threshold of lateral-line organs. For an ideal closed
chamber with stiff walls, the pressure at the centre is expected to remain
unchanged while maximum and minimum pressures will develop at the end walls.
A hydrophone fixed at these positions was therefore used to examine the
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behaviour of the chamber and the possibility of lateral-line stimulation. At an
acceleration of 10~3 m s~2 pressure changes of 0.01 Pa rms could be detected at the
centre of the chamber, increasing to approximately 0.3 Pa rms at 0.1 ms~2. At the
end walls the pressure increased linearly with the acceleration of the chamber,
reaching values of 0.11 Pa rms at 10~3ms~2 and approximately 10 Pa rms at
0.1ms"2. At 30Hz and an acceleration of 10~3ms~2, the maximum water
accelerations relative to the chamber and fish due to the compressibility of water
were estimated to be approximately 10~7 m s~2 (calculations not shown). At lower
frequencies, the values will be further reduced. Water movements created within
the chamber due to water compressibility will therefore be well below lateral-line
thresholds, which are of the order of 10~4ms~2 (Fay, 1988).

Recording and stimulation

Heart rate was continuously monitored throughout the experiments by cardiac
electrodes attached to the plaice during light MS-222 anaesthesia. The test fish was
then allowed to recover for at least 12h before testing began. During this period
the plaice occasionally struggled vigorously for a few seconds in an attempt to
escape. However, during most of the adaptation period it rested quietly on the
chamber floor.

At the lowest infrasound frequencies examined, i.e. 0.1 Hz and 0.3 Hz, the
spring forces of the experimental arrangement dominated. The displacement of
the chamber therefore closely followed the voltage waveform supplied to the
vibrator. At these two low frequencies a driving voltage was generated according
to the equation:

U = aoDt — asincjt, (1)

where U is the driving voltage, a is the amplitude of the sine voltage, co is the
angular frequency and / is time. The waveform was produced by adding a positive
ramp voltage with the shape acot to a negative starting sine-wave voltage with the
shape as'inwt, as illustrated in Fig. 2. The stimulus duration was 10s in all trials and
thus covered one period at 0.1 Hz and three periods at 0.3 Hz. The waveform gave

Fig. 2. At 0.1 Hz and 0.3 Hz, an approximation of a single frequency stimulus was
achieved by making the displacement of the chamber follow a ramp-displaced sine
wave described by equation 1 in the text and illustrated for 0.1 Hz in (B). The stimulus
was produced by adding a triangular waveform to a negative-going sine wave, shown in
A. The arrow shows the initiation of the waveform, which covered one period at 0.1 Hz
and three periods at 0.3 Hz. The acceleration of the fish, which is the proper inner ear
stimulus, followed a normal, transient-free sine wave starting at zero.
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a transient-free sine wave acceleration starting at zero and described by U"(t). The
acceleration was symmetrical around the zero line, although there was a d.c. shift
in both the displacement and the velocity of the chamber during a stimulus cycle.
The calculated Fourier spectrum of the acceleration stimulus contained higher-
order frequency components of decreasing amplitude. At 0.1 Hz stimulation, the
components one octave in either direction were reduced in amplitude by 22 dB,
while for 0.3 Hz stimulation the reduction was 28dB. In previous infrasound
studies using an acoustic tube, the acceleration of the fish rose instantly to its
maximum value following a cosine function. The corresponding higher-order
frequency components were then reduced by 10dB and 16dB, respectively. The
stimulus waveform given by equation 1 thus represents a better approximation of a
single-frequency stimulus. Above 0.3 Hz the stimulus waveform was a pure sine
wave. To eliminate contamination by higher-order frequency components and on-
transients at these frequencies, the rise time of the stimulus covered several cycles.

Conditioning
The sensitivity to low-frequency vibrations was determined by means of the

cardiac conditioning technique described by Sand and Karlsen (1986) and Karlsen
(1992). In short, the test fish was exposed to a sound stimulus lasting 10-15 s,
which was immediately followed by a mild electric shock to the tail region,
(Fig. 1C). The sizes of the test chamber and plaice were chosen to prevent the
plaice from turning around within the chamber, and the shocks were delivered to
the tail. At all frequencies, testing began at a high stimulus intensity of
approximately 0.01 m s~2. All plaice were responsive to this intensity and showed a
dramatic slowing of the heart rate even the first time the sound stimulus was
presented. The main effect of the shock was therefore probably to prevent
habituation of this bradycardia response. The auditory thresholds were sub-
sequently determined by reducing the stimulus intensity in 6dB and 3dB steps
according to the staircase technique. The response was considered positive if the
heart-beat interval during the sound stimulus exceeded the longest of the 20
prestimulus heart-beat intervals by at least 10%. The time between tests was
10-30 min, and the ultimate threshold level was calculated as the stimulus intensity
giving a 50% probability of a positive response (Dixon, 1965).

Background noise
The horizontal and vertical background accelerations of the experimental

apparatus were measured using a portable Bruel & Kjaer vibration meter (type
2511). The frequency range was 0.3 Hz to 2 kHz, and the relative bandwidth
options were 3 % and 23 %, respectively. The detection limit of the instrument was
10~7-10-6ms-2.

Results
The plaice recovered within a few minutes from the light MS-222 anaesthesia

used during positioning of the electrocardiogram (ECG) electrode. The heart rate
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was then regular at an elevated rate of 60-80 beats min"1. During the following
3-6 h it slowly fell to a resting rate of 20-30 beats min"1. Except during occasional
brief periods of swimming activity, the heart rate remained at this level until
testing began. The heart-beat intervals were also regular and typically remained
within 10 % of the mean interval for periods lasting several minutes. The effect of
the infrasound stimulation and the following electric shock on the heart rate
depended on the interval between the tests. Forced stimulation with only a few
minutes between each test inevitably led to an increased heart rate, irregular heart
beats and reduced bradycardia responses. In contrast, the relaxed stimulation
schedule used, with 10-30min between the tests, had only minor effects on the
regularity of the heart beats and the mean heart rate.

Six plaice were used in the study, and they all showed the same general
behaviour both prior to and during testing. All individuals responded with a
pronounced bradycardia throughout the testing period to all the infrasound
frequencies above threshold. The observed bradycardia responses were also
seemingly independent of stimulus strength above threshold, which made it easy
to judge a test as positive or negative. An example of a positive response to 0.1 Hz
and 0.3 Hz is shown in Fig. 3. The stimulation intensity was approximately 6dB
above threshold in both cases. The upper trace in the records is the unfiltered
output from the linear velocity differential transducer, which shows the displace-
ment of the chamber and fish. The proper inner ear stimulus is the double
derivative of this curve, i.e. the acceleration, which is a normal sine wave with no
offset.

Each plaice was tested over 2-3 days, which allowed most of the test frequencies
to be examined 2-3 times. The threshold for a given frequency was therefore
estimated as the average value of the thresholds determined on consecutive days.
The difference between these values were always less than 6 dB. A summary of the
sensitivity to the frequencies examined is given in Fig. 4. The thresholds for 30 Hz,
lOHz, 0.3Hz and O.lHz were all approximately 4xlO~5ms~2, close to the
acceleration thresholds obtained by Chapman and Sand (1974) in their field study
on plaice (shown as the broken line in Fig. 4). The thresholds at lHz and 3 Hz
were elevated, which may be related to the background noise at the test site. The
noise-induced horizontal vibrations of the chamber measured in 3 % octave bands
were approximately 5xlO~7ms~2 rms for frequencies in the range 0.3-2 Hz.
Above 2 Hz there was a steady increase in the background vibrations to 10~6ms~2

rms at 100 Hz. An exception was a small (4dB) peak in the vibrations around
A.I Hz, i.e. the resonant frequency of the system. An accentuation of the
background movements at this frequency was also evident from the output of the
electromechanical transducer. The root mean square (rms) accelerations at 4.7 Hz
calculated from this signal were approximately 6xlO~6ms~2. Above 100 Hz the
noise level was constant up to 2 kHz, which was the highest frequency examined. It
should be noted, however, that the background accelerations were close to the
detection limit of the equipment used. These data must therefore be interpreted
with care.
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Fig. 3. Responses of a plaice to 0.1 Hz (A) and 0.3 Hz (B) stimulation. The top traces
in the two records show the output from the linear velocity differential transducer, i.e.
the displacement of the chamber and the fish. The double derivative of this record, i.e.
the acceleration of the fish, describes a normal sine wave (see Fig. 2 and the text for
further details). The stimulus intensity was approximately 6 dB above threshold in both
examples. The bottom traces in the records show the individual heart beats.

Above 0.3 Hz the frequency spectrum of the horizontal chamber accelerations
was also measured during stimulation to test for the presence of higher-order
frequency components. However, no additional acceleration peaks above the
background noise were detected for the frequencies used, even at high stimulation
intensities.

Discussion

The technique of simulating natural sound stimulation in the sea by vibrating the
fish in air was introduced by Enger et al. (1973), who measured microphonic inner
ear potentials from anaesthetized haddock (Melanogrammus aeglefinus) firmly
clamped to a vibrating table. In the present study, this method was developed
further, with the essential modifications being the replacement of the vibrating
table with a water-filled chamber, to allow a behavioural study to be performed,
and the use of a linear variable differential transducer to measure the minute
displacements of the chamber. The low-frequency sine-wave movements of the
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Fig. 4. Auditory thresholds obtained in plaice for the frequency range 0.1-30 Hz,
presented as mean values+s.D. Six plaice were examined and they all gave well-
defined thresholds at the frequencies tested. The dotted curve gives the acceleration
thresholds found in plaice by Chapman and Sand (1974).

chamber and the test fish during stimulation simulated the kinetic component of a
propagated sound wave, i.e. the gross water movements experienced by a fish
moving freely in a sound field at some distance from the sound source. An
advantage of this stimulation technique compared to the acoustic tube used
previously (Sand and Karlsen, 1986) was the possibility of producing large low-
frequency accelerations without creating significant relative displacements be-
tween the side walls and the water. Such displacements could otherwise be above
the threshold for mechanoreceptors in the skin, such as superficial neuromasts.
Since border-zone effects were disregarded in the present study, the test fish was
not confined to a netting cage as in previous studies (Sand and Karlsen, 1986;
Karlsen, 1992), but left free to move within the chamber during testing.

The thresholds at 0.1 Hz, 0.3 Hz, 10 Hz and 30 Hz were all approximately
4xlO~5 m s~2, very close to the thresholds for frequencies in the range 30-100Hz
determined for the plaice by Chapman and Sand (1974). There was a reduced
sensitivity to lHz and 3 Hz (Fig. 4). The reasons for the elevated thresholds at
these frequencies are unclear. They may be due to masking by the respiratory
activity of the fish, or by the accentuated background movements of the chamber
at the resonant frequency (4.7 Hz) of the system. Elevated thresholds for
stimulation frequencies close to the resonant frequency of the experimental
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apparatus, were also observed in the infrasound studies using the acoustic tube
(Sand and Karlsen, 1986; Karlsen, 1992).

The relative water movements created within the chamber due to water
compressibility alone were estimated to be well below the threshold of lateral-line
organs. However, these receptors or other mechanoreceptors in the skin may also
have been stimulated by water flows in the chamber due to pressure release
through the water outlet and inlet or to changes in the circulating water flow during
stimulation. These effects are difficult to estimate, but temporary closing of the
water outlet and inlet using the stop screws did not affect the infrasound responses.
Significant water movements may also have been created by deformations of the
side walls, indicated by the pressure variations measured at the centre of the
chamber. These water movements are, however, expected to be well below the
overall horizontal accelerations of the chamber and test fish. At low stimulation
intensities at least, the mass-loaded sensory organs of the inner ear are therefore
probably responsible for the infrasound responses and thresholds observed in the
plaice. This conclusion is in agreement with a previous study on infrasound
detection in perch, using the standing-wave acoustic tube. Blocking the lateral-line
organs with Co2+ had no effect on the infrasound thresholds in this species
(Karlsen, 1992). Furthermore, saccular microphonic potentials have been
measured at frequencies down to 10 Hz in plaice by Hawkins and MacLennan
(1976).

The otolith organs are inertial detectors activated by linear accelerations of the
whole animal. Functionally, they have been treated as simple harmonic oscillators
(de Vries, 1950; Lewis, 1984; Kalmijn, 1989) described by the differential equation
(de Vries, 1950; Kalmijn, 1989):

" + dx' + kx = moa{\ — l/po)sinatf, (2)

where x is the displacement of the otolith relative to the sensory macula, me is the
effective mass of the otolith and the entrained endolymph, d is the viscous drag
force incurred by the moving mass, k is the restoring spring force per unit of
displacement, mo is the mass of the otolith, po is the specific gravity of the otolith
and asincot is the imposed acceleration of the fish. In this model, otolith
displacements relative to the sensory macula are expected to cause corresponding
deflections of the sensory stereocilia, and the spring force k is believed to be
mainly attributed to the stiffness of the hair bundles. In their normal working
range, hair cells may be treated as linear displacement detectors (Ohmori, 1987).
Thus, in the above model the problem of hearing in fish is reduced to solving
equation 2 (de Vries, 1950). At low frequencies, the stimulation of the hair cells is
therefore expected to follow the acceleration of the water volume and the fish. At
higher frequencies, otolith organs will degrade to velocity and ultimately to pure
displacement detectors (see Kalmijn, 1989). However, the nature of the connec-
tion between the hair bundles and the otolith membrane in fish is still unknown. A
pure frequency-independent displacement sensitivity of the sensory cells may also
be questioned, since both electrically and mechanically tuned hair cells have been
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extensively documented in vertebrates (see Ashmore, 1990, 1991) as have
nonlinear spike-type hair cells (Fuchs etal. 1988). However, the harmonic
oscillator model is considered to be a valuable first approximation of the behaviour
of otolith organs (Lewis, 1984; Kalmijn, 1989). Direct measurements of the
dynamic characteristics of fish otolith organs are few, but the scanty data that exist
suggest that they are nearly critically damped, with natural frequencies of the
order of 160Hz (see Kalmijn, 1989). This agrees with the plaice audiogram shown
in Fig. 4, which fits that of a slightly underdamped system with a natural frequency
of approximately 100 Hz. A low-pass characteristic of the sacculus in plaice with a
cut-off frequency at 100 Hz is also apparent when the microphonic data from
Hawkins and MacLennan (1976) are replotted in terms of particle acceleration.

At frequencies below resonance, otolith organs are expected to be stiffness-
controlled and to operate in acceleration mode, i.e. for a given acceleration of the
fish the amplitude of the otolith displacement relative to the sensory epithelium is
constant and frequency-independent. This suggests a constant acceleration-
sensitivity in fish for frequencies ranging from the natural frequency of their
otolith organs to d.c. The acceleration thresholds determined in plaice for 0.1 Hz
and 0.3 Hz may therefore hold for even lower frequencies.

The differential equation used to describe the otolith behaviour may also be
used to estimate the minimum perceptible acceleration (de Vries, 1950). In the
infrasound range the solution to equation 2 takes the form:

x ~ moa/nK{\ - l/po) , (3)

where x, mo, po and a are as described above. The sliding stiffness of the otolith
and otolith membrane is assumed to be determined by the hair cells only, where n
is the number of hair cells and K is the average stiffness per hair cell. Otoliths have
a specific gravity (po) of 2.93 (de Vries, 1950). The displacement threshold (x) of
hair cells in fish is approximately 10~9 m (Kroese and van Netten, 1989), which is
close to the sensitivity of other vertebrate hair cells (see Ashmore, 1990). The
pivotal stiffness of hair cells also seems to be within the same order of magnitude in
vertebrates. Based on data from ruff (Acerina cernua) lateral-line hair cells, which
have 15 ^m hair bundles, the stiffness per hair cell (K) has been estimated as
1.3xlO~4Nm~' (van Netten and Kroese, 1989). The relative importance of the
three pairs of otolith organs in infrasound detection is unknown, but the sacculus
in the plaice is large and believed to be involved in both sound and gravity
reception (Shone, 1964; Chapman and Sand, 1974; Hawkins and MacLennan,
1976). The mass (mo) of the sacculus otolith in the plaice used in the experiments
was approximately 40 mg. The number of sensory cells (n) in this organ has not
been measured, but a crude estimate based on studies of other teleost fish is 104

cells (see Kalmijn, 1989). Using the above values, the minimum perceptible
acceleration (a) is found to be 5xlO~5ms~2. The close agreement between this
estimate and the behavioural thresholds in plaice should be interpreted with care.
Only hair cells are thought to contribute to the elasticity of the sensory system.
This may be true in the case of a sliding cupula (Kroese and van Netten, 1989), but
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may not hold when a dense otolith is embedded in the jelly-like otolith membrane
as in the inner ear. However, there is no striking mismatch between the estimated
and measured thresholds, and this suggests that the harmonic oscillator model of
otolith behaviour should be explored further.

The mechanisms responsible for the observed infrasound sensitivity at the level
of the hair cells are unclear. In the goldfish sacculus, Sugihara and Furukawa
(1989) reported the presence of spike-type hair cells. These cells were slowly
adapting, and small (5pA) depolarizing currents elicited large-amplitude
(50-90 mV) all-or-none spikes followed by steady or 5-15 Hz repetitively oscillat-
ing plateau potentials. As noted by these authors, the spike-type hair cells seem to
be well suited for the detection of low-frequency mechanical stimulation. Similar
spike-type hair cells have been found in other sensory structures believed to be
involved in the detection of very low frequency vibrations, e.g. in the bullfrog
sacculus (Hudspeth and Corey, 1977), the apex of the alligator and avian cochleas
(Evans and Fuchs, 1987; Fuchs etal. 1988) and in the squid statocyst macula
(Williamson, 1990).

The interpretation of the hearing capabilities of a fish depends on what is
thought to be the relevant inner ear stimulus parameter. For instance, Chapman
and Sand (1974) presented their audiogram for plaice in terms of particle
displacement. This indicated a maximum sensitivity for frequencies in the range
110-160 Hz. Below this optimal range the sensitivity dropped by 10 dB per octave.
Above, the fall-off was even steeper, which led to the conclusion that the audible
frequency range in plaice appeared to be narrow. If the acceleration rather than
the displacement of the animal is assumed to be the relevant auditory stimulus, the
shape of the audiogram is changed dramatically, as illustrated in Fig. 4. This also
makes it necessary to reconsider the conclusions concerning best frequencies and
audible range.

The biological significance of infrasound sensitivity in fish is still unclear. Sand
and Karlsen (1986) suggested that naturally occurring infrasound in the sea may be
detected and used by fish for orientation during migrations. A high sensitivity to
linear accelerations also opens the possibility of inertial navigation. As pointed out
by Sand and Karlsen (1986), this could be useful for shorter periods when other
adequate external information is lacking. In fact, Harden Jones (1984) proposed
that migrating plaice in the North Sea were using inertial guidance based on the
semicircular canals to maintain a surprisingly stable heading in midwater in the
absence of visual and tactile cues. Actively swimming compass-tagged plaice were
shown to stay within ±45° of their original bearing for more than 3 h. This ability
can hardly be explained by their exploiting the semicircular canals as angular
sensors. However, the acceleration-sensitivity of the inner ear otolith organs may
be sufficient to account for the observed performance. The centripetal acceler-
ation experienced by a plaice that is deflected off its original bearing and starts
swimming in a circle, is given by v2/r, where v is the constant swimming speed and
r is the radius of the circle. Assuming an acceleration sensitivity of 10~4 m s~2 and a
swimming speed of 0.5 m s~', the detection limit is a circular motion with radius of
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2.5 km, and it will take more than 1 h until the plaice is 45° off its original straight
course. Inertial navigation based on the acute acceleration-sensitivity of the inner
ear could thus enable fish to maintain a relatively straight course for many hours,
provided that the course could be corrected at certain intervals by reference to
external cues. These directional cues could be bottom sand waves or water
movements associated with surface waves, as suggested by Harden Jones (1984).

A moving fish is a major sound source and produces mainly low-frequency water
movements (Bleckmann etal. 1991). A high sensitivity to infrasound may
therefore also be important for communication or in the detection of other fish. In
this respect, it is interesting that cephalopods, the invertebrate counterparts of
fishes, are also primarily sensitive to low-frequency sounds well into the infra-
sound range (Packard etal. 1990).
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