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Abstract

World-wide, underwater background noise levels are increasing due to anthropogenic activities. Little is known about the effects of
anthropogenic noise on marine fish, and information is needed to predict any negative effects. Behavioural startle response thresholds
were determined for eight marine fish species, held in a large tank, to tones of 0.1-64 kHz. Response threshold levels varied per frequency
within and between species. For sea bass, the 50% reaction threshold occurred for signals of 0.1-0.7 kHz, for thicklip mullet 0.4-0.7 kHz,
for pout 0.1-0.25 kHz, for horse mackerel 0.1-2 kHz and for Atlantic herring 4 kHz. For cod, pollack and eel, no 50% reaction thresh-
olds were reached. Reaction threshold levels increased from ~100 dB (re 1 pPa, rms) at 0.1 kHz to ~160 dB at 0.7 kHz. The 50% reaction
thresholds did not run parallel to the hearing curves. This shows that fish species react very differently to sound, and that generalisations
about the effects of sound on fish should be made with care. As well as on the spectrum and level of anthropogenic sounds, the reactions

of fish probably depend on the context (e.g. location, temperature, physiological state, age, body size, and school size).

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

World-wide, underwater background noise levels are
increasing due to anthropogenic activities (National
Research Council, 2003, 2005). Many marine organisms
rely heavily on acoustics to survive. Fish, for instance,
engage with their surroundings through sound, by using
species-specific acoustic adaptations for hunting, territorial
behaviour, mate attraction, spatial orientation, predator
aversion, etc. (Popper et al., 2003). Such ecologically
important behaviours can be negatively influenced by
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anthropogenic noise. Little is known about the effects of
anthropogenic noise on marine fish, and much information
is needed to evaluate or predict any negative effects (Popper
et al., 2004).

The effect of a sound may depend on: (1) properties of
the sound, such as frequency spectrum, source level (SL),
duration, rise and fall times in level, and repetition rate,
(2) background noise (masking), (3) sound level, duration
and spectrum of the sound as received by the animal, (4)
hearing properties of the species (sensitivity, directivity
index and critical ratio), and (5) species-specific or individ-
ual variation in reaction to sound.

Limited information is available on the hearing sensitivity
of only about 100 of the 27,000 marine fish species (Popper
etal.,2003). Most audiograms of marine fish species indicate
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that their highest sensitivity to sounds falls within the 0.1-
2 kHzrange. The fact that the bandwidth of hearing sensitiv-
ity is narrow could be due to mechanical limitations of the
sense organs, which may include the swim bladder, or to
physical constraints of the testing systems (Ladich and Pop-
per, 2004). However, some studies suggest that clupeid fish
may also be able to detect ultrasound (Mann et al., 2002)
although Pacific herring cannot (Mann et al., 2005). Cod
can detect ultrasound (3 ms 38 kHz pulses), but only at very
high received levels (of >194 dB re 1 pPa; Astrup and Mghl,
1993, 1998).

The fact that a fish can detect a sound does not necessar-
ily mean that it will react to that sound. In many species, a
certain sound pressure level needs to be reached before the
behaviour is affected, and some fish species do not show
startle responses to sounds no matter how loud they are.
Researchers have investigated the effects of specific sounds
on the behaviour of marine fish species, and responses vary
greatly (Moulton and Backus, 1955; Hawkins, 1986; Myr-
berg, 1990; Popper and Carlson, 1998; Luczkovich et al.,
2000; Kastelein et al., 2007).

The aim of the present study was to determine the
behavioural reaction threshold levels of eight fish species
from the North Sea to pure tones in the frequency range
0.1-64 kHz. Where possible, we compare our reaction
thresholds to hearing thresholds, and evaluate the relation-
ship between sound detection and response. Though pure
tones may not occur often in nature, an understanding of
the responses of fish species to them is fundamental to
understanding their responses to more complex sounds,
which could be tested in applied follow-up studies.

2. Materials and methods
2.1. Study animals

Eight fish species that are found in the North Sea were
selected for testing, based on their economic importance
in fisheries, their availability, their ease of maintenance in
captivity, and the temperatures at which they can be kept
(the water temperature in our study tank was influenced
by the environment). The animal welfare commission of
the Netherlands stipulated that the fish used must feed
readily in captivity, so they had to come from aquaria or
fish farms, though most were originally wild-caught. All
came from the Netherlands. Six of the study species [sea
bass (Dicentrarchus labrax), thicklip mullet (Chelon labro-
sus), pout (Trisopterus luscus), Atlantic cod (Gadus mor-
hua), pollack (Pollachius pollachius) and horse mackerel
(Trachurus trachurus)] were from Sea aquarium ‘“‘Het
Arsenaal”, Flushing (Table 1). The fish had been wild-
caught by hook and line or in a trap, so that no obvious
damage had occurred to their swim bladders. The common
eel (Anguilla anguilla) came from ““Schot aquacultuur” fish
farm, Bruinisse. The Atlantic herring (Clupea harengus)
were borrowed from the Oceanium department of Blijdorp

Table 1
Mean standard body length of the study fish

Species N Standard body length (cm)

Mean SD Range
Sea bass 17 23 2.4 18-26
Thicklip mullet 11 17 53 8-24
Pout 9 21 2.7 18-24
Atlantic cod S 44 1.7 42-46
Common eel 10 46 6.5 35-57
Pollack 4 24 2 22-26
Horse mackerel 13 4 0.8 3-5
Atlantic herring 4 27 - 25-30

N = number of individuals used in the test, SD = standard deviation.
Because herring cannot be touched without damaging them, their body
length was estimated.

Zoo, Rotterdam. The fish were all adapted to captivity and
were feeding voluntarily.

Except for the Atlantic herring, the animals were fed ad
lib. on pieces of raw fish (food was given until the animals
stopped eating) twice a week after the daily study sessions.
The herring were fed Trouvit pellets (Nutreco aquaculture)
from a food dispenser throughout the day. The amount
eaten was related to the water temperature. For one to
two weeks before each species was tested, the fish were kept
in white polyester 2.2 m diameter holding tanks with a
water depth of 1 m. These tanks were very quiet, as they
(and their water systems) had been designed specifically
for acoustic research. In the holding tanks, most fish swam
slowly or remained stationary most of the time. During the
study the species were kept in a much larger tank (see
below) in schools of 4-17 individuals. In this tank all spe-
cies showed schooling behaviour, and the school size was
mainly determined by the availability of the fish and the
available space in the net enclosure.

2.2. Study area

The experiments were conducted in a large outdoor tank
at SEAMARCQO’s research institute in Wilhelminadorp,
The Netherlands. The rectangular tank (7.0 m long, 4.0 m
wide; water depth 2.0 m) was made of plywood covered
on both sides with fibreglass (Fig. 1). The tank was set into
a 1 m deep hole in the ground, resting on a layer of rubber
tiles, and the sides below ground level were covered with a
layer of 3 cm thick Styrofoam. The pool walls and floor
were blue (Ral colour 50/15).

To reduce predation by birds, algal growth, impact of
noise from rain, glistening of the water surface, and to cre-
ate a more even light pattern in the pool, a slanting roof
(9 m x 6 m) made of Polyurethane between two sheets of
metal was built above the pool (1.5 m above the water level
on one side and 2.0 m on the other side). From October to
December inclusive, artificial lighting was used during the
first session of the day.

The water was pumped continuously from the nearby
Oosterschelde (a lagoon of the North Sea). The turnover
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Fig. 1. A schematic view of the study area, showing the tank, the net enclosure, the location of the three cameras, and the three transducers. The fish are

shown to scale for the larger fish species.

rate of water in the tank was once per day. The salinity was
30-33%o. To ensure the good water clarity needed to film
the fish, the water was circulated via sand, UV light, and
carbon filters. Water temperature was measured daily and
remained well within the boundaries suitable for the fish
species (Table 2). No influence of water temperature on
the effects of the stimuli were observed in any of the species;
a previous study (Kastelein et al., 2007) also showed that
within the temperature range experienced in the present
study, the fish reacted to sound independently of the
temperature.

To make the environment inside the tank as quiet as
possible, the filter unit had a low noise “whisper” pump.
To reduce contact noise entering the pool, the pump and
filter unit were placed on rubber tiles, and the filtration
pump was connected to the tank with flexible tubes.

To ensure that during test sessions all fish could be
filmed at any time with one or more (depending on the
school length and width) of the three cameras, and to make
a change in fish species easy for the fish and the researchers,
the fish were kept in a net enclosure (4 m long, 1.9 m wide

Table 2
Water temperature during the test periods for each fish species

Fish species N Water temperature (°C)

Mean SD Range
Sea bass 9 8.7 1.0 7-10
Thicklip mullet 9 6.9 0.8 6-8
Pout 9 53 1.2 4-7
Atlantic cod 15 8.1 0.8 7-9
Common eel 7 6.1 0.7 5-7
Pollack 28 10.2 2.9 6-16
Horse mackerel 15 14.4 1.2 13-16
Atlantic herring 6 9.3 0.5 9-10

N = number of measurements, SD = standard deviation.

and 2.5 m high) that was rigged over the width of the tank
(Fig. 1). The net was made of white nylon (1.5 cm stretched
mesh). By means of lead lines and four weights in the cor-
ners, the enclosure kept its rectangular shape. Two research
cabins were placed 2 m apart on one side of the tank. One
housed the sound generation equipment, three monitors,
video recording equipment, and sound recording equip-
ment. The other housed the sound calibration equipment.

2.3. Stimuli

The fish were subjected to pure tones at the following fre-
quencies: 0.1, 0.125, 0.250, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 4,
8, 16, 32, 45, and 64 kHz. These are mainly octave frequen-
cies, but extra frequencies were tested below 1 kHz. The
lowest frequency (0.1 kHz) was determined by the equip-
ment available for this study. The stationary portion of all
signals was 900 ms in duration. Rise and fall times (each
50 ms) preceded and followed the stationary portion, to
prevent abrupt signal onset and offset transients. The tones
were produced by a generator (Hewlett Packard, model
33120A), a signal shaper and attenuator (a modified audi-
ometer, Midimate model 602; 5-dB steps), a power amplifier
(HQ Power, model VPA2200BMN-2 x 200 W, rms), and
one of the following three underwater transducers, depend-
ing on the frequency of the projected sounds: for signals of
0.1-0.250 kHz, an Ocean Engineering Enterprise trans-
ducer (model DRS-12; 30 cm diameter) and its impedance
matching transformer; for signals of 0.4-45 kHz, an Ocean
Engineering Enterprise transducer (model DRS-§; 20 cm
diameter) and its impedance matching transformer; for
64 kHz signals, an Airmar high frequency experimental
transducer.

During a pre-test with each fish species, the signal levels
for the main study were determined by increasing the
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sound pressure level of each frequency until a reaction,
which was best described as a startle response, to the stim-
ulus was observed. That sound pressure level was tested in
the main study, as were levels 5 dB higher and lower. Some
signal frequencies caused no reaction when produced at the
highest sound pressure level that could be generated with
the available equipment. In such cases, that maximum pro-
ducible level was used during the main study.

During test sessions the audible stimuli and background
noise were checked with a hydrophone (Labforce 1 BV,
model 90.02.01), a charge amplifier (Briel & Kjaer
(B&K), 2635) and an amplified loudspeaker. For sounds
above 16 kHz, the loudspeaker was replaced by a hetero-
dyne frequency reducer (Stag Electronics, Batbox III).
The outputs of the charge amplifier and frequency reducer
were fed into the video recorders (via ground loop isola-
tors), so that the behaviour of the fish at the exact times
of stimulus presentation could later be analysed.

2.4. Sound measurements

Two types of sound measurement were carried out dur-
ing the experiments: (1) determination of the background
noise level in the pool, to check that the stimuli were not
masked by background noise; (2) determination of the
sound pressure levels (SPLs) at two locations in the net
enclosure during sound emissions, to check the distribution
of the stimulus sounds in the study area.

The equipment used to measure background noise and
stimulus SPLs (up to 45 kHz) was the same and consisted
of a broad-band hydrophone (B&K 8101, 0-100 kHz), a
voltage amplifier system (TNO TPD, 0-300 kHz) and a
personal computer with spectral analysis software (Cool
Edit Pro, Syntrillium Software Corp., USA; sample fre-
quency 11-96 kHz, frequency range 0-48 kHz, df =15-
115 Hz). The whole system was calibrated with a piston-
phone (B&K 4223) and a white noise ‘insert voltage signal’
into the hydrophone pre-amplifier. Measurements were
corrected for the frequency sensitivity of the hydrophone
and the frequency response of the measurement equipment.

During the course of the study, background noise levels
in the tank were determined several times. Levels were mea-
sured in the range 0.020-48 kHz as narrow-band Fast Fou-
rier Transform (FFT) results, and were converted to Power
Spectral Density levels (1 Hz bandwidth), time-averaged
over 32 s. The remote location of SEAMARCO’s institute
had been chosen to minimise mechanical and other sound
sources, and so background noise levels were very low: gen-
erally below those caused by sea state 1 (spectrum level;
very low wind conditions; Wentz, 1962). Above wind force
Beaufort 4, the background noise in the tank did rise, so no
sessions were conducted under wind force conditions above
Beaufort 4.

Stimulus sound levels were measured on five occasions,
which were well distributed over the study period. Levels
were determined in the area in which the fish usually swam
(0.5m above the bottom in the centre of the width net

enclosure), and at distances of 1.5 and 3.5m from the
sound sources (transducers). Two frequency ranges were
applied to measure the sound distribution in the pool:
0.020-0.5 kHz (sample frequency 11.025 Hz) and 0.4—
48 kHz (sample frequency 96 kHz). For each stimulus fre-
quency, the spectra of three sound blocks (900 ms duration
each) were determined (by FFT) and linearly averaged.
Because for pure tones the pool was reverberant and there
was a frequency cut-off below approximately 0.250 kHz,
the propagation loss fluctuated considerably and deflected
from the 20 log R* attenuation law. Additional SPL mea-
surements throughout the net enclosure showed that the
stimuli levels (depending on frequency) varied at most by
+8 dB from the average received level (of the 1.5m and
3.5 m recordings). This received level range was used to cal-
culate the average 50% reaction threshold as a range, rather
than a line. Most stimuli showed no harmonics, and those
that did, had harmonics at least 30 dB below the level of
the fundamental frequency.

The 64 kHz signal was calibrated with a calibrated
hydrophone (RESON, TC 4032, S/N 1704048), connected
to an input module (RESON EC 6073) to transfer the sig-
nals to a computer and to power the hydrophone. A bat-
tery-powered amplifier (ETEC A1101) was wused to
condition the hydrophone signal and as a high-pass filter
of 10 Hz. As the gain characteristics were flat to 1 MHz,
a low-pass filter was used on the output of the amplifier
to filter the HF noise above 150 kHz with 12 dB/octave.
The output of the filter was connected via a coaxial input
module (BNC 2110) to a 16-bit data acquisition card
(National Instruments type PCI 6281 M) on which the ana-
logue signals were digitized with a sample rate of 512 kHz.
For each data sample the SPL was computed, using the
SPL/voltage relation of a pistonphone (G.R.A.S., model
42AC) reference source and a sound level meter (B&K
2239), to measure the SPL reduction with the hydrophone
linked to the pistonphone. With this reference all system
errors in the analogue/digital link could be eliminated,
assuming a flat response curve of the hydrophone up to
100 kHz. The computer with the DAQ card was powered
via a UPS (APC 1400) to maintain a floating earth circuit
decoupled from the local earth system. The data monitor-
ing/acquisition/analysis functions were conducted by using
acoustic software modules developed in Labview 7.0 soft-
ware (National Instruments) by IMARES. The spectro-
grams were computed in narrow-band FFT.

2.5. Observation equipment

The behaviour of the fish was recorded from above by
three black-and-white underwater video cameras (Mari-
scope, model Micro, Kiel, Germany). The cameras were
mounted in a row across the width of the pool (Fig. 1), with
the lenses just below the water surface, so that about 80%
of the water volume in the net enclosure was in view. Just
below the water surface some areas were not in view, but
these areas were never used by the fish, which swam near
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the bottom. The images of the three cameras matched with-
out overlap.

2.6. Methodology

In each test a school of fish of only one species was used,
in order to avoid the chance of the behaviour of one species
influencing the behaviour of another. The 4-17 fish of each
species were placed in the tank at least a day before the first
session with that species was conducted. This allowed the
fish to habituate to the tank. The transducers and cameras
were placed in the pool at the beginning of each working
day and remained in the water during all sessions. As the
pump in the pool was extremely quiet it was left on during
the experiments. Each one-hour session consisted of ten
1-min trials during which a sound was projected 30 s after
the onset of the trial. The time between trials was 5 min.
This inter-trial time was based on a pre-test in which the
time between signals, at a particular level which caused a
startle response when first projected, was reduced from
10 min to 1 min. Often the fish stopped reacting to the indi-
vidual stimuli when successive signals occurred with only
1 min in between, but response was restored after 2 min.
Therefore a conservative inter-trial time of 5 min was cho-
sen for the main experiment.

Usually four sessions were conducted daily between
08.30 and 16.00 h. Per fish species, all frequency and level
combinations, determined during the pre-test, were offered
in random order during the approximately 15 day study
period for that species. Each frequency and level combina-
tion was tested 12 times on each fish species (pollack 15
times). The study was conducted between October 2004
and December 2005.

2.7. Analysis

Two researchers collected and analysed the data. Dur-
ing the stimulus projection, one researcher (the operator),
who could see the entire study area on three monitors in
the research cabin, recorded (as a general impression)
whether the fish reacted to the stimulus or not. After each
session, the reaction of each fish in the school was
recorded by the other researcher, from the three video
recordings.

A reaction to a stimulus was characterised by a sudden
change in swim speed, swim direction and/or body posture
during the acoustic signal presentation. If 50% or more of
the fish in the school reacted to the stimulus, the trial was
classified as a “reaction” trial. The two researchers alter-
nated tasks between sessions, and when analysing the video
recordings, were not aware of the other researcher’s previ-
ous classification of the trials during the sessions. There
was no reason for the researchers to be biased, as we were
not expecting or predicting reactions, or lack of reactions,
to any particular sound. The reactions of the fish were in
fact so clear that no disagreement between the ratings of
the two researchers occurred throughout the study.

Per signal frequency or level combination, the % of the
12 (15 for pollack) trials in which the fish reacted to the
stimulus was calculated. Based on these percentages, psy-
chometric curves were drawn (received level range versus
% reaction). From these curves, the 50% reaction threshold
sound pressure level ranges were derived, and used to draw
the upper and lower 50% reaction threshold curves for each
species.

3. Results

The fish that responded to the stimuli showed startle
responses: they increased their swimming speed and often
made tight turns. No startle response was ever seen during
test periods apart from during signal presentation. In
almost all cases when a startle response was seen, the fish
swam away from the sound source. The fish always
resumed normal swimming behaviour within a few seconds
of the end of the 900 ms acoustic stimulus presentation.

For sea bass, 50% reaction threshold ranges were
reached for signals between 0.1 and 0.7 kHz (Fig. 2A).
The sea bass did not react to the maximum received levels
that could be produced for the higher frequency signals.

For thicklip mullet, 50% reaction thresholds were
reached for signals between 0.4 and 0.7 kHz (Fig. 2B).
The fish did not react to the maximum received levels that
could be produced for the other frequencies. However, the
mullet reacted to one of the twelve 0.1 kHz signal trials and
two of the 0.125 kHz signal trials, which suggests that the
50% reaction threshold level for those frequencies was only
a few dB above the maximum level that could be produced
with the available equipment.

For pout, 50% reaction thresholds were reached for sig-
nals between 0.1 and 0.250 kHz (Fig. 2C). The pout did not
react to the maximum received levels that could be pro-
duced for the higher frequency signals.

For Atlantic cod and common eel, no 50% reaction
thresholds could be reached with the maximum levels for
the frequencies that could be produced with the available
equipment (Fig. 2D and E).

For Pollack, no 50% reaction thresholds could be
reached with the maximum levels for the frequencies that
could be produced with the available equipment
(Fig. 2F). However, there was some reaction to the maxi-
mum levels that could be produced for signals of 0.1 kHz
(reaction in 4 of the 15 trials), 0.125kHz (4 trials),
0.250 kHz (2 trials) and 0.4 kHz (3 trials).

For horse mackerel, 50% reaction thresholds were
reached for signals between 0.1 and 2 kHz (Fig. 2G). The
horse mackerel did not react to the maximum received lev-
els that could be produced for the higher frequency signals.

Atlantic herring reacted to two frequencies. The 50%
reaction threshold was reached only for the 4 kHz signal
(Fig. 2H). There was also some reaction to the 0.4 kHz sig-
nal (in 2 of the 12 trials). The herring did not react to the
maximum received levels that could be produced for the
other frequencies.
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4. Discussion and conclusions

We judged that the researchers used consistent criteria
for classing a trial as a response trial or a non-response
trial, because their classifications were always identical,
and the startle response was very obvious (not a subtle
increase in swimming speed or swimming depth as was
observed in a previous study; Kastelein et al., 2007).

The size of their tank influences the general swimming
behaviour of many fish species. Before the fish were put
in the test tank, they were kept in much smaller circular
tanks, in which they swam very slowly or not at all. In
the net enclosure in the large test tank, the fish were much
more active; they behaved in the same way as fish in the
previous study in this tank, which had the entire tank avail-
able to them (Kastelein et al., 2007). So, although the test
tank was far from a natural environment, it was a much
better study area than the smaller tanks used in several pre-
vious studies on reactions of fish to sound.

The study fish had been housed, for at least part of their
lives, in tanks at aquaria and fish farms. However, those
facilities had water filtration systems that were relatively
quiet, so the study animals had probably not been exposed
to higher sound levels than wild conspecifics. As the loca-
tion of the study site was selected because of its remote
location and quiet environment, the tank was designed
specifically for acoustic research, and the area around
the tank was strictly controlled (nobody was present
within 100 m of the tank, except the researchers who sat
quietly), there was little background noise, and startle
responses were not observed outside the signal
presentations.

The reactions of the fish in the present study were prob-
ably dependent on the context in which the sounds were
produced, and the fish probably responded differently than
would wild fish. Even in the wild, animals behave differ-
ently depending on location, temperature, physiological
state, age, body size, and school size. So, even if the present
study had been conducted in the wild, the findings may not
have been of universal value.

4.1. Comparison of response threshold levels with hearing
threshold levels

During recent years, underwater sound has been of
growing interest to governments (e.g. National Research
Council, 2003), as they have to set standards, for example,
for acceptable sound levels for marine animals. However,
for convenience, and because of a lack of knowledge, fixed
levels above the basic hearing threshold of animals have
often been used as criteria for acceptable sound levels
(National Research Council, 2005; Southall et al., 2007).
Therefore, we compare the response threshold levels we
found in the present study to hearing threshold levels, to
see if this approach is valid for tones in the fish species
tested, and to evaluate the relationship between detection
of a sound and response to it.

The hearing sensitivity of only four of the fish species
(sea bass, Atlantic cod, pollack, and Atlantic herring) has
been tested, either physiologically or behaviourally (Lovell,
2003; Offutt, 1974; Buerkle, 1967, Hawkins and Myrberg,
1983; Chapman and Hawkins, 1973, 1969; Chapman,
1973; Enger, 1967). Although the critical ratios are known
only for cod (for 0.06, 0.160 and 0.380 kHz pure tones;
Hawkins and Chapman, 19795), it is likely that the back-
ground noise level in the tank for these four species was
sufficiently low not to mask the test stimuli (Fig. 2A, D,
F, and H).

Atlantic herring is a hearing specialist. The members of
the gadoid family Atlantic cod and pollack (and probably
the close relative pout), and the eel, are considered to be
hearing generalists with medium hearing ability. Sea bass
is believed to be a hearing generalist with higher hearing
thresholds. We found no information about hearing in
thicklip mullet and horse mackerel.

In the sea bass, the 50% reaction threshold levels were 0—
30 dB above the hearing thresholds for the test frequencies
(ABR audiogram method, Lovell, 2003; Fig. 2A). In the
Atlantic cod, which has a gas-filled swim bladder, 50%
reaction threshold levels were not even reached when the
test signals were 5-30 dB above the cod’s hearing thresh-
olds for those frequencies obtained by Buerkle (1967),
who later stated that the hearing was masked by the ambi-
ent noise in the tank (Buerkle, 1968; Fig. 2D). Reaction
threshold levels were 15-50 dB above the more accepted
hearing thresholds obtained for the same species in the
ocean by Chapman and Hawkins (1973), and 10-60 dB
above those obtained in a physiological audiogram by Off-
utt (1974); (Fig. 2D). Cod have directional hearing (Schuijf
and Buwalda, 1975; Hawkins and Sand, 1977). In the wild,
directional swimming of cod in response to a sound source
has also been observed (Lekkeborg and Seldal, 1993).
Although Atlantic cod is considered to have relatively sen-
sitive hearing, it is a species not easily frightened. When a
novel object is introduced into a tank, cod investigate it,
whereas many other species of fish flee and initially keep
a great distance from it. Maybe this bold behaviour caused
the animals in the present study not to react to the test sig-
nals, even at relatively high levels. On the other hand,
avoidance of continuous low frequency pure tones between
0.025 and 0.125 kHz at sound pressure levels of 130 and
140 dB re 1 pPa was observed in experiments with juvenile
and adult cod (C. Mueller-Blenkle, pers. comm.). Cod is
sensitive to infrasound down to 0.1 Hz (Sand and Karlsen,
1986; Enger et al., 1993), so the lack of response in the pres-
ent study may be because cod is especially sensitive to fre-
quencies lower than those we used.

In the pollack, 50% reaction threshold levels were not
reached when the test signals were 10-30 dB above the
hearing thresholds for the test frequencies obtained by
Chapman and Hawkins (1969), and 2040 dB above the
threshold reported by Chapman (1973), although we did
see some responses to the 0.1, 0.125, 0.250, and 0.4 kHz
stimuli (Fig. 2F). This suggests that the 50% reaction



376 R A. Kastelein et al. | Marine Environmental Research 65 (2008) 369-377

threshold level for those frequencies was only a few dB
above the maximum level that could be produced with
the available equipment.

Herring is considered a hearing specialist, as it has a
swim bladder that is mechanically coupled to the inner
ear, and air-filled vesicles (bullae) close to the inner ear
(Enger, 1967). At 4 kHz, the 50% reaction threshold level
was 30 dB above the estimated hearing threshold level for
herring (Enger, 1967; Fig. 2H). Blaxter and Hoss (1981)
exposed herring to 0.07-0.2 kHz signals, found startle
responses at received levels between 122-138dB (re
1 pPa), and observed that the response depended on the
size of the herring. Olsen (1971) reports that herring
showed a clear behavioural response to 0.1 kHz signals
when the signal was 20-25 dB above the ambient noise
level. Blaxter et al. (1981) found that 2-40 ms signals were
sufficient for herring to detect stimuli and localize sound
sources. Thus, the 900 ms stimuli in the present study were
sufficiently long to cause a startle response in herring. As in
the present study, herring have been shown to react direc-
tionally to sound stimuli in previous studies (Olsen, 1969;
Hering, 1969; Schwartz and Greer, 1984).

The present study shows that the difference between the
hearing and reaction threshold levels varies per frequency,
and within and between the fish species. This suggests that
at sea, not only the masking effect of the background noise
on a stimulus determines its effect on fish behaviour, but
also the frequency spectrum and level of the stimulus. In
addition, the present study clearly shows that fish species
react very differently to sound, and that generalisations
about the effects of sound on fish should be made with
the utmost care.

4.2. Anthropogenic noise

In the present study only eight of the 224 fish species
that occur in the North Sea (Yang, 1982) were tested.
Because even within these eight species marked differences
in reaction threshold received levels, and in the frequencies
that elicited reactions, occurred, it would be useful to con-
duct similar tests on more fish species and stimuli of differ-
ent frequency spectra, to be able to predict the reactions of
marine fish of the North Sea to anthropogenic noise.

The fish species that responded to sounds in the present
study would probably also react to sounds at frequencies
lower than those we tested. The lowest frequency tested
(0.1 kHz) was determined by the equipment available for
this study. Except for herring, all the fish species that
reacted did so to sounds below 2 kHz. Some of the reac-
tions to low frequency stimuli in the present study may
have been due to particle motion, which was not measured,
but should be in future studies of this kind. In general,
anthropogenic noise sources have wide spectra, but low fre-
quency parts of the spectra travel further than high fre-
quency parts, so that low frequencies (below 1 kHz) are
dominant at distance from the source (Richardson et al.,
1995). Therefore, the fish species tested in the present study

could be influenced by anthropogenic activities if tonal sig-
nals were produced and if the acoustic received level was
above the reaction threshold levels determined in the pres-
ent study. The received level depends on, among other
parameters, the source level of the sound, the water depth,
and the propagation loss, which in turn depends on the dis-
tance between the sound source and the fish.

In the present study, only the reactions of the fish to
pure tones were tested. It would be of interest to test the
animals’ reaction to sounds more similar to anthropogenic
noise, to more complicated sounds, such as sweeps, and to
the actual broad-band noise of, for instance, wind turbines
and shipping, both of which contain pure tones superim-
posed on a noise spectrum. As well as on the spectrum
and level of anthropogenic sounds, the reactions of fish
probably depend on the context (e.g. location, tempera-
ture, physiological state, age, body size, and school size).
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