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Abstract 
  

World-wide many cetaceans drown incidentally in fishing nets. To reduce the 
unwanted bycatch in gillnets, pingers (acoustic alarms) have been developed that are attached 
to the nets. In the European Union, pingers will be made compulsory in some areas in 2005 
and in others in 2007. However, pingers may effect non-target marine fauna such as fish. 
Therefore in this study, the effects of seven presently commercially-available pingers on the 
behaviour of five North Sea fish species in a large tank were quantified. The species tested 
were: sea bass (Dicentrarchus labrax), pout (Trisopterus luscus), thicklip mullet (Chelon 
labrosus), herring (Clupea harengus), and cod (Gadus morhua). The fish were housed as 
single-species schools of 9-13 individuals in a tank. The behaviour of fish in quiet periods 
was compared with their behaviour during periods with active pingers.  The results varied 
both between pingers and between fish species. Sea bass decreased their speed in response to 
one pinger and swam closer to the surface in response to another. Thicklip mullet swam closer 
to the bottom in response to two pingers and increased their swimming speed in response to 
one pinger. Herring swam faster in response to one pinger, and pout and cod (close relatives) 
showed no behavioural responses to any of the pingers. Of the seven pingers tested, four 
elicited responses in at least one fish species, and three elicited no responses. Whether similar 
responses would be elicited in these fish species in the wild, and if so, whether such responses 
would influence the catch rate of fisheries, cannot be derived from the results of this study.  
However, the results indicate the need for field studies with pingers and fish. Based on the 
small number of fish species tested, the present study suggests that the higher the frequency of 
a pinger, the less likely it is to affect the behaviour of marine fish. 
 
Key words: Acoustics; Cetaceans; Cod; Ecology, Herring; Noise pollution; Odontocetes; 
Pingers; Pout; Sea bass; thicklip mullet; Underwater sound. 
 
 
1. Introduction 
 

World-wide, every year, over 300,000 cetaceans are estimated to drown incidentally in 
fishing nets (Read et al., 2006). Many small odontocetes drown after accidental capture in 
gillnets (Lewison et al., 2004). One potential alternative to reducing the incidental bycatch of 
small odontocetes in gillnets by time and area closures of fisheries, change in fisheries 
practices, or by fish gear modifications, is to deter the animals from the nets acoustically. The 
presently commercially-available pingers used to do this produce sounds between 10 and 160 
kHz.  Field studies with pingers on set gillnets have produced promising results with harbour 
porpoises (Phocoena phocoena; Lien et al., 1995; Kraus et al., 1997; Laake et al., 1998; 
Trippel et al., 1999; Gearin et al., 2000; Anonymous, 2000; Barlow and Cameron, 2003), and 
studies in captivity have shown that pingers elicit avoidance behaviour in porpoises (Kastelein 
et al., 1995; 1997; 2000; 2001). Behavioural studies in the field also show that porpoises 
avoid pingers (Laake et al., 1998; Culik et al., 2001). Although pinger use in gillnet fisheries 
is increasing, the long-term effects of pingers on porpoise bycatch and on non-target marine 
animals have not yet been studied.   

One undesirable side-effect of pingers is local noise pollution, which may disturb 
marine fauna other than the species targeted. Knowledge of the ability of many marine 
animals to detect sound, and of the effects of sound on them, is limited. Marine animals are 
likely to be disturbed by anthropogenic noise in their environment, and intense sounds may 
cause negative physiological, auditory, and behavioural effects (Richardson et al., 1995). 
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Sounds produced by pingers should reduce bycatch of odontocetes and perhaps other species, 
but should cause minimal noise pollution for other marine fauna.  

The use of pingers will become widespread, as they become compulsory in some areas 
in 2005 and in others in 2007 for EU fishing vessels larger than 15 m. Therefore, before 
pingers are widely used, their effects on marine animals, and especially fish, should be 
studied. Pingers developed to reduce odontocete bycatch should not deter the fisheries' target 
species from the gillnets, and should not deter target or non-target fish from ecologically 
important areas such as feeding and breeding grounds, or mask their communication sounds.  

In some field studies on the effects of pingers on odontocetes, the size of the fish catch 
in nets with and without pingers has been compared. The effects of pingers on fish [Clupeids, 
cod (Gadus morhua) and Chinook salmon (Oncorhynchus tshawytscha)] in pens and tanks 
have also been investigated. Only one study suggests a reduction in catch rate of the target 
fish species.  All other studies showed no effect on catch rate or on the behaviour of the fish 
in a pen or tank (Table 1). 

Fish use sound for a variety of functions including hunting, territorial behaviour, 
bonding, spatial orientation, predator detection, and escape. Most audiograms of marine fish 
species indicate that their best sensitivity to sounds is within the 100 Hz – 2 kHz range. This 
narrow bandwidth of hearing sensitivity could be due to mechanical limitations of the sense 
organs (Astrup and Møhl, 1993, 1998; Motomatsu et al., 1998; Mann et al., 1997, 1998, 2001; 
2005; Akamatsu et al., 1996, 2003; Anraku et al., 1998). Some researchers  have investigated 
the effects of sounds on the behaviour of  marine fish (Moulton and Backus, 1955; Blaxter et 
al., 1981; Blaxter and Hoss, 1981; Fuiman et al., 1999;  Enger et al., 1993; Knudsen et al., 
1994;  Luczkovich et al., 2000; Finneran et al., 2000; Lagardère et al., 1994 ; Løkkeborg and 
Soldal, 1993; Engås et al., 1996;  Pearson et al., 1992; Skalski et al., 1992; Hawkins, 1986; 
Popper and Carlson, 1998; Wahlberg and Westerberg, 2005). 

The sounds made by commercially-available pingers differ from the sounds used in 
previous studies on the effects of sound on fish. Therefore the aim of the present study was to 
determine whether commercially-available pingers, designed to deter small cetaceans from 
gillnets, have any effect on the behaviour of certain North Sea fish species under controlled 
conditions in a tank.  
 
 
2. Materials and methods 
 
2.1. Study animals 
 

Five fish species regularly occurring in the North Sea were selected for testing based 
on their availability, their ease of maintenance in captivity, the temperatures at which they can 
be kept (the water temperature in the tank was influenced by the air temperature of the 
environment), and their economic importance in fisheries. In addition, the animal welfare 
commission of the Netherlands government stipulated that the individual fish used had to feed 
readily in captivity, so they had to come from aquaria. 

A school of 9-13 individuals of each species was placed in a tank. The sea bass 
(Dicentrarchus labrax), pout (also called bib, or pout whiting in the US; Trisopterus luscus), 
thicklip mullet (Chelon labrosus), and cod (Gadus morhua) were supplied by “Het Arsenaal 
Aquarium”, Vlissingen, and the herring (Clupea harengus) by the Oceanium department of 
“Blijdorp Zoo”, Rotterdam. Characteristics of the fish are shown in Table 2. The fish had 
been wild-caught by hook and line or in a trap, so that damage to their swim bladder, which 
may be involved in hearing in some fish species, was unlikely. The fish used in this study 
were all adapted to captivity and were feeding voluntarily. Except for herring, the fish were 
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fed ad lib. on pieces of raw fish (food was given until the animals stopped eating) twice a 
week, after the daily study sessions. Herring were fed ad lib. on pellets (Troutvit, size  00; 
Nutreco Aquaculture) once a day, after the study sessions.  
  
2.2. Study area 
 
The experiments were conducted in an outdoor tank at the field station of the Netherlands 
National Institute for Coastal and Marine Management (RIKZ) at Jacobahaven, Zeeland, the 
Netherlands. The freestanding 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). A layer of 3 cm thick 
hard-pressed Styrofoam was placed between the bottom of the tank and the concrete floor, to 
reduce contact noise from the environment in the pool. The pool walls were blue (Ral colour 
50/15). Red gridlines (1.5 cm wide) were taped on the walls and bottom of the tank at 0.5 m 
intervals in the vertical direction and at 1 m intervals in the horizontal direction.  

To reduce predation by birds, algal growth, impact of noise from rain, glistening of the 
water surface, and to create a more even light pattern in the pool, a blue tarpaulin canopy was 
suspended at an angle above the water surface (1.5 m on one side and 0.75 m on the other 
side).  

Scaffolding surrounded the pool for easy access, but made no contact with the pool. 
Two research cabins were placed on one side of the scaffolding: one to house the video 
recording equipment and sound generation equipment, and one to house the sound calibration 
equipment. 

The water was pumped directly from the nearby Oosterschelde (a North Sea estuary in 
the SW coast of the Netherlands). The salinity was 30- 33 ‰, the pH 7.9-8.1, nitrogen 
concentration < 5 mg/l N, and nitrate concentration < 0.1 mg/l. To ensure the good water 
clarity needed to film the fish, the water was circulated via sand and carbon filters and UV 
light. During the experiments the water system was a closed circuit for the period in which 
each fish species was tested (about 5 weeks).  Water parameters (temperature, salinity, 
oxygen, and nitrate) were measured daily and remained well within the boundaries suitable 
for the fish. The water temperature varied during the study period due to fluctuations in the air 
temperature. During the test period with the sea bass, the water was heated to keep it above 4 
°C, so that the fish showed normal swimming behaviour (Table 3).  

The week before each species was tested, the fish were kept in a white polyester 2.2 m 
diameter holding tank with a water depth of 1 m. The tank stood next to the test tank and 
contained the same water composition at the same temperature as the test tank. 

To make the environment inside the tank as quiet as possible, the filter unit had a low-
noise pump. To reduce contact noise entering the pool, the pump and filter unit were placed 
on rubber tiles. To reduce contact noise, flexible tubes were used to connect the filtration 
pump to the pool. 

As the pump in the pool was extremely quiet, it was left on during the experiments, so 
as not to change the ambient noise before and during the test periods. The background noise 
level in the pool is shown in Figure 2.  To maintain sufficient light for the underwater 
cameras, two lamps (2000 Watts each) were lit 30 cm above the water surface. The lamps 
were switched on at least half an hour before a session began and were only used when 
required to obtain good video images (during an entire session they were either on or off).  
 
2.3. Stimuli 
 

In order to identify the behavioural parameters which indicated a response for each 
fish species, the individuals of each species were first submitted to sounds that were known to 
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have an effect on them (the 'known effect' sounds).  A 600 Hz tone pulse produced clearly 
visible responses in all species except herring and cod.  For herring, a 3 kHz tone pulse was 
used (for specifics of the signals see Table 4). For cod, no response could be elicited to any 
sound that could be produced with the available equipment, though loud 300 ms duration 
sounds in a wide frequency range (50 Hz-60 kHz) were offered.  The sounds were produced 
by a generator (Hewlett Packard, model 33120A), a power amplifier (Quad 150), an 
impedance matching transformer, and an underwater transducer (Ocean Engineering 
Enterprise, model DRS-8; 20 cm diameter).   
 Once the behavioural parameters that indicated a response had been identified for each 
fish species, the effect of seven commercially-available pingers on the behaviour of the five 
fish species was quantified by comparing the parameters during baseline periods (pinger off) 
with those during test periods (pinger on).  Although the reaction of fish to sounds may be 
spectrum-dependant (Nestler et al., 1992), the fish responded to the pingers in the same way 
as they had to the 'known effect' sounds.   

The pingers were suspended from ropes 20 cm from the pool wall, and were 
positioned horizontally at 1 m below the water surface, half way up the water column (Fig. 1). 
A weight of 150 g underneath each pinger kept it at the right depth. To avoid influencing the 
behaviour of the fish by human action, each pinger was modified so that it could be activated 
remotely from inside the research cabin.  
 During test sessions sounds were monitored by use of a hydrophone (Labforce 1 BV, 
model 90.02.01), a custom made pre-amplifier, and an amplified loudspeaker. For sounds 
above 16 kHz, the hydrophone was connected to a heterodyne bat detector (Stag Electronics, 
UK, model Batbox III) to make the signal audible to the researchers. 
 
2.4. Sound parameters and Sound Pressure Level distribution in the tank 
 

In order to measure the Sound Pressure Levels (SPLs) fish had been exposed to, the 
SPLs of all sound sources were measured at distances of 1 and 6 m from the sound source at 
the depth of the pinger/transducer. Sounds were measured with a hydrophone (Brüel & Kjaer 
(B&K), model 8101) connected to a battery-powered conditioning amplifier (B&K, model 
Nexus 2690). The output was connected, via a coaxial module (National Instruments, model 
BNC-2090), to a computer (Joheco, PIV-1.6 GHz) with a data acquisition card (National 
Instruments, model PCI-MIO-16E-1), on which signals were digitised with a sample 
frequency of 512 kHz and 12-bits resolution. A pistonphone (B&K, model 4223) was used as 
a reference to calibrate the system. Monitoring, recording and analysis of sounds were 
accomplished by the use of software modules developed by IMARES (in National 
Instruments, Labview 6.0).  

The sound sources and their measured acoustic properties are shown in Table 4.  The 
Source Levels (SLs) of the pingers are shown as SLpulse which is the signal level fast Fourier 
transformed (FFT) over the duration of the signal according the formulae: 

�
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�
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2
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log10  

In which spl is Sound Pressure Level, rms is root-mean-square, T is time, p is pressure, p0 is 
the reference pressure, and dt is the time window.  To compare the levels of pinger signals 
with constant time intervals to those with randomized repetition rates, the levels of all signals 
measured at 1 m distance are also integrated in FFT over the time of a complete cycle (time 
between two rise times), this level is called SLcycle (also known as Leq). For randomized 
signals the SLcycle is calculated over the shortest, average and longest repetition rate.  The 
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results of the randomised signals are based on file lengths of 195 s and therefore may not be 
representative for the timing over longer time periods, such as during the test sessions.   

A Dukane NetMark 1000 pinger was used as a reference to validate the SPL 
measurements of sound sources at 1 m distance. The measured SL in the tank with the 
hydrophone at 1 m from the pinger deviated by approximately 2 dB from the calculated SL of 
the same pinger based on a measurement in open sea with the hydrophone 2 m from the 
pinger.  Recordings of the SaveWave black high impact and white high impact pingers were 
also compared with those of the same pingers measured at sea. These levels matched within 3 
dB. 

The SPLs measured at 6 m from the source demonstrate the contribution of the 
reverberant effects of the sound in the tank and showed that the sound propagation loss did 
not follow the formula SPL = SL – [20 log R], in which R is the distance in m between the 
sound emitter and the recording hydrophone. In fact, the SPL and pulse duration of the sound 
sources hardly decreased with distance from the transducer. The ‘sweep pingers’ (SaveWave 
and AQUAmark) all produced low frequency components in the range of 0.5-5 kHz, with 
peaks 30-40 dB above the system noise level. The 10 kHz tonal pingers (Fumunda and 
Airmar) did not produce these low frequency components.  
 
2.5. Observation equipment 
 

The behaviour of the fish was recorded by three black-and-white underwater video 
cameras (Mariscope, model Micro). The cameras were mounted in a row along one side of the 
pool (Fig. 1), at a depth of 1 m, so that about 60 % of the water volume was in view.   
 
2.6. Methodology 
 

In each test a school of fish of only one fish species was used, in order to avoid the 
behaviour of one species influencing the behaviour of another. The 9 – 13 fish of each species 
were placed in the tank at least three days before the first session was conducted, to allow the 
fish to habituate to the tank. The pinger (or transducer for 'known effect' sounds) was placed 
in the pool at least one hour before a session. Each session consisted of a 10-minute baseline 
period during which no sound was produced, followed immediately by a 10-minute test 
period during which the pingers were active or the 'known-effect' sound was produced.  

Each day, four sessions of 20 minutes each were conducted (at 08.30, 10.00, 11.30, 
and 13.00 h).  Each session a different pinger was used in random order. Per fish species, each 
pinger was tested up to 11 times over a period of around five weeks. The study was conducted 
between November 2003 and July 2004. 
 
2.7. Analyses of video recordings 
   

Behavioural parameters were measured from the video recordings. The images from 
the three cameras were synchronized by means of a marker signal which was produced every 
minute from a tape recorder in the research cabin and recorded on the audio tracks of the 
video recorders. A scan sampling technique was used: at the end of each minute during the 10 
minute recording period, the tape was stopped and the image was analysed.  From each 
camera image, only the behaviour of fish in a specific section of the tank (the boundary of 
which was determined by the grid on the pool wall) was analysed. Because the three images 
overlapped somewhat, this method ensured that each individual fish was recorded only once 
per scan moment. Fish behaviour was only measured where it could be quantified accurately, 
in approximately a quarter of the volume of the tank. That meant  that the behaviour of the 
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fish was only scan-sampled when they were in the 1 m section of the wall opposite the 
cameras (Fig. 1), and swimming parallel to the wall (so that location and swimming speed 
could be measured accurately). All distance parameters were determined with 10 cm 
accuracy. A fourth aerial camera with a wide angle lens, placed in front of the window on one 
end of the pool, provided a general view of how the fish swam in the tank. Images from this 
camera showed that none of the fish species tended to swim near the underwater cameras.     

The following response parameters were derived from the video footage:  
1. School length. The distance between the fish closest to the pinger or transducer and 

the one furthest away. Reasoning: fish may school tighter when feeling threatened. 
2. Distance to bottom. Distance between the centre of each fish and the bottom of the 

tank (range: 0.1-2.0 m). Reasoning: fish may drop to the bottom when feeling 
threatened.  

3. School height. The distance between the fish closest to the bottom and the one furthest 
away from it.  Reasoning: fish may school tighter when feeling threatened. 

4. Swimming speed. The speed of each fish was determined by measuring the time (by 
stopwatch) it took to swim 1 m (from one vertical line on the wall to the next) after the 
scan signal. If fish were swimming in a school, all fish were given the same speed. If 
the distance between a fish and the school was more than 0.5 m, its speed was 
measured separately. Reasoning: fish may speed up when feeling threatened. 

5. Polarisation in the school. The proportion of a group of fish in the view of a camera 
swimming in the same direction. Fish with swimming directions differing less than 90 
degrees were defined as swimming in the same direction.  Reasoning: fish may 
increase polarisation when feeling threatened. 

 
2.8. Statistical analysis 
 

Per scan moment, the mean of all parameters of all visible fish (total of all recordings 
of the three cameras) was taken, and then the mean for each baseline or test period (n = 10 for 
each period; one scan moment per minute during the 10-minute period) was used for the 
analysis. 

The difference in the mean variables between baseline and test (calculated as test 
minus baseline) was compared to zero in paired statistical tests.  The response to the 'known 
effect' sound was first considered for each species.  Paired t-tests, or if the differences were 
not normally distributed, Wilcoxon matched pair tests (Zar 1984), were used to evaluate the 
effect of the sounds on the behavioural parameters.  From the results of these tests, for each 
species, response parameters were identified, which were defined as those which showed a 
significant (� = 0.05) response to the 'known effect' sounds.  Only these response parameters, 
which differed for each fish species, were compared in baseline and test periods with the 
pingers.  Paired t-tests or Wilcoxon matched pair tests, as appropriate, were used as described 
above.  Statistical tests were carried out using Minitab release 13 (Ryan and Joiner 1994) and 
were all two-tailed. 
 
3. Results 
 

 

3.1. General swimming behaviour and effects of "known effect" sounds on each fish species 
 

The general behaviour of the five fish species used in the present study differed (Table 
5). Results of the statistical tests on all measured parameters showed that responses to the 
'known effect' sounds also varied between species. Sea bass and thicklip mullet responded by 
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increasing their speed and swimming closer to the bottom, herring by increasing their speed, 
and pout by swimming closer to the bottom (Table 6).  No response at all could be elicited in 
cod, although several sounds that were certainly audible to them (Buerkle, 1967; Chapman 
and Hawkins, 1973; Offutt, 1974), and some at higher frequencies, were tried.  No species 
responded to 'known effect' sounds by increasing the school length or height, or by increasing 
the polarisation in the school. The behavioural parameters that did change during sound 
emissions were thus identified for each species, and were measured and compared in the tests 
with the pingers. 
 
3.2 Effects of pingers on each fish species 
 

Sea bass responded to the AQUAmark 100 and Fumunda pingers, but opposite to their 
response to the 'known effect' sound. They swam more slowly when the AQUAmark 100 
pinger was active and swam closer to the water surface when exposed to the sound of the 
Fumunda pinger (Fig. 3(a) and (b)). Thicklip mullet reacted to the Airmar pinger by 
increasing speed, and to the AQUAmark 100 and SaveWave white high impact pingers by 
swimming closer to the bottom (Fig. 3 (c), (d) and (e)). Herring reacted to the Airmar pinger 
by increasing speed. Cod and pout did not respond in any way to any pinger, and although for 
cod, in the absence of 'known effect' parameters, all six recorded behavioural parameters were 
tested, no significant differences between baseline and test were found.  No reactions were 
observed in any of the five fish species to the AQUAmark 200, the SaveWave endurance and 
SaveWave black high impact pingers (Table 6). 
 
 
4. Discussion and conclusions 
 
4.1 Evaluation of the observations 
 

Of the five behavioural parameters recorded, only swimming speed and distance to 
bottom formed part of the response to pingers and 'known effect' sounds.  The fish species did 
not respond to the pingers or 'known effect' sounds by swimming closer together (horizontally 
or vertically) or by increasing the polarisation of the school. As this is a pilot study, it was 
important to test all available pingers, and also, given the potential variability in response, to 
quantify many different behavioural parameters.  In follow-up studies in similar contexts, 
emphasis can be placed on the behavioural parameters shown to be affected in the present 
study. 

In fisheries, pingers are attached to gillnets. Fish that are about to be caught in the nets 
are close to the pingers, and are therefore exposed to sound levels similar to those experienced 
by the fish in the present study. So, the responses observed in the fish species in the present 
study may be observed in the wild in fish near nets (at < 6 m distance). Whether the use of 
pingers will cause a drop in catch rate cannot be predicted from the present study. Responses 
may be influenced by environmental parameters such as location, water depth (pressure), time 
of day, and water temperature, and may depend on the animal’s behaviour, physiological 
condition, and motivational condition. Responses are also influenced by the surrounding 
fauna (conspecifics, prey or predators).  

In the rectangular tank, resonance enhanced specific components of the projected 
sound. Because gillnet fishery in the North Sea is usually carried out in shallow water or near 
wrecks, resonant effects between the bottom and the water surface may also occur at sea 
(although less than in a tank). 
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The size of a tank has an influence on the general swimming behaviour of many fish 
species.  The fish swam very slowly or not at all in the small holding tank (2.2 m diameter, 1 
m deep). In the large test tank, they were much more active. So, although the test tank was far 
from a natural environment, it may be a much better study area than the smaller tanks that 
have been used in several previous studies on the effects of sound on fish. 

 This experiment was not designed to test whether fish move away from the sound. In 
the confines of the tank, the sound did not attenuate as it would have done at sea, so a larger 
tank (or better a floating pen) would have been needed to test for movement away from the 
sound. In fact, the SPL measurements showed that due to the reverberant field, the sound in 
the tank did not attenuate over distance.  The SPL differed per location because of resonance, 
but did not vary in relation to the sound source. Therefore, a response consisting of a move 
away from the sound source was not expected in the present study based on an SPL gradient.  
In addition, moving away from a sound source requires directional hearing, which these fish 
may or may not possess. Furthermore, the loss in exposure level by moving away from a 
sound source in the sea is very small if the fish is not very close to the sound source. For 
example, moving from 10 to 11 m away from a sound source will only reduce exposure level 
by less than 1 dB and the fish must move to 20 m to reduce the received level with 6 dB. 
Moving up or down the water column may provide a much larger reduction in exposure level 
as the fish could move into an acoustic shadow zone.  
 
4.2 Potential causes of differences in behavioural responses to pingers 
 

The effect of a pinger may depend on properties of the sound, such as frequency 
spectrum, duration, repetition rate, background noise (acoustic interference, masking), SPL 
(exposure level) and spectrum received by the animal, and exposure duration, as well as 
properties of the animal, such as hearing properties (sensitivity, critical ratio and receiving 
beam pattern), and species-specific or individual behavioural reactions to sound. The 
reactions of the fish in the present study to the 'known effect' signals could be described as 
startle responses, whereas the animals’ responses to some of the pingers were slow and more 
subtle. The exposure level to a sound may also influence the direction of a reaction. Low 
exposure level sounds can be attractive, whereas the same sounds can be deterrent at higher 
exposure levels. Signal duration also plays a role in the effect of a sound on fish; a 500 ms 
pulse length provides adequate time for fish to detect and react to a sound (Hawkins, 1981; 
Nestler et al., 1992; Dunning et al., 1992).  

Three fish species in the present study reacted to one or more of four of the seven 
pingers tested. There are many acoustic differences between the pingers, so it is difficult to 
determine which acoustical parameter caused the behavioural effect in a particular fish 
species. However, thicklip mullet and sea bass reacted to the AQUAmark 100 and not to the 
AQUAmark 200. Most parameters of both pingers were similar, but the source level of the 
AQUAmark 100 was around 14 dB higher than that of the AQUAmark 200. Although the 
Fumunda and Airmar both produce a low frequency (LF) fundamental frequency around 10 
kHz, the Fumunda had more energy in harmonics (Table 4). Herring and thicklip mullet 
reacted only to the Airmar pinger, while sea bass reacted only to the Fumunda pinger. It is 
possible that differences in the orientation of sound beams between the two pingers, or in the 
hearing sensitivity of the species, caused them to react differently to the two similar pingers. 
The Airmar pinger contains air, which causes some directional effects. The directionality was 
not checked for this study, but the pingers were in a horizontal position, as they would be if 
used in fisheries. In a previous study, herring did not react to a Dukane NetMark 1000 pinger 
(Wilson and Dill, 2002), which is designed to be equivalent to the Airmar and Fumunda 
pingers used in the present study. These pingers are compulsory in some US gillnet fisheries 
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for part of the year. In the present study, the herring increased their swimming speed when 
subjected to the sounds of the Airmar pinger, which produced less harmonic energy than the 
Fumunda and Dukane NetMark 1000 pingers. The sweep pingers (AQUAmark 100 and 200 
and SaveWave) produced energy in the 0.5-5 kHz frequency range, and it is possible that the 
fish reacted to these low frequency components of the spectrum.  

Thicklip mullet reacted to the SaveWave white high impact pinger but not to the other 
two SaveWave pingers. This could be because the level of the SaveWave white high impact 
pinger was around 15 dB higher than that of the SaveWave endurance pinger or because its 
spectrum was lower in frequency than that of the other two SaveWave pingers. Because the 
duration of the pulse and the repetition rate of the SaveWave endurance pinger were 
proportional, the SL cycle levels of the minimum cycle were equal to the levels measured over 
the maximum cycle and also much lower than those of the other two SaveWave pingers (-10 
dB) (Table 4).   

In some cases the sound characteristics measured for this study differed from the 
manufacturer’s specification. The SL of the SaveWave pingers were 10 dB lower than the SL 
specified by the manufacturer, while the SL of the Fumunda pinger was 10 dB above the 
specified SL. The pulse duration of the Fumunda pinger was 300 ms instead of the specified 
400 ms. The SL of the AQUAmark 100 pinger was 10 dB above the specified SL, while the 
AQUAmark 200 pinger was 10 dB below the specified SL.  

Information on hearing sensitivity is available for sea bass (J. Lovell in Nedwell et al., 
2004), herring (Enger, 1967; Blaxter and Hoss, 1981; Blaxter et al., 1981; Schwarz and Greer, 
1984; Mann et al., 2005) and cod (Enger and Andersen, 1967; Chapman and Hawkins, 1973; 
Offutt, 1974; Buerkle, 1967; Astrup and Møhl, 1993; Astrup and  Møhl, 1998), but not for 
pout and thicklip mullet. Based on the audiograms, the frequency spectrum (> 9.8 kHz), and 
the exposure levels in the tank (up to around 135 dB re 1 re 1 µPa), the pingers should not 
have been audible to sea bass and cod, and to Atlantic herring if its hearing resembles that of 
Pacific herring (Mann et al., 2005). However, only the cod did not respond to the pingers. 
 
4.3. Suitability of the pingers for use in gillnet fisheries  
 

The results of the present study cannot be extrapolated to the remaining approximately 
155 North Sea fish species. The reactions of fish to pinger sounds were observed in quiet 
conditions in a tank. In the wild, the sound characteristics that caused the fish to react in the 
tank may be masked by background noise. Whether responses similar to those observed in the 
present study would be elicited in the fish species in the wild, and if so, whether such 
responses would influence the catch rate in fisheries, cannot be predicted based on the results 
of the present study. However, even if pingers do not affect the catch of the target fish species 
in the fisheries, pinger sounds should be selected that do not affect other fish (and other 
marine fauna) in the environment.  

Both the frequency spectrum and SL played a role in the effect of the pingers on the 
fish species tested.  A combination of a SL < 130 dB re 1 µPa @ 1 m and a high frequency 
spectrum (> 10 kHz, although more knowledge on the hearing sensitivity of fish species is 
needed to verify this figure) seems to reduce the chance of a pinger affecting the behaviour of 
fish. However, reducing the SL may make the pinger less effective at reducing porpoise 
bycatch, especially under high background noise levels. A compromise may be needed.  
There are other considerations for a choice of sound characteristics apart from the effect of 
pingers on porpoises and fish. For instance, signals above 70 kHz cannot be heard by 
pinnipeds, and thus cannot act as a “dinner bell” for these animals which can damage the 
catch and the gillnets.  
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4.4. Suggestions for further research 
 

The main limitations of the present study are that only about 3 % of the fish species 
that occur in the North Sea were tested, and that if a pinger with new acoustic characteristics 
is developed, a completely new study would be needed to test its effect on fish. Therefore, it 
would be useful to conduct a fundamental study on the reaction of various fish species to a 
wide range of sounds. For instance, effects of pure tones, narrow and wide-band sweeps, 
noise bands in the 100 Hz - 180 kHz frequency range, and sounds of biological relevance 
could be tested. To determine the effects of the low frequencies which were present in sweep 
signals, a trained (feeding) experiment with high frequency (HF) sounds with and without LF 
contribution could be useful. With this information, the impact of any sound could be 
predicted, and for fish species of high commercial, scientific or public interest, audiograms 
could be obtained in follow-up studies. Despite important steps being made towards 
understanding effects of sounds on fish, comparisons of actual catches in nets with and 
without pingers are still needed to measure the effect of pingers on fisheries.  
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Tables: 
 
Table 1. Review of studies on the effects of pingers on fish catches and behaviour of captive 
marine fish.  
 
Pinger 
make and 
model 

Pinger 
spectrum 

Pinger 
SL (dB 
re 1 
µPa @ 
1 m) 

Target fish species Effect on 
target fish 
catch 

Effect on 
behaviou
r of 
captive 
fish 

Source 

Dukane 
NetMark 
1000 with 
saltwater 
switch 

0.3-s broad-
band signal 
centred at  
10 kHz every 
4 s 

132 Atlantic herring Reduction 
catch rate 

-- Kraus et 
al., 
1997 

Dukane 
NetMark 
1000 
 

0.3-s broad-
band signal 
centred at  
10 kHz every 
4 s 

132 Cod (Gadus 
 morhua) and 
Pollock (Pollachius 
virens). 

No effect 
on catch 
rate  

-- Kraus 
and 
Brault, 
1999   

Home-
made 

Broad-band 
signal with 
peaks at 3 and 
20 kHz 

121-125 Chinook salmon 
(Oncorhynchus 
tshawytscha) and 
sturgeon (Acipenser 
sp.) 

No effect 
on catch 
rate 

-- Gearin 
et al., 
2000 

Home 
made 

Broadband 
signal with 
peaks at 3 and 
20 kHz 

121-125 Pacific herring 
(Clupea pallasi) 

No effect 
on catch 
rate    
 

No effect 
on 
behaviour 
in net pen 

Hughes 
et al., 
1999 

Dukane, 
NetMark 
1000 

0.3-s pulse at 
10-12 kHz 
every 4 s 

133-145  Atlantic herring 
(Clupea harengus), 
Atlantic cod (Gadus 
morhua), and  
pollock (Pollachius 
virens) 

No effect 
on catch 
rate 

-- Trippel 
et al., 
1999 

Dukane, 
NetMark 
1000 
&  
Lien  
& 
PICE 

0.3-s pulse at 
10-12 kHz 
every 4 s 
& 
 4 kHz 
& 
55-100 kHz 
sweeps 

132 
 
 
& 
135 
& 
95-145 
 

Atlantic herring 
(Clupea harengus) 

No effect 
on catch 
rate. 

-- Culik et 
al., 
2001 

Dukane 
NetMark 
1000 

0.3-s pulse at 
10-11 kHz 
every 4 s 

133-145 Pacific herring 
(Clupea pallassii) 

 No effect 
on 
behaviour 
in tank 

Wilson 
and 
Dill, 
2002 
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Table 2. Mean standard body length and weight of the five fish species which were subjected 
to sounds. The length and weight of the herring were estimated as this species could not be 
handled without causing injury to the fish. N = number of individuals, SD = standard 
deviation. 

Species N Standard body length (cm) Body weight (g) 
  Mean SD Range Mean SD Range 

Sea bass 10 25 4 20-30 209 69 86-332 
Pout 12 21 1 18-23 117 27 84-172 

Thicklip 
mullet 

10 17 3 14-21 57 29 24-91 

Herring 13 20 4 15-25 75 4 70-80 
Cod 9 31 2 27-33 315 54 217-377 

 

Table 3. Water temperature during the test periods for the five fish species. N = number of 
measurements, SD = standard deviation.  
 
Fish species Mean water 

Temperature (°C) 
SD 

 
N Range 

 
Sea bass 7.8 2.2 17 4.1 - 10.9 

Pout 6.5 2.5 83 4.0-12.0 
Thicklip 
mullet 

9.2 1.7 88 4.0-11.0 

Herring 13.7 1.0 88 11.0-16.0 
Cod 15.8 1.1 88 14.0-18.0 
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Table 4. Description of the two 'known effect' reference sounds and the signals of seven 
commercially available pingers that were tested on North Sea fish species. The Source Levels 
(SLs) of the ‘known effect’ reference sounds and pinger signals were measured with the 
hydrophone 1 m from the transducer or pinger, the Sound Pressure Levels (SPLs) with the 
hydrophone 6 m from the transducer or pinger. The calculations of SLpulse and SLcycle are 
described in section 2.4. For randomized signals the SLcycle is calculated over the shortest 
(Min), average (Avg), and longest (Max) signal interval.   
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Sound source and 
manufacturer 

Signal 
 type  

Signal 
 duration 

(ms) 

Signal 
 interval  

 (s) 

SLpulse 
(dB re 1 
µPa @  
1 m) 

SLcycle 
(dB re  

1 µPa@ 
1 m)  

SPL  
@ 6 m 
(dB re 
 1 µPa) 

Frequency spectrum and  
peak levels at 1 m 

(dB re 1 µPa)  
 

DRS-8 transmitter  
by Ocean 

Engineering 
Enterprise  

600 Hz tonal  
'known effect' 

reference  
sound  

300 4 172 161 177 

 

DRS-8 transmitter  
by Ocean 

Engineering 
Enterprise 

3 kHz tonal 
'known effect'  

 reference 
sound 

300 4 202 - - 

 

Fumunda 
FMDP 2000 

by 
Fumunda Marine 
Products, USA 

  

Tonal signal  
9.6 kHz 297 3.2 141 131 138 

Harmonic energy up to 73 
kHz, 3rd and 5th harmonic 
-10 dB. 0.02-0.1 kHz -60 
dB. 

Airmar gillnet pinger 
 by AIRMAR 
Technology 

Corporation, USA  

Tonal signal 
 9.8 kHz 309 3.5 134 124 125 

Harmonic energy up to 50 
kHz -30 dB. 0.02-0.1 kHz 
-30 to -60 dB. 

AQUAmark 100 
by Aquatec Subsea 

Ltd, UK 

Tonal  
and sweep 

signals 

Random 
Avg 304 
Min 213 
Max 358 

Random 
Avg. 12.2 
Min. 4.2 
Max 22.6 

148 
(SD 3.7) 
(n=16) 

Avg 133 
Min 142 

Max 
130 

143 
(SD 1.6) 
(n=16) 

Tonal levels +7 dB with 
peaks at 64.4 kHz (136 
dB) and 128 kHz (100 
dB). Sweep signals 
peaked between 44-54 
kHz & 60-80 kHz, LF 
peaks at 0.75 (-34 dB) & 
1.6 kHz (-50 dB).  

AQUA mark 200* 
by Aquatec Subsea 

Ltd, UK 

Tonal 
 and sweep 

signals 

Random 
Avg 282 
Min 272 
Max 293 

Random 
Avg 12.1 
Min   3.7 

  Max 21.1 

134 
(SD 1.26) 

(n=16) 

Avg 118 
Min 123 
Max 120 

130 
(SD 1.5) 
(n=16) 

Tonal peaks at 21 & 42 
kHz (126-130 dB) and 63-
104 kHz (-5 to-15 dB).  
Sweep signals peaked 
between 10-14 kHz & 48-
53 kHz. LF peaks at 0.7 
kHz (-15 dB). 

SaveWave 
endurance 

by SaveWave BV, 
The Netherlands 

Sweep  
signal 

Random 
Avg. 295 
Min.  196 
Max. 393 

Random 
Avg 14.5 
Min   8.2 
 Max 21.1 

134 
(SD 0.41) 

(n=14) 

Avg 117 
Min 117  
Max 117 

132 
(SD0.7) 
(n=12) 

Sweep 5.3 –110 kHz. 
Peaks between 7-95 kHz 
112-116 dB. LF 
contribution 0.5-3 kHz -
40 dB. Pulse duration 
proportional to time 
intervals. 

SaveWave white 
high impact 

by SaveWave BV, 
The Netherlands 

Sweep  
signal 

Random 
Avg. 529 
Min.  197 
Max. 852 

Random 
Avg. 11.39 
Min.  2.65 

Max. 
18.24 

140 
(SD 0.58) 

(n=17) 

 
Avg 126 
Min 131 
Max 125 

141 
(SD0.43) 
(n=17) 

Sweep 5–95 kHz 115 dB. 
Peaks between 7.5-54 
kHz +12 dB. LF 
contribution 0.75-2.4 kHz 
-20/-35 dB. 

SaveWave black 
high impact  

by SaveWave BV, 
The Netherlands 

Sweep  
signal 

Random 
Avg. 318 
Min.  229 
Max. 427 

Random 
Avg 14.6 
Min   8.8 

  Max 23.0 

143 
(SD 0.67) 

(n=13) 

Avg 127 
Min 127 
Max 126 

143 
 (SD1.0) 
(n=12) 

Sweep 33 –97 kHz 108 
dB, Peaks between 50-95 
kHz (+10 dB). LF 
contribution 6 to 9 kHz -
40 dB.  

* For a detailed description of the signals of the AQUAmark 200, see Rossi and Rossi 
(2005).
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Table 5. The general behaviour of the five fish species used in the present study.  
 
Fish 
species 

Swimming 
speed during 
baseline 
qualified  

Swimming speed 
range during 
baseline (m/s) 

Description of school and 
swimming behaviour 

Distance to 
bottom (m) 

Sea bass Relatively fast 0.11 – 0.34 Compact school. In large 
ovals 

0.1 - 1.3   

Pout Very slow, 
sometimes 
stationary 

0.00 - 0.23 Loose group. From one corner 
to another in no particular 
order, but usually following 
the pool walls 

0.0 - 0.4  

Thicklip  
mullet 

Relatively fast 0.03 - 0.29 In a school. In ovals 0.1 - 1.9 

Herring Fast 0.38 - 0.74 In a school. In large ovals 0.1 - 0.3 
Cod Slow 0.16 - 0.27 In a school. Through the tank 

in seemingly random 
directions 

0.1 - 0.9 

 
 
 
Table 6.  Results of statistical analysis of responses of fish species to pingers.  Results are 
from paired t-tests or Wilcoxon matched pairs tests (indicated by W), depending on the 
distribution of the differences of the variable values in baseline and test periods (calculated as 
test minus baseline, and expressed by the D in front of the behavioural parameter).  Sample 
size was 11 sessions in all cases except * n=6 and † n=10.  'ns' = no significant difference 
between baseline and test (�=0.05), 'increase' = value is significantly higher in test than in 
baseline, 'decrease' = value is significantly lower in test than in baseline; exact p-values are 
shown in parentheses. The table shows the response of each species of fish to 'known effect' 
sounds which elicited a clear response. Cod did not respond at all to any sound produced.  
Variables which did not change in response to the 'known effect' audible sounds are not 
shown in this table.  Endu = endurance, w.h.i. = white high impact, b.h.i. = black high impact.  
 

  Pinger 
  ‘Known  

effect’ 
sound 

AQUA- 
mark 
100 

AQUA- 
mark 
200 

Airmar Fumunda Save 
Wave 
endu 

Save 
Wave 
w.h.i. 

Save 
Wave 
b.h.i. 

Sea bass Ddistance 
to bottom 

decrease* 
(0.003) 

ns ns ns increase 
(0.034) 

ns ns ns 

 Dspeed increase* 
(0.002) 

decrease 
(0.029) 

ns ns ns ns ns ns 

Pout 
 

Ddistance 
to bottom 

decrease 
(0.016) 

ns ns† ns† ns† ns† ns† ns 

Thicklip 
mullet 

Ddistance 
to bottom 

decrease 
(0.001) 

decrease 
(0.029) 

ns ns ns ns decrease 
(0.032) 

ns 

 Dspeed increase 
(0.009) 

ns ns increase 
(0.017) 

ns ns ns ns 

Herring Dspeed increase 
(0.000) 

ns ns increaseW 

(0.004) 
ns ns ns ns 
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Legends to the figures: 
 
 
Fig. 1. Schematic view of the study area showing the grid on the bottom and walls, the 
orientation of the three cameras, and the location of the transducer or pinger. 
  
Fig. 2. Background noise limits in the pool between 20 Hz and 50 kHz. Each measurement 
was done during a 32-60 s period. Results are given as equivalent spectrum levels at 1/3-
octave centre frequencies (dB re 1 µPa/√Hz), and as 1/3-octave band levels (dB re 1 µPa). 
SPL signifies Sound Pressure Level. 
  
Fig. 3. Differences in behavioural parameters, calculated as mean test value minus mean 
baseline value, for each session. Only behavioural parameters which differed significantly 
from zero are shown (see Table 6). A. Sea bass decreased their speed in response to the 
AQUAmark100; B. Sea bass swam closer to the surface in response to the Fumunda; C. 
Thicklip mullet swam closer to the bottom in response to the AQUAmark 100; D. Thicklip 
mullet increased their swimming speed in response to the Airmar; E. Thicklip mullet swam 
closer to the bottom in response to the SaveWave white high impact; F. Herring increased 
their swimming speed in response to the Airmar.   
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Pinger-Fish         Figure 2 
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D. Thicklip mullet; Airmar
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E. Thicklip mullet; SaveWave w.h.i.
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F. Herring; Airmar

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

1 2 3 4 5 6 7 8 9 10 11
Session number

D
iff

er
en

ce
 in

 s
pe

ed
 (m

/s
)


