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Detection and reaction of fish to infrasound
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Hearing in fish has until a few years ago been considered to cover a sound frequency 
range from 20-30 Hz up to below 1000 Hz in most species. It is now known that the 
frequency spectrum extends down in the infrasound range (below 20 Hz). For cod, 
plaice, perch, roach, and salmon, hearing thresholds have been established by a 
conditioning technique for sound frequencies down to below 1 Hz. Tests on the 
behavioural reaction to sound in juvenile salmon have been performed in a large tank. 
Infrasound (10 Hz) produced spontaneous avoidance responses, while no such 
responses could be seen at 150 Hz. Tests on down-river migrating salmon smolts have 
also been performed. During a stimulation period of 170 min, only six fish passed the 
operating 10 Hz sound source, whereas 338 fish passed during a silent period of the 
same duration. The 150 Hz stimulation had no evident effect on the migration.

Per S. Enger, Hans Erik Karlsen, Frank R. Knudsen, and Olav Sand: Department o f 
Biology, University o f Oslo, PO Box 1051, Blindern, 0316 Oslo, Norway.

Introduction

T he audible sound frequency range of fish has been 

investigated for a num ber of species. Roughly speaking, 
all species perceive sound in the low frequency range up 

to  several hundred  Hz, while som e, notably the clu- 
peoids and the ostariophysean species, have an upper 

limit of 4000-7000 Hz. The la tte r groups have a particu­
lar anatomical structure connecting the swim bladder to 
the inner ear.

All fish audiograms have the lowest threshold below 
1000 Hz. M easured as sound pressure, the lowest values 
are in the 100-200 Hz range in the non-specialized 
species. A n extensive list o f fish audiograms has been 
given by Fay (1988). None of them includes threshold 
values for frequencies below 20 Hz.

Until a few years ago, little interest was paid to the 
possible reception of infrasound (below 20 Hz). O ne 

reason for this was simply tha t auditory thresholds 

increased toward both  higher and lower frequencies 

from a middle range o f highest sensitivity. H owever, this 

was because the threshold values were p lo tted  as sound 

pressure, which is not the appropriate  stimulus for the 

auditory hair cells. These cells cannot be stimulated by 

pressure variations in the propagated  sound wave as 

such, but ra ther by the kinetic sound com ponent, i.e. 

particle displacem ent, particle velocity, or particle 

acceleration (Fig. la ) .  Particle acceleration has been

pointed  out as a likely candidate for the auditory s tim u­

lus for the sensory cells (E nger, 1966), and a study by 
Sand (1974) clearly supports this proposal. In fish with­

out swimbladders, particle m otion m ust be the only 
possible stimulus param eter. For a fish with a swim­

bladder, however, sound pressure also can stimulate the 

sensory cells because the swim bladder can act as a 

pressure-to-displacem ent transform er. F o r the lowest 
frequencies, however, the swim bladder seems to  play no 
role in sound perception (Sand and E nger, 1973; Sand 
and Hawkins, 1973).

Physiological studies on infrasound 
perception

Replotting fish audiograms as acceleration thresholds 
reveals a threshold curve tha t is fairly flat in the low 
frequency range (Fig. lb ) . Accordingly, one might 
expect that the hearing range in fish could extend far 
down in the infrasound range.

The first report on infrasound perception  was pu b ­
lished by Sand and Karlsen (1986), who were able to 

obtain responses as far down as 0.1 Hz in codfish (Gadus 

m orhua). Karlsen has obta ined similar results from 

perch (Perea fluviatilis) (1992a) and plaice (Pleuronectes 

platessa) (1992b). The m ethods used have been de ­

scribed in these papers. Sensitivity to sound was tested
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Figure 1. B. Auditory particle acceleration thresholds for four 
species. Data have been replotted from Chapman and Sand 
(1974), Hawkins and Johnstone (1978), and Pettersen (1980) 
(from Karlsen, 1992c).
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Figure 1. A. Hypothetical fish audiograms related to particle 
displacement (D), sound pressure (P), or particle acceleration 
(A). Auditory thresholds have usually been related to particle 
displacement or sound pressure, leaving the impression that 
infrasound hearing seems unlikely. By relating thresholds to 
particle acceleration, the apparent increase in thresholds 
toward lower frequencies disappears (from Karlsen, 1992c). 
The relation between particle displacement (d), velocity (v), 
and acceleration (a) is the following: v = d(2;rf); a = d(2jrf )~. 
Sound pressure is proportional to v.
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Figure 2. Record of electrocardiogram (ECG) in perch placed 
in the acoustic tube. A conditioned slowing of the heart rate 
(bradycardia) is seen in response to 1 Hz and 0.3 Hz infrasound 
stimulation, shown in the lower trace of each example. An 
electric shock was given at the end of each stimulus (from 
Karlsen 1992a).

by a cardiac conditioning technique (C hapm an and 

Hawkins, 1973). A n example is shown in Figure 2 for the 
perch, and the infrasound audiogram for plaice is given 

in Figure 3. Indirect evidence makes it probable  tha t sole 

(Solea solea) can be included in the list of fish perceiving 

infrasound (Lagardère and Villotte, 1990).

A n im portan t question was w hether infrasound recep­
tion really is hearing -  in the sense tha t the inner ear is 
the sensory organ involved -  o r  w hether the receptors 

reside in the lateral line organ. It is now docum ented  
tha t the la tter possibility can be ruled out (K arlsen and 

Sand, 1987; Karlsen, 1992a). The lateral line organ is 
certainly sensitive to low-frequency oscillatory w ater

Frequency (Hz)

Figure 3. Auditory thresholds for frequencies 0.1-30 Hz in 
plaice. Points are mean values, vertical bars show one standard 
deviation. Dotted curve for frequencies 30-300 Hz gives replot - 
ted acceleration thresholds for plaice (from Chapman and 
Sand. 1974) (from Karlsen, 1992b).
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motion. T he point is tha t this o rgan senses hydro- 
dynamic flow o r oscillatory m ovem ents of the w ater 
relative to the fish surface. Such relative w ater motions 
are only generated  when the sound source is in the 
im m ediate vicinity o f the  fish, i.e. less than a fish length 

away (Sand, 1981; E nger et a l. , 1989). A t a greater 
sound source distance, when the fish and surrounding 

w ater move in the same way, only the acceleration- 

detecting inner ea r is stim ulated.
H earing  thresholds established by the conditioning 

technique are  far below the intensities necessary to alert 

o r to  frighten a fish. W e have observed changes (brady­
cardia) in the heart ra te  in salmon smolts in response to 
high sound intensities (K nudsen et a l., 1992). Such an 
unconditioned bradycardia can be considered as an 
alerting response and was ob ta ined  for frequencies of 5, 

10, 60, and 150 Hz, with a m arked  increase in threshold 

with increasing frequency. A t 60 H z, the spontaneous 
bradycardia o r alerting response was obta ined at some 

50 dB above the hearing threshold  established by H aw ­

kins and Johnstone (1978), and at 150 H z, m ore than 70 
dB above threshold (Fig. 4). Particularly striking was the 

m ore pronounced  bradycardia (i.e. longer h eartbeat 

interval) occurring during low-frequency stimulation.

Behavioural studies

A m ong  the many studies on the reactions of fish to 

sound, few deal with infrasound. In m ost cases the  lower 

limit is 30 H z, b u t from  some studies one can extract data
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Figure 4. Thresholds for spontaneous changes in heart rate 
(bradycardia) in juvenile Atlantic salmon, compared with par­
ticle acceleration audiogram (lower curve). The audiogram is 
based on data from Hawkins and Johnstone (1978) for fre­
quencies above 30 Hz (from Knudsen et ul.. 1992).

comprising also part o f the infrasound range. M yrberg 
and co-workers (1976) a ttrac ted  sharks to a low- 
frequency sound source. T he sound signals w ere m odu ­

lated noise bands of 10-20, 20-40, and 40-80 Hz. The 
two lower noise bands w ere the m ost effective in a t trac t­

ing silky sharks (Carcharinus fa lciform is) in the Florida 

S trait, while the w hitetip shark (C. longim anus) was 
attracted  equally well to  all th ree  noise bands. These 
tests clearly indicate a sensitivity to low-frequency 

sound, even in the infrasound range in sharks.
Behavioural studies on the reaction to infrasound in 

bony fishes are scarce. O lsen (1979) reported  an avoid­
ance reaction  of herring stim ulated with noise bands of 
50-100 and 3-10 Hz. T o  our knowledge, this is the 

earliest report in which an infrasound source has been 

used.
In fisheries research, the re  has been  great in terest in 

studying the reaction of fish to  fishing vessels and fishing 
gear, particularly in connection with acoustic m ethods of 

popula tion  assessment (e.g. O lsen, 1979; O lsen et al., 

1983; O n a , 1988; O na  and G odø , 1990; M isund, 1990). 

F rom  observations on cod, haddock , herring, and polar 
cod, these species all seem  to  react to  a passing vessel, 

particularly to  the propeller noise. T he low-frequency 
com ponents in vessel and gear noise are  very strong, 

extending into the infrasound range. W h e th e r  the  infra­
sound com ponents in the noise play any role in the fish’s 

reaction to the trawl is ano ther m atter.
In the studies m entioned above, a reaction to  low- 

frequency noise was dem onstra ted  by swimming away 
from the sound source. H ow ever, the re  are also 

exam ples of an attractive effect o f low-frequency stim u­

lation. C hapm an (1976) found that cod, saithe, and lythe 
avoided a low-frequency, narrow -band sound source 
(down to  30 H z) in experim ents perform ed during one 
year, w hereas they were attracted  to the same sound 
source the following year. Low-frequency, pure-tone 
stim ulation, on the o the r hand , always a ttracted  fish.

In experim ents in which recordings o f vessel and  trawl 
sound were played back to cod and herring in a pen, 
Engås et al. (1992) found clear behavioural reactions to 
the unfiltered sounds and also to  filtered sound in the 60 -  
300 Hz range. F iltered noise in the 300-3000 Hz range 

evoked a strong reaction in herring, bu t no t in cod. The 

low-frequency band  of 20-60 H z did no t evoke a con­

vincing response in either species. U nfortunate ly , infra ­

sound stimulation was not included in these experi­

ments, bu t from these results there  seems to be no 

reason to  believe tha t infrasound w ould be im portan t for 

fishing operations.
Even if the infrasound com ponent in ship and gear 

noise is of little o r no im portance for the orientating 
ability of the fish, however, we feel convinced that 

infrasound is im portan t to fish under o the r circum­
stances and for o the r purposes. For exam ple, it has been  
postu lated  th a t infrasound perception  may play a role in 

long-range navigation (Sand and K arlsen, 1986).
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T here is reason to believe that there are species 

differences with respect to the possible reaction or 
response that a fish may show towards an infrasound 

source. In the following we present observations on 
salmon during infrasound stimulation.

Behavioural response to infrasound of  
salmon in a tank

Freely swimming salmon smolts have been observed 

with a video cam era in a 4 x  5 m, 2.5 m deep , concrete 

basin during sound stimulation. The basin was supplied 

with an adjustable tarpaulin bottom , making it possible 
to make a depth  gradient of 0 .5-1 .5  m in the tank. The 

deepest spot could be positioned at various places with 
respect to  the sound source.

Only two sound frequencies were tested, 10 and 150 
Hz. Pure tone 150 Hz was produced by a J9 underw ater 
loudspeaker (lower frequency limit about 30 Hz). The 

underw ater infrasound source consisted of an alu­
minium tube 1.2 m in length, with a 16 cm piston at one 

end and an electric m otor at the other. By means of 
eccentric coupling to  the m otor, the piston was driven 

back and forth at 10 Hz with a peak-to-peak am plitude 
o f 4 cm (for details, see Knudsen et a l., 1992).

A small school of 10-20 fish could be observed swim­

ming placidly around in the basin before the sound was 

turned on, but at the onset of the 10 Hz sound the 
reaction was im mediate. Fish close to the source showed 

a flight reaction, swimming away from the source. By 

analysing videotapes, the critical distance at which the 
flight response occurred was found to be about 1 m, 
corresponding to a sound level (m easured as particle 

acceleration) some 10 dB above the level for uncondi­
tioned bradycardia. By repeating the stimulation, even 

up to 20 times over a 3^1 h pe rio d , the flight reaction was 
maintained.

Two groups of salmon were tested in this experim ent; 
one group was caught in the wild a few days before the 
experim ent, the o the r consisted of farmed fish. An 
interesting difference between the two could be ob ­

served. W hen the “wild” fish were stimulated with 10 
Hz, they immediately escaped to the deepest part of the 
tank, even if this point was directly under the sound 

source. The domesticated salmon, on the o the r  hand, 
swam as far away from the source as possible.

The observations m ade during 150 Hz stimulation 
were in striking contrast to the reactions seen in re ­

sponse to the 10 Hz stimulation. No visible reaction to 

intense 150 Hz stimulation could be observed, even 
when the fish were only a few centim etres from the 
loudspeaker m em brane.

Observation on salmon smolts in the wild

In the river Sandvikselven n ear Oslo, we have made

some field observations on seaward-migrating salmon 
smolts. A t a particular spot in the river, the w ater flows 

in two parallel runs. A t the end of one of th e m , a trap  is 

placed so that the num ber o f smolts passing can be 

counted. T he same two sound sources described above 
were placed close to the trap. The sound stimulation 
periods lasted from 10 to  40 min, and were followed by 
silent periods o f the same duration.

Intense sound of 150 Hz had no visible effect on the 
migrating smolts, as m easured by the num bers passing 

dow nstream , but the effect of 10 Hz stimulation was 
dram atic. In nine periods with 10 Hz sound, only 6 

salmon passed, com pared with 338 salmon passing du r ­
ing nine silent periods of the same duration.

Concluding remarks

Infrasound perception in fish now seems well docu­

m ented. A m ong the ra ther few species for which we 
have behavioural da ta , there  is a clear distinction b e ­

tween sharks and teleosts. Large sharks are a ttrac ted  to 
an infrasound source and will even attack it, w hereas the 

fairly small teleosts investigated are scared by infra­

sound. T he behavioural reperto ire  may be vastly differ­
ent in various species. O ne might easily imagine tha t the 

response, i.e. attraction o r avoidance, depends on 
w hether the species is a natural p redato r o r prey. It is 

also possible that small specimens may show a fright 

reaction, whereas in larger adult fish this may change to 

attraction. T he possible im portance of infrasound to 
fishing operations is as yet uncertain.
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