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visual census technique is here put forward
as a necessary complement to more wide-
screening fish sampling methods (e.g., gill
nets, echo-sounds, trawling).
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Swimming Behavior of Roach (Rutilus rutilus)
and Three-spined Stickleback (Gasterosteus

aculeatus) in Response to Wind Power Noise
and Single-tone Frequencies

Human-induced underwater noise is dras-
tically increasing as the result of offshore
installations and human activities in the
marine environment. Many of these struc-
tures and activities produce low-frequency
noise that could potentially disturb or
have harmful effects on several species of
teleost fishes. Within the next decade,
thousands of wind turbines will be in use
in coastal and offshore waters and there is
increasing concern on how they may
influence marine life.

Low-frequency noise might have an
immediate effect on fish inducing an
instant behavioral response or, if chronic,
influence fish fitness including physiology
and reproduction. Knudsen and col-
leagues (1-2) found avoidance behaviour
and subsequent physiological reactions
when Atlantic salmon (Sa/mo salar) were
exposed to two single-tone sounds at the
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frequencies 10 and 150 Hz. Maes and
colleagues (3) noted a strong avoidance
response from clupeids to an acoustic
deterrent system that produced 174 dB re
1 uPa in the frequency interval 20600 Hz.
In addition, sound can have a negative
impact on fish hearing ability (4-8).
Further, noise may mask important infor-
mation interfering with communication
(particularly during spawning events) and
predator detection (9).

The aims of this study were to examine
how swimming behavior of roach (Rutilus
rutilus) and three-spined stickleback (Gas-
terosteus aculeatus) were influenced by
single-frequency sounds and noise gener-
ated by an offshore wind turbine, and the
function of sound pressure level. These
two species are common in Northern
Europe in areas utilized for wind power
developments including lakes, brackish
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Figure 1. Test tank with numbers indicating
where and in what order the reference
measurements were noted using the hydro-
phone. Thelinein front of the speaker marks a
sound transparent cloth that was placed in
front of the loudspeaker to prevent fish from
using it as a refuge.
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waters such as the Baltic Sea and coastal
areas (10).

The experiment was performed Octo-
ber-November 2004 under simulated day-
light conditions in a room closed for other
activities to minimize external disturbance.
A circular plastic tank with a water depth
of 15 cm containing 3501 of water was used
for the experiment. Beneath the test tank a
2 cm thick board of polystyrene was
mounted in order to reduce acoustic
disturbance from the floor (11). Efforts
were made to keep sound to a minimum in
the room, although air sound was mainly
reflected by the air-water interface (11). To
allow estimation of fish movements,
squares of the size 10 X 10 cm were
marked on the floor of the tank. The
behaviour of the fish was recorded using a
video camera placed on a tripod 180 cm
above the water surface. For sound
generation an underwater loudspeaker
was positioned in the tank at the perimeter
(Fig. 1).

Background noise was measured with a
hydrophone (Burns Electronics), conse-
quently placed at four locations in the test
tank (Fig. 1). Both sound and noise were
recorded and analysed using a Real Time
Frequency Analyser (Agilent model
HP3569A). Preparatory tests confirmed
that the sound levels were homogenous
in the tank. A slight increase of 2-5 dB
(depending on frequency) was noticed at
position 1, as expected, due to being closer
to the source.

The roach, from the family Cyprinidae,
has a swim bladder that is connected to the
hearing organs (the saccule, lagena, and
utricle) by the Weberian ossicles, a chain
of three or four small bones. This physi-
ognomy gives it an enhanced hearing
which is why roach is generally classified
as a hearing specialist. The stickleback
(Gasterosteidae) is classified as a hearing
generalist as it has a swim bladder but no
connection between the hearing organs
and the swim bladder. Due to their
different physical hearing ability, it can
be assumed that roaches and sticklebacks
will show different responses to sound.

To determine the frequency interval to
be used in the experiment, reference data

Figure 2. Frequency spectra of the recorded
noise, WPN, at Utgrunden. To transform the
sound pressure to levels relative 1 uPa, 26 dB
has to be added.
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from species with similar hearing abilities
were applied. For the roaches the hearing
frequency interval for another cyprinid,
the goldfish (Carassius auratus), was used:
10-5000 Hz with a maximum sensitivity
around 500 Hz (12-13). Hence, roaches
were exposed to 25 Hz, 80 Hz, 500 Hz, and
1000 Hz. For the stickleback the hearing
frequency interval of cod (Gadus morhua),
30-500 Hz with maximum sensitivity
around 100 Hz (11, 14), was applied.
Sticklebacks were then exposed to 25 Hz,
160 Hz, 200 Hz, and 500 Hz.

The wind power noise (WPN) was
originally recorded at the wind farm
Utgrunden in the southern Baltic Sea
(Kalmarsund) at a depth of 12.9 m. The
distance to the windmill, which had a
monopile foundation made of steel, was 83
m. The wind speed during recording was
14 m-s~' with generator revolving at 1780
rpm. The recording contained a frequency
interval varying between 0-4 kHz with
four strong tones (35 Hz, 60 Hz, 178 Hz,
and 750 Hz) (Fig. 2). The strongest tone
(178 Hz) was used as a reference frequency
in the sound control measurements. To
test the fishes’ response to changes in
sound pressure levels (SPL) 80 and 100 dB
re 1 uPa SPL were applied (denoted with
low and high) for both single-tone fre-
quencies and WPN. An additional exper-
iment was performed with WPN where
SPL was raised to 115 and 120 dB re 1 uPa
(denoted WPN-H low and WPN-H high)
to investigate the response of fish to higher
SPL. A control group was kept in the test
tank for the same period of time as the
other test groups.

Sticklebacks used in the experiment
were caught in the Baltic Sea and roaches
were caught in a lake. They were kept in
holding tanks (200 L) with a water
temperature of 14°C, a salinity of 5 psu,
and a diurnal light cycle of 08.00-16.00
and were fed daily with frozen midge
larvae. The total length (Lt) and weight
of the roaches were 11.2 £ 0.9 cm and 17.4
+ 4.9 g, respectively, while the stickle-
backs had a length of 5.8 = 0.4 cm and
weighed 2.4 * 0.6 g. Sixty sticklebacks
were placed in the holding aquarium, of
which 10 were used as controls (distin-
guished by clipping off the second dorsal
spine). As roaches were more difficult to
mark five control fish where separated
from the remaining 45 and placed into two
separate aquaria.

Five fish were moved from the aquaria
to the testing tank and kept there for 30
minutes without disturbance. After the
habituation period, the observer entered
the room and waited an additional 7
minutes before starting the experiment
(15, 16). The fishes were exposed to
sequences of sounds in a random order
including both the single tone frequencies
and WPN. Every sequence was played for
10 seconds followed by 2 minute silence
before the next sequence was started (17).

To analyse fish response to the acoustic
disturbance quantitatively, the difference
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Figure. 3. Movements for roach (Rutilus
rutilus) when exposed to the recorded off-
shore wind power noise WPN, WPN-H, and
single-tone frequencies at the two different
sound pressure levels: black bars denote
high sound pressure level, white bars denote
low sound pressure level, and grey denotes
the control group exposed only to back-
ground noise. Mean values and standard
error.

1000  Control

between mean horizontal movements in
cm was compared using a two-way anal-
ysis of variance (ANOVA) with frequency
and SPL as statistical factors. The non-
parametric Kruskal-Wallis test was ap-
plied when the data did not meet the
requirements of an ANOVA. A post-hoc
test (Tukey-HSD test) was used to deter-
mine the specific differences between test
variables. The group effect was ignored in
the analysis as each set of five fish was
randomized and unique.

Both roach and stickleback responded
to wind power noise and single-tone
frequencies at sound pressure level 80—
120 dB re 1 pPa, although in different
ways. The roach displayed an escape
behavior by swimming in sudden bursts.
The swimming distance varied between
different sounds both in response to
frequency and SPL, and for the combina-
tion of both variables, (p < 0.001).
Usually roach moved between 20 and 40
cm when exposed to any sound with a
tendency to move less in the controls (see
fig. 3). The post-hoc test showed a
difference (p < 0.001) between WPN-H
and the other test variables at high SPL
where roaches exposed to the WPN-H
(120 dB re 1 yPa) moved an average of 106
cm with a standard error (SE) of 4.7. The
noticed escape behavior in the roaches is a
natural reaction in fish to avoid potential
predators, superior competitors, or mate-
rials in motion (11). Changes in sound
pressure level were not the only influenc-
ing factor. It was observed that the 500 Hz
frequency generated a slightly larger re-
sponse than the other single tones which
agrees with results for other Cyprinids (12,
13). Experiments with the related goldfish
(Carassius auratus) showed that they were
sensitive to small changes in SPL as they
were observed to be able to distinguish
between pulses of 3—6 dB with the greatest
sensitivity between 300400 Hz (11).

For sticklebacks, a statistical difference
(p < 0.05) among tests was noted for
swimming distance, both for low and high
SPL. Although in contrast to roaches, fish
in the control group of sticklebacks were
more inclined to alter their positions
(average 31.5 cm, SE 1.3) than the fish
exposed to sound. Fish exposed to WPN-
H of high SPL responded the most, 3.9 cm
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Figure. 4. Percentage of twitching three-
spined sticklebacks (Gasterosteus aculea-
tus) when exposed to recorded offshore wind
power noise WPN, WPN-H, and single-tone
frequencies at the two different sound pres-
sure levels: black bars denote high sound
pressure level and white bars denote low
sound pressure level. No sticklebacks in the
control group twitched.

(SE 0.1). Same patterns were observed for
the low SPL. Even though we found
significant results in swimming distance,
this may not be the most suitable method
to test stickleback’s reactions to sound
when only short scale horizontal move-
ments were noticed (i.e., less than 5 cm).

In comparison to the roaches, a differ-
ent set of behavioural reactions were
observed for the sticklebacks. In addition
to forward swimming, four different
movements were seen: “twitching,” a
sudden twitchy movement of the entire
body; “backing,” backward swimming;
“vertical movement,” the sudden change
of depth (mostly upward) without any
obvious fin movements and; “freezing,”
the fish froze in one position. Notably,
when sticklebacks where exposed to 200
Hz at the high SPL, 43% showed twitching
behaviour (Fig. 4). In contrast to high
SPL, the higher level of wind power noise
(WPN-H) generated greater numbers of
twitching fish (31%) at a low then high
SPL (18%). The behavioral responses in
sticklebacks are most likely natural reac-
tions to avoid predation (16, 18, 19). When
threatened, sticklebacks usually remain
still and in cover for a long period of time
(15). The twitching behaviour has also
been noted in other species that are
startled by a predator or other disturbanc-
es such as juvenile saithe (Pollachius
virens), adult pollack (Pollachius polla-
chius), juvenile cod (Gadus morhua) and
adult mackerel (Scomber scombrus) (14).
In such situations the fish veers suddenly
to one side due to the involuntary contra-
lateral contraction of its whole lateral
muscle, a Mauthner reflex or C-start,
followed by a voluntary movement bring-
ing it back to a normali condition.
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There is an environmental concern of
how fish may be influenced by the
developments of wind power offshore
installations (20-23). In this study, two
different species of fish were exposed to
single-tone frequencies and sound gener-
ated by an offshore wind power plant.
Both species reacted to the wind power
noise which indicate that the noise may
cause stress. However, fish have been
noticed to habituate to sound (9) and to
associate with windmills at sea (20).

This study was a small scale experi-
ment. For a comprehensive understanding
on how fish respond to wind power noise,
additional studies are needed involving
more species and large scale laboratory
and field experiments based on detailed
measurements of the noise generated from
wind power plants.

References and notes

1. Knudsen, F.R., Enger, P.S. and Sand, O. 1992.
Awareness reactions and avoidance responses to sound
in juvenile Atlantic salmon, Salmo salar L. J. Fish Biol.
40, 523-534,

2. Knudsen, F.R., Enger, P.S. and Sand, O. 1994.
Avoidance responses to low frequency sound in
downstream migrating Atlantic salmon smolt, Salmo
salar. J. Fish Biol. 45, 227-233.

3. Maes, J., Turnpenny, A.W.H, Lambert, D.R., Nedwell,
J.R., Parmentiers, A. and Ollevier, F. 2004. Field
evaluation of a sound system to reduce estuarine fish
intake at a power plant cooling water inlet. J. Fish Biol.
64, 938-946.

4. Hastings, M., Popper, A.N., Finneran, J.J. and
Lanford, P.J. 1996. Effects of underwater sound on
hair cells of the inner ear and lateral line of the oscar
(Astronotus ocellatus). J. Acoust. Soc. Am. 99, 2576~
2603.

5. Bart, AN, Clark, J., Young, J. and Zohar, Y. 2001.
Underwater ambient noise ements in aquacul-
ture systems: a survey. Aquacult. Eng. 25, 99-110.

6. Scholik, A.R. and Yan, H.Y. 2001. Effects of under-
water noise on auditory sensitivity of a cyprinid fish.
Hearing Research 152, 17-24.

7. McCauley, R.D., Fewtrell, J. and Popper, A.N. 2003.
High intensity anthropogenic sound damages fish ears.
J. Acoust. Soc. Am. 113, 638-642.

8. Smith, M.E., Kane, A.S. and Popper, A.N. 2004.
Noise-induced stress response and hearing loss in
goldfish (Carassius auratus). J. Exp. Biol. 207, 427-435.

9. Wahlberg, M. and Westerberg, H. 2005. Hearing in fish
and their reactions to sounds from offshore wind farms.
Mar. Ecol. Prog. Ser. 288, 295-309.

10. Froese, R. and Pauly, D. 2007. FishBase. (http://www.
fishbase.org/search.php)

11. Hawkins, A.D. 1993. Underwater sound and fish
behaviour. In: Behaviour of Teleost Fishes. Pitcher,
T.J. (ed). Kluwer Academic Publishers, London, pp.
129-169.

12. Hawkins, A.D. 1973. The sensitivity of fish to sounds.
Oceanogr. Mar. Biol. Annu. Rev. 11, 291-340.

13. Fay, R. and Popper, A.N. 1974. Acoustic stimulation of
the ear of the goldfish (Carassius auratus). J. Exp. Biol.
61, 243-260.

14. Wardle, C.S., Carter, T.J., Urquhart, G.G., Johnstone,
A.D.F., Ziolkowski, A.M., Hampson, G. and Mackie,
D. 2001. Effects of seismic air guns on marine fish.
Cont. Shelf Res. 21, 1005-1027.

15. Giles, N. and Huntingford, F.A. 1984. Predation risk
and inter-population variation in anti-predator behav-
iour in the three-spine sticklebacks, Gasterosteus
aculeatus L., Anim. Behav. 32, 264-275.

© Royal Swedish Academy of Sciences 2007
http://www.ambio.kva.se

16. Tulley, J1.J. and Huntingford, F.A. 1987. Age, experi-
ence and the development of adaptive variation in anti-
predator responses in three-spine sticklebacks (Gaster-
osteus aculeatus). Ethology 75, 285-290.

17. Popper, A.N. and Fay, R.R. 1981. The hearing abilities
of fish. In: Hearing and sound communication in fishes.
Tavolga, W.N. (ed). Springer-Verlag, New York, pp.
109-133.

18. Whoriskey, F.G. and FitzGerald, G. J. 1985. The
effects of bird predation on an estuarine stickleback
(Pisces: Gasterosteidae) community. Can. J. Zool. 63,
301-307.

19. Huntingford, F. and Giles, N. 1987. Individual
variation in anti-predator responses in the three-spine
sticklebacks (Gasterosteus aculeatus L.). Ethology 74,
205-210. )

20. Wilhelmsson, D., Malm, T. and Ohman, M.C. 2006.
The influence of offshore wind power on demersal fish.
ICES J. Mar. Sci. 63, 775-784.

21, Ohman, M.C,, Sigray, P. and Westerberg, H. 2007.
Offshore windmills and the effects of electromagnetic
fields on fish. Ambio 36, 631-634.

22. Andersson, M.H., Gullstrém, M., Asplund, M.E. and
Ohman, M. C. 2007. Importance of using multiple
sampling methodologies for estimation of fish commu-
nity composition in offshore wind power construction
areas in the Baltic Sea. Ambio 36,

23. Petersen, J.K. and Malm, T. 2006. Offshore windmill
farms: threats to, or possibilities for, the marine
environment. Ambio 35, 75-80.

24. We thank B. Borg for all support throughout the study,
M. Almgren, N. Walberg, and B. Hedenberg for
technical assistance and E. Hoffmann for catching fish.
Also, Ingemansson AB and SSPA Sweden AB for
allowing us to use their equipment and together with
Airicole AB (Sydkraft/E.ON) for assisting us with the
under water recordings. The study, which was part of
the VINDREY project at the Department of Zoology,
Stockholm University, examining the effects of offshore
wind power on fish was supported by the EU 6th
framework programme-the DOWNVIND project and
the Swedish Energy Agency (Energimyndigheten).

25. This synopsis was not peer reviewed.

Mathias H. Andersson
mathias.andersson(@zoologi.su.se

Emily Dock-Akerman
emily.dock@nrm.se

Ramona Ubral-Hedenberg
ramisubral@ hotmail.com

Marcus C. Ohman
marcus.ohman(@zoologi.su.se

Their address:
Department of Zoology

Stockholm University
SE-106 91 Stockholm, Sweden

Peter Sigray

Department of Underwater Research
Swedish Defense Research Agency
SE-164 60 Stockholm, Sweden

peter.sigray@foi.se

Ambio Vol. 36, No. 8, December 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



