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Atlantic herring, Clupea harengus, is a hearing specialist, and several studies have demonstrated
strong responses to man-made noise, for example, from an approaching vessel. To avoid negative
impacts from naval sonar operations, a set of studies of reaction patters of herring to low-frequency
(1.0–1.5 kHz) naval sonar signals has been undertaken. This paper presents herring reactions to sonar signals and other stimuli when kept in captivity under detailed acoustic and video monitoring.
Throughout the experiment, spanning three seasons of a year, the fish did not react significantly to
sonar signals from a passing frigate, at received root-mean-square sound-pressure level (SPL) up to
168 dB re 1lPa. In contrast, the fish did exhibit a significant diving reaction when exposed to other
sounds, with a much lower SPL, e.g., from a two-stroke engine. This shows that the experimental
setup is sensitive to herring reactions when occurring. The lack of herring reaction to sonar signals
is consistent with earlier in situ behavioral studies. The complexity of the behavioral reactions in
captivity underline the need for better understanding of the causal relationship between stimuli and
C 2012 Acoustical Society of America. [DOI: 10.1121/1.3675944]
reaction patterns of fish. V
PACS number(s): 43.80.Nd, 43.50.Rq, 43.50.Sr [MCH]

I. INTRODUCTION

The effects of anthropogenic sounds on marine animals
are increasingly studied, particularly in the past decade (e.g.,
Nowacek et al., 2007; Popper and Hastings, 2009). Anthropogenic sound sources receiving most attention include
ships, seismic air guns, and military sonars (Popper et al.,
2004), due to their low-frequency (i.e., long range), high
source level, and widespread use. Despite the substantially
increased effort, this scientific field remains in its infancy,
especially regarding the effects of sound on fish (Popper
et al., 2004). Potential negative effects of anthropogenic
sounds range from: auditory tissue damage (Enger, 1981;
Hastings et al., 1996; McCauley et al., 2003); to temporary
hearing loss (Popper et al., 2007); to changes in behavior,
such as avoidance of the sound source (e.g., Skalski et al.,
1992; Engås et al., 1996; Slotte et al., 2004).
Atlantic herring, Clupea harengus, are among the most
numerous of the fishes in the North Atlantic. Consequently,
they are prey for animals on many trophic levels and are the
target of a commercially important fishery (Blaxter, 1985;
Hamre, 1990). Herring are sensitive to a wider acoustic
bandwidth than most teleost fishes (Chapman and Hawkins,
1973) and can detect frequencies up to 4 kHz (Enger, 1967).
However, much remains uncertain about the auditory capabilities of herring and the stimuli and circumstances causing
them to react to sounds (Wilson and Dill, 2002; Ona et al.,
2007; Sand et al., 2008).
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While herring did not react to sounds from a marine
mammal deterrent device (Wilson and Dill, 2002), they did
respond to various anthropogenic sounds such as seismic
shooting (Slotte et al., 2004), and ship noise (Olsen et al.,
1983; Misund and Aglen, 1992; Pitcher et al., 1996; Ona
et al., 2007). Herring also exhibit seasonally variable avoidance reactions to predator attacks (Fernø et al., 1998;
Kvamme et al., 2003), fishing activity (Mohr, 1964, 1971),
and approaching vessels (Fernandes et al., 2000; Vabø et al.,
2002, Skaret et al., 2006).
Modern, long-range, naval, anti-submarine-warfare sonar
systems, hereafter SONAR, typically transmit frequencies ranging from 1 to 10 kHz (Ainslie, 2010). Frequencies in the lower
portion of this bandwidth are within the hearing range of herring
(Enger et al., 1967), and SONARs are often operated in areas
where herring are known to reside. However, wild herring did
not exhibit a significant response to SONAR transmissions in
the overwintering phase (Doksæter et al., 2009), but may
respond very differently in other phases of their yearly cycle.
Here, to explore these possibilities, the behaviors of captive herring are observed during exposure to SONAR and other transmissions, in controlled environments (following Wilson and
Dill, 2002; Ona, 2003), during three seasons spanning a year.
II. METHODS

Four experiments were conducted in different seasons
during one year (Table I). The experiments involved exposing herring to various stimuli, including a SONAR-transducer
towed behind a frigate and simulated SONAR transmissions
from a stationary transducer. Continuous sound from an outboard engine and very short duration sounds from a wooden
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TABLE I. Overview of experiments.
Experiment
1
1
2
2
3
3
4
4
4

Date

Exposure type

Experimental location

Number of blocks conducted

Type of runs within block

Sept 15–17 2008
Sept 15–17 2008
Jan 20–21 2009
Jan 20–21 2009
Feb 3–5 2009
Feb 3–5 2009
Sept 29–Oct 01 2009
Sept 29–Oct 01 2009
Sept 29–OCt 01 2009

Frigate sonar
Fence strike
Outboard engine
Fence strike
Frigate sonar
Fence strike
Simulated frigate sonar
Outboard engine
Fence strike

Sheltered fjord
Sheltered fjord
Aquaculture station
Aquaculture station
Sheltered fjord
Sheltered fjord
Aquaculture station
Aquaculture station
Aquaculture station

2
1
5
1
7
1
7
4
1

GFM-SFM-CW-CON
FS
EL-EH
FS
GFM-SFM-CON
FS
GFM-SFM-CW-CON
EL-EH
FS

board striking the net pen fence were included to test whether
the captive herring would react, and if our setup were able to
detect that reaction.
All experiments used a block design, with each block
consisting of runs of similar length of the different exposure
types, including control runs, in randomized order. Experiments were conducted at different times of the day, to
resolve potential day-night effects. One hour was set initially
as separation between the blocks. This was based on previous studies showing herring resumed the initial vertical distribution well within 1 h after exposure to vessel noise (Vabø
et al., 2002; Ona et al., 2007).

herring were observed feeding. Throughout the experiments,
the pen was secured to the fishing vessel. The vessel’s bridge
housed the equipment for monitoring the experiment and provided communications with the frigate. All engines of the
fishing vessel were switched off during experiments. For the
experiments at the aquaculture station (experiments 2 and 4) a
mobile barrack adjacent to the floating pier and net pen
housed the electronics and served as control station.
B. Sound exposure
1. Frigate SONAR transmissions

In June 2008, 7.5 t of adult herring (mean length of
30.8 cm, mean weight of 206.4 g) were caught by a commercial purse-seine vessel and transported live to an aquaculture
facility operated by the Institute of Marine Research (IMR)
in Austevoll, near Bergen, Norway. The fish were kept for
approximately 1.5 years in two rectangular-net pens, 12-m
long by 12-m wide by 10-m deep (volume ¼ 1440 m3). The
herring were fed with standard pellets of small size. The animal collection was permitted by The Royal Norwegian Ministry of Fisheries, and the experiments were permitted by the
Norwegian Animal Research Authority. During experiments,
approximately four tons of the herring were transferred to a
5-m long by 5-m wide by 20-m deep, movable pen. After
end of experiment, the fish were transferred back to the regular pens.
Experiment 2 and 4 were conducted with the experimental net pen positioned at the seaside of the floating pier at the
aquaculture station. During experiments 1 and 3 the experimental net pen was towed from the aquaculture station to a
close by fjord where the frigate could operate. The pen was
then towed at low speed (ca. 0.9–1.9 km/h, depending on the
current) by a fishing vessel to minimize any stress on the herring, including scale loss due to increased physical contact
with the net walls (Lockwood et al., 1983; James et al., 1986;
Misund and Beltestad, 1995). Transit to the site took approximately 10 h, and the herring were allowed to habituate to their
new environment for 12 h before the experiments were conducted. The herring were constantly monitored by trained personal during the transit and habituation period, both visually
from the surface and with echosounder and video camera, and
after 12 h no signs of behavioral stress were detected, and the

In experiment 1 and 3 herring were exposed to SONAR
signals transmitted from a Fridtjof Nansen class multipurpose frigate of the Royal Norwegian Navy using their
combined active/passive towed sonar (CAPTAS mk 2, Thales
Underwater Systems) towed at 50 m depth. The transmitted
signals were either: (1) 1-s duration, 1.0–1.6-kHz, hyperbolic-frequency-modulated, up-sweep (FM), with 18-s interpulse interval; or (2) 4-s duration, 1-kHz, weighted-continuous-wave (CW), with 40-s inter-pulse interval. For either
signal, the root-mean-square (rms) sound pressure level of the
source (SL) was approximately 215 dB re 1 lPa at 1 m, typical
of SONAR operations in sheltered waters. The maximum SL
of the SONAR system was not available information.
The SONAR transmissions were introduced either gradually or suddenly. The rms sound pressure level (SPL)
received by a hydrophone inside the pen gradually increased
as the frigate, beginning approximately 1.9 km (one nautical
mile) away, approached the pen at 14.8 km/h (8 knots), and
reached a maximum SPL at the closest point of approach
(CPA) equal to 500 m (Fig. 1). The SPL gradually decreased
as the frigate continued away from the pen to a distance of
approximately 1.9 km. During separate runs along the same
transect, the transmissions were suddenly introduced at maximum SPL, by transmitting the first pulse at CPA, with gradually decreasing RL as the frigate moved away for another
1.9 km. Transects were also run without transmissions (silent
controls).
Each block consisted of four separate runs along the
transect; gradually introduced FM (GFM), suddenly introduced FM (SFM), gradually and suddenly introduced CW
(CW) transmissions, and silent control runs with the transducer in passive mode (CON). In experiment 3, the CW run
was removed from the block to obtain more replicates. FM
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FIG. 1. Experimental setups. The pen is
5 m long by 5 m wide by 20 m deep. The
behavior of the herring inside the pen was
monitored with a bottom-mounted 200-kHz
echosounder transmitting vertically upward
and a video camera positioned at 5 m depth,
imaging horizontally. The SPL values were
measured by a hydrophone positioned in the
middle of the pen at a depth of 5 m. The stationary source was placed at 5 m depth, 3 m
outside the pen. The engine was secured
1 m from the pen.

was chosen since it is expected to be more commonly used
than CW in areas typically inhabited by herring. A single
CW run was conducted in the end of experiment 3.
2. Simulated-SONAR transmissions

Simulated SONAR transmissions were conducted in
experiment 4, to achieve larger maximum-SPL values relative to the frigate experiments. The FM and CW waveforms
were amplified (L-10, Instruments Inc., USA) and transmitted from a stationary transducer (ITC-2015, International
Transducer Corp., USA), positioned 5 m deep and 3 m outside the net pen (Fig. 1). The maximum SL was 190 dB re
1lPa at 1 m at 1.6 kHz, and decreased with frequency.
During experiment 4, the pen was positioned on the seaside of the floating pier at the aquaculture station. Each block
consisted of GFM and SFM runs, each 13 min, as well as a
CON run, defined as 13 min without transmission. One CW
run was also conducted at the end of this experiment.
During GFM runs, the initial SPL values approximated
those measured when the frigate began its transect. Subsequently, the SPL was gradually increased to a maximum
level 10 min later, approximately the time required for the
frigate to reach the CPA. Then, the SPL was gradually
decreased for three minutes. During SFM runs, the SPL was
zero for the first 10 min, then abruptly maximum, and gradually decreased for the last three minutes.
3. Outboard engine sounds and fence strike sound

The primary objective with these exposures was to test
whether the herring would react, and if our method were
able to detect that behavior. A secondary objective was to
compare the properties of the exposure with the sonar
exposures.
The outboard engine exposure was conducted in experiments 2 and 4 (Table I) with the pen secured to the seaside of
the floating pier at the aquaculture station. The boat with the
outboard engine was secured 1 m from the pen (Fig. 1). Continuous, broad-bandwidth sounds were radiated from a twostroke, 9.9-hp outboard engine (Yamaha) with the propeller
disengaged operating at large (EL) and small (ES) number of
revolutions. The “exposure” starts with the ignition of the
1634
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engine and continues for 30 s at constant RPM. Each block
consisted of three EL and three ES runs with 30 s duration,
and with 2.5 min between the treatments.
The fence strike exposure was done in all four experiments. A short-duration, low-frequency sound (FS), was
generated by striking the fence of the pen with a large
wooden stick. This ad hoc signal elicited a strong reaction
from the herring. An FS run was defined as one pulse, with
blocks consisting of 10 runs at 30-s intervals.
C. Behavioral observations

Fish avoidance responses include changes in orientation
or swimming direction of individuals, or collective movement,
either horizontally or vertically (Pitcher et al., 1996; Nøttestad
and Axelsen, 1999), with vertical avoidance, e.g., a diving
response, as the most significant (Nøttestad and Axelsen,
1999; Wilson and Dill, 2002). Such a collective vertical avoidance was therefore the most important to investigate. Herring
behavior was continuously monitored for such responses,
acoustically and optically, before and during each experiment.
1. Acoustical monitoring

Herring behavior was monitored acoustically by a 200kHz, split-beam echosounder (Simrad EK60), positioned in
the bottom of the pen, transmitting vertically upward
(Fig. 1). The beam direction and its stability were monitored
with a tilt-roll sensor. The echosounder transmitted 1.024ms pulses every 0.2 s and provided estimates of volume
backscatter coefficients (sv; m1), defined as Rrbs =V, where
V (m3) is the insonified volume, and rbs (m2) is the backscattering cross-sectional area of each scatterer within V
(MacLennan et al., 2002). These data, plotted versus depth
and time (echogram), were scrutinized for changes in the
vertical distribution of the herring.
Following Doksæter et al. (2009), the sv-weightedmedian depth at a given time (l; m); indicates the vertical
center-of-mass of the herring in the pen. A change in l, associated with a stimulus (exposure), indicates a potential
vertical-avoidance reaction:
dE ¼ lbefE  ldurE ;

(1)
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TABLE II. Video-analysis results.
Group behavior
Exposure
type

n

Type

Recordings
(%)

FM

7

Shoalinga
Schoolingb

FMs

8

CW

Vertical swimming

Number of fish reacting

Type

Recordings
(%)

100%
0%

downwards
horizontally
upwards

Shoaling
Schooling

100%
0%

2

Shoaling
Schooling

Con

2

EH

Overall response

Type

Recordings
(%)

Type

Recordings
(%)

0%
100%
0%

0
<10
>10
all

100%
0%
0%
0%

No responsec
Startled
Avoidancee
Alarmf

100%
0%
0%
0%

downwards
horizontally
upwards

0%
100%
0%

0
<10
>10
all

62.5%
37.5%
0%
0%

No response
Startle
Avoidance
Alarm

62.5%
37.5%
0%
0%

100%
0%

downwards
horizontally
upwards

0%
100%
0%

0
<10
>10
all

100%
0%
0%
0%

No response
Startle
Avoidance
Alarm

100%
0%
0%
0%

Shoaling
Schooling

100%
0%

downwards
horizontally
upwards

0%
100%
0%

0
<10
>10
all

100%
0%
0%
0%

No response
Startle
Avoidance
Alarm

100%
0%
0%
0%

23

Shoaling
Schooling

0%
100%

downwards
horizontally
upwards

0%
0%
100%

0
<10
>10
all

0%
0%
0%
100%

No response
Startle
Avoidance
Alarm

0%
0%
26%
74%

EL

10

Shoaling
Schooling

80%
20%

downwards
horizontally
upwards

0%
50%
50%

0
<10
>10
all

10%
0%
50%
40%

No response
Startle
Avoidance
Alarm

10%
0%
90%
0%

Trs

5

Shoaling
Schooling

0%
100%

downwards
horizontally
upwards

0%
0%
100%

0
<10
>10
all

0%
0%
0%
100%

No response
Startle
Avoidance
Alarm

0%
0%
60%
40%

a

Shoaling—random orientations within the aggregation.
Schooling—polarized orientations within the aggregation.
c
No response—no detected change in behavior.
d
Startle—body flexion and one to two seconds of faster swimming.
e
Avoidance—slow schooling, and diving or horizontal swimming away from source.
f
Alarm—rapid schooling and diving.
b

where lbefE is the mean l within a 30-s interval prior to the
run (undisturbed condition), ldurE is the mean l within the
first 30 s of the run, and E is the transmission type (i.e.,
GFM, SFM, CW, CON, EL, ES, or FS).

Video images were recorded using a light-sensitive camera (Sony DV Cam) mounted in the middle of the pen
at depth of 5 m, imaging horizontally (Fig. 1). The camera
covers only a relatively minor part of the total pen, and the
main objective of the video images was to interpret signals
observed in the acoustic observations. The camera was placed
at the same depth as the hydrophone, so that the RL given is
representative for the herring observed by the camera. Artificial light was not used to avoid its potential effects on herring
behavior. Consequently, video was not recorded at night. The
video images and hydrophone signals were monitored during

the experiments and recorded synchronously on the video
and audio tracks of the camera. The video images were scrutinized for changes in swimming and schooling behavior, following Engås et al. (1995), as group pattern, vertical
swimming and overall response and an estimate of the number of fish reacting is given (Table II). Group pattern was
defined as shoaling (random orientations within the aggregation) or schooling (polarized orientations within the aggregation) (Pitcher, 1983). Vertical swimming was either upwards,
downwards or horizontally. Overall response were categorized as no reaction (no detected change in behavior), startle
response [body flexion and 1 to 2 s of faster swimming
(Blaxter et al., 1981; Kastelein et al., 2008)], avoidance (slow
schooling, and diving or horizontal swimming away from the
source, or alarm (rapid schooling and diving).
Alarm and avoidance are generally similar, but the
alarm indicates a stronger and quicker response. Behavior
was scored every 30 s of a run by a trained behavioral
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biologist who did not know the stimulus condition. As the
video analyses were only used to supplement the acoustic
analyses, they were not subject to any statistical analyses.
D. Environmental and biological monitoring

Seawater salinity and temperature were measured versus
depth in the vicinity of the pen using a conductivity, temperature, and pressure sensor (CTD; SAIV A/S model SD 204),
and an expendable bathythermograph. The latter data were
input to an acoustic propagation model (LYBIN) (Hjelmervik et al., 2008), to predict the sound propagation conditions
between the sonar source and the herring.
A sample of 50 fish was measured for length and weight
at capture and at the end of the last experiment. This was
used to calculate the fish condition (100 * weight length3).
The general health status of the fish was closely monitored
by trained personal during and after the experiments, as well
as generally monitored in the time between experiments.
E. Exposure levels

The SPL within the pen was recorded with a hydrophone
(Bruel & Kjær type 8106) placed in the middle of the net pen at
a depth of approximately 5 m. The pre-amplified hydrophone,
powered by a supply (B&K type 5939), has a flat frequency
response from 20 Hz to 10 kHz. It was calibrated using a
250-Hz calibration tone with a SL ¼ 154.25 dB re 1 lPa (B&K
Type 4229 with WA 0658). The signals were recorded on digital audio tape. They were also low-pass filtered and digitized
below 8 kHz with a 24-bit analog-to-digital converter system
(National Instrument model 9234/USB-9162/LabView, Signal
Express V. 8.8), and stored on a computer hard-disk.
Spikes in the sound-pressure data, caused by the
echosounder transmissions, were removed using a five-pointmedian filter. The power spectral density (psd) as a function
of time (spectrogram) was calculated by using a 2048-point
Hamming window with 50% overlap and a 2048-point fastFourier transformation, providing resolutions of 66 Hz and
0.25 s. The SPL was calculated versus time by numerically
integrating (trapezoidal method) the psd from 10 Hz to 4 kHz
within each window.
Data with the largest SPL values from each transmission
type were analyzed in more detail, without median filtering,
and several metrics were calculated. First, the data were amplitude demodulated. B-duration is the period when the envelope of the rectified sound pressure is within 10% of its
peak value. Next, the data were bandpass filtered (50 to
3500 Hz, Butterworth, Direct-Form II, Second-Order Sections) and the SPL and the sound exposure level (SEL; dB re
1 lPa2 s) were calculated. Metrics for pulsed sounds are
based on the period between the rise in the pressure to its
peak and then back to the first sign reversal (ANSI, 1986).
To obtain comparable measures for all transmission types,
the pulse with the maximum peak pressure was used. Signalrise time is the period when the pressure is within 10 to 90%
of the peak pressure. A-duration is the period from 10% of
the peak pressure when increasing to 10% of the peak pressure when decreasing (Fig. 2). Impulse (Iimp), the pressure
1636
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FIG. 2. Fence strike signal. Shown is the rise in pressure from the sign reversal to the peak pressure and then to the first sign reversal following the
peak pressure. The A-duration is the period between the two asterisks at
10% of the peak pressure. The signal-rise time is the period between 10 and
90% of the peak pressure. The signal impulse (Iimp) is equal to the area
under the curve.

integrated over time, describes the change in momentum and
is useful for describing a fast-acting force:
Iimp ¼

ð T1
pðtÞdt;

(2)

T0

where T0 is the time of the sign reversal prior to the peak
pressure and T1 is the time of the first sign reversal after the
peak pressure (Carey, 2006).
F. Statistical analysis

Differences in fish behavior between the sonar exposure
runs (GFM, SFM, and CW) and the positive control runs
(EL, ES, and FS) were statistically evaluated and compared
to control runs (CON) based on the acoustic data. The null
hypothesis (H0) is that the change in median depth from the
undisturbed to the stimulus situation (dE ) does not differ
between the control runs and those with SONAR/engine/
fence strike exposure:
H0 : dCON ¼ dGFM ¼ dSFM ¼ dCW ¼ dEL ¼ dES ¼ dFS :
(3)
The alternative hypothesis (H1) is that dE differs significantly
between the control runs and those with one or more of the
exposures types:
6 dGFM or dCON 6¼ dSFM or dCON 6¼ dCW or
H1 : dCON ¼
6 dEL or dCON 6¼ dES or dCON 6¼ dFS :
(4)
dCON ¼
This approach was also used to test for significant differences between: the sonar transmission types and the positive
control; and between season (summer, winter, and autumn)
for each exposure type.
Doksæter et al.: Behavior of captive herring exposed to sonar

The dE data were fit using the linear regression method.
The best-fit data were compared by analysis of variance
(ANOVA), and significant differences identified by a Tukey
test. The functions used for the linear-regression, ANOVA,
and Tukey-test were lm, aov and TukeyHSD, respectively
(R Development Core Team, 2008).
III. RESULTS

Four experiments were conducted within the course of a
year, representing summer, winter, and autumn (Table I). The
experiments included a total of 29 replicate blocks comprising:
14 GFM, 14 SFM, 4 CW, 8 CON, 26 EL, 25 ES, and 9 FS
runs. The transmissions in two of the CW runs were introduced
gradually, and two were introduced suddenly. Due to the low
number of replicates, all of the CW runs were combined.
A. Acoustical observations

Visual inspections of the echograms indicated that group
behaviors did not change appreciably during the GFM, SFM,
CW, or CON runs, while most of the EL, ES, and FS runs
exhibited strong vertical avoidance (see Figs. 3 and 4). In contrast, during the first SFM run, the fish swam upwards. However, there was no significant differences between the CON,
GFM, SFM, and CW runs (p ¼ 0.08, n ¼ 44). Therefore, H0
was not rejected, indicating that the vertical-swimming
behavior of captive herring does not change significantly
when exposed to SONAR.
There was a significant difference between the CON,
ES, EL, and FS runs (p ¼ 0.004, n ¼ 71). The CON runs
were significantly different from the EL and FS runs, but
were not significantly different from ES runs. Therefore, H1
is accepted, indicating that the vertical-swimming behavior

of captive herring does change significantly when exposed to
engine and the fence-strike sounds.
There was a significant difference between the GFM,
SFM, and CW runs and the EL, ES, and FS runs (p ¼ 2.27
e-07, n ¼ 99). Also, the GFM, SFM, and CW runs were significantly different from the EL runs; and the CW and SFM
runs differed significantly from the ES and FS runs.
There were no significant differences between the runs
during the three seasons (GFM: p ¼ 0.95, n ¼ 16; SFM:
p ¼ 0.101, n ¼ 16; EL: p ¼ 0.059, n ¼ 25; and ES: p ¼ 0.439,
n ¼ 24; Fig. 5). There were too few replicates to test the CW
and FS runs.
B. Optical observations
1. SONAR (GFM, SF, and CW) exposure and control
(CON)

During all GFM, CW, and CON runs, the herring exhibited normal shoaling and horizontal swimming, and no visually detectable responses (Table II, Fig. 3). For the eight SFM
runs, however, three exhibited startle responses to the stationary source. In these cases, fewer than 10 fish responded to the
first two to three sonar transmissions and then the fish exhibited no response. This confirms results from the acoustic observation that no large scale vertical avoidance was induced
by the SONAR.
2. Engine (EL and ES) and fence strike (FS) exposure

For the EL runs, 74% exhibited a startle response and
26% showed an avoidance response. Response was generally
stronger in the first run in a block, indicating habituation.
For the ES runs, 90% exhibited avoidance response and 10%
showed no response. In a few cases of avoidance response,

FIG. 3. (Color online) Video images of
fish behavior. (Top) In a typical GFM
run, the herring shoal and swim horizontally both before and during the exposure. (Bottom) In a typical FS run the
herring shoal before exposure and exhibit an alarm response, all diving, during exposure.
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FIG. 4. (Color online) Signal waveforms, spectrograms, and echograms. The columns correspond to (a) FM, (b) CW, (c) engine, and (d) fence strike runs.
The waveforms exemplify the signal sound pressure (Pa). The middle vertical line indicates the peak pressure. The other two vertical lines indicate the period,
B-duration, when the envelope of the rectified pressure is 10% of the peak pressure. The spectrograms illustrate the noise spectral density (dB re 1lPa2 Hz1)
versus time. The example echograms show the volume backscattering strength (dB re 1 m1) versus depth and time. The stippled vertical lines in the GFM
and CON runs indicate the CPA. The filled vertical lines indicate the time of a sonar pulse, the start of the engine, or a fence strike. The curves indicate the
backscattering-weighted-median depth.

the schools did not dive, but moved horizontally away from
the sound source.
For the FS runs, 60% exhibited an alarm response and
40% showed an avoidance response, supporting the results
from the acoustic analysis. An alarm response at the first
pulse was followed by the weaker avoidance response to
subsequent pulses within a run, again indicating habituation.
Video results from engine and fence strike sound confirm the results from the acoustic analyses with a significant
different reaction to these sounds compared to the control/
SONAR exposures.
C. Exposure levels

Each of the sound signals was characterized (Table III).
The GFM and SFM signals had the largest SPL (168 dB re
1lPa), SEL (168 dB re 1lPa2s), and peak pressure. The FS
signal had the largest Iimp. Background noise varied somewhat between seasons and experiments, from 115 to 120 dB

re 1lPa in experiment 4 (October) to 125 dB re 1lPa in
experiment 3 (February).
D. Environmental and biological conditions
1. Fish condition

At the start of the study fish condition was 0.69 and at the
end of the last experiment 0.70, indicating that the fish did not
grow during the period. A high mortality rate was reported
immediately after arrival at the aquaculture station, but stabilized after a few days, remaining stable throughout the captive
period, and did not increase during or close after experiments.
The general health status of the fish were reported to be good
throughout the captive period of 1.5 years.
2. Seawater temperature

The seawater temperature within the 20 -m deep pen
varied substantially between seasons. During experiment 1

FIG. 5. Change in depth versus exposure type. A positive dE indicates that the
fish dove; a negative dE indicates ascent.
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TABLE III. Metrics for the various transmission types. Some metrics are not applicable (n/a) for the broad bandwidth signal from the outboard engine.

Unit

Recieved level (RL)
dB re 1 lPa [rms]

Sound exposure level (SELa)
dB re (1 lPa2 s)

B-Durationa
s

Peak pressureb
Pa

A-Durationb
ms

Signal rise timeb
ms

FM
CW
MB
FS

168
150
137
156

168
156
152
145

0.9483
4.34
29.2
0.08

947
94.9

0.270
0.458

0.153
0.161

a

183

10.3

4.4

Impulseb
lPa s
166 000
28 000
1 216 600

Averages for the duration of the exposure.
Measured between the sign reversals occurring before and after the peak pressure.

b

(summer), the temperature was greater than 15  C. During
experiments 2 and 3 (winter) it was between 5  C and 7  C.
During experiment 4 (autumn), it was approximately 10  C
close to the surface, increasing to about 10 m depth, and was
approximately 15  C from 10 to 20 m depth.
3. Propagation conditions

During the SONAR runs, the transmissions propagated
from the source at 50 m depth towards the pen spanning 0 to
20 m depth. During experiment 1 (summer), the temperature
was warm at the surface and decreased with depth, resulting
in a sound speed minimum at 120 m. These conditions
caused the SONAR transmissions to be refracted down
towards a sound channel below the depth of the net pen. In
contrast, during experiment 3 (winter), the temperature was
cold at the surface and increased with depth, resulting in a
sound speed maximum at 100 m. These conditions caused
the SONAR transmissions to be refracted upwards, towards
the pen. These differences resulted in higher SPL values during experiment 3 (162 dB re 1lPa) compared to experiment
1 (158 dB re 1lPa).
IV. DISCUSSION

The present study has documented that herring in a net
pen do not react by any significant vertical avoidance
responses when exposed to sonar signals transmitted from an
operational source on board a frigate naval ship in the frequency range 1.0–1.6 kHz and received sound pressure levels up to 168 dB re 1lPa, and that this lack of response is
consistent throughout all phases of the yearly cycle.

(Pitcher et al., 1996; Simila, 1997; Nøttestad and Axelsen,
1999). This form of avoidance reaction, i.e., schooling and
diving, is confirmed by these experiments in the cases of the
engine and fence-strike stimuli (Figs. 3 and 4). The results
also indicate that the pen dimensions were sufficient to allow
typical vertical avoidance reactions and that the captive fish
were capable of responding.
Herring typically exhibit a strong diel vertical-migratory
behavior (DVM; Huse and Ona, 1996), which may modulate
their response to sound exposure. Therefore, experiments
were conducted during various times of day. Comparing the
vertical distribution of the fish on the echograms does not
indicate such vertical difference, probably due to the pen not
being deep enough for the typical vertical migration that
may be up to several hundred meters (Huse and Korneliussen, 2000).
No significant differences were observed between the
control and the SONAR exposure. This negative result may
have type II error, i.e., acceptance of the H0 when it should
be rejected, if the experiment or analysis was incapable of
detecting a reaction. However, the optically and acoustically
observed responses in the EL, ES, and FS runs, and the significant differences between the engine and SONAR exposures, demonstrated that the experimental design and
analysis methods did allow detections of avoidance reactions
when they occurred.
B. Herring reactions

Studies of the behavioral responses of captive animals
to stimuli may be useful to estimate the levels which trigger
responses (McCauley et al., 2003, Popper et al., 2005,
2007). Studying animals in captivity allows the experimental
conditions to be controlled and standardized. Notwithstanding the advantages of studying captive animals, their behavioral responses may not be representative of those from in
situ animals. For example, anthropogenic sounds may cause
in situ fish to flee (e.g., Engås et al., 1996; Engås and Løkkeborg, 2002), while captive fish, without that option, must
respond differently or not at all (Popper and Hastings, 2009).
In nature, avoidance reactions by herring may include either horizontal movement or diving by the school (Nøttestad
and Axelsen, 1999), with diving as most common response

Herring did not exhibit significant responses to the
SONAR signals with SL values equal to 215 dB and 190 dB
re 1 lPa at 1 m for the towed sonar source and the stationary
source, respectively. The CPA of the frigate was 500 m and
the stationary source was 3 m from the fish. The corresponding maximum received SPL values were equal to 162 and 168
dBre 1 lPa, thus well above the background noise. Higher
source level will increase the received level, and reactions to
such increased RL cannot be excluded. However, the SFM
signals from the nearby stationary source (sudden-onset and
high-intensity signal) did cause startle responses in a few
fishes. In contrast, the engine sound caused a much more significant response.
The results of this study are mainly consistent with those
of some earlier studies. Doksæter et al. (2009) examined the
effects of 1 to 6 kHz SONAR signals on in situ herring and
found no significant response. On the other hand, Jørgensen
et al. (2005) exposed juvenile herring to SONAR signals of
1.5–6.5 kHz and observed a strong response. They also
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observed fish mortality when the received SPL values
exceeded 180–190 dBre 1l Pa, with the threshold of mortality apparently depending on the overlap between the
frequency of the transmitted signal and the expected swimbladder resonance frequency of the exposed fish. Thus, the
strong reactions and mortality may have resulted from SPL
values much higher than those tested here at swimbladder
resonance frequencies, or a possible enhanced sensitivity of
juvenile fish relative to adult fish, or both.
Resonance frequency depends on the size and depth of
the fish (Løvik and Hovem, 1979). The average length of
29 cm suggests a swimbladder with a resonance frequency
of approximately 1 kHz at 13 m depth, increasing with depth
to about 1.6 kHz at 18 m (Løvik and Hovem, 1979). While
the SONAR signals span this range entirely, they only
include the resonance frequency momentarily and may not
include enough cycles to cause the swimbladder to resonate
long enough to cause problems. The CW signals, however,
may excite resonance in some fish at some depths.
Herring reactions tend to vary seasonally (Mohr, 1964,
1971; Vabø et al., 2002; Kvamme et al., 2003; Skaret et al.,
2006). They are generally more sensitive to stimuli, such
as sounds from predators, during winter (November to
February), and least sensitive in spring and summer after
spawning has ended (Nøttestad et al., 1996; Fernø et al.,
1998; Kvamme et al., 2003). In this study, the SONAR
transmissions did not cause behavioral responses in the herring during the experiments in autumn, winter, or summer.
The engine noise and impulse sounds produced a vertical
avoidance response, with both sound types producing a
somewhat stronger response during the winter experiments.
Low sample size of the impulse sound did not allow for a
statistical comparison by season. Significant seasonal difference was not produced by the engine noise either, but a trend
towards stronger response in winter was observed
(p ¼ 0.056). The fish in this study were captive, fed yearround, and could not migrate. Despite captivity, the fish did
feed more actively during spring and summer compared to
winter, suggesting they retained at least some of their normal
seasonal behavior (Holst et al., 2004).
Anthropogenic sound may trigger an anti-predator
response (Walther, 1969; Frid and Dill, 2002), involving
costs in terms of spent energy and lost opportunities for feeding or mating. Therefore, the decision to react to a sound
depends on the cost of avoidance and the probability of
being attacked (Lima, 1998; Lima and Dill, 1990). An ability
to discriminate sound cues associated with a predator attack
from other sounds would limit the costs of avoidance
responses to only real threats (Wilson and Dill, 2002). Such
cues may include frequency bandwidth and modulation,
SPL, peak pressure, signal rise time, and repetition rate
(Hildebrand, 2009). Particular cues that are involved in triggering sound responses are not fully understood, (e.g., Ona
et al., 2007; Sand et al., 2008), but frequency content (e.g.,
Enger et al., 1993; Wilson and Dill, 2002) and SPL (e.g.,
Mitson, 1995; Engås et al., 1995; Jørgensen et al., 2005) are
most often used to explain the observed reactions.
In this study, strong diving responses were induced by
the very short duration, low-frequency, fence-strike sound
1640
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FIG. 6. Audiogram for herring (Clupea harengus), reconstructed from
Enger (1967). Bandwidth of engine noise/fence strike and SONAR are
indicated.

and by the continuous, broad-band engine sound. Despite
having the largest SPL, SEL, and peak pressures (Table III),
the sonar transmission caused no response. Compensating
for the frequency-dependent hearing sensitivity of herring
(Enger, 1967; Blaxter et al., 1981), e.g., subtracting 5–25 dB
re 1 l Pa from the sonar SPL (Fig. 6), the perceived SPL for
the sonar signals is still higher than for the engine noise,
indicating perceived SPL to not predict behavioral response
in herring, in agreement with earlier studies on fish (Wahlberg and Westberg, 2005) and marine mammals (Madsen
et al., 2006).
Engås et al. (1995) showed that herring reacted to authentic vessel sounds but not to synthesized, smoothed, vessel
sounds with the same SPL values and frequency content. This
suggests that these two sound features may be incomplete
indicators of a reaction. In contrast to SPL, SEL, and peak
pressure, the Iimp was much higher for the fence strike sound
than for the SONAR signal (Table III). Perhaps the large gradient in energy flux characterizing the fence strike is more
predictive of an avoidance response. This hypothesis is supported by earlier findings where herring were shown to react
more to sound irregularities than to sounds gradually
increased to high levels (Schwartz and Greer, 1984). The
fence strike sound involves a rapid change in momentum and
the elicited avoidance reaction may be related to the kinetic
part of the sound signal. Sound pressure is sensed by oscillations of the swimbladder being transferred to the inner ear
(Sand and Hawkins, 1973), while the otolith organ reacts to
particle displacement (Chapman and Sand, 1974). At higher
frequencies, swimbladder oscillations exceed the particle
motion from the sound, and pressure is the dominant stimuli
(Sand and Hawkins, 1973; Denton et al., 1979). At low frequencies, particularly below 20 Hz and in the near field of the
sound source, particle motion is the dominant stimuli (Sand
and Hawkins, 1973). Strong avoidance reactions to such
sounds in the 0 to 20 Hz range have been observed for a wide
range of juvenile and adult species such as salmon (Salmo
salar) (Enger et al., 1993; Sand et al., 2001), gadoids (Handegard and Tjøstheim, 2005), and cyprinids (Sonny et al.,
2006). Sand et al. (2008) suggested that near field particle
acceleration associated with the moving hull of a ship is the
major stimulus causing herring to exhibit avoidance response.
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Fish react more to low-frequency sounds at low SPL
values than they do to high-frequency sounds at high SPL
values (e.g., Schwartz and Greer, 1984; Sand et al., 2008;
Popper and Hastings, 2009). Most of the energy in the
engine and fence strike sounds was below 200 Hz (Fig. 4),
while all the energy in the SONAR signal was above 1 kHz
(Fig. 4). Also, the pen was in the acoustic near field of the
engine and fence-strike sound sound sources, which could
have created a particle motion stimulus that would have
been stronger than the measured sound pressure level
implies (Sand et al., 2008). The strong reactions to the fence
strike and engine noise are therefore most likely explained
by the low-frequency, sudden-onset and near field components of the sounds. The complexity in reactions shown in
this study does however emphasize the need for a better
understanding of the causal relationship between acoustic
stimuli and reaction patterns of fish, and is an important task
for future studies.
In conclusion, this study has documented that herring in
a net pen do not react by any significant avoidance responses
when exposed to naval sonar signals in the frequency range
1.0–1.6 kHz and received sound pressure levels up to 168 dB
re 1lPa, and that this lack of response is consistent throughout all phases of the yearly cycle.
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