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ABSTRACT

Anthropogenic sound can affect fish behaviour and physiology which may affect their well-being. However, it
remains a major challenge to translate such effects to consequences for fitness at an individual and population
level. For this, energy budget models have been developed, but suitable data to parametrize these models are
lacking. A first step towards such parametrization concerns the objective quantification of behavioural states at
high resolution. We experimentally exposed individual Atlantic cod (Gadus morhua) in a net pen to the playback
of seismic airgun sounds. We demonstrated that individual cod in the net pen did not change their swimming
patterns immediately at the onset of the sound exposure. However, several individuals changed their time spent
in three different behavioural states during the 1 h exposure. This may be translated to changes in energy
expenditure and provide suitable input for energy budget models that allow predictions about fitness and po-

pulation consequences.

1. Introduction

Underwater sound pollution can impact fish and other marine life
through a range of effects (Carroll et al., 2016; Popper and Hawkins,
2019). A high-amplitude sound source may have a potentially lethal
effect through physical injury for nearby fish, while more moderate
levels can still have a variety of non-lethal effects for fish over a large
range of distances (Halvorsen et al., 2012; Slabbekoorn et al., 2010).
Examples of non-lethal effects are acoustic masking, elevated stress
levels, and disruption of swimming patterns (Sara et al., 2007; Slotte
et al., 2004; Wysocki et al., 2006). Although non-lethal effects may
seem less dramatic, it is likely that more individuals are exposed to
moderate sound levels, and therefore, potentially will have a stronger
impact at the population level (Boudreau et al., 2018; Lima and Dill,
1989). While many studies have examined the effects of sounds on fish,
extrapolating these results to individual fitness or population level ef-
fects remains a challenge (Carroll et al., 2016; Williams et al., 2015).
Dynamic Energy Budget models (DEB) and the Population Consequence
of (Acoustic) Disturbance (PCoD or PCAD) framework provide a tool
and framework for this challenge (Leeuwen et al., 2013; Pirotta et al.,
2018). Disturbance-induced changes in individual behaviour and phy-
siology have to be translated into changes in vital rates (growth, re-
production and survival). These may subsequently be translated to

* Corresponding author.
E-mail address: j.hubert@biology.leidenuniv.nl (J. Hubert).
! Independent researcher.

https://doi.org/10.1016/j.marpolbul.2020.111680

changes in population dynamics (New et al., 2014; Pirotta et al., 2018).
However, comprehensive assessments using these models are rare be-
cause of the lack of relevant data (Pirotta et al., 2018; Slabbekoorn
et al., 2019).

So far, DEB and PCoD models have not been developed for fish in
the context of acoustic disturbance (Hammar et al., 2014; Sivle et al.,
2015). However, Soudijn et al. (2020) used a size-structured energy
budget model for Atlantic cod to make a sensitivity analysis of potential
effects of sound disturbance on population growth. The results in-
dicated that additional energy expenditure and reduced food intake
more easily lead to population-level effects than additional direct
mortality and direct reproduction failure. In the model, additional en-
ergy expenditure and reduced food intake due to acoustic disturbances
reduced growth, increased indirect mortality, delayed reproduction,
and reduced reproductive output (Soudijn et al., 2020). Using the
model, actual population-level effects of sound exposure could be es-
timated, but quantitative empirical data on behavioural and physiolo-
gical effects of sound exposure are currently lacking (Pirotta et al.,
2018; Slabbekoorn et al., 2019). The results of Soudijn et al. (2020)
suggested that it is most relevant to study effect of sound exposures on
energy expenditure and food intake.

A variety of studies has investigated behavioural changes of fishes to
sound exposures and such non-lethal effects can also be found at larger
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distances from the sound source. Several studies have shown that sound
exposures can affect swimming patterns by eliciting a startle or alarm
response (Wardle et al., 2001), avoidance behaviour (Slotte et al.,
2004), disrupting schools or groups (Sara et al., 2007), and by changes
in swimming depth (Hubert et al., 2020b). Responsiveness to sound can
be lower in fish that live in high disturbance area's (Harding et al.,
2018), or fade over sequential sound exposures (Nedelec et al., 2016;
Neo et al., 2018), but long-term exposures may still have long-lasting
effects (Becker et al., 2013; Payne et al., 2014). Several studies have
also shown effects of sound exposure on foraging efficiency, with re-
duced feeding attempts and increased food handling errors in various
captive species (Magnhagen et al., 2017; McLaughlin and Kunc, 2015;
Purser and Radford, 2011; Shafiei Sabet et al., 2015; Voellmy et al.,
2014) and one study on free ranging damselfish (Chromis chromis)
(Bracciali et al., 2012). Payne et al. (2014) studied both swimming
activity and foraging success in free ranging mulloways (Argyrosomus
japonicus). Tagged fish in one estuary were less active and inhabited
deeper waters during the weekend, and individuals in another estuary
had less full stomachs and fewer fish in their diet over the weekend.
These differences were likely due to higher boat activity in the week-
ends (Payne et al., 2014). Studies such as the last one may provide
quantitative input for population models and allow parametrization of
changes in energy expenditure and intake due to sound exposure.

So-called Hidden Markov Models (HMMs) provide a processing tool
with high potential for swimming tracks from acoustic telemetry
(Langrock et al., 2012; McClintock and Michelot, 2018). HMMs allow
inference of behavioural states throughout the sampling period and
they can be fitted to estimate the effect of external stressors on the time
spent in the various behavioural states (see e.g. DeRuiter et al., 2017).
The resultant time budget changes and step length (swimming speed)
distributions can potentially be translated to changes in energy ex-
penditure due to swimming and energy intake due to foraging beha-
viour, which is suitable input for energy budget calculations in PCoD
frameworks (Hubert et al., 2020a; Leeuwen et al., 2013; Williams et al.,
2006). HMMs have typically been used for data of relatively low tem-
poral resolution on free ranging animals. For free ranging marine fish, it
is especially challenging to track tagged fish at high-enough resolution
through acoustic telemetry because of limited detection ranges of tag
receivers, problems with relatively short battery life, and tag signal
collisions. Furthermore, high resolution data may be necessary to dis-
tinguish among critical behavioural states (cf. Nams, 2013;
Postlethwaite and Dennis, 2013).

Seismic surveys are a prominent contributor to the underwater
soundscape and impact assessments are often part of the permit ap-
plication (Ainslie et al., 2019; Gisiner, 2016; Sertlek et al., 2019).
Marine seismic surveys are performed to explore the geological struc-
ture beneath the seafloor, often to search for oil and gas resources
(Gisiner, 2016). They are conducted using a vessel towing one or two
arrays of airguns and one up to more than ten streamers of hydrophones
(Landrg and Amundsen, 2018). The airguns (seismic sources) produce
high intensity, low-frequency impulsive sounds at regular intervals
(5-15 s), potentially for several hours and repeated for several days to
weeks and even months (McCauley et al., 2000; Slabbekoorn et al.,
2019). Most energy of the sounds produced by airguns falls within the
10-300 Hz frequency range (Gisiner, 2016; Sertlek et al., 2019), which
is within the hearing range of most — if not all - fish (Popper and Fay,
2011; Radford et al., 2012).

Atlantic cod is a popular model species to study the effects of noise
pollution, because their hearing is well studied (Chapman and Hawkins,
1973; Sand and Karlsen, 1986) and because it is a commercially im-
portant species (Kurlansky, 1999). Catch rates of free ranging cod have
been reported to be affected by actual seismic surveys (Engds et al.,
1996; Lgkkeborg and Soldai, 1993). Several experimental studies ex-
amined the effects of sound exposure on captive cod. Tagged cod in a
floating pen exhibited increased swimming depth and heart rate during
a single, unreplicated, experimental seismic airgun exposure (Davidsen
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et al., 2019). No startle or strong behavioural responses to exposures of
pure tones were observed in a single group of cod in an indoor basis
(Kastelein et al., 2008). Another study showed that short-term sound
exposure did elicit startle responses in cod larvae, and also that long-
term exposure led to initial reduction of growth rate, which dis-
appeared at a later stage (Nedelec et al., 2015). Furthermore, cortisol
levels increased during and after playback of sweep tones, and re-
productive output of cod in a single treatment tank was lower compared
to cod in a single control tank (Sierra-Flores et al., 2015). More studies
like these — however, well-replicated — are needed. Especially data on
sound impact on individual behaviour and physiology are required to
gain insight into the potential effects of sound on cod populations.

In the current study, we examined the effects of sound exposure on
cod behaviour in a net pen. We tagged cod with an acoustic tag and
experimentally exposed them to playback of airgun sound pulses in a
net pen in a cove. We examined the occurrence and magnitude of
swimming pattern changes at the onset of the sound pulse series and
analysed the time spent in various behavioural states during the ex-
posure by exploiting current advances in processing of telemetry data.
Fine-scale, high-resolution data on swimming patterns of captive cod
during sound stimulus playback provide insight into whether and how
cod can respond to sound, which may help in interpreting more crude,
lower-resolution data on free ranging cod in response to actual seismic
survey sound. Our current study may therefore provide input for future
experiments and individual energy budget models for the evaluation of
sound impact on population dynamics.

2. Materials and methods
2.1. Subjects

We used 20 wild-caught Atlantic cod (Gadus morhua) in this study,
with body lengths ranging from 30 to 47 cm. Cod hear sound up to
470 Hz and they are most sensitive in the 60-310 Hz range. Below
50 Hz, cod are mostly sensitive to particle motion and above 50 Hz
mostly to sound pressure (Chapman and Hawkins, 1973; Sand and
Karlsen, 1986). The study subjects were caught by angling at ship
wrecks in the Dutch North Sea from a recreational fishing boat during
day trips on October 18th and November 15th 2017. During catching,
the cod were kept in ~500 L transport boxes with continuous air supply
and regular refreshment of sea water. After angling, the fish were kept
in two cylindrical stock tanks (@ 3.5 m, depth 1.2 m) at Stichting
Zeeschelp, Kamperland, the Netherlands. The stock tanks were con-
tinuously refreshed with water from the nearby Oosterschelde marine
inlet and the artificial dark-light cycle in the room followed the natural
day-night cycle. The fish were fed with defrosted sprat (Sprattus
sprattus) every other day and were kept in the stock basins for at least a
week before being used in the experiment, the fish usually started
eating the first or second day after capture.

2.2. Experimental arena

The study was conducted in the Jacobahaven, a cove in the
Oosterschelde sea inlet of the North Sea, the Netherlands. The cove is
about 200 m wide, 300 m long and 2-5 m deep at low and high tide,
respectively. The location is relatively sheltered from wind and waves
by surrounding dikes and piers and is isolated from external boat traffic,
making it a suitable location for sound impact studies. The experiment
was conducted using a floating study island (Candock, Canada), con-
sisting of a working platform and an octagonal walkway that supported
a net pen (@ 11.5-12.5 m and a max. depth of 5 m, Fig. 1) as arena for
the study subjects. The equipment and underwater speaker were sup-
ported by the working platform. The study island was bottom-anchored
in the centre of the cove with chains and stretchable mooring rope.
Detailed sound field measurements in the current experimental setup
during previous experiments have revealed a gradual decrease in sound
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Fig. 1. A schematic overview of the study island (figure adapted from Neo et al., 2016). The square working platform held the telemetry and playback equipment and
was connected to the octagonal walkway and net pen with ropes. The four hydrophones recorded the acoustic signals from the tags. The fish represents a single cod

test individual, but is not drawn to scale.

level with increasing distance from the speaker and a ratio of sound
pressure and sound velocity level that is to be expected in the acoustic
far field (Hubert et al., 2016).

2.3. Tagging and data acquisition

Each fish was tagged with an acoustic transmitter and accelerometer
logger (resp. 2 and 6 g in air). The fish were anaesthetized using 2-
phenylethanol (0.6 ml/l seawater) or clove oil (0.05 ml/1). The tags
were implanted in the intraperitoneal cavity by making an incision in
the abdominal wall, inserting the tag, then suturing the incision. After
tagging, the fish was allowed to recover for > 40 h in a rectangular tank
(1.20m X 1.00 m X 0.65 m) with a continuous inflow of Oosterschelde
water. The fish were not fed during this period. The acoustic tag (Model
795-LF, HTI, US) was used to determine the position of the fish. We set
the tag to emit 0.5 ms pings of 307 kHz (inaudible to the fish) ata 1 s
pulse repetition interval. Pings were recorded by four hydrophones
(Model 590-series, HTI, US) that were attached to the outer edge of the
octagonal walkway (two at the surface, two close to the bottom, Fig. 1)
and processed by an acoustic tag receiver (Model 291, HTI, US) which
transferred detections to a laptop.

The accelerometer logger (MBLog Mini, Maritime bioLoggers,
Canada) measured acceleration along three axes and was used to gain
insight into the general activity levels. The logger was set to sample at
100 Hz at 16 bit and stored the data on a micro SD card in the tag. We
aimed to time-synchronize the data from the accelerometer to the
spatial data of the fish, as the spatial data and the sound exposure were
linked to the UTC time. For this, we calculated the vector of the dy-
namic body acceleration (VeDBA) using the accelerometer data and the
2-dimensional swimming speed using the spatial positions. We used the
optim function in R to find the strongest correlation between VeDBA
and speed while allowing 4 Hz deviation from the set sampling period
of the accelerometer and while allowing clock drift by using cross-
correlations. Visual observation of the synchronized data streams re-
vealed inconsistencies in the time-synchronisation, possibly due to in-
consistent sampling rate of the accelerometer, so we decided to exclude
the acceleration time series from further analyses.

2.4. Experimental design

We conducted 20 trials in which a single cod was exposed to 1 h of
airgun playback. The 1 h sound treatment was scheduled to start
18-22 h after release in the pen and was followed by 30 min of silence

(Fig. 2a). We scheduled the hour of airgun playback to start 1 h before
or at the peak of high tide to permit the propagation of lower sound
frequencies. The shallow water cut-off frequency at 5 m depth was
measured to be 150 Hz in the experimental setup. Playback schedules
were alternated between 1 h before and after absolute high tide to
control for effects of flow or ebb tide. After the 30 min of silence, the
fish was retrieved from the net pen and replaced with the next ex-
perimental individual (Fig. 2b).

2.5. Sound exposure

We exposed the individual fish to 1 h of playback of airgun sound
pulses at a pulse rate interval (PRI) of 10 s, which is a realistic rate for
seismic surveys (Gisiner, 2016; Slabbekoorn et al., 2019). The sound
pulses were recordings of a down-scaled airgun (TNO, The Netherlands)
with a volume of 10 in® and a pressure of 800 kPa (Reichmuth et al.,
2016). The recordings were made, using a hydrophone (model 96-Min,
HTI), from the study island during high tide (4.5-5.0 m water depth) at
a distance of 5.8 m with both source and receiver suspended mid-water
column. Playback tracks were generated by randomly selected airgun
sound pulse recordings spaced by silent intervals (Fig. 3ab). The tracks
were played back with an underwater transducer (LL-1424HP, Lubell
Labs, US) from a recorder (DR-07, Tascam, US), via a power amplifier
(DIGIT 3K6, SynQ, Belgium) and a transformer (AC1424HP, Lubell
Labs). For 9 trials, the speaker was suspended mid-water column (~2 m
deep) at 2 m from the net pen, for 5 trials at 7.8 m from the net pen
(~2 m deep), and for 6 trials, it was located on the sediment at about
20 m from the net pen (4.5-5 m deep). In this way we achieved var-
iation in exposure level and the exposures of all trials were recorded in
the pen using a calibrated hydrophone and the three set-ups resulted in
mean zero-to-peak sound pressure levels (SPL,) of 174, 169, and
152 dB re 1 pyPa (100-600 Hz bandpass filter) with the speaker at 2, 7.8,
and 20 m from the net pen respectively.

To determine the sound levels and spectra in the net pen, we
measured sound pressure and particle velocity in the pen, at 9.7, 11.6,
13.5 and 16.4 m from the speaker, with the speaker at 7.8 m from the
net pen. The measurements were done using a M20 particle velocity
sensor (GeoSpectrum Technologies, Canada) and logged on a laptop
using a differential oscilloscope (PicoScope 3425, Pico Technologies,
UK). Recordings were analysed using the manufacturer provided re-
ceiver sensitivity data and a 100-600 Hz bandpass filter. The mean
zero-to-peak sound pressure level (SPL, ) of the played back airgun
shots at 9.7 m from the speaker was 164 dB re 1 pPa, and the sound
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Fig. 2. (a) Timeline of a single trial: the horizontal grey bar represents recovery, baseline, exposure, and post-exposure periods, while the vertical arrows indicate fish
tagging, moving, and catching events; (b) Water height levels related to the tidal fluctuation during night (dark) and day (light). Exposures took place just before or
after high tide. After the exposure, the experimental fish was caught and a new tagged fish was released in the pen again.
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Fig. 3. (a) Sound pressure vs time recording from the net pen of two sequential airgun sound pulses with a 10 s inter-pulse interval and (b) a single sound pulse. (c &
d) Energy spectral densities (ESD) of recordings of the playback of airgun sound pulses and the silent (ambient) intervals at various distances from the speaker at 2 m
depth, provided in (c) sound pressure level (SPL) and (d) sound particle acceleration. The ESD's were generated using the Hann window type and a window length of
4096 and 50% overlap.
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particle acceleration (a,p,) was 101 dB re 1 nm/s?. At 16.4 m, this was
158 dB and 99 dB respectively. The mean SPL of the ambient conditions
in the pen was 113 dB re 1 pPa and the mean sound particle accel-
eration was 61 dB re 1 nm/s? (Fig. 3cd).

2.6. Telemetry positioning

We used YAPS (Yet Another Positioning Solver), a single-state
continuous time animal movement model designed to account for po-
sitioning error in time of arrival localization, to estimate the positions
of the fish (Baktoft et al., 2017). We extended the functionality of YAPS
to apply a correlated walk model, implemented as an Orn-
stein-Uhlenbeck velocity process (Johnson et al., 2008), which should
yield more suitable track estimates for highly autocorrelated velocity
data. Due to memory limitations during telemetry processing and fitting
issues for some trials, we subsampled the telemetry data resulting in
pulse repetition intervals of 2 s (n = 17 trials), 3s (n = 2) or 5 s
(n = 1), depending on the detection rates. Across individuals, we ob-
tained on average 91% (range: 45%-100%) of all expected positions.
We used the positions of the fish to determine the swimming speed,
turning angle and depth.

2.7. Statistics

We applied three models to examine different aspects of changes in
swimming behaviour: (1) A randomization test to examine the occur-
rence of short-term changes from baseline swimming behaviour in re-
sponse to playback onset, (2) a non-linear mixed effects model to ex-
amine the magnitude and decay of changes from baseline swimming
behaviour in response to playback onset, and (3) a three-state discrete-
time Hidden Markov Model (HMM) to examine if airgun playback re-
sulted in changes in time spent in various behavioural states.

2.7.1. Randomization test

Instantaneous changes in swimming behaviour throughout the trials
were represented by Mahalanobis distance values, calculated as the
mean number of standard deviations of 60 s of swimming behaviour
(swimming depth, speed and turning angle) from the covariance matrix
of the previous 60 s. This resulted in time series indicating the mag-
nitude of short-term change in swimming behaviour (Fig. 4). To ac-
count for potential clock drift, the maximum Mahalanobis distance
within 30 s before and 30 s after the playback onset was taken as the
observed response while a null hypothesis was generated by randomly
reassigning the 60 s response period to any position in the period before
exposure and measuring the maximum Mahalanobis distance within the
randomized response period. We then examined whether the observed
response exceeded the 95th percentile of 10,000 randomized responses
(see Antunes et al., 2014; DeRuiter et al., 2013). This test was applied to
each individual.

2.7.2. Non-linear mixed model

A mixed model was applied to examine the magnitude and decay of
the response to playback onset over all trials. Here, Mahalanobis dis-
tance values were calculated with respect to the entire trial and de-
viations from baseline behaviour in response to the playback onset were
assumed to decay exponentially. We only used the swimming speed and
turning angle of the fish for this and not swimming depth because the
tidal variation limited the maximum depth of the fish. This did not yield
a bias for the previous analysis because that earlier analysis focussed on
short-term behavioural changes when compared to short baselines. The
inclusion of depth in the current analysis would possibly yield a pro-
blematic bias when the entire trial would be used as baseline (covar-
iance matrix). The swimming speed and turning angle were converted
into normal distributions by fitting, respectively, gamma and wrapped
Cauchy distributions to the data streams before using them in
Mahalanobis distance calculation. The model was formulated as (I):
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where the subscripts a, b, and ¢ indicate design matrices and coeffi-
cients for the baseline, response magnitude, and response decay, re-
spectively, and t is the time since exposure onset. ¢ is the latent auto-
regressive (AR(1)) process where p indicates the strength of the process
and y is the Gaussian distributed error term. The individual ID was
treated as a random intercept effect applied to the baseline conditions
(a). The model was implemented using a maximum likelihood frame-
work in R with TMB (Kristensen et al., 2016) and hypothesis testing was
carried out using a parametric bootstrap.

2.7.3. Hidden Markov Model

HMMs for animal movement were used to examine if the sound
exposure altered the time spent in various behavioural states. The R
package MomenuHMM (McClintock and Michelot, 2018) was used to fit
HMMs to the horizontal step length and turning angle of the fish. We
fitted HMM null models with 1, 2 and 3 states to all individual fish and
compared the AIC scores to determine the number of behavioural states
that were best supported by the models. We do not report the fit of
models with more than 3 states because the AIC tended to favour
models with (much) higher number of states, whereas this is biologi-
cally less interpretable (cf. Pohle et al., 2017). Combinations of ‘Tide
height’, ‘Sun elevation’, and ‘Treatment period’ (Before, During & After)
were applied as state transition probability covariates during selection
of the best fitting model. Comparison of AIC scores, broadly across all
individuals, indicated that the inclusion of all covariates resulted in the
best fitting models (Appendix 1, Table 3).

When running the models, the resulting state transition probability
p-values for the covariate ‘Treatment period’ appeared to over-attribute
natural variation in swimming behaviour, commonly observed in the
baseline period, to the effect of During and After in ‘Treatment period’.
This is likely due to the During and After period being too short, relative
to the long baseline, to average out biases resulting from natural fluc-
tuations in swimming behaviour, especially those related to tide (which
we synchronized with the starting times of the exposure periods to
guarantee sufficient water levels to allow propagation of relatively low
frequencies). As a result, state transition coefficient p-values for
‘Treatment period’ were not used for hypothesis testing.

Instead, HMMs were used to simulate null hypothesis distributions
for time spent in each behavioural state. Per each individual, the fitted
HMMs were used to simulate 10,000 realizations of the expected be-
havioural state during each trial in the absence of the sound exposure
while preserving the remaining observed covariate values (‘Tide height’
and ‘Sun elevation’). For each hour, the observed proportion of time in
each behavioural state was compared to the null hypothesis distribu-
tion. If the deviation of the observed data from the null hypothesis was
larger during or after the treatment period, we interpreted this as an
effect of the sound treatment.

3. Results

All fish showed variable swimming patterns in time, but typically
used the whole space available, horizontally and vertically. We found
no strong overall pattern of change during the exposure, compared to
the baseline period. The randomization test showed that only one in-
dividual exhibited a response magnitude that exceeded the 95th per-
centile of randomized responses (Appendix 1, Table 1). This result is
within the expected type 1 error rate for this test, thus there is no
evidence for an immediate behavioural response at the onset of the
sound exposure.
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interval of the response. The response magnitude does not significantly differ from 0, indicating no immediate response to exposure onset. (b) Observed and fitted

data of a single fish, the last 3 h of the trial.
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of this article.)

The results from the individual analyses were also reflected by our
tests for significant changes at group level. With respect to the non-
linear mixed effects model, no significant response was observed at the
onset of the sound exposure (Fig. 5). In addition, there was no con-
sistent significant change in swimming behaviour during the entire
treatment period (Appendix 1, Fig. 1).

Using the HMMs, we identified support for three behavioural states
in all fish based on AIC (Appendix 1, Table 2): 1) high swimming speed
and low turning angle (which we labelled ‘transit’); 2) moderate speed
and moderate turning angle (‘locally active’); and 3) low speed and high
turning angle (‘inactive’) (Fig. 6). Note that we tried to select relatively
neutral labels, to not infer more interpretation than we can base on the
kinetic description. When comparing the time spent in the behavioural
states and mean step lengths from the observed data with the time spent
in the states from the simulated data, there is a trend for larger de-
viations from the simulated baseline behaviour in the period during and
after sound exposure (Fig. 7). Several individuals tended to spend

relatively more time in the transit state and less time in locally active
and inactive during and after the playback, which is supported by the
higher step lengths. Due to experimental design limitations, we could
not test the significance of these trends.

4. Discussion

In the current study, we experimentally exposed individual Atlantic
cod in a net pen to the playback of seismic airgun sound pulses and
examined changes in swimming patterns of the fish. Our results de-
monstrate that only one individual altered its swimming pattern sig-
nificantly at the onset of the sound and that altogether individual cod
did not change their swimming patterns, neither immediately at the
onset nor over the whole period of the sound exposure. However,
several individuals seemed to change their distribution of time spent in
three behavioural states during the 1 h exposure, compared to the
baseline. The time spent in behavioural states may be translated to
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energy expenditure and in future experiments possibly also integrated
with food intake, and thereby be used as input for Population
Consequences of (Acoustic) Disturbance (PCoD or PCAD) models.

4.1. Short-term vs. long-term behavioural response

We did not find an immediate change in swimming patterns upon
the start of the sound exposure, neither when using a short time
window right before the sound exposure as baseline (Randomization
test; individual analysis), nor with the entire trial as baseline (Non-
linear mixed model; group analysis). In accordance with the current
results, two other studies showed that a single group of captive cod did
not exhibit an immediate short-term response to pure tones (cod of
42-46 cm, Kastelein et al., 2008) or to seismic airgun exposure (cod of
38-73 cm, Davidsen et al., 2019). Despite the lack of immediate, short-
term behavioural responses in cod, several studies are indicative of
more long-term behavioural changes in cod during sound exposures

(Davidsen et al., 2019; Engas et al., 1996; Lgkkeborg and Soldai, 1993).

We estimated the time spent in various behavioural states for all
individuals using HMMs for animal movement. Several individuals
seemed to have changed their time spent in various behavioural states
due to the sound exposure; several spent more time transiting and less
time being locally active or inactive. A change in time budget ex-
penditure does not necessarily imply a sudden change at the onset of
the sound, but can also mean staying in a particular state for longer or
switching back to a state more quickly. It has been shown in zebrafish
(Danio rerio), for example, that an immediate response does not ne-
cessarily correlate with a prolonged response (Shafiei Sabet et al.,
2016). Nevertheless, most behavioural response studies on the effects of
sound focus on immediate changes at the onset of the sound exposure,
whereas long-term changes in activity patterns may be more relevant
for exploring consequences at population level (Hubert et al., 2020a).
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4.2. Individual energy budget

The various behavioural states and accompanying swimming speed
distributions may be indicative of different levels of energy expenditure
and food intake (Lundquist et al., 2012; Williams et al., 2006), which in
turn can be linked to growth, survival and reproductive output using
PCoD/PCAD models (Pirotta et al., 2018; Soudijn et al., 2020). We la-
belled the states in the current study as ‘transit’, ‘locally active’ and
‘inactive’, representing respectively swimming patterns of high speed
and low turning angle, moderate speed and moderate turning angle,
and low speed and high turning angle. Swim tunnel experiments have
shown that fish swimming at higher speed use more oxygen, which can
be used as a proxy for energy use (Tudorache et al., 2008). For fish in
swim tunnels that have been tagged with accelerometers, the vector of
the dynamic body acceleration (VeDBA) could also be linked to oxygen
use (Metcalfe et al., 2016; Wright et al., 2014). Such swim tunnel ex-
periments with cod are necessary to translate our swimming speed data
to energy use. It should be mentioned that additional energy ex-
penditure due to potentially elevated stress levels is not covered by the
current approach and requires additional experiments (Rabasa and
Dickson, 2016; Sierra-Flores et al., 2015). The importance of the
quantification of energy expenditure and intake in all behavioural
states to quantify the impact of anthropogenic disturbance has been
addressed in several marine mammal studies (Christiansen et al., 2010;
Lundquist et al., 2012). Williams et al. (2006) actually quantified the
consequence of boat traffic on killer wales (Orcinus orca) and estimated
that the change in activity budget led to an increase in energy ex-
penditure of 3-4% and a decrease in energy intake of 18% (based on
reduced foraging time).

Foraging behaviour could serve as a proxy for energy intake. 18 out
of 20 fish in the current experiment had food in their stomachs at the
end of their trials, indicating that the majority of the fish exhibited
foraging behaviour in the net pen. A basin experiment on Atlantic cod
described foraging behaviour as relatively slow swimming close to the
bottom and turning frequently (Hubert et al., 2020a), which was in line
with reported behaviour of free ranging Atlantic cod (Rose, 2019). This
reported foraging behaviour appears to resemble the swimming pat-
terns from the locally active- and inactive-state most, so it may be that
these states also included foraging behaviour. However, in the current
study we cannot discriminate between foraging behaviour and other
locally active and inactive behaviour. Such insight requires additional
data from accelerometers and/or gyroscopes, validated by experiments
with parallel video-tracking (Kawabata et al., 2014). Explicit con-
firmation of associations between foraging behaviour and behavioural
states, enriched with accelerometer/gyroscope data, would likely yield
critical entry data for PCoD/PCAD models. The actual energy intake for
free ranging cod would also require data on success rate of foraging in
the wild and about nutritional value of their prey items. Such data may
come from video experiments with captive fish (e.g. Shafiei Sabet et al.,
2015) and stomach content data from free ranging fish (e.g. Payne
et al., 2014).

4.3. Experimental design with respect to HMMs

We did not provide state transition probability p-values for the
covariate ‘Treatment period’, whereas this is typically provided from
analyses using HMMs (e.g. DeRuiter et al., 2017). In the current ana-
lysis, the state transition probabilities appeared to over-attribute nat-
ural variation in swimming behaviour to the effect of During and After
in ‘Treatment period’, likely due to the During and After periods being
relatively short (resp. 1 and 0.5 h) compared to the Before period
(~20 h). So, for future experiments it should be considered to use
longer and/or multiple exposures to reduce biases resulting from nat-
ural fluctuations in swimming behaviour. Despite the lack of reliable
state transition probability p-values, we gained insight into the effect of
the sound exposure by using the HMMs to simulate null hypothesis
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distributions for time spent in each behavioural state and to compare
this to the observed time spent. However, we should be cautious while
interpreting these results. For several individuals, the deviation of the
observed from the simulated time spent in particular behavioural states
during the sound exposure, seemed already initiated in the hour before
the exposure. This may be due to the timing of the sound exposures,
always ending or starting at absolute high tide to allow relatively low
frequencies to propagate in the shallow cove. We aimed to prevent a
bias from the tide by making sure that the baseline was long enough to
contain one other high tide besides the high tide of the exposure (tidal
period is ~12:25 hh:mm, baseline period was ~20 h) and by using the
tide as covariate in the analysis. However, it may be that the behaviour
in the first and second high tide was different (for some individuals)
because of an interaction with acclimation to the pen over time. Such a
bias can be avoided by longer trials and by exposing fish throughout the
tidal period at a deeper test site.

4.4. Captive vs. free ranging fish

In studies on captive fish, the experimental control and data re-
solution is potentially relatively high (Slabbekoorn, 2016). This also
enabled us to explore novel methods of data processing and analyses
and may aid in the interpretation of lower resolution data of free ran-
ging fish. It should be clear that it was not the goal of the current study
to determine absolute response levels of cod to seismic surveys, because
of the limited validity of behavioural responses and limited acoustic
realism of the scaled sound exposure. The behaviour of the wild-caught
individuals in the current study is likely not directly comparable to free
ranging individuals (cf. Wright et al., 2007), for example, because they
were not able to swim away from the sound source. The location of the
net pen was also relatively shallow, whereas cod typically live in deeper
water, and only migrate closer to shore for spawning (Reubens et al.,
2013; Righton et al., 2010). Furthermore, the acoustic stimulus differed
from actual seismic survey sound at sea because the speaker did not
produce low-frequency sound, was not moving, and both the sounds-
cape and propagation in shallow water differ from deeper water, where
cod are more likely to be exposed to seismic surveys.

Ultimately, data on the effects of sound on fish should be collected
in the field with free ranging animals and actual anthropogenic sound
sources (Popper and Hawkins, 2019). However, fish are difficult to
observe in the field, they typically do not surface such as marine
mammals and most are too small to carry the same sophisticated log-
gers as marine mammals. Free ranging fish can be observed with baited
camera's, echosounders/Didsons, telemetry, and by diving researchers,
but through all methods it is challenging to track individuals over an
extended period of time (Bruce et al., 2018), to collect high resolution
data, and to not affect fish behaviour by the observation method
(Bracciali et al., 2012). Since both indoor and outdoor studies provide
us with opportunities and limitations, it is good to be aware of them and
to use a complementary approach to gain insight into the effects of
sound on fish (Slabbekoorn, 2016).

5. Conclusions

In the current study, Atlantic cod seemed unresponsive to sound as
they did not change their swimming patterns immediately at the onset
of the sound exposure. However, several individuals changed their time
spent in several behavioural states during the 1 h sound exposure.
Several individuals spent more time transiting and less time being lo-
cally active or inactive, this may be indicative of changes in energy
budgets and may ultimately affect their health and vital rates (growth,
survival, and reproduction). Such data are suitable input for PCoD/
PCAD models, but further validation of behavioural states and their link
to energy budgets and health is needed. Nevertheless, we think that the
current approach of data collection and processing is promising and
could be applied in future studies on captive and free ranging fish. In
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future captive studies, video data combined with spatial data may in-
crease insight into food intake and thereby aid in biological inter-
pretation and the translation to bio-energetics of behavioural states.
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