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Offshore energy acquisition through the construction of wind farms is rapidly becoming one of the major sources
of green energy all over the world. The construction of offshore wind farms contributes to the ocean soundscape
as steel monopile foundations are commonly hammered into the seabed to anchor wind turbines. This pile
driving activity causes repeated, impulsive, low-frequency sounds, reaching far into the environment, which may
have an impact on the surrounding marine life. In this study, we investigated the effect of the construction of 50
wind turbine foundations, over a time span of four months, on the presence and movement behaviour of free-
swimming, individually tagged Atlantic cod. The turbine foundations were constructed at a distance ranging
between 2.3 and 7.1 km from the cod, which resided in a nearby, existing wind farm in the southern North Sea.
Our results indicated that local fish remained in the exposed area during and in-between pile-driving activities,
but showed some modest changes in movement patterns. The tagged cod did not increase their net movement
activity, but moved closer to the scour-bed (i.e. hard substrate), surrounding their nearest turbine, during and
after each piling event. Additionally, fish moved further away from the sound source, which was mainly due to
the fact that they were positioned closer to a piling event before its start. We found no effect of the time since the
last piling event. Long-term changes in movement behaviour can result in energy budget changes, and thereby in
individual growth and maturation, eventually determining growth rate of populations. Consequently, although
behavioural changes to pile driving in the current study seem modest, we believe that the potential for cumu-
lative effects, and species-specific variation in impact, warrant more tagging studies in the future, with an
emphasis on quantification of energy budgets.

1. Introduction

The number and size of offshore wind farms is growing worldwide
with potentially diverse consequences for aquatic wildlife during the
construction and operational phases (Gill, 2005; Gill et al., 2020; Lin-
deboom et al., 2011; Nabe-Nielsen et al., 2018). Predictions are that
around 70 GW of Europe’s energy will come from offshore wind turbines
by 2030 (Nghiem and Pineda, 2017). By 2050, this could expand to 450
GW, 380 GW of which is to be produced in the North Sea (Freeman et al.,
2019). Wind turbine foundations are anchored to the seabed, typically
surrounded by a scour-protection layer of rocks or other hard substrate,
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which creates artificial reef structures (Ashley et al., 2014; Petersen and
Malm, 2006; Reubens et al., 2013a). Especially invertebrate animal
communities benefit from these new artificial reef habitats. These
communities include bivalves, anemones and crustaceans (Mavraki
et al., 2020), which in turn attract a variety of fish species (De Mesel
et al., 2015; Paxton et al., 2020; Reubens et al., 2014). However, con-
struction and operation of wind farms also bring changes to the acoustic
environment, the impact of which on marine wildlife is as yet insuffi-
ciently understood and may not always be beneficial (Gill et al., 2020).

Once the wind farm is operational, turbine vibrations, altered flow
conditions around turbines, and wind park maintenance vessels all
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contribute to a growing ambient sound level (Madsen et al., 2006;
Popper and Hawkins, 2019a; Sertlek et al., 2019; Slabbekoorn et al.,
2010; Tougaard et al., 2009; Tougaard et al., 2020; Wahlberg and
Westerberg, 2005; Duarte et al., 2021). However, the most dramatic
acoustic events are associated with the park’s construction phase (Dahl
etal., 2015; Lippert et al., 2018). Elevated sound levels usually start long
before actual construction, as a seismic survey and multi-beam sonar is
often required for seabed mapping. When the seabed at an offshore
location is considered suitable, the preparation phase is initiated with
seabed preparations (i.e. deposition of hard substrate to reduce sediment
erosion and flattening of the seabed), followed by pile driving. After
foundations have been anchored, the turbines and blades are attached,
which is then followed by the operational phase.

Especially the sound event train with long periods of loud series of
impulsive sounds associated with pile driving for turbine foundation
placements have a high potential to negatively affect marine wildlife
(Duarte et al., 2021; Popper and Hastings, 2009; Popper and Hawkins,
2019; Slabbekoorn, 2019; Slabbekoorn et al., 2010). The most common
type of offshore turbine foundation is a steel monopile, that ranges in
diameter from 4 to 8 m and is piled into the sediment from a rigid
platform using a hydraulic hammer. Piling one monopile 30 m into the
seabed typically takes over 3500 strikes, lasting around 1.5-4.5 h,
depending on the density of the sediment. Hammer strikes are associated
with low-frequency (100-1000 Hz) sound, reaching levels above 200 dB
re 1 pPa close to the source, including sharp pulse rise times and
inter-pulse intervals of 2-4 s (Ainslie et al., 2020; Hildebrand, 2009).
Strikes create downward sound waves that spread cylindrically from the
pile wall into the water column and seafloor (Dahl et al., 2015; Martin
and Barclay, 2019; Zampolli et al., 2013). The total duration of the
construction phase depends on the size of the wind farm but usually
takes between 2 and 6 months.

Fish can be directly affected by pile driving through immediate
physical and behavioural effects, or indirectly through the effect of
piling on their predators (Thompson et al., 2020) and prey (Roberts
et al., 2016). Exposure effects from multiple impulsive pile strikes at
close range have been investigated in captivity and include damage to
internal organs, including the inner ear, swim bladder, liver, kidney, and
gonads (Casper et al., 2017, 2013; Halvorsen et al., 2012a,b), which may
eventually result in fish death (Slabbekoorn et al., 2010; Popper and
Hawkins, 2019). Acoustic modelling has recently demonstrated that
lethal and sub-lethal injury could occur at distances as far as 1.8 and 3.1
km from the pile driving location, respectively (Ainslie et al., 2020). In
addition, indoor studies with exposure to moderate levels of impulsive
sound have found increased gill ventilation rates, indicative of a stress
response, in several but not all fish species (Bruintjes et al., 2016; Spiga
et al., 2017).

Similar to stress responses, behavioural effects of impulsive sounds
may occur at a large spatial scale (Duarte et al., 2021; Popper and
Hawkins, 2019; Slabbekoorn et al., 2010). Groups of captive seabass
(Dicentrarchus labrax) in a small indoor basin increased their swimming
depth and group cohesion, and swam faster, in response to both
continuous and impulsive sounds, but during the latter, they took twice
as long to return to their baseline levels (Neo et al., 2015, 2014).
Impulsive sound exposure in a larger outdoor pen, in shallow harbour
conditions, revealed stronger effects from exposure at night compared to
daytime conditions, and showed a potential for habituation to repeated
exposure, at least for seabass (Hubert et al., 2020b; Neo et al., 2018,
2016). Pile-driving playback on schooling behaviour of juvenile seabass,
again in lab conditions, demonstrated that groups became less cohesive,
less directionally ordered, and individuals became less correlated in
speed and directional changes (Herbert-Read et al., 2017). Captive
exposure and response patterns may not accurately reflect free-ranging
conditions qualitatively nor quantitatively, but observations and ana-
lyses in captivity may provide important complementary insights to
studies in the wild (Hubert et al., 2020b).

Examining the behaviour of tagged individuals during pile driving at
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sea is more challenging than observing fish in captivity, but such in situ
studies provide better insight into potential consequences of noisy
events in nature. lafrate et al. (2016) reported that individual sheeps-
head (Archosargus probatocephalus) were little affected by 35 days of
pile driving at a busy wharf in Florida, but four grey snappers (Lutjanus
griseus), with high prior site fidelity, had relatively low day-time resi-
dency during piling, and two left the area within the first three days of
the noisy activities. In a recent study, we showed that impulsive sounds
from another loud anthropogenic source (an experimental seismic sur-
vey) resulted in delayed deterrence from a wind farm area, interrupted
diurnal activity cycles, and likely reduced foraging activity in
free-ranging Atlantic cod (Gadus morhua) (van der Knaap et al., 2021a).
However, we are unaware of any published data on effects of pile driving
on tagged individuals for this species.

During summer, Atlantic cod stay several months around the hard-
bottom structures of wind turbine foundations in the southern part of
the North Sea (Reubens et al., 2013a, 2013c; Winter et al., 2010). They
use these structures to forage and seek shelter (Reubens et al., 2013b;
van der Knaap et al., 2021a; Winter et al., 2010). Atlantic cod also play
an important role in the local food web (Reubens et al., 2014), are
commercially and culturally important for fisheries (Hutchings, 2004;
Rose, 2004), and have shown dramatic population declines, related to
overfishing and climate change (Engelhard et al., 2014; Pitcher et al.,
2009; Worm et al., 2006). Consequently, Atlantic cod at wind farms are
a feasible and important model species for sound impact studies (van der
Knaap et al., 2021a, 2021b). Moreover, a captive study (Thomsen et al.,
2010) as well as a theoretical evaluation (Hammar et al., 2014) both
reported that impulsive sounds from pile driving could be a potential
risk to cod.

In this study, we examined the presence and movement of free-
swimming Atlantic cod at an existing offshore wind farm (OWF) in the
Belgian North Sea, in response to nearby pile driving in 2016. Within a
period of four months, 50 monopiles were hammered into the seabed for
a new wind farm, adjacent to an existing wind farm. This provided a
unique opportunity to monitor cod presence and movement in situ
during offshore piling operations. We used acoustic telemetry to monitor
individual presence and movement in the area to answer the following
questions: 1) Do cod move out of the study area in response to pile
driving? And 2) Does piling affect the general spatial behaviour of cod,
their distance to the nearest turbine (indication for the distance to the
scour bed), and their distance to the pile-driving location, taking into
account the time interval between consecutive piling events?

2. Methods
2.1. Study site

Fifty steel monopile wind turbine foundations were hammered into
the seabed using pile driving between May 16 and September 22, 2016
(Table S1) for the construction of the wind farm ‘Nobelwind’ at the
North-Eastern edge of the Belgian Part of the North Sea. The farm was
built around the existing wind farm ‘Belwind’ (completed in 2013) sit-
uated on the Bligh Bank, about 50 km from the coastal harbour of
Zeebrugge (Fig. 1A). The water depth at the study site varied between 15
and 37 m, including tidal fluctuations. Main currents in the wind farm
run from northeast to southwest (Brabant et al., 2013). Steel monopiles
were piled into the seabed using a hydraulic piling hammer (IHC
Hydrohammer B.V.) from a rigid platform. Each pile strike creates
downward energy, forcing the pile into the seabed. As a by-product this
creates a low-frequency, high-intensity acoustic energy wave that radi-
ates into the air, water and seabed (Lippert et al., 2018).

Sound pressure was recorded using a hydrophone (Briiel & Kjaer
hydrophones type 8104) suspended at 10 m depth from a drifting Zodiac
workboat. Ambient sound levels were recorded at three locations
without construction activities (on July 12 and 13, 2016 see Degraer
et al., 2017), and sound recordings during construction were made at
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Fig. 1. Overview of location and study setup. A) Location of Belwind (black dots) and Nobelwind (green dots) wind turbines in the Belgian part of the North Sea (red
dot in overview map). The turbine CO5 (golden dot) in Belwind is the centre of our fish tagging site. Purple dots in Nobelwind indicate locations of sound mea-
surements during construction. B) Receiver setup around Belwind turbine C05.14 acoustic receivers (red triangles) were deployed on April 4, 2016 around turbine
CO5 (orange dot). During the deployment period, 3 receivers were lost (shaded red triangles). C), D) and E) order in which the Nobelwind turbines were constructed
and the distance of the piling event (C), time since last event (D), and the duration of an event (E). The red bars indicate the piling events that were included in the
movement analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

400 m and 1700 m from monopile 106 (lat. 51.65195, long. 2.84043,
September 13, 2016 Fig. 1) and at 500 m from monopile JO7 (lat.
51.67005, long. 2.85506, July 12, 2016 Fig. 1). Ambient sound pressure
levels (SPL) varied between 114 dB and 138 dB (rel pPa) on average.
During piling operations, the zero-to-peak SPL reached 199, 196 and
188 dB at 400, 500 m and 1700 m distance from the sound source,
respectively. Single strike sound exposure levels (SELss) were on
average 176, 175, and 168 dB (rel pPa2. s), respectively (adopted from
Degraer et al., 2017).

2.2. Experimental setup

In 2016, 14 acoustic receivers (12 VR2AR and 2 VR2Tx, Innovasea)

with an internal sync-tag were deployed around the Belwind turbine
CO5 to form a network of receivers that allowed to locate the positions of
the tagged fish (Fig. 1B) (Smith, 2013). The deployment period ran from
April 4 to October 25. Nine receivers were operational during the whole
period of deployment and provided continuous presence and movement
data for the tagged cod after retrieval. Three receivers (CNBO1, CNB10,

CNB11) were lost and no data was retrieved, while two receivers
(CNBO07 and CNB14) stopped recording before the end of the study (18
September and 8 August, respectively) (Fig. 1B). Overall, 64.9% of
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synctag transmissions were logged on 3 or more receivers.

Fifteen Atlantic cod, with a total length range of 40-49.5 cm
(Table S2), were internally tagged with V13P tags (Inovaseas) on April
4, as per Reubens et al. (2013c; c. f. van der Knaap et al., 2021a, 2021b).
They were caught using hook and line, all close to the wind turbine C05
(Fig. 1A). Soon after tagging, fish were released again at the catch site.
Acoustic tags had a pressure sensor and transmitted a coded signal with
information on tag ID. The tags measured pressure at a random delay
between 140 and 220 s. Catching and tagging of free-ranging animals
was performed after ethical approval (certificate number LA1400452)
and in line with official guidelines for animal welfare in Belgium.

2.3. Data analysis

After recovery of the receivers, corrections for internal clock drift of
the receivers during the deployment period were done by applying a
linear time correction over the entire sampling period (VUE, Innovasea).
Of the 15 tagged cod, one was not detected after release and therefore
excluded from further analysis (Table S2). Additionally, we excluded the
first 24 h of data from the first day after the animals were tagged, as it is
expected that cod take a variable amount of time to resume their natural
behaviour, but typically within this time period (Hubert et al., 2020a).
We furthermore scanned the data for any stationary tags which could
indicate fish that died or lost their tag during the study. No such sta-
tionary tags were found.

2.4. Presence/absence

We determined half hour presence/absence over the entire study
period for the 14 cod (Fig. 3A, tag ID’s numbers ranged from 8 to 22).
Fish were considered present if they were detected at least once within a
half hour bin. We applied a discrete-time hidden Markov model (HMM)
to analyse the effect of piling on the presence/absence of the fish. HMMs
intrinsically deal with temporal autocorrelation and are able to predict
the probability at which animals are in a certain mutually exclusive
behavioural state, based on telemetric detection data (Langrock et al.,
2012; McClintock and Michelot, 2020; Hubert et al., 2020a). Half hourly
observations of presence/absence (Bernoulli distribution) per individual
(14 fish in total) were fitted to the states ‘Onsite’ or ‘Offsite’.

We tested whether cod had spent more time in the Offsite state,
during piling; soon after each piling event (50 in total); or soon after the
first or last piling event in particular, as a previous study on the impact
of impulsive sound on cod indicated a delayed leaving effect (van der
Knaap et al., 2021a). We therefore included a piling decay variable,
which was 1 during piling, after which it exponentially decayed to
0 over a 24-h period. This piling decay variable tested whether the
chance that cod would depart was highest during piling and exponen-
tially became smaller afterwards. We then also included a piling order
variable with four levels: no-piling, first piling event (K01), all middle
piling events, and last piling event (I104). We checked for collinearity
between these two variables (piling-decay and -order) by excluding
them one-by-one from the HMM and looking at the model results. If the
model results did not change, we assumed that collinearity was not an
issue for the significance of our model. If they did change, one of the
covariates causing the collinearity was left out.

Other covariates considered in the departure probability analyses
were: day of the year (as cos (2nt/365 d) and sin (21t/365 d)), current
speed (ms’l), tidal elevation (m), sun angle (degrees, relative to the
hours in a day), and fish length (cm)). Current speed and tidal elevation
were estimated based on a hydrodynamic model (COHERENS, operated
by RBINS Belgium). Model selection was done based on AIC comparison
using model dredging (‘MuMIn’ version 1.43, Table S3). The best model
(lIowest AIC, Table S3) was: presence/absence ~ decay after each piling
event + piling order + fish length + day of the year + current speed.
HMMs were applied in R (version 4.0.4) using the ‘momentuHMM’
package (version 1.5.1).
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2.5. Movement behaviour

The individual detections were converted into 2-dimensional posi-
tions (latitude, longitude) through time difference of arrival (TDOA)
triangulation (Voegeli et al., 2001) (Innovasea). A position could only be
determined when the tag signal was detected by at least three receiver
stations (van der Knaap et al., 2021b). The associated horizontal posi-
tioning error (HPE, a unit-less error metric Innovasea) was then used to
filter out the top 2% most erroneous positions (Smith, 2013). This
excluded one fish whose positions were at the edge of, or outside our
detection area and therefore had a high HPE. Furthermore, we removed
fish 11 which had only very few positions. To understand how a piling
event affected cod movement, we defined three fish movement metrics
(Table 1), i.e. step length (distance moved) (Fig. 2A), distance to the
scour bed (Fig. 2A) and relative distance to the piling event (Fig. 2B).

We investigated the effect of a piling event on these three movement
metrics by filtering the dataset to include positions before, during, and
after each piling event. The duration of each sound exposure varied per
piling event and we set the before and after period to match each
exposure period, which led to equal periods for comparison per event
(Fig. 1E). Piling operations took place during day and night and it took
an average of 3353 blows to fully anchor a turbine foundation ca 30 m
into the seabed, which lasted between 1.65 and 4.45 h (Fig. 1E). We only
included piling events and fish if we had data for all three periods
(before, during, and after). This resulted in 24 piling events with suffi-
cient data, including 11 fish with data for 1-18 piling events per indi-
vidual. We then analysed the effect of piling on cod movement,
averaging the movement metrics over half hour time bins, taking the
following parameters into account: piling period (before, during, and
after), distance of the piling event (km between piling location and
turbine CO5, range 2.3-7.1 km (Fig. 1C)), and time since last piling event
(hours since end of last event, range 0-220 h (Fig. 1E)). Other variables
included: current speed (ms’l), tidal elevation (m), sun angle (degrees),
and we added fish length (cm) to the movement models to account for
variation attributable to the individual.

We then used linear and generalised mixed models (LMM and
GLMM) to model the effect of piling on cod movement behaviour. Fish
ID (fish ID) and piling location (piling ID) were set as the random var-
iables in all movement models. We checked for temporal autocorrelation
and when found, included a correlation for a continuous time covariate
(autoregressive process (AR (1)). Model selection from the full model
(Table S4) was done based on AIC comparison using model dredging
(‘MuMIn’ version 1.43, Table S4). We used the R package ‘lme 4’
(version 1.1) for both LMMs and GLMMs. Cod half-hour step length was
log-transformed (log 10) to obtain a normally distributed dataset. The
best model (lowest AIC, Table S4) for cod step length was an LMM and
included: log (step length) ~ sun angle + tidal elevation + current speed
+ (1|piling ID) + (1|fish ID). For the distance to the scour-bed protection
layer, the best model was an LMM including: distance scour-bed ~
period + distance to piling event + sun angle + tidal elevation + current
speed + period*distance to piling event + (1|piling ID) + (1|fish ID).
The top model for cod relative distance to the piling location was a
GLMM (distribution gamma, link = log) including: relative distance
piling ~ period + distance to piling event + hours since last event +
tidal elevation + current speed + period*distance to piling location +

Table 1
Cod movement metrics.

Movement metric Calculated as

Step length (m) Linear distance between consecutive average half hour
fish positions (Fig. 2A)

Distance of each fish position to the centre of the scour-
bed of the closest turbine (Fig. 2A)

Relative distance of each fish position to the piling event
corrected for the distance of the event to the CO5 turbine

(i.e. centre turbine of the study site, Fig. 2B)

Distance to turbine scour-
bed (m)

Relative distance to
piling event (m)
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tidal elevation*current speed + (1|piling ID) + (1|fish ID).
3. Results

3.1. Presence/absence

Cod presence within reach of our receiver network fluctuated over
the study period (Fig. 3A). However, we found no significant effect of
pile driving on the probability that cod moved out of the study area, with
or without the 24 h decay period after each piling event (which means
that the probability that cod spent less time in the Onsite state did not
change significantly over the exponential decay 1-0, Fig. 3B). In addi-
tion, we also did not find any significant differences in time spent in the
Onsite state (the 95% confidence intervals (CI) overlapped between the
four levels of the piling order variable), from before to after the first or
last piling event in comparison to events in the middle or moments when
there was no piling activity (Fig. 3C). Day of the year strongly affected
the departure from the area, as over time more cod are expected to leave
(Reubens et al., 2013c) and spend less time in the Onsite state (Fig. S1).
After the first week of August, day 220, 50% of the tagged fish had left
the area (Fig. 3A).

3.2. Movement behaviour

Our data revealed unprecedented detail in individual tracks of free-
ranging fish during piling events. The individual tracks and positions of
the tagged cod around turbine CO5 revealed highly variable movement
patterns per individual (Fig. 4). For example, fish with the tag ID
numbers 12, 16 and 20, when present during these four piling events,
were always very close to the turbine before, during, and after piling.
Fish 18 and 19, when present, tended to move around at some distance
from the turbine before piling in three of the events, but always moved
closer to the turbine during and especially after piling, typically also
moving away from the direction of the sound source. Fish 14 was close to
the turbine in two of the examples before the piling started, and moved
closer to and further from the turbine when the sound source was nearby
(Fig. 4A) and when it was further away, respectively (Fig. 4B). Fish 15
was also close before the piling started in the same two examples, but
moved away when the piling source was nearby (Fig. 4A) and stayed
close to the turbine during and after the piling at a more distant location
(Fig. 4B).

In the best model for step length period, distance and time between
piling events were not included and we were therefore unable to further
investigate any significant effects of these factors. We did plot the step
length against piling period, distance, and time for visual comparison
and saw that step length was fairly similar among periods (Fig. 5A).
Environmental variables that influenced the step length significantly
were: sun angle (p < 0.0001, estimate: —0.005), step lengths were
largest during night time; current speed (p < 0.0001, estimate: —0.82),
step lengths increased with increasing current speed; and tide (p < 0.03,
estimate: 0.722), step lengths were largest during absolute low tide.

We also found significant variation in cod distance to the scour-bed
among the piling periods (Fig. 5B). Cod significantly reduced their dis-
tance (m) to the closest scour-bed from before to during (p < 0.03), and
from during to after (p < 0.002) the piling, and were thus moving closer
towards the turbine (Fig. 5B left panel). In addition, this effect showed
an interaction with the distance to the piling location (p < 0.001, Fig. 5B
middle panel), with a relatively stronger effect at large distances (~4-7
km) before pile driving and a relatively weaker effect at large distances
after pile driving. Other variables included in the model that had a
significant effect were: sun angle (p < 0.0001, estimate: —0.006), during
day time fish were closer to the scour-bed; tide (p < 0.0001, estimate:
—0.162), distance fluctuated with tidal changes; and current speed (p <
0.0001, estimate: 1.286), when current speeds increased, so did fish
distance to the scour-bed.

Piling also had a significant effect on the relative distance of cod to
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the piling location; cod were positioned closer to a piling location before
piling started than during (p < 0.0001) or after (p < 0.0001) piling
(Fig. 5C). The trend of cod moving away from the piling location was
strongest at large absolute distances of the pile driving (Fig. 5C middle
panel). At these piling events, fish were positioned closer to the pile
driving location before the pile driving started (relative distance was less
than 0) and the effect of movement away from the piling sources was
strongest for these animals, resulting in a significant interaction with
piling period (Fig. 5C middle panel). There was no effect of the time
since the previous piling event on cod relative distance alone. There was,
however, a significant interaction between the change in relative dis-
tance to the piling location and the length of the preceding interval
between consecutive piling events, with cod positioning themselves
closer to the piling location in the hours before the event started after a
longer interval (Fig. 5C). Other variables influencing relative distance
were: tide (p < 0.0001, estimate: 11.504), during absolute low tide fish
were further from the turbine CO5 than during high tide; and current
speed (p < 0.0001, estimate: —34.581), during low current speeds the
fish were closer to the turbine CO5.

4. Discussion

Our results indicate that: 1) pile driving at distances between 2.3 and
7.1 km did not cause cod to leave the detection area during exposure, but
that 2) there were several more subtle effects of piling on cod spatial
behaviour. Over the six-and-a-half-month study period, cod left the
detection area over time, however, this was statistically unrelated to the
piling activity. Cod moved closer to the local turbine scour-bed during
and after each piling event compared to the periods before pile-driving.
Cods’ relative distances to the pile driving location were correlated with
the absolute distance to the location of the event: when piling took place
at larger distances, the fish were positioned relatively closer to the sound
source before the piling started and moved to an area further away from
the source during and after piling. Time since last piling event in itself
had no effect on cod movement, but a significant interaction indicated
that with longer time intervals cod were positioned relatively closer to
the sound source before piling started, which caused the effect of moving
away during and after piling at large absolute distances to be stronger.

4.1. Disturbance-related departure decisions

We found no indication that cod left the area sooner than expected
when exposed to pile driving sounds. Iafrate et al. (2016) found that
tagged grey snappers (Lutjanus griseus) were more likely to leave an area
when they were exposed to piling sounds. However, that effect was
species-specific, as the same researchers found no effect of piling on the
residency of sheepshead (Archosargus probatocephalus) (Iafrate et al.,
2016). They argued that this difference in response could be caused by a
general species-specific difference in site fidelity. From previous work
on the residency of cod at offshore wind farms, we know that during
summer months, cod often stay close to one turbine base for several
months, only making occasional excursions to other turbines (Reubens
et al., 2013c). This site fidelity of cod during the summer could explain
why we did not find a change in presence. In line with the data on
sheepshead (lafrate et al., 2016), species with long residence periods
may thus be less easily deterred by loud sounds. Our model did show
that over time, cod moved out of the detection area. We expected to find
this pattern as cod could move to another turbine outside of our
detection range during the summer (Winter et al., 2010) and in addition,
at the end of the summer, many move away from the offshore areas
towards coastal areas (Reubens et al., 2013c).

The behavioural results of the current study differ from those
observed during an earlier study on the effects of seismic survey sounds
on Atlantic cod within the same wind farm (van der Knaap et al., 2021a).
In that study, cod left the area shortly after the experimental exposure
had ended (van der Knaap et al., 2021a). This difference may relate to
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Fig. 4. Examples of cod positions before, during and after four piling events in chronological order of construction, for wind turbines A) K05, B) J06, C) J09, and D)
HO5. The distance in kilometres and time since the previous piling event in days, are indicated in the panels. Individual fish are colour-coded and the turbines are at
the junction of the direction line towards the piling event and the distance reference line (dashed-dotted lines). The contour around each individual fish illustrates the

distribution of positions and does not represent an area use quantification. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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the different nature of sound exposure, as pile driving and seismic sur-
veys differ from each other in a number of ways. Sound exposure periods
of a single piling event are relatively short: ca 1.5-4.5 h, in comparison
to a full seismic survey: continuously over four days in (van der Knaap
et al., 2021a), but often weeks to months for actual surveys (Day et al.,
2017; Slabbekoorn et al., 2019). The pulse rate intervals also differ, with
2-4 s for pile driving and 8-15 s for seismic surveys. In addition, pile
driving occurs at a fixed location, with subsequent pile driving events
making discrete steps in space, while a seismic survey typically moves
back and forth across an area for longer periods of gradual changes in
space. We obviously need more data on more seismic survey and pile
driving events to gain general understanding about which parameters

are critical for fish departure tendencies. We also need data on more
species at the time, as species may interact and vary in their residence
tendency, and on the energetic trade-offs associated with abandoning
local resources (Iafrate et al., 2016; Kok et al., 2021; Soudijn et al., 2020;
van der Knaap et al., 2021a).

4.2. Scour-bed related positioning

We found that cod moved closer to the scour-bed during and after the
piling periods, from an average distance of 20 m before to 16 m during
and after. Around the turbine base, a scour-bed rocky protection layer (r
= 20 m) is deposited, which provides fish with food and hiding places
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(Reubens et al., 2013a). In our study area in the Belgian part of the North
Sea, cod have a diurnal activity cycle (Reubens et al., 2013c; van der
Knaap et al., 2021a) and are most active during twilight periods when
they move around searching for food (Reubens et al., 2013b). This
diurnal activity pattern is probably caused by a trade-off between
light-dependent foraging success (Reubens et al., 2013b) and predation
pressure (Scheidat et al., 2011; Todd et al., 2009). In the current study,
piling events occurred both during day and night and we found a general
effect of time of day (i.e. sun angle), in which cod were positioned on top
and closer to, the centre of the scour bed during the day and moved
towards the edges during night time, which could reflect a diurnal cycle
in food searching behaviour.

The effect size of the response is only a few meters but could be
related to some sort of general anxiety response. A typical response of
fish to impulsive sounds is moving down the water column and forming
tighter aggregations (e.g. Hawkins et al., 2014; Neo et al., 2018). Our
tags included a pressure sensor, but with insufficient resolution (+0.5 m
at 30 m depth (Innovasea)) for the small range in depth variation. Cod in
the southern North Sea live in relatively shallow water and are closely
associated with the seabed (Reubens et al., 2013c), which makes vertical
avoidance by downward movement an unlikely response for this species
here and any changes in depth inherently small. Additionally, the area
around the turbines’ scour-beds is sandy bottom that does not provide
many hiding places. Cod movement towards the scour-bed during and
after piling could therefore be indicative of cod seeking shelter closer to
the turbine base and in-between the rocks.

This result of moving towards the scour-bed again differs from the
findings in van der Knaap et al. (2021a), where cod moved away from
the scour-bed during and after a four-day impulsive seismic survey (van
der Knaap et al., 2021a). Those earlier results were in line with the
observed gradual departure of cod from the detection area after the
sound exposure period in that study. In the present study, however, cod
did not leave the area. The benefits of staying in a noisy area may
outweigh those of moving to a more silent one. Schools of herring that
were exposed to seismic sounds did not cease their feeding activity (Pena
et al.,, 2013). Pena et al. (2013) explained their finding by a strong
motivation of the school to feed, a lack of suddenness of the exposure
and an increased level of tolerance to the type of sound. Atlantic cod
around offshore wind turbines are highly motivated to stay for food
during summer, but apparently either the disturbance was different for
the experimental seismic survey (van der Knaap et al., 2021a) and the
pile driving (current study), or the consequences of leaving differed
among the years of study, leading to the differences in their spatial
behaviour relative to the scour bed.

4.3. Horizontal displacements relative to the sound source

Another interesting finding of the current study is that cod were
positioned closer to the location of the sound source before piling started
irrespective of the direction of the piling activity to the location of the
fish. This was particularly so when the source was further from the fish
and when the time since the last event was longer. This could be an
indication that sounds from preparatory activities before the onset of
piling may already be somehow deterrent when nearby, but that the
very same sounds, when from larger distances and fainter, could be
attractive and elicit phonotaxis. Indeed, certain sounds or sound levels
can attract fish (Gordon et al., 2019; Neo et al., 2016). Radford et al.
(2011) demonstrated how juvenile reef fish find their way back to their
reef using environmental sound cues. In addition, man-made sounds can
also attract fish as Chapman et al. (1974) observed how different fish
species were attracted to the low-frequency sounds of scuba diving
equipment.

Most studies investigating the movement of fish in response to
impulsive sounds are done in captivity, which hampers a proper
assessment of horizontal displacement (Davidsen et al., 2019; Neo et al.,
2016). Potential horizontal displacements have been observed for
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free-swimming pelagic fish species in response to seismic sound (Engas
and Lgkkeborg, 1996; Lgkkeborg et al., 2012). In the current study, we
were unable to observe directional swimming behaviour but did find
that fish were positioned closer to the piling location before piling
started, in particular when piling preparations were happening at larger
absolute distances. The type and level of sounds produced by these ac-
tivities (vessel manoeuvring, on-board handling of heavy materials)
could potentially have attracted the fish into the direction of the piling
location before the actual start of pile driving. The displacements are
only several meters, but since the area use of the cod is restricted to the
scour-bed surrounding the turbine base (r = 20 m), they indicate that the
cod stay above the scour-bed during and after the piling exposure more
than before.

We also observed distinct individual positioning and movement
patterns of cod around the turbine. Individual personalities have been
identified for Atlantic cod and have been linked to different response
styles to environmental changes (Villegas-Rios et al., 2017, 2018),
which might also apply to the responsiveness to anthropogenic sounds.
Individual body condition may also affect response patterns, as Harding
et al. (2020) showed that damselfish (Chromis viridis) with a poorer body
condition startled later at shorter distances due to a predator threat
during boat noise exposure, than did fish with a good body condition.
We did not investigate the effect of individual differences further in our
data set, but inter-individual variation could be an important factor in
understanding animal responses to sound and has also been recognised
as an important factor in translating behavioural effects to population
dynamics in fish (Bolnick and Ballare, 2020).

4.4. Potential effects of habituation

Cod were exposed to a total of 50 piling events spread over four
months. Although the interval between consecutive piling events varied
from 1 to 12 days, we found no effect of time since last piling event on
cod step length or their distance to the scour-bed. We only found an
interaction between piling period and time since last piling event for
relative distance to the piling site. The repetitive nature of the sound
exposure may also have contributed to the lack of impact on departure,
as over accumulating exposure time, fish may become more tolerant to
the sound levels. Nedelec et al. (2016) demonstrated that juvenile reef
fish (Dascyllus trimaculatus) exposed to boat noise reduced their hiding
behaviour as well as their respiration rates (indicator for stress) after
two weeks of exposure. Repeated exposure to impulsive sound has also
been shown to reduce the disturbance response in seabass (Dicentrarchus
labrax) over time (Radford et al., 2016).

Each piling event, in the current study, was preluded by a period of
increased human activity at the piling site which might have served as
some sort of ramp-up scenario, i.e. slowly increasing sound levels,
providing animals with a warning signal, before sound exposure levels
rise to the high levels of pile driving. We found that cod did not leave
during or after the piling events, which might also be due to these slowly
increasing sound levels, which may have accommodated habituation to
the repeated occurrence of piling. However, we still know very little
about the effect of fluctuating sound levels (Neo et al., 2014), and a
net-pen study demonstrated little or no effect of a ramp-up exposure
scenario on responsiveness in seabass (Neo et al., 2016).

5. Conclusions

The current study revealed that exposure to pile driving sounds at
relatively close range of a few kilometres did not cause free-ranging cod
to leave an area. We were able to show, however, several more subtle
response patterns in their movement behaviour: they moved a couple of
meters closer towards the scour-bed of the nearest turbine and also
moved away from the sound source location. Spatial positioning before
pile driving started suggested phonotactic approach behaviour in
response to preparatory sounds at relatively large distances. Such
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changes in behaviour seem modest but can lead to changes in energy
expenditure, which could potentially accumulate to population-level
consequences (Soudijn et al., 2020). Offshore energy acquisition
through the construction of wind farms is part of the EU’s plans to move
towards becoming climate-neutral by 2050 (European Commission,
2018), which will result in more piling in the North Sea in the coming
years. Further studies are therefore needed to understand whether subtle
behavioural changes like the ones we observed also occur with alter-
native construction strategies such as vibropiling, or while taking miti-
gation measures into account, such as bubble screens or acoustic
deterrent devices. We also need to know whether the behavioural
changes have any consequences for individuals or populations, whether
there are any cumulative effects of co-occurrence of multiple stressors,
and whether our findings can be extrapolated to other species. We
therefore believe that raised awareness and more studies into anthro-
pogenic under-water noise are warranted. More insight may allow us to
detect and prevent unwanted detrimental effects of green alternatives to
fossil energy resources on conservation of marine fish species like cod as
well as their coastal habitat.
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