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Abstract  15 

Offshore energy acquisition through the construction of wind farms is rapidly becoming one of the 16 

major sources of green energy all over the world. The construction of offshore wind farms 17 

contributes to the ocean soundscape as steel monopile foundations are commonly hammered into 18 

the seabed to anchor wind turbines. This pile driving activity causes repeated, impulsive, low-19 

frequency sounds, reaching far into the environment, which may have an impact on the surrounding 20 

marine life. In this study, we investigated the effect of the construction of 50 wind turbine 21 

foundations, over a time span of four months, on the presence and movement behaviour of free-22 

swimming, individually tagged Atlantic cod. The turbine foundations were constructed at a distance 23 

ranging between 2.3-7.1 km from the cod, which resided in a nearby, existing wind farm in the 24 

southern North Sea. Our results indicated that local fish remained in the exposed area during and in-25 

between pile-driving activities, but showed some modest changes in movement patterns. The tagged 26 

cod did not increase their net movement activity, but moved closer to the scour-bed (i.e. hard 27 

substrate), surrounding their nearest turbine, during and after each piling event. Additionally, fish 28 

moved further away from the sound source, which was mainly due to the fact that they were 29 

positioned closer to a piling event before its start. We found no effect of the time since the last piling 30 

event. Long-term changes in movement behaviour can result in energy budget changes, and thereby 31 

in individual growth and maturation, eventually determining growth rate of populations. 32 

Consequently, although behavioural changes to pile driving in the current study seem modest, we 33 

believe that the potential for cumulative effects, and species-specific variation in impact, warrant 34 

more tagging studies in the future, with an emphasis on quantification of energy budgets.   35 

Keywords 36 

Pile driving, Atlantic cod, acoustic telemetry, wind farm, movement behaviour 37 
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Introduction  39 

The number and size of offshore wind farms is growing worldwide with potentially diverse 40 

consequences for aquatic wildlife during the construction and operational phases (Gill, 2005; Gill et 41 

al., 2020; Lindeboom et al., 2011; Nabe-Nielsen et al., 2018). Predictions are that around 70 GW of 42 

Europe’s energy will come from offshore wind turbines by 2030 (Nghiem and Pineda, 2017). By 2050, 43 

this could expand to 450 GW, 380 GW of which is to be produced in the North Sea (Freeman et al., 44 

2019). Wind turbine foundations are anchored to the seabed, typically surrounded by a scour-45 

protection layer of rocks or other hard substrate, which creates artificial reef structures (Ashley et al., 46 

2014; Petersen and Malm, 2006; Reubens et al., 2013a). Especially invertebrate animal communities 47 

benefit from these new artificial reef habitats. These communities include bivalves, anemones and 48 

crustaceans (Mavraki et al., 2020), which in turn attract a variety of fish species (De Mesel et al., 49 

2015; Paxton et al., 2020; Reubens et al., 2014). However, construction and operation of wind farms 50 

also bring changes to the acoustic environment, the impact of which on marine wildlife is as yet 51 

insufficiently understood and may not always be beneficial (Gill et al., 2020).  52 

Once the wind farm is operational, turbine vibrations, altered flow conditions around turbines, and 53 

wind park maintenance vessels all contribute to a growing ambient sound level (Madsen et al., 2006; 54 

Popper and Hawkins, 2019a; Sertlek et al., 2019; Slabbekoorn et al., 2010; Tougaard et al., 2009; 55 

Tougaard et al., 2020; Wahlberg and Westerberg, 2005; Duarte et al., 2021). However, the most 56 

dramatic acoustic events are associated with the park’s construction phase (Dahl et al., 2015; Lippert 57 

et al., 2018). Elevated sound levels usually start long before actual construction, as a seismic survey 58 

and multi-beam sonar is often required for seabed mapping. When the seabed at an offshore 59 

location is considered suitable, the preparation phase is initiated with seabed preparations (i.e. 60 

deposition of hard substrate to reduce sediment erosion and flattening of the seabed), followed by 61 

pile driving. After foundations have been anchored, the turbines and blades are attached, which is 62 

then followed by the operational phase.  63 
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Especially the sound event train with long periods of loud series of impulsive sounds associated with 64 

pile driving for turbine foundation placements have a high potential to negatively affect marine 65 

wildlife (Duarte et al., 2021; Popper and Hastings, 2009; Popper and Hawkins, 2019; Slabbekoorn, 66 

2019; Slabbekoorn et al., 2010). The most common type of offshore turbine foundation is a steel 67 

monopile, that ranges in diameter from 4 – 8 m and is piled into the sediment from a rigid platform 68 

using a hydraulic hammer. Piling one monopile 30 m into the seabed typically takes over 3500 69 

strikes, lasting around 1.5-4.5 hours, depending on the density of the sediment. Hammer strikes are 70 

associated with low-frequency (100 to 1000 Hz) sound, reaching levels above 200 dB re 1 μPa close 71 

to the source, including sharp pulse rise times and inter-pulse intervals of 2-4 seconds (Ainslie et al., 72 

2020; Hildebrand, 2009). Strikes create downward sound waves that spread cylindrically from the 73 

pile wall into the water column and seafloor (Dahl et al., 2015; Martin and Barclay, 2019; Zampolli et 74 

al., 2013). The total duration of the construction phase depends on the size of the wind farm but 75 

usually takes between 2 to 6 months.  76 

Fish can be directly affected by pile driving through immediate physical and behavioural effects, or 77 

indirectly through the effect of piling on their predators (Thompson et al., 2020) and prey (Roberts et 78 

al., 2016). Exposure effects from multiple impulsive pile strikes at close range have been investigated 79 

in captivity and include damage to internal organs, including the inner ear, swim bladder, liver, 80 

kidney, and gonads (Casper et al., 2017, 2013; Halvorsen et al., 2012), which may eventually result in 81 

fish death (Slabbekoorn et al., 2010; Popper and Hawkins, 2019). Acoustic modelling has recently 82 

demonstrated that lethal and sub-lethal injury could occur at distances as far as 1.8 and 3.1 km from 83 

the pile driving location, respectively (Ainslie et al., 2020). In addition, indoor studies with exposure 84 

to moderate levels of impulsive sound have found increased gill ventilation rates, indicative of a 85 

stress response, in several but not all fish species (Bruintjes et al., 2016; Spiga et al., 2017).  86 

Similar to stress responses, behavioural effects of impulsive sounds may occur at a large spatial scale 87 

(Duarte et al., 2021; Popper and Hawkins, 2019; Slabbekoorn et al., 2010). Groups of captive seabass 88 
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(Dicentrarchus labrax) in a small indoor basin increased their swimming depth and group cohesion, 89 

and swam faster, in response to both continuous and impulsive sounds, but during the latter, they 90 

took twice as long to return to their baseline levels (Neo et al., 2015, 2014). Impulsive sound 91 

exposure in a larger outdoor pen, in shallow harbour conditions, revealed stronger effects from 92 

exposure at night compared to daytime conditions, and showed a potential for habituation to 93 

repeated exposure, at least for seabass (Hubert et al., 2020b; Neo et al., 2018, 2016). Pile-driving 94 

playback on schooling behaviour of juvenile seabass, again in lab conditions, demonstrated that 95 

groups became less cohesive, less directionally ordered, and individuals became less correlated in 96 

speed and directional changes (Herbert-Read et al., 2017). Captive exposure and response patterns 97 

may not accurately reflect free-ranging conditions qualitatively nor quantitatively, but observations 98 

and analyses in captivity may provide important complementary insights to studies in the wild 99 

(Hubert et al., 2020b).  100 

Examining the behaviour of tagged individuals during pile driving at sea is more challenging than 101 

observing fish in captivity, but such in situ studies provide better insight into potential consequences 102 

of noisy events in nature. Iafrate et al. (2016) reported that individual sheepshead (Archosargus 103 

probatocephalus) were little affected by 35 days of pile driving at a busy wharf in Florida, but four 104 

grey snappers (Lutjanus griseus), with high prior site fidelity, had relatively low day-time residency 105 

during piling, and two left the area within the first three days of the noisy activities. In a recent study, 106 

we showed that impulsive sounds from another loud anthropogenic source (an experimental seismic 107 

survey) resulted in delayed deterrence from a wind farm area, interrupted diurnal activity cycles, and 108 

likely reduced foraging activity in free-ranging Atlantic cod (Gadus morhua) (van der Knaap et al., 109 

2021a). However, we are unaware of any published data on effects of pile driving on tagged 110 

individuals for this species.  111 

During summer, Atlantic cod stay several months around the hard-bottom structures of wind turbine 112 

foundations in the southern part of the North Sea (Reubens et al., 2013a, 2013c; Winter et al., 2010). 113 
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They use these structures to forage and seek shelter (Reubens et al., 2013b; van der Knaap et al., 114 

2021a; Winter et al., 2010). Atlantic cod also play an important role in the local food web (Reubens et 115 

al., 2014), are commercially and culturally important for fisheries (Hutchings, 2004; Rose, 2004), and 116 

have shown dramatic population declines, related to overfishing and climate change (Engelhard et 117 

al., 2014; Pitcher et al., 2009; Worm et al., 2006). Consequently, Atlantic cod at wind farms are a 118 

feasible and important model species for sound impact studies (van der Knaap et al., 2021a; 2021b). 119 

Moreover, a captive study (Thomsen et al., 2010) as well as a theoretical evaluation (Hammar et al., 120 

2014) both reported that impulsive sounds from pile driving could be a potential risk to them.  121 

In this study, we examined the presence and movement of free-swimming Atlantic cod at an existing 122 

offshore wind farm (OWF) in the Belgian North Sea, in response to nearby pile driving in 2016. Within 123 

a period of four months, 50 monopiles were hammered into the seabed for a new wind farm, 124 

adjacent to an existing wind farm. This provided a unique opportunity to monitor cod presence and 125 

movement in situ during offshore piling operations. We used acoustic telemetry to monitor 126 

individual presence and movement in the area to answer the following questions: 1) Do cod move 127 

out of the study area in response to pile driving? And 2) Does piling affect the general spatial 128 

behaviour of cod, their distance to the nearest turbine (indication for the distance to the scour bed), 129 

and their distance to the pile-driving location, taking into account the time interval between 130 

consecutive piling events? 131 

 132 

Methods 133 

Study site 134 

Fifty steel monopile wind turbine foundations were hammered into the seabed using pile driving 135 

between May 16 and September 22, 2016 (Table S1) for the construction of the  wind farm 136 

‘Nobelwind’ at the North-Eastern edge of the Belgian Part of the North Sea. The farm was built 137 
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around the existing wind farm ‘Belwind’ (completed in 2013) situated on the Bligh Bank, about 50 km 138 

from the coastal harbour of Zeebrugge (fig. 1A). The water depth at the study site varied between 15 139 

– 37 m, including tidal fluctuations. Main currents in the wind farm run from northeast to southwest 140 

(Brabant et al., 2013). Steel monopiles were piled into the seabed using a hydraulic piling hammer 141 

(IHC Hydrohammer B.V.) from a rigid platform. Each pile strike creates downward energy, forcing the 142 

pile into the seabed. As a by-product this creates a low-frequency, high-intensity acoustic energy 143 

wave that radiates into the air, water and seabed (Lippert et al., 2018).  144 

 145 
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[In colour] Figure 1. Overview of location and study setup. A) Location of Belwind (black dots) and Nobelwind 146 

(green dots) wind turbines in the Belgian part of the North Sea (red dot in overview map). The turbine C05 147 

(golden dot) in Belwind is the centre of our fish tagging site. Purple dots in Nobelwind indicate locations of 148 

sound measurements during construction. B) Receiver setup around Belwind turbine C05. 14 acoustic receivers 149 

(red triangles) were deployed on 4 April 2016 around turbine C05 (orange dot). During the deployment period, 150 

3 receivers were lost (shaded red triangles). C), D) and E) order in which the Nobelwind turbines were 151 

constructed and the distance of the piling event (C), time since last event (D), and the duration of an event (E). 152 

The red bars indicate the piling events that were included in the movement analysis. 153 

Sound pressure was recorded using a hydrophone (Brüel & Kjaer hydrophones type 8104) suspended 154 

at 10m depth from a drifting Zodiac workboat. Ambient sound levels were recorded at three 155 

locations without construction activities (on 12 and 13 July 2016 see Degraer et al., 2017), and sound 156 

recordings during construction were made at 400m and 1700m from monopile I06 (lat. 51.65195, 157 

long. 2.84043, 13 September 2016 fig. 1) and at 500m from monopile J07 (lat. 51.67005, long. 158 

2.85506, 12 July 2016 fig. 1). Ambient sound pressure levels (SPL) varied between 114 dB and 138 dB 159 

(re1 µPa) on average. During piling operations, the zero-to-peak SPL reached 199, 196 and 188 dB at 160 

400, 500 m and 1700 m distance from the sound source, respectively. Single strike sound exposure 161 

levels (SELss) were on average 176, 175, and 168 dB (re1 µPa².s), respectively (adopted from Degraer 162 

et al., 2017). 163 

Experimental setup 164 

In 2016, 14 acoustic receivers (12 VR2AR and 2 VR2Tx, Innovasea) with an internal sync-tag were 165 

deployed around the Belwind turbine C05 to form a network of receivers that allowed to locate the 166 

positions of the tagged fish (fig. 1B) (Smith, 2013). The deployment period ran from April 4 to 167 

October 25. Nine receivers were operational during the whole period of deployment and provided 168 

continuous presence and movement data for the tagged cod after retrieval. Three receivers (CNB01, 169 

CNB10, CNB11) were lost and no data was retrieved, while two receivers (CNB07 and CNB14) 170 
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stopped recording before the end of the study (18 September and 8 August, respectively) (fig. 1B). 171 

Overall, 64.9% of synctag transmissions were logged on 3 or more receivers. 172 

Fifteen Atlantic cod, with a total length range of 40-49.5 cm (table S2), were internally tagged with 173 

V13P tags (Inovaseas) on April 4, as per Reubens et al. (2013c; c.f. van der Knaap et al., 2021a; 174 

2021b). They were caught using hook and line, all close to the wind turbine C05 (fig. 1A). Soon after 175 

tagging, fish were released again at the catch site. Acoustic tags had a pressure sensor and 176 

transmitted a coded signal with information on tag ID. The tags measured pressure at a random 177 

delay between 140-220 seconds. Catching and tagging of free-ranging animals was performed after 178 

ethical approval (certificate number LA1400452) and in line with official guidelines for animal welfare 179 

in Belgium. 180 

Data analysis  181 

After recovery of the receivers, corrections for internal clock drift of the receivers during the 182 

deployment period were done by applying a linear time correction over the entire sampling period 183 

(VUE, Innovasea). Of the 15 tagged cod, one was not detected after release and therefore excluded 184 

from further analysis (table S2). Additionally, we excluded the first 24 hours of data from the first day 185 

after the animals were tagged, as it is expected that cod take a variable amount of time to resume 186 

their natural behaviour, but typically within this time period (Hubert et al., 2020a). We furthermore 187 

scanned the data for any stationary tags which could indicate fish that died or lost their tag during 188 

the study. No such stationary tags were found. 189 

Presence/absence  190 

We determined half hour presence/absence over the entire study period for the 14 cod (fig. 3A, tag 191 

ID’s numbers ranged from 8-22). Fish were considered present if they were detected at least once 192 

within a half hour bin. We applied a discrete-time hidden Markov model (HMM) to analyse the effect 193 

of piling on the presence/absence of the fish. HMMs intrinsically deal with temporal autocorrelation 194 

and are able to predict the probability at which animals are in a certain mutually exclusive 195 
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behavioural state, based on telemetric detection data (Langrock et al., 2012; McClintock and 196 

Michelot, 2020; Hubert et al. 2020a). Half hourly observations of presence/absence (Bernoulli 197 

distribution) per individual (14 fish in total) were fitted to the states ‘Onsite’ or ‘Offsite’.  198 

We tested whether cod had spent more time in the Offsite state, during piling; soon after each piling 199 

event (50 in total); or soon after the first or last piling event in particular, as a previous study on the 200 

impact of impulsive sound on cod indicated a delayed leaving effect (van der Knaap et al., 2021a). We 201 

therefore included a piling decay variable, which was 1 during piling, after which it exponentially 202 

decayed to 0 over a 24-h period. This piling decay variable tested whether the chance that cod would 203 

depart was highest during piling and exponentially became smaller afterwards. We then also 204 

included a piling order variable with four levels: no-piling, first piling event (K01), all middle piling 205 

events, and last piling event (I04). We checked for collinearity between these two variables (piling-206 

decay and -order) by excluding them one-by-one from the HMM and looking at the model results. If 207 

the model results did not change, we assumed that collinearity was not an issue for the significance 208 

of our model. If they did change, one of the covariates causing the collinearity was left out.  209 

Other covariates considered in the departure probability analyses were: day of the year (as cos(2πt 210 

/365 d) and sin(2πt /365 d)), current speed (ms-1), tidal elevation (m), sun angle (degrees, relative to 211 

the hours in a day), and fish length (cm)). Current speed and tidal elevation were estimated based on 212 

a hydrodynamic model (COHERENS, operated by RBINS Belgium). Model selection was done based on 213 

AIC comparison using model dredging (‘MuMIn’ version 1.43, table S3). The best model (lowest AIC, 214 

Table S3) was: presence/absence ~ decay after each piling event + piling order + fish length + day of 215 

the year + current speed. HMMs were applied in R (version 4.0.4) using the ‘momentuHMM’ package 216 

(version 1.5.1).  217 

Movement behaviour  218 

The individual detections were converted into 2-dimensional positions (latitude, longitude) through 219 

time difference of arrival (TDOA) triangulation (Voegeli et al., 2001) (Innovasea). A position could 220 
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only be determined when the tag signal was detected by at least three receiver stations (van der 221 

Knaap et al., 2021b). The associated horizontal positioning error (HPE, a unit-less error metric 222 

Innovasea) was then used to filter out the top 2% most erroneous positions (Smith, 2013). This 223 

excluded one fish whose positions were at the edge of, or outside our detection area and therefore 224 

had a high HPE. Furthermore, we removed fish 11 which had only very few positions. To understand 225 

how a piling event affected cod movement, we defined three fish movement metrics (table 1), i.e. 226 

step length (distance moved) (fig. 2A), distance to the scour bed (fig. 2A) and relative distance to the 227 

piling event (fig. 2B).    228 

 229 

[In colour] Figure 2. An example of how cod movement metrics are assessed. Black dots in both panels 230 

represent fictitious cod positions. A) Black dots indicate seven fictitious half-hour consecutive positions around 231 

Belwind turbine C05. The crossed circle at the centre is the turbine C05 and the dashed line is the edge of the 232 

scour-bed protection layer at 20 m from the turbine. The calculation of step length between consecutive 233 

positions and cod distance to the centre of the scour bed (i.e. position of the closest turbine) are indicated by 234 

blue and green arrows, respectively (both in meters). B) Distance of a cod position to the pile driving location, 235 

before, during and after each event, was calculated for all cod positions relative to the distance between the 236 

piling events and the centre of C05. Black dots represent fictitious fish positions and the dashed-dotted line 237 
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served as a reference line to determine whether the relative distance changes of the fish to the piling event 238 

were positive (moved further from the piling event) or negative (moved closer to the piling event).  239 

Table 1. Cod movement metrics 240 

Movement metric Calculated as 

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

Distance to turbine scour-
bed (m) 

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

Relative distance to piling 
event (m) 

Relative distance of each fish position to the piling event 
corrected for the distance of the event to the C05 turbine 
(i.e. centre turbine of the study site, fig. 2B)  

 241 

We investigated the effect of a piling event on these three movement metrics by filtering the dataset 242 

to include positions before, during, and after each piling event. The duration of each sound exposure 243 

varied per piling event and we set the before and after period to match each exposure period, which 244 

led to equal periods for comparison per event (fig. 1E). Piling operations took place during day and 245 

night and it took an average of 3353 blows to fully anchor a turbine foundation ca 30 m into the 246 

seabed, which lasted between 1.65 and 4.45 hours (fig. 1E). We only included piling events and fish if 247 

we had data for all three periods (before, during, and after). This resulted in 24 piling events with 248 

sufficient data, including 11 fish with data for 1-18 piling events per individual. We then analysed the 249 

effect of piling on cod movement, averaging the movement metrics over half hour time bins, taking 250 

the following parameters into account: piling period (before, during, and after), distance of the piling 251 

event (km between piling location and turbine C05, range 2.3-7.1 km (fig. 1C)), and time since last 252 

piling event (hours since end of last event, range 0-220 h (fig. 1E)). Other variables included: current 253 

speed (ms-1), tidal elevation (m), sun angle (degrees), and we added fish length (cm) to the 254 

movement models to account for variation attributable to the individual. 255 

We then used linear and generalised mixed models (LMM and GLMM) to model the effect of piling 256 

on cod movement behaviour. Fish ID (fish ID) and piling location (piling ID) were set as the random 257 

variables in all movement models. We checked for temporal autocorrelation and when found, 258 
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included a correlation for a continuous time covariate (autoregressive process (AR(1)). Model 259 

selection from the full model (table S4) was done based on AIC comparison using model dredging 260 

(‘MuMIn’ version 1.43, table S4). We used the R package ‘lme4’ (version 1.1) for both LMMs and 261 

GLMMs. Cod half-hour step length was log-transformed (log10) to obtain a normally distributed 262 

dataset. The best model (lowest AIC, table S4) for cod step length was an LMM and included: log(step 263 

length) ~ sun angle + tidal elevation + current speed + (1|piling ID) + (1|fish ID). For the distance to 264 

the scour-bed protection layer, the best model was an LMM including: distance scour-bed ~ period + 265 

distance to piling event + sun angle + tidal elevation + current speed + period*distance to piling event 266 

+ (1|piling ID) + (1|fish ID). The top model for cod relative distance to the piling location was a GLMM 267 

(distribution gamma, link = log) including: relative distance piling ~ period + distance to piling event + 268 

hours since last event + tidal elevation + current speed +  period*distance to piling location + tidal 269 

elevation*current speed + (1|piling ID) + (1|fish ID).  270 

Results 271 

Presence/absence  272 

Cod presence within reach of our receiver network fluctuated over the study period (fig. 3A). 273 

However, we found no significant effect of pile driving on the probability that cod moved out of the 274 

study area, with or without the 24 hour decay period after each piling event (which means that the 275 

probability that cod spent less time in the Onsite state did not change significantly over the 276 

exponential decay 1-0, fig. 3B). In addition, we also did not find any significant differences in time 277 

spent in the Onsite state (the 95% confidence intervals (CI) overlapped between the four levels of the 278 

piling order variable), from before to after the first or last piling event in comparison to events in the 279 

middle or moments when there was no piling activity (fig. 3C). Day of the year strongly affected the 280 

departure from the area, as over time more cod are expected to leave (Reubens et al., 2013c; Winter 281 

et al., 2010) and spend less time in the Onsite state (fig. S1). After the first week of August, day 220, 282 

50% of the tagged fish had left the area (fig. 3A). 283 
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 284 

[In colour] Figure 3. A) Half hour presence/absence of individual cod (fish ID on the y axis) over the entire study 285 

period (5 April – 30 October 2016). The dotted vertical lines represent the 50 piling events during which 286 

monopile foundations were piled into the seabed for the construction of the Nobelwind wind farm. Hidden 287 

Markov model (HMM) predicted stationary state probabilities of cod in the Onsite behavioural state including 288 

the 95% confidence intervals (CI). B) Effect of pile driving on Onsite probability, including a 24h exponential 289 

decay after the end of each piling period (value of 1 during piling followed by an exponential decay to 0 290 

(representing 24 hours later) after each individual piling period ended). C) Effect of piling order on Onsite 291 

probability, including a level for the first, last and middle piling events and for all non-piling moments.   292 

Movement behaviour  293 

Our data revealed unprecedented detail in individual tracks of free-ranging fish during piling events. 294 

The individual tracks and positions of the tagged cod around turbine C05 revealed highly variable 295 

movement patterns per individual (Fig. 4). For example, fish with the tag ID numbers 12, 16 and 20, 296 
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when present during these four piling events, were always very close to the turbine before, during, 297 

and after piling. Fish 18 and 19, when present, tended to move around at some distance from the 298 

turbine before piling in three of the events, but always moved closer to the turbine during and 299 

especially after piling, typically also moving away from the direction of the sound source. Fish 14 was 300 

close to the turbine in two of the examples before the piling started, and moved closer to and further 301 

from the turbine when the sound source was nearby (fig. 4A) and when it was further away, 302 

respectively (fig. 4B). Fish 15 was also close before the piling started in the same two examples, but 303 

moved away when the piling source was nearby (fig. 4A) and stayed close to the turbine during and 304 

after the piling at a more distant location (fig. 4B).  305 
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 306 

[In colour] Figure 4. Examples of cod positions before, during and after four piling events in chronological order 307 

of construction, for wind turbines A) K05, B) J06, C) J09, and D) H05. The distance in kilometres and time since 308 
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the previous piling event in days, are indicated in the panels. Individual fish are colour-coded and the turbines 309 

are at the junction of the direction line towards the piling event and the distance reference line (dashed-dotted 310 

lines). The contour around each individual fish illustrates the distribution of positions and does not represent 311 

an area use quantification.  312 

In the best model for step length period, distance and time between piling events were not included 313 

and we were therefore unable to further investigate any significant effects of these factors. We did 314 

plot the step length against piling period, distance, and time for visual comparison and saw that step 315 

length was fairly similar among periods (fig. 5A). Environmental variables that influenced the step 316 

length significantly were: sun angle (p < 0.0001, estimate: -0.005), step lengths were largest during 317 

night time; current speed (p < 0.0001, estimate: -0.82), step lengths increased with increasing current 318 

speed; and tide (p < 0.03, estimate: 0.722), step lengths were largest during absolute low tide.  319 

We also found significant variation in cod distance to the scour-bed among the piling periods (fig. 320 

5B). Cod significantly reduced their distance (m) to the closest scour-bed from before to during (p < 321 

0.03), and from during too after (p < 0.002) the piling, and were thus moving closer towards the 322 

turbine (fig. 5B left panel). In addition, this effect showed an interaction with the distance to the 323 

piling location (p < 0.001, fig. 5B middle panel), with a relatively stronger effect at large distances (~4-324 

7km) before pile driving and a relatively weaker effect at large distances after pile driving. Other 325 

variables included in the model that had a significant effect were: sun angle (p < 0.0001, estimate: -326 

0.006), during day time fish were closer to the scour-bed; tide (p < 0.0001, estimate: -0.162), distance 327 

fluctuated with tidal changes; and current speed (p < 0.0001, estimate: 1.286), when current speeds 328 

increased, so did fish distance to the scour-bed.  329 

Piling also had a significant effect on the relative distance of cod to the piling location; cod were 330 

positioned closer to a piling location before piling started than during (p < 0.0001) or after (p < 331 

0.0001) piling (fig. 5C). The trend of cod moving away from the piling location was strongest at large 332 

absolute distances of the pile driving (fig. 5C middle panel). At these piling events, fish were 333 

positioned closer to the pile driving location before the pile driving started (relative distance was less 334 
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than 0) and the effect of movement away from the piling sources was strongest for these animals, 335 

resulting in a significant interaction with piling period (fig. 5C middle panel). There was no effect of 336 

the time since the previous piling event on cod relative distance alone. There was, however, a 337 

significant interaction between the change in relative distance to the piling location and the length of 338 

the preceding interval between consecutive piling events, with cod positioning themselves closer to  339 

the piling location in the hours before the event started after a longer interval (fig. 5C). Other 340 

variables influencing relative distance were: tide (p < 0.0001, estimate: 11.504), during absolute low 341 

tide fish were further from the turbine C05 than during high tide; and current speed (p < 0.0001, 342 

estimate: -34.581), during low current speeds the fish were closer to the turbine C05.  343 
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 344 

[In colour] Figure 5. From left to right the effect of: piling period, distance to the piling event and time since last 345 

event, on A) cod step length (m) (not included in the best model and therefore no measurable effect), B) cod 346 

distance to scour-bed (m) and C) cod relative distance to the piling event (m). For piling period the significant 347 

differences are indicated with an asterisk (*, indicating a p<0.05). For the two interactions with period (of 348 

distance of piling event and time since last event), the significance of the overall trend is indicated (n.s. = not 349 

significant) as well as that of the interaction (Int.).  350 

 351 
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Discussion 352 

Our results indicate that: 1) pile driving at distances between 2.3-7.1 km did not cause cod to leave 353 

the detection area during exposure, but that 2) there were several more subtle effects of piling on 354 

cod spatial behaviour. Over the six-and-a-half-month study period, cod left the detection area over 355 

time, however, this was statistically unrelated to the piling activity. Cod moved closer to the local 356 

turbine scour-bed during and after each piling event compared to the periods before pile-driving. 357 

Cods’ relative distances to the pile driving location were correlated with the absolute distance to the 358 

location of the event: when piling took place at larger distances, the fish were positioned relatively 359 

closer to the sound source before the piling started and moved to an area further away from the 360 

source during and after piling. Time since last piling event in itself had no effect on cod movement, 361 

but a significant interaction indicated that with longer time intervals cod were positioned relatively 362 

closer to the sound source before piling started, which caused the effect of moving away during and 363 

after piling at large absolute distances to be stronger.  364 

Disturbance-related departure decisions 365 

We found no indication that cod left the area sooner than expected when exposed to pile driving 366 

sounds. lafrate et al. (2016) found that tagged grey snappers (Lutjanus griseus) were more likely to 367 

leave an area when they were exposed to piling sounds. However, that effect was species-specific, as 368 

the same researchers found no effect of piling on the residency of sheepshead (Archosargus 369 

probatocephalus) (Iafrate et al., 2016). They argued that this difference in response could be caused 370 

by a general species-specific difference in site fidelity. From previous work on the residency of cod at 371 

offshore wind farms, we know that during summer months, cod often stay close to one turbine base 372 

for several months, only making occasional excursions to other turbines (Reubens et al., 2013c; 373 

Winter et al., 2010). This site fidelity of cod during the summer could explain why we did not find a 374 

change in presence. In line with the data on sheepshead (Iafrate et al., 2016), species with long 375 

residence periods may thus be less easily deterred by loud sounds. Our model did show that over 376 
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time, cod moved out of the detection area. We expected to find this pattern as cod could move to 377 

another turbine outside of our detection range during the summer (Winter et al., 2010) and in 378 

addition, at the end of the summer, many move away from the offshore areas towards coastal areas 379 

(Reubens et al., 2013c).  380 

The behavioural results of the current study differ from those observed during an earlier study on the 381 

effects of seismic survey sounds on Atlantic cod within the same wind farm (van der Knaap et al., 382 

2021a). In that study, cod left the area shortly after the experimental exposure had ended (van der 383 

Knaap et al., 2021a). This difference may relate to the different nature of sound exposure, as pile 384 

driving and seismic surveys differ from each other in a number of ways. Sound exposure periods of a 385 

single piling event are relatively short: ca 1.5-4.5 hours, in comparison to a full seismic survey: 386 

continuously over four days in (van der Knaap et al., 2021a), but often weeks to months for actual 387 

surveys (Day et al., 2017; Slabbekoorn et al., 2019). The pulse rate intervals also differ, with 2-4 sec 388 

for pile driving and 8-15 sec for seismic surveys. In addition, pile driving occurs at a fixed location, 389 

with subsequent pile driving events making discrete steps in space, while a seismic survey typically 390 

moves back and forth across an area for longer periods of gradual changes in space. We obviously 391 

need more data on more seismic survey and pile driving events to gain general understanding about 392 

which parameters are critical for fish departure tendencies. We also need data on more species at 393 

the time, as species may interact and vary in their residence tendency, and on the energetic trade-394 

offs associated with abandoning local resources (Iafrate et al., 2016; Kok et al., 2021; Soudijn et al., 395 

2020; van der Knaap et al., 2021a).   396 

Scour-bed related positioning 397 

We found that cod moved closer to the scour-bed during and after the piling periods, from an 398 

average distance of 20 m before to 16 m during and after. Around the turbine base, a scour-bed 399 

rocky protection layer (r=20m) is deposited, which provides fish with food and hiding places 400 

(Reubens et al., 2013a). In our study area in the Belgian part of the North Sea, cod have a diurnal 401 
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activity cycle (Reubens et al., 2013c; van der Knaap et al., 2021a) and are most active during twilight 402 

periods when they move around searching for food (Reubens et al., 2013b). This diurnal activity 403 

pattern is probably caused by a trade-off between light-dependent foraging success (Reubens et al., 404 

2013b) and predation pressure (Scheidat et al., 2011; Todd et al., 2009). In the current study, piling 405 

events occurred both during day and night and we found a general effect of time of day (i.e. sun 406 

angle), in which cod were positioned on top and closer to, the centre of the scour bed during the day 407 

and moved towards the edges during night time, which could reflect a diurnal cycle in food searching 408 

behaviour.  409 

The effect size of the response is only a few meters but could be related to some sort of general 410 

anxiety response. A typical response of fish to impulsive sounds is moving down the water column 411 

and forming tighter aggregations (e.g. Hawkins et al., 2014; Neo et al., 2018). Our tags included a 412 

pressure sensor, but with insufficient resolution (±0.5m at 30m depth (Innovasea)) for the small 413 

range in depth variation. Cod in the southern North Sea live in relatively shallow water and are 414 

closely associated with the seabed (Reubens et al., 2013c), which makes vertical avoidance by 415 

downward movement an unlikely response for this species here and any changes in depth inherently 416 

small. Additionally, the area around the turbines’ scour-beds is sandy bottom that does not provide 417 

many hiding places. Cod movement towards the scour-bed during and after piling could therefore be 418 

indicative of cod seeking shelter closer to the turbine base and in-between the rocks.  419 

This result of moving towards the scour-bed again differs from the findings in van der Knaap et al. 420 

(2021a), where cod moved away from the scour-bed during and after a four-day impulsive seismic 421 

survey (van der Knaap et al., 2021a). Those earlier results were in line with the observed gradual 422 

departure of cod from the detection area after the sound exposure period in that study. In the 423 

present study, however, cod did not leave the area. The benefits of staying in a noisy area may 424 

outweigh those of moving to a more silent one. Schools of herring that were exposed to seismic 425 

sounds did not cease their feeding activity (Pena et al., 2013). Pena et al. (2013) explained their 426 
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finding by a strong motivation of the school to feed, a lack of suddenness of the exposure and an 427 

increased level of tolerance to the type of sound. Atlantic cod around offshore wind turbines are 428 

highly motivated to stay for food during summer, but apparently either the disturbance was different 429 

for the experimental seismic survey (van der Knaap et al. 2021a) and the pile driving (current study), 430 

or the consequences of leaving differed among the years of study, leading to the differences in their 431 

spatial behaviour relative to the scour bed.  432 

Horizontal displacements relative to the sound source 433 

Another interesting finding of the current study is that cod were positioned closer to the location of 434 

the sound source before piling started irrespective of the direction of the piling activity to the 435 

location of the fish. This was particularly so when the source was further from the fish and when the 436 

time since the last event was longer. This could be an indication that sounds from preparatory 437 

activities before the onset of piling may already be somehow deterrent when nearby, but that the 438 

very same sounds, when from larger distances and fainter, could be attractive and elicit phonotaxis. 439 

Indeed, certain sounds or sound levels can attract fish (Gordon et al., 2019; Neo et al., 2016). Radford 440 

et al. (2011) demonstrated how juvenile reef fish find their way back to their reef using 441 

environmental sound cues. In addition, man-made sounds can also attract fish as Chapman et al. 442 

(1974) observed how different fish species were attracted to the low-frequency sounds of scuba 443 

diving equipment. 444 

Most studies investigating the movement of fish in response to impulsive sounds are done in 445 

captivity, which hampers a proper assessment of horizontal displacement (Davidsen et al., 2019; Neo 446 

et al., 2016). Potential horizontal displacements have been observed for free-swimming pelagic fish 447 

species in response to seismic sound (Engås and Løkkeborg, 1996; Løkkeborg et al., 2012). In the 448 

current study, we were unable to observe directional swimming behaviour but did find that fish were 449 

positioned closer to the piling location before piling started, in particular when piling preparations 450 

were happening at larger absolute distances. The type and level of sounds produced by these 451 
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activities (vessel manoeuvring, on-board handling of heavy materials) could potentially have 452 

attracted the fish into the direction of the piling location before the actual start of pile driving. The 453 

displacements are only several meters, but since the area use of the cod is restricted to the source-454 

bed surrounding the turbine base (r=20m), they indicate that the cod stay above the scour-bed 455 

during and after the piling exposure more than before.  456 

We also observed distinct individual positioning and movement patterns of cod around the turbine. 457 

Individual personalities have been identified for Atlantic cod and have been linked to different 458 

response styles to environmental changes (Villegas-Ríos et al., 2017; Villegas Ríos et al., 2018), which 459 

might also apply to the responsiveness to anthropogenic sounds. Individual body condition may also 460 

affect response patterns, as Harding et al. (2020) showed that damselfish (Chromis viridis) with a 461 

poorer body condition startled later at shorter distances due to a predator threat during boat noise 462 

exposure, than did fish with a good body condition. We did not investigate the effect of individual 463 

differences further in our data set, but inter-individual variation could be an important factor in 464 

understanding animal responses to sound and has also been recognised as an important factor in 465 

translating behavioural effects to population dynamics in fish (Bolnick and Ballare, 2020). 466 

Potential effects of habituation 467 

Cod were exposed to a total of 50 piling events spread over four months. Although the interval 468 

between consecutive piling events varied from 1 to 12 days, we found no effect of time since last 469 

piling event on cod step length or their distance to the scour-bed. We only found an interaction 470 

between piling period and time since last piling event for relative distance to the piling site. The 471 

repetitive nature of the sound exposure may also have contributed to the lack of impact on 472 

departure, as over accumulating exposure time, fish may become more tolerant to the sound levels. 473 

Nedelec et al. (2016) demonstrated that juvenile reef fish (Dascyllus trimaculatus) exposed to boat 474 

noise reduced their hiding behaviour as well as their respiration rates (indicator for stress) after two 475 
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weeks of exposure. Repeated exposure to impulsive sound has also been shown to reduce the 476 

disturbance response in seabass (Dicentrarchus labrax) over time (Radford et al., 2016).  477 

Each piling event, in the current study, was preluded by a period of increased human activity at the 478 

piling site which might have served as some sort of ramp-up scenario, i.e. slowly increasing sound 479 

levels, providing animals with a warning signal, before sound exposure levels rise to the high levels of 480 

pile driving. We found that cod did not leave during or after the piling events, which might also be 481 

due to these slowly increasing sound levels, which may have accommodated habituation to the 482 

repeated occurrence of piling. However, we still know very little about the effect of fluctuating sound 483 

levels (Neo et al., 2014), and a net-pen study demonstrated little or no effect of a ramp-up exposure 484 

scenario on responsiveness in seabass (Neo et al., 2016). 485 

Conclusions 486 

The current study revealed that exposure to pile driving sounds at relatively close range of a few 487 

kilometres did not cause free-ranging cod to leave an area. We were able to show, however, several 488 

more subtle response patterns in their movement behaviour: they moved a couple of meters closer 489 

towards the scour-bed of the nearest turbine and also moved away from the sound source location. 490 

Spatial positioning before pile driving started suggested phonotactic approach behaviour in response 491 

to preparatory sounds at relatively large distances. Such changes in behaviour seem modest but can 492 

lead to changes in energy expenditure, which could potentially accumulate to population-level 493 

consequences (Soudijn et al., 2020). Offshore energy acquisition through the construction of wind 494 

farms is part of the EU’s plans to move towards becoming climate-neutral by 2050 (European 495 

Commission, 2018), which will result in more piling in the North Sea in the coming years. Further 496 

studies are therefore needed to understand whether subtle behavioural changes like the ones we 497 

observed also occur with alternative construction strategies such as vibropiling, or while taking 498 

mitigation measures into account, such as bubble screens or acoustic deterrent devices. We also 499 

need to know whether the behavioural changes have any consequences for individuals or 500 
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populations, whether there are any cumulative effects of co-occurrence of multiple stressors, and 501 

whether our findings can be extrapolated to other species. We therefore believe that raised 502 

awareness and more studies into anthropogenic under-water noise are warranted. More insight may 503 

allow us to detect and prevent unwanted detrimental effects of green alternatives to fossil energy 504 

resources on conservation of marine fish species like cod as well as their coastal habitat.  505 

 506 
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Highlights  

 We studied the response of free-ranging Atlantic cod to nearby pile-driving  

 The pile-driving sound exposure did not result in cod leaving the area 

 Pile driving did result in cod moving away from the source and toward the scour bed 

 We found no evidence of behavioural habituation to repeated pile-driving activities 

 Cod behaviour was not affected by the interval in-between subsequent piling events 
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