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Globally, biogenic temperate reefs are among the most
threatened habitats. In the North Sea in particular, large
shellfish reefs were lost owing to fishing activities in the
1900s. The impact of offshore wind farms (OWFs) on marine
wildlife is extensive, and it offers the possibility to reintroduce
new hard substrate habitats that are protected from fisheries
at a large scale. In addition to the submerged structures of
OWFs, marine hard substrate habitat can be further enhanced
by providing extra artificial reefs. In an operational OWF
along the Dutch coast, four artificial reefs (two with a scour
bed and two without) were deployed in the vicinity of a
wind turbine. Acoustic telemetry was used to monitor the
fine-scale movement of 64 Atlantic cod (Gadus morhua). The
monitoring ran from July 2021 to January 2023. Detailed
information on behaviour, area utilization and attraction
to the structures was determined. Results showed strong
attraction (high site fidelity and residency) to the artificial
reef, with no significant difference between the two tested
types of reefs, and only a few individuals staying over winter.
Cod spent a large proportion of their time hiding in the
artificial reefs, suggesting that adding pipes for shelter has a
beneficiary effect.
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1. Introduction
Biogenic temperate reefs have been among the most threatened habitats worldwide owing to bottom
trawling and dredging [1]. In the North Sea, all large oyster reefs (over 25 000 km2) were lost in the
early 1900s [2,3]. These biogenic reefs provided a hard substrate for many associated life forms. The
recent and future rapid development of large-scale offshore wind farms (OWFs) in the North Sea [4]
provides new hard substrate habitats, e.g. submerged vertical structures and rocky scour beds, that can
act as artificial reefs for a diverse epifauna community [5]. This constitutes an opportunity despite that
only a small fraction of OWFs will consist of hard substrate, i.e. below historical areas with oyster beds.
In some countries, fish communities can also be protected with the exclusion of bottom trawling in
OWF areas. Overall, OWFs provide opportunities to additionally deploy designated artificial reefs to
further support marine life associated with hard substrate habitats [6].

The impact of OWFs on marine wildlife is a mixture of positive and negative effects. Negative
effects of OWFs can occur during the construction and operation phase, for example, disturbances to
the surrounding marine environment introduced by noise, electromagnetic fields around cables and
degradation of habitats [7]. Conversely, positive effects for marine wildlife include species aggrega-
tion and protection from fishery activities (sanctuary function). Multiple studies showed that the
submerged hard substrate structures in OWFs can act as artificial reefs attracting benthopelagic fish
species [8–11]. The underlying mechanisms for this attraction can be various, ranging from feeding on
local prey associated with the hard substrate habitats, seeking shelter against predation or reducing
energy costs in high current environments, and depending on species and life stage [12]. To what
degree fish species that are associated with artificial reefs benefit from these newly created habitats on
a population level depends on factors such as life traits and infrastructure layout (i.e. type of structure).
Whether fish are merely attracted (i.e. change in spatial distribution with no net population benefit) or
whether local production is affected with a positive net population effect (because of increased growth
or survival rate) is still subject to debate for many species and known as the ‘attraction–production
issue’ [13,14]. If attraction to these artificial reefs is high and associated with increased mortality or
reduced growth, like what has been shown for tuna at fish-attracting devices (FADs) in the open ocean
[15], they can even act as ecological traps with a negative net population effect [16].

For Atlantic cod (Gadus morhua), these factors in relation to hard substrate habitats in OWFs
are relatively well studied in the southern North Sea [9,12,17]. In addition, for Atlantic cod, strong
attraction to OWF structures was observed, with higher catch per unit of effort (CPUE) compared
with shipwrecks or soft sediment habitats [18] and high site fidelity and residency as determined
with acoustic telemetry [17,19]. Feeding occurs on local epifauna on OWF structures as revealed from
diet studies [20] and combined diet–stable isotope studies [21]. In OWFs, the abundance of Atlantic
cod is higher during summer [9,12], followed by migration in winter [12], though presence in winter
has been observed [9,22]. Across summer and winter seasons, fish at various maturity stages were
observed, including the potential for spawning [22]. Furthermore, stomach content analysis revealed
that turbines and scour protections in OWFs are associated with long residency of cod and provide
favourable conditions with a suitable and diverse prey field [22]. OWFs in the southern North Sea,
especially those where fishing is excluded, have the potential for positive net population effects, even
though proof for an increase in the production at larger scales is not available at present [12]. One of
the reasons for this might be the relatively small area of hard substrate habitats provided by current
OWFs. OWFs could offer opportunities for climate change mitigation and species conservation [22],
especially in the context of the decline of the southern North Sea cod stock [23].

With increasing awareness towards ecosystem protection, OWF operators are triggered to invest in
finding solutions to (i) prevent or mitigate detrimental effects and (ii) define and develop ecological
beneficiary measures, e.g. by enhancing marine habitats within OWFs with additional artificial reefs.
Owing to the novelty of such a measure, short- and long-term effects (i.e. potential change in behaviour
around the artificial reefs) need to be carefully assessed.

For habitat enhancement, two types of artificial reef structures (i.e. consisting of concrete pipes of
various diameters with or without a scour bed) were placed in a Dutch OWF. It has been shown that
scour protection is an important feature of artificial reef structures for the habitat suitability of Atlantic
cod [6,24]. In the southern North Sea, larger catch rates were observed around turbines with rock
protection [22,24]. To test the effect of the two reef types (with and without scour bed) on fish, a field
experiment was carried out around these artificial reefs (in duplo) in addition to the already present
submersed structures around monopiles in the OWF. Atlantic cod was chosen as a test species, based
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on the strong knowledge base on cod behaviour in OWFs, its suitability for using telemetric methods
to track fine-scale individual behaviour [17] and its importance for fisheries. The objective of this study
was to assess the use of the artificial reefs by cod by (i) investigating changes in site residency and
fidelity, (ii) investigating behavioural patterns, and (iii) testing for differences in site residency, fidelity
and behaviour between the two types of artificial reefs.

2. Material and methods
2.1. Study area and acoustic telemetry network
The study took place between 25 February 2021 and 30 January 2023 in the Borssele II wind farm
zone, located along the Dutch coast (figure 1a). The study site was limited to an area with a depth of
approximately 30 m with a single monopile in the middle and four artificial reefs that were deployed
around it in July 2020 (figure 1a,b). The four reefs were placed at approximately 280 m from the
monopile in NW, NE, SE and NW directions between 1 and 17 July (figure 1c, R01–R04). Each reef
consisted of an assembly of concrete pipes deployed on the seabed, with an arrangement varying
0.5–1.5 m in diameter (table 1). The same scour protection was installed around the monopile and
underlying the two southernmost artificial reefs. The rock protection consisted of a rock pad with a
top-footprint radius of 12.5–14.5 m and a layer thickness of 0.7–1.2 m.

To track the individual movement of cod in the study area, acoustic telemetry was used. A total of
16 receivers (InnovaSea VR2AR) mounted on 1.5 m tall stainless steel tripod frames (80 kg) [25] were
deployed in a 4 × 4 grid (200–250 m distance between receivers) allowing for fine-scale triangulation
of fish positions (figure 1c). Each acoustic receiver was positioned vertically. The average tilt angle
was 7.9° (s.d. 6.3°). Receivers were deployed on 25 February 2021, retrieved for a read-out, redeployed
on 13 April 2022 and retrieved again on 30 January 2023. The positions of the receivers were logged
using a handheld global positioning system (GPS) and additional position corrections were made
after receiver retrieval based on position triangulation of the internal transmitter. During the retrieval
operation on 13 April 2022, 14 receivers were retrieved and 13 were redeployed, and of these, 11 were
retrieved on 30 January 2023. Owing to the loss of receivers, coverage was particularly reduced in
2022 in the southwestern corner where reef R03 is located, with three receivers lost out of four initially
deployed.

2.2. Fish tagging
Cod were tagged with InnovaSea V13AP coded transmitters with pressure and acceleration sensors
(length 39 mm, diameter 13 mm, weight 11 g in air, weight 5.5 g in water, estimated battery life 278
days, 69 kHz), which allowed for detailed three-dimensional tracking of individual movements in the
study area [17]. The transmitters were set to a random delay of 50–100 s between signals and alter-
nating pressure and body acceleration measurements. Acceleration was measured as the cumulative
means over 37 s in the three-dimensional vector dynamic body acceleration (VeDBA) [17].

In total, 64 cod were caught at the four artificial reefs, tagged and released at the reef site where
they were caught (table 1); 45 (total length (TL) 32–56 cm, average 39.3 cm) on 10–12 July 2021; 19
(TL 32–58 cm, average 36.9 cm) on 15–20 May 2022 (electronic supplementary material, figure S1
and table S1). Tags did not exceed 2% of fish body weight [26] and only cod greater than 32 cm
were tagged [27]. For both tagging rounds, fishing at the monopile was undertaken but unsuccessful,
partly because of the difficulty to lower the bait without catching pelagic species. Cod were reeled
in at low speed to minimize barotrauma [28] and only cod without any signs of barotrauma were
tagged. Fish were measured to the nearest centimetre below and anaesthetized using a 0.4 ml l−1

2-phenoxyethanol solution. Tags were surgically implanted in the body cavity by making a mid-ventral
incision of approximately 2 cm in the posterior quarter of the body cavity that was closed with two
sutures (absorbable, braided Vicryl 3/0, FS2 needle). A floy-tag was inserted below the dorsal fin, so
fish could be reported when recaptured by fishermen. The surgery lasted 5 min at maximum. All fish
were transferred to a recovery tank and observed until ‘normal’ swimming behaviour reappeared and
consequently released at their catch location (table 1).

3
royalsocietypublishing.org/journal/rsos 

R. Soc. Open Sci. 11: 240339

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

18
 J

ul
y 

20
24

 



2.3. Fine-scale positioning
Detections at all receivers were processed using the Fathom Position web platform by InnovaSea.1

Using the reference acoustic emission from each acoustic receiver, the clock drift of a receiver was
corrected for using linear regressions over the time difference between different receivers [29]. This
correction allowed the time synchronization of detections across the receiver network and was an

1https://www.innovasea.com/fish-tracking/products/fathom-software/
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Figure 1. Study set-up. (a) Overview of the study area (red rectangle). The monitoring took place around a single monopile in the
Borssele OWF in Dutch waters. (b) Photograph of the type of concrete pipes deployed on the seabed as artificial reefs. The arrangement
of pipes is given in table 1. (c) Acoustic telemetry network and surrounding structures (R01–R04 and monopile L08). Because of the
loss of equipment, the two datasets considered in this study had altered coverage (red downward triangles for the 2021 dataset and
open blue rectangles for the 2022 dataset) relative to the initial deployment (solid black circles). Scour protection was installed around
the monopile and the southernmost artificial reefs (R03–R04, labelled with an asterisk). The rock protection consisted of a rock pad
with a top-footprint radius of 12.5–14.5 m and a layer thickness of 0.7–1.2 m.
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essential step to further compute accurate positioning. From the synchronized detections, two-dimen-
sional locations were computed using the time difference of arrival (TDOA) [30]. To calculate a
two-dimensional position, simultaneous detection by at least three receivers was required.

Alongside positioning using TDOA, an indicator of accuracy for each position was computed [29],
so-called horizontal position error (HPE). The HPE is a dimensionless quantity calculated through
multiple receiver combinations. The profile of HPE is specific to each acoustic network set-up, i.e.
not comparable to other studies. Similar to [17,31,32], the HPE associated with each cod position was
used to filter out deviates. Here, the highest 2% HPE quantile was filtered out. In addition, detections
associated with temporal and spatial trends indicating tag loss or death were removed.

2.4. Data analysis

2.4.1. Spatial use

In order to investigate the spatial utilization of the study area and determine home-range size,
utilization distributions (UD95) were computed using kernel densities with the ‘adehabitatHR’ R
package [33]. When fitting kernel densities to estimate home range, the most important parameter is
the smoothing factor as it underpins the fitting of the kernel density. A fixed value of h = 6 was chosen
over a parametric estimation because of the large number of cases (number of individuals and number
of days for each) and the need to standardize the calculations over the different individuals. As for the
magnitude of smoothing, based on examining the daily spatial distribution of fish positions, a value
that best captured point densities was chosen, optimizing the degree of under- and over-smoothing
[34–36].

Home ranges were fitted daily for each individual over day and night periods (electronic
supplementary material, figure S2, for examples). Individual home ranges were defined as the
smallest area containing 95% of the UD (UD95). Home ranges were further filtered based on the
following criteria: (i) the polygon should be derived from at least six positions, (ii) the time extent
of the positions within the polygon should be greater than 2 h. Each home-range polygon was
further associated with structures in the study area (reef, turbine, acoustic receivers). To associate
each polygon to a structure, it was first envisioned to have a condition on the containment of
the position of the structure in the home-range polygon. However, it was not satisfactory in few
cases where the home-range polygon was in the vicinity of the structure but did not contain it.
When deploying each receiver, GPS positions were taken from the water surface, which introdu-
ces an uncertainty on the position of each receiver on the seabed. While the location of each
receiver was calibrated relative to a single receiver, an offset of a few metres might have persisted
in the process. Consequently, the association between home-range polygons and structures was
done based on the distance from the structure to the centroid of the home-range polygon. The
association was made with polygon centroids at a distance less than 30 m from a structure. Site
fidelity was derived for each home-range polygon and represents residency over a small time
scale (i.e. per animal, day and day/night periods). Over a given period (per animal, day and day/
night period), the total number of existing positions is N  and a subset Np  are contained within a
home-range polygon. The fidelity to this home-range polygon is derived as: F = N /Np.

Table 1. Reef information and animal release at site.

structure number of
pipes 0.5 m

number of
pipes 1.0 m

number of
pipes 1.5 m

scour protection batch 2021
number of fish
released

batch 2022
number of
fish
released

R01 21 12 12 12 4

R02 21 12 12 8 7

R03 21 12 12 yes 13 3

R04 21 12 12 yes 12 5

L08 – – yes 0 0
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2.4.2. Inferring hiding in artificial structures

The four artificial reefs consisted of concrete pipes which provided shelter to the animals. When
entering the pipes, the acoustic emissions of the tags are expected to be strongly reduced, hampering
the ability to derive fine-scale positioning. To determine the time at which the animals hide in the
pipes, a non-spatial hidden Markov model (HMM) was used using the ‘momentuHMM’ R package
[37]. HMM is a widely used modelling framework for inferring latent animal behaviours (hidden
states) given a sequence of observations (data streams) configured by probability distributions [38].
The input data were binned per 10 min based on all detections (with and without successful position-
ing). The HMM was configured with three data streams: (i) the mean distance to the closest reef, (ii) the
number of unique receiver IDs, and (iii) a binary on the presence of at least one successfully inferred
TDOA position. For data stream (i), it is important to note that the distance to the closest reef could
only be computed when TDOA was successful. For intervals without successful TDOA positioning,
the distance to the closest reef was interpolated based on the closest values. The distance to the closest
reef and the number of receiver data streams were modelled using a Gamma distribution parametrized
with mean and standard deviation. The binary on TDOA positioning presence was modelled with a
Bernoulli distribution, parametrized with the probability of occurrence. Four different states for the
HMM were defined based on the three data streams: (i) at reef without TDOA positioning (i.e. hiding
within the concrete pipes, HS1), (ii) at reef with TDOA positioning (HS2), (iii) not at reef with TDOA
positioning (HS3), and (iv) not at reef without TDOA positioning (HS4). Using the HMM, the sequence
of states was decoded using the Viterbi algorithm [37] and could be associated with each 10 min
interval. Using these decoded states, the proportion of hiding in the structures (HS1) was computed
per day (based on 10 min bins) for each animal. The proportion of hiding was further modelled using
a general additive model (‘mgcv’ R package [39]). Model covariates were individual fish ID (smooth
with random effect, k = 45), artificial reef location (as categorical), mean daily current speed (m s−1, as
smooth, k = 9), day of year (as smooth, k = 9) and daily number of individual ID detected (as smooth,
k = 5). The last was particularly important because the presence of numerous tagged animals may
hamper the effective detection of the acoustic tags owing to the collision of signals and may inflate the
estimation of the hiding in the concrete pipes of the artificial structures (HS1).

2.4.3. Behaviour analysis

In order to investigate behavioural patterns around the artificial reefs, a spatial HMM was fitted
to the calculated animal two-dimensional positions using the ‘momentuHMM’ R package [37]. The
HMM was configured similarly to van der Knaap et al. [17] with step length (distance between
two consecutive positions) and fish body acceleration (VeDBA) as data streams to estimate fish
behavioural states (BS). Both data streams were modelled using a Gamma distribution, parame-
trized with mean and standard deviation (s.d.). The HMM was based on positions grouped per
10 min. The number of BS was based on acoustic telemetry studies on Atlantic cod [17,40]:
locally inactive (BS1), locally active (BS2) and transit (BS3). The parameters of the data streams
as estimated by van der Knaap et al. [17] were used as initial conditions for the model. The
HMM model was fitted using an individual random effect by adding the individual fish ID as a
covariate to transition state probabilities. Additionally, the following covariates were tested: current
speed (m s−1), sea surface temperature (SST, °C), day of year, hour of day, individual tag extent (0
at time of release, 1 at time of departure) and distance to the closest reef (m). The environmental
covariates (current speed and SST) were recorded at a weather station 17.7 km from the study
area (electronic supplementary material, figure S3). The different models were ranked and selected
based on model Akaike information criterion (AIC).

3. Results
3.1. Residency and site fidelity
In 2021, 14 individuals left the study area within 5 days after release (figure 2 and electronic supple-
mentary material, table S1), while in 2022, all individuals were residents in the study area for at least 15
days. Overall, residency between the two tagging batches differed significantly (figure 2 and electronic
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supplementary material, figure S4a). Mean residency was 97.6 days for the 2021 batch and 65.5 days for
the 2022 batch (table 2). Notably, for the 2021 batch, residency greater than 280 days was observed for
only three fish. This cut-off is most likely associated with the estimated battery life of 278 days of the
tags, meaning true residency of those individual fish may be longer. In contrast, maximum residency
for the 2022 batch was 107 days. Most fish left the area at the end of September 2021 and at the end of
August 2022 (electronic supplementary material, figure S4b).

Cod resided at the four artificial reefs for periods of time between 31.3 and 93.6 days on average
in 2021 and between 16.7 and 59 days on average in 2022 (table 2). Moreover, only three individuals
resided at a single site less than 80% of their time and other individuals spent most time at a single
reef (figure 3a, electronic supplementary material, table S2). The monopile was only marginally visited
by three individuals of the 2021 batch over 1 day each around the time of release. In few instances,
16 fish stayed for limited time periods at locations not associated with one of the artificial reefs or
the turbine (e.g. acoustic receivers or unidentified features, electronic supplementary material, table

Jul 2021

Early leave Spring Summer Winter

2022 batch

2021 batch

Oct 2021

ID

Jan 2022 Apr 2022 Jul 2022

Autumn

Figure 2. Overview of tag detections over the entire monitoring period. Colours represent the seasonal timing and the labelling of
individuals who left the monitoring area prematurely (i.e. residency below 5 days).

Table 2. Fidelity, home range and residency across different locations. N is the number of home-range polygons over which metrics
are computed. Mean and s.d. for fidelity and home-range metrics are computed across all days and all individuals. Mean and s.d. for
residency are computed across all individuals. In 2022, no individual visited the turbine (L08).

location home-
range
mean (m2)

home-
range s.d.
(m2)

fidelity
mean

fidelity s.d. N days
mean
(no.)

N days
s.d. (no.)

N (no.)

2021 all 1129 492 0.93 0.14 97.6 87.2 2632

other 1894 1691 0.44 0.36 3.9 4.4 77

L08 2593 1294 0.66 0.13 1.0 – 2

R01 1042 334 0.94 0.09 65.8 94.7 855

R02 1017 353 0.94 0.07 18.6 26.6 130

R03 1225 371 0.94 0.08 62.0 47.3 558

R04 1102 405 0.94 0.08 59.4 71.1 1010

2022 all 1439 571 0.86 0.18 65.5 25.2 928

other 1484 861 0.52 0.36 4.5 4.0 68

L08 – – – – – –

R01 1317 492 0.86 0.14 18.0 25.4 126

R02 1323 477 0.90 0.09 55.4 33.1 443

R03 1879 637 0.72 0.20 16.0 16.6 48

R04 1615 569 0.91 0.10 30.4 33.4 243
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S2). This occurred mainly just after release or just before the animal left the monitoring area. The
home-range size varied between reefs and was larger for the 2022 batch (table 2).

Site fidelity between the artificial reefs, the turbine and other structures differed (figure 3b, left
panels, table 2). Fidelity was close to 1 at the reefs, meaning cod stayed consistently at these locations
all day, in contrast to other locations (table 2). Across all tagged fish, the marginal visit to the tur-
bine limited the comparison. Fidelity for the southern reefs (R03–R04) with scour protection and the
northern reefs (R01–R02) without scour protection were of similar magnitude (figure 3b, right panels),
except for a lower fidelity for R03 in 2022, owing to receiver losses around this reef in 2022, which
impacted the effective TDOA positioning and induced large positioning error (electronic supplemen-
tary material, figure S5).

3.2. Inferring hiding in artificial structures
The HMM dedicated to inferring hiding in the concrete structures yielded four distinct different states
(HS1–HS4) across the different data streams (electronic supplementary material, figure S6 and table
S3). The further generalized additive model (GAM) modelling of the daily proportion of the hiding
state (HS1) allows us to investigate the effect of different variables individually. Hiding proportion
varied between individuals (figure 4a) with mean values ranging from 0.18 to 0.89. Differences in the
hiding proportion between reefs were limited (figure 4b). In contrast, current speed, daily number of
individual ID detected (i.e. acoustic network load) and day of year exemplify strong relationships.
First, with increased current speed, hiding of the animals in the artificial structures is increased
(figure 4c). Second, the relationship with the number of animals in the monitoring area (figure 4d)
shows an increase in hiding proportion when approximately 15 or more daily individual animals are
detected. The proportion of hiding is stable when under approximately 15. This might be caused by

ID

(a)

(b)

Location

R01

2022 batch
R02

2021 batch

R03*

R04*

other

Jul 2021 Oct 2021 Jan 2022 Apr 2022 Jul 2022 turbine
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0.75

0.50
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F
id

el
it

y
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0.75
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other reef turbine R01 R02 R03* R04*

2
0
2
2

2
0
2
1

Figure 3. Site visiting and site fidelity. (a) Detection of tagged fish and association with different sites. (b) Site fidelity across the
various structures in the monitoring area. The category ‘other’ includes structures other than the artificial reefs and the turbine (e.g.
acoustic receivers or unidentified features). Scour protection was installed around the monopile and the southernmost artificial reefs
(R03–R04, labelled with an asterisk).
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the increased collision risk and subsequent signal loss when more than 15 individuals are present. The
use of GAM modelling allows us to isolate this effect to investigate other variables independently. Last,
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Figure 4. Results of the GAM model for the daily proportion of hiding in the artificial reefs. (a) Proportion of hiding for each individual
fish. (b) Proportion of hiding in relation with daily number of individual ID present (i.e. saturation of acoustic network). (c) Proportion
of hiding at the different reefs. Scour protection was installed around the monopile and the southernmost artificial reefs (R03–R04,
labelled with an asterisk). (d) Proportion of hiding as a function of current speed. (e) Proportion of hiding as a function of day of year.
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contrasting trends can be observed at different times of year (figure 4e), with the lowest point reached
at the end of summer and the peak in hiding reached in winter.

3.3. Behavioural states and spatial distribution
A spatial HMM was used to capture the dynamics in animal behaviour. The optimal covariate
configuration was found as ID, SST, current speed, day of year, hour of day, individual tag extent and
distance to closest reef (m). The optimal model (figure 5, electronic supplementary material, figures S8,
and tables S4 and S5) identified the three BSs as follows: (BS1) low mean and s.d. for both step length
and VeDBA; (BS2) low mean and s.d. for step length and large mean and s.d. for VeDBA; (BS3) high
mean and s.d. for step length and low mean and high s.d. for VeDBA. The spatial distribution of the
TDOA positions was highly concentrated around the artificial reefs (figure 6a). The concentration of
the local BSs (BS1 and BS2) was concentrated around the artificial reefs (figure 6b,c) while the transit
state (BS3) was more widespread (figure 6d).
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Figure 6. Spatial distribution of positions and states. (a) Spatial distribution of positions inferred from acoustic telemetry. The
associated densities for the 2021 and 2022 batches are estimated using a two-dimensional kernel density estimation. The positions are
concentrated around the artificial reefs (R01–R04), as shown by the inferred density distributions. (b) Spatial distribution of the locally
inactive state (BS1). (c) Spatial distribution of the locally active state (BS2). (d) Spatial distribution of the transit state (BS3). Scour
protection was installed around the monopile and the southernmost artificial reefs (R03–R04, labelled with an asterisk).
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4. Discussion
4.1. Attractiveness of the tested artificial reef types
This study demonstrated that cod were strongly attracted to the two types of artificial reefs with
and without scour bed. This was exemplified by the high residency and fidelity at the reefs, but
also local behaviours (i.e. locally inactive and active) as well as hiding behaviour, being concentrated
around these structures. The residence time varied between the two monitoring periods, with ranges
comparable to other studies [9,12,17,19]. The values reported here for fidelity are particularly high
(ranging 0.8–1, table 2), e.g. in comparison with Reubens et al. [19], which reports fidelity ranging
0.13–0.96 with a mean value of 0.7. With the increasing number of telemetry studies on cod in OWFs,
future meta-analyses on generic behavioural patterns in relation to environmental conditions and
hard substrate features and comparison between different OWFs would be recommended to assess
significance.

There were no clear differences in attractiveness between the reefs with scour protection (R03 and
R04) compared with the reefs without (R01 and R02). In addition, even though no cod could be caught
around the turbine (L08), this location is marginally visited by all individuals tagged. In this specific
set-up, the pipe structures of the artificial reefs provided higher attraction compared with the turbine.
Moreover, the artificial reefs with scour protection did not yield higher attraction compared with those
without scour protection. The attractivity of hard substrate has been shown for hard-bottom species
[6] and the seemingly higher attractiveness for the concrete pipe structures compared with the turbine
scour protection bed might be related to the presence of more shelter in the pipes. The modelling of
hiding behaviour in the concrete pipes reveals a high daily proportion of hiding (figure 4a), i.e. strong
usage of the features of the artificial structures. The comparable site fidelity and residency between the
two reef types potentially reveal the lower importance of scour protection compared with the presence
and type of reefs.

It is known that artificial reefs are attractive to a wide range of demersal fish species [5,19] but
the level of attraction can vary between different designs and scour protection [6,24]. A comparative
study along the North-American Atlantic coast on five different types of reefs, i.e. natural rocky
reefs, concrete pipes, concrete reef balls, concrete Atlantic pods and metal shipwrecks [41] showed
similar reef complexity, expressed as digital reef rugosity (DRR) [42], and supported similar fish
abundance, biomass and community composition for the three concrete artificial reefs when compared
with natural rocky reefs. Metal shipwrecks even had a higher DRR and supported different fish
communities than the three concrete artificial reef types and natural rocky reefs. Thus, the more
complex the habitat, i.e. the reef structure, the more attractive [43,44]. Lemoine et al. [41] recommend
concrete pipe-type artificial reefs should be deployed if the objective is to mimic rocky reefs, whereas
deploying shipwrecks may create habitats that surpass natural reefs in fish abundance and biomass
but with different communities. At present, detailed telemetric studies for Atlantic cod determining
local residency and fidelity to different types of artificial reefs and compared with shipwrecks are not
available. One study in a Belgian OWF showed that tagged cod that were caught at monopiles were
also attracted to nearby reef balls [32].

4.2. Differences between the two study years
Differences in site residency, fidelity and timing of leaving the study area were found for the two
batches of cod tagged in 2021 and 2022. Cod from the 2022 batch had lower residency (figure 2)
and larger home range (table 2) and left the study area earlier in the year, than the 2021 batch. This
confirms that cod has a strong tendency to reside in the area in summertime and especially around
the artificial structures [12] with the possibility for some individuals to remain in the same OWF
throughout the year [9]. The difference in residency could be owing to (i) the timing of tagging, May
in 2021 compared with July in 2022, (ii) the temperature profiles, with higher temperatures occurring
during 2022 (electronic supplementary material, figure S3; above 21°C compared with 19°C in 2021), or
(iii) unidentified disturbing activities in the vicinity of the site. Tagging earlier in the year may concern
younger cod, which was reflected in the catch length distribution (electronic supplementary material,
figure S1), for which perhaps a higher fraction of the individuals had not settled yet when transiting
from wintering to summer grounds, than when caught later in the summer season [12]. Within Atlantic
cod, southern North Sea cod show the highest temperature tolerance; however, an upper temperature
limit has not been identified yet [45]. The current datasets are too limited to disentangle these potential
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timing and temperature effects underlying year-to-year differences as well as any potential impact
from anthropogenic activities, but the dataset can be used in future meta-analyses comprising more
studies.

4.3. Biological interpretation of behaviour states
The spatial HMM yielded three different behavioural types/clusters (BS1−BS3). These states are
consistent with other studies on Atlantic cod [17,40]. Because no direct observation of their behaviours
in a direct ecological context is available, it is difficult to link these states directly to underlying
behaviour. Given the length distribution, the smaller individuals were still juveniles while the largest
individuals might concern first spawners [46]. BS1 might be more related to sheltering behaviour,
whereas BS2 might be more related to actively seeking and handling prey, i.e. feeding behaviour, and
possibly also BS3 might include feeding behaviour or excursions outside the artificial reefs. Given
that a large proportion of their time budget is spent in the direct vicinity of the artificial reefs, it
is likely that these play an important role as feeding habitat as well as sheltering. The sheltering
function of the reefs is furthermore demonstrated through the inferred hiding behaviour of cod in
the concrete pipes, based on the non-spatial HMMs in relation to current speed and seasons (figure
4d,e). This is in line with evidence of local production in cod at artificial reefs in the southern North
Sea as found in other OWF studies [12,21]. To further address behaviour of cod in relation to the role
and functioning of these newly created reefs, a combination of different techniques and methods is
needed, e.g. three-dimensional telemetry, passive and active acoustics, visual observations/cameras,
ichthyoplankton, genetics, diet and stable isotope studies.

4.4. A broader perspective and implications
In order to quantify the consequences of the findings presented here on population levels, for instance
in relation to the ‘attraction–production issue’ [13,14], additional data next to the behavioural tracking
data need to be acquired. First, the hereby dataset comprises only a limited area containing four
artificial reefs and one monopile, and no larger-scale movement could be tracked. Monitoring of
migration routes, migration success and link with artificial reefs at large would be essential to establish
any positive net effect on population levels. The rapid developments towards a large European
network of acoustic telemetry arrays can make this possible [47]. Second, more insight into the role
and functioning of the reefs in relation to feeding and energy expenditure can be gained, e.g. by
using diet and stable isotope studies in combination with dynamic energy budget (DEB) modelling
[48,49]. Finally, local cod abundance and biomass of aggregations near the reefs can be determined,
e.g. by active or passive acoustics [50] and in combination with sampling surveys, in relation to overall
population-level assessments and population structure in the southern North Sea [51].

The results presented show a strong attraction to the artificial pipe structures with or without
scour bed and indicate that adding more shelter to artificial reefs, thus making them more complex,
makes them highly attractive for cod. An explanation for this attraction to the pipe structures is most
likely that they mimic natural hard substrate better than scour bed alone, i.e. oyster reefs would
have also provided large hiding places. This result is in line with results from a meta-analysis study
done by Paxton et al [52] that analysed studies comparing fish communities at natural and artificial
reefs. They found that across reef ecosystems, artificial reefs support comparable levels of fish density,
biomass, species richness and diversity to natural reefs, but that materials choice in artificial reefs
is important [41,52]. Thus, the proper design of artificial reefs is important for species attraction
and protection [24]. The types of artificial reefs could aid in the creation of multi-purpose areas
(North Sea 2016–2021 Policy Memorandum, https://www.government.nl/binaries/government/docu-
menten/policy-notes/2015/12/15/policy-document-on-the-north-sea-2016-2021/nz-eng-beeldscherm.pdf)
inside OWFs in which ecological goals (EU Biodiversity Strategy for 2030, https://environ-
ment.ec.europa.eu/strategy/biodiversity-strategy-2030_en) are met by creating artificial biogenic
temperate reef structures lost to the North Sea.

5. Conclusion
This study provides insights into the use of two types of artificial reef structures (concrete pipes of
different sizes with and without a scour bed) by Atlantic cod in an OWF. Results from a fine-scale
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acoustic telemetry study demonstrated that these artificial reefs attracted cod, which showed high
fidelity and residency at both types of artificial reefs. Modelling of cod behaviour also revealed
different types of local behaviours around the reefs and a substantial proportion of their time hiding
in the structures. Artificial reefs that included scour bed protection did not exemplify a significant
additional effect of this hard-bottom structure in relation to their attractiveness for the cod. It has been
shown that rock scour protection and turbines are highly attractive for cod [6,19,24], but our results
suggest that the artificial reefs investigated in this study potentially provide more attractive features,
such as the ability to hide in the structures for protection (e.g. against high current speeds). If the
current lack of areas with hard substrate habitat in the southern North Sea is a true constraint in the
ontogenetic population development of cod, then adding artificial reefs consisting of concrete pipes
can serve as a suitable, low-cost and efficient measure to enlarge this area. This can be done in addition
to the relatively limited area that the scour bed structures around turbines provide in current and
planned OWFs in the North Sea.
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