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ARTICLE INFO ABSTRACT

Keywords: The development of offshore wind farms (OWFs) in coastal seas presents both risks and opportunities for
Habitat use threatened elasmobranch populations, but their actual influence on elasmobranch presence and habitat use re-
eDNA

mains unclear. As more OWFs are planned, the lack of available space puts pressure on stakeholders to create
multi-use areas as demands from fisheries, conservation and the energy sector become increasingly overlapping.
Insight into interactions between these demands is needed to support policymakers in marine spatial planning
and management decisions. One of the important questions is to what extent OWFs influence elasmobranch
presence and habitat use. Here, we (i) ascertain elasmobranch occurrence in OWFs, (ii) determine whether
elasmobranch presence varies between sampling locations, and (iii) investigate the influence of seasonality on
elasmobranch presence. We collected 436 seawater samples within four OWFs and the presence of 5 different
elasmobranch species (2 sharks, 3 skates) was confirmed. The overall detection probability of elasmobranchs in
the four OWFs was 8.5 %. A quarterly sampling campaign over 2 years demonstrated the seasonality of Mustelus
asterias on the subsea power cables, which corresponded with known migratory movements of this species. Our
findings confirm that sharks and skates are present in OWFs. We advise caution when introducing multi-use
activities that could counteract the benefits of bottom trawling fisheries exclusion. Investigating how these
threatened species use OWFs would aid policymakers in determining the (multi-use) function of OWFs in terms of
EU legislative acts including the Habitat Directive, MSFD, Biodiversity Strategy 2030 and the Nature Restoration
Law.
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mammalian predators (Heessen et al., 2015; Heithaus et al., 2008).
Anthropogenic pressures such as (by-catch in) fisheries and habitat

1. Introduction

The rapid expansion of offshore energy production is considered
necessary for advancing the renewable energy transition. In European
Union waters, offshore wind capacity is planned to expand from the
current ~20 GW-60 GW by 2030, and an anticipated 300 GW by 2050
(EU commission, 2024; European Court of Auditors, 2023; Wind Europe,
2024). This growth necessitates the installation of subsea power cables
(SPC) to handle over 15 times the current volume of wind-generated
electricity.

Almost 20 species of elasmobranchs inhabit the Greater North Sea
(Heessen et al., 2015). Elasmobranchs have historical importance to
fisheries and play a key role in marine ecosystems where they regulate
prey populations and are prey themselves for larger pelagic and
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destruction put pressure on elasmobranchs globally, including in the
southern North Sea (Bom et al., 2022; Dulvy et al., 2021; Gallagher et al.,
2012; Pacoureau et al., 2021; Sguotti et al., 2016). The relatively recent
and rapid development of offshore wind farms (OWFs) has raised con-
cerns about the effects of OWFs as expressed by NGO’s and fisheries
organisations (EMK Foundation, 2020; The North Sea Foundation,
2022), but also within regulatory frameworks aimed at protecting
elasmobranchs such as OSPAR and Marine Strategy Framework Direc-
tive (MSFD) (Hermans and Schilt, 2022; OSPAR, 2008).

With a design life of over 40 years, it is important to consider the
possible effects of OWFs and SPC during the operational phase. Chem-
ical pollution, vessel movements, heat dissipation and electromagnetic
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fields (EMF) generated during power transport will influence elasmo-
branch habitat and could influence species distribution or behaviour
(Copping et al., 2021; Danovaro et al., 2024; Hasselman et al., 2023;
Hendon et al., 2024; Taormina et al., 2018). EMF is considered a
particular risk for elasmobranchs as they are highly sensitive to natu-
rally existing electric and magnetic cues. The effects of OWFs and
SPC-induced stressors are relatively unknown but are hypothesised to
range from attraction to confusion (Gill, 2009; Hermans et al., 2024;
Hutchison et al., 2020; Taormina et al., 2018). The exposures occur on a
relatively small spatial scale (tens to hundreds of meters). However, the
potentially resulting disturbances have a large-scale longitudinal
component, as export cables traverse extensive sections of the ocean
seabed (hundreds of kilometres) and inter array cables within fixed
bottom OWFs form an interconnected network of cables, covering areas
of 200-400 km? (Hermans et al., 2024).

Conversely, the absence of bottom trawl fisheries in OWFs strongly
reduces by-catch and relative bottom rest allowing recovery of natural
reef formation. These benefits might increase foraging opportunities
(Pardo et al., 2023; Wright et al., 2020) and undisturbed embryonic
development within sessile egg cases. Additionally, the ‘reef effect’ from
the hard substrate used for scour protection of the turbine foundation
may benefit elasmobranchs depending on species-specific habitat and
dietary preferences (Degraer et al., 2020; Langhamer, 2012; Pardo et al.,
2023; Werner et al., 2024; Zupan et al., 2024). Species such as cod
(Werner et al., 2024) and lobster (Thatcher et al., 2023) have already
been shown to benefit from these effects, while this is yet to be
demonstrated for elasmobranchs.

The rapid expansion of OWFs has significantly intensified competi-
tion for space in the already heavily utilised southern North Sea. Multi-
use areas that balance the demands of fisheries, nature conservation,
and the energy sector are proposed to overlap these different functions
(Li and Jay, 2020; Piits et al., 2023; Stelzenmiiller et al., 2022). This
results in pressure being placed on the existing ban on bottom trawling
in OWFs, such as those present in the Netherlands, which undermines
the potential positive effects for sensitive elasmobranch populations.
Conversely, it is unclear if there are effects that impact elasmobranchs’
ability to utilise these OWF habitats. The lack of comprehensive
knowledge regarding the impacts of OWFs on elasmobranch populations
complicates policy decisions related to spatial planning and multi-use
strategies, including complementary forms of fisheries. Furthermore,
EU legislative acts including the Habitat Directive, MSFD, and the
Biodiversity Strategy 2030 (part of the European Green Deal),
(European Parliament, 1992, 2008, 2020) also face challenges in
meeting their objectives due to the limited understanding of OWF im-
pacts on elasmobranchs. In addition, the implementation of habitat
restoration measures for sharks and skates is measured by the recently
adopted Nature Restoration Law (item 45 Nature Restoration Law,
2024). However, it remains uncertain whether OWFs could serve as
suitable habitats for monitoring this species group.

Recent studies have applied Environmental DNA (eDNA) monitoring
to study the presence and biodiversity of elasmobranchs, demonstrating
greater detection success compared to traditional trawling-based
methods from which faster or smaller individuals can escape (Bakker
et al., 2017; Cornelis et al., 2024; Dukan et al., 2024; Leurs et al., 2023;
Liu et al., 2022). These studies have demonstrated that eEDNA may offer a
potentially low-cost, non-invasive alternative to traditional survey ap-
proaches in temperate waters and can be upscaled for routine moni-
toring (Miya, 2022).

Despite its potential, eDNA has hardly been used to study elasmo-
branch populations in fixed-bottom OWFs. Other methods, such as
trawling and baited remote underwater video (BRUVs), have reported
on the presence of elasmobranchs in fixed-bottom OWFs, including
blonde ray Raja brachyura, thornback ray, Raja clavata and small-spotted
catshark, Scyliorhinus canicula in the Arklow sandbank wind farm
(Atalah et al., 2013) and Scyliorhinus stellaris in the Walney wind farm
(Irish Sea) (Griffin et al., 2016). Labourgade et al. recently showed site
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fidelity of S. canicula at monopiles with scour protection in the OWF
Saint Nazaire in France (Labourgade et al., 2024). In the North Sea,
elasmobranchs in OWFs have been anecdotally recorded thus far. For
example, Wright et al. (2020) used tagging data and GAM modelling to
study if artificial structures influence fish abundance, finding that OWFs
did not influence R. clavata abundance. The few eDNA studies in North
Sea OWFs, such as Hestetun et al. (2023) and Doorenspleet et al. (2024),
have shown contrasting results in detecting elasmobranchs in OWFs,
particularly in R. clavata, and have only collected samples in summer.

The limited data on elasmobranchs in OWFs underscores the need for
focused research to understand (seasonal) presence and habitat use. This
data could subsequently be used to inform policy and management de-
cisions on the role of OWFs for this pressured species group and decide
on multiuse developments (Andersson and Ohman, 2010; Bergstrom
et al., 2013; Stenberg et al., 2015; Van Hal et al., 2017; Vandendriessche
et al., 2015; Wilhelmsson et al., 2006). To compare elasmobranch
biodiversity and seasonality in OWFs in the southern North Sea, 436
eDNA samples were collected from four OWFs and analysed using 12S
(MiFish) and COI (Raja-specific) metabarcoding. This study aimed to (i)
ascertain elasmobranch occurrence in OWFs, (ii) determine whether
elasmobranch presence varies between SPCs and other sampling loca-
tions, and (iii) investigate the influence of seasonality on elasmobranch
presence.

2. Materials and methods
2.1. Sample area and sampling design

Two types of eDNA sampling campaigns were undertaken: [1] a
repeated sampling campaign over two years in OWF “Borssele”, and [2]
inconsecutive sampling in three additional OWFs - “Gemini (ZeeE-
nergie)”, “Luchterduinen”, and “Hollandse Kust Zuid” (HK(z)).

The Borssele wind farm is located approximately 25 km from the
southwest Dutch coast. Sampling was conducted from the Buoy-Laying
Vessel “Rotterdam” or “Terschelling” on eight consecutive occasions
at ~ quarterly intervals beginning in March 2022. Nine locations were
sampled, three within the OWF, three outside directly above the export
cable, and three in a reference location north of the OWF (Fig. 1). Each
location was sampled in triplicate, yielding 27 1.5 L water samples per
sampling campaign and 216 samples in total. A mounted rack holding
three 2.5L Niskin bottles (KC Denmark) was suspended 1 m above the
seabed to collect seawater. From each Niskin bottle, 1.5 L seawater was
decanted into a sterilized 2.5 L brown polypropylene bottle (Table S1).
The mounted rack, Niskin and brown polypropylene bottles were steri-
lised using 1:10 dilution of household bleach:water (<5 % chlorine).
During each sampling day, a negative control sample consisting of
bottled drinking water was collected. Samples were filtered within 15
min of collection, in parallel through 1.2 pM cellulose nitrate filters
(Sartorius) using a vacuum pump (Rocker 400) equipped with a 3
chamber 0.5 L filtration system and stored in 1.5 ml screw cap Eppen-
dorfs containing 400 pL. DNA/RNA shield (Zymo). Samples were stored
at —20 °C until DNA extraction.

The other three OWF were sampled between November 2021 and
July 2023 from different vessel types, mainly Crew Transfer Vessels
(CTVs). The sampling design for these surveys was not aimed at col-
lecting elasmobranch DNA or potential EMF effects, but the data were
deemed suitable for use in this study. In OWF Gemini, eDNA samples
within the OWF were taken above a nature enhancement area with
outplaced shells and European flat oysters (Ostrea edulis). In OWF HK(z),
samples were taken from inside monopiles, above the scour protection of
monopiles and at locations 50 and 200 m downstream of, or perpen-
dicular to, the current from the monopiles. The samples from OWF
Luchterduinen were also taken above the scour protection and in be-
tween turbines above a nature enhancement location with flat oysters.
Due to the different sampling designs, the number of replicates varied
per campaign (Table S1). Other methods were comparable, although
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Fig. 1. Overview of the Dutch North Sea where the existing subsea power cables are indicated by the grey lines and future cables are indicated by the dotted lines.
The sampling locations in the offshore wind farms (OWF, green areas) are shown with a round dot for Borssele (orange) Hollandse kust Zuid (turquoise), Luch-
terduinen (purple) and Gemini (pink). This figure includes an overview of the Borssele OWF indicating the sampling locations within the OWF (6, 7 and 8), on the
SPC cable (A, B, C) and outside the OWF in the reference area (3, 4, 5). (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

samples were taken using single 5L Niskin bottles, so replicates were
taken one by one after each other. Filtering took place within 8 h and not
in parallel. Overall, 14 campaigns were organised where a total of 220
samples were taken within the OWFs, but lacking a regular interval.

2.2. DNA extraction

DNA extractions were performed using the DNeasy Blood & Tissue
kit (Qiagen, Germany), following the manufacturer’s tissue sample
protocol with some modifications. The modified protocol added 20 pL
proteinase K to the Eppendorf tubes containing the eDNA filter and 400
pL DNA/RNA shield. Samples were vortexed and incubated at 56 °C for

1-3 h. Additionally, the volume of AL buffer and >99.8 % ethanol were
doubled to 400 pL to maintain equal buffer concentrations. The spin
column stage was repeated twice to process the entire volume. Finally,
DNA was eluted in 50 pL AE buffer with an incubation time of 5 min.
DNA quality and quantity were assessed using a DS-11 spectrophotom-
eter (DeNovix, USA).

2.3. Metabarcoding

MiFish U/E primers from Miya et al. (2015), targeting the 12S rRNA
gene, were modified to increase the amplification efficiency of the nine
most common elasmobranch species in the Dutch North Sea (Table S2).
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This resulted in the adapted forward primer MiFish_U/E_V2_FW (5 -
GTYGGTHAAWCTCGTGCCAGC - 3') and the adapted reverse primer
MiFish_U/E_V2_REV (5 -ATAGTRGGGTATCTAATCCTAGTTT - 3").

Specific primers for the Raja genus were designed to accurately
identify which Raja species were detected in the eDNA samples using
reference sequences of Raja species known to occur in the North Sea
(Table S2). Specifically, Raja brachyura, Raja clavata and Raja montagui
(spotted ray) were used by targeting a ~270 bp fragment of the COI
gene, specificity of the primers was tested using non-target elasmo-
branch species (Table S2). Primers were designed using Geneious Prime
(V 11.0.20.1) which resulted in the forward primer Raja_COIF117 (5' -
AGAACTAAGTCAACCCGGGA - 3) and the reverse primer Raja_-
COIR304 (5' - GRACAGGTTGRACAGTCTAC- 3).

For certain samples (S1), no DNA was amplified using the MiFish
primers. However, amplification of longer DNA fragments was achieved
using primers targeting the 16S ribosomal gene (~519 bp)
(Craeymeersch et al., 2019) or a ~2000 bp fragment spanning the
adjacent ribosomal genes 12S and 16S (Doorenspleet et al., 2024).
Detailed methodologies for these primers can be found in the respective
studies.

Both MiFish primer sets and the Raja-genus primers were appended
at the 5’ end with an Oxford Nanopore Technologies (ONT) tag so that
samples could be multiplexed during ONT sequencing using PCR-based
barcoding.

All PCR amplification was performed using 2 x Phire Tissue Direct
PCR Master Mix (ThermoFisher Scientific, USA). The total PCR reaction
volume was 10 pL, consisting of 5 pL 2x Phire Tissue Direct PCR Master
Mix, 0.1 pL of each primer (10 pM), 3.8 or 4.3 pL nuclease-free water
(NFW) and either 1 pL or 0.5 pL undiluted eDNA or 1 pL 10x diluted
eDNA template, depending on successful PCR amplification. PCR re-
actions were run in duplicate. DNA extraction controls and PCR controls
were included in each PCR. The 12S rRNA PCR program was as follows:
98 °C for 3 min, followed by 35 cycles of 98 °C for 10 s, 59 °C for 10 s,
72 °C for 10 s, and a final extension at 72 °C for 3 min. All PCR products
were evaluated on a 1.5 % agarose gel via gel electrophoresis before
pooling successful replicates.

The PCR amplification for the COI Raja-genus specific primer set was
performed nearly identical to the MiFish primer set, with duplicate re-
actions of 0.5 pL undiluted DNA template as input. The COI PCR pro-
gram was as follows: 98 °C for 3 min, followed by 40 cycles of 98 °C for
10s, 58 °C for 10 s, 72 °C for 10 s, and a final extension at 72 °C for 3
min. Following amplification, PCR products were visualised on a 1 %
agarose gel via gel electrophoresis and successful duplicate reactions
were pooled and taken forward to library preparation.

2.4. Library preparation and ONT sequencing

The 96 PCR barcoding kit (EXP-PBC096) (Oxford Nanopore Tech-
nologies, UK) was used to barcode all amplicons. PCR barcoding and
library preparation was performed following the same method as
described in De Leeuw et al. (2024) for most sequencing runs. The only
difference in later sequencing runs performed was that for the last 4
sampling campaigns at Borssele (summer 2023, autumn 2023, winter
2023, spring 2024), the samples were pooled on ice instead of at room
temperature due to barcode hopping (mis-assignment of barcodes and
samples). Barcode hopping correction was conducted for the earlier
samples (all the other OWF samples and the first 4 Borssele samples
which had been pooled at room temperature).

2.5. Bioinformatics and taxonomic assignment

All fast5 files were basecalled in super accuracy mode to fastq files,
using ONT guppy basecalling software version 6.5.7 and config file:
dna_r10.4.1_e8.2_400bps_5khz sup.cfg. Processing, filtering and anal-
ysis of the basecalled reads was performed using the Decona pipeline as
described in Doorenspleet et al. (2024). To run Decona for the MiFish
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12S rRNA amplicon the following command was used: decona -T 28 -f -q
10 -1 150 -m 240 -g "GTYGGTHAAWCTCGTGCCAGC; max_error_rate =
0.1; min_overlap = 17 ... CAAACTAGGATTAGATACCCYACTAT; max -
error_rate = 0.1; min_overlap = 21" -c 0.96 -n 10 -r -0 1 -R 500 -k 6 -M
-b/path/nt_euk.

The.pods5 files generated for the Raja spp. primer set were basecalled
using dorado version 7.4.13 to super accuracy mode using the config file
dna_r10.4.1_e8.2_400bps_sup@v4.3.0.cfg. Then, the resulting reads
were processed by Decona (v1.5) using the following command: decona
-T 28 -f -1 200 -m 240 -g "AGAACTAAGTCAACCCGGGA; max_error_rate
= 0.1; min_overlap = 15 ... GTAGACTGTYCAACCTGTYC; max -
error_rate = 0.1; min_overlap =15"-c0.99-n 100 -0 1 -r -k 6 -M -b/path/
nt_euk. The reference database used for classification through BLAST
(integrated in the Decona pipeline) consisted of the complete eukaryotic
nucleotide database downloaded from NCBI (downloaded 11-04-2024).
Decona’s output was further analysed using R (v4.3.0) in R studio
(v2022.02.3), making use of the tidyr (v1.3.0) and dplyr (v1.1.2)
packages. Percentage identity for species identification was set to >99 %
in order to be taken for final data analysis. Tag leakage was observed in
some sequencing runs, therefore a 0.6 % tag leakage read correction was
performed as described in De Leeuw et al. (2024).

The methods outlined were specifically applied to OWF Borssele. For
the other OWFs, slight variations in methodology occurred due to earlier
data collection. Most notably, the PCR reactions for the Borssele samples
were performed in triplicate biological replicates, and duplicate tech-
nical replicates, whereas triplicate PCR replicates and one to nine bio-
logical replicates were used for the other OWFs. Samples from HK(z),
Luchterduinen, and Gemini were processed using the original MiFish U/
E primers from Miya et al. (2015). Earlier versions of Decona and the
nucleotide database targeting elasmobranch species were used for these
samples. These methodological differences are not expected to influence
the overall results of the analysis.

The MiFish U/E primers could not differentiate sufficiently between
Raja spp. therefore, Raja-specific COI primers were used on these eDNA
samples. Amplification success was limited, with eight of the eighteen
eDNA samples showing a positive target amplification using gel elec-
trophoresis. All eight samples were sequenced, but after the bioinfor-
matics pipeline only four resulted in the detection of one or more Raja
spp. In two instances, the initial detection of R. clavata (MiFish) and
R. miraletus (18S) was reduced to just R. clavata. The other two instances
confirmed the initially detected species of R. clavata, as R. montagui and
R. brachyura, respectively.

Descriptive statistics such as the number of detections, mean +
standard deviation and percentages were used to determine the detec-
tion rate and the seasonality of Mustelus asterias. Months were described
as seasons based on the meteorological seasons for the northern hemi-
sphere, where March, April and May are considered spring, June, July
and August are summer, September, October, November are autumn
and December, January and February are winter.

3. Results

Using the adapted MiFish U/E primers (Miya et al., 2015) the
detection rate of elasmobranch species across all samples was 8.5 % of
the total 436 samples. M. asterias was the only elasmobranch detected in
12 out of 216 samples at the OWF Borssele, predominantly in autumn
and spring (Fig. 2). At OWF Gemini, samples where R. clavata was
detected were collected predominantly in the autumn (Fig. 2). At OWF
Hk(z) Cetorhinus maximus (basking shark) eDNA was abundantly
detected but only seen in winter 2021. At OWF Luchterduinen, only
spring (May) was sampled, and R. clavata and R. montagui were detected.
The most common elasmobranch species across the four OWFs was
R. clavata, detected in 3 of the 4 OWFs, recorded in 57.1 % of the samples
in OWF Gemini, 2.1 % of the samples in OWF HK(z) and 1.6 % in OWF
Luchterduinen, showing a high variability in detection rate across the
OWFs. The rarest elasmobranch was R. montagui, detected only once
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Fig. 2. Presence of elasmobranch species for each offshore wind farm (OWF) (from north to south) across the four seasons. The coloured icons represent species:
Cetorhinus maximus (light blue), Mustelus asterias (green), Raja brachyura (red), Raja montagui (dark blue), and Raja clavata (orange). The sampling effort (# of
campaigns indicated in brackets) differed for each OWF. The outline of M. asterias indicates that OWF Borssele was sampled in the winter season, but no elasmo-
branch DNA was found. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(1.6 %) in OWF Luchterduinen. In OWF Gemini, only R. clavata was
found (Table 1), but the sampling effort was low (n = 14) compared to
the other OWFs. All three skates were detected in OWF Hk(z) samples
(Table 1), with C. maximus being the only shark species, but also the
most detected species (6.9 %). It’s important to note that sampling
frequency varied across the different OWFs (Table S1), potentially
skewing the data as the rate of encountering an elasmobranch differs
from a well-balanced sampling design. In addition, only sampling
campaigns of OWFs with at least one detection were included in the
dataset.

OWF Borssele was sampled every season in 2022 and 2023; there-
fore, the seasonality of M. asterias could be determined. Using adapted
MiFish U/E primers, M. asterias was most often found above the SPC,
detected in four of the eight seasons sampled (Fig. 3). By comparison,
M. asterias was only found in summer within the OWF and at the
reference site. The seasonality observed in the SPC samples is confirmed
in Breve et al. (2016) as a known migration route of M. asterias.

4. Discussion

Five different species of elasmobranchs were found in the four
operational OWFs in the Dutch North Sea in different seasons using
eDNA. The most frequently detected species was Mustelus asterias across
the four OWFs while the rarest species was Raja montagui. The overall
detection rate of elasmobranchs in OWFs was 8.5 %, although this is
biased as only OWF data with at least one detection were included in the
dataset (with exception to OWF Borssele). The two-year quarterly
sampling campaign in OWF Borssele demonstrated the seasonality of
M. asterias, which was more frequently detected above an SPC rather
than in the OWF. However, the overall detection rate of M. asterias was
still less than 10 % in the SPC samples.

Table 1

ion

.= Reference site

OWF

On cable

Sample locat

Season & Year

Fig. 3. Seasonal and spatial variation in eDNA detections of M. asterias shown
as presence (green), absence (purple) or no data (white) at the Borssele offshore
wind farm. Note that there were eight sampling campaigns, but due to weather
constraints, the winter 2023 campaign stretched into the spring 2024 season.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

4.1. Elasmobranch presence and habitat use

Our data reveals the presence of at least five different elasmobranch
species within OWFs across various seasons in the southern North Sea.
These findings suggest that any potential stressors associated with OWFs
are either not acting directly enough or are not strong enough to cause
large-scale deterrence for these species. These findings are corroborated
by research in the Irish Sea and the French Atlantic coast, where similar
elasmobranch species e.g. Raja brachyura, Raja clavata, Scyliorhinus
canicula and Scyliorhinus stellaris were found within OWFs in summer
using different techniques e.g. trawling fisheries, tagging and stereo
BRUVs (Atalah et al., 2013; Griffin et al., 2016; Labourgade et al., 2024).
Conversely, a GAM modelling study based on tagging data showed that
R. clavata were absent from OWFs, favouring shipwrecks (Wright et al.,
2020). The difference with our findings may be due to the relatively few,

Detection rates, calculated as % from the overall sampling effort of elasmobranch species for each offshore wind farm (OWF).

OWF # Sampling campaigns Total # samples Species Total elasmobranch samples
C. maximus M. asterias R. brachyura R. clavata R. montagui

Gemini 2 14 - - - 8 (57.1 %) - 8

Luchter. 5 62 - - - 1(1.6 %) 1(1.6 %) 2

HK(z) 5 144 10 (6.9 %) - 1 (0.7 %) 3(2.1%) 1 (0.7 %) 15

Borssele 8 216 - 12 (5.6 %) - - - 12

Total 20 436 10 12 12 2 37 (8.5 %)
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small and young OWFs at the time of the data collection by Wright et al.
(1999-2002) described in Wright et al. (2020), when reef habitats in
OWFs were developing or construction was still ongoing, causing dis-
turbances. Our results confirm the presence of elasmobranch in OWFs.
The next step is to study how elasmobranchs use OWF habitats and
whether the EMF around SPC will induce subtle or long-term effects.

The presence of M. asterias DNA in spring to autumn in both OWF
and SPC Borssele (Fig. 3) coincides with the seasonal migration of this
species (Brevé et al., 2016, 2020). These data suggest that OWFs do not
hamper migration for this species. In December, C. maximus DNA was
found at several sampling locations in OWF Hk(z). Being an opportu-
nistic filter-feeding elasmobranch, it is expected to be in the southern
North Sea in the summer months for feeding (Austin et al., 2019; Cotton
et al., 2005; Skomal et al., 2004; Witt et al., 2012). Tagging data shows
C. maximus has an optimal temperature preference of 13 °C-20 °C
(Skomal et al., 2004) and spends most of the winter months in warmer
waters (Braun et al., 2018). However, studies show large individual
differences in winter migration patterns (Braun et al., 2018) and
C. maximus are regionally endothermic, producing and retaining heat in
only specific parts of their bodies, which may enable them to exploit
zooplankton in colder conditions (Dolton et al., 2023). In addition, cit-
izen science has confirmed infrequent but yearly observations in winter
in the last decade, indicating a consistent presence (Observation.org,
2024). Although, based on literature, it is reasonably possible that an
individual was present in the OWF, it could be that the DNA found
originated from a dead individual transported by currents, or was car-
ried along following a ship collision, from more southern regions. The
most common skate species found was R. clavata, which coincides with
the recent reports of a recovering population (Sguotti et al., 2016;
Staeudle et al., 2024). We can only speculate on what the habitat is used
for as the species reproduces all year (Saglam and Ak, 2012) and has
shown partial migration movements (Hunter et al., 2005; Kraft et al.,
2024; Sguotti et al., 2016). Possible behaviour of R. clavata in OWFs
could include foraging and reproduction or other life history traits, as
suggested by a tagging study for another elasmobranch species, Scylio-
rhinus canicula (Labourgade et al., 2024). R. brachyura and R. montagui
were also observed in our study, but less frequently and only in summer
and autumn. Tagging individuals with acoustic transmitters in combi-
nation with a receiver array would provide more information about the
habitat use of elasmobranchs in OWFs (Kraft et al., 2024; Labourgade
et al.,, 2024, 2024, 2024; Papadopoulo et al., 2023). Using BRUVs,
unbaited camera systems, or high resolution acoustic cameras could
provide additional information, depending on the experimental set-up,
to explore small-scale behaviour of elasmobranchs as interaction with
prey and conspecifics or residence time (Griffin et al., 2016; Unsworth
et al., 2014).

Over the two years of sample collection in and around the Borssele
OWF, we observed a higher M. asterias presence on the export SPC (eight
detections) as opposed to inside the OWF (one detection) and the
reference sites (three detections) (Fig. 3). This could be attributed to the
SPC acting as an attractant, similar to the aggregation behaviour of the
skate Raja rhina as shown in anecdotal evidence Barry et al. (2008) or
exploratory/foraging behaviour as shown in Leucoraja erinacea
(Hutchison et al., 2020). Alternatively, (activities or infield cables in)
the OWF may have acted as a deterrent during migrations from the north
toward the delta area, or maybe it was just the preferred route. Using
archival tags with a magnetometer and overlapping the data with SPC
locations could help further the understanding of migratory behaviour
in relation to SPC.

4.2. Suitability of eDNA as a monitoring tool in OWFs

Overall, relatively few elasmobranch species [5] were detected in all
four OWFs with a relatively low read count (Table S1). Of the four shark
(M. asterias, Squalus acanthias, Galeorhinus galeus, S. canicula), two skates
(R. clavata, Raja montaqui) and one ray (Dasyatis pastinaca) species
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regularly observed in the North Sea (Heessen et al., 2015), two shark and
both skate species were observed in the present dataset but in low
numbers. The low detection rate can be explained by the generally low
abundance and biomass of elasmobranchs in the North Sea (Heessen
et al.,, 2015; Sguotti et al., 2016). Detection rates varied significantly
across OWFs and specific sampling campaigns, ranging from 0.6 % to
78.6 %, indicating a degree of randomness. The lower sampling rates of
R. brachyura (0.6 %) and R. montagui (1.6-1.8 %) are in accordance with
the low read count of elasmobranch DNA observed in the Belgian North
Sea (0.5 %), in comparable conditions. The low elasmobranch diversity
is especially pronounced in the OWF Borssele, where only M. asterias
was found, despite the two-year monitoring effort. This corresponds
with the single species count observed with bottom trawl surveys on the
OWF site prior to commissioning (Hermans et al., 2024). These findings
suggest that the habitat of the OWF Borssele may be less suitable for
elasmobranchs. While other elasmobranch species were observed in the
OWFs HK(z), Luchterduinen, and Gemini, sampling was performed on
an opportunistic and intermittent basis, so the detection rate cannot be
put in a temporal perspective and may have underestimated the species
diversity. For example, Scyliorhinus canicula was not detected in any
sample, despite using genus-specific primers. However, it is frequently
reported in the Dutch North Sea (Heessen et al., 2015; Kingma and
Walker, 2021) and we would have expected a detection in our samples.
The species has been confirmed in OWFs, showing site fidelity to
monopiles on sandy substrates with scour protection (Labourgade et al.,
2024) and was reported in five out of seven monitoring stations in the
Wadden Sea (Tulp et al., 2022). Studies on the presence of S. canicula in
the southern North Sea are limited, however, the species was omitted
from the North Sea endangered species list due to its frequency in
occurrence (Bos et al., 2020). This is further congruent with the Dutch
elasmobranch association report which lists S. canicula as "least concern”
(Kingma and Walker, 2021). It is possible that their patchy distribution,
together with the limited sampling efforts, has resulted in the species
eluding detection in our samples.

Frequent and long-term sampling Before-After-Control-Impact
(BACI) studies of OWF sites (Methratta, 2021; Stenberg et al., 2015),
would greatly improve insights into spatial and temporal movements of
elasmobranchs. In future research, eDNA may be used to estimate the
abundance of species, or environmental RNA (eRNA) could be used for
routine monitoring and may be able to provide a more accurate repre-
sentation of recent biodiversity in OWFs because eRNA degrades faster
compared to eDNA (Giroux et al., 2022; Marshall et al., 2021; Yates
et al.,, 2021). In addition, using complementary techniques, such as
BRUVs, or data storage tags, could improve the detection rate of target
species and further our understanding of elasmobranch behaviour in
OWFs.

While eDNA has proven itself a valid biodiversity monitoring tech-
nique for elasmobranchs (Bakker et al., 2017; Cornelis et al., 2024;
Dukan et al., 2024; Leurs et al., 2023; Liu et al., 2022), eDNA can be
transported by currents and influenced by environmental factors
(Blackman et al., 2024). In the present study, elasmobranchs were
frequently detected in only one biological replicate out of two or three
(Table S1), emphasising the importance of collecting sample replicates
to increase the likelihood of target detection in dynamic environments
such as the North Sea (Klymus et al., 2020). The accuracy of target
detection depends on, but is not limited to, the gene region of interest,
environmental factors (e.g. water currents), the source of eDNA (e.g.
faeces, skin, mucus etc), the time taken between sample collection and
the accuracy of the water sampling from the location of interest (Barnes
etal., 2014; Collins et al., 2018; Holman et al., 2022; Rodriguez-Ezpeleta
et al., 2021). For example, at the SPC locations, the area of interest is
relatively narrow (<200m), due to the limited spatial effects of the cable
(Hermans et al., 2024). The accuracy of water collection using a Niskin is
also limited, as the exact depth and location of the bottle cannot be
verified underwater, especially when sampling during high currents
(>1 m/s), which are often present in the Borssele offshore area.
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Depending on the local environmental conditions, the optimal water
collection approach should be optimised and validated in future
research as the behaviour and decay of eDNA in the North Sea is
currently unknown. Remotely Operated Vehicles (ROVs) equipped with
eDNA collection equipment and equipment to localise the SPC under-
water could visually verify the eDNA sampling location underwater, and
mesocosm studies could be designed to understand eDNA behaviour in
turbid marine environments.

4.3. Future of elasmobranchs in OWFs

The seasonality of M. asterias in OWF Borssele presented in this study
reflects known migratory periods (Breveé et al., 2016, 2020). This sug-
gests that M. asterias is, at minimum, using the habitat in OWFs as a
migration corridor. However, it is unclear at this stage whether the “reef
effect” is occurring and if elasmobranchs are using the OWF habitats for
other functions such as mating, nurseries or foraging. Importantly, our
data suggest that the detected elasmobranch species were not strongly
deterred by the OWF cables or other possible stressors associated with
OWFs, such as vessel traffic. The longer-term broad-scale effects of
OWFs, such as attraction and disorientation by EMF or the impacts of
chemical pollution, cannot be assessed by the current dataset. Therefore,
continued research is essential to determine whether OWFs provide
additional habitat opportunities such as foraging, egg-laying and
development or nursery areas.

Insight into elasmobranch habitat use in OWFs is essential to un-
derstanding how these habitats could complement conservation efforts.
Multi-use areas could provide an answer to spatial planning challenges,
but care should be taken when allowing bottom trawling in OWFs, as the
benefits of by-catch reduction and seafloor integrity will be lost. Our
findings could be used to inform several legislative tools in the marine
domain. Firstly, environmental impact assessments (EIAs) on the effects
of OWFs on elasmobranchs can be supported, which are required for
permits for offshore developments under European Union Directive
(European Union, 2014). Secondly, our findings play a small role in
exploring potential effects of EMF that can put pressure on the marine
environment, as is described in the MSFD, descriptor 11 ‘Energy’ (Annex
I, European Parliament, 2008). Marine Spatial Planning could benefit
from understanding the role OWFs play as a possible refuge for threat-
ened elasmobranch species. For example, the possibility to apply habitat
restoration measures for sharks and rays, as described in the Nature
Restoration Act, in OWFs. Lastly, our findings befit the understanding
needed for the OSPAR framework, which aims to keep the seas biolog-
ically diverse, and identify and mitigate the impacts of human activities
and protect the marine environment in Europe.

5. Conclusion

This study confirms that elasmobranch use OWFs as a habitat, and
further research is essential to investigate the behaviour and the purpose
of habitat use by elasmobranchs in and around OWFs and SPCs. To
support this vulnerable species group, caution is needed when intro-
ducing multi-use activities that could counteract the benefits of reduced
bycatch, bottom rest, or the reef effect. Future studies should integrate
ROV eDNA collection, BRUV, or data storage tagging to enhance
detection and gain deeper insights into elasmobranch behaviour in
OWFs.
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