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With the rapid expansion of offshore energy, numerous artificial structures are being installed on the seabed,
including wind turbine foundations. This study investigates the “artificial reef” (AR) effect of bottom-fixed
offshore wind farms (OWFs) on soft sediment benthic communities. While previous studies have focused on
distances >30 m from turbines, in this study, sediment and macrobenthic samples were collected at shorter
distances (1 m, 7 m, 15 m and 25 m) from the scour protection layer (SPL) around a monopile and a gravity-
based foundation in two Belgian OWFs, 10-13 years post-installation. Results show a localized AR footprint
for both turbine foundations, with enriched benthic communities within 15 m of the SPL. In comparison to
communities 25 m distanced away from the SPL, a higher average species richness (+100 %), abundance (+117
%), functional richness (+438 %), and bioturbation potential (+86 %) was prevalent, whereas the magnitude of
enriched structural and functional diversity in the footprint varied respectively between 16 and 80 % and
15-110 % depending on the OWF. Beyond the AR footprint, communities resembled those at reference sites
(240-570 m), with less surface dwellers, suspension feeders and a prevalence of burrowing biodiffusors that
contribute little to bioturbation. While the AR effect’s magnitude depends on local conditions and foundation
design, our trait-based analysis indicates that sediment fining, biofouling drop-offs and organic enrichment are
consistent drivers shaping the AR footprint.

on the marine environment have been investigated (Galparsoro et al.,
2022; Vaissiere et al., 2014). An important scientific finding is that the

1. Introduction

Since the construction of the first offshore wind farm (OWF) in
Denmark during the 1990’s, rapid OWF expansion has occurred in Eu-
ropean waters in order to become climate neutral by 2050 in light of the
“Green Deal” (deCastro et al., 2019). Moreover, supplementary targets
were recently set during the 28th Conference of the Parties climate
summit in Dubai (COP28), where nearly 200 countries agreed to triple
renewable power and enhance its efficiency by 2030 (www.irena.org).
These ambitious initiatives and increased investments of non-European
countries such as China and the United States denote that the global
energy transition is gaining momentum. The infrastructure capacity to
achieve these objectives (e.g., bottom-fixed and floating turbines,
floating solar panels and tidal energy systems) requires substantial
ocean space and implies an extensive introduction of artificial hard
substrates at sea. In parallel, potential ecological footprints of this sector
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submerged parts of OWF structures (i.e., turbine foundation, scour
protection layer), act as “artificial reefs” (AR) with a rapid colonization
by hard-substrate species after installation with an overall increase in
biodiversity (Dannheim et al., 2020; Degraer et al., 2020; Galparsoro
et al., 2022; Vivier et al., 2021; Zupan et al., 2023). In addition, because
fishery activities are often prohibited in OWF sites, these sites function
as potential refuge areas for commercially exploited species (Buyse
et al., 2023; Prusina et al., 2020; ter Hofstede et al., 2022; Vivier et al.,
2021).

To amplify the so called AR-effect, OWF companies now explore
integrated approaches such as nature-inclusive designs (Glarou et al.,
2020; Kingma et al., 2024; Pardo et al., 2025; Rendle et al., 2023; Vivier
et al., 2021). For example, some countries are introducing new permit
obligations that require demonstrable efforts to maximise conservation
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efforts such as eco-friendly scour protection designs (Kingma et al.,
2024; Prusina et al., 2020). These ecological “benefits” are accompanied
by increased public acceptance of OWFs and are often used at a gover-
nance level to justify and promote the further expansion of marine
infrastructure. On the other hand, this has created a bias within
currently available literature with a stronger research focus on hard-
substrate-associated species such as epifouling communities and fish,
while other ecosystem components adjacent to the turbine foundations
(e.g., hyperbenthos and infauna of mobile sediments, such as macro-
benthos) remain rather understudied (Galparsoro et al., 2022). Investi-
gating benthic habitats is further complicated by aspects such as rough
weather conditions and safety regulations nearby the structures,
resulting in a limited number of samples taken at short distances from
the structures and the general perception that AR effects on surrounding
benthic habitats are minimal (Zucco et al., 2006; Jak and Glorius, 2017).

A combination of physical and biological pressures associated with
the overarching AR effect is expected to influence surrounding sedi-
ments through different mechanisms (Coates et al., 2014; Dannheim
et al., 2020; Degraer et al., 2020; Hutchison et al., 2020; Lefaible et al.,
2023; Jammar et al., 2025). Firstly, modified subsurface current flows
around the structures create complex sediment transport processes
(Baeye and Fettweis, 2015; Brandao et al., 2023; Chen et al., 2014;
Fettweis et al., 2022; Floeter et al., 2017; Miles et al., 2017). Secondly,
most of the established epifouling fauna on the turbine foundations (e.g.,
mussels, tube-building amphipods and anemones) capture and ingest
particles suspended in the water column (Mavraki et al., 2020), thereby
affecting local primary production and flow of organic matter to the
seabed through bio-deposition of faecal pellets and detritus (Mavraki
et al.,, 2022; Voet et al., 2023). Additionally, the manifestation of
dropped off epifauna (“biofouling drop-off”) on the seabed can cause a
local expansion of the AR through their habitat modifying properties
(Degraer et al., 2020; Hutchison et al., 2020; Lefaible et al., 2023).

The few available studies on soft sediments confirm that AR habitat
alterations lead to shifts in benthic distributions (Coates et al., 2014;
Hutchison et al., 2020; Lefaible et al., 2023). Sediments in the imme-
diate surrounding of the turbine foundations were generally character-
ized by enhanced accumulation of finer-grained material with enriched
infaunal communities showing higher abundances and diversity (Coates
et al., 2014; Hutchison et al., 2020; Lefaible et al., 2023; Jammar et al.,
2025). Next to benthic enrichment, communities were composed by
more nearshore species and habitat-forming species such as the sand
mason, Lanice conchilega (Coates et al., 2014; Lefaible et al., 2023).
However the intensity and spatial extent of AR effects vary considerably,
probably depending on site-specific aspects such as foundation type and
natural conditions (e.g., water depth, hydrological regime, sediment
composition) (Coolen et al., 2022; Lefaible et al., 2023; Jammar et al.,
2025). Furthermore, it is unknown how turbine foundation presence
will influence seabed functions and processes, such as nutrient cycling
and sediment reworking, through change in functional composition of
benthic communities (Degraer et al., 2020). Recently, studies using
functional diversity indices and biological trait analysis (BTA) as proxies
for ecosystem functioning were instrumental in linking habitat modifi-
cations resulting from human activities with functional responses of soft-
sediment benthic communities (Bolam et al., 2016; Festjens et al., 202.3;
Goedefroo et al., 2023). Similar applications to assess the functional
implications of the AR effect on marine biota exist (Gutow et al., 2014;
Boutin et al., 2023; Kingma et al., 2024), but are scarce for infaunal
communities.

To address these knowledge gaps, our study compared small-scale
structural and functional changes in the macrobenthos community in
the close vicinity of a gravity-based and monopile foundation and their
SPLs, situated in two Belgian OWFs. The foundations differ in terms of
environmental conditions such as distance from the coastline, hydro-
dynamic regime and sediment characteristics (e.g., granulometry, food
availability) and their SPL varies in surface. Sediment and macrobenthic
samples were collected at four distances within the 25 m range from the

Journal of Sea Research 208 (2025) 102631

SPLs along the main axis of deposition in the residual tidal current di-
rection, where most benthic change is expected (Coates et al., 2014).
Besides structural properties (i.e. total abundance, biomass, diversity
and community composition), functional diversity indices and the bio-
turbation potential (BPc) were included in the infauna community
analysis. Biological trait analysis (BTA) was also performed, where a
distinction was made between “response traits” that are directly asso-
ciated with occurring pressures such as living habitat and mobility, and
“effect traits” (e.g., bioturbation, feeding mode) that can affect
ecosystem functioning indirectly (Bolam et al., 2016, 2023). We hy-
pothesized that the spatial extent of the AR benthic footprint would
differ between sites due to varying local environmental conditions, such
as the position of the turbine foundation on the sandbank. Furthermore,
by applying a biological trait analysis (BTA) we aimed at gaining
mechanistic insights into the benthic AR response and its possible effects
on benthic ecosystem functioning.

2. Material and methods
2.1. Study area

The eastern OWF concession zone (238 km?) in the Belgian part of
the North Sea (BPNS) has been allocated for the development and pro-
duction of offshore renewable energy. Today, 399 turbines are opera-
tional within nine operational OWFs, installed between 2009 and 2020
at distances ranging from 23 to 54 km from the coastline (https://www.
belgianoffshoreplatform.be).

2.1.1. OWEF sites and foundations

The monopile foundation (MP, coded D08) under study is positioned
at 19 m depth in the central part of the Belwind OWF on the crest of the
Hinderbanken, located at 49 km offshore (Fig. 1). The Belwind OWF
became fully operational in 2010 and comprises a total of 55 monopiles,
which are steel piles with a diameter of 5 m (https://www.belgianoffsh
oreplatform.be). The C-Power OWF is located at ~30 km offshore and is
divided into two sub-areas. The gravity-based foundation (GBF, coded
DO05) investigated in this study is situated at 21 m depth at the slope of
the Thornton bank in the middle of a row of six GBF turbines in the
western sub-area that were constructed during phase I of the C-Power
project, which was operational in 2009 (Fig. 1). Since 2010, these GBF
turbines are surrounded by 48 jacket foundations (http://www.c-power.
be). (Fig. 1)

GBFs are concrete, hollow structures, comprised of a pile (¢ 6.5 m)
that merges into a conical bottom section (¢ 6.5 m — 23.5 m), placed on a
foundation basis (i.e., filter and gravel layer) on the seabed. Monopiles
consist of steel cylinders (¢ 5 m), with different length, depending on the
water depth and capacity. A scour protection layer (SPL) is placed at the
base of both MP and GBF to prevent scouring around the structures. SPL
are mainly composed of an armour layer of rocks with varying crest
diameters depending per turbine foundation type (D08: 33 m and DO05:
51 m) (Fig. 1). This armour layer overtops the filter layer (14 m and 55.5
m diameter for DO8 and D05, respectively) which consists of pebbles.
The surface area of the SPL for MP D08 is thus 134 m?, while that of the
GBF DO5 is 1609 m2. The foundation and SPL of D08 and D05 are both
fully colonised by hard-substrate fauna. Succession patterns in the
colonization of the turbine foundation are described by Kerckhof et al.
(2010) and Zupan et al. (2023), while De Mesel et al. (2015) further
discuss the subtidal and intertidal samples collected along the founda-
tion structure. The mobile sands move also within the SPL, so the filter
layer of the SPL is also covered with sand.

2.1.2. Reference conditions

Both OWF sites are located on subtidal sandbanks (Belwind: Hinder
Banken, Bligh Bank; and C-Power: Zeeland Banken, Thornton Bank), in
an area where west-southwest winds and a semidiurnal tidal current
regime oriented along the northeast-southwest axis, prevail (Baeye and
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Fig. 1. (a) Location of the turbines under study in the offshore windfarms (OWFs) Belwind (D08) and C-Power (D05) within the eastern concession zone of the
Belgian Part of the North Sea. Schematic representation of the (b) monopile foundation and (c) gravity-based foundation, with corresponding diameter (¢) speci-

fications of the piles and scour protection layers (SPLs).

Fettweis, 2015). The more offshore located Bligh Bank receives clear and
less productive water masses from the English Channel, while Thornton
Bank is situated in the convergence zone between the English Channel
and turbid, well-mixed coastal water masses (Fettweis et al., 2022;
Lacroix et al., 2004). Reference conditions for each location were
determined during post-construction monitoring studies, in which
samples were collected at distant positions (i.e. 240-570 m) from the
turbine foundations within each OWF (Lefaible et al., 2023).

Corresponding ecological properties based on five year of data
(Autumn 2015-2019, C-Power n = 130, Belwind n = 135) of 0.1 m? Van
Veen grab samples are summarized in Supplementary Table 1 and
revealed that the C-Power OWF site harbors finer sediments with higher
food availability in terms of sediment organic matter compared to the
Belwind OWF site (Supplementary Table 1). Sediments at both sand-
banks are considered permeable with poor stratification of organic
matter due to the advective porewater flows regularly flushing the
interstitial spaces (Huettel et al., 2014). Biological characteristics cor-
responded with the N. cirrosa and H. elongata communities, which
naturally occur within both sandbank systems (Breine et al., 2018).
These offshore communities are predominantly composed of polychaete
and amphipod species (e.g., Nephtys cirrosa, Spio sp., Bathyporeia elegans
and Urothoe brevicornis), with low to moderate abundances (< 450 ind.
m~?) and diversity (species richness <10 spp.sample ! and Shannon-
diversity <1.85) (Supplementary Table 1). These reference data were
used for a posteriori comparisons with this study’s samples collected in
the vicinity of the SPL.

2.2. Sample collection

All samples were obtained on board of the RV Simon Stevin and RV
Belgica by a team of occupational scientific divers (Féral and Norro,
2023) operating from a RHIB in August 2020 (Belwind) and Septem-
ber-October 2022 (C-Power). Sampling occurred along the south-west
(SW) axis adjacent to the SPL of DO5 and D08 (Fig. 2). This axis was
chosen as it aligns with the residual NE current direction where stron-
gest deposition effects are expected and where biological enrichment
was observed before (Coates et al., 2014). Two scientific divers
descended along the turbine and swam to the edge of the SPL on the SW-
side. One diver attached a tape measure to the edge of the SPL and
started swimming away from it, following a SW bearing on their com-
pass and simultaneously unrolling the tape measure. The second diver
followed along the tape measure and took the sediment cores while
hovering over the sediment surface. Samples were taken randomly taken
within the diver’s arm reach at four distances relative to the edge of the
SPL at DO8 (Belwind; 1 m, 7 m, 15 m and 25 m), while sampling was
restricted to three distances (C-Power; 7 m, 15 m and 25 m) at DO5 due
to logistical reasons (Fig. 2).

Six 25 cm long sediment cores (¢ 3.6 cm) were collected at each
sampling location, which was the maximum number possible during the
one hour diving window. For each sampling location, three sediment
cores were stored separately for further granulometric analysis in the
laboratory. Two subsamples were taken from the first 0-5 cm sediment
depth layers from the other sediment cores using cut-off syringes (10
ml), wrapped in aluminum foil and stored at —20 °C for total organic
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Fig. 2. Bathymetric map with water depth contour lines, depicting the location of the monopile (D08, Belwind windfarm) and gravity-based (D05, C-Power
windfarm) foundations. Left insert shows the sampling strategy with black crosses representing the sampling distances (1 m-25 m) along the south-west axis of the

turbine foundation.

carbon (TOC %) and pigment measurements. Back in the laboratory,
samples for pigment analysis were stored at —80 °C until extraction.
Subsequently, sediment samples were freeze-dried and homogenized,
and a subsample was analyzed for Chlorophyll-a content by HPLC
(Gilson) analysis according to Wright and Jeffrey (1997). Another sub-
sample was decalcified with 37 % HCI, and total organic carbon (TOC)
was measured using a Flash 2000 NC Sediment Analyzer (Interscience).
Macrobenthic sample collection was performed by means of open, metal
frames (0.1 mz) which were pushed into the seabed (~10 cm). The
complete sediment content of the frame sample was collected in bags
(mesh size of 1 mm) using an airlift pump device and immediately sieved
on board (I mm mesh-size sieve) and preserved in a 4 %
formaldehyde-seawater solution. Three replicates were taken at each
sampling distance, except for the 15 m sampling position at the Belwind
OWF where only two replicates could be collected, leading to a total of
20 macrofaunal samples (Belwind n = 11 and C-Power n = 9) (see
Table 1).

2.3. Sample processing

2.3.1. Biological variables

Macrobenthos samples were first stained with Rose Bengal and or-
ganisms were separated from the sediment through a repeated decan-
tation over a 1 mm sieve. The remaining samples were sorted, counted
and identified to the lowest possible taxonomic level, using a stereo

Table 1
Sample collection overview with the number of replicated macrofauna and
environmental samples around D08 and DO5.

Sampling Monopile foundation, DO8 Gravity-based foundation, D05

distance (August 2020) (September-October 2022)
Macrofauna  Environmental — Macrofauna  Environmental

1m 3 6 / /

7 m 3 6 3 6

15m 2 6 3 6

25 m 3 6 3 6

Total # 11 24 9 18

samples

microscope. In case of uncertain identification, taxa were lumped to
genus level. Two structural diversity indices were calculated: species
richness (S) and Shannon-Wiener diversity (H). Biomass (g) was deter-
mined for each taxon as blotted wet weight per sample. Macrofaunal
counts and biomass per sample were converted to total abundance and
biomass (TN, ind. m~2 and TB, g m~2; respectively).

2.3.1.1. Biological trait score matrix. The functional composition of
benthic communities can be described using biological traits (i.e.
species-specific physiological, morphological, behavioural and other
relevant biological attributes in a community, sensu Bremner et al.,
2006). These traits can be mapped in a biological trait analysis (BTA).

A total of ten biological traits was chosen which can be divided into
response traits (mobility, morphology, living habitat, sediment position,
egg development) and effect traits (bioturbation, maximum body size,
feeding mode, maximum longevity, larval development) (Bolam et al.,
2016)(Supplementary Table 2). Each species was assigned to categories
of a biological trait, applying a fuzzy coding method with scores ranging
from 0 (no affinity) to 1 (high affinity), based on an adapted dataset of
Breine et al. (2018). Affinities with multiple categories were possible,
but the total sum of the scores always equaled 1. Scores were not
available for the groups Bivalvia juvenile, Decapoda juvenile and
Nemertea, which comprised 0.2 %, 6 % and 3 % of the total abundances
within the entire dataset. Consequently, these taxa were excluded from
the final species-trait score dataset.

2.3.1.2. Functional indices. Functional diversity indices can be calcu-
lated based on a species traits and corresponding abundances. These
indices represent independent measures of functional trait space and
how species are dispersed within this trait space (Festjens et al., 2023
and references therein).

Functional diversity (FD) indices were quantified for each sample
using the FD software of Laliberté and Legendre (2010), with the
species-trait matrix (see 2.3.2.1) and the corresponding density-sample
matrix as input variables. The FD indices used in this study included:
functional richness (FRic), functional evenness (FEve), functional
divergence (FDiv) and the Rao’s quadratic entropy (RaoQ) (Villéger
et al., 2008). Each index reflects a different aspect of functional trait
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space, and the way species are dispersed within this trait space (see Box
1 in Festjens et al., 2023). Apart from FRic, all indices take into account
species abundance.

The potential of the community to influence ecosystem functioning
such as nutrient cycling through sediment reworking can be estimated
with the Bioturbation Potential Index, which incorporates species-
specific bioturbation traits and structural attributes of the community
(Solan et al., 2004). The bioturbation potential index (BP.) was calcu-
lated for each sample according to Solan et al. (2004):

n
BP. =Y \/Bi/Ai x Ai x M; X R
i=1

This metric is based on species-specific abundance (ind. m’z),
biomass (g WW m2) and a functional classification (i.e., mode scores)
of sediment mixing-associated traits (M; = mobility, R; = sediment
reworking) which were obtained from Queiros et al. (2013).

2.4. Statistical analyses

2.4.1. Univariate environmental and biological trends

The influence of distance to SPL edge (continuous) and OWF site
(categorical) on the studied environmental and biological univariate
response variables, was investigated using analysis of covariance
(Ancova). End models were defined in a stepwise manner, starting from
the most complex model including the interaction between distance and
OWEF site. If the end model only included the continuous predictor
variable (distance), a simple linear regression was performed to inves-
tigate the distance effect on the considered variable. Prior to the model
building, the assumption of linearity was tested together with the ho-
mogeneity of the regression slopes to assess whether the interaction
term should be included in the most complex model. Assumptions of
normality and homogeneity of variances (i.e., Shapiro and Levene tests)
were assessed on the residuals of the end models. Results were visualized
as regression plots with the predicted variation of points around the
fitted regression line (standard error), based on the output of the final
models.

2.4.2. Community composition

To investigate differences in terms of macrofaunal community
composition, generalized linear models (GLMs) were constructed using
the manyglm function (Wang et al., 2012). This function fits GLMs for
each species in the dataset, using the resampling-based hypothesis to
test the significance of the explanatory variables which included the
term “OWF”, “Distance” and their interaction effect. Based on pre-
liminary data exploration, a negative binomial distribution (log-link)
was used to fit the models. Next, the significance of the explanatory
variables was tested using the anova.manyglm function and species that
contributed significantly to compositional differences were identified
through the p.uni argument from the mvabund package (Niku et al.,
2019; Wang et al., 2012).

2.4.3. Biological trait-based profile comparisons

From the species-trait score matrix (2.3.2.1), separate trait profiles
were created for each OWF (C-Power and Belwind) and each distance (1
m, 7 m, 15 m and 25 m). Removal of absent species led to a profile
dataset containing the compilation of fuzzy code values of the occurring
species for each group (OWF site and distances). Next, the fuzzy code
values were standardized, summed and transformed into percentages.
Pearson Chi? tests were performed on the percentage values to compare
trait categories between OWF sites, and between distances for both OWF
site combined. When trait composition was found to differ significantly
between distances, Chi2 post-hoc tests were done, based on the stan-
dardized residuals with a critical values (CV) and corresponding p-
values. Patterns in terms of significant biological traits were visualized
as stacked bar plots, representing the percentual contribution of each
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category to the total trait profile.
3. Results
3.1. Environmental patterns

Both granulometric properties (i.e., MGS and fine sand fraction)
were significantly affected by the variables “Distance” and “OWF”, but
not by their interaction (Table 2). MGS increased significantly with
increasing distance from the SPL (estimate: 2.0 pm per m, Table 2),
while an opposite pattern was found for the fine sand fraction (estimate:
—0.26 % per m, Table 2) (Fig. 3). Sediments adjacent to DO8 (MGS: 357
=+ 6 pum, fine sand: 17 + 1 %) were significantly finer compared to those
adjacent to DO5 (MGS: 383 + 6 pm, fine sand: 11 + 1 %). TOC and Chl-a
contents were only significantly influenced by “OWF” and not by dis-
tance to the turbines (Table 3) (Supplementary Fig. 1). Both environ-
mental variables showed higher average values adjacent to DO5 within
the C-Power OWF (TOC %: 0.044 + 0.007 %, Chl-a: 0.244 + 0.032 pg.
g~ ! dry sediment) in comparison to adjacent to D08 in the Belwind OWF
(TOGC %: 0.024 + 0.004 %, Chl-a: 0.099 + 0.021 pg.g~! dry sediment).

3.2. Biological univariate patterns

3.2.1. Structural indices

Total macrofaunal abundance and species richness were comparable
between D05 and D08, but both indices decreased significantly with
increasing distance from the SPL (Fig. 4, Table 3) (TN: estimate = —22
ind. m 2 per m, S: —0.49 species per m). In contrast, total macrofaunal
biomass was comparable between D05 and D08 but was not affected by
the distance relative to the turbines (Table 3). A more complex signifi-
cant end model was found for the Shannon-Wiener diversity, showing
that the decrease per meter distance away from the SPL was stronger at
DO5 compared to the D08 (Fig. 4, Table 3) (D05 estimate: —0.06 per m,
D08 estimate: —0.02 per m).

3.2.2. Functional indices

The BPc levels decreased significantly with distance away from the
SPL of both D08 and D05 (Fig. 5, Table 3), with each additional meter
from the turbine resulting in an average decrease of 11 units in BPc.
Species generally contributing most to overall BPc were the burrowing
sea urchin Echinocardum cordatum and the polychaete Nephtys cirrosa,
followed by the brittle star Ophiura juveniles, Nemertea (i.e., ribbon
worms) and the amphipod Urothoe brevicornis. At closer distances (< 7
m), additional important contributing species to the BPc (> 4 % per
species) included the starfish Asterias rubens, the tube polychaete Lanice
conchilega, the brittle star Ophiura albida and the bivalve Tellimya fer-
ruginosa, while the amphipod Bathyporeia elegans and the polychaetes
Nephtys longosetosa and Ophelia borealis were more important at dis-
tances ranging from 15 to 25 m from the turbines.

In terms of functional diversity indices, FRic decreased significantly

Table 2

Summary of the end models for the studied environmental parameters (response
variables), showing the significance (p-value) of the included (i.e., Incl.)
explanatory variables.

Response variables Distance OWF Distance*OWF
Incl.  p- Incl.  p- Incl.  p-
value value value
Median grain size (MGS, v 0.001 v 0.045 / /
pm)
Fine sand fraction (< 250 v 0.002 v 0.003 / /
pm, %)
Total organic carbon (TOC, / / v 0.010 / /
%)
Chlorophyll-a (Chl-a, pg/g / / v 0.001 / /

dry sediment)
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Fig. 3. Relationship between (a) median grain size (MGS, pm), (b) fine sand fraction (< 250 pm, %) and sampling distances (1 m-25 m) from the scour protection
layer around the monopile (green circles, Belwind) and the gravity-based (orange triangle, C-Power) foundations. Grey shading represents standard errors. Horizontal
lines represent the average of the corresponding parameters from the reference samples (2015-2019) at 240-570 m distance within Belwind (green) and C-Power
(orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Summary of end models for the studied biological parameters (response vari-
ables), showing the significance (p-value) of the included (i.e., Incl.) explanatory
variables.* denote linear regression method to investigate the distance effect.

Response variables Distance OWF Distance*OWF
Incl. p- Incl.  p- Incl.  p-value
value value

Total abundances (TN, v < / / / /
ind. m~)* 0.001

Total biomass (TB,gm™2) v/ 0.072 / / / /
*

Species richness (S, spp. v < / / / /
sample™1)* 0.001

Shannon-Wiener diversity v 0.028 v 0.017 v 0.001
(H)

Bioturbation potential v 0.012 / / / /
(BPc)*

Functional richness (Fric) v 0.001 / / / /

Functional evenness / / v 0.017 / /
(FEve)

Functional divergence v 0.065 / / / /
(FDiv)*

Rao’s quadratic entropy v < v 0.002 v <0.001
(RaoQ) 0.001

with 17 units per m away from D05 and D08 (Fig. 5, Table 3) whereas
FEve was not affected by the distance from the SPL, but was significantly
higher adjacent to DO5 in C-Power (average FEve: 0.70 + 0.09)
compared to D08 in Belwind (average FEve: 0.60 + 0.07) (Table 3)
(Supplementary Fig. 2). FDiv values were similar adjacent to DO8 and
DO05 and were not significantly predicted by distance away from the SPL
(Table 3). Finally, the significant end model for RaoQ showed that the
decrease per meter distance away from the SPL was stronger at D05
compared to the D08 (Fig. 5, Table 3) (D05 estimate: —1.9 per m, DO8
estimate: —0.18 per m).

3.3. Macrobenthic community composition

Multivariate GLM analysis showed that “Distance” (p = 0.001,
deviance = 156.15), “OWF” (p = 0.001, deviance = 204.61), and their
interaction “Distance x OWEF” (p = 0.006, deviance = 56.24) signifi-
cantly influenced macrobenthic community composition. Bivalvia ju-
veniles were significantly associated with “Distance,” occurring
exclusively in samples taken 1 m from the SPL. Three species (i.e., Lanice
conchilega, Ophiura juveniles and Bathyporeia elegans) contributed
significantly to the differences in composition between D05 and D08
(parameter “OWF”, Supplementary Table 3). The tube-building poly-
chaete Lanice conchilega was exclusively found at 7 m distance away
from the DO5 SPL, while the other two species were more abundant
adjacent to D08 in Belwind (Supplementary Tables 4, 5). Ophiura juve-
niles also contributed significantly to the interaction term, with highest
abundances between 1 and 7 m and higher occurrences near the
monopile compared to the GBF.

3.4. Biological trait profile comparisons

Modality compositions did not differ between OWF but distance-
dependent differences were found for three biological traits, i.e. the
response traits “mobility” (p = 0.001) and“sediment position” (p =
0.005), and the effect trait “bioturbation” (p < 0.001), while the effect
trait “feeding mode” was borderline significant (p = 0.054). The other
biological trait profiles were similar across distances (p > 0.05). In
general, mobility profiles were composed by all four categories, with
highest percentages for burrowers and crawlers. In terms of sediment
position, trait profiles were mainly represented by surface dwellers,
infauna (0-5 c¢cm) and deeper infauna (6-10 cm). Bioturbation trait
profiles were characterized by highest percentages of diffusive mixing
and surface depositors at each distance, and the absence of downward
conveyors. All feeding modes, except for parasites, were represented
across distances, with highest percentages for surface feeders, followed
by suspension feeders, predators and subsurface deposit feeders (Fig. 6).

Post-hoc testing further highlighted that spatial differences between
biological trait profiles existed between 25 m and the other sampling
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distances. At 25 m, the percentage of burrowers and surface dwellers
was significantly lower than at all other distances (burrower CV: —2.95,
residual value: —3.16, p = 0.03; surface dwellers CV: —2.95, residual
value: 4.58, p < 0.001), while shallow living infauna (0-5 cm) showed
higher percentages at this distance (CV: —2.96, residual value: 4.45, p <
0.001) (Fig. 6). Relative abundances of diffusive mixers were signifi-
cantly higher at 25 m from the SPL (CV: —2.95, residual value: 4.71, p <
0.001), while surface depositors was lower compared to closer distances
(CV: —2.95, residual value: —3.62, p = 0.005). Suspension feeders were
less dominant at 25 m, but the corresponding post-hoc test was not
significant (p = 0.063).

4. Discussion

Our study confirmed that AR effects occur in soft-sediment habitats
in the residual current direction from the SPL of offshore cylindrical
turbine foundations, but that their spatial extent is limited and the
magnitude decreases with distance from the turbine foundation. At 25 m
from the SPL, environmental and biological conditions were comparable
with reference samples located further away (240-570 m). Within the
15 m range of the SPL, biological responses included higher macrofaunal
abundances and diversity, both at the structural and functional level. In
contrast to some dissimilarities in structural community composition,
biological trait profiles were similar in sediments around gravity-based
and monopile foundations, confirming the selection of specific traits at
the investigated sites. Moreover, the biological trait analysis revealed a
clear spatial distinction in terms of sediment position, mobility, feeding
and bioturbation modalities between communities located at closer
ranges (< 15 m) and those at 25 m from the SPL. Interestingly, the
response traits “mobility” and “sediment position” were observed to
align with the change along the sediment gradient within the benthic AR
zone, whereas the spatial patterns in the effect trait “bioturbation”
merely reflected a segregation between the sediment in and outside the
AR. Likewise, Bolam et al. (2023) found in an extensive study of UK shelf

sediments that response traits were found to be better predicted from
environmental variables than effect trait expressions, suggesting that
response traits are more mechanistically linked to environmental con-
ditions, like sediment type, and are thus more inherently tied to how
organisms react to environmental gradients.” These spatial patterns in
response and effect traits therefore shed light into physical and biolog-
ical community assembly rules that shape the AR effect on the soft-
sediment (i.e. sediment fining, organic enrichment and biofouling
drop-offs, see below), as well as its potential functional implications.
Sediments in the wake of both turbine foundation types became
progressively finer closer to the SPL. Hydrodynamic obstruction by
closed cylindrical structures induce swirling vortices that enhance
sediment resuspension downstream of the foundation, resulting in
turbid wakes and retention areas where finer-grained particles deposit
(Christiansen et al., 2023; Floeter et al., 2017), explaining the observed
sediment fining gradient away from the SPL in this study. This gradient
was associated with higher macrobenthic abundance and species rich-
ness closer to the SPL. Our BTA revealed that this response is predom-
inantly driven by increased species occurrences and population
abundances of surface-dwelling sessile and crawling fauna, whereas
deeper living burrowers that can migrate away from unfavourable
conditions (strong currents) dominated in the coarser sediments at 25 m.
This shift in mobility and sediment position traits correspond to Goe-
defroo et al. (2023) who described a positive association between fine
sand fractions and crawlers and sessile species, and a negative rela-
tionship between median grain size and burrowing species in offshore
sediments in the BPNS. Yet, hydrodynamically-induced grain size fining
that facilitates surface-dwelling macrobenthos, including habitat-
forming species (see further), can be identified as an important gov-
erning mechanism of the benthic AR effect. The similarities with the
results of Coates et al. (2014) from the same GBF a decade ago
demonstrate that such sediment fining is a persistent AR mechanism.
However, our study also shows that small-scale variability in local fining
can exist within the area of the AR footprint, especially when the turbine
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foundation is positioned at the slope of the sandbank and therefore
prone to the higher erosion of sands from the SPL filter layer. Despite the
vastly larger surface area of the DO5 turbine GBF and its surrounding
SPL (Fig. 1), the stronger hydrodynamics associated with that slope
habitat may also have obliterated the spatial extension of the local AR
footprint by inhibiting the further expansion of habitat-forming species
such as the tube-building polychaetes Lanice conchilega and Owenia
fusiformis that require more benign conditions for recruitment (see e.g.
Callaway, 2003 and references therein). Both species solely occurred at
the closest sampling location in the C-Power OWF with densities up to
140 and 70 ind.m~2 respectively (Supplementary Table 4). Tube-
building polychaetes can locally increase biodiversity through
ecosystem engineering activities (Rabaut et al., 2009; Rabaut et al.,
2007), and their presence therefore likely contributed to the particularly
high RaoQ index close to the SPL of DO5. One exception to the sediment
fining gradient is the locally coarser grain size at 1 m from the SPL
around the monopile. Mobile sand covers the filter layer of the SPL and
sediment cores taken very close to the SPL most likely contain traces of
this coarser filter layer.

In addition to physical processes, our results also show that inter-
action with the epifaunal communities growing on the AR play a role in
shaping its footprint on the adjacent soft-sediment. Firstly, epifouling
species or byproducts (e.g., shell litter) can fall off from the structures
owing to their weight and/or hydrological forcing (Degraer et al., 2020;
Hutchison et al., 2020; Lefaible et al., 2023). For example, in our study,
the biofouling suspension feeding species, Jassa herdmani, did show
higher abundances (up to 80 ind.m~2; Supplementary Tables 4, 5) in the
soft-sediment closest to the cylindrical turbines. These amphipods
entrap sediment and organic matter to build their tubes, thereby
creating microhabitats for species such as the polychaete Phyllodoce
mucosa (Zintzen et al., 2008; Zupan et al., 2023), a species that was also
exclusively observed in the sediments up to 15 m away from the turbines
(Supplementary Tables 4, 5). In addition to other habitat-forming spe-
cies, like L. conchilega and O. fusiformis, the presence of dropped
biofouling species like Jassa herdmani can thus also contribute to the
more diverse infaunal communities compared to sediments outside of
the AR footprint. Secondly, experiments and modeling demonstrate that
deposition of faecal pellets (i.e. biodeposition) from suspension-feeding
biofoulers is likely an important source of organic enrichment for the
surrounding seabed (Ivanov et al., 2021; De Borger et al., 2021). How-
ever, observational and quantitative evidence for this organic enrich-
ment hypothesis remains scant, as is the case in the present study which
did not find a significant distance effect on sediment TOC and chl-a
content. This can be explained by several reasons. Firstly, biodeposits
may be patchily distributed. Hence, biodeposits and aggregated species
distributions may have been missed in this study due to undersampling,
i.e. three replicates per location. Secondly, aerobic degradation of
organic-rich biodeposits occurs fast in permeable sediments (Huettel
et al., 2014), thereby inhibiting the accumulation of organic matter.
Thirdly, because the Southern Bight of the North Sea is characterized by
a strong seasonality in terms of phytoplankton production (Fettweis
et al., 2022) and subsequent biodeposition at the seabed (Provoost et al.,
2013), the enrichment from phytodetritus in April-May would likely
have disappeared by Autumn when sampling took place. Indeed,
whereas the sediments <15 m of the SPL are finer compared to the
reference conditions, they are still considered permeable (based on
actual sediment permeability measurements; De Borger et al. unpub-
lished results) and subject to regular flushing with oxygen-rich water.
Actually, the exclusive occurrence of upward conveyers and the
increased dominance of surface depositors in the area of the AR foot-
print, could have facilitated such organic matter mineralization
(Kristensen et al., 2012). Nevertheless, such temporal additional food
input via the water column can support the more diverse and abundant
macrobenthos community in the AR footprint area.

Through the use of BTA, our study provides valuable quantitative
information on how AR-induced response trait effects, i.e. shift towards
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more surface-associated benthos, can influence trophic energy transfer,
organic matter capture and mineralization via accompanied changes in
effect traits. The AR benthic footprint was characterized by clear in-
crease in macrofaunal structural and functional diversity, which con-
stitutes an enhanced and more diversified prey availability for higher
trophic levels. Indeed, the role of artificial reefs to act as a nursery for the
larvae of decapod species, including those residing in the AR, as hy-
pothesized by Hooper and Austen (2014), seems supported through the
observed increased abundances of predatory decapod juveniles most
adjacent to the SPL (83 + 9 ind.m~%; Supplementary Tables 4, 5) where
the sessile and other surface-dwelling macrofauna could represent
favourable prey items. In general the shift towards a macrobenthos
community with a more even representation of different feeding modes,
including suspension feeders, hints at efficient energy cycling and tight
connection with the epifaunal community on the SPL and turbine.
Further, the shift to more surface depositors, and in general the occur-
rence of more diverse sediment reworking modes, highlights the
increasing role of biological sediment reworking activity in overall
nutrient recycling within the area of the AR benthic footprint. Despite
the great effort in mechanistically linking specific trait modalities with
ecosystem function in lab-based and in situ experimental work (e.g.
O’Meara et al., 2020; Wrede et al., 2019), understanding how such effect
trait responses relate to true changes in nutrient cycling and thus
represent good surrogates for ecological functioning remains to be
investigated, in particular given the potential that trait expressions can
change depending on species interactions and the local abiotic sediment
environment (Cassidy et al., 2020; Van Colen et al., 2013).

5. Conclusion

Our study confirms that cylindrical turbine foundations and their
SPL affect surrounding soft-sediment habitats. In comparison to docu-
mented spatial effects for fish and macrocrustaceans (Glarou et al., 2020
and references therein), the spatial extent of the observed AR effects,
however, remains restricted to a relatively small footprint after 10-13
years. The spatially restricted soft-sediment AR footprint in the wake of
the turbines explains why no ecological changes were detected by
Lefaible et al. (2023) at 37.5 m from the SPL of monopiles in the same
OWE. However, the spatial dynamics of the footprint may well depend
on the local hydrodynamics (i.e. in versus outside of the wake) and differ
between offshore sandbank systems. For example habitats with finer
sediments than the permeable sediments investigated here, may accu-
mulate organic matter over longer time scales with cascading effects on
the local biodiversity. Finally, the OWF site-dependent distance effect on
the (functional) diversity found in this study also confirms that the local
conditions, e.g. position on the sandbank (Cheng et al., 2021) can shape
the AR effect. Nevertheless, biological responses were consistent with
studies around different turbine foundation types such as jackets or
other marine industries (e.g., offshore bivalve aquaculture, oil and gas
platforms) (Keeley et al., 2013; Mascorda Cabre et al., 2021; Sun et al.,
2021), indicating that the underlying mechanisms supported by our
biological trait approach are universal.
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