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A B S T R A C T

The scour protection layer (SPL) is a layer of large stones placed around man-made structures in the marine
environment, preventing sediment scouring while also providing new hard substrate and potentially increasing
the structural complexity of the original environment. This fosters development of diverse benthic communities,
supporting high abundance of organisms. Future SPLs are therefore a potential tool for the ecological
enhancement of degrading marine habitats following the principles of nature-inclusive design. Yet, factors that
shape the benthic communities on SPLs are poorly understood. Here, we analysed existing data from SPLs from
offshore wind farms and a gas platform in the southern North Sea to determine how SPL characteristics affect the
biofouling community structure. We combined this analysis with an in-situ experiment testing for the effects of
habitat complexity on SPL communities. Our results demonstrate that abundant and diverse communities are
present on all SPLs. On a regional scale, communities are mainly affected by depth and location. Increasing
habitat complexity has significant and positive effects on species richness yet was non-significant for biomass and
abundance of the biofouling community. If applied thoughtfully, nature-inclusive design of the SPL habitat,
including manipulation of the physical complexity of the structure, can effectively promote biodiversity.

1. Introduction

The proliferation of offshore wind farms (OWF) and other artificial
structures in the sea is considered one of the most extreme human
modifications to the offshore environment (Bugnot et al., 2021). The
installation of offshore wind turbines induces loss and a certain degree of
degradation of the original local habitat, and this varies based on the
installation size and type (Inger et al., 2009; Langhamer, 2016). On the
other hand, the newly added structures add new vertical habitat that
spans the entire water column (i.e. the foundations themselves), extends
horizontally along the seabed (i.e. when scour and cable protection is
present) and act as artificial reefs (Degraer et al., 2020). The benthic
footprint of the turbine depends on its type, size, and the potential
presence of a scour protection layer (SPL). An SPL is a layer of coarse
stones placed around a foundation to prevent sediment scouring.
Generally, these SPLs are composed of a filter layer (smaller rocks)

covered by an armour layer (larger rocks). The purpose of the filter layer
is to prevent erosion of sand through the upper layer of larger rocks. Not
all foundation types or locations require an SPL. Yet, most monopiles
and gravity-based foundations are surrounded by an SPL and these
structures account for 80% and 9%, respectively, of all foundation types
used globally in the offshore wind industry (Negro et al., 2017).

SPLs, just like other artificial hard substrates, provide a novel hard
substrate that can act as stepping-stones and/or habitats for hard-bottom
fauna (Adams et al., 2014; Krone et al., 2013). Their presence can in-
crease the risk of spread of invasive or non-indigenous species (Bulleri
and Chapman, 2010; Connell, 2001), yet it can also offer habitat for
certain endangered species or species of conservation importance
(García-Gómez et al., 2011) that lost their original natural hard sub-
strate habitat (e.g. gravel beds, oyster reefs) due to human disturbance.

Beyond the mere provisioning of hard substrate, SPLs add complexity
to the usually homogenous natural sandy habitat and provide food and
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shelter for reef-dependent species (Causon and Gill, 2018; Mavraki et al.,
2021; Reubens et al., 2014). The evidence base for reef effects associated
with SPLs is growing: densities of epibenthos, including large crusta-
ceans and fish of commercial importance are locally increased (Buyse
et al., 2022b; Coolen et al., 2019; Krone et al., 2017; Mavraki et al.,
2021; Reubens et al., 2014). This has been linked to an increase in
quantity and diversity of food items supporting a higher food web
complexity compared to the turbine foundations and the surrounding
soft sediments (Mavraki et al., 2020).

When the first OWFs were deployed, SPL structures were designed
solely considering technical and financial constraints as the concept of
nature-inclusive design was not considered at that time. Nature-
inclusive design (NID) aims at the integration of methods and technol-
ogies into the design and construction of infrastructure that allow to
create a suitable habitat for native species/communities (Hermans et al.,
2020). Meanwhile, an increased awareness of the importance of SPL for
local biodiversity and functioning has resulted in recent tenders for new
OWF developments that would actively enhance the ecosystem and/or
selected species, and help fostering conservation efforts (e.g. Dutch
Ministry of Economic Affairs and Climate, 2022). This has been a driving
force for a wave of ecologically relevant designs for SPLs (e.g. Lan-
ghamer, 2012; Lengkeek et al., 2017). Still, contrary to terrestrial and
freshwater environments, NID is only an emerging concept for marine
environments. Thus far, its application has been primarily biased to-
wards intertidal and coastal constructions (Firth et al., 2020), with
offshore marine renewables only beginning to adopt this approach
(Pardo et al., 2023). The adaptations mainly involve manipulating
building material composition, increasing structural complexity (e.g.
crevices and holes) and creating habitat enhancement units (e.g. reef
balls and other eco-modules) (Evans et al., 2021; Firth et al., 2020;
Glarou et al., 2020), with the latter increasing in popularity. However, it
is important to keep in mind that SPLs are constructed by dumping rocks
from a vessel through fall pipes (Asgarpour, 2016). In such environment,
a one-by-one placement of eco-modules may be interesting on an
experimental ecological scale, but it may not be a feasible solution for
upscaling to real construction and development at sea (Evans et al.,
2021). Instead, applying the principle of nature inclusive design using
existing construction techniques for SPLs (e.g. rock dumping from the
vessel) may enable large-scale deployment of eco-friendly SPL (Mamo
et al., 2021), while avoiding considerable additional costs (Evans et al.,
2021; Firth et al., 2020; Mamo et al., 2021).

There is a general agreement that the addition of small-scale
complexity in artificial habitats is crucial for increasing biodiversity
(Aguilera et al., 2014; Coombes et al., 2015; Firth et al., 2014; Liversage
et al., 2017). This is particularly relevant for boulder-like substrates
(Chapman, 2012). For SPLs, this could be achieved by manipulating the
combination of different stone sizes used in the construction (as
demonstrated on previous work on protective marine infrastructure
Mamo et al., 2021) without compromising the primary role of the
structure.

While an efficient NID of future SPLs requires understanding of how
current SPL designs affect biology and ecology, this knowledge is largely
lacking (but see ter Hofstede et al., 2022) or based on reviews of
methodology that is primarily used for other purposes (e.g. artificial
reefs for increasing fisheries yields) (Glarou et al., 2020). By analysing
actual data derived from SPL sampling and complementing it with
experimental research, this paper takes important initial steps that may
inform and guide future design of SPLs. In a first step, we analysed
biofouling fauna (defined as colonising biota that at any point in time
develop on artificial reefs; (Svane and Petersen, 2001; Wahl, 1989) data
from SPLs from locations across the southern North Sea to investigate
how SPL characteristics affect community composition and quantified
the proportion of non-indigenous species and species of conservation
importance on these habitats. Subsequently, we manipulated habitat
complexity to test its effect on community composition, biomass, and
diversity of the initial settling community. We thereby tested whether

adding complexity to the current SPL designs has a positive/negative/
neutral effect on the species richness, abundance, and biomass of the
colonising biofouling communities. As such, this study paves the way for
science-based knowledge to guide nature-inclusive design of SPLs in
future OWFs.

2. Materials and methods

2.1. Biofouling communities on the scour protection layer – Regional
patterns

2.1.1. Scour protection layer characteristics and location
We used the BISAR database (https://critterbase.awi.de/) to extract

the available data on SPL-associated fauna from five offshore locations
in the North Sea: four offshore wind farms (OWFs; BelWind and C-Power
in the Belgian part of the North Sea, Princess Amalia in Dutch waters,
and Horns Rev. 1 in Denmark) and a gas platform, L10-AD, located in
Dutch waters (Fig. 1). The main physical characteristics of each struc-
ture and their respective SPL are summarised in Table 1.

The installations differed in depth, foundation type (concrete
gravity-based foundation in C-Power: steel jacket foundation for the gas
platform; steel monopile foundations for the others) SPL material
(limestone in BelWind and C-Power and granite in Princess Amalia,
Horns Rev. and the gas platform) (Table 1). There were additional dif-
ferences in their installation time and age of the structure. Nonetheless,
the five structures shared some similarities: they were all located in a
sandy environment, had a filter layer, and similar median rock sizes in
the armour layer (Table 1).

2.1.2. SPL communities
The compiled data were derived from local monitoring programmes

with variable research objectives and methods. Yet, all of them collected
information on the abundance and/or occurrence of marine in-
vertebrates (specifically macrofauna <1 mm) on artificial structures,
used in the current analysis.

Our final dataset consisted of 185 SPL samples: 28 from BelWind, 32
from C-Power, 13 from Princess Amalia, 108 from Horns Rev., and 4
from the older gas platform L10-AD (Table S1). Samples from the OWFs
were collected over multiple years corresponding to variable time series,
while data for the gas platform were obtained during a single sampling
event in 2015.

The epifaunal samples from the Horns Rev. SPL were collected in-situ
by random subsampling 3–6 small subplots (0.04 m2) of the stone using
a scraping tool and an underwater airlift device (Leonhard and Freder-
iksen, 2006). For this analysis, subsample data were aggregated to
derive data per stone, in line with the other locations. At all other lo-
cations, samples were obtained by randomly collecting individual stones
(i.e. 1 sample= 1 stone) from the SPL. The stones were directly placed in
bags to prevent organism loss and transported to the laboratory for
subsequent processing (for Princess Amalia see: Coolen et al., 2020; for
BelWind and C-Power see: Mavraki et al., 2020; for L10-AD unpublished
data, using methods as in Coolen et al., 2020).

Once in the laboratory, experts identified organisms to the lowest
taxonomic level possible. TheWorld Register of Marine Species was used
as a reference and validation of taxonomic nomenclature (Horton et al.,
2021).

2.1.3. Data preparation
We excluded data on algae, copepods, nematodes, and fish from the

analysis since they were not systematically recorded across all sites. We
further excluded soft-sediment species that were occasionally sampled
when applying the airlift gear technique (Table S2). Records of organ-
isms belonging to the phylum Nemertea (Lineidae, Nemertea, Oerstedia
dorsalis) were all grouped at the phylum level.

In instances where taxa were identified at a taxonomic level higher
than the species level in a single sample, we combined them with a
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species in the same taxon if only one species from that taxon was pre-
sent. However, if more than one species was present in the same sample,
the abundance of the higher taxon was proportionally split between the
identified species, assuming that no other species were present. Organ-
isms identified at a higher level were left at the higher taxonomic level
only when no other species from the same taxon were present in the
same sample. All the changes to the original data were documented and
were published in a research data depository (Zupan et al., 2023).

Our dataset included both countable species and colonial species.
Data for the latter group are expressed as presences, while data for the
former group are expressed as counts. The resulting dataset was filtered
for non-indigenous species using a recent non-indigenous species list
from artificial substrates in the southern North Sea (Kapasakali et al.,
2023). We distinguished non-indigenous species as ‘cryptogenic’ (i.e.
species not demonstrably native or introduced (Carlton, 1996), ‘intro-
duced’ (i.e. non-indigenous species whose presence is attributable to
human action (modified from Richardson et al., 2010)), and ‘range-
expanding’ (i.e. non-indigenous species whose presence in the novel
region can be attributed to natural dispersal, assisted or not by human-
mediated changes to the environment (modified from Richardson et al.,
2010)).

We used the OSPAR list of threatened and/or declining species and
habitats (OSPAR Commission, 2008) and the Marine Strategy Frame-
work Directive indicator species list for Belgium (Belgische Staat, 2018)
and the Netherlands (Hermans et al., 2020) to identify species of

conservation importance for hard substrates (summarised in Table S3).
As we were unable to find similar information for Denmark, we were
unable to produce these lists for Danish waters.

2.2. The effects of habitat complexity on the biofouling fauna community
– A field experiment

2.2.1. Deployment site and experimental set up
Three stainless-steel experimental units (1 × 1 × 1.4 m; Fig. 2) were

deployed on the seabed at the artificial reef site of the C-Power OWF
(Fig. 1), an area surrounded by soft sediment (Table 1). The experi-
mental units were composed of a metal supporting structure and a one-
by-one meter grid container of 20 cm height that was subdivided into
four 45x45x20 cm divisions, allowing for 10 cm space between each
compartment (Fig. 2).

Four treatments, each with different levels of habitat complexity,
were applied randomly to each compartment. We manipulated habitat
complexity by mixing ‘large’ (10–30 cm diameter) and ‘small’ (4–8 cm)
stones in different proportions, to arrive at different levels of available
surface to colonize and different levels of space between stones.

Incorporating different gradings of stones into SPL design has been
suggested as a way to increase habitat complexity of this artificial
habitat without compromising its primary purpose (Arboleda et al.,
2023). Here we test this assumption bymixing diferent volumes of larger
and smaller stones as way to manipulate various factors associated with

Fig. 1. Locations of investigated scour protection layers in the southern North Sea. We used data from four offshore wind farms: BelWind (circle) and C-Power
(square) in the Belgian part of the North Sea, Princess Amalia (triangle) in Dutch waters and Horns Rev. (rhombus) in Denmark; and a gas platform, L10-AD (triangle
upside down), located in Dutch waters. The habitat complexity experiments (yellow star) were conducted on the sandy substrate next to the C-Power offshore
windfarm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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habitat complexity (e.g. the available surface area, orientation and
presence of microhabitats), as these are relevant for the actual SPL
designs.

All stones were moraine gravel (a type of silex limestone) from a
single terrestrial location. The compartments were constructed using a
steel wire (mesh size 3 × 5 cm) and attached to the metal supporting
structure using cable ties. The experimental units were covered by a 1 ×

1 m cover with a 2 × 2 cm mesh. The mesh size was significantly larger
than our target biofouling community and did not impose limitations for
their colonisation.

Each treatment was filled with 60% large rocks, representing ~24 l,
in each division. The volume of the rocks was measured as water
displacement volume. The increased complexity of the empty volume in

between the larger rock was achieved by filling the compartment with
small stones in different quantities: complexity Treatment 1 (T1) was
filled with 60% large stones and no small stones (24 l total volume);
habitat complexity Treatment 2 (T2) was filled with 60% large stones
and 10% small stones (28 l total volume); Treatment 3 (T3) contained
60% large stones and 20% small stones (32 l total volume); and Treat-
ment 4 (T4) contained 60% large stones and 30% small stones (36 l total
volume).

The experimental units were deployed on 1 February 2021 in the
vicinity of the C-Power wind farm and were located approximately 5–10
m from each other at a depth of 24 m (Fig. 1). The units were deployed
from the vessel by carefully lowering them with the crane until they
reached the sea bottom in a straight vertical descent. To retrieve the

Table 1
Scour protection layer characteristics for each installation.

BelWind OWF C-Power OWF Princess Amalia OWF Horns Rev. OWF L10-AD gas platform

Country Belgium Belgium The Netherlands Denmark The Netherlands
Foundation type Monopile Gravity-based Monopile Monopile Jacket
SPL depth (m) 24 24 22.5 7 26
SPL surface area (m2) 615–804 6082–10,568 705 571 38,961
Surrounding substrate & median grain size (mm) Sandy

0.31
Sandy
0.29

Sandy
0.21

Sandy
0.23

Sandy
0.20

SPL material Limestone Limestone Granite Granite Granite
Mean SPL stone size (m; ranges and/or means
presented when information is available)

0.37 0.5 (0.25–0.75) 0.55 0.5 (0.45–0.56) 0.5

Turbine reference code and geographic coordinates
of sampled foundations

B8: 51,6545 N; 2786
E
C2: 51,686 N; 2812E

D5: 51,545 N; 2929E

D6:51,548 N; 2923E

T1: 51, 605 N; 4241E
T20: 52, 587 N; 4246E
T45:52,581 N; 4217E
T60:52,547 N; 4211E

T33: 55,296 N;
7485E
T55:55,289
N;7506E
T58:55,289
N;7508
T91:55,299 N;
7526E
T92:55,290 N;
75526E
T95:55,290
N;7528E

53,4033 N; 4200E

Distance from shore (km) 46 30 23 15 52
Start of construction 2009 2008 2005 2002 1972
Range of community age during sampling (in years) 1–3; 9–10 1–5; 8; 11 5–7 1–3 43
Sampling method Manual rock

collection by divers
Manual rock collection
by divers

Manual rock collection
by divers

Airlift sampler by
divers

Manual rock collection
by divers

Mean surface area of the sampled stone (m2 ± sd) 0.074 ± 0.05 0.070 ± 0.05 0.135 ± 0 0.196 ± 0.04 0.047 ± 0.005
Number of samples 28 32 13 108 4

Fig. 2. The three stainless-steel units (1x1x1.4 m, left panel) used to test the effects of different habitat complexity treatments. The units were composed of a metal
supporting structure and a one-by-one meter grid container of 20 cm height that was subdivided into four 45x45x20 cm compartments, allowing for 10 cm space
between each compartment (right panel). The top of the table was covered by a 1x1m cover with a 2 × 2 cm mesh (not pictured here).
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units, a systematic search was conducted by divers to locate them in the
designated area. Once located, the units were securely fastened to a
rope, which was then connected to the vessel’s crane. The units were
lifted back to the vessel, ensuring a perpendicular ascent to prevent any
tilting or instability during the retrieval process. Units 2 and 3 were
recovered in December 2021, while bad weather conditions and COVID-
19 regulations prevented recovery of the remaining unit until March
2022.

2.2.2. Sample processing
As soon as the experimental units were retrieved, the stones from

each treatment were gently brushed to remove biofouling organisms.
Organisms were sieved over a 1 mm sieve and preserved in a 4%
formalin-seawater solution. In the laboratory, the organisms were
identified to the lowest possible taxonomic level, solitary/mobile in-
dividuals were counted, and their blotted wet weight was measured. We
also recorded presence of colonial taxa from the different treatments.
Larger mobile taxa (decapods and fish) were not sampled quantitively
and not included in the dataset.

2.3. Data analysis of existing (regional patterns) and experimental data

We used R version 4.1.0 (R Core Team, 2020) and R Studio version
1.4.1717 (RStudio Team, 2022) for data analysis.

2.3.1. Regional patterns of biofouling communities on the scour protection
layer

We generated an Euler diagram using the euler function from the
eulerr package version 6.1.0 (Larsson, 2020) to visualize the main
similarities (species overlap) and differences (unique species) in count-
able and non-countable SPL assemblages between the different locations
in the southern North Sea.

2.3.1.1. Non-indigenous species and species of conservation value. We
used a Kruskal-Wallis test coupled with the pairwise Wilcoxon test to
examine differences in the proportion of samples (i.e. stones) containing
i) non-indigenous species and ii) species of conservation importance
between the five ‘PARK’s (BelWind, C-Power, Princess Amalia, Horns
Rev., and the L10-AD gas platform).

2.3.1.2. Community composition. To test for differences in SPL com-
munity composition, we used multivariate generalised linear modelling
(GLM) approaches from the mvabund package (version 4.1.12; Wang
et al., 2012). GLMs are increasingly favoured over traditional
distance-based methods for community ecology as distance-based
methods are susceptible to confounding dispersion and location effects
(Warton et al., 2012), since they assume a mean-variance relationship
where mean equals variance, which is rarely met for multivariate
community data (Warton et al., 2015; Warton et al., 2012). The multi-
variate modelling approach overcomes this issue by fitting GLMs that
can specify the mean-variance relationship and where model diagnostics
can be checked. We used the manyglm function that fits specific GLMs to
each species and uses resampling-based hypothesis testing to assess the
significance of the explanatory variables (Wang et al., 2012).

We identified all physical characteristics in Table 1, and longitude
and sampling gear as potential explanatory variables. Collinearity was
assessed using pair plots and variance inflation factors (cut off VIF = 3,
Zuur et al., 2010). There were multiple cases of collinearity between the
predictor variables, and many were co-dependent with the SPL location
(e.g. type of stone, sampling gear, SPL surface area), rendering the
assessment of individual impact of SPL physical characteristics difficult.
Our model therefore included ‘AGE’ (number of years since construc-
tion), ‘PARK’ (BelWind, C-Power, Princess Amalia, and Horns Rev) and
their interaction as explanatory variables. To account for the variation in
the surface area of each sample, we included the surface area as an offset

in the model. For this analysis we only used the time series data, thus
excluding the samples from the gas platform.

We ran a model solely for the abundance data for countable species
using a negative binomial distribution (quadratic mean-variance rela-
tionship, Fig. S1). Residuals plots from manyglm showed little pattern
(Fig. S2), indicating that the negative binomial distribution was indeed
appropriate for our data. The significance of the predictors was assessed
using the anova.manyglm function (likelihood test) using 999 bootstrap
iterations via PIT-resampling.

We conducted pairwise comparisons (adjusted for multiple testing,
Wang et al., 2012) to investigate possible pairwise differences between
communities from different ‘PARK’s. We used the sum of likelihood ratio
test statistic value to determine the level of similarities between
‘PARK’s: the larger the test statistic, the greater the difference between a
pair of sites; the smaller the test statistic, the less different the pairs are.

We then identified the taxa explaining the main differences by uni-
variate testing using the p.uni argument of the anova.manyglm function.
As the adjusted p-values generated from the univariate tests are very
conservative (increase in Type II error), we used the test statistic value
(i.e. sum of likelihood ratio) to determine which species’ response
contributed most to the significance of explanatory variables: the larger
the value of the test statistic of an individual species, the greater the
contribution to the explanatory variable. Unadjusted p-values were not
used as they significantly increase Type I error.

We fitted an unconstrained ordination (Hui et al., 2015) using a
generalised linear latent variable model (R package gllvm version 1.3.1;
Niku et al., 2019) to visualize the main trends in the SPL community
composition. The latent variable model is a model-based approach to
unconstrained ordination; it is an extension of the basic GLM to multi-
variate data using a factor analytic approach (Niku et al., 2019). The
output of the gllvm visualizes the samples on a low dimensional plot
usually containing two latent variables that have a natural interpreta-
tion to ordination axes (Niku et al., 2019). We further fitted and
visualised a correlated response model to produce partial ordination of
residuals for the explanatory variables ‘AGE’ and ‘PARK’. Comparing the
unconstrained ordination to the partial ordinations allows to visualize
how much of the community structure is explained by the environ-
mental explanatory variables in the partial ordination (Niku et al.,
2019). In cases where the constrained ordination exhibits similarity to
the patterns observed in the unconstrained ordination, it can be inferred
that the constraining predictor variable (such as age or park) does not
exert a significant influence on the variation in the community compo-
sition. Conversely, when the pattern evident in the constrained ordina-
tion differs from that of the unconstrained ordination, it may be deduced
that the predictor variable in question has a strong influence on the
variation in the community composition. The model-based approach to
unconstrained ordination is preferred to traditional distance-based
methods, as it incorporates statistical properties of the data (i.e. the
mean-to-variance relationship). For this visualization we included the
data from the OWFs and the gas platform. We restricted the model to
two latent variables. The patterns in the ordination reflect differences in
both abundance and species composition between sites.

2.4. Data analysis testing the effects of habitat complexity experiments

2.4.1. Univariate response
We used a one-way analysis of variance (ANOVA) to compare species

richness, total abundance, and total biomass of the biofouling commu-
nity between the complexity treatments (‘TREATMENT’), followed by
Tukey’s pairwise comparisons. To consider the variation due to different
experimental units (including experimental duration), ‘UNIT’ was added
as a blocking factor in the ANOVA. We used the Levene’s test (Levene,
1960) to test for homogeneity of variances. For species richness both
countable and non-countable species were used, while for abundance
and biomass only countable species were considered.
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Journal of Sea Research 201 (2024) 102522

6

2.4.2. Community composition-abundance
We used multivariate generalised linear modelling to determine

whether the community composition of the biofouling fauna differed
between complexity treatments. The model included ‘TREATMENT’ as
the explanatory variable and ‘UNIT’ as a blocking factor. We ran the
model for the abundance data only (countable taxa) with a negative
binomial distribution and assessed the model distribution by inspecting
Dunn-Smyth residuals (Fig. S3).

2.4.3. Community composition-biomass
As the manyglmmodel assumptions could not be met for the biomass

data, we used distance-based methods instead. The difference in
biomass-based community structure between the different habitat
complexity treatments was tested with PERMANOVA (adonis function in
vegan package version 2.5.7 (Oksanen et al., 2020)), using Bray-Curtis
resemblance (vegdist function from vegan package version 2.5.7) and
9999 permutations with ‘TREATMENT’ as an explanatory variable, and
including ‘UNIT’ as blocking factor. The homogeneity of variance was
tested and confirmed using betadisper function in the vegan package.

3. Results

3.1. Regional patterns

A total of 168 taxa, 34 colonial and 134 countable/mobile, were
identified. Nine species were recorded at all locations (Fig. 3): the sea
anemone Actiniaria, the nudibranch Aeolidia papillosa, the barnacle
Balanus crenatus, the bryozoan Electra pilosa, the polychaetes Eulalia
viridis, Harmothoe impar and Sabellaria spinulosa, the bivalve Mytilus
edulis and the decapod Pisidia longicornis. The highest number of unique
taxa was recorded in BelWind (n= 23 out of 99), followed by Horns Rev.
(n = 21 out of 52), C-Power (n = 20 out of 94), the gas installation (n =

13 out of 45) and the Princess Amalia OWF (n = 7 out of 53; Fig. 3).

3.1.1. Non-indigenous species
Non-indigenous species accounted for 4% of all taxa identified across

the different monitoring programmes. Based on the classification
scheme of Kapasakali et al. (2023), we classified four species as intro-
duced (Crepidula fornicata, Diadumene lineata, Fenestrulina delicia, Mon-
ocorophium sextonae), three as cryptogenic (Diplosoma listerianum, Jassa
marmorata, Monocorophium acherusicum) and one as a range-expanding
species (Eulalia aurea) (Table S4).

The mean proportion (±stdev) of non-indigenous species within a
location was always low: 6% (±4%) in BelWind, 7% (±4%) in C-Power,
8% (±1%) on the gas platform, 11% (±6%) in Princess Amalia and 11%
in Horns Rev. (±4%), and differed significantly between ‘PARK’s (Chi
square = 30.9, df = 4, p < 0.001). The proportion of non-indigenous
species was significantly higher in Horns Rev. compared to BelWind
SPL (Pairwise Wilcoxon p = 0.004), and in Horns Rev. compared C-
Power (Pairwise Wilcoxon p < 0.0001).

3.1.2. Species of conservation importance
The OSPAR list of threatened and/or declining species and habitats

mentions five invertebrate species, none of which were found in our
samples (Table S3). Based on the Belgian and Dutch MSFD (Table S3) we
identified eight species listed as taxa of conservation importance: the
tube-building polychaete Spirobranchus triqueter, the reef-building
polychaete S. spinulosa, the gastropod Buccinum undatum, the soft
coral Alcyonium digitatum, the bivalve M. edulis, the queen scallop
Aequipecten opercularis, the anemone Urticina felina, and the erect
bryozoans from the genus Alcyonidium spp.

The mean proportion (±stdev) of species of conservation importance
was low and ranged between 5% (±3%) on the gas platform and C-
Power, 6% (±4%) in BelWind, 7% (±7%) in Princess Amalia, and 11%
(±4%) in Horns Rev. The proportion of species of conservation impor-
tance significantly differed between ‘PARK’s (Chi square = 58.2, df = 4,
p < 0.0001). Horns Rev. had a significantly higher proportion of species
of conservation importance compared to BelWind (Pairwise Wilcoxon p
< 0.0001) and C-Power (Pairwise Wilcoxon p < 0.0001).

3.1.3. Community composition
Multivariate GLMs indicate that ‘AGE’ and ‘PARK’ significantly

affected the SPL community composition, while the interaction between
these factors was not significant (Table 2). Pairwise comparisons high-
lighted that the SPL community in Horns Rev. was the most distinct
compared to any other ‘PARK’ community (Table 3, Fig. 4). The SPL
community composition of the closely located Belgian OWFs (C-Power
and BelWind) was the least different among all pairwise comparisons
(Table 3, Fig. 4). The SPL communities differed both in their species
composition (Table 3, Fig. 4) and in the relative contribution of major
taxa (Fig. S3).

Thirteen countable species explained 50% of the deviance attributed
to the factor ‘AGE’ (Table 2). Among those, the densities of the poly-
chaete Syllis gracilis, the sea anemone Actiniaria and the decapod
Pilumnus hirtellus showed increasing abundances as the offshore struc-
tures aged (Fig. S5). On the other hand, densities of the polychaete
Phyllodoce groenlandica, the nudibranch Onchidoris muricata and the
echinoderm Asterias rubens displayed decreasing abundances with age
(Fig. S5).

Species driving the main difference between ‘PARK’s were the tube-
building amphipods, Jassa marmorata, J. herdmani and M. acherusicum,
which were also the three most abundant taxa on the different SPLs.
Jassa marmorata was the most abundant species in Horns Rev., and it
was also uniquely recorded on that SPL (Fig. S6), where it accounted for
94% of all specimens (Fig. S4). In the Netherlands and Belgium, the
other two amphipod species (J. herdmani and M. acherusicum) repre-
sented between 70% (C-Power) and 78% (Princess Amalia) of the in-
dividuals in the communities.

The relative abundance of amphipods remained constant through
time in Horns Rev. while in BelWind, C-Power and Princess Amalia it

Fig. 3. Euler diagram showing overlap between scour protection layer assem-
blages sampled at different locations in the southern North Sea. The numbers
represent the number of unique species in each location (zones without overlap)
and the number of species shared between locations (overlap between different
ellipses; e.g. 9 taxa were found at all locations). It is not possible to plot all
overlap between all combination, which results in some missing overlaps.

M. Zupan et al.



Journal of Sea Research 201 (2024) 102522

7

showed greater fluctuations (Fig. S4). The SPL communities can further
be distinguished based on the location-specific relative contribution of
other taxa (Fig. S4). Following the abundance of amphipods, the Horns
Rev. SPL habitat is characterised by the bivalve M. edulis, the barnacle
B. crenatus and the anemone Actiniaria (Fig. S4). The Princess Amalia
community is represented by a relative increase over time in abundance
of Actiniaria and a simultaneous decrease of other taxa (Fig. S4). The
community composition differs least between the BelWind and C-Power
OWFs (Fig. 3, Table 3); it is characterised by an abundance of amphipods
and by an increasing abundance of the decapod P. longicornis (Fig. S4).

3.1.4. Comparison to the old gas foundation
The unconstrained ordination suggested a higher similarity between

the SPL community of the gas platform and the communities encoun-
tered at the the Princess Amalia SPL, than with communities inhabiting
the older BelWind and C-Power SPL (Fig. 4). Compared to the OWF
samples, the gas foundation SPL community is not numerically domi-
nated by Jassa spp. or Monocorophium spp. Instead, the most abundant
species recorded were the anemone Actiniaria (19%), the amphipod
Phtisica marina (16%), the polychaetes from the family Polynoidae

(10%) and the polychaete Sabellaria spinulosa (3%).

3.2. Field experiment

We counted a total of 392,303 individuals, with a total biomass of
4588 g (blotted weight), belonging to 76 taxa (59 on a species level and
17 on a higher taxonomic level) from all experimental units and treat-
ments combined. With 37 different taxa, Polychaeta represented the
most diverse group, followed by Amphipoda (9 taxa), Bivalvia (6 taxa)
and Nemertea (5 taxa). Other taxonomic groups were represented by
maximum two taxa. The hydrozoans Tubularia spp., the bryozoan
E. pilosa, the ascidian D. listerianum and the barnacle Balanus crenatus
were recorded in all treatments and all units. However, their abundances
and biomass could not be determined and were omitted from the
respective analyses.

We identified three non-indigenous taxa (D. listerianum, C. fornicata,
M. acherusicum) and four species of conservation importance (M. edulis,
S. spinulosa, S. triqueter, and Ostrea edulis). Ostrea edulis was recorded
only once in Treatment 2, while the other species of conservation
importance were present across all treatments.

3.2.1. Univariate response
Total abundance and biomass were not significantly affected by the

habitat complexity treatments. However, there was a significant treat-
ment effect on species richness (Table 4, Fig. 5). A post-hoc Tukey test
showed that the mean value of species richness was significantly higher
in treatment 4 compared to treatment 1 (p = 0.006). There were no
significant pairwise differences in species richness between any of the
other treatments (Tukey HSD, all p > 0.05).

3.2.2. Community differences
Multivariate analysis showed no effect of habitat complexity on

community composition (p = 1) and biomass (p = 0.24). The most
abundant species was the amphipodM. acherusicum representing 34% of
total individuals, followed by J. herdmani (25%) and P. longicornis 21%
(Fig. 6). The anemone Actiniaria represented 52% of total biomass,
followed by the decapod P. longicornis (20%), amphipods J. herdmani
(10%), M. acherusicum (5%), the decapod P. hirtellus (3%), and the
bivalve M. edulis (2%) (Fig. 6).

4. Discussion

Our results document the presence of diverse and abundant com-
munities on SPLs in the southern North Sea. Current SPLs are colonised
by some non-indigenous species as well as some species of conservation
importance. At the larger scale, SPL community composition is affected
by age of the structure and geographical location while our experiment
shows increased complexity within a location results in increase di-
versity of the early settling community.

4.1. Risks and opportunities of the SPL for the spread of hard substrate
species

The analysis revealed a slightly higher proportion of non-indigenous
species compared to previous observations of subtidal hard substrate
fauna in the North Sea (2% of the species in De Mesel et al., 2015; 5%
Coolen et al., 2020), yet still remained low. Variations in the proportion
of non-indigenous species among SPLs, with Horns Rev. exhibiting the
highest (11%) and BelWind the lowest (6%), can be attributed to their
distances from shore (Reise et al., 2006), where human activities are
most concentrated. Notably, certain non-indigenous taxa, such as the
gastropod C. fornicata, have demonstrated successful invasive behavior
in both natural and artificial habitats, posing potential harm (e.g.
displacement of native species, habitat alternation)) to the environment
(Thieltges, 2005).

The identified species of conservation importance can benefit from

Table 2
Manyglm analysis examining the association between the community structure
of scour protection layer stones over time (‘AGE’) and between different loca-
tions (‘PARK’). The order of the individual species most contributing to the
significance of the explanatory variable is based on the value of the test statistic
(from increasing to decreasing, with % indicating the proportion of difference in
deviance explained).

Analysis

Factor AGE PARK AGE:
PARK

Res.df 179 176 173
Deviance (% of total
deviance)

656 (12%) 4036 (75%) 701
(13%)

p 0.001 0.034 0.104
Individual species
most contributing
to the significance
of the explanatory
variable (up to
~50% of deviance
explained)

Phyllodoce
groenlandica (6%),
Actiniaria (6%),
Onchidoris muricata
(5%), Syllis gracilis
(5%), Ophiothrix
fragilis (4%), Pilumnus
hirtellus (4%),
Venerupis corrugata
(3%), Rissoidae (3%),
Phyllodoce mucosa
(3%), Asterias rubens
(3%), Verruca
stroemia (3%),
Echinocyamus pussilus
(3%), Gitana sarsi
(3%)

Jassa marmorata
(10%), Jassa herdmani
(6%), Monocorophium
acherusicum (6%),
Pisidia longicornis (5%),
Phtisica marina (4%),
Caprella linearis (4%),
Phyllodoce mucosa
(3%), Stenothoe marina
(2%), Rissoidae (2%),
Stenothoe monoculoides
(2%), Spirobranchus
triqueter (2%), Asterias
rubens (2%)

–

Table 3
Manyglm pairwise comparisons results for the variable ‘PARK’. Log-likelihood-
ratio (LR) test statistics were calculated using 999 iterations via PIT-trap
resampling. The test statistic can be interpreted as follows: the higher the LR,
the greater the difference between pairs; the lower the LR, the smaller the dif-
ference between pairs. All pairwise comparisons were significant (p < 0.05).

Pairwise comparison results

Sum of LR statistics

Park Park
Horns Rev. BelWind 2166.7
Horns Rev. C-Power 1866.1
Horns Rev. Princess Amalia 914.1
C-Power Princess Amalia 354.0
BelWind Princess Amalia 331.1
BelWind C-Power 243.9
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the presence of hard substrate, as it provides attachment sites (e.g.
A. digitatum. U. felina, S. spinulosa), and serves as nursery (e.g.
A. opercularis), and foraging areas (e.g. B. undatum). Nonetheless, the
proportion of species of conservation importance was low and similar
across the different SPLs. Consequently, SPLs may not directly serve as
significant habitats for species of conservation importance.

4.2. SPL characteristics that shape communities

Our analysis revealed significant differences between SPL commu-
nities of different “PARK”s. However, the factor “PARK” was colinear
with several environmental variables that can effectively be at the basis
of the observed differences. The main difference between the Horns Rev.
and the other SPL communities is its shallower depth (7 m) compared to
that of other locations (range: 22.5–26 m). Indeed, the most abundant
species at Horns Rev. (J. marmorata and the bivalve M. edulis) are
characteristic of more shallow depths (Beermann, 2014; Coolen et al.,
2022). In addition to the depth effect, the northern location of the Horns
Rev. may well have affected community composition. The sea urchin
Strongylocentrotus droebachiensis and the barnacle Balanus balanus,
which were uniquely found on the SPL of Horns Rev., are naturally
northern species (Barnes and Barnes, 1954; Jensen, 1974; Scheibling
and Hatcher, 2001).

SPLs closer to each other tended to have more similar community
composition than those further apart, despite differences in age and rock
type characteristics. The community composition patterns of the older

gas platform were most similar to the Princess Amalia samples, indi-
cating that location may be more important than age at shaping the
biofouling fauna community. Similarly, the granite SPL stones from the
Netherlands grouped closer with the limestone SPL stones in Belgium
rather than with the granite SPL stones in Denmark, indicating that rock
type may not be a primary driver of community composition either.
Indeed, research suggests that substrate material and age of the artificial
structures have variable effects on community composition (Aguilera
et al., 2022; Guarnieri et al., 2009; Hartanto et al., 2022) and depend on
the local environmental context and local conditions (Mayer-Pinto et al.,
2019). On the other hand, the importance of depth (De Mesel et al.,
2015; Krone et al., 2013; Mantelatto et al., 2022) and location (Blouet
et al., 2022), together with seasonality (Coolen et al., 2022) and habitat
complexity (Aguilera et al., 2022; Bishop et al., 2022), are recognised as
the primary drivers of benthic community composition. Yet, all these
factors may act synergistically or in isolation, leading to a myriad of
variations and differences in benthic communities, which could have led
to differences in community composition even between the nearest SPL
(e.g. BelWind and C-Power). Disentangling the influence of individual
effects can only be achieved with in-situ longer-term experiments, which
are challenging to conduct in offshore subtidal environments.

In our field experiment, species richness was positively affected by
habitat complexity, which is indeed regarded as a primary driver for
community composition and a positive determinant of biodiversity
(Bishop et al., 2022; Huston, 1979; Kovalenko et al., 2012). Increased
complexity is often associated with a greater number of available

Fig. 4. Unconstrained (left panel) ordination for countable species describing variation in scour protection layer (SPL) assemblage structure from OWF BelWind
(circle), C-Power (square), Princess Amalia (triangle pointing up), Horns Rev. (rhombus) and the L10-AD gas platform (red triangle pointing down). The partial
ordinations (for ‘AGE’- middle panel, and ‘PARK’- right panel) describe the variation in the community data after adjusting for the effect of the predictor. The larger
the difference from the unconstrained version, the more variation in community composition is explained by the predictor of the model. Colours of offshore windfarm
samples show different age; the colours are on a non-linear scale for ease of interpretation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 4
ANOVA results for comparison of a) species richness, b) total abundance and c) total biomass among different habitat complexity treatments. The ‘UNIT’ was added as a
blocking factor for different experimental unit variations.

a) Species richness b) Total abundance c) Total biomass

Source DF MS F p MS F p MS F p

Unit 2 27.1 6.29 0.037 428,698,419 5.22 0.049 25,584 2.39 0.17
Treatment 3 44.6 10.35 0.0087 14,754,265 0.18 0.906 30,541 2.85 0.13
Error 6 4.3 82,058,449 10,721

M. Zupan et al.



Journal of Sea Research 201 (2024) 102522

9

microhabitats that lead to an increase in the range of niches available
and the number of species that can colonize an area (Bishop et al., 2022).
More complex habitats (natural and artificial) often lead to increased
abundances and biomass of invertebrates (Bradford et al., 2020; Hall
et al., 2018; Hunter and Sayer, 2009; Liversage et al., 2017) and fish
(Charbonnel et al., 2002; Gratwicke and Speight, 2005; Hunter and
Sayer, 2009). However, we found no significant differences in commu-
nity abundance or biomass between our treatments which can be linked
to our small sample sizes, limited duration of the experiment or the fact
that the complexity treatments were too similar to effect the main
contributors to the entire community. However, some groups, such as
decapods, showed increasing trends in abundance and biomass with
increasing habitat complexity (Fig. 6). They benefit from a complex
environment as many species live in crevices and holes. Amphipods, on
the other hand, showed a decrease in relative abundance and biomass
with increasing complexity (Fig. 6). We hypothesise that the decrease is
linked to the predation by decapods and/or the microhabitat preference
of the amphipods. In our study, we observed that amphipods mainly
occupied the top or exposed layer of the stones (which was similar across
treatments), whereas the undersides of stones (which increased with
increasing complexity) were occupied by decapods, anemones and other
taxa. Amphipods, such as Jassa sp., can indeed restrict themselves to
specific locations as a response to interspecific competition (Beermann
and Boos, 2015).

As outlined in the methods, our manipulation of complexity also
entailed adjustments to other factors such as orientation and available
surface area, which are known to influence diversity patterns (e.g.
Connell, 2001; Whittaker et al., 2001; Siddik et al., 2019; Kingma et al.,
2024). To pinpoint the specific driver behind these changes, additional
research aimed at disentangling these factors is warranted (e.g. Loke and
Todd, 2016).

4.3. Future SPL design

Based on our study’s findings, SPLs in the North Sea lack many
species of conservation importance listed in official documents. How-
ever, this does not imply that SPLs have little potential for nature con-
servation efforts. The SPL are densely colonised by common marine

invertebrates, and safeguarding these species is also important to
maintain or enhance ecosystem functioning (Braeckman et al., 2014).
Previous studies have indicated that existing SPLs provide abundant and
diverse food sources for higher trophic levels, alongside offering shelter
and resting areas (Buyse et al., 2022a, 2022b; Mavraki et al., 2021;
Reubens et al., 2014).

With projections indicating a substantial increase in offshore wind
capacity in European waters by 2030, leading to the deployment of
thousands of new turbines predominantly supported by monopiles and
associated SPLs (Wind Europe, 2021), there will be a significant addition
of hard substrate to the marine environment. If future designs prioritise
optimising their benefits, SPLs could serve as valuable tools for
enhancing nature conservation efforts.

Understanding how biofouling communities will evolve in the near
future is challenging due to the complex interplay of age and local
conditions (Zupan et al., 2023). To address questions about future and
long-term community development, it is essential to consider these
factors when designing SPLs. Investigating existing older structures
similar to SPLs can offer insights into how communities might change
over time in specific locations. Additionally, establishing systematic
long-term monitoring programs would provide a framework for
observing and understanding the development of these communities
throughout their lifespan.

While investigating large-scale patterns did not yield clear sugges-
tions for characteristics driving large-scale community patterns of SPLs,
Buyse et al. (2022b) found that increased horizontal complexity at the
SPL level at the Belgian part of the North sea positively affected plaice
(Pleuronectes platessa) densities through offering resting places. Our
study adds to this by showing that incorporating a mix of smaller and
larger stones enhances diversity of marine invertebrates and thereby
prey diversity for higher trophic levels. Therefore, exploring ways to
maximise the ecological benefit of SPLs by manipulating their
complexity should be a priority in future OWF development.
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Richardson, D., Pyšek, P., Carlton, J., 2010. A compendium of essential concepts and
terminology in invasion ecology. In: Fifty Years of Invasion Ecology: The Legacy of
Charles Elton, pp. 409–420. https://doi.org/10.1002/9781444329988.ch30.

RStudio Team, 2022. RStudio: Integrated Development Environment for R. RStudio, PBC,
Boston, MA.

Scheibling, R., Hatcher, B., 2001. The ecology of Strongylocentrotus droebachiensis. Dev.
Aquac. Fish. Sci. 32, 271–306. https://doi.org/10.1016/S0167-9309(01)80018-1.

Siddik, A.A., Al-Sofyani, A.A., Ba-Akdah, M.A., Satheesh, S., 2019. Invertebrate
recruitment on artificial substrates in the Red Sea: role of substrate type and
orientation. J. Mar. Biol. Assoc. U. K. 99, 741–750. https://doi.org/10.1017/
S0025315418000887.

Staat, Belgische, 2018. Actualisatie van de omschrijving van goede milieutoestand &
vaststelling van milieudoelen voor de Belgische mariene wateren. Kaderrichtlijn
Mariene Strategie – Art 9 & 10. BMM, Federale Overheidsdienst Volksgezondheid,
Veiligheid van de Voedselketen en Leefmilieu, Brussel, België, 30 pp.
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