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ABSTRACT. Offshore wind farms (OWFs) are proliferating globally. The submerged
parts of their structures act as artificial reefs, providing new habitats and likely affecting
fisheries resources. While acknowledging that the footprints of these structures may
result in loss of habitat, usually soft sediment, we focus on how the artificial reefs estab-
lished by OWFs affect ecosystem structure and functioning. Structurally, the ecological
response begins with high diversity and biomass in the flora and fauna that gradually
colonize the complex hard substrate habitat. The species may include nonindigenous
ones that are extending their spatial distributions and/or strengthening populations,
locally rare species (e.g., hard substrate-associated fish), and habitat-forming species
that further increase habitat complexity. Functionally, the response begins with dom-
inant suspension feeders that filter organic matter from the water column. Their fecal
deposits alter the surrounding seafloor communities by locally increasing food avail-
ability, and higher trophic levels (fish, birds, marine mammals) also profit from locally
increased food availability and/or shelter. The structural and functional effects extend
in space and time, impacting species differently throughout their life cycles. Effects

must be assessed at those larger spatiotemporal scales.

INTRODUCTION

With a global cumulative capacity of
651 GW installed, wind is one of the
most exploited sources (GWEC, 2019) in
the world’s transition toward renewable
energy. Given the need for space, wind
energy developments are typically con-
structed in vast open landscapes, which
are scarce in most European countries
and in highly populated coastal areas else-
where but remain largely available at sea.
Offshore wind farms (OWFs) currently
represent only 4.5% of installed wind
capacity. In 2019, there was a global addi-
tion of 6.1 GW, and the yearly addition
is projected to double by 2024 (GWEC,
2019). OWFs are proliferating in Europe,
mainly in the North Sea, but have also
gained momentum in China and are
advancing along the US East Coast with
more than 15 OWF projects projected to
be built by 2026 (https://www.4coffshore.
com/offshorewind/).

While OWFs are typically less fre-
quently confronted with a NIMBY (“not
in my back yard”) attitude than those on
land, they are, however, approached with
reluctance by many ocean users. Since the
construction of the first OWFs, concerns
have been raised about economic costs
and benefits, as well as their effects on nat-

ural environments (Devine-Wright and
Wiersma, 2020). Such concerns continue
to be strongly raised by the commercial
fishing community, spawning such news-
paper headlines as: “Wind farms tak-
ing grounds and damaging marine life”
(Fishing News, 2019) and “Fish are kept
away by wind turbines” (translated from
“Vissen blijven weg door windmolens”;
De Krant van West-Viaanderen, 2018).
On the other hand, recreational fisheries
tend to see OWFs as a blessing because
they provide excellent angling oppor-
tunities, with increased abundances of
their favorite fish, for example, at Block
Island Wind Farm (Rhode Island, USA;
ten Brink and Dalton, 2018).

OWFs do change the local environ-
ment above and below the sea surface
(Lindeboom et al., 2015). The most obvi-
ous and well-studied negative impacts
above the sea surface have been detected
for species of conservation value. Several
seabird species such as guillemots (Uria
aalge) and northern gannets (Morus
bassanus) show a distinct avoidance of
operational OWFs (Skov et al., 2018).
Other seabirds such as larger gulls seem
attracted to the OWFs and run the risk
of colliding with the turbine blades
(Vanermen et al., 2020). Below the sea

FACING PAGE. Biofouling community on a Belgian offshore gravity-based wind turbine, including
blue mussels, plumose anemones, sea urchins, common starfish, barnacles, and tubeworms. Photo
credit: Royal Belgian Institute of Natural Sciences, Alain Norro

surface, marine mammals such as the
harbor porpoise (Phocoena phocoena)
flee the area during pile-driving activities
(Brandt et al,, 2018), and highly migra-
tory fish such as tuna (Thunnus spp.) may
be disturbed by the operational sounds of
OWFs (Espinosa et al., 2014).

OWFs may also have more obscure
effects on marine wildlife that could be
perceived positively. Many top preda-
tors seem to target the OWFs for food
and/or refuge and profit from the eco-
logical changes that take place fol-
lowing their installations (see below).
Additionally, OWFs are known to affect
the benthos and demersal and bentho-
pelagic fish (Dannheim et al, 2020).
These changes, mainly below the sea sur-
face, are commonly referred to as the
“artificial reef effect”

Artificial reefs are man-made struc-
tures (ie., hard substrates) deliberately
placed in the sea to mimic characteris-
tics of natural reefs. The term “artificial
reef” has been in the literature since the
1930s (Bohnsack and Sutherland, 1985),
but structures aimed at promoting fisher-
ies and aquaculture have been around for
at least 5,000 years (Tickell et al., 2019).
The most common purpose for deploying
artificial reefs has been to improve biodi-
versity, particularly with respect to fishery
species (Bohnsack and Sutherland, 1985).
However, structures that function as arti-
ficial reefs are not always purpose built.
Today, such structures have become a side
effect of “ocean sprawl,” a term that reflects
the proliferation of man-made structures
in the sea such as oil and gas platforms,
aquaculture cages, coastal defense con-
structions, and OWFs (Firth et al., 2016).

This article provides an overview of the
artificial reef effects of OWFs on ecosys-
tem structure and functioning. We focus
on how OWFs provide new habitat, set-
ting the stage for colonization by epi-
faunal communities consisting of species
that are both indigenous and nonindig-
enous, of conservation interest, and that
have habitat-forming properties. We also
consider local organic enrichment, sub-
sequent influences on the benthos of the
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surrounding sediments, and the attrac-
tion of predators and scavengers. Finally,
we provide some insights into the spa-
tial extent of OWF artificial reef effects
and how best to deal with them. We par-
ticularly aim to provide lessons learned
from European and American studies in
the North Atlantic. This article does not
examine how the presence of OWFs may
exclude fisheries, which is considered to
be only a secondary component of the
artificial reef effect, and which is cov-
ered by Gill et al. (2020) in this special
issue of Oceanography.
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IT ALL STARTS WITH
BIOFOULING OF A NEWLY
INTRODUCED HABITAT...

It is now widely accepted that one of the
most important effects of OWFs is the
provision of new habitat that can be colo-
nized by hard substrate species (Petersen
and Malm, 2006). Setting aside the loss
of soft sediment habitat due to the OWF
footprint, OWF structures generally pro-
vide two distinct artificial habitats: hard
vertical substrates and a complex range
of horizontal habitats, depending on
the type of foundation and the degree

of scour protection used (Langhamer,
2012). In addition, the novel surfaces
occur throughout the full water column,
from the splash zone to the seafloor, often
in areas where comparable natural hard
surfaces are absent. These attributes are
largely unique to offshore energy infra-
structure. The introduction of coarse rock
affects seabed habitat complexity, partic-
ularly in mobile sediments, expanding
the habitats available to serve as refuges
and to support food sources for biota. In
Europe, most OWFs are constructed in
mobile sedimentary environments, but
in the northeastern United States, several
OWFs are proposed for installation on
glacial moraines that have high densities
of boulders mixed with mobile sediments
(Guarinello and Carey, 2020).

Biofouling Community Structure
and Succession

Installation of any new OWF has invari-
ably been followed by rapid coloniza-
tion of all submerged parts by a variety of
fouling organisms that are familiar from
studies of other anthropogenic struc-
tures placed in the marine environment
(e.g., Kingsbury, 1981; Schroder et al.,
2006). Vertical zonation is observed on
the turbine foundations, with differ-
ent species colonizing the splash, inter-
tidal, shallow, and deeper subtidal zones
(De Mesel et al., 2015; Figure 1). In gen-
eral, biofouling communities on offshore
installations are dominated by mussels,
macroalgae, and barnacles near the water
surface; filter-feeding arthropods at inter-
mediate depths; and anemones in deeper
locations (De Mesel et al., 2015). In the
southern North Sea, adult mussels are
rare at deep offshore locations that do not
have hard substrate near the water sur-
face. However, OWF structures provide a

FIGURE 1. Offshore wind farm structures pro-
vide habitat for invertebrate organisms that
foul the foundation along the depth gradient
and attract predator fish, seabirds, and marine
mammals. lllustration by Hendrik Gheerardyn



novel mussel offshore habitat, with high
abundances exhibited on turbine foun-
dations (Krone et al., 2013a). Larger spe-
cies such as crabs and lobsters appear to
profit from the presence of the structures
and the biofouling community, appearing
in increasing abundance on and around
the structures (Krone et al., 2017). At the
scale of a turbine footprint, biomass can
increase 4,000-fold compared to the bio-
mass originally present in the sediments
(Rumes et al., 2013). OWF structures may
also affect communities living on sur-
rounding natural hard substrates such as
boulder fields. The biota attracted by their
dominant vertical surfaces, high depth
ranges, and different surface textures and
compositions might affect the assem-
blages of invertebrates and algae resi-
dent on nearby boulders (Wilhelmsson
and Malm, 2008).

There are currently five types of off-
shore wind turbine structures in use:
monopiles, gravity-based foundations,
jacket and tripod structures, and, more
recently, floating wind structures. Each
structure has obvious differences in sub-
merged surface area and structural com-
plexity (Rumes et al., 2013). The exact
influence of the structure type on the
degree of the artificial reef effect has not
yet been quantified.

Over time, the initial set of species
can evolve into a highly biodiverse com-
munity composed of many species from
a large number of phyla (Coolen et al,
2020a). Much of the information docu-
menting the colonization and succession
process on OWF artificial hard substrates
is derived from short-term time series
or one-off sampling events. These stud-
ies focused on the high species richness
on the structure compared to surround-
ing soft sediments. The only long-term
(10-year) study identified three distinct
succession stages (Figure 2): a relatively
short pioneer stage (0-2 years) was fol-
lowed by a more diverse, intermediate
stage (3-5 years) characterized by large
numbers of several suspension feeding
invertebrates, and a third “climax” stage
(6+ vyears) co-dominated by plumose
anemones (Metridium senile) and blue
mussels (Mytilus edulis) (Kerckhof et al.,
2019). This climax stage is in line with
observations at offshore oil and gas plat-
forms where mussels mixed with hydro-
zoans and anemones dominated the older
and deeper sections (~15-50 m) (Coolen
et al,, 2020a). In general, the vertical sec-
tion of offshore foundations forms a uni-
form habitat that, in the long term, allows
a few competitive species to dominate the
fouling communities.

Pioneer stage
0-2 years

} Intermediate stage

3-5 years

OWF scour protection, which typi-
cally consists of rocks of varying sizes and
shapes intermittently covered by sand,
provides additional microhabitats for a
multitude of species. While physically it
more closely resembles natural rocky reef
habitats, its fauna remains distinctly dif-
ferent from those found among natu-
ral hard substrates (Coolen et al., 2020a).
Research in Belgian and Dutch waters is
targeting the feasibility of fine tuning the
design of scour protection to contribute
to the restoration of the natural gravel
bed ecosystems lost about a century ago.

Nonindigenous, Rare, and
Habitat-Forming Species

Ocean sprawl in shallow and coastal
waters provides opportunities for non-
indigenous species. In the shallow south-
ern North Sea where OWFs were first
installed, nonindigenous species were
indeed found among the colonizing
species, for example, the Pacific oyster
(Crassostrea  gigas) and the marine
splash midge (Telmatogeton japonicus)
(De Mesel et al.,, 2015). The highest num-
ber of nonindigenous species were found
in the intertidal and splash zones. These
habitats are largely new to the open sea
and offer an empty niche for nonindige-
nous species to extend their distributions

Climax stage
6+ years

FIGURE 2. The colonization of offshore wind turbines passes through clear successional stages: a pioneer stage with a few early colonizers, a species-
rich intermediate stage, and a climax stage dominated by mussels and anemones. lllustration by Hendrik Gheerardyn
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and/or strengthen their populations.
Subtidally, records of nonindigenous
species are more scarce. For Belgian
OWFs, only one nonindigenous species
(the slipper limpet Crepidula fornicata)
was recorded in subtidal samples. In
the Netherlands, however, six out of
eleven nonindigenous species were found
subtidally (Coolen et al., 2020a). At Block
Island Wind Farm, the widespread non-
indigenous and proliferating ascidian
Didemnum vexillum was observed on
both the foundation structure and as an
epibiont to the mussels (HDR, 2020).
As yet, there are no published records of
range expansion of subtidal nonindig-
enous species relating to the introduc-
tion of OWFs. While there is concern
that OWFs may pose a threat to indige-
nous communities (Glasby et al., 2007;
Adams et al., 2014), this threat has yet to
be demonstrated.

The drastic increase of hard substrates
in an environment consisting largely
of soft mobile substrates can favor the
spread of hard substrate species by cre-
ating new dispersal pathways and facil-
itating species migrations, the so-called
“stepping stone effect” (Adams et al,
2014). In the North Sea, southern hard
substrate species such as the barnacle
Balanus perforatus have now expanded
further north, making use of the (inter-
tidal) habitat provided by the OWFs
(Glasby et al., 2007; De Mesel et al., 2015).

Several locally rare species, some of
which are of conservation interest either
because of their threatened status or
because of the habitat they create, have
taken advantage of the new habitat pro-
vided by OWFs. It is important to under-
stand the role of this artificial habitat in
maintaining local populations of these
species, as it is likely to have implications
for future decommissioning of OWFs
(Fowler et al., 2020). At several OWTFs, for
example, fish species that prefer hard sub-
strate, and therefore are either unknown
or extremely rare on the surrounding
sandy seabed, have been recorded in
association with the structures’ artificial
hard substrates (Van Hal et al., 2017). As
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the size, number, and geographic distri-
bution of artificial reef habitat increases
with the expansion of OWFs, additional
fish species with affinities to hard sub-
strates are likely to occupy this habitat.
OWFs may therefore contribute to these
fish species’ population sizes, extents, and
connectivity. Furthermore, by providing
small patches of appropriate habitat in
otherwise unsuitable surroundings, arti-
ficial reefs can sustain local populations
and even affect the spatial distribution
of sessile hard substrate species formerly
unknown to the area (Henry et al., 2018).
An example is the appearance of the
northern cup coral (Astrangia poculata)
at the Block Island Wind Farm (HDR,
2020), and in the North Sea, such species
include the stony coral (Desmophyllum
pertusum) and the European flat oyster
(Ostrea edulis) (Henry et al, 2018;
Kerckhof et al, 2018). Given enough
time, these reef-forming species associ-
ated with hard substrate may develop sec-
ondary biogenic reefs that could provide
a home to many—often rare—species and
offer great value with regard to ecosystem
functioning (Fowler et al., 2020).

The most predominant colonizing spe-
cies on OWFs, the blue mussel (Mytilus
edulis) may have profound bioengineer-
ing and reef-building effects on the sur-
rounding sediments. For example, mussel
shell litter and layers of mussels falling
from turbines may provide habitat for
other species (Krone et al.,, 2013b), and
“drop-offs” may be transported, introduc-
ing them to areas further from the tur-
bines (Lefaible et al., 2019). Furthermore,
evidence of adult blue mussel aggrega-
tions with distinct macrofaunal commu-
nities has been found on soft sediment
near turbines (<50 m) in Belgian (Lefaible
et al., 2019) and US (HDR, 2020) waters.
Continued monitoring is required to
determine the spatial extent and longevity
of these aggregations to determine their
potential designation as reefs and whether
these aggregations could contribute to
restoring functions of bivalve reefs that
historically consisted of Ostrea edulis beds
in the North Sea (Bennema et al., 2020).

ALTERED FOOD WEBS AND
ECOSYSTEM PROCESSES
Suspension Feeders and Local
Organic Enrichment
Wind turbines are generally colonized
by high densities of suspension feed-
ers (Krone et al., 2013a; HDR, 2020). A
large portion of the biofouling commu-
nity feeds on food particles suspended
in the water column that include phyto-
plankton, zooplankton, and detritus
(Figure 3). The predominant blue mus-
sel Mytilus edulis, for example, actively
filters water and ingests particles from it.
Other suspension feeders, such as amphi-
pods like Jassa herdmani, grab parti-
cles from the passing water to eat and to
build their tubes (https://www.marlin.
ac.uk/). The highly abundant plumose
anemone (Metridium senile) is a passive
suspension feeder that extends its ten-
tacles in the water, waits for particles to
stick to them, and then takes the parti-
cles in. Over 95% of the biomass on arti-
ficial structures can be composed of vari-
ous species of suspension feeders (Coolen
et al., 2020b), several of which are highly
resource flexible, switching between sus-
pended food sources, possibly due to
interspecific competition or benefit-
ing from food sources available in abun-
dance (Mavraki et al., 2020a). By filtering
the water, the organisms remove parti-
cles that would have otherwise passed by,
resulting in lower turbidity and increased
light penetration. This “biofilter” effect
has been demonstrated at the local scale
(Reichart et al., 2017) and in the labo-
ratory (Mavraki, 2020b) but may result
in larger-scale effects when considering
multiple offshore installations. However,
in-depth understanding of this effect is
currently lacking (Dannheim et al., 2020).
Model results suggest that the soft sed-
iment around turbines can be enriched
through the deposition of fecal pellets
egested by these filter feeders (Maar
et al., 2009). By consuming primary pro-
ducers, the suspension feeders that con-
stitute the biofilter make pelagic food
sources available to the benthic commu-
nity (Slavik et al., 2019), likely increasing
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Suspension feeders

FIGURE 3. Offshore wind farm
artificial reefs act as “biofilters,”
hosting suspension feeders that
filter organic matter from the water
column and organically enrich the

secondary production in OWF artificial
reefs (Krone et al., 2017; Roa-Ureta et al.,
2019). This hypothesis was first tested
around a single gravity-based founda-
tion in the Belgian part of the North Sea
(Coates et al., 2014). Later research tar-
geted multiple jacket and monopile foun-
dations in several Belgian wind farms
(Lefaible et al., 2019) and the jacket foun-
dations of the Block Island Wind Farm
(HDR, 2020). Samples obtained from the
seafloor close to the foundations (<50 m)
three to six years after installation showed
evidence of finer sediments and increased
organic matter, but this was less evident
for monopile foundations. At all turbine
types, macrofaunal communities closer
to the turbine showed increased densi-
ties and species richness and/or diversity
when compared to communities sampled
further away (Coates et al., 2014; Lefaible
etal,, 2019; HDR, 2020). At Belgian wind
farms located in high-energy sandbank
environments, soft sediment commu-
nities sampled closer to the jacket and
monopile foundations displayed similar-
ities with communities associated with

turbidity ¥
, light penetration $

(Lefaible
et al., 2019). As these findings are now

lower-energy  environments
reported for different turbine types and
from different areas around the world, it
is reasonable to consider changes in the
sedimentary environment and associated
macrofauna to be a typical feature asso-
ciated with the installation of offshore
wind farms. Whether these changes are
solely linked to the localized deposition
of organic matter by fouling fauna, and
how these changes cascade into benthic
ecosystem functioning, is still not clear
and merits further investigation.

Higher Trophic Levels Profit

from Increased Availability of

Food and Shelter

Higher-trophic-level species with mobil-
ity appear to be attracted to the OWF
structures for shelter and food availabil-
ity. Studies of finfish distributions before
and after installation of OWFs demon-
strate that some finfish species, for
example, Atlantic cod (Gadus morhua),
pouting (Trisopterus luscus), black sea
bass (Centropristis striata), and goldsinny

surrounding seabed. [llustration
by Hendrik Gheerardyn

'
O\finer sediment, organic matter

macrofauna density and diversity §

wrasse (Ctenolabrus rupestris), spend at
least part of their life cycles closely asso-
ciated with the structures (Bergstrém
et al., 2013; Reubens et al., 2014; Wilber
et al., 2020). Increases in fish abundance
around wind turbines, including flat-
fish such as plaice (Pleuronectes platessa)
(unpublished data, Research Institute
for Agriculture, Fisheries and Food,
Belgium) may be caused by an attraction
of individuals that aggregate near the new
hard structures, with no net increase in
the local population. Alternatively, pro-
duction may be increased by the addition
of new habitat that may enhance settle-
ment, survival, and/or growth, or may
save energy (Schwartzbach et al., 2020).
The attraction/production mechanisms
are not mutually exclusive (Brickhill
et al., 2005). The original attraction/
production hypothesis is complemented
by a third option, the ecological trap,
which refers to fish being attracted to
suboptimal habitat, possibly leading to
deterioration of the fish stock’s condition
(Reubens et al., 2014).

Three types of species attracted to

()cmnqgmp/y | December 2020 53



OWFs can be discerned: (1) species that
predate the biofouling community for
a prolonged period such as the Atlantic
cod (Gadus
Trisopterus luscus), and the Arctic sculpin
(Myoxocephalus scorpioides) (Type A);
(2) species that occasionally predate the

morhua), the pouting

biofouling community such as the Atlantic
horse mackerel (Trachurus trachurus)
(Type B); and (3) species such as the
Atlantic mackerel (Scomber scombrus)
that are attracted for nontrophic reasons,
for example, to find shelter or to encoun-
ter other individuals of their species,
which may lead to their creating larger
schools and thus increasing their safety
and chances of finding food and mates
(Type C) (Mavraki, 2020). While a dis-
tinction may be made between benthic/
bentho-pelagic (Type A) and pelagic
(Type B or C) species, this distinction is
not always clear. Aside from fish, other
species attracted to OWFs by increased
subtidal food availability include her-

ring gulls (Larus argentatus) that forage
in the intertidal zone of jacket-founded
windmills (Vanermen et al,, 2017) and
common seals (Phoca vituline), with
some individuals shown to make tar-
geted foraging trips to Scottish OWFs
(Russell et al., 2014).

SPHERE OF INFLUENCE

Numerous biotic and abiotic compo-
nents within ecosystems exhibit multi-
ple cause-effect pathways that operate
over different spatial and temporal scales
2020). With respect
to the artificial reef effect, changes are

(Dannheim et al,,

most obvious at the scale of the turbine
and its surrounding area. These first-
order effects could be considered triv-
ial in the context of the ecosystem, but
small-scale changes are the basis of large-
scale changes and can be used to inform
potential regional impacts on compo-
nents important to ecosystem services,
such as commercial fish stocks (Wilding

large scale
effects

small scale
effects

connectivity of benthic
fauna by larval transport
or mobility

2017). The artificial reef effect,
as detailed in this paper, is clearly not

et al.,

restricted to the structures themselves
but rather extends in four dimensions
(Degraer et al., 2018; Figure 4). This is
evident not only in the changes in con-
nectivity of benthic species facilitated by
larval transport but also in the mobile
fauna that make use of the whole wind
farm, including those that do so season-
ally and/or opportunistically (Reubens
et al.,, 2014; Russell et al., 2014).

It is therefore important to account
for the functional spatial and tempo-
ral scales of ecosystems or their parts in
order to assess the artificial reef effect.
Many adult fish, for example, show
migratory behavior between spawning
and feeding grounds that may extend
several hundreds to thousands of kilo-
meters. As planktonic organisms, many
fish and invertebrate larvae move from
spawning to nursery grounds over dis-
tances up to tens of kilometers (Lacroix

OWF
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stepping stone effect N =
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FIGURE 4. While the offshore wind farm artificial reef effect is particularly detectable at the scale of the wind turbine and the wind farm
(small-scale effects), some effects extend well beyond the scale of a single such operation (large-scale effects) as exemplified by the
increased connectivity of hard substrate species (the stepping stone effect). lllustration by Hendrik Gheerardyn
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et al., 2018). Hence, species may encoun-
ter OWFs for only limited parts of their
lives and/or during very specific periods
of their life cycles. In Belgium, for exam-
ple, pouting (Trisopterus luscus) is known
to feed on the invertebrate fouling organ-
isms that colonize OWF structures and
to do slightly better inside OWFs com-
pared to outside (Reubens et al., 2014).
This species is known to be attracted to
OWFs only during the feeding and grow-
ing season in summer and autumn, after
which they migrate to their spawning
grounds outside Belgian waters (Reubens
et al., 2014). Barbut et al. (2020) further
showed a differential overlap between
the spatial distribution of the spawn-
ing grounds of six southern North Sea
flat fish species and the distribution of
OWFs, assuming a species-specific effect
of OWFs on the larval influx to the nurs-
ery grounds along the southern North
Sea coasts. How these differential spa-
tial and temporal effects translate to the
population dynamics of those species
affected by OWFs is key to our under-
standing of how the OWF artificial reefs
impact marine ecosystems, but this is yet
to be fully understood.

WHERE TO GO FROM HERE?
Priority Known Unknowns

The presence of the OWF structures and
their concentrations of marine organ-
isms have consequences for ecosystem
functioning, at least at the local scale
(Dannheim et al., 2020). Modeling efforts
and experiments suggest local depletion
of organic matter from the water column
due to the activity of suspension feeders
(Slavik et al., 2019). Suspension feeders
transform the living pelagic organic mat-
ter pool into partially dissolved and bio-
available nutrients (Slavik et al., 2019)
and produce (pseudo)feces that are partly
deposited on the seafloor, as indicated by
the increase in organic matter content
around different types of turbines (Coates
et al., 2014; Lefaible et al., 2019). While
studies of the effects of aquaculture of the
blue mussel (Mytilus edulis) yielded data
on particle removal (Cranford, 2019) and

its effect on pelagic and benthic nutri-
ent cycles (Petersen et al., 2019), similar
data for the other dominant fouling spe-
cies in OWF environments are lacking.
Availability of such data would allow esti-
mation of the biogeochemical footprint
of an OWF at the local scale. Further
integration of such data in oceanographic
models could allow assessment of the
changes associated with multiple OWFs
at a wider geographical scale.

Another “known unknown” is how
artificial reefs affect carbon flow through
locally altered food webs. Observations
and modeling reveal increased abun-
dance of fish (Reubens et al., 2014) and
large crustaceans (Krone et al., 2017) as
well as increased importance of a detritus-
based food web. However, quantifica-
tion of the carbon flow through the OWF
food web is lacking. Such a study would
require embracing well-established tech-
niques such as stable isotope and fatty
acid analyses, pulse-chase experiments,
and food-web modeling approaches.

Finally, artificial reefs, like natural
reefs, are being subjected to a warmer
and acidified marine environment. The
combination of acidification and warm-
ing leads to substantial, non-additive and
complex changes in community dynam-

Mitigating Undesired and

Promoting Desired Effects

Although artificial reefs are often delib-
erately deployed to promote biodiver-
sity, their net environmental benefits are
often debated. For example, how should
the eventual increase in fish productiv-
ity be balanced against the loss of fishing
grounds? Although not designed as arti-
ficial reefs, OWFs have similar desired
and undesired impacts: they may offer
possibilities for nature enhancement, but
at the same time be a nuisance to nature
(Lindeboom et al., 2015). For the sake of
environmentally friendly marine man-
agement, it is of utmost importance to
distinguish desirable from undesirable
impacts and to take action to promote
the former while at the same time mit-
igating the latter. To that end, a proper
understanding of mechanisms behind
needed (Dannheim
et al., 2020) in order to develop effec-

the impacts is

tive nature-inclusive designs that are,
for example, mandatory for the develop-
ment of new OWFs in the Netherlands
(Ministerie van Economische Zaken,
2019).
eco-designing scour protection layers

Requirements may include
to enhance fish habitat or restore oyster

beds (Glarou et al., 2020) and deploy-

The structural and functional effects

of offshore wind farms extend in space and time,

impacting species differently throughout their

life cycles. Effects must be assessed at those

larger spatiotemporal scales.

ics (Queirds et al., 2015), affects pelagic
and benthic nutrient cycling (Braeckman
et al, 2014), and alters the mecha-
nism behind predator-prey interactions
(Draper and Weissburg, 2019). Thus,
current understanding of the artificial
reef effect in OWFs must be considered
within a modern changing environment.

ing add-on structures such as fish hotels
(Hermans et al., 2020). To avoid con-
tributing to ocean sprawl, the use of
add-on structures (i.e., artificial struc-
tures away from the turbines) may be
questionable and deemed undesirable
(Firth et al.,, 2020). The present prolif-
eration of nature-inclusive designs will
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undoubtedly add new challenges to the
decommissioning debate. For example,
when commercial fish stocks are proven
to benefit from OWFs, will these posi-
tive effects then be nullified when OWFs

are decommissioned?

REFERENCES

Adams, T.P., R.G. Miller, D. Aleynik, and M.T. Burrows.
2014. Offshore marine renewable energy devices
as stepping stones across biogeographical bound-
aries. Journal of Applied Ecology 51:330-338,
https://doi.org/10.1111/1365-2664.12207.

Anonymous. 2019. Kavelbesluit V windenergiege-
bied Hollandse Kust (noord). Staatscourant van het
Koninkr. Der Ned. 24545, 67 (in Dutch).

Barbut, L., B. Vastenhoud, L. Vigin, S. Degraer,

F.A.M. Volckaert, and G. Lacroix. 2020. The propor-

tion of flatfish recruitment in the North Sea poten-
tially affected by offshore windfarms. ICES Journal
of Marine Science 77:1,227-1,237, https://doi.org/
10.1093/icesjms/fsz050.

Bennema, F.P,, G.H. Engelhard, and H. Lindeboom.
2020. Ostrea edulis beds in the central North Sea:
Delineation, ecology, and restoration. ICES Journal
of Marine Science, fsaal134, htips://doi.org/10.1093/
icesjms/fsaal34.

Bergstrom, L., F. Sundqyvist, and U. Bergstrém. 2013.
Effects of an offshore wind farm on temporal and
spatial patterns in the demersal fish community.
Marine Ecology Progress Series 485:199-210,
https://doi.org/10.3354/meps10344.

Bohnsack, J.A. and D.L. Sutherland. 1985. Artificial
reef research: A review with recommenda-
tions for future priorities. Bulletin of Marine
Science 37:11-39.

Braeckman, U., C. Van Colen, K. Guilini,

D. Van Gansbeke, K. Soetaert, M. Vincx, and

J. Vanaverbeke. 2014. Empirical evidence reveals
seasonally dependent reduction in nitrification

in coastal sediments subjected to near future
ocean acidification. PLoS ONE 9(10):e108153,
https://doi.org/10.1371/journal.pone.0108153.

Brandt, M., A. Dragon, A. Diederichs, M. Bellmann,
V. Wahl, W. Piper, J. Nabe-Nielsen, and G. Nehls.
2018. Disturbance of harbour porpoises during
construction of the first seven offshore wind
farms in Germany. Marine Ecology Progress
Series 596:213-232, https://doi.org/10.3354/
meps12560.

Brickhill, M.J., SY. Lee, and R.M. Connolly. 2005.
Fishes associated with artificial reefs: Attributing
changes to attraction or production using novel
approaches. Journal of Fish Biology 67:53-71,
https://doi.org/10.1111/1.0022-1112.2005.00915 .x.

Coates, D.A,, Y. Deschutter, M. Vincx, and
J. Vanaverbeke. 2014. Enrichment and shifts
in macrobenthic assemblages in an offshore
wind farm area in the Belgian part of the North
Sea. Marine Environmental Research 95:1-12,
https://doi.org/10.1016/j.marenvres.2013.12.008.

Coolen, JW.P, B. van der Weide, J. Cuperus,

M. Blomberg, G.W.N.M. van Moorsel, M.A. Faasse,
0O.G. Bos, S. Degraer, and H.J. Lindeboom. 2020a.
Benthic biodiversity on old platforms, young wind
farms and rocky reefs. ICES Journal of Marine
Science 77(3):1,250-1,265, https://doi.org/10.1093/
icesjms/fsy092.

Coolen, JW.P,, O. Bittner, F.M.F. Driessen,

U. van Dongen, M.S. Siahaya, W. de Groot,

N. Mavraki, S.G. Bolam, and B. van der Weide.
2020. Ecological implications of removing a con-
crete gas platform in the North Sea. Journal of
Sea Research 166:101968, https://doi.org/10.1016/
j.seares.2020.101968.

56 ()cmnuym/nﬁ)/ | Vol.33, No.4

Cranford, P.J. 2019. Magnitude and extent of water
clarification services provided by bivalve suspen-
sion feeding. Pp 119-141in Goods and Services of
Marine Bivalves. A. Smaal, J.G. Ferreira, J. Grant,
J.K. Petersen, and @. Strand, eds, Springer
International Publishing.

Dannheim, J,, L. Bergstrém, S.N.R. Birchenough,

R. Brzana, A.R. Boon, JW.P. Coolen, J.C. Dauvin,

|. De Mesel, J. Derweduwen, A.B. Gill, and

others. 2020. Benthic effects of offshore renew-
ables: Identification of knowledge gaps and
urgently needed research. ICES Journal of Marine
Science 77(3):1,092-1,108, https://doi.org/10.1093/
icesjms/fsz018.

Degraer, S., R. Brabant, B. Rumes, and L. Vigin,
eds. 2018. Environmental Impacts of Offshore
Wind Farms in the Belgian Part of the North
Sea: Assessing and Managing Effect Spheres
of Influence. Royal Belgian Institute of Natural
Sciences, OD Natural Environment, Marine Ecology
and Management, Brussels, 136 pp.

De Krant van West-Viaanderen. 2018. Vissen blijven
weg door windmolens, July 12, 2018, https://kw.be/
nieuws/milieu-en-natuur/visserij-trekt-aan-alarm-
bel-vissen-blijven-weg-door-windmolens/article-
longread-350723.htmlI?cookie_check=1590417728.

De Mesel, I, F. Kerckhof, A. Norro, B. Rumes, and
S. Degraer. 2015. Succession and seasonal
dynamics of the epifauna community on off-
shore wind farm foundations and their role as
stepping stones for non-indigenous species.
Hydrobiologia 756(37):37-50, https://doi.org/
10.1007/s10750-014-2157-1.

Devine-Wright, P, and B. Wiersma. 2020.
Understanding community acceptance of a
potential offshore wind energy project in dif-
ferent locations: An island-based analysis of
‘place-technology fit.” Energy Policy 137:111086,
https://doi.org/10.1016/j.enpol.2019.111086.

Draper, AM., and M.J. Weissburg. 2019. Impacts
of global warming and elevated CO, on sen-
sory behavior in predator-prey interactions:

A review and synthesis. Frontiers in Ecology
and Evolution 7:72, https://doi.org/10.3389/
fevo.2019.00072.

Espinosa, V., |. Perez-Arjona, V. Puig, E. Soliveres,
P. Ordériez, P. Poveda Martinez, J. Soriano, and
F. de la Gandara. 2014. Effects on bluefin tuna
behaviour of offshore wind turbine operational
noise. Paper presented at the International Marine
Conservation Congress, Glasgow, Scotland,
August 14-18, 2014.

Firth, L.B., A.M. Knights, D. Bridger, A. Evans,
N. Mieszkovska, P.J. Moore, N.E. O’Connor,
E. Sheehan, R.C. Thompson, S.J. Hawkins, and
others. 2016. Ocean sprawl: Challenges and oppor-
tunities for biodiversity management in a chang-
ing world. Oceanography and Marine Biology:
An Annual Review 54:193-269.

Firth, L.B., L. Airoldi, F. Bulleri, S. Challinor,

S.Y. Chee, AJ. Evans, M.E. Hanley, A.M. Knights,
K. O’Shaughnessy, R.C. Thompson, and

S.J. Hawkins. 2020. Greening of grey infrastruc-
ture should not be used as a Trojan horse to facil-
itate coastal development. Journal of Applied
Ecology 57(9):1,762-1,768, https://doi.org/
10.1111/1365-2664.13683.

Fishing News. 2019. Wind Farm Threat Grows: Wind
farms taking grounds and damaging marine life.
August 12, 2019, https://fishingnews.co.uk/news/
wind-farms-threat-grows/.

Fowler, AM., AM. Jergensen, JW.P. Coolen,

D.O.B. Jones, J.C. Svendsen, R. Brabant, B. Rumes,
and S. Degraer. 2020. The ecology of infrastruc-
ture decommissioning in the North Sea: What we
need to know and how to achieve it. ICES Journal
of Marine Science. 77(3):1109-1,126, https://doi.org/
10.1093/icesjms/fsz143.

Gill, A.B., S. Degraer, A. Lipsky, N. Mavraki,

E. Methratta, and R. Brabant. 2020. Setting the
context for offshore wind development effects on
fish and fisheries. Oceanography 33(4):118-127,
https://doi.org/10.5670/oceanog.2020.411.

Glarou, M., M. Zrust, and J.C. Svendsen. 2020.
Using artificial-reef knowledge to enhance
the ecological function of offshore wind tur-
bine foundations: Implications for fish abun-
dance and diversity. Journal of Marine Science
and Engineering 8(5):332, https://doi.org/10.3390/
jmse8050332.

Glasby, T.M., S.D. Connell, M.G. Holloway, and
C.L. Hewitt. 2007. Nonindigenous biota on artifi-
cial structures: Could habitat creation facilitate bio-
logical invasions? Marine Biology 151:887—-895,
https://doi.org/10.1007/s00227-006-0552-5.

Guarinello, M.L., and D.A. Carey. 2020. Multi-modal
approach for benthic impact assessments in
moraine habitats: a case study at the Block Island
wind farm. Estuaries and Coasts, https://doi.org/
10.1007/s12237-020-00818-w.

GWEC (Global Wind Energy Council). 2019. GWEC
Global Wind Report 2019, 78 pp., https:/gwec.net/
global-wind-report-2019/.

HDR. 2020. Benthic and Epifaunal Monitoring During
Wind Turbine Installation and Operation at the
Block Island Wind Farm, Rhode Island. Project
Report. Final Report to the US Department of the
Interior, Bureau of Ocean Energy Management,
Office of Renewable Energy Programs.

Henry, L.A., C.G. Mayorga-Adame, A.D. Fox,

J.A. Polton, J.S. Ferris, F. McLellan, C. McCabe,

T. Kutti, and J.M. Roberts. 2018. Ocean sprawl facil-
itates dispersal and connectivity of protected spe-
cies. Scientific Reports 8:11346, https://doi.org/
10.1038/s41598-018-29575-4.

Hermans, A., O.G. Bos, and I. Prusina. 2020. Nature-
inclusive Design: A Catalogue for Offshore Wind
Infrastructure: Technical Report. Technical report
no. 114266/20-004.274, Den Haag: Witteveen+Bos,
120 pp.

Kerckhof, F., JW.P. Coolen, B. Rumes, B., and
S. Degraer. 2018. Recent findings of wild European
flat oysters Ostrea edulis (Linnaeus, 1758) in
Belgian and Dutch offshore waters: New per-
spectives for offshore oyster reef restoration
in the southern North Sea. Belgian Journal of
Zoology 148:13-24, https://doi.org/10.26496/
bjz.2018.16.

Kerckhof, F., B. Rumes, and S. Degraer. 2019. About
“mytilisation” and “slimeification”: A decade of
succession of the fouling assemblages on wind
turbines off the Belgian coast. Pp. 73—-84 in
Environmental Impacts of Offshore Wind Farms
in the Belgian Part of the North Sea: Marking a
Decade of Monitoring, Research and Innovation.
S. Degraer, R. Brabant, B. Rumes, and L. Vigin,
eds., Royal Belgian Institute of Natural Sciences,
OD Natural Environment, Marine Ecology and
Management, Brussels.

Kingsbury, R. 1981. Marine fouling of North Sea instal-
lations. Pp. 4-25 in Marine Fouling of Offshore
Structures. D. Crisp, ed., Society for Underwater
Technology, London.

Krone, R., L. Gutow, T.J. Joschko, and A. Schroder.
2013a. Epifauna dynamics at an offshore foun-
dation: Implications of future wind power farm-
ing in the North Sea. Marine Environmental
Research 85:1-12, https://doi.org/10.1016/
j.marenvres.2012.12.004.

Krone, R., L. Gutow, T. Brey, J. Dannheim, and
A. Schréder. 2013b. Mobile demersal mega-
fauna at artificial structures in the German Bight—
Likely effects of offshore wind farm development.
Estuarine, Coastal and Shelf Science 125:1-9,
https://doi.org/10.1016/j.ecss.2013.03.012.

Krone, R., G. Dederer, P. Kanstinger, P. Kramer,
and C. Schneider. 2017. Mobile demersal mega-
fauna at common offshore wind turbine foun-


https://doi.org/10.1111/1365-2664.12207
https://doi.org/10.1093/icesjms/fsz050
https://doi.org/10.1093/icesjms/fsz050
https://doi.org/10.1093/icesjms/fsaa134
https://doi.org/10.1093/icesjms/fsaa134
https://doi.org/10.3354/meps10344
https://doi.org/10.1371/journal.pone.0108153
https://doi.org/10.3354/meps12560
https://doi.org/10.3354/meps12560
https://doi.org/10.1111/j.0022-1112.2005.00915.x
https://doi.org/10.1016/j.marenvres.2013.12.008
https://doi.org/10.1093/icesjms/fsy092
https://doi.org/10.1093/icesjms/fsy092
https://doi.org/10.1016/j.seares.2020.101968
https://doi.org/10.1016/j.seares.2020.101968
https://doi.org/10.1093/icesjms/fsz018
https://doi.org/10.1093/icesjms/fsz018
https://kw.be/nieuws/milieu-en-natuur/visserij-trekt-aan-alarmbel-vissen-blijven-weg-door-windmolens/article-longread-350723.html?cookie_check=1590417728
https://kw.be/nieuws/milieu-en-natuur/visserij-trekt-aan-alarmbel-vissen-blijven-weg-door-windmolens/article-longread-350723.html?cookie_check=1590417728
https://kw.be/nieuws/milieu-en-natuur/visserij-trekt-aan-alarmbel-vissen-blijven-weg-door-windmolens/article-longread-350723.html?cookie_check=1590417728
https://kw.be/nieuws/milieu-en-natuur/visserij-trekt-aan-alarmbel-vissen-blijven-weg-door-windmolens/article-longread-350723.html?cookie_check=1590417728
https://doi.org/10.1007/s10750-014-2157-1
https://doi.org/10.1007/s10750-014-2157-1
https://doi.org/10.1016/j.enpol.2019.111086
https://doi.org/10.3389/fevo.2019.00072
https://doi.org/10.3389/fevo.2019.00072
https://doi.org/10.1111/1365-2664.13683
https://doi.org/10.1111/1365-2664.13683
https://fishingnews.co.uk/news/wind-farms-threat-grows/
https://fishingnews.co.uk/news/wind-farms-threat-grows/
https://doi.org/10.1093/icesjms/fsz143
https://doi.org/10.1093/icesjms/fsz143
https://doi.org/10.5670/oceanog.2020.411
https://doi.org/10.3390/jmse8050332
https://doi.org/10.3390/jmse8050332
https://doi.org/10.1007/s00227-006-0552-5
https://doi.org/10.1007/s12237-020-00818-w
https://doi.org/10.1007/s12237-020-00818-w
https://gwec.net/global-wind-report-2019/
https://gwec.net/global-wind-report-2019/
https://doi.org/10.1038/s41598-018-29575-4
https://doi.org/10.1038/s41598-018-29575-4
https://doi.org/10.26496/bjz.2018.16
https://doi.org/10.26496/bjz.2018.16
https://doi.org/10.1016/j.marenvres.2012.12.004
https://doi.org/10.1016/j.marenvres.2012.12.004
https://doi.org/10.1016/j.ecss.2013.03.012

dations in the German Bight (North Sea) two
years after deployment—Increased production
rate of Cancer pagurus. Marine Environmental
Research 123:53-61, https://doi.org/10.1016/
j.marenvres.2016.11.011.

Lacroix, G., L. Barbut, and F.A.M. Volckaert. 2018.
Complex effect of projected sea temperature and
wind change on flatfish dispersal. Global Change
Biology 24:85-100, https://doi.org/10.1111/gcb13915.

Langhamer, O. 2012. Artificial reef effect in relation
to offshore renewable energy conversion: State
of the art. The Scientific World Journal, 386713,
https://doi.org/10.1100/2012/386713.

Lefaible, N., L. Colson, U. Braeckman, and T. Moens.
2019. Evaluation of turbine-related impacts on
macrobenthic communities within two offshore
wind farms during the operational phase. Pp 47-64
in Environmental Impacts of Offshore Wind Farms
in the Belgian Part of the North Sea: Marking a
Decade of Monitoring, Research and Innovation.
S. Degraer, R. Brabant, B. Rumes, and L. Vigin,
eds, Royal Belgian Institute of Natural Sciences,
OD Natural Environment, Marine Ecology and
Management, Brussels, Belgium.

Lindeboom, H., S. Degraer, J. Dannheim, A. Gill, and
D. Wilhelmsson. 2015. Offshore wind park monitor-
ing programmes, lessons learned and recommen-
dations for the future. Hydrobiologia 756:169-180,
https://doi.org/10.1007/s10750-015-2267-4.

Maar, M., K. Bolding, J.K. Petersen, J.L. Hansen,
and K. Timmermann. 2009. Local effects of blue
mussels around turbine foundations in an eco-
system model of Nysted off-shore wind farm,
Denmark. Journal of Sea Research, 62:159-174,
https://doi.org/10.1016/j.seares.2009.01.008.

Mavraki, N., I. De Mesel, S. Degraer, T. Moens, and
J. Vanaverbeke. 2020a. Resource niches of co-
occurring invertebrate species at an offshore
wind turbine indicate a substantial degree of tro-
phic plasticity. Frontiers in Marine Science 7:379,
https://doi.org/10.3389/fmars.2020.00379.

Mavraki, N., U. Braeckman, S. Degraer, and
J. Vanaverbeke. 2020b. Organic matter assimila-
tion by hard substrate fauna in an offshore wind
farm area: A pulse-chase study. ICES Journal of
Marine Science, fsaa133, https://doi.org/10.1093/
icesjms/fsaa133.

Mavraki, N. 2020. On the Food-Web Ecology of
Offshore Wind Farms, the Kingdom of Suspension
Feeders. PhD Dissertation, Ghent University,
Belgium.

Ministerie van Economische Zaken. 2019.
Kavelbesluit V windenergiegebied Hollandse Kust
(noord). Staatscourant 2019, nr. 24545.

Petersen, J.K,, and T. Malm. 2006. Offshore wind-
mill farms: Threats to or possibilities for the marine
environment. AMBIO: A Journal of the Human
Environment 35(2):75-80, https://doi.org/10.1579/0
044-7447(2006)35[75:0WFTT0]2.0.CO;2.

Petersen, JK., M. Holmer, M. Termansen, and
B. Hasler. 2019. Nutrient extraction through
bivalves. Pp. 179-208 in Goods and Services
of Marine Bivalves. A.C. Smaal, J.G. Ferreira,

J. Grant, J.K. Petersen, and @. Strand, eds, Springer
International Publishing.

Queirds, AM., JA. Fernandes, S. Faulwetter, J. Nunes,
S.P.S. Rastrick, N. Mieszkowska, Y. Artioli, A. Yool,
P. Calosi, C. Arvanitidis, and others. 2015. Scaling
up experimental ocean acidification and warm-
ing research: From individuals to the ecosystem.
Global Change Biology 21:130-143, https://doi.org/
10.1111/gcb12675.

Reichart, G.J., F. Mienis, G. Duineveld, K. Soetaert,
and A. Fillipidi. 2017. Measuring the SHADOW of an
Artificial Structure in the North Sea and Its Effect
on the Surrounding Soft Bottom Community. Report
NIOZ Royal Netherlands Institute for Sea Research
and Utrecht University, Netherland, 19 pp.

Reubens, JT., S. Degraer, and M. Vincx. 2014. The
ecology of benthopelagic fishes at offshore
wind farms: A synthesis of 4 years of research.
Hydrobiologia 727:121-136, https://doi.org/10.1007/
s10750-013-1793-1.

Roa-Ureta, R.H., M.N. Santos, and F. Leitdo. 2019.
Modelling long-term fisheries data to resolve
the attraction versus production dilemma of arti-
ficial reefs. Ecological Modelling 407, 108727,
https://doi.org/10.1016/j.ecolmodel.2019.108727.

Rumes, B., D. Coates, |. De Mesel, J. Derweduwen,

F. Kerckhof, J. Reubens, and S. Vandendriessche.
2013. Does it really matter? Changes in species
richness and biomass at different spatial scales.
Pp. 183-189 in Environmental Impacts of Offshore
Wind Farms in the Belgian Part of the North

Sea: Learning from the Past to Optimise Future
Monitoring Programmes. S. Degraer, R. Brabant,
and B. Rumes, eds, Royal Belgian Institute of
Natural Sciences, OD Natural Environment, Marine
Ecology and Management, Brussels, Belgium.

Russell, D.J.F., S.M.J.M. Brasseur, D. Thompson,

G.D. Hastie, V.M. Janik, G. Aarts, B.T. McClintock,
J. Matthiopoulos, S.EW. Moss, and B. McConnell.
2014. Marine mammals trace anthropogenic struc-
tures at sea. Current Biology 24(14):R638-R639,
https://doi.org/10.1016/j.cub.2014.06.033.

Schréder, A., C. Orejas, and T. Joschko. 2006.
Benthos in the vicinity of piles: FINO1 (North Sea).
Pp. 185-200 in Offshore Wind Energy: Research
on Environmental Impacts. J. Koller, J. Koppel, and
W. Peters, eds, Springer, Berlin, Heidelberg.

Skov, H., S. Heindnen, T. Norman, R. Ward, S. Méndez-
Roldén, and I. Ellis. 2018. ORJIP Bird Collision and
Avoidance Study. Report by Offshore Renewables
Joint Industry Programme (ORJIP), Carbon Trust,
248 pp.

Slavik, K., C. Lemmen, W. Zhang, O. Kerimoglu,

K. Klingbeil, and KW. Wirtz. 2019. The large-scale
impact of offshore wind farm structures on pelagic
primary productivity in the southern North Sea.
Hydrobiologia 845(1):35-53, https://doi.org/10.1007/
s10750-018-3653-5.

Schwartzbach, A., JW. Behrens, and J.C. Svendsen.
2020. Atlantic cod Gadus morhua save energy
on stone reefs: Implications for the attraction ver-
sus production debate in relation to reefs. Marine
Ecology Progress Series 635:81-87, https://doi.org/
10.3354/meps13192.

ten Brink, T.S., and T. Dalton. 2018. Perceptions of
commercial and recreational fishers on the poten-
tial ecological impacts of the Block Island Wind
Farm (US). Frontiers in Marine Science 5:439,
https://doi.org/10.3389/fmars.2018.00439.

Tickell, S.CY., A. Sdenz-Arroyo, and E.J. Milner-
Gulland. 2019. Sunken worlds: The past and future
of human-made reefs in marine conservation.
BioScience 69:725-735, https://doi.org/10.1093/
biosci/biz079.

Vanermen, N., W. Courtens, M. Vande Walle,

H. Verstraete, and E. Stienen. 2017. Seabird mon-
itoring at the Thornton Bank offshore wind farm:
Updated seabird displacement results as an explor-
ative assessment of large gull behaviour inside the
wind farm. Pp. 85-114 in Environmental Impacts

of Offshore Wind Farms in the Belgian Part of the
North Sea: A Continued Move Towards Integration
and Quantification. S. Degraer, R. Brabant,

B. Rumes, and L. Vigin, eds, Royal Belgian Institute
of Natural Sciences, OD Natural Environment,
Brussels.

Vanermen, N., W. Courtens, R. Daelemans, L. Lens,
W. Miller, M. Van de walle, H. Verstraete, and
E. Stienen. 2020. Attracted to the outside: A meso-
scale response pattern of lesser black-backed gulls
at an offshore wind farm revealed by GPS teleme-
try. ICES Journal of Marine Science 77(2):701-710,
https://doi.org/10.1093/icesjms/fsz199.

van Hal, R., A.B. Griffioen, and O.A. van Keeken.
2017. Changes in fish communities on a small spa-
tial scale, an effect of increased habitat complex-
ity by an offshore wind farm. Marine Environmental
Research 126:26-36, https://doi.org/10.1016/
j.marenvres.2017.01.009.

Wilber, D., L. Read, M. Griffin, and D. Carey. 2020.
Block Island Wind Farm Demersal Fish Trawl
Survey Synthesis Report—Years 1to 6, October
2012 through September 2018. Technical
report prepared for Deepwater Wind, INSPIRE
Environmental, Newport, RI, 182 pp.

Wilding, T., A.B. Gill, A. Boon, E. Sheehan,

J.-C. Dauvin, J.-P. Pezy, F.X. O’'Beirn, U. Janas,

L. Rostin, and I. De Mesel. 2017. Turning off the
DRIP (‘Data-rich, information-poor’)—rationalising
monitoring with a focus on marine renewable
energy developments and the benthos. Renewable
and Sustainable Energy Reviews 74:848-859,
https://doi.org/10.1016/j.rser.2017.03.013.

Wilhelmsson, D., and T. Malm. 2008. Fouling assem-
blages on offshore wind power plants and adja-
cent substrata. Estuarine Coastal and Shelf
Science 79(3):459-466, https://doi.org/10.1016/
j.ecss.2008.04.020.

ACKNOWLEDGMENTS

The authors want to thank Y. Laurent (RBINS) for
manuscript preparation. This paper contributes to
the FaCE-It and PERSUADE projects financed by
the Belgian Science Policy Office, and the Belgian
WinMon.BE offshore wind farm environmental mon-
itoring program. Joop Coolen was funded by NWO
Domain Applied and Engineering Sciences under
grant 14494.

AUTHORS

Steven Degraer (steven.degraer@naturalsciences.be)
is Prime Work Leader, Royal Belgian Institute of
Natural Sciences, Operational Directorate Natural
Environment, Marine Ecology and Management,
Brussels, Belgium. Drew A. Carey is Principal
Scientist, INSPIRE Environmental, Newport, RI, USA.
Joop W.P. Coolen is Senior Research Scientist,
Wageningen Marine Research, Den Helder,

the Netherlands, and Wageningen University,
Aquatic Ecology and Water Quality Management,
Wageningen, the Netherlands. Zoé L. Hutchison is
Postdoctoral Research Scientist, Graduate School

of Oceanography, University of Rhode Island, South
Kingstown, RI, USA. Francis Kerckhof is Research
Scientist, Bob Rumes is Senior Research Scientist,
and Jan Vanaverbeke is Work Leader, all at the Royal
Belgian Institute of Natural Sciences, Operational
Directorate Natural Environment, Marine Ecology and
Management, Brussels, Belgium.

ARTICLE CITATION

Degraer, S., D.A. Carey, JW.P. Coolen, Z.L. Hutchison,
F. Kerckhof, B. Rumes, and J. Vanaverbeke. 2020.
Offshore wind farm artificial reefs affect eco-

system structure and functioning: A synthesis.
Oceanography 33(4):48-57, https://doi.org/10.5670/
oceanog.2020.405.

COPYRIGHT & USAGE

This is an open access article made available under
the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/
licenses/by/4.0/), which permits use, sharing, adap-
tation, distribution, and reproduction in any medium
or format as long as users cite the materials appro-
priately, provide a link to the Creative Commons
license, and indicate the changes that were made to
the original content.

()cmnoymlu/z)/ | December 2020 57


https://doi.org/10.1016/j.marenvres.2016.11.011
https://doi.org/10.1016/j.marenvres.2016.11.011
https://doi.org/10.1111/gcb.13915
https://doi.org/10.1100/2012/386713
https://doi.org/10.1007/s10750-015-2267-4
https://doi.org/10.1016/j.seares.2009.01.008
https://doi.org/10.3389/fmars.2020.00379
https://doi.org/10.1093/icesjms/fsaa133
https://doi.org/10.1093/icesjms/fsaa133
https://doi.org/10.1579/0044-7447(2006)35[75:OWFTTO]2.0.CO;2
https://doi.org/10.1579/0044-7447(2006)35[75:OWFTTO]2.0.CO;2
https://doi.org/10.1111/gcb.12675
https://doi.org/10.1111/gcb.12675
https://doi.org/10.1007/s10750-013-1793-1
https://doi.org/10.1007/s10750-013-1793-1
https://doi.org/10.1016/j.ecolmodel.2019.108727
https://doi.org/10.1016/j.cub.2014.06.033
https://doi.org/10.1007/s10750-018-3653-5
https://doi.org/10.1007/s10750-018-3653-5
https://doi.org/10.3354/meps13192
https://doi.org/10.3354/meps13192
https://doi.org/10.3389/fmars.2018.00439
https://doi.org/10.1093/biosci/biz079
https://doi.org/10.1093/biosci/biz079
https://doi.org/10.1093/icesjms/fsz199
https://doi.org/10.1016/j.marenvres.2017.01.009
https://doi.org/10.1016/j.marenvres.2017.01.009
https://doi.org/10.1016/j.rser.2017.03.013
https://doi.org/10.1016/j.ecss.2008.04.020
https://doi.org/10.1016/j.ecss.2008.04.020
mailto:steven.degraer%40naturalsciences.be?subject=
https://doi.org/10.5670/oceanog.2020.405
https://doi.org/10.5670/oceanog.2020.405

