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Abstract – Incorporation of ecology and ecosystem services into marine infrastructural developments has
gained interest over the last decades. Growing attention is given to combine the massive roll-out of offshore
wind farms in the North Sea with reinstating the once rich but nowadays nearly extinct European flat oyster
(Ostrea edulis). However, the practical upscaling of these pilots is hindered by the absence of clear
management objectives and the lack of quantitative knowledge on the effect of technical interventions that
could stimulate oyster reef development. Consequently, it is unclear what scale of intervention would
actually be required to achieve overall management objectives. This paper presents a stepwise procedure
designed in particular to guide the selection of appropriate measures and their required scale for pro-actively
facilitating flat oyster reef development in offshore wind farms, in order to reach a desired state for oyster
reef inclusive wind farms. The stepwise procedure addresses the historical and current situation of the
physical system and social environment, provides options for intervention that stimulate oyster reef
development at a range of scales, from micro-scale (materials used) to mega-scale (connectivity between
wind farms), and quantitatively assesses the potential effect of applying these interventions. Assumptions
have been made in quantifying the effort required for developing oyster reefs in offshore wind farms, and
refinement is obviously needed. However, this is a first attempt to make such estimates. The outcomes
provide direction in identifying research needs to fill knowledge gaps, as well as in decision-making during
the design process for inducing oyster reef development in offshore wind farms. Herewith, application of the
stepwise procedure supports authorities in restoration management for the successful reinstatement of flat
oyster reefs in the southern North Sea.

Keywords: Offshore wind / oyster / restoration / management
1 Introduction

Incorporation of ecology and ecosystem services into
marine infrastructural developments in general has gained
interest over the last decades. Initial focus lied primarily on
coastal infrastructure (e.g. King and Lester, 1995; Capobianco
and Stive, 2000; Lamberti and Zanuttigh, 2005; Swann, 2008;
Borsje et al., 2010; Waterman, 2010; De Vriend et al., 2015;
Laboyrie et al., 2018), but recently attention also goes out to
offshore construction works, in particular wind farms (Dafforn
et al., 2015a; Lengkeek et al., 2017; Van Duren et al., 2016;
Degraer et al., 2020). For example in the Dutch part of the
ding author: r.terhofstede@tudelft.nl
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North Sea, the government now requires developers to include
elements that benefit ecology in the design of offshore wind
farms (e.g. Dutch Ministry of Economic Affairs and Climate,
2022). This implies that demonstrable efforts should be
undertaken to design and build an offshore wind farm in an
eco-friendly manner that actively helps to foster conservation
goals for species and habitats.

The infrastructure in offshore wind farms, such as the piles
of the turbines and the rock material placed at their base to
prevent scouring of the seabed, provides hard-bottom habitat
and three-dimensional structures used by marine life to settle,
forage and shelter, generating a reef-effect (Petersen and
Malm, 2006; Lindeboom et al., 2011; Coolen et al., 2020;
Degraer et al., 2020). This spontaneously arising ecological
value in terms of biodiversity and biomass of offshore wind
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farms, can be enhanced by making deliberate adjustments to
the conventional engineering design. One can include modified
structures that enhance habitat complexity and promote the
colonisation by selected target species. One can use materials
that facilitate settlement of new species, such as shells or
calciferous rock that contain a high amount of calcium, which
is beneficial to shellfish species (Hidu et al., 1975; Soniat et al.,
1991). Or one can create more shapes and cavities to provide
areas and places in which animals can shelter, by making the
constructions more organic in shape, or by installing artificial
reef structures. The more variation in habitat one offers, the
more variety one gets in marine life living in, at and around the
marine infrastructure (Lapointe and Bourget, 1999; Firth et al.,
2014). Furthermore, one can actively introduce certain target
species to kickstart the colonisation of the infrastructure by
preferred species. Such pro-active interventions to enforce
nature could promote the ecological value of offshore wind
farms facilitating their required permitting process and
community acceptance. Or, more ambitious even, the huge
momentum of offshore wind development can be used to
achieve large scale restoration ambitions that would otherwise
be unaffordable.

The aforementioned can be observed in practice in the
growing attention to combine the construction of offshore
wind farms in the North Sea with the reinstatement of hard
substrate epibenthic communities, in particular of the
European flat oysters (Ostrea edulis) (Kamermans et al.,
2018; Sas et al., 2019). This species can form immense reefs;
tower-like, biogenic structures with a height of 7m, a length of
30–50m, and a width of 10m have been observed along the
Bulgarian coast (Todorova et al., 2009). In a dynamic offshore
environment as is the North sea, oyster reefs can ameliorate
physical stresses by creating a hospitable habitat for organisms
that would otherwise be unable to tolerate these conditions
(Crain and Bertness, 2006). Oysters influence water quality by
filtering the water (Dolmer, 2000; Newell, 2004), and their
reefs provide a habitat for a diverse associated community
(Coen and Luckenbach, 2000; Lown et al., 2021), from
offering substrate for settlement of algae and sessile benthic
fauna (e.g. sponges, anemones) to providing shelter and
nesting area for fish species and crustaceans (e.g. crabs,
lobsters). This reef dwelling marine life often includes species
of commercial value, including the oysters themselves,
showing the potential of oyster beds to contribute to valuable
fisheries resources. Flat oyster reefs once covered large areas
of the North Sea (Olsen, 1883), but went near to extinct due to
overexploitation, bottom-dwelling fisheries and the outbreak
of a disease (Gross and Smyth, 1946; Korringa, 1952).
Overfishing in the past increased the isolation of the oyster
populations in the southern North Sea, leading to a further
deterioration of the remaining stock due to the reduced chance
of fertilisation between the colonies (Gross and Smyth, 1946).
The recent increasing amount of hard substrate offered by rock
installations in offshore wind farms in the southern North Sea
offers potential for connecting existing or new oyster reefs.
Due to the geographic distribution of offshore wind farms, they
can serve as stepping stones to connect species between
otherwise isolated populations, as also observed for oil and gas
platforms (Thorpe, 2012; Adams et al., 2014), thereby
facilitating the colonization of new hard substrates in the
future.
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Oyster reef restoration in the North Sea is supported under
theEUMarineStrategyFrameworkDirective, anda target in e.g.
Dutch policy (Min. IenW & Min. LNV, 2018). Offshore wind
farms are identified to potentially host these reefs, and
accordingly, growing effort is being put in pilot studies
stimulating oyster development in offshore wind farms (e.g.
Didderen et al., 2019; Sas et al., 2019; Tonk et al., 2020).
However, overarching management objectives are still lacking
for the actual implementation of the research outcomes. This
may be due to the lack of insight into the level at which to
incorporate technicalmodificationsofoffshorewind farms,what
the effect of thesemeasures couldbe, andhowmuch intervention
is needed to be of significance. The successful development and
implementation of a policy for oyster reef development in
offshore wind farms requires a systematic approach to reach
predefined objectives.

A method that was successfully applied in previous studies
to assess the operational status of new policies is the ‘Frame of
Reference’ approach (Van Koningsveld, 2003). It was
originally derived to evaluate and re-define a sustainable
coastal policy for the Netherlands (Van Koningsveld and
Mulder, 2004) and has since then been used for a range civil
engineering disciplines. For example, it was used to define
coastal management policies for beach areas (Jiménez et al.,
2007; Sutherland and Thomas, 2011; Gault et al., 2011), to
develop environmental monitoring schemes for offshore
renewable energy projects (Garel et al., 2014), and proposed
as a tool to assess the sustainability of dredging projects
(Laboyrie et al., 2018). The approach cyclically defines both a
strategic and an operational objective and operationalizes these
objectives in a 4-step decision recipe determining (i) a
quantitative state concept, (ii) a bench marking procedure, (iii)
an intervention procedure and (iv) an evaluation procedure
(see Fig. 1).

For this study we use the Frame of Reference approach to
analyze the operational maturity of nature inclusive policies
related to oyster reef development in offshore wind farms. We
focus on the second and third steps of the decision recipe, i.e.
defining the gap between a current and a desired state and the
intervention options available to close this gap (see grey area in
Fig. 1). The aim of this paper is to provide a detailed procedure
to select intervention measures for the design or adjustment of
offshore wind farms, to induce oyster reef development at a
desired scale. The selection of measures is supported by a
quantitative estimation of their expected effect.

2 Methodology

2.1 Stepwise procedure

To provide direction in the selection of interventions for
promoting flat oyster reef development by engineering
offshore wind farms, a stepwise approach is required,
addressing the physical and social environment and providing
quantitative information on a range of interventions that can be
taken to influence the current state towards the desired state
(see Fig. 2). Such a stepwise procedure supports the selection
of appropriate measures for pro-actively facilitating oyster reef
development, taking into account dynamic interactions and the
effects at varying spatial scales. To change the design of a
conventional offshore wind farm void of oysters (current state)
f 14



Fig. 2. Stepwise procedure to assess the potential effect of interventions at different scales on oyster reef development in an offshore wind farm,
bringing a wind farm void of oysters towards one hosting oyster reefs.

Fig. 1. A ‘basic’ frame of reference for policy development (source: Van Koningsveld et al., 2021). The grey area indicates the step addressed in
this study.
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into a wind farm hosting oyster reefs (desired state), the
procedure comprises three steps. First, the historical and
current situation are assessed of the socio-environmental
system in which the wind farm is foreseen or situated,
addressing the prevailing physical conditions and actors of
influence (users, regulation). Second, it provides information
on potential oyster-promoting interventions at different scales
that can be incorporated in the design or after construction.
And third, the procedure aids to quantify the effects that can be
achieved with such modifications, to allow for a proper
selection of the preferred intervention(s).

2.1.1 Step 1. Asses the system

First step is to assess the local system inwhich thewind farm
is located or to be constructed. The historical and current
situation of the area provides information whether it is suitable
for the desired objective, in this case hosting oyster reefs. If the
species is known to have been present in the past, or has been
(incidentally) observed in or nearby the area, this would indicate
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a site’s suitability for development of oyster beds. When
assessing the area, not only presence, but also anthropogenic and
environmental factors shouldbe taken into account, as these both
positively and negatively affect oysters. Promotional factors
comprise food abundance, suitable substrate, and current for
supply of oxygen and nutrients (e.g. Millican and Helm, 1994;
Pogoda et al., 2011). Inhibiting factors include bottom-
disturbing human activities (e.g. fishing), predators, water
depth, competition for food and habitat, a minimum population
size to obtain a healthy population, strong currents, sand waves,
and diseases (e.g. Gerken and Schmidt, 2014; Korringa, 1940;
Smyth et al., 2018). The absence of oyster beds is not an
indication that an area is unsuitable for oyster reefs per se, as it
can be influenced by a recent, often human-induced, decrease in
the promotional, or increase in inhibiting factors. Therefore it is
necessary tofirst investigate the historical situation of the area to
verify its potential for oyster reef development.

Once the potential of an area for oyster reef development
has been confirmed based upon the historical situation, the
current situation should be assessed whether an area is already
f 14



Fig. 3. Scale division of interventions that can be taken to stimulate oyster reef development in offshore wind farms. From left to right: Mega-
scale: connectivity within a regional sea; Macro-scale: undisturbed seabed between turbines in a wind farm; Meso-scale: scour protection at the
base of wind turbines (armour layer on top of filter layer); Micro-scale: characteristics of construction material.
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or can be made suitable for oyster reef development. The
assessment should include an investigation of the physical
environment such as the presence or potential for a stable
substrate, but also the social institutions should be addressed to
identify prevailing regulations and societal desires. If the area
is positively assessed for oyster reef development but not yet
suitable, the assessment should indicate which promotional
factors should be stimulated and which inhibiting factors
minimized.

2.1.2 Step 2. Interventions at scale

An offshore wind farm in an area with environmental
conditions suitable for oysters offers is in its existence the
fundament for oyster reef development: Bottom-disturbing
activities are excluded and substrate is provided by means of
scour protection made of quarried rock installed at the base of
the turbines or covering cables. Various measures at different
scales can be taken to further promote oyster reef development,
or should be taken to kickstart the development of an oyster
reef. For example, providing more complexity in the scour
protection than is functionally required, by means of shape,
with irregular extensions in both vertical and horizontal
directions, will increase surface area and provide more area for
shelter. Also, the use of calcareous rock, such as limestone or
marble, will trigger increased settlement by shellfish (Hidu
et al., 1975; Soniat et al., 1991), opposed to the conventionally
used non-calcareous rock such as granite and eclogite.

Four scales of potential interventions are defined: a region
hosting wind farms (mega), a wind farm itself (macro),
individual structures, i.e. scour protection (meso), and the
construction material (micro) (see Fig. 3).

(i) Mega-scale � connectivity of different offshore wind
farms in a seascape

The flat oyster is an immobile species who’s populations
only spread during the larvae stage prior to settlement. Larval
dispersal depends on a number of factors including food
availability, water temperature, current transport and suitable
settlement sites (Kennedy and Roberts, 2006; Rodriguez-Perez
et al., 2021). The larvae of the flat oyster have a pelagic stage
with a dispersal potential being greater than 10 km (Berghahn
and Ruth, 2005; Kamermans et al., 2018), though the larvae
behaviour shows high self-recruitment, tailored to reduce
dispersal away from parent populations (Rodriguez-Perez
et al., 2020). Therefore, spread of larvae within a wind farm is
likely once broodstock is present. However, oysters are not
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able to colonize newly built wind farms when the distance
from existing populations is too large, and human intervention
by means of introducing oysters in the wind farm might be
required.

Oysters can be introduced in wind farms during different
life stages, being adult or spat. The advantages of using adults
for stock enhancement is that these are robust, and can
contribute to the reef development already during the next
spawning season. Using spat is beneficial as these are easier to
obtain in large quantities and will have less impact on existing
oyster populations. Both life stages require the use of a method
that allows the oysters to survive, grow and reproduce to be
able to become a thriving broodstock for reef initiation over
time.

(ii) Macro-scale � surface area of the designated wind
farm

Offshore wind farms are often constructed in a soft
sediment system with varying abiotic conditions, ranging from
fine mud to coarse sand, and from a stable seabed to highly
moving sand waves. The development of oyster reefs requires
stable settlement substrate. Adding hard substrates bymeans of
artificial reef structures using natural or artificial materials, can
create settlement opportunities for oyster larvae to initiate reef
development. The infrastructure in wind farms, by means of
the turbines and the scour protection at their base and at cable
crossings, offers such settlement substrate, but the area
between the infrastructure, which is the majority of a wind
farm, remains a sandy seabed. A huge variety of artificial reef
structures can be installed in this area to provide settlement
opportunities for oysters. However, often these structures
cannot cope with strong hydrodynamic currents and high
sedimentation rates, and are generally prone to erosion around
their base (e.g. Walles et al., 2016; Didderen et al., 2019).

A more sustainable approach would be to strive for
establishing a biogenic oyster reef without interference of hard
structures, which would transition the dynamic soft sediment
system towards a self-sustaining hard and stable environment.
The agglomeration of shells from living and dead oysters
forms a complex matrix for settling juveniles, and associated
fauna, therefore being crucial for reef persistence over time. It
should be high enough to compensate for the losses due to
sedimentation and shell degradation (Mann and Powell, 2007).
Triggering the establishment of biogenic oyster reefs has
occurred successfully by initiating high vertical relief reefs
(>25 cm) made of a conglomeration of shell from living and
dead oysters (Schulte et al., 2009; Scyphers et al., 2009),
f 14
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serving as the base for the extant population, spat settlement,
and reef persistence (Schulte et al., 2009).

(iii) Meso-scale� shape and dimension of scour protection
Marine construction works often offer important refuges

for marine life by means of crevices, pits and rock pools (e.g.
Firth et al., 2014; Consoli et al., 2018). In offshore wind farms,
this meso-scale habitat can be found in the scour protections at
the base of wind turbines and at cable crossings. A scour
protection prevents the seabed around wind farm infrastructure
from erosion, and is generally composed of a filter layer of
small-sized quarried rock, such as granite, topped with an
armour layer of large-sized quarried rock. Promoting marine
life at the scour protections, can be achieved through adjusting
the dimensions and shapes to generate suitable habitat.

The European flat oyster benefits mostly from hard
substrate surface to settle upon, and it should be stable as
moving rocks cause physical damage or even mortality.
Increasing the grading size of the rock material used for scour
protection would increase its stability and provide a more
stable substrate (Van Velzen et al., 2014). Furthermore,
changing the horizontal and vertical dimension and shape of
the scour protection would increase the area of hard substrate
for settlement by oyster larvae, and could create areas with
reduced flow velocity, which improve the opportunities for
settlement (Korringa, 1940; Smaal et al., 2017).

(iv) Micro-scale � type and texture of construction
material

The geological origin and surface roughness of building
materials on a micro-scale (<1 cm) have a significant effect on
the structure and functioning of colonising species assemb-
lages (Coombes et al., 2011; Green et al., 2012). Small
adaptations of both texture and structure of concrete
constructions were observed to lead to better settlement and
growth conditions for algae and macrobenthos in intertidal
zones of the marine environment (Borsje et al., 2010). Similar
effects are to be expected when adjusting the type and texture
of installations in offshore wind farms. The larvae of O. edulis
are able to attach themselves on a wide range of substrates, but
appear to have a strong preference for shells or coralline algae
(e.g. Gerken and Schmidt, 2014; Smyth et al., 2018; Allison
et al., 2020), likely due to surface roughness and presence of
calcium carbonate (e.g. Cuadrado-Rica et al., 2016). Tonk et al.
(2020) tested various types of substrates for recruitment
densities of O. edulis larvae, and observed that granite, marble
and concrete were most successful for settlement per surface
area. Potet et al. (2021) observed a positive effect on O. edulis
larvae settlement of concrete that contains a high proportion of
shell material and a surface texture that has a pattern with a
coarse roughcast look resembling natural stone. Such micro-
scale adaptations to materials used for infrastructure can be
considered the basis for effective oyster reef development in
offshore wind farms.

2.1.3 Step 3: Quantify effects

To determine whether measures that can be taken in the
design and/or adjustment of offshore wind farms will have the
desired effect on oyster reef development, the expected effects
of the measures should be estimated. A quantitative assessment
should be performed for each intervention based upon existing
knowledge, taking into account the prevailing conditions in the
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designated area as much as feasible. This will allow the wind
farm developer to make informed decisions on the selection of
interventions to be implemented, when making a trade-off
between desired impact and costs.

2.2 Application of the stepwise procedure to the
southern North Sea

The stepwise procedure was applied to an existing
situation, to assess its application for selecting quantified
measures to modify offshore wind farms for facilitating oyster
reef development. The area selected for this assessment is the
southern North Sea, in which offshore wind farm development
is growing rapidly. An inventory was made of all offshore wind
farms present in the area up to the date 31 December 2020. The
assessed wind farm data included general information on their
capacity (MW), geographic location, area covered, number of
turbines, foundation type, and pile diameter, and specific data
on the scour protection, i.e. type, dimensions and rock size of
the armour and filter layers. Data was obtained by approaching
the wind farm owners, and if data was not provided upon
request, information was obtained from the wind farmwebsites
or from the web-based sources www.4coffshore.com and
www.emodnet.ec.europe.eu.

The physical conditions that dominate oyster reef
development in the southern North Sea are bed shear stress
and suspended particle matter (Kamermans et al., 2018) The
geographic locations of all wind farms were projected in maps
showing shear stress (Kamermans et al., 2018) and suspended
particle matter (Gayer, 2020) using GoogleEarth. From these
maps, it was determined whether the prevailing conditions in a
wind farm location fall within the boundaries suitable for
oyster reefs, using thresholds provided by Kamermans et al.
(2018), i.e. shear stress <0.6 Pa and suspended particle matter
<60mg/L.
3 Results

3.1 Asses the system

The area assessed is the southern North Sea, defined as the
part of the North Sea south of the diagonal line between
Scarborough (UK)and the tipof Jutland (Denmark), andnorth of
the entrance of the Channel between Dover (UK) and Calais (F)
(seeFig. 4).This line roughly followsa50mdepthcontour and is
commonly used tomake a north-south division of theNorth Sea,
inwhich the southern part has a depth up to approximately 50m,
and the northern part from 50m down to the continental slope
(e.g. Lee, 1980; DEFRA, 2005; Christiansen, 2009). The
division is reflected by large-scale ecological patterns in
infaunal, epifaunal and demersal fish communities, resulting
from differences in bottom water temperature, bottom
water salinity and tidal stress (Reiss et al., 2010). The area is
bordered by England (UK) on the west, and Belgium, The
Netherlands, Germany and Denmark on the east. It has a
surface area of approximately 200,000 km2, and a maximum
depth of approximately 40m. A large sand bank, the
Doggersbank lies centrally in the northern part at an average
depth of 13m, and many smaller sand banks and dunes are
present in the south.
f 14
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Fig. 4. Wind farms in the southern North Sea (d.d. 31/12/2020).
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3.2 European flat oysters (Ostrea edulis)

The European flat oyster beds covered large areas in the
southern North Sea (Olsen, 1883; Houziaux et al., 2008) with a
conservatively estimated density of 1 oyster per 8 m2 in an area
of 21,202 km2 (Berghahn and Ruth, 2005), which could imply
a population of 2.65� 109 oysters. After their decline due to
primarily overexploitation and diseases in the 19th century, the
remaining oyster populations were too small to reproduce
successfully (Gross and Smyth, 1946) and currently the flat
oyster has almost completely disappeared from the North Sea
(De Vooys et al., 2004; Gerken and Schmidt, 2014). Also
suitable habitat was declining, as the flat oyster prefers to settle
on existing oyster or other shellfish reefs, which were also
removed by the fishing activities (Korringa, 1952). The flat
oyster has survived in estuaries surrounding the southern North
Sea (Smaal et al., 2015) and recent records of pilots
outplacements in open sea show survival, growth and
fecundity (Didderen et al., 2019, 2020; Merk et al., 2020),
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indicating that the existing conditions in the southern North
Sea may favour a large scale return of the flat oysters.

The historic data show that the southern North Sea offers
suitable environmental conditions to host huge areas of flat
oyster reefs. However, widespread bottom-disturbing activities,
primarily fisheries and sand extraction, prevent stabilization of
the sandy seabed, reef-formation of any type of shellfish species,
and thereby inhibit oyster reef regeneration. In addition,
considering the flat oyster larvae behaviour to reduce dispersal
away fromnatal populations (Rodriguez-Perez et al., 2020), reef
growth is only possible from nearby existing oyster beds, which
are yetonly present in small amounts in coastal areas.A recovery
offlat oyster reefs throughout the southernNorthSea is therefore
not expected to occur naturally and requires human intervention.
European institutions put focus on oyster reef restoration in the
North Sea, as the OSPAR Convention lists O. edulis as a
threatened species and habitat, worthy of protection and
conservation, and the EU Habitats Directive and the Marine
Strategy Framework Directive put particular emphasis on the
f 14



Table 1. Overview of offshore wind farms per country in the southern North Sea (d.d. 31/12/2020).

Total capacity
(MW)

Total area
(km2)

Total turbines
(#)

Total monopiles
(%)

Total armour rock
(km2)

Total soft seabed
(km2)

Denmark 776 170 220 100 0.08 170

Germany 6,567 749 1,268 78 0.67 748
Netherlands 2,461 391 462 100 0.18 391
Belgium 2,262 185 399 86 0.22 184
United Kingdom 8,532 1,893 1,610 94 0.65 1,892
Total 20,598 3,388 3,959 89 1.80 3,385
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protection and conservation of biogenic reefs such as oyster
reefs. It is generally acknowledged by experts from science,
nature conservation, commercial production, bio-consulting and
policyadvisers, thatnativeoyster restoration inEuropeshouldbe
promoted (Pogoda et al., 2019).

3.3 Offshore wind farms

Up until the end of 2020, 62 wind farms with total surface
of 3388 km2 have been installed the southern North Sea (see
Tab. 1), covering approximately 1.7% of the entire area, and
many more wind farms are foreseen to be constructed.
Information on the wind farms was provided by wind farm
developers upon request for 27 out of the 62 wind farms. For
the remaining wind farms, general information was obtained
from web-based sources and specific data on the scour
protection was estimated using the average of the 27 wind
farms. The 62 wind farms in total produce 20.6 GW renewable
energy per year from 3959 turbines (see Tab. 1), of which the
most are installed on monopiles (89.0%), some on 4-legged
jackets (2.7%) and tri-piles (6.1%), and few are gravity-based
(2.0%). The foundations of the first three types are hammered
or drilled into the seabed and are generally surrounded by a
rock bed to prevent erosion. This so-called scour protection
generally consists of a filter layer of granite rock (commonly
used size ranges between 22/90mm and 45/180mm) with an
average diameter of 33.4 (±8.5) m and thickness of 0.5 (±0.1)
m (N= 15). The filter layer is generally topped with an armour
layer of larger granite rock (common size ranges between
5–40 kg and 60–300 kg) with an average diameter of 26.0
(±6.5) m and thickness of 0.9 (±0.3) m (N = 27). The rock sizes
and dimensions used in the scour protection depend on local
water depth, geomorphological and hydrodynamical condi-
tions, and diameter of the wind turbine foundation.

All countries bordering the southern North Sea, i.e.
Belgium, The Netherlands, Germany, Denmark and the United
Kingdom, are increasing their offshore wind capacity, and the
construction of offshore wind farms offers great potential for
nature development activities. New installed wind farms
provide suitable seabed conditions by means of hard substrate
for settlement and large undisturbed areas free from bottom
trawling fisheries. Although bottom-disturbing fisheries are
currently allowed in operational offshore wind farms in the
UK, in practice most fishermen don’t resume their activities in
the wind farms due to the risks involved (Gray et al., 2016).
Therefore, in our assessment all offshore wind farms in the
southern North sea are considered to offer undisturbed areas.
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Thus far, the wind farms have only been designed taking into
account technical and financial aspects, but currently a
transition is taking place to incorporate the active enhancement
of the ecosystem, for example through requirements as those
set in The Netherlands that when developing wind energy at
sea ‘measures have been and will be taken to make and keep
the ecosystem healthy and make its use more sustainable’
(Dutch Ministry of Economic Affairs and Ministry of
Infrastructure and Environment, 2015).

3.4 Interventions at scale
3.4.1 Mega-scale � connectivity

To initiate oyster reef development in offshore wind farms
remotely located from natural oyster reefs, likely a broodstock
should be provided to generate larvae locally, as the dispersion
potential larvae isgreater than10km,but their behaviour isaimed
at self-recruitment (Berghahn andRuth, 2014;Kamermans et al.,
2018; Rodriguez-Perez et al., 2020). The average size of an
offshorewind farm in the southernNorthSea is54.6 (±80.4) km2,
with1 turbineper2.3 (±2.1)km2,meaning that it is safe toassume
that each wind farm should at least have its own broodstock to
initiate oyster reef development. As the proportion of females in
an oyster population is observed to be higher for larger
individuals (Kamphausen et al., 2010), the broodstock should
consist of a population with different size classes, to ensure the
inclusion of both sexes.

The recruitment of oyster stock is determined by density, as
the fertilization success and thereby broodsize increases with
density (Gercken and Schmidt, 2014); oysters with a nearest
neighbour �1.5m were found to brood significantly
more larvae than individuals with nearest neighbours
≥1.5m (Guy et al., 2018). Using broodstock structures as
opposed to loosely distributed mature oysters will assure the
high density of the broodstock. Kennedy and Roberts (2006)
attributed an estimated total larval production per season of
1.08� 1011 to a commercial stock size of 125,000 individuals,
with sizes ranging between 50 and 109mm shell diameter, i.e.
867,000 larvaeper individual, indifferentof the ratiomale/female.
Thismeans that a broodstock of 1000 individuals, for example as
used in offshore wind farm Borssele V with an average size
of 78.9 (±5.1) mm shell diameter (Schutter et al., 2021), could
produce 8.7� 108 larvae each spawning season.

The mortality rate of O. edulis during the planktonic phase
and the first juvenile period of life is estimated to be very high:
from 1 million larvae only 250 reach spat stage, of which 95%
die before winter (Korringa, 1946). A broodstock of 1000
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(Christianen et al.  2018) (Berghahn & Ruth 2005) (Schulte et al.  2009)

A 2.80 3,385 0 - - - -
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� | | |
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� |
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�
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�

25 cm layer shell material at 
1% of soft sediment          

(Schulte et al.  2009)

25 cm layer shell material at soft 
sediment, area size as armour layer 

(Schulte et al.  2009)

horizontal extension 
armour layer by 1 Dpile

marble armour layer 
(settlement x 1.33)      

(Tonk et al.  2020)

only wind farms with suitable environmental conditions 
(Kamermans et al.  2018)

Available surface (km2) Potential # oysters

intervention

none

�

only armour layer to ensure stability (disregard filter layer)  
(ter Hofstede et al.  2022)

Fig. 5. Potential interventions in existing offshore wind farms, and the estimated order of magnitude effect on available substrate and the
potential amount of oysters.

R. ter Hofstede et al.: Aquat. Living Resour. 2023, 36, 4
individuals could therefore lead to a recruitment of 10,837
juveniles (ignoring uncertainties) at the start of the winter. It is
suggested that about 15% of these juveniles will reach the age
of 1 year (Guerra, 2002), and 70% of them is estimated to
survive until maturity (Bodoy et al., 1991), meaning that of the
initial 1000 individuals, yearly 1137 individuals are estimated
to be produced that eventually contribute to new broodstock.
Assuming no mortalities of mature oysters caused by external
factors, an initial broodstock of 1000 adults would then result
in approximately 35,000 mature oysters after 10 years.

3.4.2 Macro-scale � soft sediment

In the southern North Sea, the area of undisturbed soft
sediment in wind farms (total wind farm area minus the
estimated amount of scour protection) is calculated to be 3385
km2 (Situation A in Fig. 5). Comparison with the historical
distribution of O. edulis, made Kamermans et al. (2018)
assume that areas where bed shear stress is less than 0.6N are
suitable for the development of flat oyster beds. Following this,
only 21 out of the 62 offshore wind farms can be considered
suitable for oyster reef development, ruling out all wind farms
in Belgium waters, most of those in Dutch and UK waters
(except Gemini and Horn Sea 1 and 2) and some in German
waters. The total amount of soft sediment available in these 21
wind farms with suitable conditions for oyster reef develop-
ment is estimated to be 1614 km2 (Situation C in Fig. 5).
Densities of O. edulis in the North Sea system at a soft
sediment seabed were conservatively estimated to be 0.125
individuals m�2 (Berghahn and Ruth, 2005). Once broodstock
has been installed, this could result in a population of
2.02� 108 oysters at the 1614 km2 of suitable soft sediment in
the southern North Sea (Situation C in Fig. 5).

Settlement and densities of oysters at the soft sediment in
offshore wind farms can be increased by providing substrate by
means of shell material, as is the case at natural oyster reefs
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(Allison et al., 2020). Initiating high vertical relief reefs
(>25 cm) made of a conglomeration of shell from living and
dead oysters could result in densities of 1026 oysters m�2

(Schulte et al., 2009; Scyphers et al., 2009). Applying this
method to 1% of the soft sediment seabed in the 21 offshore
wind farms suitable for oyster reefs, could result in an addition
of 1.65� 1010 oysters to the southern North Sea (Situation D in
Fig. 5). However, it would require 4.13� 106 m3 of shell
material, equivalent to a volume of 1652 Olympic swimming
pools (a 2500 m3). For comparison, covering a surface area
with shell reef to a size equal to the available armour rock
material (see below, 0.74 km2), would result in an addition of
7.28� 108 oysters (Situation E in Fig. 5), and require
1.82� 105 m3 of shell material, equivalent to the volume of
73 Olympic swimming pools.

3.4.3 Meso-scale � scour protection

While the subsea rock installations in existing offshore
wind farms have been functionally designed for scour
protection only, they provide hard substrate on which
epibenthic rock dwelling species can thrive. During a
dedicated scour protection monitoring survey undertaken in
4 Dutch wind farms in 2020, it was observed that filter layers
largely disappear under a layer of sand (ter Hofstede et al.,
2022). Therefore, only the armour layer is considered suitable
for providing rocky habitat for oyster reef development. In the
southern North Sea, the area of armour rock around a single
monopile in a wind farm is on average 530.2 (±255.5) m2

(N = 27). The total amount of armour layer available in the
southern North Sea is estimated to be 1.80 km2 (Situation B in
Fig. 5). Considering only the 21 offshore wind farms with
suitable conditions for oyster reef development based upon
shear stress, the total amount of armour layer available is
estimated to be 0.74 km2 (Situation C in Fig. 5). Oyster
densities at an existing bed in the Voordelta (Netherlands) were
f 14



Table 2. Overview of future offshore wind farms per country in the southern North Sea, designed and development zones. It is assumed that all
turbines are built on a monopile and scour protection is applied.

Future wind farms Total capacity
(MW)

Total area
(km2)

Total turbines
(#)

Total armour rock
(km2)

Total soft seabed
(km2)

Designed 13,025 3657 1,009 0.53 3,656

Development zone 93,116 26,141 7,213 3.82 26,134
Total 106,140 29,797 8,223 4.36 29,790
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observed to be 6.8 ± 0.6 oysters m�2, and these were most often
found to grow in areas with hard substrate, i.e. rock and stones
(Christianen et al., 2018). We assume this number as densities
that can be expected at the available scour protection. Once
broodstock has been installed, this could result in a population
of 5.03� 106 oysters at the available armour rock material
(0.74 km2) in the southern North Sea (Situation C in Fig. 5).

The diameter of the armour layer is on average 4.3 ± 1.1
times the diameter of the pile (N = 27). Increasing the
horizontal extent of the armour layer of the scour protection
with 1 pile diameter, a value taken arbitrary, would result in
more armour surface area to support oyster reef development.
The new total amount of armour layer available in the southern
North Sea is estimated to be 2.91 km2, of which 1.27 km2 in de
areas with suitable conditions (Situation F in Fig. 5). Using the
density of 6.8 ± 0.6 oysters m�2 (Christianen et al., 2018), this
could result in a population of 8.64� 106 oysters at the scour
protection in offshore wind farms in the southern North Sea.

3.4.4 Micro-scale � materials used

Interventions at micro-scale to promote oyster reef
development in offshore wind farms are primarily intended to
improve settlement rates of the larvae.Adjustments can bemade
in substrate surface texture and substrate type. Potet et al. (2021)
observed that a surface structuremostly resemblingnatural stone
led to highest larvae settlement of O. edulis, from which can be
concluded that quarried rock as conventionally used as scour
protection suffices. Tonk et al. (2020) found that calciferous-rich
marble rock had a factor 1.33 higher settlement rates ofC. gigas
larvae than conventionally used granite rock. Assuming that a
similar effect would occur for O. edulis, and that density of
oysterswould linearly increasewith the settlement rate, adding a
marble layer on top of all existing scour protection, could thus
potentially result in a total population of 5.03� 106� 1.33 =
6.69� 106 oysters on the scour protection in offshore wind
farms the southern North Sea (Situation G in Fig. 5).

3.5 Future scenario

Our assessment of the system revealed that another 15
offshorewind farms are designed to be built in the southernNorth
Sea the coming years (see Fig. 4), covering 3657 km2with a total
of 1009 turbines delivering 13,025 MW of energy (see Tab. 2).
Another26,141km2hasbeendesignated asdevelopment zone for
offshore wind energy in the future (see Tab. 2). Assuming that the
15 designed wind farms are representative for the wind farms in
the development zones, based on increase in surface areaonemay
expect an addition of 7213 turbines delivering 93,116 MW from
wind energy.
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Assuming that all these wind turbines will be built on a
monopile foundationwith scour protection at its base of a similar
dimension and design as currently are used (armour 530.2
(±255.5) m2/pile; filter 388.4 (±337.1) m2/pile), a total of
4.83 km2 armour rock, 3.54 km2 filter and 33,013 km2 soft
sediment will become available for oyster reef development in
these future wind farms. When taking into account the assumed
suitability of thesewind farms for oyster reef development based
upon bed shear stress, a total area of 23,321 km2 is considered
suitable for oyster reefs (70.6% of all wind farm development
area). This could result in a population of 3.14� 109 oysters
within in the southern North Sea without interventions
(SituationC). Interventions could lead population sizes of
2.59� 1011 (situation D), 7.40� 109 (Situation E), 3.16� 109

(Situation F), 3.15� 109 (Situation G) oysters.
3.6 The selection of interventions

Multiple interventions at different scales by means of
introducing broodstock and suitable substrate have been
presented, which all have the potential to contribute to oyster
reef development in offshore wind farms in the southern North
Sea. Each of these interventions will have a different effect on
the oyster population. It is important to know the required
effort, the effect, and the interaction of such interventions, in
order to support decision-makers in defining their policy
objectives.

Active oyster reef development in offshore wind farms
starts with the confirmation that the environmental conditions
are suitable for oysters. Once confirmed, human intervention to
regenerate oyster reefs is likely required, due to the lack of
connectivity between the scarce natural oyster reefs and the
newly build offshore wind farms. Therefore, any oyster bed
development programme in offshore wind farms would
probably require a human-induced accumulation of oysters,
for example broodstock. How much broodstock is needed
depends on the desired population size. The average offshore
wind farm in the southern North Sea contains 0.030 (±0.022)
km2 of armour rock and 54.6 (±80.4) km2 of soft sediment,
meaning it potentially can host an oyster population of
7.02� 106 oysters, assuming the same densities used in the
earlier calculations (Christianen et al., 2018; Berghahn and
Ruth, 2005). Fully filling up such a wind farm in 15 years’ time
with oysters, would require an initial broodstock of roughly
39,000 oysters, based upon the assumptions that larvae reach
maturity in 3 years, the broodstock increases over that period
as calculated before (factor 1.137), and no mortalities of adults
occur caused by external factors.
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Increasing the numbers of oysters within an wind farm area
can furthermore be facilitated by providing suitable substrate.
Our calculations using the densities for the three habitat types
shellfish reefs (Schulte et al., 2009), rock (Christianen et al.,
2018), and soft sediment seabed (Berghahn and Ruth, 2005)
show that most effect can be achieved by creating permanent
reefs of shell material, as assumed densities at these reefs are
thought to be 150 times higher than on rock material, and 8000
times higher than on a soft seabed.

If the objective of the oyster reef development would be to
return the flat oyster reef population to its estimated size of
2.65� 109 oysters in the 19th century (Berghahn and Ruth,
2005) using the amount of wind farms currently available, only
the creation of shell reefs would be an effective intervention
(see Fig. 5). The total amount of habitat surface offered by the
scour protection in the areas with assumed suitable conditions,
is not large enough to host that size of a population, also not yet
when interventions have been applied. However, creating shell
reefs would require a large amount of shell material, which is
difficult to purchase in practice, let alone the practical
constraints for installation of permanent shell reefs in offshore
waters. In the future scenario when all the offshore wind farms
have been installed, sufficient area with suitable conditions
(bed shear stress <0.6 Pa) will be available to host an oyster
population as present in the 19th century. The only intervention
then needed would be the introduction of broodstock to
overcome connectivity issues and start oyster reef develop-
ment.

4 Discussion

4.1 Nature enhancement of marine infrastructure

When introducing marine infrastructure into an ecosystem,
the impact on the original environment should be taken into
account, even if the purpose is restoration. The addition of hard
structures on the seascape can cause significant losses of soft-
sediment habitats, affecting the diversity and function of
marine systems in general (Bulleri and Chapman, 2010;
Dafforn et al., 2015a). The creation of new hard substrate
habitats, albeit often essential for infrastructural purposes and
considered valuable for nature enhancement, have shown loss
of soft-sediment communities and their services (Davis et al.,
1982; Martin et al., 2005). The losses of the original habitat
need be assessed and minimised if possible (Dafforn et al.,
2015b). In situations where hard structures cannot be avoided,
such as when used to prevent scouring around the foundation
of a wind turbine in offshore wind farms, there is the potential
for eco-engineering to mitigate the impacts of these structures
and to maximise potential ecological outcomes. The scour
protection can for example be engineered to enhance
biodiversity through the addition of complexity and micro-
habitats. Small adaptations in material use, texture, and shape
can improve the conditions for settlement, growth and use by a
variety of marine life, while keeping the function of the scour
protection intact. Also, nature enhancement can be beneficial
for the marine infrastructure itself. For example, oyster
presence at the scour protection of wind turbines will affect the
connection of rocks and thereby its stability. The extent of this
effect depends on the coverage ratio of oysters and the rock
size. Smaller rock gradings such as those in the filter layer will
Page 10
experience a greater stability increase compared to larger rock
gradings under the same coverage ratios because they require
fewer oysters for effective binding (Domisse, 2020).

The spatial scale to which artificial hard structures can
affect the marine environment has been found to range from
10s of metres to 1000s of kilometres (Dafforn et al., 2015a).
Efforts to enrich nature by adjusting infrastructure have been
tested throughout the marine environment, most of these are at
meso- and micro-scale. For example at meso-scale, the
addition of artificial rock pools in a seawall that retain water
during low tide, led to an increase in biodiversity at the seawall
(Chapman and Blockley, 2009). Also at micro-scale, more
often consideration is given to the use of materials, not only for
the integrity of a structure, but also to promote the
development of marine life (e.g. Firth et al., 2014, Tonk
et al., 2020). At a macro- and mega-scale, the spatial
arrangement of how near or far artificial structures are
positioned from each other determines their impact on the
environment, as it has the potential to affect the connectivity of
marine organisms. The construction of offshore wind farms
results in the creation of isolated rocky habitats used as scour
protection at the base of each wind turbine. The isolation of
these modified habitats is likely to cease as the hydrodynamics
will lead to the exchange of small marine life such as larvae
and seeds between the rocky habitats, and larger species will
migrate within the wind farm. At a larger scale, climate change
drives species range shifts (e.g. ter Hofstede et al., 2010), and
the expansion of marine infrastructure such as offshore wind
farms may enhance these movements by providing stepping
stones for rock-dwelling species by means of these small scour
protections (Adams, 2014). Studies on the impact of the
construction of offshore wind farms should be undertaken to
not only assess possible long-term effects of the infrastructure
at a local scale, but also to take into account regional scales,
resulting from the potential connectivity of wind farms and
consequently the introduction of invasive species.
4.2 Estimating the effect of interventions to support
oyster reef development

The effects of interventions to initiate and facilitate oyster
reef development as presented are rough estimates. Substantial
assumptions have been made throughout the assessment to
provide a quantitative prediction of the effect of taking
interventions for developing oyster reefs in offshore wind
farms, and refinement is needed. The actual outcomes of the
interventions presented would remain unknown until being put
in practice and will vary at each location where implemented.
Nevertheless, the calculations do provide a first estimate to
obtain insight into the magnitude of effort required to reach a
desired effect with the interventions.

The assumptions were taken across all scales when
quantifying the effects of interventions to stimulate oyster reef
development in offshore wind farms. For example, at a macro-
scale the assessment included only offshore wind farms that
are considered suitable for the development of flat oyster beds
based upon the prevailing environmental conditions. However,
oyster presence can still be observed in the wind farms that are
not included in this assessment, such as in the 2006-erected
Dutch offshore wind farm Egmond aan Zee. Here, despite the
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assumed unfavorable conditions, European flat oysters were
documented being settled at the top of the monopile in the
intertidal zone in 2011, though noteworthy no oysters were
found in the scour protection area (Bouma and Lengkeek,
2012). At meso-scale, an example of an assumption made
relates to flow velocities and related settlement opportunities
of oyster larvae at the scour protections. Increased turbulence
generation may amplify the bed shear stress to 5–11 times
higher near the foundation of a monopile than at the remainder
of the scour protection (Sumer and Fredsøe, 2002). However,
this variation was not taken not account as it is impossible to
predict what the exact bed shear stress will be where, and when
these become unsuitable for settlement. Furthermore, substan-
tial assumptions were made on oyster densities during the
quantification. Fixed oyster densities were used for the three
habitat types, i.e. rocky scour protection, soft sediment seabed,
and shell reefs, but of course in practice, many hydrological,
morphological and biological factors will determine the actual
densities, which are all location specific and will vary
throughout time. For example, the timing of the installation
of substrate such as rock material is crucial for the settlement
success of oyster spat. Settlement rates are highest if the
substrate is placed during the peak of larval abundance, and if
placed too early, it will be fouled with other organisms that
prevent oyster spat from settling, or overgrow spat that does
manage to settle (MacKenzie 1970; van den Brink et al., 2020).
However, the construction of offshore wind farms takes place
year-round, mostly outside of the short spawning period of
oysters, meaning that much of the available substrate for oyster
spat is likely to have been colonised by competing organisms.

Also, the interventions available for enhancing oyster reefs
in offshore wind farms are not limited to the ones presented
here, and more options can be considered. For example,
instead of introducing oyster broodstock to initiate reef
development in a wind farm, one can also consider the
introduction of oyster spat. Although it will take a couple of
years before the spat has matured and can start producing
larvae to distribute throughout the wind farm, spat is easier to
obtain in large quantities with less impact on existing oyster
populations. Another example, at a meso-scale, adding vertical
variability is a method to create low-current areas, which can
benefit the settlement of oyster larvae. This can be done by
creating piles of rock or installing artificial reef structures. The
benefit of creating a piles of rocks is that it can be done by
using the same type of rock as is used for the scour protection,
which is easier to acquire. If rock of similar size is used, the
same equipment for installation of the scour protection can be
used. If larger rocks or artificial reef structures are used, one
might need to install a filter layer to stabilize the seabed first if
installed independently, or account for secondary scour if these
structures are installed on-top of the scour protection itself, and
other equipment for installation might be required, which
complicates the installation procedure.

5 Conclusion

Innovative eco-designs for marine constructions are
developed to be beneficial for marine life and associated
societal interests, and should become an integral part of large-
scale infrastructural development. It remains to be determined
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how the various elements of marine infrastructure can be used
or attuned to positively influence the marine ecosystem, not in
the last place because it is not clearly defined and even
arguable what changes may be considered positive. Currently,
clear objectives are lacking for stimulating nature values in
offshore wind farms, which inhibits a coordinated implemen-
tation of knowledge gained from small scale pilots into larger
scale policies. This also requires thinking beyond individual
pilots, and consideration of the effect of each intervention
across different scales.

This paper presents a stepwise procedure to quantitatively
estimate the potential effects of interventions at various scales,
from micro-scale (materials used) to mega-scale (connectivity
between wind farms). It has been applied using the knowledge
available for initiating oyster reefs in the current and future
wind farms in the southern North Sea. The stepwise procedure
provides insight in what are the most promising measures, and
where uncertainty or lack of knowledge is cause for concern.
This may guide future research, as well as contribute to
determining a coordinated selection of interventions to adjust
conventional designs of wind farms to promote flat oyster reef
development, with the aim to establish significant effects in a
regional seascape.

The inclusion of hard substrate and the absence of seabed
disturbingfisheriesare themaincomponentsofwind farms in the
southern North Sea to be suitable for flat oyster reef
development.Thepresenceofhard substrateprovidessettlement
opportunities for theflat oyster spat,which canbe increasedwith
selected interventions. The absence of bottom disturbing
fisheries within a wind park provides the opportunity for oysters
to build their reef without having the habitat being destroyed.
Due to the lack of connectivity between natural oyster reefs and
thewind farms, active introductionofoysters in thewind farms is
required to kickstart the development of eventually self-
sustainable oyster reefs.
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