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Abstract: The “Dutch Energy Agreement” motivates governments and industries to invest in
renewable energy sources, of which offshore wind energy is one of the solutions to meet the agreed
target of 16% of the total energy budget from renewable resources by 2023. An option for the multi-use
of wind farms is nature-inclusive building, in which the design and construction of wind farms make
use of the potential for co-design with oyster bed restoration. This can support the government’s
ambitions, for the Dutch North Sea, to achieve biodiversity goals, restore ecosystem functions, and
enhance ecosystem services, including future seafood production. For the recovery of flat oyster
(Ostrea edulis) beds, knowledge is required about the conditions under which active restoration
of this species in the North Sea can be successfully implemented. This paper gives a framework
and presents results to determine suitability of wind farms for flat oyster restoration, and provides
recommendations for pilot studies. Our analysis showed that a number of wind farms in the Dutch
section of the North Sea are suitable locations for development of flat oyster beds. Combining oyster
restoration and oyster culture, as a protein source, is a viable option worth investigating.

Keywords: Ostrea edulis; native oyster restoration; North Sea; site selection; pilot study; offshore
wind farms

1. Introduction

The “Dutch Energy Agreement”, a document by the Dutch government and dozens of
organizations and interest groups, presents the energy ambitions and targets up until 2023 and
beyond. This agreement motivates governments and industries to invest in renewable energy sources,
of which offshore wind energy is one of the solutions to meet the agreed 16% increase in the share
of renewable energy by 2023. Significant North Sea space is required to meet the future goals of the
energy transition, resulting in competition between current users, such as exploitation of oil and gas,
fisheries, nature, shipping, and the new wind farms. Current insights in multi-use options are still in
an exploratory phase, and policies are currently developed to support the multi-use of space.
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Besides the goals set for energy arrangements, there is an increasing global demand for protein
and carbohydrate sources. The world population is likely to grow up to 9 billion people by 2050,
resulting in the need to provide proteins for all, of which fish and marine products can be part of [1].
Furthermore, alongside its contribution to protein intake, the value of fish is even stronger for poor
consumers because of its micro-nutrient and lipid content [1]. This trend requires a more flexible food
provision system and new sources. On the one hand, the current production, production methods,
and value chains should be assessed, improved, and optimized. This needs to coincide with the
arrangement of adapted locations and suitable space, as well as with an adequate governance strategy.
On the other hand, production of food and proteins needs to expand and/or convert to alternative
sources. Aquaculture is “projected to remain the fastest growing food commodity sector” [1]. As part
of this development, aquaculture in open marine systems is seen as a potential large-scale expansion
possibility [2,3]. The main reasons for global demand for seafood is the increase in world-population,
the increase of consumption per capita, as well as the increase in income [1,4]. Because limits in
the wild capture fisheries have been reached, with demand unable to be supported, aquaculture is
considered the major future seafood contributor [5,6].

Mariculture has a wide history in nearshore and inshore areas and estuarine environments. The
physical conditions and the relatively easy accessibility of these areas are the driving forces behind
their use. However, there are growing concerns about the impact on the environment [7,8], and
nearshore and inshore competition for space is setting limitations for the expansion or introduction
of aquaculture [9,10]. Therefore, the “blue revolution” (the remarkably fast expansion of marine
aquaculture and marine use in recent years) is set up to expand aquaculture practices in more exposed
open sea and offshore areas. New technologies provide further impulse for this expansion. For
example [11,12], investigated the potential of aquaculture for offshore seaweed and mussel farming in
the Dutch North Sea.

Gerty [13] reported that the potential of marine aquaculture is demonstrated in many parts of the
world. Worldwide the potential of development is far greater than the seafood demand, and expansion
for space is not limited in many offshore locations. However, locally the options are not always directly
suitable. The North Sea is a crowded and intensively used sea. Combinations of functions are therefore
welcome. Currently, the potential for multi-use functions of offshore platforms, including wind farms,
are under investigation worldwide [14,15]. One of the options is nature-inclusive construction, in
which the design and construction of wind farms include the potential to enhance biodiversity and
natural resources.

Until about a century ago, flat oyster beds constituted an important habitat in the North Sea.
The flat oyster was a key species that once existed in the North Sea ecosystem, a fact that has almost
disappeared from public memory. According to field surveys conducted in the 19th and early 20th
century, the North Sea harbored substantial areas of oyster beds in that time (over 25,000 km2, [16]
in [17,18]. However, by the end of the 19th century the flat oyster fishery became too intensive, which
caused the oyster population to decline rapidly [17,18]. By the beginning of the 20th century, the oyster
beds were already decimated [17]. Later, other types of bottom trawling fisheries also impacted on
the remaining beds. Other reasons for the decimation are not documented. As a result, the oyster
community, including related species, disappeared from the North Sea.

For the recovery of flat oyster (Ostrea edulis) beds, knowledge is required about the conditions
under which active restoration of this species in the North Sea can be successfully implemented. This
paper gives a framework and presents results to determine suitability of wind farms for flat oyster
restoration, and provides recommendations for pilot studies. The information is used to support the
marine spatial planning of wind farm and nature restoration.

1.1. Flat Oyster Bed Ecosystem Services in the North Sea

Several factors motivate flat oyster restoration in the North Sea. Flat oyster beds are a threatened
species and habitat (OSPAR, European Union (EU) Habitat Directive, biogenic reefs, EU Red List
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of Species and Habitats). They once constituted a key element of a rich North Sea. Oyster beds
are some of the most striking structures in soft-sediment environments, providing many ecosystem
services, including the provision of habitat, which is important for biodiversity [19,20], pelagic–benthic
ecosystem coupling, shoreline stabilization, water quality regulation, and the enhancement of fishery
production [21–23]. There is a lack of knowledge on the ecosystem services provided by deep-water
flat oyster beds, as most studies have focused on the intertidal reefs of the Pacific oyster. Despite this,
some mechanisms are assumed to be generic for both species and environments. [24], for example,
demonstrated that the species facilitations function of the intertidal native European oyster bed is
similar to the invasive Pacific oyster (C. gigas) reefs.

Beds of the European oyster Ostrea edulis function as a habitat for many species (Figure 1). Beds
provide settlement substrate for epibenthic flora and fauna, food and shelter to mobile invertebrates
(e.g., crab, lobster, and shrimps), and fish can use the beds as shelter (particularly in the juvenile stage)
and spawning grounds (e.g., herring). The hard substrate, formed by the O. edulis shells, increases
in time through recruitment and growth, harboring higher species diversity than non-living hard
substrate [25].
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Figure 1. Shells of the European oyster Ostrea edulis provide substrate for epibenthic flora and fauna.
Pictures by Youri van Es and Aad Smaal.

Oyster reefs, as ecosystem engineers, impact the benthic environment by altering the
biogeochemical and physical properties of the sediment, affecting community composition, abundance,
and species richness. As filter feeders, oysters enhance the pelagic–benthic ecosystem coupling
through the production of fecal and pseudofecal deposits, followed by mineralization [26,27], which
may stimulate phytoplankton turnover, enhancing primary production [28]. In addition, reefs of filter
feeders can concentrate and trap organic matter, which fuel local food webs (Figure 2). Concentration
of organic matter has been demonstrated for intertidal mixed blue mussel (Mytilus edulis) and Pacific
oyster reefs [29], deep reef structures of the cold-water coral Lophelia pertusa [30], and tubeworm
Lanice conchilega reefs [31]. De Smet et al. (2016) [31] demonstrated that L. conchilega can significantly
concentrate and trap organic matter, produced in an area no less than 15 times the reef area, within
their reef food web, resulting in a higher macrofaunal biomass and a more diverse food web than in
the absence of the reef.

Large beds of bivalves can also have a major effect on the local fine sediment dynamics [32,33].
The large expanses of oyster beds in the 19th century must have had a large-scale effect on turbidity in
the North Sea. The area of the old “oyster grounds” is characterized by relatively fine sediment [34],
which, under high wave conditions, can resuspend into the water column affecting light penetration. It
is to be expected that the presence of 25,000 km2 of oyster bed has affected these processes significantly.
To what extent the changes in light penetration may have also affected local primary production
is unknown.
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Figure 2. In the presence of the filter feeder Ostrea edulis, in situ-produced and laterally advected
external phytoplankton dominate the carbon input into the bed, supporting a diverse-bed food web. In
bare sand areas, the carbon input is much lower and mainly based on in situ primary production by
microphytobenthos. Figure adapted from [31] De Smet et al. (2016).

Habitat formed by the oysters, combined with biodeposition, increases prey abundance, which
is the driving force for enhanced fish production. [22] quantitatively estimated enhanced fish and
mobile invertebrate production by oyster reefs. In the Gulf of Mexico, gross production was increased
with 397 g m−2 year−1 in the presence of oyster reefs [22]. Korringa (1954)] [35] reported about 250
species living in association with or on oyster beds. Hence, restoration would provide opportunities
for ecosystem services, such as the commercial exploitation of fish and mobile invertebrates, as well as
flat oysters themselves; provided that exploitation methods are developed that leave the flat oyster
beds intact. As a consequence, the loss of oyster beds leads to a less productive and less diverse
ecosystem and the loss of ecosystem services. In the Wadden Sea, the disappearance of the flat oyster
beds resulted in a less diverse and productive mudflat ecosystem [36].

1.2. Policy

Restoring oyster beds will contribute to fulfil Dutch obligations, following from the Marine
Strategy Framework Directive (MSFD). The recovery of natural hard substrates, including flat oyster
beds, is an objective stated in the policy documents: Nature Ambition Large Water Bodies [37]; and
the Implementation Agenda Natural Capital [38], under the title of shellfish beds in general; and in
recent OSPAR recommendations (OSPAR, 2013). Sustainable energy supply, robust nature, and climate
proof food supply are part of the Dutch Development Strategy for the North Sea (Noordzee 2050
Gebiedsagenda), and can potentially be realized with flat oyster restoration in wind farms.

Based on the European Common Fisheries Policy (CFP), a National Strategic Aquaculture
Plan 2014–2020 has been described for the stimulation of aquaculture in the Netherlands. Among
the prospects, the multi-use of space and offshore aquaculture have been identified as potentials
for development.

1.3. Food and Nutrition Security

The utilization of the ocean for food is not a new development. Fish and aquatic products are
long since the most traded food commodity in the world, whereby many seafood markets are global
markets (https://www.wto.org/english/res_e/reser_e/ersd201003_e.htm). In the last couple of years,
attention to fish and aquaculture products, and the contribution they make to food and nutrition
security, has grown [1,39,40]. In particular, special attention has been given to the contribution of
small-scale fisheries [41–43] and the importance of (small) fish for feeding the poor [44,45]. Furthermore,
in Europe, attention to the contribution of fish and aquatic products for food security has risen, mainly
as part of what has been called “blue growth”. The EU focusses on aquaculture when discussing blue
growth, as catches in fisheries are regarded as stabilized. The EU is currently the fourth largest fish
producer, after China, Indonesia, and India, and the largest trader (in value) of fishery and aquaculture
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products in the world. Accordingly, the EU has quite an impact on fish trade and production (European
Market Observatory for Fisheries and Aquaculture Products EUMOFA). It also is the largest importer
of fish products, buying 60% of the fish and aquaculture products consumed from other countries
in the world (https://www.euractiv.com/section/global-europe/opinion/closing-the-net-the-eu-
must-step-up-enforcement-of-seafood-import-controls/). Although, by doing so, the EU contributes,
indirectly, to the food security of people elsewhere in the world whose livelihoods rely on fisheries,
aquaculture, and trade. Due to the rising prices of seafood and the EU’s higher financial power, the EU
will eventually (and has already in some places (https://www.pri.org/stories/2018-03-30/senegalese-
women-turn-exporting-fish-spite-local-shortages)), by safeguarding its own food security, impact on
the direct food security of people in other countries [46]. Thus, the more the EU can produce itself,
the better.

There are a couple of advantages of fish and aquatic products for food and protein, compared
to other sources, in terms of ecological impact: Fish and aquatic products have a relatively high
energy intensity compared to other food items [47]; the environmental costs, in terms of water
use, fertilizer use, pesticide use, antibiotic use, and soil loss, as well as greenhouse gasses per kg,
are much lower for marine resourced food compared to dairy and meat [48]; and bivalves show a
reduction of eutrophication (kg PO4 equivalent) compared to terrestrial derived meat and crops [49]
(Hall et al., 2011). In terms of impacting biodiversity, [48] has argued that capture fisheries are
sustained by maintaining semi-natural ecosystems, whereas agriculture relies on replacing natural
ecosystems with highly productive exotic species, and aquaculture falls somewhere in between
(https://rayhblog.files.wordpress.com/2012/10/hilborn-world-fisheries-congress.pdf). Thus, when
seeking opportunities to increase production of food, many turn to the ocean. It has also been
established that, until now, mostly the top of the aquatic trophic pyramid has been harvested, which in
fact is inefficient and less sustainable [50]. We could make much more use of the food potential of the
ocean if we also, but not solely, consume fish and marine products at lower levels in the food chain.
Flat oysters currently have a very high market value, due to the relatively low supply. If restoration
programs become a success, in terms of growth, survival, and reproduction of oyster beds, the return
of direct or indirect commercial exploitation may become possible. Currently an estimated 3000 km2 of
wind farm area is accommodated for wind farm production (up to 2023). If 0.1% of this area could be
used for oyster restoration, in combination with oyster production, a total of 300 ha is then available
for restoration in combination with food production (current production area is ~2.000 ha in The
Netherlands).

1.4. Wind Farm Suitability

In September 2014, the Dutch government designated three areas for the development of offshore
wind farms over the years to come: Borssele, Noord-Holland, and Zuid-Holland (Figure 3). In
the North Sea 2050 Spatial Agenda, the Ministries of Economic Affairs and Infrastructure and the
Environment expressed their ambition for the combined use of offshore space. This is included in the
environmental regulations and design regulations of the Wind Farm Site Decisions for next generation
wind farms. More specifically, the Ministry of Economic Affairs stated their wish to establish whether
the areas recently designated as offshore wind farm sites offer opportunities for the development
of flat oyster beds. The fact that wind farms are in the current regulatory framework, free from
seabed-disturbing activities, is regarded as a major precondition for the restoration of flat oyster
beds [17,51]. Oyster bed restoration appears to be a viable option to support these ambitions in the
Dutch North Sea, to simultaneously achieve biodiversity goals and restore and enhance ecosystem
services, including future seafood production.

https://www.euractiv.com/section/global-europe/opinion/closing-the-net-the-eu-must-step-up-enforcement-of-seafood-import-controls/
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Figure 3. Locations of existing and planned wind farms in the Dutch section of the North Sea (DSC:
Dutch Continental Shelf). The present study focusses on Borssele, Buitengaat/Gemini, offshore wind
farm Egmond aan Zee (OWEZ), Dutch coast South and North (HK-NH, HK-ZH), Luchterduinen,
Princes Amalia, and Zee-Energie. These wind farms are either in operation or are soon to be realized
from [52].

Current conditions may favor the return of the flat oyster in the North Sea. The flat oyster has
survived in estuaries around the North Sea (e.g., Limfjorden in Denmark, Lake Grevelingen and
Oosterschelde in the Netherlands, plus various inlets on the coast of the British Isles, Norway, and
Sweden). Recent records of individuals on shipwrecks, buoys, and marine wind farms in the North
Sea show that it can still survive, reproduce, and disperse in the open sea [53]. Newly installed
marine protected areas, wind farms, and offshore installations could provide sheltered areas that are
free from bottom trawling fisheries. Yet, without human assistance the oyster beds may not return
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on a large scale. In the southern North Sea, the sea floor consists mainly of sand and silt, whereas
rocks are uncommon. Oyster larvae have a limited dispersal range and need hard substrate to settle
on [54,55], but without oysters, very little natural hard substrate has remained on the North Sea floor.
So, once the oyster beds are gone, they will probably not return on their own because the source
populations are too distant, even if the conditions are favorable. For the recovery of the flat oyster
beds, knowledge of the conditions under which the active restoration of this species in the North Sea
can be successfully implemented is required. To determine suitability of wind farms for flat oyster
restoration we developed a framework, which considered the life history and habitat preferences of
the species (Figure 4).
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1.5. Life History

Mature flat oysters can switch between sexes to be male or female [56]. Generally, flat oysters
start as males and become females as they grow older. Older oysters can spawn twice during one
season, once as a male and once as a female. Sperm cells, clustered in spermatozeugmata [57], are
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expelled through the exhalant siphon. Eggs remain in the mantle cavity of the female, where they
are fertilized and develop into larvae with two shells in a period of one to two weeks. When they are
released, the shell length of the larvae is 170–190 µm. During their free-swimming stage (another 8–30
days: [58] the length increases to 290–360 µm. Metamorphosis, from swimming larvae into sessile spat,
depends on food availability for the larvae. Settlement occurs when a suitable location is detected.
A drop of cement is produced and the left valve is glued to the surface. As a result of the relative
short free-swimming stage, compared to other bivalve species, the dispersal distance of O. edulis is
limited (on average 1 km [59]), although longer distances are occasionally possible during favorable
conditions (up to more than 10 km [60]). Oyster spat settles on hard substrates, such as stones, shell
fragments, or oyster shells. They adhere or fix themselves to the substrate and do not disperse further.
For spat collection, calcified tiles have been employed in many areas and are still in use in Arcachon
Bay (France). Oyster shells in existing oyster beds are a preferred settling substrate for oyster spat.
Oyster bed development is therefore a self-reinforcing process, due to the positive feedback of existing
oysters on successful recruitment and settlement (e.g., Eastern oyster [61]). It implies that oyster beds
have a critical mass below which recruitment may fail, due to limited substrate availability in relation
to the number of larvae produced [60,62].

2. Materials and Methods

The conditions for the long-term development of a flat oyster bed were largely determined by
four life-history variables: Survival, growth, reproduction, and recruitment. Reproduction referred to
the capacity to produce larvae; recruitment denoted the successful settlement of larvae in a specific
site. These four variables were influenced by a range of abiotic and biotic factors, which are listed in
Table 1. Survival depended on environmental factors such as large- and small-scale sea bed dynamics,
oxygen content, salinity, and predation. Growth was mainly determined by phytoplankton and the
concentration of suspended particles. Reproduction required a parent population in suitable age classes,
and the right water temperature for gonadal development and spawning. Recruitment depended on
water temperature, the quantity of larvae in a specific area, and the presence of suitable substrate for
settlement. Recruitment was determined by the size of the parent population that produced the larvae,
and served as larval settlement substrate, and by the water motion that determined larval retention in
a specific area (see also [63,64]).

Table 1. Environmental factors, relevant to the various life-history processes of O. edulis, used as site
selection criteria. The symbol (+) indicates a positive effect and (–) a negative effect.

Survival Growth Reproduction Recruitment

Sea bed shear stress –
Sea bed motion –
Concentration of suspended particles –
Larval retention +
Coarse sediment +

Tolerance ranges for abiotic and biotic environmental factors were derived from the literature
to evaluate the suitability of already present and planned wind farm areas in the Dutch North Sea
for flat oysters (Table 2). The wind farms under study were within the limits for the factors: Salinity,
water depth, water temperature, current velocity, food supply, and oxygen concentration [52]. The
selection criteria used were: Sea bed motion, bed shear stress, sediment composition, type of substrate,
concentration of suspended particles, and rate of larval dispersal and retention. Information on the
historical range of flat oysters in the North Sea (e.g., [16,17,51]) was used as an extra “habitat suitability
indicator” (Figure 5).
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Table 2. Tolerance range and optimum of O. edulis for abiotic and biotic environmental factors. Adapted
from [65].

Environmental Factor Response Variable Range Optimum Reference

Temperature (◦C)

Survival adults <30 [66]

Growth adults
6–19 7–14 [66–68]

17 [69]

Gonad development 7–14 [68]

Survival and growth
larvae 10–31 25–27 [70]

Spat fall >18.5 [71]

Survival spat >3 [72]

Salinity (PSU)
Survival and growth
larvae 20–39.5 25–35 [73]

Growth adults >19 [74]

Water depth (m) Survival adults <–80 [75]

Current velocity (m/s) Survival adults <0.25 0.03 [76]

Sea bed motion (cm/day) Survival spat and adults <0.8 [77]

Sediment composition Survival adults Firm silty sand or silty
gravel with shells and stones [78]

Suspended matter
concentration (mg/L) Food intake <90 [79,80]

Food supply (chla ug/L) Gonad development 1.68 [81]

Oxygen concentration (mg/L) Survival adults >0.5 [82]
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2.1. Sea Bed Motion and Bed Shear Stress

Seabed dynamics can be described on different levels of scale. Therefore, a distinction was made
between bed mobility morphodynamics, which concerns bed dynamics on a larger scale, and bed
shear stress, as a measure of the force exerted by currents and waves on the bed. Bed shear stress is the
driving force for the formation of sand waves [83–85]. It also has a direct influence on the settlement
probability of shellfish larvae [86–88], as well as on the stability of the substrate on which they settle.
The threshold is determined by sediment grain size, sediment density, and the influence of biota
on sediment cohesion [89,90]. In a laboratory experiment, Grant et al. [77] demonstrated that low
concentrations of suspended sediment, when swirled up 0.1 cm/day, can contribute to nutrient intake
and, as such, have a positive effect on the growth speed of O. edulis, but that sediment churned up
to 0.8 cm per day reduces growth. Tolerance of sea bed motion of up to 0.8 cm/day was therefore
assumed in this study.

The southern North Sea, and particularly the Dutch continental shelf, is characterized by the
occurrence of sand waves [91,92]. These features can range in height from less than 1.5 m up to 10 m,
and can have a wave length of 100 to 1000 m. Under the influence of residual currents and waves,
these waves can move over the bed surface of the North Sea with speeds up to several meters per
year [93]. Although the average annual movement of sand waves is generally less than 0.8 cm/day,
movement is not constant throughout the year and is often mediated by strong wave conditions. Many
areas with migrating sand waves will, therefore, regularly experience sedimentation or erosion speeds
that exceed the tolerance levels of flat oyster beds. Figure 6 shows the sea bed structure and sea bed
motion features of the North Sea, as derived from the North Sea Atlas [94]. The effect of waves tends to
be the most powerful in shallow waters. In deep waters, waves do not reach the seabed. Wave energy
is often expressed as orbital velocity: the velocity of water just above the seabed caused by waves. The
extent to which wave energy reaches the seabed depends on the height of the waves and the depth of
the water. Waves are lower in coastal waters, but because these waters are shallow the orbital velocity
is high. Offshore waves are higher, but under normal conditions their effect only reaches the seabed
in shallower areas (such as the Dogger Bank). Orbital velocity and current velocity were both taken
into account in the Delft 3D model of the Southern North Sea, often used to calculate fine sediment
dynamics [95,96]. Comparison with the historical distribution of O. edulis (Figure 5) allowed us to
assume that areas where sea bed shear stress was less than 0.6 N/m2 were to be deemed suitable for
the development of flat oyster beds. Sea bed shear stress levels are presented in Figure 7.
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2.2. Concentration of Suspended Particles and Sediment Composition

The concentration of suspended particles is an important factor in oyster growth. Oysters filter
suspended matter from the water; this includes phytoplankton, detritus, and inorganic matter. The
oysters use the phytoplankton to fuel their growth, but they have no use for the inorganic material
in their metabolism. Higher concentrations of inorganic material will reduce the oysters’ capacity
for growth. This applies to most filter feeders, including flat oysters (e.g., [97]). Experiments have
confirmed that suspended particle concentration levels in excess of 90 mg/L strongly inhibit growth in
Pacific oysters (Crassostrea gigas) [80]. To our knowledge, no such experiments have been performed
for European oysters. Measurements in a field set-up by [98] have shown that the total concentration of
suspended matter just above the seabed (60 mg/L) is significantly higher than 80 cm above the seabed
(40 mg/L). This resulted in significantly lower filtration rates for O. edulis, although no significant
effect was found on the condition of the oysters after 15 months. Concentration of suspended particles
near the seabed was obtained from model calculations [96] and are presented in Figure 8.
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Sediment composition is important as it determines substrate suitability for recruitment. First of
all, shells and existing oyster beds will promote recruitment. In the absence of shells and oyster beds,
sediment grain size is the most commonly used parameter. Sediment grain size is easy to measure.
Spatial patterns in the range of shellfish often correlate with sediment grain size, but there is little
evidence that this is the primary factor; other factors that co-vary with grain size are probably far
more important [99]. Water motion can have an impact on sediment composition because heavy
particles settle sooner than light ones. This is why silt tends to accumulate in sheltered spots, whereas
coarser sediment particles are found in exposed areas. As a rule, grain size varies according to the
average local current. [100] made a reconstruction of sediment composition along the Belgian coast,
as it was a hundred years ago, based on the results of the Gilson surveys of 1899 to 1914. In their
reconstruction, the seabed that accommodated extensive oyster beds before 1860 was described as
follows: A heterogeneous gravel field partially covered by a thin layer (<15 cm) of sand through which
bits of stone protruded. [101] studied factors that could explain the dispersal of Olympia oysters (Ostrea
lurida) in an estuary in California. Burial under a layer of fine sediment impeded the oysters’ survival
on small hard substrates. In areas with large amounts of silt, the oysters could only be found on large
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rocks. In the northwestern part of the Mediterranean, oyster growth on shipwrecks is dominated by
Ostrea edulis [102]. Based on this dispersal data, coarse sand (grain size >210 µm) was classified as
unsuitable, fine sand (>63 µm) as moderately suitable, and firm silty sand, or silty gravel with shells
and stones (not defined in terms of grain size), was considered suitable for oyster growth [78]. Seabed
structure is presented in Figure 8.

2.3. Food Availability

Growth and survival of adult and larval oysters clearly depends on food supply. For benthic filter
feeders, food availability is driven by primary production as well as by transport (i.e., hydrodynamics).
Even in areas with very high productivity, stratification can limit the access of benthic filter feeders to
food supply [103,104]. The current wind farms, and the current potential wind farm areas, are in areas
relatively close to the coast with large nutrient input and, hence, high levels of primary production.
Additionally, in these areas, water is not stratified for prolonged periods of time, apart from close to
the western coast of the Netherlands, where the fresh water plume from the rivers Rhine and Meuse
have an influence [105]. However, these areas are shallow and highly productive. In the locations
under investigation in this study, food supply as well as oxygen depletion were not limiting for the
formation of oyster beds, although there may be limits on the carrying capacity of wind farm sites for
large beds. Other parts of the North Sea are characterized by prolonged periods of stratification [105],
which often coincide with oxygen depletion [106,107]. For these locations food availability as well as
oxygen dynamics need to be considered specifically.

2.4. Larval Dispersal and Retention

For an estimate of potential oyster larvae dispersal from various locations and the retention rate
within a certain area, a particle dispersal model was used (with the particles representing the larvae)
that was driven by water motion data from the Delft3D-FLOW model [95,108]. The three-dimensional
water motion was derived from the ZUNO-DD model [96]. Hydrodynamic data were available for the
years 2003 through 2011 on the following features: Water levels, current velocity, water temperature,
and salinity. The forcing functions for simulations, using the hydrodynamic model, were based on
actual data, such as river outflows, water temperature, and wind data. Because this data covered a
period of nine years, it covered the annual and inter-variability in hydrodynamic conditions. In this
study, the larvae were modelled as passive particles. The transport of these particles was driven by
water motion and by dispersal and diffusion processes. In the model, the age at which the larvae
settled was assumed to be ten days from the moment the larvae leave the mother oyster [109]. There
was no mortality until then. Larvae that are less than ten days old were unable to settle. Larvae were
removed from the model as soon as they were more than ten days old, and they played no further
role in the simulation. The particles entered into the model in a way that reflected data from actual
larval counts during the season [110], with the release of larvae from the middle of June to the middle
of August, and highest concentrations in the middle of July. The model did not present absolute
concentration figures, but offered proportional figures of larval concentration relative to the total
number of larvae generated in a specific period (Figure 9). The dispersal maps presented a picture
of larval dispersal in relative concentrations over the months June–August. Using colors, ranging
from dark green to yellow, to represent decreasing larval concentration levels, the maps showed that
larval retention in Borssele and the two northerly wind farms, Buitengaats and Zee-Energie, was much
higher than on the other wind farms along the Zuid- and Noord-Holland coast, which were subject
to the outflow of the Rhine and the northward current. Though the Borssele and Gemini sites did
experience tidal currents, the net current was relatively weak.
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2.5. Size of Parent Stock

“Critical mass” is defined as the quantity of oysters required to ensure a larval abundance that
is sufficient for potentially successful spat settlement and survival in the bed of origin. Estimates in
the literature as to the required critical mass are quite diverse. According to [60], a very large oyster
population in the North Sea is required—many tens of millions of individual oysters—if successful
recruitment is to be achieved in the North Sea and the Wadden Sea. This is linked to the openness of
these systems and the origin of the larvae, which, according to these authors, originate principally
from the English Channel. However, Smyth et al. (2016) [55] have demonstrated that following a
period of over-exploitation, a flat oyster population in Strangford Lough recovered on the basis of a
limited critical mass of flat oysters.

3. Results and Discussion

3.1. Wind Farm Selection

The various sites experienced different levels of sea bed shear stress, with the lowest values found
in the Gemini area and on the Zee-Energie and Buitengaats wind farms (Table 3). The values for the
habitat characteristics were retrieved from the maps shown in Figures 5–8, and were compared to the
tolerance range and optimum range for O. edulis presented in Table 2. This resulted in a score of two
(green, more suitable) when the values were within the optimal range, or one (orange, less suitable)
when the values were within the tolerance range but not optimal. For the historical occurrence, 2
indicated that it was within the historical range, and 1 indicated that it was not within the historical
range in that area. For larval retention, the locations scored a two when the map showed a relatively
small area of larval distribution, whereas the other locations scored a one.

At most wind farms, bed shear stress corresponded with sea bed sediment composition; the
seabed at Zee-Energie contained slightly larger amounts of silt. With respect to survival, the highest
scores were for Zee-Energie, Buitengaats, and Borssele, which were all relatively close to sites where
flat oysters occurred in the past (Table 3). The coastal sites attracted lower scores in terms of sea bed
shear stress, sediment composition, and historical range. Growth and reproduction mainly depended
on the availability of food, which was determined by the presence of phytoplankton and suspended
particles. Though phytoplankton was not seen as a limiting factor in the potential wind farm sites
analyzed in this study, suspended particles did qualify as an inhibitor. For that reason, to what extent
the levels of near-seabed suspended particles differ and have limiting effects was determined among
the various wind farm sites. Such an effect was found only at offshore wind farm Egmond aan Zee
(OWEZ), the site which was closest to the coast (Table 3). Regarding the chance of settlement, model
simulations showed that Buitengaats qualified for potentially successful recruitment, especially from a
relatively small parent population at Zee-Energie, aided by proximity and the net eastward current
(Table 3). The simulations also showed that the Prinses Amalia site should be able to serve as a source
for spat settlement in OWEZ. With a moderate population, the Borssele wind farm could see successful
recruitment within its boundaries; the same applies to Luchterduinen.

The analysis showed that Zee-Energie combined with Buitengaats were relatively suitable for
the development of oyster beds; Borssele was also deemed suitable, followed by Luchterduinen.
Luchterduinen also qualified as a pilot site because it was already in use and was favorably situated
from a logistics point of view. The shallower coastal sites also offered opportunities for developing flat
oyster beds, but the seabed in these locations was slightly less stable and they experienced more larval
outflow without immediately benefiting neighboring sites.
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Table 3. Overview of relative suitability of wind farm sites for the development of flat oyster beds.
Numbers indicate relative suitability, 2 is more suitable than 1. The last column is the sum of all scores.

Wind Farm Sea Bed
Shear Stress Suspended Matter Sediment Historical

Occurrence
Larval

Retention Sum

avg max avg

Borssele 1 2 2 1 2 2 10
HK-Zuid 1 2 2 1 1 1 8
OWEZ 1 1 2 1 1 2 8

HK-Noord 1 2 2 1 1 1 8
Luchterduinen 1 2 2 1 1 2 9
Princes Amalia 1 2 2 1 1 1 8

Buitengaats 2 2 2 1 2 1 10
Zee-energie 2 2 2 2 2 2 12

3.2. Pilot Studies

Given the habitat characteristics of several wind farms in the Dutch section of the North Sea, some
of those sites, in principle, provide opportunities for the development of flat oyster beds. However,
information on the abundance of predators is lacking. In addition, it is unclear which critical population
size is required for a self-sustaining oyster bed. To verify actual suitability of offshore wind farms for
flat oyster restoration, empirical tests are needed before large-scale restoration efforts are started.

Uncertainties can be reduced by conducting pilot studies in the field to identify the most relevant
factors. Experiences gained in the pilot studies provide a basis for development of pilots in wind
farms in the Dutch North Sea, these include: Studies conducted by nature conservation organizations
ARK and WWF at the Dutch Voordelta [110–112], at Borkum Reef, and at the wind farm Gemini
in the Dutch North Sea (www.platteoester.nl); experiments carried out with flat oysters around
the North Sea (RESTORE project in Germany, https://www.awi.de/en/science/biosciences/shelf-
sea-system-ecology/main-research-focus/european-oyster.html; Solent Oyster Restoration project
https://www.bluemarinefoundation.com/project/solent/); the Essex Native Oyster Restoration
Initiative (ENORI) (https://www.zsl.org/regions/uk-europe/thames-conservation/native-oyster-
restoration), both of which were carried out in England; the DEEP project in Scotland
(http://www.theglenmorangiecompany.com/about-us/deep/); and the Bivalve Project in Sweden.

The objective of such a pilot study could be formulated as follows: Conducting practical tests
of life history variables to establish (1) the extent to which flat oysters are able to survive, grow, and
reproduce on the chosen site; (2) whether the oyster bed is able to sustain itself through recruitment
(larval production and sufficient substrate for settlement); (3) the extent to which the oyster bed can
serve as a habitat for other species; and (4) which features within wind farms are most suitable to use
for restoration efforts.

In outline, the following approach could be pursued: (1) Create a source of larvae; and (2) provide
suitable substrate. To generate a source of larvae it is necessary to establish a minimum flat oyster
population with different age (= size) classes, of which a part is protected against predators. Oyster
development will have to be monitored during the growth and spawning seasons for survival, growth,
and gonad development. An effective way to study survival, growth, and reproduction is to install
cages with oysters for monitoring. During the spawning season, water samples can be taken to
establish the larval abundance. Spat collectors can be used to monitor larval settlement. Clean shell
materials (e.g., mussels and oysters) can be deposited at the pilot site during the period of peak larval
abundance to serve as substrate to promote the settlement of flat oyster larvae.

Additionally, morphodynamic developments need to be monitored. The scour protection around
turbines provides an area with hard substrate that may be suitable (or can be made suitable) for oyster
settlement. However, these constructions can often induce edge scour along the edges [113]. These
scour holes can be very dynamic and may prevent the expansion of an oyster bed. Whether this is a
limiting issue or not will depend on the local dynamics within wind farm locations. Another option in
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a wind farm may be to utilize the protective layers over cable crossings. However, there remains a
major discussion on the requirements to decommission any anthropogenic structures in the North Sea
(OSPAR), which conflicts with the concept of long-term nature development strategies.

A combination of oyster culture and oyster restoration is an option. Off-bottom oyster growth
in the open sea has been demonstrated to be possible [114]. The oysters will spawn at least once
before they reach market size and are harvested. The larvae that are produced may be able to settle on
substrate placed on the bottom. This will enlarge the population of the natural bed. When the bed has
become larger than is needed to sustain itself, controlled harvest from the bottom can be investigated.
Oyster farmers may be interested in explorative experiments. Apart from off-bottom farming systems,
an area set aside for such activities and more robust ships are needed. At present, farmers are reluctant
to invest in equipment and new ships without guarantees for the long-term (e.g., 10 years) use of an
area. Possibilities for the government to allow such long-term experiments, and combined use of wind
farm service vessels, need to be explored.

4. Conclusions

Our analysis showed that a number of wind farms in the Dutch section of the North Sea are
suitable locations for flat oysters and for the development of flat oyster beds. This offers opportunities
for multi-use in the form of nature-inclusive construction and exploitation. It can support the
achievement of biodiversity goals, the restoration of ecosystem functions, and the enhancement of
ecosystem services, including future seafood production. To verify actual suitability of off shore wind
farms for flat oyster restoration, empirical tests are needed before large-scale restoration efforts can be
started. Pilots should focus on estimation of life history variables of the oysters, including survival,
growth, reproduction, and recruitment. In addition, expansion of the bed and self-sustainability, by the
positive feedback created from the provision of new settlement substrate by the newly established bed,
should be studied, as well as the enhancement of biodiversity in general and the increased production
of fish and large, mobile crustaceans in particular. Combining oyster restoration with oyster culture for
commercial purposes is a viable option worth investigating. It could be very productive, as cultivation
offers broodstock for larvae, which can expand and maintain the natural bed, and harvest adds to
food security.
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