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Introduction

The European flat oyster (Ostrea edulis) is a biogenic reef former, internationally recognised as threatened and declining in the NE Atlantic by OSPAR and one of the focal species in nature inclusive designs in offshore windfarms in The Netherlands. Oyster reefs offer habitat to many other benthic hard substrate and fish species and provide ecosystem functions such as shelter and feeding grounds. European flat oyster reefs have disappeared from the Dutch North Sea in the early 1900s due to overfishing and diseases but are now subject of nature restoration under the Dutch Marine Strategy.





Method

Since 2018, pilot projects have started in the Dutch North Sea to restore European flat oysters at suitable locations, such as offshore windfarms or natural reefs, which are protected from bottom trawling. We compared European flat oyster performance in five pilot projects, using translocated adult oysters sourced from Ireland, Norway, and the Netherlands. The aim of this research was to assess the performance of translocated oysters between pilots, to assess the installation and monitoring techniques, and to come forward with recommendations for future pilot projects.





Results

We found that translocation of both foreign sourced flat oyster populations (Ireland and Norway in nearshore and offshore areas) and local oysters (in nearshore areas) result in good oyster performance. Oysters were able to grow (max 3.67 mm/month) and reproduce (larvae present) in their new environment. We found that growth rate was explained by origin and average water temperature, to a lesser extent by number of months, location and salinity and not to other environmental factors such as pH and O2. Correlations between growth and environmental conditions need to be considered with caution, since not all pilots were sampled just before and after the growing season. Oysters were Bonamia-negative at the start and end of the pilots, indicating that the offshore Dutch North Sea is still Bonamia-free.





Discussion, conclusions, recommendations

By the year 2050 more than ten new offshore farms will be constructed in the Dutch North Sea and some sites will be suitable for oyster restoration. We conclude that local and foreign sourced oysters performed well at all locations. Based on the success and failure of the different outplacement and monitoring techniques, we provide recommendations on good practice for the future, including developing standardized monitoring protocols. This will enable better inter-site comparisons in upcoming oyster restoration pilots.
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1 Introduction

The European flat oyster (Ostrea edulis) was once one of the dominant species of the North Sea, covering an estimated 6.2% of the seafloor (Bennema et al., 2020; Merk et al., 2020). However, overharvesting, especially industrial trawling, led to the collapse of the North Sea population by the mid-20th century (Reise, 2005; Callaway et al., 2007; Smaal et al., 2015). This has had major consequences to the ecological functioning of the North Sea (Reise, 2005). The European oyster is internationally recognised as ‘threatened and declining’ in the NE Atlantic by the OSPAR Commission (OSPAR, 2008). At present European oyster beds are rare or absent in most of their natural range (OSPAR BDC, 2020). Several European nations have consequently adopted strategies for its conservation and restoration. In the Netherlands, one of the environmental targets is the “return and recovery of biogenic reefs including flat oyster beds” (Ministry of Infrastructure and Water Management (I&W) and ministry of Agriculture, Nature and Food Quality (LNV), 2018). The species is one of the focal species for nature inclusive building and restoration projects in offshore wind parks.

Flat oysters are sessile reef-building “ecosystem-engineers” (Smyth & Roberts, 2010; Rodriguez-Perez et al., 2019). Oysters provide key beneficial impacts to their surroundings (Cobacho et al., 2020). For instance, the physical characteristics of the oyster reef functions as a nursery for other species, which is a positive driver to the system’s biodiversity (Smaal et al., 2015; Kerckhof et al., 2018). This not only enhances the primary productivity and ecological functioning of the habitat, but also has a beneficial impact to commercial fish stocks (Gilby et al., 2018; Bureau Waardenburg, 2020).

In the months June to August gamete release (i.e. the spawning act) takes place, and sperm, organized in spermatozeugmata (O’Foighil, 1989), are released into the water column and drawn into the female mantle cavity. Here the fertilization takes place and the young larvae are brooded for 6 to 10 days (Korringa, 1940; O’Foighil and Taylor, 2000). Subsequently, O. edulis larvae are released into the water column and after a pelagic stage of about 10 days the larvae search for suitable hard substrate on which to settle and develop into oyster spat and grow to adult oysters (Korringa, 1940; Rodriguez-Perez et al., 2021).

Notably, oyster reef systems contain positive feedback loops (Maathuis et al., 2020) where oyster larvae typically settle on oyster shells (Smyth et al., 2016; Christianen et al., 2018) and adults provide chemical settlement cues (Tamburri et al., 2008). Therefore, trawling activities in the 19th and 20th century not only reduced the reproduction capacity of the North Sea population, but also drastically decreased the suitability of the North Sea to future populations by removing adults and available hard substrate and preventing reef formation (Smaal et al., 2015; Bennema et al., 2020). Since the 1950s, the flat oyster remains functionally extinct in the Dutch North Sea (Beck et al., 2011; Merk et al., 2020). This sequence of events resulting in the collapse of the population is not unique to the flat oyster (Beck et al., 2011). Oyster species around the world, such as the Crassostrea virginica and Ostrea lurida, have suffered a similar narrative (Kennedy et al., 2011; Cobacho et al., 2020; Ridlon et al., 2021).

Initial oyster restoration efforts began in the United States with the specific aim of restoring the commercial fisheries (Hargis and Haven, 1988; Anderson and Hedgecock, 2004). From the 1980s onwards, restoration aims expanded to include restoring the ecological functioning of the system (Kennedy et al., 2011; Cobacho et al., 2020). Compared to the United States, Europe is in its “infancy” regarding shellfish restoration (Pogoda et al., 2019). In recent years, several European Union directives and initiatives have helped to foster flat oyster restoration efforts (Beck et al., 2011; Pogoda et al., 2019). In the North Sea, offshore windfarms are seen as especially promising restoration sites because turbine foundations act as artificial reefs (Smaal et al., 2017) and the areas in-between the turbines are closed to trawling fisheries, resulting in minimal bottom disturbance (Kamermans et al., 2018a), which is one of the major requirements of oyster restoration (Sas et al., 2019).

Like for the US (Baggett et al., 2015), European oyster restoration efforts have been criticized for being ad hoc, and in need of a more formal monitoring protocol (Bromley et al., 2016; Pogoda et al., 2019). In light of these growing restoration efforts, the Native Oyster Restoration Alliance (NORA) released a handbook, outlining the optimal set up and monitoring procedures for flat oyster restoration projects (zu Ermgassen et al., 2021).

Because the flat oyster is often locally extinct, a key consideration for many restoration projects is the reliance on active restoration by reintroduction (Bromley et al., 2016; Kerckhof et al., 2018) often by translocation of oysters from a foreign population, either a natural bed, or a culture site, to the project site (Elliott et al., 2007; Kerckhof et al., 2018; zu Ermgassen et al., 2023). This has the risk of importing disease/pests and depletes the stock of the imported population (Smaal et al., 2015; Bromley et al., 2016; Pogoda et al., 2019). Therefore, it is important to assess how oysters of different origins respond to the environmental conditions of the site location (Pogoda et al., 2011; Bromley et al., 2016; Holbrook, 2021). Environmental conditions, such as temperature and salinity, play an important role in triggering spawning events (Maathuis et al., 2020) and different regional populations have different thresholds (Colsoul et al., 2021). To justify the translocation, it is important to ensure that the environmental conditions of the site can support the imported stock.

In the Netherlands, several nearshore and offshore oyster restoration pilots have been executed since 2016 (Sas et al., 2016; Didderen et al., 2018; Sas et al., 2018; Didderen et al., 2019a; Didderen et al., 2019b; Didderen et al., 2019c; Didderen et al., 2019d; Sas et al., 2019; Didderen et al., 2020; Kardinaal et al., 2020; Gheerardyn et al., 2021; Schutter et al., 2021). These pilots share the general goal to initiate European oyster reef development, first by assessing if the Dutch North Sea conditions are suitable to reintroduce and sustain flat oyster populations and in a second stage by translocating adult oysters in order to re-install a source of oyster larvae. The pilots are not aligned and differ in their design, using oysters from different origins in various experimental setups with variations in terms of oyster deployment method, sampling design, and number of oysters used. So far, an inter-site comparison of oyster performance and monitoring methods has been lacking.

This study is the first attempt to congregate and collectively analyse monitoring data these five individual pilots. The aim of this study was to compare the performance of translocated oysters between projects i.e. survival, growth, condition index, and larval production of oyster. Furthermore, we compared monitoring techniques and come forward with recommendations for future projects, based on the successes and failures of techniques used.




2 Materials and methods



2.1 Study area

In this study we analysed oyster performance in five oyster restoration pilots that were carried out in the period May 2018 to July 2021 (Figure 1 and Table 1).




Figure 1 | Ostrea edulis. The five oyster restoration pilots in the Dutch North Sea: (1) Gemini offshore windfarm ‘Buitengaats’, (2) Borkum Reef Grounds, (3) Luchterduinen offshore windfarm, (4) Bollen van de Ooster and (5) Borssele V offshore wind farm.




Table 1 | Flat oyster restoration pilots in Dutch North Sea.



The northernmost pilot ‘Gemini’ was located 85 km offshore, in windfarm Gemini Buitengaats, close to the German border. Here, flat oysters originating from a wild bed in Hafrsfjord in Norway were placed at 30 m depth on the seafloor in 2018 (14,000 oysters) and 2019 (11,000 oysters) by putting them overboard close to the scour protections of two wind turbines. A subsample of deployed oysters was kept in baskets so that their performance could be monitored and tracked. For this, five light weight research racks were used each containing one basket with 20 oysters (Figure 2). The monitoring racks had a dimension of 1x1x1m and were constructed of rebar. The baskets were BST baskets (12 mm mesh size) used to culture oysters (https://www.bstoysters.com)  with the size of the basket adjusted to fit in the rack. The research racks were placed on the bottom in windfarm Gemini in May 2018 and one was retrieved in July 2018. The others were lost. In 2019 another three monitoring racks were deployed in April. Only one of the three was retrieved in August 2019 and the others were lost. In 2019, individual oysters were tagged with glue-on 4x8 mm polyethylene shellfish tags (www.hallprint.com) using an ethyl-based instant adhesive (Loctite 422) (Figure 2).




Figure 2 | Ostrea edulis restoration pilot monitoring methods. (A) Individually numbered oysters. (B) Individually identifiable oysters in a holding tower as used in Borkum Reef Grounds and Bollen van de Ooster. (C) Heavy monitoring rack with 4 baskets as used in Borkum Reef Ground (2 layers of tiles), Luchterduinen (3 layers of tiles) and Bollen van de Ooster (no tiles). (D) Heavy monitoring rack in Borssele offshore windfarm. (E + F) Light monitoring rack with one basket as used in Gemini offshore wind farm.



Further south, but also close to the German border, the second pilot, ‘Borkum Reef Grounds’ was located 20 km offshore at Borkum Reef Grounds (Figure 1 and Table 1). Here 60,000 flat oysters from the same fjord in Norway were deployed on the seafloor in May 2018 at 25 m depth. In addition, four heavy weight monitoring racks with four BST baskets each (17 mm mesh size) were also placed in May at the seafloor (Figure 2). The racks were 1x1.2x0.4m and made of barbed wire. Each rack had extra weight from two layers of sidewalk tiles. Concrete sidewalk tiles are readily available. There was space for three layers and the number of layers was adjusted to the dynamics of the pilot site. Each basket contained 40 oysters. In one basket per rack, four holding towers with 10 oysters each were used to individually identify oysters (Figure 2). One monitoring rack was retrieved and placed back in July 2018. In September 2019 and in September 2020 eight baskets of two racks were sampled.

The third oyster restoration pilot, ‘Luchterduinen’, is southwestwards of ‘Borkum Reef Grounds’ and located in the offshore windfarm Luchterduinen (Figure 1 and Table 1). Here, 480 flat oysters from Hafrsfjord in Norway were deployed in BST baskets (17 mm mesh size) placed in heavy weight monitoring racks similar to those used in the Borkum Reef pilot. Only here the racks had three layers of tiles instead of two. Three racks with four baskets each holding 40 oysters were deployed in November 2018 at 20 m depth. No oysters were put on the seafloor and all racks were retrieved in July 2019.

The fourth pilot ‘Bollen van de Ooster’ was located in the southwestern part of the Netherlands, in the nearshore of the Voordelta (Figure 1 and Table 1). This is the only site with flat oysters from multiple origins: Hafrsfjord in Norway and nearby Oosterschelde as well as Lake Grevelingen in The Netherlands. Similar heavy weight monitoring racks as used in the Borkum Reef pilot were deployed here, but these racks had no layers of tiles. Four racks with four BST baskets (17 mm mesh size) each holding 40 oysters were deployed in May 2018 at 4 m depth. As in the Borkum reef pilot, one basket per rack contained four holding towers to individually identify oysters (Figure 2). Oyster baskets were retrieved in June and October 2018, April 2019 and June 2020. In addition, 22,000 oysters from culture plots in lake Grevelingen and Oosterschelde were deployed on the seafloor.

The fifth pilot ‘Borssele V’ was located 55 km offshore close to the Belgium border in the windfarm Borssele V (Figure 1 and Table 1). Here, flat oysters originating from fished beds in Tralee Bay in Ireland were used. The oysters were placed in baskets (crates) in heavy weight racks (Figure 2). These racks were weighted down with three layers of tiles, and each fitted 24 baskets of which 5 were used for oysters. Each basket contained 6 oysters. The racks were deployed in October 2020 at 30 m depth and retrieved in July 2021. In addition to these monitoring racks a total of 1000 oysters were glued onto four broodstock structures.

Prior to deployment oysters in all pilots were inspected according to the treatment protocol of Van den Brink & Magnesen (2018) to avoid translocation of invasive species. Further details concerning the different pilots can be found for Gemini in Didderen et al. (2018); for Borkum Reef Ground in Didderen et al. (2019c; 2020) and Kardinaal et al. (2020); for Luchterduinen in Didderen et al. (2019a); for Bollen van de Ooster in Didderen et al. (2019b; 2019d); and for Borssele V in Schutter et al. (2021).




2.2 Environmental parameters



2.2.1 Copernicus data

Environmental parameters considered are (1) salinity and (2) temperature, both of which influence the functioning of a marine ecosystem (Lenihan et al., 1999; zu Ermgassen et al., 2021); (3) chlorophyll concentration for approximate biomass of phytoplankton, describing the approximate food availably at each site (Kamermans et al., 2018b; Pogoda et al., 2020; Stechele et al., 2022), (4) dissolved oxygen, because certain areas of the North Sea are subject to stratification which can cause oxygen depletion, limiting habitat suitability (Kamermans et al., 2018a) and (5) pH because it has been correlated with low density oyster reefs in Australia and multiple meta-analyses have reported a decrease of pH to have a negative impact on growth rates of molluscs (Harvey et al., 2013; Catalán et al., 2019; Benthotage et al., 2022).

Daily-averaged model output was extracted for all of the above-mentioned environmental variables from the Atlantic-European North West Shelf-Ocean Biogeochemistry Reanalysis model (Copernicus Marine Service’s Data Portal https://marine.copernicus.eu). For each variable, the output has a spatial resolution of 7 km and is at a depth of 10 m below the sea surface (European Union-Copernicus Marine Service, 2020).




2.2.2 Comparison abiotic surface versus bottom

To assess whether the Copernicus output at 10 m depth is representative of the seafloor conditions, an analysis was carried out using the Deltares 3D Dutch Continental Shelf Model - Flexible Mesh (3D DCSM-FM. The Deltares model output used is the sixth generation of the 3D Dutch Continental Shelf Model - Flexible Mesh (3D DCSM-FM). Its domain covers the Northwest European Continental Shelf, including the North Sea as well as adjacent shallow seas and estuaries in the Netherlands (Zijl et al., 2023). The model has a z-sigma layer vertical grid. At each of the locations where output was extracted, the model only has sigma layers, i.e. the water column is divided into 20 layers of uniform thickness. Layer thickness can vary per location, depending on depth. In these coastal regions, the flexible mesh of the model has a horizontal resolution of 0.5 nautical miles (Zijl et al., 2023). This hydrodynamic model is coupled online with a water quality model (more information in van Leeuwen et al., 2023) which resolves: phytoplankton- and filter feeder processes (primary production, respiration, mortality, grazing and excretion), light extinction, the decomposition of particulate organic matter in the water and sediment, nitrification and denitrification, reaeration, settling, burial as well as the carbonate system equilibrium. These processes and their parameterization are further described by Blauw et al. (2009). For this study, only the weekly output of temperature, salinity, chlorophyll-a, pH and oxygen were extracted, once at the seabed and once at 10 m below the sea surface. The values at 10 m below the surface and at the seabed were comparable (Figure 3). Thus, it can be concluded that the use of the Copernicus output at 10 m below the surface is representative of conditions at the seafloor. The only exceptions are the temperature and chlorophyll at Gemini, which were repeatedly lower at the bottom than at the surface. This is probably a result of stratification. Temperature recordings carried out at the Gemini pilot in 2018 showed lower temperatures at the seafloor compared to the surface in June (Figure 4).




Figure 3 | Comparison of abiotic parameters at 10m below the surface (x-axis) (data: Copernicus) versus at the seafloor (y-axis) (A) temperature (B) salinity (C) Chlorophyll-a (D) pH and (E) Dissolved oxygen (O2) (data: 3D-DCSM model, Deltares).






Figure 4 | Gemini offshore windfarm Buitengaats. Temperature measured at the seafloor in Gemini by an i-Button attached to the oyster monitoring rack, versus temperature recorded at the surface by a weather buoy in the same wind farm.



Since the shallow pilot location ‘Bollen van de Ooster’ (-7 m) had no output at -10 m, the deepest available Copernicus output was already representative of the seabed at that location. For the other locations (Borkum Reef Ground, Gemini windfarm and Borssele windfarm), relevant environmental parameters of Copernicus and Deltares models were compared at -10 m in 2017 as the Deltares model did not cover the period 2018-2021.





2.3 Monitoring oyster performance



2.3.1 Growth and survival

All oysters were counted and measured at T0 (time of installation). Shell width was measured with callipers to the nearest mm. Shell width is the distance between the two shell edges perpendicular to the line from the hinge to the edge. Monitoring racks were retrieved at different time intervals (T1, T2 or T3) according to the schedule presented in Table 1. All oysters were retrieved from the baskets. Dead oysters were separated from live specimen and both groups were counted and measured. For individually marked oysters, either by number tags or holding towers, growth rates were calculated as increase in shell width according to (LTx – LT0)/t, where LTx = final shell width in mm; LT0 = initial shell width in mm; t = time in months in which one month is 30 days. When individuals were not marked (see Table 1), the average shell width of all live oysters in one basket was calculated for T0 and T1 and, when applicable T2 or T3, and the increase in shell width was calculated as above. Survival was calculated per basket, as a percentage per month:[(final number of oysters/initial number) *100]/t, where t = time in months in which one month is 30 days. For growth analysis, only the oysters in baskets that had high survival rates were included. This means that the oysters from Luchterduinen were not used.




2.3.2 Condition index, Bonamia presence and breeding

During most of the samplings, a subsample of oysters was sacrificed to determine the condition index, the presence of larvae in the mantle cavity and the presence of the Bonamia parasite. Oysters were opened with an oyster knife. When oysters were sampled in July, the presence of larvae was noted. O. edulis is a brooding species which means that the eggs are fertilised inside the mantle cavity and remain there for about 10 days before being released. Recently fertilised eggs have a white colour, further developed larvae are grey and fully developed larvae are black and ready to be released (Korringa, 1940). Thereafter, a small piece of gill was sampled and stored in 96% ethanol for Bonamia PCR analysis, as described in Kamermans et al. (2023). Then, the meat was separated from the shell and the two components per individual were dried at 70°C until no further weight loss was observed. The weight of both, dried meat and dried shell, was determined with a scale in 0.00 g. Condition Index was calculated according to Walne & Mann (1975) as the ratio between dry weight (DW) of the oyster meat and the dry weight of the oyster shell: (DW meat/DW shell)*100. In general, condition of the oysters is lower in July, during larval release, and higher in the remainder of the year (Walne, 1970).




2.3.3 Larval abundance

Larvae were sampled by filtering 200 L (2 x 100 L) of seawater per sample near the seafloor using a 35 m long hose and a pump, over a 100 µm plankton net. The residue of one 200 L sample was stored in 4% formaldehyde or 96% ethanol and used for microscopic counts. In the lab the samples of larvae were filtered using a 30 µm plankton gauze. The volume of the samples was reduced to 20 – 60 mL, depending on the amount of suspended matter. From the concentrated samples subsamples were taken for counting numbers of larvae. A Hensen plunger-sampling pipette was used to take subsamples. Bivalve larvae were identified and counted using an inverted microscope. Three subsamples of each sample were analysed. Depending on the density of the samples, subsamples of 1 to 2.5 mL were counted. Larvae were identified according to Loosanoff et al. (1966) and Hendriks et al. (2005) combined with data obtained from cultured larvae.





2.4 Statistical analysis

Growth per month was calculated as the average growth of oysters per basket per location:

	

where Tx is T1, T2 or T3, and T = time in months, in which one month is 30 days. Data for Luchterduinen offshore windfarm were not considered, since most oysters had died due to sand waves covering the experimental set-up. In addition, the average shell width of the remaining oysters showed a decrease compared to T0. The resulting dataset of average growth consisted of 56 observations (baskets). Values for abiotic factors (Temp, Chla, O2, pH, Salinity) were calculated for each oyster basket as the average value for the monitoring period (T0 to Tx).

Data were analyzed using Rstudio version 2022.07.0 (R Core Team, 2023) and figures were made using packages ‘ggplot2’, ‘ggpmisc’ and ‘patchwork’. The relations between growth per month and environmental factors were explored following the steps recommended by Zuur et al. (2010), including boxplots for outliers and plots per variable to test for collinearity between explanatory variables. The relation between growth rate and environmental parameters was modelled using a Generalized Linear Model (GLM) of the form:

	

where location = Gemini, Borkum Reef Grounds, BorsseleV or Bollen van de Ooster, origin = Norway, Ireland, Grevelingen (GV) or Oosterschelde (OS), and Nmonths is time between Tx and T0 (months).

For the other performance metrics, a Kruskal-Wallis test was performed to test for differences in the averages.





3 Results

The complete dataset is available as Supplementary material.



3.1 Growth and survival

Survival of the oysters ranged from 66-100% per month (Figure 5 and Supplementary Table S1). A comparison between pilots is difficult as the periods in between sampling the oysters differed. The shortest interval was 4.5 months and the longest 28 months. Within a location there were no significant differences in survival between large or small oysters (BvO: Kruskal-Wallis rank sum test chi-squared = 5.1652, df = 2, p-value = 0.07558; Bork: Kruskal-Wallis chi-squared = 0.10666, df = 1, p-value = 0.744), or between oysters of different origin (BvO: Kruskal-Wallis chi-squared = 0.10761, df = 1, p-value = 0.7429; Bork: Kruskal-Wallis chi-squared = 0.81911, df = 1, p-value = 0.3654). Survival was visibly lower in some subsamples at Luchterduinen compared to the other locations. At Luchterduinen, ROV images showed that the research racks were partially buried in the sand, explaining the low survival. The oysters that did not survive, did show some increase in size, as observed in their length frequency histograms comparing their size at deployment and after 8 months (Figure 6). The average size of the survivors decreased (Figure 6).




Figure 5 | Ostrea edulis. Survival of adult oysters per location per basket (N per basket at T0, T1, and/or T2 and/or T3).






Figure 6 | Ostrea edulis. Size-frequency plot (width, mm) of Luchterduinen oysters at deployment (T0: Nov 2018) and after 8 months (T1: Jul 2019).



Identifying individual oysters with holding towers caused extra mortality at Borkum Reef Grounds (Supplementary Table S1). At Borkum Reef Grounds average survival in the holding towers was 89% per month as opposed to 94% for oysters that were kept loose inside the baskets (Supplementary Table S1). However, only one of the two baskets with holding towers at Bollen van de Ooster showed lower survival. The tagging method using glued-on tags, tested at Gemini, was more effective. After 3 months in the oyster baskets in the field, tags were still attached to the oysters and had no impact on mortality rate.

The shell width of the oysters increased over time (Figure 7). Highest growth rates (3.67 mm/month) were observed at Bollen van de Ooster and lowest at Borssele. However, the period over which growth was calculated showed large differences between pilots. At Bollen van de Ooster the period from May to October coincided with the seasons in which most growth takes place, while at Borssele, the period from October to July started in the winter where no growth is expected and ended halfway during the growing season. Thus, the growth rate expressed per month underestimates the growth rate that can be achieved, because it is calculated as an average over growth and non-growth seasons.




Figure 7 | Ostrea edulis. Average width (mm) per cage per location. Oyster origin (GV=Grevelingen, OS=Oosterschelde, Ireland, Norway) is indicated by the symbols, oyster pilot location by colour (red: Bollen van de Ooster, green: Borkum Reef Grounds, aqua: Borssele V, blue: Gemini).



Data exploration (Figure 8 and Table 2) showed that both the abiotic factors O2 and pH did not explain growth. The GLM model was adapted to Growth (mm/month) ~ factor(location) + factor(origin)+ Nmonths + Temp + Salinity + e. The model showed that variation in growth rates could significantly be attributed to oyster origin and temperature, and to a lesser extent to time (number of months between Tx and T0) and to location and salinity.




Figure 8 | Ostrea edulis. Growth (mm/month, for T0-Tx) versus abiotic variables: (A) salinity, (B) average temp, (C) average Chla (mg/m3), (D) O2 (mmol/m3) and (E) pH.




Table 2 | Ostrea edulis. Results of the GLM analysis.






3.2 Condition index, brooding oysters and Bonamia presence

The condition index of the oysters was determined at several points throughout the season and showed large variation among individuals (Figure 9). The highest observed value was 7.6 at Bollen van de Ooster and the lowest was 1.0 at Borkum Reef Ground.




Figure 9 | Ostrea edulis. Condition index for individual oysters. Oyster origin is indicated by the symbols, pilot location by colour. Grey areas show the reproduction months (July and August).



In the pilots where Bonamia-free oysters were introduced, oysters were sampled for Bonamia analysis. In all cases the oysters were not infected with the parasite (Table 3).


Table 3 | Ostrea edulis. Results of Bonamia analysis.



Oyster samples collected in July revealed several brooding individuals (Table 4). Most breeders were found in Irish oysters placed in Borssele, but breeding oysters were also found at Borkum reef Ground and Luchterduinen. This indicates that the introduced oysters were able to breed in the Dutch North Sea.


Table 4 | Ostrea edulis. Number of brooding oysters. Recently fertilised eggs have a white colour, further developed larvae are grey and fully developed larvae are black.






3.3 Larval abundance

At all locations where oysters were deployed and flat oyster larvae were sampled in summer (Figure 10), larvae were detected. Larval densities varied between 3 and 125 flat oyster larvae per 100 L. Assuming that mainly locally produced larvae are collected, it was surprising that highest concentrations were observed at Luchterduinen, a location where only 480 flat oysters were deployed and where high mortality was detected in July. The next highest larval density was found at Borkum Reef Grounds. In this latter area most larvae were observed in the year that the oysters were deployed. The following years had lower larval densities.




Figure 10 | Ostrea edulis. Average oyster larval abundance (N larvae/100L +-SD) at 4 pilot oyster restoration sites: Borkum Reef Grounds (red), Borssele V (green), Gemini offshore wind farm Buitengaats (aqua) and Luchterduinen offshore windfarm (blue).







4 Discussion

As there is no longer a natural population of flat oysters present in the offshore North Sea, translocated oysters had to be sourced from elsewhere. Both foreign flat oyster populations (Ireland and Norway, deployed in nearshore and offshore areas) and local oysters (in a nearshore area) performed well in the Dutch North Sea. Survival was high except for conditions where the monitoring racks became buried in sand, or where oysters were restricted in movement by a monitoring device (holding tower). Growth rates were generally lower than those reported elsewhere for flat oysters (Robert et al., 1991; Da Silva et al., 2005; Pogoda et al., 2011; Merk et al., 2020). This has two explanations: Firstly, most oysters were large adults with a shell width of around 85 mm. Detecting growth is more difficult in large oysters as increase in size reduces with age (von Bertalanffy, 1934). The smallest oysters were deployed at Bollen van de Ooster (Grevelingen) and Borkum Reef Grounds (‘Norway-small’). The Grevelingen oysters increased in shell width from 65 mm to 75 mm in one growing season. The small oysters from Norway showed an increase in shell width from 65 mm to 80 mm in two growing seasons. Secondly, monitoring dates did not always coincide with the beginning and end of the growing season. For example, at Borssele oysters were collected in the middle of the growing season, thereby missing information on the total growth of that season. Thus, the growth rate at that location is underestimated. This may explain the statistical observation of the GLM model that ‘origin’ and the number of months were significantly contributing to the growth rate. Hence, correlations between growth and environmental conditions need to considered with caution, since not all pilots were sampled just before and after the growing season. The condition index of the oysters of the Dutch pilots falls within the range in condition indices observed offshore in the German Bight (Pogoda et al., 2011; Merk et al., 2020).

The finding of brooding oysters and larvae in the water column suggests that the oysters were able to reproduce in the first summer after deployment. O. edulis first matures as a male which is later followed by a female phase (Cole, 1941; Walne & Mann, 1975). The first production of larvae usually takes place in the second or third year (Cole, 1941). The deployment of larger oysters enhanced the likelihood of presence of females and subsequently successful fertilisation.

In two pilots, Borkum Reef Grounds and Borssele, spatfall was investigated using spat collectors (not reported here). In the Borkum Reef Grounds pilot a few smallest saddle oysters Heteranomia squamula were detected, but no flat oyster spat (Didderen et al., 2020). In the Borssele pilot, also no flat oyster spat was found (Schutter et al., 2021). Flat oyster spat may have been present on adult flat oysters at the seafloor and in the baskets in the Borkum Reef Grounds pilot (Didderen et al., 2020), however we cannot exclude that this spat was already present at the time of deployment.

The monitoring also revealed that the oysters were Bonamia-free after 2-9 months at the pilots, indicating that the offshore Dutch North Sea is still Bonamia-free. Bonamia is present however in the inshore and nearshore Delta area where European oysters have settled naturally in recent years (Christianen et al., 2018). The use of oysters from areas where Bonamia is not present (such as Hafrsfjord in Norway and Tralee Bay in Ireland) comes however with a risk. These oysters are susceptible to the disease and may show mortality in case Bonamia happens to arrive at the pilot location. A recent study by Kamermans et al. (2023) proposes an alternative source for oyster restoration projects. Flat oyster seed was produced in hatcheries from brood stock collected in an infected area. Through non-destructive pre-screening of the brood stock the produced oysters were disease free and potentially also tolerant to the disease.

The five oyster pilot restoration projects have each tested and developed monitoring methods in a parallel process of ‘learning by doing’. The pilots were organised by various parties (Table 1) that exchanged knowledge, but also developed methods themselves. The heavy weight monitoring racks were used in most studies (Table 1) and proved to function well overall, except at Luchterduinen, where most oysters died because of a sand wave that partly covered the oyster rack. This indicates that sediment dynamics should be taken into account when deciding where to place the oysters. In the Borssele pilot, racks were deployed on the scour protection. Installation and retrieval of heavy weight racks requires large and expensive offshore vessels. Therefore, as an alternative, light weight monitoring racks were used in Gemini offshore windfarm. They required a small vessel, but only few could be retrieved. The missing light weight racks were most probably moved away from the area by currents.




5 Conclusions and recommendations

Flat oyster restoration efforts in Europe continue to increase. In this study, we have synthesized data collected at five different oyster restoration pilot projects in the Dutch North Sea. Overall, oyster performance in terms of oyster survival, growth, condition and reproduction (production of larvae) was successful across all restoration pilots, except for survival at the Luchterduinen offshore wind farm pilot. Growth rate was significantly affected by the source of the oysters (Ireland, Norway, and the Dutch delta), negatively to the duration of the pilot and positively related to water temperature. However, other factors such as the initial size and timing of sampling may be the underlying causes for these observations. Data collection in terms of, for example, oyster length measurements, condition index determination, survival and larval production should be standardised to allow better comparisons. As an example, oysters should be individually identifiable and sampling across pilots should occur during the same time period.

The different experimental set-ups were part of a ‘learning by doing’ process since offshore oyster restoration is still under development. To allow for inter-site comparisons, it would be best to use standardized monitoring methodologies. To standardise monitoring, we advise developing a data collecting protocol to make all restoration projects in Europe comparable. An example of such a protocol is presented by zu Ermgassen et al. (2021).

The results indicate that many sites, from nearshore to far offshore, in the Dutch North Sea are suitable for European oyster growth. A next step is to test if recruitment in these pilots will lead to a self-sustaining source of oyster larvae.

To be able to relate abiotic parameters to oyster performance, we advise collecting of data in situ, using CTDs or other equipment, to have more accurate environmental data than the ones derived from models with large grid sizes. Furthermore, we recommend using standardized monitoring racks, and to tag oysters individually with labels so individual growth, mortality or the condition index can be derived, as an alternative to stacking oysters in a tower (Figure 2B) which hindered growth and movement. We also recommend harmonising the timing of sampling across pilot studies, because oysters do not grow or reproduce continuously, but only during their growing season or reproduction season, respectively. In addition, growth rates are best monitored with younger (smaller) oysters, as these grow faster than older ones.
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