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To achieve its energy transition, the French government is planning to install floating wind farms in the Mediterranean Sea in the Gulf of Lion. In order to study the effects of such installations on the ecosystem, A trophic model was developed to study the evolution of biomass and ecological network indicators (ENA). Four scenarios were designed in order to simulate 1/the “reef effect” caused by the new hard substrate created by the wind farm structure, 2/the association of the reef effect with the reserve effect caused by the closure of the wind farm to fishing, 3/the impact of regular harvesting of sessile organisms from the hard substrate by fishermen and, 4/the impact of the transfer of these organisms to the seafloor. Our study suggests changes in the ecosystem structure and functioning after the introduction of a wind farm, where low trophic level groups became more important in the functioning of the trophic web, the ecosystem maturity decreased, and the overall activity and diversity increased. The biomass of some pelagic and demersal groups increased. Overall, the introduction of large wind farm platforms will transform the local ecosystem, enhancing the overall production which will likely provide benefits to local fisheries focused on higher trophic level groups.
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1 Introduction

The third part of the IPCC’s (Intergovernmental Panel on Climate Change) sixth assessment report (Riahi et al., 2022) once again insisted on the need for a rapid and profound energy transition: “Warming cannot be limited too well below 2°C without rapid and deep reductions in energy system CO2 and GHG emissions”. In this context, in 2015, the French Parliament passed a law, Loi de transition énergétique pour la croissance verte, n° 2015-992, stating that by 2030 the share of renewable energies should reach 40% of the final energy production. Following the passing of the law, multiple calls for projects were launched in support of various forms of renewable energy production, including fixed and floating offshore wind power. In total, twelve wind farm projects were awarded in France: five projects in the Channel and North Sea, four in the Atlantic Ocean and three in the Mediterranean Sea. All three Mediterranean projects are based on the deployment of floating wind turbines, a decision that was made based on two main criteria. First, wind farms must be invisible from the coast for socio-economic reasons (Bishop and Miller, 2007; Ladenburg, 2009; Westerberg et al., 2013) mainly to avoid conflict with tourism activities and local residents (Westerberg et al., 2013). Second with the rapid drop in bathymetry (Roddier et al., 2010) in the Gulf of Lion, only floating wind turbines are possible. An experimental phase that included three separate pilot projects, each of which consisted of three wind turbines per project, off the coast of Gruissan, Leucate and Port-Saint-Louis-du-Rhône, is expected to be launched in 2024. Based on the result of this experimental phase, two commercial farms of 25 wind turbines should then be built in the Gulf of Lion. It is certain that a project on such a large scale raises questions about the potential environmental impacts of floating wind turbines, which are currently poorly documented.

While data on floating wind turbines are scarce, they are more common for bottom-fixed wind turbines, but they may only partially reflect the environmental impacts of floating wind turbines due to the different positioning of foreing structures in the water column. During the construction phase, the distribution and composition of sediments is affected (Dannheim et al., 2020; Benhemma-Le Gall et al., 2021), Cliquez ou appuyez ici pour entrer du texte.; noise pollution creates stress for fish and mammals that likely leave the area (Debusschere et al., 2016; Benhemma-Le Gall et al., 2021). During the operation phase, wind turbines are a danger to birds due to collisions with the blades (Furness et al., 2013; Cook et al., 2018). Noise from the turbine leads to behavior changes of some fishes (Su et al., 2020; Niu et al., 2021). To protect metal structures from corrosion, sacrificial anodes are often added. Thus, over time, metal concentrations in the water around the site are expected to increase (Huang et al., 2017; Khim et al., 2018). Their impacts are expected to be low on fish (Fonseca et al., 2017) but high on zoobenthos communities (Esteban et al., 2022; Leleyter et al., 2016). The cables may influence fish movements due to magnetic field emissions (Tricas and Gill, 2011; Gill et al., 2014; Hutchison et al., 2020). However, the main impact of wind turbines will be the introduction of a new substrate (Petersen and Malm, 2006) which may lead to changes in floating and benthic communities (Coates et al., 2014; Lu et al., 2020). The biofouling that develops on the structure is mainly composed of bivalves, algae and small crustaceans (Joschko et al., 2008; Bray, 2017; Higgins et al., 2019). This so-called “reef effect” can be seen as negative, particularly because it can provide a habitat for invasive species (Langhamer, 2012).

In most cases, however, the installation of primary consumers leads to an increase in the density and biomass of fish (Lindeboom et al., 2011; Reubens et al., 2014; Wang et al., 2019). As an example, cod seem to benefit from the monopile wind farms in the North Sea (Lindeboom et al., 2011; Reubens et al., 2014). In addition to the reef effect, the introduction of a wind farm is typically accompanied by the partial or total closure of fishing within the wind farm area. This phenomenon is known as “the reserve effect”, as this reduction in fishing leads to the creation of a sort of Marine Protected Area (MPA) that can drive an increase in biomass and species diversity (Harmelin-Vivien et al., 2008; Valls et al., 2012; Giakoumi et al., 2017). Beyond the potential effects on the different ecological communities, the predicted ecosystem impacts of wind farms must also be considered at the scale of the entire food web.

Recently, Raoux et al. (2017) proposed an innovative way to investigate the potential impacts of offshore wind farms on food webs by implementing a mass-balanced modeling approach using the Ecopath with Ecosim (EwE) modeling suite (Christensen and Walters, 2004; Christensen et al., 2008). The EwE models allow for the food web as a whole to be studied, for its functioning and structure to be characterized and for changes over time to be detected, a process which can also integrate the influence of future climate change (Serpetti et al., 2017; Nogues et al., 2021; le Marchand et al., 2022), fisheries (Piroddi et al., 2017) and changes associated with the implementation of monopile wind turbines (Raoux et al., 2019; Nogues et al., 2021, 2017; Wang et al., 2019). In association with EwE modeling, (Ulanowicz, 1986) indices derived from Ecological Network Analysis (ENA - Ulanowicz, 1986) can be calculated to quantify changes in the functioning and structure of the ecosystem (Raoux et al., 2017; Raoux et al., 2019; Nogues et al., 2021; le Marchand et al., 2022). Until now, to the best of our knowledge, two trophic models on floating wind turbines have been developed. (Serpetti et al., 2021) developed an Ecospace model to study the impacts of Multi-Purpose Platforms (including aquaculture activity, wind turbines, wave device converters and solar panels). About the offshore wind turbine, they studied the impact of low-frequency noise and did not explore the “reef-effect” aspect. Le Marchand (2020) studied the DCP effect of a floating wind farm in the Bay of Biscay. In general, we would expect the overall trends from the EwE modeling to be very similar to those observed for monopiles, though the areas that can be colonized by floating wind turbines are not in the same stratum in the water column as for monopiles, and will be much larger. In addition, by affecting another stratum, floating will impact pelagic groups more than benthic groups as Le Marchand (2020) suggested.

The objectives of this study were to simulate the impacts of floating wind turbines in the Gulf of Lion marine food web. The study of floating wind turbines has inevitably led to the use of new modeling methods and scenarios. Using an innovative approach based on Ecopath modeling, a mass-balanced static model was created in order to simulate the implantation of the wind turbines with the addition of biofouling groups. Simulation-derived scenarios of 30 years were created to study the effects of the most commonly considered management methods for wind farms and floating buoys. The first scenario modelized the reef effect. The second scenario modelized the combination of the reef effect and the reserve effect modeled by closing the wind farm to fishing. The third scenario modelized the combination of the reef effect and regular scraping of the biofouling groups to maintain initial buoyancy of the structure. The last scenario modelized the combination of the reef effect, regular scraping of the biofouling groups and the transfer of the scraped biomass to the seafloor. Effects of the different scenarios on the trophic web were studied using the evolution of biomasses and ENA indicators. A specific effort was made to quantify the sensitivity of the results to the input parameters of the biofouling groups by using the plugin permitting to use Monte Carlo simulation in EwE.




2 Materials and methods



2.1 Study area

The future floating wind farm studied in this paper will be implanted in 2025 in the Western Mediterranean Sea, about 18 kilometers off the coast of Gruissan (Aude, France) and about 30 kilometers from the edge of the continental shelf (Figure 1). The depth in this area varies between 60 to 70 meters. The substrate in this area is essentially muddy (Hamdi et al., 2010). According to IFREMER SIH data about landings, the main commercial species in the study area are Engraulis encrasicolus, Octopus spp., Scomber scolias, Scomber scrombus, Diplodus spp.,.




Figure 1 | Position of the potential commercial wind farm in the Gulf of Lion, types of substrates (Hamdi et al., 2010). The polygon with red hatched lines represents the potential position of the commercial wind farm. The polygon with black line represents the spatial coverage of the Ecopath model. The red dot shows the location of the wind farm compared to France territory.






2.2 Offshore wind farm project in Gulf of Lion

The EolMed pilot project, developed by Qair SA, started in 2016, involves the installation of three wind turbines producing a total power of 30 MW. The three wind turbines should be built by the end of 2024. The top of the tower of the wind turbine is located at about 100 m above the surface. The blade is about 80 m long. The wind turbine has a rotor diameter of 160 meters. The originality of this project is based on its floating foundation. This structure has a square shape with a central damping pool, which dampens the movements of the swell. The dimensions will be 49 m long, 49 m wide and will reach an underwater depth of 13 m. The turbine will be anchored by a maximum of 8 anchor lines. After this pilot project, a commercial wind farm park, composed of 25 wind turbines (Figure 1), is planned. The commercial wind farm (i.e. with 25 wind turbines and floating systems based on the design of the actual EolMed pilot project) was used as the focus of our this study. The spatial scope of this park, 100 km², will allow to create food web models of equivalent size to those found in the literature on wind turbines (Raoux et al., 2019, 2017; Wang et al., 2019).




2.3 The Ecopath model before offshore wind farm (BOWF): functional groups and input data

Ecopath and Ecosim parameters and equations are presented in the Appendix A.

An initial Ecopath model was calibrated for the year 2019 corresponding to the year initial timing for the implantation of the wind farm, though due to several delays, this timeframe has now been shifted to 2025.

Species clustering in each of the functional groups included in the Ecopath model was based on their habitat, food preference, size and commercial importance. The final food-web model contained 27 functional groups (1 marine mammal, 1 seabird, 13 teleost fishes, 2 cartilaginous fishes, 5 invertebrates, 2 zooplankton, 1 phytoplankton, 1 alga and 1 detritus) (Figure 2).




Figure 2 | Food web illustration of the Gruissan ecosystem. The y-axis represents the trophic level of each functional group. The food web presented corresponds to the initial food web before the wind turbine installation.



Input parameters were obtained from available data from published articles or from sampling campaigns conducted by IFREMER (the French Institute for the Exploitation of the Sea) and PELAGIS (French observatory of marine mammals and birds). Pre-processing was carried out in order to select the species presented in the vicinity of the implantation area, to transform the unit of measurement to the unit used in EwE (biomass/km²) and to group species into functional groups to obtain biomass for each functional groups. Final data are summarized in Table 1 (more detailed information are gathered in Appendix B). Biomass values were obtained from the MEDITS campaign (Jadaud and Certain, 1994), the PELMED campaign (Bourdeix and Hattab, 1985), and the PELAGIS campaign (Laran et al., 2011). Production/biomass and consumption/biomass ratios were taken from the literature or obtained from empirical equations using asymptotic length, asymptotic weight and growth data (Nilsson and Nilsson, 1976; Banse and Mosher, 1980; Innes et al., 1987; Opitz, 1996; Pauly, 1980; Palomares and Pauly, 1998). Diet composition (Table C1) was obtained by compiling published information primarily in the Mediterranean Sea. Assimilation rates were obtained from a published model (Coll et al., 2007; Bǎnaru et al., 2013). For almost every Ecopath model, many species have a part of their life cycle outside of the model area (Christensen et al., 2008). Two options are proposed to manage this issue by Christensen et al. (2008): 1) ‘diet import’ approach which consists of setting the diet import proportion to the proportion of time spent outside of the model area; 2) ‘model expansion’ approach which adds functional groups in order to represent the outside food web structure. The first option was chosen then a proportion of the diet composition (Table C1) of these groups as imports to the ecosystem was added. Principal fishing activities present in the area were included in the Ecopath model: bottom trawling, pelagic trawling, seine, longline and other types of fishing. Fishing data were obtained from the IFREMER SIH. An index of confidence to the data (pedigree) was associated to each data (Christensen et al., 2008). Values of pedigree index are provided in Table C2.


Table 1 | Input parameters of the BOWF model, (i.e. representing the situation Before Of the Wind Farm installation).






2.4 Balancing the initial Ecopath model

Balancing an Ecopath model requires compliance with certain constraints. Physiological and thermodynamic rates for each functional group must be respected (Heymans et al., 2016): (1) EE values must be inferior to 1, (2) P/Q for consumers must be between 0.05 and 0.3 and (3) R/B must be between 1 and 10 for fish groups (Christensen et al., 2008). All models were balanced using a step-by-step expert calibration procedure (Heymans et al., 2016). This means that in order to obtain a mass-balanced model, inputs (B, P/B, Q, EE and diets) were modified to satisfy the physiological and thermodynamic constraints. Procedures (Method D1) and results (Figures D2, D3) of the balancing step are provided in Appendix D.




2.5 Fitting Ecosim to biomass time series

A preliminary step that is required before an Ecosim model can be run to explore prospective scenarios is the calibration of the model through the estimation of a vulnerability matrix that allows for variations in biomasses to be reproduced, as observed in the ecosystem (Heymans et al., 2016). Thus, in order to fit the model to historical trends, biomass and capture sampling data from 2008 and 2019 were used from the databases previously mentioned in section 2.3. An Ecopath model, HIST (Figure 3A), was created for the first year of the historical data (2008). Biomass, P/B, Q/B and EE were calculated according to the data available in 2008. If data were missing, data from our BOWF model were used. Input parameters are presented in Table 2. Data used to fit to biomass historical trends are presented in Appendix E. The strategy used to fit to time series thanks to the estimation of vulnerabilities was a “predator” search strategy meaning that a vulnerability value was set for each predator and not for each “predator-prey” relationship.




Figure 3 | Workflow the different stages from the building of the initial models of 2019 (BOWF) to the development of the scenario (REEF, OPTIM, SCRAP and TRANSFERT) (B) and the building of the fitting to time series model (HIST) (A).




Table 2 | Input parameters of the HIST model, (i.e. representing the situation for the first year of the historical data, 2008).



The fishing technique used in the MEDITS campaign does not allow for a reliable estimate of the biomass of some pelagic species. Then, admitted that biomass data for European Seabass and Medium Pelagic Fish were admitted as not reliable, then the fitting was conducted on the fishing data. No biomass data were available for Bivalves & gastropods, Crustaceans and Large Pelagic Fish; thus, fishing data were used for the fitting procedure. In order to use fishing data as reference, relative fishing effort data were used as input in the fitting procedure (Table 3). The fishing effort time series were calculated with the following formula:


Table 3 | Relative fishing effort for each fishing activities presented in the Ecopath model.



	

where   is the power value (kWh) of the vessel for the nth year, and Technological coefficient is a factor of evolution of the power of the vessel. These factors were retrieved from (Pauly and Palomares, 2010) and presented in the Table 4. Initial power for 2008 were obtained from the EVOMED report (2011) (Sartor et al., 2011). The power for the year between 2009 and 2018 were obtained from the formula above using the n year power to calculate the n+1 year.


Table 4 | Technological coefficients of fishing vessels by gear type used to calculate relative fishing vessel effort.



Two indicators were used to study the quality of the fit of the time series: the Akaike Information Criterion (AIC) and the Sum of Squares (SS) of deviations between model and data (Mackinson, 2013). The AIC is an indicator that penalizes fitting on too many parameters. The lower the AIC indicator is, the “better” the fitting. SS, sum of square difference, is an indicator which measures the accuracy of the fitting. A low SS indicated that the model fits well with respect to reference data.

The fitting had an AIC of 2.096 and an SS of 159.6. When comparing with other models in the Mediterranean Sea on the basis of fitting with only trophic interaction, the AIC and SS obtained seems to acceptable (Papantoniou et al., 2023; Piroddi et al., 2017; Tsagarakis et al., 2022; Vilas et al., 2021). The Monte Carlo routine was applied to assess the sensitivity of the biomass output to the input parameters (B, P/B, Q/B and EE). Input parameters were modified according to a normal distribution centered on the Ecopath input value and with a deviation parameter. In our case, pedigree index was applied to the coefficient of variation (Table F2). 500 iterations were ran, which allowed for plotting in the 5th and 95th percentile for the fitted results. These results (Figure F3) and the matrix of vulnerability (Table F1) are available in the Appendix F.




2.6 Ecosim scenarios



2.6.1 Simulating the “reef effect” due to wind farm implantation (REEF)

After the implantation of the wind turbine and its associated floater, the first stages of colonization of the hard virgin substrate by benthic organisms will occur (Spagnolo et al., 2014). In order to determine which organisms will most likely colonize the hard virgin substrate, the biofouling from threebuoys in the Gulf of Lion were collected and analyzed. Furthermore, a literature review on artificial hard substrate was also carried out (Joschko et al., 2008; Lindeboom et al., 2011; Salta et al., 2013; Bray, 2017; Higgins et al., 2019) to determine the most probable biofouling species and ecological succession on floating buoys. The colonizer groups will most likely be dominated by bivalves & gastropods, worms and echinoderms. Based on samplings on buoys in the Gulf of Lion, it was assumed that groups such as crustaceans would likely thrive in the structure developed by engineering groups (mostly Mytilus galloprovincialis). The distribution of fish before and after the installation of monopile OWF was used. The observations are mainly on demersal fishes, some spend a part of their life cycle around the structures (Degraer et al., 2020). However, observations of pelagic fishes are infrequent because the surface of the jacket of monopile OWFs is small and the biofouling in the pelagic zone is not relevant. Only Van Hal et al. (2017) found out that Horse mackerel (Trachurus trachurus) and Mackerel (Scomber scombrus) were abundant near a monopile OWF in the Netherlands. Because of the scarcity of literature on floating structure impacts on fish distribution (Mascorda Cabre et al., 2021), information about fish abundance around mussel farms were studied because in our opinion are close to floating structures in terms of food provision. There is clear evidence in the literature that mussel farm provides a direct food source (Callier et al., 2018; McKindsey et al., 2011) and that fish species densities increase near it especially pelagic species (Brehmer et al., 2003; McKindsey et al., 2011). Peteiro et al. (2010) and Šegvić-Bubić et al. (2011) pointed out that mussel farms are strongly affected by predation for Seabream. Šegvić-Bubić et al. (2011) studied the stomach content of Sparus Aurata near the mussel farm and found out that mussel was the dominant prey. They also observed an increase in Dicentrarchus labrax near the mussel farm. Considering all the elements found in the literature about feeding around OWF and mussel farms, it is clear that predators would prey on the groups in the floating hard substrate instead of the groups living on the bottom substrate. The main argument of this hypotheses is that opportunist pelagic groups and some demersal groups prefer feeding on the nearest prey.

In order to characterize the short-term changes that the marine ecosystem may undergo as a result of the implementation of a commercial farm in the Gulf of Lion, a decision was made to model year n+1 after the implementation of the wind turbines. This model derived from the 2019 (BOWF) model which remained unchanged except for the addition of 3 new groups present on the hard substrate, including Bivalves & gastropods hard substrate, Crustaceans hard substrate and Benthos hard substrate. To determine their biomasses, sampling data from an experimental buoy implemented in the zone of study were used (unpublished data). The biofouling on this buoy is 4 years old. It was assumed that biomass on this buoy has reached a steady state, and then these biomasses were targeted for the 5th year of our REEF Ecosim model (Beq, Figure 3B). In order to simulate “reef-effect” and fit to the biomasses sampled in the buoy, P/B, Q/B were set equal to the values of the BOWF model (Figure 3B). biomass and biomass accumulation were set randomly (Figure 3B). Then, pedigree was used (values in Table G2) from BOWF model for P/B, Q/B, and 0.05 biomass accumulation and 0.4 for biomass (highest value available in Ecopath) and ran a Monte-Carlo routine to obtain the best combination of parameters to reach the steady state value of biomass for the 5th year (Monte-Carlo parameters available in Table G3). Finally, vulnerabilities were adjusted by manual optimization to reach the steady state value of biomass for the 5th year. Input parameters for hard substrate groups are summarized in Table 5. According to the literature presented above and the diet composition matrix, the groups most likely to take advantage of the “reef effect” were: Small demersal fishes, Sea Bream, European Seabass, Medium pelagic fishes and Large pelagic fishes. A part of these groups’ diet within the bottom substrate group was replaced by the same groups from the hard substrate (Diet matrix available at Table G1). Switching power parameters from EwE were set to 2 for the groups which will most likely feed on prey from the hard substrate. This allowed to initially allocate a small portion of the predator’s diet on hard substrate groups, for which a proportion then increased with the increase prey biomass thanks to the empirical relationship implemented in the EwE software.


Table 5 | Input parameters for the hard substrate groups in the scenario REEF.



No landings were entered for the hard substrate groups, whereas for the other groups, landings remained the same meaning that fishing is fully allowed within the OWF. Monte-Carlo routine was used to determine the sensitivity of the output parameters to the input parameters for groups on the hard substrate. The coefficient of variation for each group was obtained from the pedigree and applied to biomass, P/B, Q/B and BA. 500 iterations with the Monte-Carlo routine were performed. The Ecosampler plugin recorded every Ecopath and Ecosim model made by Monte-Carlo routine. This plugin allowed for all Monte-Carlo models that were created, to be saved, and to then extract all of the outputs which were useful for our study (Steenbeek et al., 2018). Coefficients of variation are available in Appendix G. Due to the large sample sizes, t-test and Wilcoxon’s test found an extremely low p-value even between all scenarios, for which we then selected another method of statistical analyses used by Tecchio et al. (2016) in an analysis of the differences of ENA indicators. This method is a non-parametric effect size statistic introduced by Cliff (1993):

	

where   and   are score respectively within samples 1 and 2,   and   are the size of the sample 1 and sample 2. This test estimates the probability that a randomly selected value in one sample is higher than a randomly selected value in the second sample minus the reverse probability (Tecchio et al., 2016). A difference scale for the Cliff index was proposed by Romano et al. (2006), negligible for   < 0.147, small for   < 0.33, medium for   < 0.474, large for   ≥ 0.474.




2.6.2 Simulating the association of “reef effect” and “reserve effect (OPTIM)

The installation of floating wind turbines will make it difficult to fish in the area (Bray, 2017). Thus, a model, named OPTIM, that excluded commercial fishing in the farm area, was developed.

In this model, the same input parameters were used as in the REEF scenario and the modeling procedure for the “reef effect” was also identical (Figure 3B). We assumed that the entire farm area will be closed to fishing activities and fishing efforts in the OPTIM scenario decreased linearly by 10% as wind farm represents 10% of the surface of our model. Here, we used the same method to study sensibility as was used as in REEF scenario (Figure 3B).




2.6.3 Simulating the scraping of biofouling (SCRAP)

A large accumulation of biomass on the structure of the turbine can affect its buoyancy, at which point a scraping may be necessary. To address this issue, a scenario, named SCRAP, was built in order to simulate periodical harvest of all hard substrate groups on the wind turbine float by fishermen or a maintenance operator. Input parameters and “reef effect” modeling procedure were the same as in the REEF scenario (Figure 3B). A new fictitious fishing fleet was added to the model that only catches groups grown on the hard substrate in order to simulate the scraping of biofouling on the wind turbine float. The initial landings (Table 6A) were set low, and every five years fishing effort for this particular fleet was calibrated to increase in order to simulate harvest of the groups present on the hard substrate (Table 6B).


Table 6A | Landings (t.km-²) for the groups on the hard substrate.




Table 6B | Relative fishing effort time series for the fictitious fleet targeting the groups on the hard substrate.



Here, we used the same method to study sensibility as in the previous scenario (Figure 3) except that some specific landings (Table 6B) for the fishing fleet on the hard substrate were added and coefficient values were set to 0.1.




2.6.4 Simulating the scraping of biofouling and its deposition to the seafloor (TRANSFERT)

While scraping may be necessary for the functioning of the floating systems, it may not necessarily be financially advantageous for fishermen. Then a maintenance team may scrap the sessile organisms on the floating structure, and let them settle on the seafloor. To reflect this scenario, we developed a model, TRANSFERT. Input parameters and “reef effect” modeling procedure were the same as in previous scenarios (Figure 3B). We added the same fleet as the one used in the SCRAP scenario, instead of extracting the biomass from the model the fleet in the TRANSFERT scenario, allowed for the extracted biomass to settle on the seafloor. In order to simulate this transfer, the biomass scraped by the fleet was retrieved and then added to the biomass of the equivalent group present on the seafloor as a forcing biomass (Table 7). The transfer of biomass to the seafloor was only significant for the group Bivalves & gastropods hard substrate when compared to all other groups (Crustaceans hard substrate, Benthos hard substrate).


Table 7 | Force biomass (t.km-²) for bivalves & gastropods soft bottom.



Here, we used the same coefficient values for sensibility as those used in the SCRAP scenario (Figure 3). Time-series of forced biomass for each value of landings tested by Monte-Carlo were created and then implemented in EwE in order to obtain outputs. Uncertainties were then obtained.





2.7 Analyzing ecosystem via indicators

Ecosystem indicators were used to compare scenarios by using the mean of the last four years based as in Agnetta et al. (2022); Ricci et al. (2023). The “Network Analysis” routine of the EwE suite was implemented in order to compute ENA indicators (Ulanowicz (1986). Indicators were separated into three themes: structure, maturity and/or resilience and diversity and are provided in Table 8.


Table 8 | ENA indicators used, their associated themed and their definition.







3 Results



3.1 Snapshot of the ecosystem before the installation of the offshore windfarm (BOWF)

The pedigree index of the BOWF model was 0.525. Ecotrophic efficiencies (EE) ranged from zero to 0.979 (Table 9). An EE of 0 was obtained for top-predator groups, Dolphins and Seabirds whereas the highest EE was obtained for Small Demersal which had a medium trophic level (3.15). Trophic level ranged from 1 to 4.69 (Table 9). The groups with TL=1 were the primary producers and corresponded to Phytoplankton, Algae and Detritus. Dolphins occupied the highest TL. Other top-predator groups in the model had a trophic level superior to 4, such as Seabirds (TL=4.022), European hake (TL=4.049), Sharks (TL=4.132), Large Pelagic (TL=4.233) and Large Demersal (TL=4.279). Omnivory index ranged from 0 to 1.378. Null and low omnivory index (OI) were obtained for low trophic level groups such as Bivalves & gastropods, Benthos, European anchovy (OI=0), Zooplankton, European pilchard and Other Small Pelagic (OI=0.111) while a high omnivory index concerned high trophic level groups such as Large Pelagic (OI=1.071), Rays (OI=1.114), European Hake (OI=1.187), Sharks (OI=1.312) and Large Demersal (OI=1.378). Omnivory indices for all functional groups are gathered in Table H1.


Table 9 | Basic estimates of Ecopath for BOWF (Before Offshore Wind Farm) model.



The living functional group with the highest biomass was Phytoplankton, it represented 20% of the total living biomass. The consumer group with the highest biomass was Benthos, it represented 19% of the total living biomass. For the fishes, Other Small Pelagic was the most abundant group followed by European pilchard and European anchovy, all of which are pelagic fishes.

Highest keystone index (K1, Libralato et al., 2006) was obtained for Crustaceans (K1=-0.0878). The second and third highest keystone indices were calculated for Benthos (K1=-0.22) and Zooplankton (K1=-0.237) (Figure 4; Table H1).




Figure 4 | Keystone index (Libralato et al., 2006) against Relative total impact for the five scenario: BOWF (Before Offshore Wind Farm), REEF (reef effect), OPTIM (reef + reserve effect), SCRAP (reef effect + scraping of the biofouling by fishermen) and TRANSFERT (reef effect + scraping and transfer to sea bottom). The size of the circles is proportional to the functional group biomass.






3.2 Food-web structure between scenarios

Total System Throughput (TST, t.km-2.year-1) (Table 8) increased in all four scenarios compared to BOWF. Highest TST was obtained for the OPTIM scenario, then a slightly lower TST was obtained for REEF. TST for TRANSFERT was lower than the OPTIM and REEF values of TST. Finally, TST decreased slightly between TRANSFERT and SCRAP (Figure 5). Finn Cycling Index (FCI, %) (Table 8) decreased for the 4 scenarios compared to the BOWF model. FCI values for the REEF and OPTIM scenarios were identical. FCI was identical for the SCRAP and the TRANSFERT scenario, which in turn was greater than the REEF and OPTIM scenarios (Figure 5). Regarding Mean Trophic Level catch (MTLc) (Table 8), the OPTIM scenario is the only scenario of the four which presents values above the BOWF model. Among the three other scenarios, it was the REEF scenario which had the higher MTLc., TLc was slighty higher for the TRANSFERT scenario compared to the SCRAP scenario (Figure 4).




Figure 5 | Boxplots of ENA indices, Total System Throughput (t.km-2.year-1), Finn Cycling Index (%), Mean Trophic Level of catch, about the food web structure for the five Ecosim scenario: BOWF (Before Offshore Wind Farm), REEF (reef effect), OPTIM (reef + reserve effect), SCRAP (reef effect + scraping of the biofouling by fishermen) and TRANSFERT (reef effect + scraping and transfer to sea bottom) using Monte-Carlo and Ecosampler routines for the last four scenario. The table below the boxplots presented the value of Cliff’s delta obtained and the scale of differences.



With the introduction of the REEF effect, the keystone index (KI) (Table 8) changed (Figure 4). Highest values of keystone index for the BOWF scenario were obtained for low trophic level organisms such as Crustaceans, Benthos, Zooplankton and Phytoplankton. For the REEF, SCRAP and TRANSFERT scenarios, the highest values of keystone index were obtained for a mix of fish groups such as Small Demersal and Medium Pelagic and low trophic level organisms such as Crustaceans, Benthos and Zooplankton. Highest keystone index values varied slightly for the OPTIM scenario compared to the other scenarios. Sea Bream became an important group while Small demersal, Medium Pelagic Crustaceans, Benthos and Zooplankton remained important structural groups (Figure 4). The differences between BOWF scenario and the other scenarios may be linked with the structure of model (new groups added).




3.3 Maturity of the ecosystem between scenarios

Ascendency (A, t.km-2.year-1) (Table 8) increased for the whole scenario compared to the BOWF scenario, with the highest value of OPTIM only slightly higher than the value for REEF (Figure 6). Regarding the scraping scenario, TRANSFERT scenario presented slightly higher values than the SCRAP scenario (Figure 6). Ascendency for the SCRAP and TRANSFERT scenario were largely inferior to REEF and OPTIM scenarios. Redundancy (R, t.km-2.year-1) (Table 8), proportion of flow to detritus (DET, %) (Table 8) and entropy (H, t.km-2.year-1) (Table 8) increased for the whole scenario compared to the BOWF scenario. Highest values for the three indicators were obtained for the REEF and OPTIM scenarios (Figure 6). R, DET and H for SCRAP and TRANSFERT were largely inferior to the values for REEF and OPTIM scenarios. These indicators were slightly higher for the TRANSFERT scenario compared to the SCRAP scenario (Figure 6).




Figure 6 | Boxplots of ENA indices, Ascendency (t.km-2.year-1), Redundancy (t.km-2.year-1), Proportion of flow to detritus (%), Entropy (t.km-2.year-1) about the maturity of the ecosystem for the five Ecosim scenario: BOWF (Before Offshore Wind Farm), REEF (reef effect), OPTIM (reef + reserve effect), SCRAP (reef effect + scraping of the biofouling by fishermen) and TRANSFERT (reef effect + scraping and transfer to seafloor bottom) using Monte-Carlo and Ecosampler routines for the last four scenario. The table below the boxplots presented the value of Cliff’s delta obtained and the scale of differences.






3.4 Diversity between scenarios

Shannon diversity index (SI) (Table 8) increased for the all scenarios compared to the BOWF scenario. SI values were much higher for the REEF and OPTIM scenarios compared to both SCRAP and TRANSFERT scenarios. SI increased slightly between the REEF and OPTIM scenarios while SI remained constant between the SCRAP and TRANSFERT scenario (Figure 7). Kempton Q (Table 7) increased slightly for the REEF and SCRAP scenarios compared to the BOWF scenario while it seemed constant for the TRANSFERT scenario and decreased largely for the OPTIM scenario. Kempton Q was much higher for the REEF scenario than the SCRAP scenario. Value of Kempton Q decreased slightly between the SCRAP and TRANSFERT scenarios. Kempton Q was largely inferior for the OPTIM scenario compared to all other scenarios (Figure 7).




Figure 7 | Boxplots of ENA indices, Shannon diversity and Kempton’s Q index, about diversity for the five Ecosim scenario: BOWF (Before Offshore Wind Farm), REEF (reef effect), OPTIM (reef + reserve effect), SCRAP (reef effect + scraping of the biofouling by fishermen) and TRANSFERT (reef effect + scraping and transfer to sea bottom seafloor) using Monte-Carlo and Ecosampler routines for the last four scenario. The table below the boxplots presented the value of Cliff’s delta obtained and the scale of differences.






3.5 Biomass evolution between scenarios

Regarding the biomass trends obtained at the end year of the simulation, several species seemed to benefit from the reef effect and the derived scenarios. Indeed, Small Demersal biomass was multiplied by between 1.03 and 1.189 for the REEF, 1.018 and 1.181 for the OPTIM, 1.055 and 1.117 for the SCRAP and 1.049 and 1.104 for the TRANSFERT scenarios. Sea Bream biomass also increased by a factor between 1.153 and 1.867 for the REEF, 1.177 and 1.904 for the OPTIM, 1.158 and 1.305 for the SCRAP, 1.079 and 1.262 for the TRANSFERT scenarios. Some groups seemed to benefit more from the partial closure of the fishery, with Large Demersal biomass multiplied by between 1.018 and 1.110 for the REEF, 1.073 and 1.171 for the OPTIM scenarios. Medium Pelagic biomass increased by a factor between 1.020 and 1.065 for the REEF, 1.252 and 1.294 for the OPTIM scenarios. Large Pelagic biomass was multiplied by between 1.034 and 1.076 for the REEF scenario while for the OPTIM scenario biomass was multiplied by between 1.33 and 1.384. In the TRANSFERT scenario, biomass for groups such as Flatfishes and Sea Bream increased significantly, after the hard substrate was scraped, by an approximate factor of 1.2 and 2.1, respectively, but this increase did not extend over time and biomasses returned to their initial values. Overall, biomass trends decreased for some groups such as Crustaceans, Jellyfish and Cuttlefish & Squids. For Cuttlefish & squids, biomass decreased by a factor between 0.981 and 0.997 for the REEF, 0.945 and 0.962 for the OPTIM scenarios, while they remained constant for the SCRAP and the TRANSFERT scenarios. Biomass declines appeared more severe in the OPTIM scenario (Figure 8). Biomasses for the functional groups missing from Figure 8 are available in Figure I1 and values of biomass for each year are available in Table I2.




Figure 8 | Biomass evolution between different scenarios. Straight line represents the reference data. The clear ribbon represents the interval of confidence of 95%. Five scenarios are presented: BOWF (Before Offshore Wind Farm), REEF (reef effect), OPTIM (reef +reserve effect), SCRAP (reef effect + scraping of the biofouling by fishermen), TRANSFERT (reef effect + scraping and transfer to the sea bottom).







4 Discussion



4.1 Structure and functions of the ecosystem before the installation of an offshore windfarm

Pedigree is the only indicator that addresses the quality of the input data that is included within an Ecopath model (Morissette, 2007). The Ecopath model BOWF had a high pedigree index, compared to the mean pedigree (0.44) value that was obtained by Morissette (2007) and revealed that input data in BOWF was of acceptable quality. However, the pedigree indices obtained in the BOWF model were lower than most of those obtained for the Ecopath model that was developed in the North-Western Mediterranean Sea (Coll et al., 2006; Bǎnaru et al., 2013; Corrales et al., 2015) which ranged from 0.62 to 0.67, and were slightly higher than the one obtained by Vilas et al. (2021) (0.50). In the present model, biomass data were mainly local and were obtained from detailed samplings. Like for the majority of EwE models, P/B and Q/B were obtained mainly from an empirical equation and trophic levels were lower than those included in other Ecopath models. Landings were local but not as precise as they could have been; even if we did collect landing values in six large areas in the Gulf of Lion. In parallel, diet remains the main source of incertitude in the present model. Even if most of the diet data came from sampling in the Mediterranean Sea, diets change and adapt to available resources both seasonally (Morte et al., 2002) and geographically (Rumolo et al., 2016). Catch and diet were certainly the most uncertain factors in our model and explain the differences in pedigree obtained here, compared to other models.

The initial Ecopath model, BOWF, was composed of 27 functional groups. According to the keystone index, the majority of the most ‘structuring’ group were within the low trophic level categories such as Crustaceans, Benthos, Zooplankton, characterized by a high keystone index and relative total impact. Bǎnaru et al. (2013) and Corrales et al. (2015) found that dolphins, seabirds and high trophic level fish were keystone species in the ecosystem. Both added that low trophic organisms played an important role in the ecosystem (Bǎnaru et al., 2013; Corrales et al., 2015). In the BOWF model we developed, diets of high trophic level organisms were essentially based on imports because of the limited size of our model compared to their feeding area; this may partly explain the differences in the key groups.




4.2 Potential impacts of an offshore windfarm to the ecosystem considering the reef and reserve effects

Artificial hard substrate introduction in the Mediterranean Sea are mainly colonized by mussels, which are pioneers in the colonization of this substrate (Fabi et al., 2002; Airoldi and Bulleri, 2011; Spagnolo et al., 2014). Similarly, we expect that the introduction of wind farm turbines will provide new habitat, for crustaceans and benthos organisms and an additional source of food that will be integrated in the trophic web. In our model, we thus assumed that this new source of food would lead to a change in a proportion of the diet for some demersal and pelagic groups. Results of the EwE model (REEF) showed that Sea Bream and Small Demersal functional groups could largely benefit from the introduction of the wind farm while Medium Pelagic and Large Pelagic fish functional groups only benefited slightly. European Hake as a separate functional group benefited from the reef effect, but in the fitting procedure, biomass data simulated by Ecosim were largely superior to the reference biomasses. As such, the increase in biomass of European Hake should be taken with caution. The Rays functional group benefited from the reef effect while the Rays functional group did not feed on the hard substrate. The high vulnerability obtained from the fitting procedure for Rays (Appendix F) means that the Rays as a functional group was far from its carrying capacity (Christensen et al., 2008). Rays biomass was probably driven by the “bottom-up” effect, and thus when Rays prey biomass increased, Rays biomass skyrocketed. Adding a reserve effect (OPTIM) from the wind farm led to a higher biomass for most fish groups including those which benefited from the reef effect and those with a high trophic level. As an example, Medium Pelagic and Large Pelagic functional groups benefited only slightly from the reef effect while they benefited largely from the reserve in the wind farm area. This result was expected, as one of the major effects of MPAs is the protection of high trophic level populations (Valls et al., 2012). Some low trophic groups were affected (e.g. Jellyfish) from the combined reef and reserve effect, mainly due to the increase of the biomass of their predators.

According to the scenario with the combined reef and reserve effect (OPTIM), the implantation of an offshore wind farm will have an impact on food web structure. Here, the quantity of flows in the ecosystem increased, characterized by the total system throughput. The quantity of flows with the introduction of the hard substrate was supposed to slightly increase in the case of monopile windfarm (Raoux et al., 2019; Wang et al., 2019; Nogues et al., 2021). Our approach suggests that the colonization of the floating hard substrate had an equivalent impact. Finn Cycling Index decreased with the reef effect and with the association with the reserve effect, suggesting that the structure of the food web changed due to the implantation of the offshore wind farm (Finn, 1976). Compared to the previous model developed for monopiles, the trend for the Finn Cycling Index in the present study was the opposite. Nogues et al. (2021) and Wang et al. (2019) obtained a slight increase in the FCI index. Energy recycling capabilities seemed to decrease with the implantation of floating wind farms while it increased with monopile wind farms (Raoux et al., 2017). A hypothesis to explain this pattern is that monopile wind farms provide benefits mainly to bottom fish groups that feed more on detritus compared to pelagic groups. The effects of the introduction of a wind farm on the mean trophic level of the catch were largely studied by Raoux et al. (2019). Like in their models, our results indicated that the increase in low trophic level biomass overwhelmed the increase in high trophic level biomass.

According to Ulanowicz (1986), Ascendency (A, t.km-2.year-1) is expected to increase as an ecosystem matures (Ortiz and Wolff, 2002; Ulanowicz, 1986; Raoux et al., 2019). Two other indicators were proposed in this study to characterize the maturity of the system: the proportion of flows to detritus (%) and entropy (t.km-2.year-1). When the system matures, a shift from herbivory to detritivory is expected (Christensen, 1995; Geers et al., 2016; Odum, 1969). For a mature ecosystem, species diversity is expected to be high but with EwE, several species are gathered in the functional group making measurement difficult. Christensen (1995) proposed to measure the flow diversity instead of species diversity by quantifying the statistical entropy (H, t.km-2.year-1) for all groups in the ecosystem. The results of the present work on these indicators pointed out that under a reef effect (REEF and OPTIM) the ecosystem seemed to be more mature than a model without a reef effect (BOWF). Even if a high value of Ascendency is correlated with a more mature system, it also means that since the system is more active in specific pathways, it may lose flexibility and thus lose resilience (Raoux et al., 2019). Redundancy (R, t.km-2.year-1) and Ascendency for both REEF and OPTIM increased compared to the scenario without a wind farm, meaning that the system did not lose its flexibility. Indeed, Redundancy measures the number of parallel trophic pathways that link the different functional groups (Ulanowicz, 1986). When there is an increase in Redundancy, this means that the flows are distributed in several alternative pathways to link one specific group to another (Heymans et al., 2007), and results in an increase in the resilience of the ecosystem (Heymans, 2003). Based on the results for Redundancy, it appears that the reef effect (REEF and OPTIM) led to a higher resilience compared to the model without the reef effect (BOWF). Raoux et al. (2019) found similar results with respect to the maturity and resilience after the introduction of the reef effect. Further, it appears that the introduction of both floating and monopile wind turbines led to a system that was more mature and flexible system in response to potential disturbances.

According to Shannon’s diversity index, diversity increased with the introduction of the reef effect. However, Kempton’s Q index showed that the diversity increased only for the reef effect and not for the combination of the reef and reserve effects. Different trends were obtained with the Shannon’s diversity index vs the Kempton’s Q index. Shannon’s diversity index studied the overall diversity of functional groups and equitability, and took into account all of the trophic levels in the system, while Kempton’s Q index only studied the diversity of the upper trophic levels (Kempton and Wedderburn, 1978). Overall diversity increased with the introduction of the reef effect (REEF and OPTIM) but the diversity for the upper trophic levels only increased with the reef effect and decreased with the reserve effect. Marine Protected Areas are expected to benefit all trophic levels (Soler et al., 2015). In the model with the reserve effect, there were dissimilarities between functional groups. Further, as several functional groups (Large Pelagic, Medium Pelagic, Rays) benefited largely from the reserve effect, an overall decrease in diversity might result for high trophic levels.




4.3 Potential effects of regular scraping of biofouling after installation of wind turbines

Functional groups which largely benefited from the reef effect, such as Sea Bream and Small demersal, experienced a reduction in their proliferation with the scraping scenario. When compared only to the reef effect, a reduction in biomass was common to the majority of groups. Adding the transfer of biomass to the seafloor benefited Flatfishes, Sea Bream, Octopuses and Small demersal functional groups for which biomass was largely increased. However, this increase was followed by an increase in fishing pressure, inherent to Ecopath, which nullified the benefit for these functional groups.

With regular scraping of the biofouling (SCRAP and TRANSFERT), the Total System Throughput (TST, t.km-2.year-1) decreased compared to the scenarios with reef effect only. However, the decrease in this indicator was predictable since biomass was extracted and thus the production from the extracted biomass was removed from the ecosystem. The trophic level of catch (TLc) is inevitably reduced because of the scraping on the hard substrate sessile organism which are low trophic level groups. The regular scraping of biofouling and its deposition to the sea bottom led to slightly higher value for TST and TLc than only the regular harvesting of the biofouling. The difference in TST is due to the periodic high increase in biomass (Figure 8) of some groups such as Small Demersal, Large Demersal, Sea Bream, Flatfishes. This increase was not obtained in the SCRAP scenario and then it explained the difference. The same explanation can be use to explain the higher TLc in the TRANSFERT scenario compared to the SCRAP because with the periodic high increase in biomass of some medium and high trophic level, it balanced the impact of the harvest of the hard susbtrate group on the TLc indicator. The FCI values highlighted important structural differences (Finn, 1976) between the reef effect and the scenario in which reef organisms were scraped. Differences in structure between the scraping and sampling (SCRAP) and the scraping and settling (TRANSFERT) were negligible according to FCI.

In 1985, Odum proposed an evolution of the indicators that he developed previously (Odum, 1969) to determine trends in a stressed ecosystem. Odum, (1985) considers that a stressed ecosystem has a low efficiency in its conversion of energy to organic structure, which leads to a decrease in species diversity and a decrease in the redundancy of parallel processes. Proportion of flow to detritus, redundancy and entropy decreased from both scraping scenarios compared to the reef effect scenario. It appears that the regular scraping of the hard substrate led to a less mature system. This result is consistent with the assumption that under regular perturbations, an ecosystem is less mature (Nilsson and Grelsson, 1995). Also, the decrease in the Ascendency (t.km-2.year-1) from the reef scenario to the scraping scenario appears in line with these results according to the indicators studied in the present paper, where scraping and allowing the organisms settle on the sea bottom led to a more mature system than scraping and removing the organisms for the ecosystem.

Diversity of an ecosystem is expected to decrease with intense fishing effort (Bianchi et al., 2000). With the scraping of the hard substrate, the benthic organisms on the substrate were subjected to a very high fishing effort, for which we would expect the overall diversity to decrease. Kempton’s Q index and Shannon diversity index confirmed this assumption.




4.4 Further development of our model and limitations of EwE

The model developed to study the potential effects of a floating offshore wind farm in the Gulf of Lion addressed the colonization of the hard substrate by groups that were present in minority in the food web (i.e buoys, shipwrecks). We proposed an original approach to simulate for the colonization of large floating devices. This approach relied mainly on the parameters, biomass accumulation, and vulnerability (see 2.7.1) and enabled us to follow the speed of the colonization observed on a floater in the Gulf of Lion. In order to better fit with reality, more field data for biofouling succession and biomass are needed. To better integrate this new food source in the trophic web, it will be essential to observe species present around the OWF and carry out stomach content analysis to ensure which functional groups feed on the biofouling organism. In the present study, network analysis indicators were used to quantify the effects of the wind farm on the ecosystem. These indicators permitted us to study the effects of the implantation of the wind farm in a global way (Raoux et al., 2019). However, the links between these indicators and the system maturity, or resilience, are complex (Raoux et al., 2019). The present study and other models for offshore windfarms (Raoux et al., 2019; Nogues et al., 2021, 2017) highlight a greater maturity and/or resilience of the ecosystem on the basis of the network analysis indicators, while Wang et al. (2019) who developed both a pre-implantation model and a post-implantation model with sampling for input parameters for both, found more mixed results for the maturity of the system.

In addition, the present model covered an area of 1,000km² in the Gulf of Lion. The use of a restricted area was required to study the impact of the wind farm turbines, and similar surface areas were used by Raoux et al. (2017), (2019), Wang et al. (2019). The main constraint of an EwE model on a small area was the population dynamics. One way of managing this limit is to introduce a proportion of imports into the diet of groups that were occasionally present in the area (Christensen et al., 2008), but this proportion was difficult to determine precisely and we opted for the percentage of the feeding area covered by the EwE model. Another way to manage this issue is to create an Ecospace model on a larger area, i.e Gulf of Lion, then simulate the migration of highly mobile groups.

The French Ministry of Ecological Transition announced the tendering of two 250 MW wind farms in the Gulf of Lion. In this context, the development of an Ecospace model representing the entire Gulf of Lion and simulating the effects of the implantation of these two wind farms is required. However, our model does not cover all of the potential impacts of wind turbines that can be simulated with EwE. An update EwE model should work on including the effects of noise (Debusschere et al., 2016; Serpetti et al., 2021), electric fields (Gill et al., 2014), pollution from float components (Leleyter et al., 2016), the bioengineering effect of the biofouling organism (Sadchatheeswaran et al., 2020) which can provide refuge for some species and reduce their vulnerability to predaction.





5 Conclusion

The EwE model was built in the Gulf of Lion in order to study the effects of the floating wind farm on the trophic web. It provided original knowledge on the effect of floating wind turbines in the Gulf of Lion as well as the effect of fisheries management associated with wind farms and biofouling on the floats. More precisely, this modeling of the impacts of floating wind turbines at the scale of the ecosystem, in the Gulf of Lion showed: 1) the invasion of the hard substrate by benthic organisms led to an increase in the number of fish groups and delivered benefits to some high-level predators (Wang et al., 2024), as shown on monopile wind farm in the Bay of Seine by Raoux et al. (2017) but beneficiary fish groups are mainly pelagic in floating wind farm compared to monopile one. A closure of the park to fishing accentuated this effect, whereas regular scraping of the substrate might counteract it; 2) the introduction of hard substrate increased the importance of low trophic level groups as well as groups of fish that benefit from the reef effect, as shown in monopile wind farm in the Bay of Seine by Raoux et al. (2019, 2017); 3) maturity and resilience of the ecosystem increased following the introduction of wind turbines according to some network analysis indicators Cliquez ou appuyez ici pour entrer du texte. Finally, this model is a starting point in the study of the different impacts of the offshore wind farm at a large scale, and allows for these impacts to be combined with other temporal changes, such as climate change.
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Vessel type Technological coefficient

Bottom trawling 1.8
Pelagic trawling 1.8
Seine 1.8
Longliner 2.8
Other 1.3
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Pelagic traw

2009 0.777 1.009 1.000 0951 1.062
2010 0.661 0516 0.845 0397 1232
2011 0.730 0.536 0.585 0.226 1171
2012 0.755 0.947 1.588 0.288 0.869
2013 0.598 0.693 1.691 0.301 0.845
2014 0.519 0.510 1.265 0.201 1.006
2015 0375 0331 1.932 0.135 1.045
2016 1.054 0.439 1.964 0.146 1161
2017 0.769 0.592 2490 0.138 1.245
2018 0.496 0.536 2.889 0.173 1.196
2019 0.435 0.223 1.500 0.119 1.241
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ENA i Definition

indicators

Total System tkm Structure is the sum of all flows in the model
Throughput 2 year™ (Finn, 1976). It indicates system size
(TST) and activity (Heymans et al., 2007)
Finn Cycling % Structure quantifies the relative amount of
Index (FCI) recycling and is an indication of

structural differences between food
webs (Finn, 1976) and stress
(Heymans et al., 2007)

Mean Structure measures the mean trophic level
Trophic level of landings

of the

catches

(LTLc¢)

Keystone Structure indicates the importance in the
Index (KI) system of a particular group

(Libralato et al., 2006)

Ascendency tkm Maturity is a measure of growth and

(A) Z.y(-:a.lr'1 and/ development of the system
or (Ulanowicz, 1986). It measures the
resilience maturity of the system

(Christensen, 1995)

Redundancy tkm Maturity measures the change in degrees of

(R) z.yea.r'I and/ freedom of the system (Ulanowicz,
or 1997). It corresponds to the
resilience distribution of energy flow among

the pathways in the ecosystem
(Heymans et al., 2007)

Proportion % Maturity measures the proportion of flow that
of flow to and/ originates from detritus
detritus or
(DET) resilience
Entropy (H) t.km Maturity measures flow diversity and is
Zyear" | and/ expected to increase as system
or matures (Christensen, 1995)
resilience
Shannon’s Diversity quantifies the specific diversity of an
diversity ecosystem (number of species inside)
index and the distribution of individuals

within those species (Shannon, 1948).

Kempton’s Diversity expresses diversity of upper trophic
Q index level (TL>3) in the ecosystem
(Kempton and Wedderburn, 1978;
Ainsworth and Pitcher, 2006)
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Ascendency 0.227 (3=small)  0.746 (d=large)  0.634 (5=large) 0.942 (3=large) 0.856 (d=large) 0.273 (d3=small)
Redundancy 0.039 (5=negligible) 0.676 (d=large)  0.597 (d=large)  0.722 (5=large) 0.625 (d=large) 0.196 (d=small)
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Substrate classification
[ A3 : Infralittoral rock and other hard substrata
[ A4.26 : Mediterranean coralligenous communities moderately exposed to hydrodynamic action
Bl A4.27 : Faunal communities on deep moderate energy dircalittoral rock
[ A5.13 : Infralittoral coarse sediment
[l A5.23 : Infralittoral fine sands
[ AS.33 : Infralittoral sandy mud
Il A5.34 : Infralittoral fine mud
7] AS.38 : Mediterranean biocoenosis of muddy detritic bottoms
[ A5.39 : Mediterranean biocoenosis of coastal terrigenous muds
[ A5.46 : Mediterranean biocoenosis of coastal detritic bottoms
[ AS5.47 : Mediterranean communities of shelf-edge detritic bottoms
[ A5.531 : Cymodocea beds
[ A5.535 : Posidonia beds
[ A6.1 : Deep-sea rock and artificial hard substrata
[ A6.2 : Deep-sea mixed substrata
[ A6.3 : Deep-sea sand
Il A6.4 : Deep-sea muddy sand
[ A6.51 : Mediterranean communities of bathyal muds
[ A6.511 : Facies of sandy muds with Thenea muricata
[ A6.52 : Communities of abyssal muds
Commercial wind turbine farm
3 Ecopath model
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Year Forced biomass (t. km™)

Bivalves & gastropods
soft bottom

2027 0.52
2032 0.49
2037 0.49
2042 0.49

2047 0.49
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BOWF REEF OPTIM SCRAP TRANSFERT

REEF/OPTIM REEF/SCRAP REEF/TRANSFERT OPTIM/SCRAP OPTIM/TRANSFERT SCRAP/TRANSFERT

Throughput 0.147 (5=negligible) 0.74 (5=large) 0.634 (5=large) 0.877 (d=large) 0.769 (3=large) 0.274 (5=small)
FCI 0.058 (5=negligible) 0.645 (6=large) 0.6 (5=large) 0.597 (5=large) 0.547 (5=large) 0.072 (&=negligible)
TLc 1 (5=large) 1 (5=large) 1 (d=large) 1 (5=large) 1 (5=large) 0.236 (5=small)
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2019

Functional group Landings

(t/km?)

27 -Bivalves & gastropods 0.01
hard substrate

28 -Crustaceans hard substrate ‘ 2E-06

29- Benthos hard susbrate ‘ 1E-05
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Biomass Ecotrophic Efficiency Landing (t.km

1 Phytoplanton 1053 = 127 E -

2 Algae o 0.750 25 - -

3 Zooplankton 9.19 - 30.6 102 -

4 Bivalves & gastropods 0.26 - 1.06 4 0.011

I 5 Crustaceans 1 - 0.950 35 12 0.0004

6 Benthos 9.98 = 25 9.04 -

7 Jellyfish 0.012 - 13.72 47.42 -

8 Cuttlefish & squids 0.05 - 31 10.1 0.022
9 Octopuses 0.15 - 3.11 10.24 0.151
10 Rays 0.02 - 1.00 4.39 0.004
11 Sharks [ 0.026 = 0.51 4.71 0.003
12 Deep sea fish 0.002 - 112 5.83 0.00001
13 Small demersals - 0.950 0.91 8.90 0.104
14 Medium demersals 0.240 - 1.00 5.71 0.024
15 Large demersals - 0.900 0.86 2.87 0.036
16 European hake | - 0.900 1.104 3.68 ‘ 0.198
17 Flatfishes 0.016 = 175 578 0.023
18 Sea Bream - 0.900 149 4979 0.020
19 European Seabass 0.031 - 1.00 4.12 0.017
20 European anchovy 191 - 0.960 795 0.312
21 European pilchard 748 - 0.930 845 1.266
22 Other small pelagics - 0.200 0.70 12.88 0.045
23 Medium pelagics 0413 - 1.00 8.87 0.099
24 Large pelagics 0.06 = 0.98 353 0.043
25 Seabirds 0.013 - 0.06 65.8 -

26 Dolphins 0.001 - 0.01 13.79 -

27 Detritus 1199 = = = -

P/B is the production on biomass ratio, Q/B is the consumption on biomass ratio.
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Year Relative effort

2019-2025 1
2026 15
2027-2030 1
2031 15
2032-2035 1
2036 15
2037-2040 1
2041 15
2042-2045 | 1
2046 15
2046-2049 ‘ 1
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Biomass Landing (t.km

1 Phytoplankton 1053 = 127 = -

2 Algae - 0.750 25 - -

3 Zooplankton 9.19 - 30.6 102 -

4 Bivalves & gastropods 0.26 - 1.06 4 0.014
5 Crustaceans - 0.950 35 12 0.0036
6 Benthos 9.98 s 2.5 9.04 0.0017
7 Jellyfish 0.012 - 13.72 47.42 -

8 Cuttlefish & squids 0.037 - 31 10.1 0.039
9 Octopuses 0.177 - 3.11 10.24 0.17
10 Rays 0.072 - 0.56 3.62 0.0094
11 Sharks 0.039 = I 0.466 471 0.0026
12 Deep-sea fish 0.0005 - 1.26 5.51 0.00039
13 Small demersal fish 0.348 - 123 8.11 0.15
14 Medium demersal fish 0.130 - 127 69 0.068
15 Large demersal fish - 0.900 0.86 2.87 0.063
16 European hake - 0.900 0.95 31 ‘ 0.073
17 Flatfishes 0.099 = 1.01 5.54 0.020
18 Sea Bream - 0.900 149 4979 0.016
19 European Seabass - 0.900 0.49 4.12 0.0046
20 European anchovy 2.88 - 0.835 795 0.10
21 European pilchard 5.03 - 0.76 8.45 0.025
22 Other small pelagic fish 6.55 - 0.7 12.88 0.044
23 Medium pelagic fish - 0.900 0.76 8.87 0.12
24 Large pelagic fish 0.06 = 0.68 353 0.02
25 Seabirds 0.013 - 0.06 65.8 -

26 Dolphins 0.010 - 0.01 13.79 -

27 Detritus 119.9 = = = -

P/B is the production on biomass ratio, Q/B is the consumption on biomass ratio.
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Functional group

Biomass (t/km?)

P/B (year™)

Q/B (year™)

Biomass
accumulation
(BA) (t/km?)

Vulnerability

27- Bivalves & gastropods
hard substrate

28- Crustaceans hard substrate

29- Benthos hard substrate
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