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Abstract

The Bay of Biscay includes areas of environmental importance, with a wide variety of benthic habitats
and rich biodiversity. However, it experiences strong anthropogenic pressures, and the effects of
climate change are already evident. Renewable energy infrastructures are set to be installed with the
aim of reducing carbon footprint by 2050. However, their effects on the environment demonstrate the
need for holistic studies prior to the project design. The Ecopath with Ecosim model can be used to
model the entire food web and explore different scenarios for changes in the Bay of Biscay. In this
study, four scenarios are developed: (1) a reference scenario based on the 2007-2016 environmental
conditions; (2) a climate change scenario (increased production and consumption rates of fish to reflect
rising sea temperature, presence of non-indigenous species and local distributions maps derived from
species distribution models); (3) an offshore wind farm scenario (a biofouling group, wind farm area
closed to fishing activities and increasing the area suitability for species likely to aggregate under the
turbines); (4) a cumulative effects scenario. The results are analyzed in terms of biomass and catches
within the wind farm and the surrounding area. The main findings were that (1) the arrival of non-
indigenous species could lead to a change in the structure of the local food web, resulting in a general
increase in fish biomass; (2) the attractiveness of the wind farm lead to a cascading effects; (3) the
combination of the wind farm and climate change could cause contrasting effects on biomass and
catches depending on the trophic groups, and a potential reorganization of the current food web.
These results reflect potential effects of floating wind farms on the structure of the food web that
should be considered in fisheries management scenarios in the context of a changing environment.

Keywords: ecosystem modeling, ecosystem approach, offshore wind farm, climate change, reef
effect, reserve effect, Non Indigenous Species

1. Introduction

Given the urgent need to address climate change and the growing world population, which is
leading to ever-increasing demand for energy, the development of renewable energies seems to be a
strategic choice for many countries. Offshore Renewable Energies (ORE), which include marine
renewable energies and offshore wind farms (OWF), are rapidly expanding in countries with sufficient
maritime space. The installation of ORE lead to changes in the ecosystem, the most-documented being
the reef effect, the aggregation effect, and the reserve effect (Hemery 2020). The reef effect is
characterized by the colonization of all submerged surfaces by organisms with at least one fixed life
stage (i.e. biofouling). The aggregation effect is due to the tendency of certain fish species, such as
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tuna or mackerel, to gather under floating structures, as well as to the protection offered by the new
habitat created by the reef effect, particularly for juvenile fish (Werner et al. 2024; Copping et al. 2021;
Reubens et al. 2011). Finally, the reserve effect is induced by the partial or total restriction of fishing
activities within the OWF for safety purposes, and can lead to an increase in species richness and
biomasses (Coates et al. 2016; Hammar et al. 2016). However, coastal waters are generally under
heavy pressure from fishing, leisure activities, shipping and aggregate extraction. Moreover, climate
change is a pressure that affects all trophic compartments and environmental parameters, and its
effects are already significant in many ecosystems (Kristiansen et al. 2024), such as changes in primary
production (Lotze et al. 2019) or shifts in species distribution (Lenoir et al. 2020). Additionally, there
are numerous environmental issues to contend with, notably the preservation of fragile habitats and
the protection of biodiversity. ORE must integrate into this multi-faceted context.

In light of the conservation opportunities created by ORE, it is essential to develop reliable
tools to support sector development for decision-makers by testing various management scenarios.
Today, given the high level of exploitation of coastal systems and the changes taking place there, it is
necessary to anticipate the cumulative effects before building new projects. The ecosystem approach,
a holistic environmental management method recommended by the Convention on Biological
Diversity (Borja et al. 2016), integrates all the biotic and abiotic components of the system. This
approach contrasts with the traditional management methods, which study pressure-receptor pairs
independently. Although more complex to implement and requiring extensive local data, it provides a
comprehensive view of the pressures generated by ORE on receptors, both directly and indirectly. The
ecosystem approach is particularly well-suited for studying coastal systems in a context of global
change and intense human activities, as seen in the Bay of Biscay (Pinarbasi et al. 2020).

This study examines the cumulative effects (both individually and in combination) of climate
change (Le Marchand et al. 2022) and the OWF on the local food web in the Bay of Biscay, where the
floating wind farm is proposed to be located in southern Brittany, off the islands of Groix and Belle-ile.
For this purpose, we use a method based on the Ecopath with Ecosim trophic model and its Ecospace
spatial module (Christensen et al. 2014). The Ecopath suite is frequently used to model issues related
to climate change (Corrales et al. 2018; Bentley et al. 2017; Libralato et al. 2015) and to ORE (Piits et
al. 2023; Salalin et al. 2023; Alexander et al. 2016). In this study, climate change is represented by the
arrival of subtropical non-indigenous species (NIS), the redistribution of local species following the
increase in water temperature and the physiological changes associated with this temperature rise.
The OWF is investigated by modeling the reef, aggregation and reserve effects. Four scenarios were
modeled: a reference scenario, a climate change scenario (CC), an offshore wind farm scenario (OWF)
and a cumulative effects scenario (CC+OWF). The modeling results are analyzed through two ecological
indicators: the biomasses of trophic groups and catches. We discuss afterwards the reliability of this
method by comparing the results obtained with in situ observations of wind farms and the results of
other models, in order to determine the applicability of the method to other case studies.

2. Material and method

2.1.  Study area
The Bay of Biscay is a large continental shelf in the north-east Atlantic, located to the west of
France. Covering an area of 80,000 km?, it slopes gently down to 200 meters depth, where the
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continental slope begins (Figure 1). The Bay of Biscay is subject to significant anthropogenic pressures:
it experiences intense fisheries, maritime transport, aggregate extraction, and military and tourism
activities. Additionally, the Bay of Biscay includes areas of environmental importance, featuring a wide
variety of benthic habitats and sediment types (mud, sand, rocks, seagrass, laminaria), spawning
grounds, nursery areas, as well as a rich biodiversity with a strong presence of top predators such as
sharks, cetaceans, and seabirds. Beyond these numerous pressures and marine uses, the effects of
climate change (rising sea water temperatures, arrival of non-native subtropical species, etc.) have
already been recorded (Chust et al. 2021).
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Figure 1: study area in the Bay of Biscay. The blue box corresponds to the location of the South Brittany
floating wind farm. The dark blue represents the areas inside the wind farm and the light blue represents the
adjacent area outside the wind farm.

The Bay of Biscay is France's leading fishing zone, with 320,000 tons of fish, molluscs and
crustaceans caught in 2021 (ICES, 2024). The main fish species targeted by fisheries include
anglerfishes (Lophius budegassa and Lophius piscatorius), hake (Merluccius merluccius), sole (Solea
solea), megrim (Lepidorhombus whiffiagonis), sardine (Sardina pilchardus), anchovy (Engraulis
encrasicolus), seabass (Dicentrarchus labrax), mackerel (Scomber scombrus), horse mackerel
(Trachurus trachurus), whiting (Merlangius merlangus) and blue whiting (Micromesistius poutassou).
The Bay of Biscay is also home to 6 of France's 10 largest fishing ports by tonnage of fish landed:
Lorient, Le Guilvinec, Saint-Jean-de-Luz, Saint-Guénolé, La Turballe and Les Sables d’Olonne. The main
fishing technics employed include bottom trawl, pelagic trawl, seine, line and longline.
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2.2. Ecopath

2.2.1. Presentation of the model
Ecopath is a trophic mass-balance model developed for aquatic resource management (Polovina
1984; Christensen et Walters 2004). It is based on two main equations that quantify the flows between
the different trophic groups in a food web (Pauly 1980). A trophic group is made up of several species
sharing the same prey and predators.
The first equation determines the production rate:

Production = fishery catch + predation mortality + net migration + biomass accumulation + other
mortality

Formally, for a trophic group i and a predator j, this equation is:
B;x (P/B);= Y, + 3(B; x (Q/B); x DC;) + Ex; + Bacc; + B{1 — EE;) x (P/B), (1)

where B is the biomass density (t.km2), P/B is the production rate (year?), Y is the total catch
(t.km2), Q/B is the consumption rate (year?), DC is the diet composition (DC;is the proportion of i in
the diet of j), Ex is the net migration rate (year?), Bacc is the biomass accumulation (year?), and EE is
the ecotrophic efficiency. The EE represents the part of the biomass group that is consumed or fished
and cannot be higher than 1. It can be adjusted by modifying the trophic group diet, in order to balance
the model.

The second equation determines the consumption rate:

Consumption = production + respiration + unassimilated food
Formally, this equation for a trophic group i and a predatorj is:

Bix (Q/B); = B; x (P/B); + R;+U; (2)
where R is the respiration (t.km2) and U is the unassimilated food rate.

The model presented in this study was derived from a previously published model (Le
Marchand et al. 2022), which itself was adapted from two other models on the Bay of Biscay (Lassalle
et al. 2011; Moullec et al. 2017) and represented an average situation for the years 2007 to 2016. It
compared different hypotheses regarding the arrival of Non-Indigenous Species (NIS) in the Bay of
Biscay in the context of increasing sea temperature. For the purpose of this study, the model was
modified into four scenarios to incorporate the required parameters for the four hypotheses
(reference, CC, OWF and CC+OWF; Table 1).

2.2.2.5Scenarios
The reference scenario, without climate change neither offshore wind farms, has 44 trophic
groups (Appendix A): 4 homeotherm groups, 13 monospecific fish groups targeted by fishing activities,
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8 multispecific fish groups, 2 cephalopod groups, 8 benthic invertebrate groups, 3 zooplankton groups,
3 phytoplankton groups, 1 bacterial group and 2 non-living groups (discards and detritus). Data on
biomass, P/B and Q/B and diets come from the reference hypothesis model of Le Marchand et al (2022)
(Appendix B).

The OWF scenario (Table 1) uses the values from the reference scenario, with the addition of
a "biofouling" trophic group, composed mainly of filter-feeding species, such as mussels. Its P/B, Q/B
and diet are identical to those of the "Surface suspension & deposit feeders" group (Appendix B). Its
initial biomass in Ecopath is 0.01 t.km2 and is forced to increase in Ecosim (see next section).

The CC scenario (Table 1) is built upon the reference scenario by adding eight trophic groups
of NIS fish (3 monospecific groups (Sardinella aurita, Trachurus tracae and Merluccius senegalensis)
and 5 multispecific groups(flatfishes, demersal benthos feeders, demersal piscivorous, pelagic
piscivorous and pelagic planktivorous) whose biomasses were estimated by Ecopath (EE = 0.95). Data
on P/B and Q/B and diets for NIS are sourced from Le Marchand et al (2022), which studied different
hypotheses for the arrival of NIS in the Bay of Biscay food web. Additionally, the CC scenario includes
increased P/B and Q/B values for local fish to simulate the effect of increased sea temperature on fish
metabolisms under the RCP8.5 scenario (Hoegh-Guldberg et al. 2018; Appendix B).

The CC+OWF scenario (Table 1) incorporates parameters from both the CC and OWF scenarios.
It includes 53 trophic groups (44 from the reference scenario, 1 biofouling group and 8 NIS groups),
along with increased P/B and Q/B of local fish (Appendix B).

The model also includes 11 fishing fleets, with landings and discards data sourced from Le
Marchand et al (2022). Since our hypotheses do not account for temporal changes in fishing pressure,
these values remain consistent across all scenarios, and NIS are fished in the same manner as local
species (Appendix C).

Finally, once balanced, the four scenarios were evaluated using a prebal diagnostic. This procedure
ensures that the model's main parameters adhere to the guidelines established by Link (2010), thereby
confirming the model's robustness (Appendix D).

2.3.  Ecosim

2.3.1. Presentation of the model
Ecosim is a dynamic module of Ecopath that models the temporal evolution of biomasses and
catches. It is based on a main equation that defines the growth rate for a trophic group i and a predator
J:
dB;/dt =G, 3; Q- 3; Qs+ ;- (M; + F; + E) B; (3)

where G is the net growth efficiency (year?), | and E are the immigration and emigration rates (year?),
M is the natural mortality (year?), and F is the fishing mortality (t.year?') (Walters et al. 1997;
Christensen et Walters 2004). The consumption rates Q is modeled following the concept of foraging
arena (Ahrens et al. 2012). In this theory, the biomass of the trophic group i is divided between the
vulnerable fraction Vi, meaning the prey is available for predators, and the non-vulnerable fraction B/
— Vi, meaning the prey is not available. When the vulnerability index is low, the interaction is
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considered bottom-up controlled. When the vulnerability index is high, the interaction is considered
top-down controlled.

The model was calibrated for the period from 2007 to 2016 and then projected to 2050. To
reproduce historical values, several times series of biomass, catches and primary production were used
to fit the model. The biomass and catch data were calculated similarly to the Ecopath input data (Le
Marchand et al. 2022): the biomass data was derived from stock estimates provided by the ICES (ICES,
2020) for the main commercial species in the Bay of Biscay, while catch data were obtained from ICES,
which provides total biomass caught for each species annually in areas 8a and 8b. Monthly primary
production was also incorporated as a forcing function on phytoplankton groups. Satellite data were
extracted for the years 2007 to 2016
(http://orca.science.oregonstate.edu/1080.by.2160.monthly.hdf.cafe.m.php), and daily values were
aggregated across the Bay of Biscay to obtain mean monthly values.

2.3.2. Reef effect

Ecosim was also employed to simulate the reef effect in the OWF and CC+OWF scenarios (Table
1), through the increased biomass of the "biofouling" trophic group. The theoretical biomass used in
this model was calculated based on the dimensions of the wind turbines initially planned for the Groix-
Belle-lle pilot farm (Appendix E), that has since been canceled: semi-submersible floats consisting
made up of three 9 meters in diameter columns immersed over 18 meters and each anchored by two
0.475-metre wide chains, as well as a central column supporting the wind turbine, 10 meters in
diameter and immersed over 18 meters. The columns are connected to the central column by 3
rectangular bases measuring 10*8*21 meters. The surface area theoretically colonizable by biofouling
per floating wind turbine was calculated to be 7216 m? (float + cables). The biomass of fixed species
was estimated at 10 kg.m2 in the euphotic zone (the floats and the first twenty meters of cables)
(Castric & Chasse 1991), as artificial reefs are typically colonized similarly to natural rocks (Coolen et
al. 2020). In the case of complete colonization of submerged surfaces by fixed organisms, this
estimation gives 72 tons of biofouling per wind turbine. With a spatial coverage of 1.5 km? per wind
turbine, these estimates represent a biomass of 48 t.km-? at the offshore wind farm site. This high
biomass is made possible by the large vertical surface area that can be colonized.

A forcing function was applied to increase the biomass of biofouling from 0.01 t.km? to 48
t.km? between 2025 and 2028 to simulate the installation of a floating wind farm in 2025, maintaining
this biomass level until 2050. The model was calibrated using the "fit to time series" of Ecosim, which
calculates the vulnerabilities of each species so that the values estimated by Ecosim are as close as
possible to the integrated time series.

2.4. Ecospace

2.4.1. Presentation of the model
The Ecospace module inherits data from Ecosim and projects it onto a two-dimensional map
representing the entire study area. This map consists of a grid of cells, each assigned specific
environmental values. Using this information, Ecopath calculates a new food web for each cell, with
biomass values estimated based on the environmental data. Each trophic group is assigned a dispersal
rate, allowing biomass to move between cells according to the mobility of the organisms (Appendix
G).
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For this study, the base map is a grid of 232x255 cells (59,160 cells), of which 40,764
correspond to the continental shelf. Each cell has a surface area of 5.06 km? (2.25 km size). Depth,
primary production and sediment maps (rocks, coarse sediment, sand, fine sand, sandy mud, mud and
muddy sand) were added as environmental data. The area chosen for the offshore wind farm's location
was placed within the zone defined for the future South Brittany floating wind farm, situated 36 km
from Lorient. The wind farm modeled in this study covers an area of 45 km?, corresponding to 9 cells
of the Ecospace grid.

2.4.2. Climate change simulation

To simulate the CC and CC+OWF scenarios, Ecospace was forced by the results of niche models
for local species and NIS (Le Marchand et al. 2020), following the method established by Coll et al.
(2019) and Bourdaud et al. (2021). This method consists of creating an environment suitability map for
each trophic group, where the value of each cell corresponds to the probability of species presence or
the average probabilities of presence for species in the trophic group predicted for 2050 under the
RCP8.5 scenario, estimated by modeling its potential ecological niche (Le Marchand et al. 2022). Each
created map is then indicated as the preferred habitat for the corresponding group in the "Habitat
foraging usage" section. This input allows the model to define the spatial abundance of each trophic
group for each grid cell (Christensen et al. 2014). The values vary from 0 to 1, depending on the degree
of affinity of the trophic group for the environmental variables presented in the cell, 1 means that the
cell is very favorable to the organism, resulting in high biomass.

2.4.3. Wind farm simulation

The OWF and CC+OWF scenarios were simulated based on two parameters: the reserve effect
and the aggregation effect. The reserve effect was modeled by simulating no fishing activities inside
the wind farm. In addition, species with a tendency to aggregate around wind turbines or under floats
(horse mackerel, mackerel, pouts, pelagic piscivorous, pelagic planktivorous (Dempster, 2005;
Reubens et al. 2013; Moreno et al. 2016)) were given a favorability of 1 in the wind farm zone. An
environment suitability map specific to the "biofouling" trophic group, restricted to the wind farm area,
was also created and indicated as preferential habitat in the "Habitat foraging usage" section.

Table 1: parameters modeled for each scenario: reference, climate change (CC), wind farms (OWF) and
cumulative effects (CC+OWF).

Scenario Ecopath Ecosim Ecospace
Biofouling P/B and Biofouling Loca.le NIS | Favorability (fish | Fisheries
(0.01 t.km2) NIS . /B forced specles maps | and biofouling) | restriction
increased | (48 t.km?) | maps
Reference X
cC X X X X
OWEF X X X X X
CC+OWE X X X X X X X X
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2.5.  Achieving results

2.5.1. Biomasses and catches
Once parameterized, the model was projected over 34 years, with biomass and catches data
recorded annually in the Bay of Biscay cells for all trophic groups. Only the last ten years were retained
to ensure a stabilized system. These years were averaged to limit interannual variations. The results
obtained are thus averages of biomass and catches for all trophic groups across all model cells, for
each of the four scenarios.

Projected decadal biomasses and catches for each trophic group were extracted for the nine cells
affected by the wind farm, as well as for the 16 neighboring cells around the wind farm. The data were
then summed for each of these areas (within and outside the wind farm).

To study the changes induced within the wind farm and its surrounding area, an anomaly (in
percentage) was calculated between the reference scenario and each of the three scenarios studied.
The results presented in this study correspond to decadal biomass and catches anomalies in the areas
studied (within and around the wind farm), compared with the reference scenario. For greater clarity,
the trophic groups have been grouped into six assemblages (i.e. demersal fish, pelagic fish, piscivorous
fish, benthos feeder fish, marine mammals & birds and benthic invertebrates - Appendix F). The
biofouling trophic group was not integrated in the results. The results for each trophic group are
presented in appendix H and .

2.5.2. Cumulative effects assessment
To understand the effects of the CC+OWF scenario, the biomass and catches anomalies of the CC
and OWF scenarios were summed and compared with the anomalies obtained with the CC+OWF
scenario (Figure 2). If the addition of the two scenarios gives a higher result, either positive or negative,
the cumulative effects scenario is said to be "dampened"; if the addition of the two scenarios gives a
lower result, the cumulative effects scenario is said to be "synergistic"; if the addition of the two
scenarios gives an opposite result, the cumulative effects scenario is said to be "antagonistic".

1
\
1
o No cumulative
Additive I ]
. effects
_ i
!
Dampened | S
1
| Positive
Synergistic .-:| cumulative
' effects
]
. Antagonistic -:!
.
‘ i
/ |
Dampened +:l
I
I -:II Negative
Synergistic i cumulative
1
1 effects
1
. Antagonistic | _:
1
I
0

Figure 2: Conceptual diagram representing the results of the addition of two effects (black and white bars), compared with
the results of a scenario of cumulative effects (black vertical lines) on a biological indicator, and the term associated with each
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case, used in figures 4 and 5. This graphic representation follows the broad lines of diagrams from the literature on cumulative
effects (Halpern et al. 2008), applied to the specific characteristics of offshore wind farms and climate change (Nogues et al.
2023).

3. Results
The PREBAL analysis indicated that 13 out of 16 conditions are met for the reference scenario,
OWEF and CC+OWF, and 12 out of 16 conditions are met for the CC scenario (Appendix D).

3.1. Effects on biomasses
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Figure 3: Relative biomasses change (in %) of the six assemblages (Appendix F) compared with the reference
scenario for each scenario (CC, OWF and CC+OWF). The dark blue bars represent the areas inside the wind farm
and the light blue bars represent the adjacent area outside the wind farm. Detailed information by species are
given in the appendix H. The dotted lines correspond to the sum of results of CC and OWF scenarios, to compare
the additive effects to the cumulative effects scenario CC+OWF.

The CC scenario positively influenced the biomass of demersal (+9% compared to the reference
scenario), pelagic (+55%) and piscivorous fish (+59%). It also resulted in a 5% increase in the biomass
of benthic invertebrates (Figure 3). Conversely, it lead to a decline in the biomass of benthos feeders
fish (-4%), especially sole (-64%), plaice (-64%), and pouts (-75%) (Appendix H) as well as marine
mammals and seabirds (-1%), notably toothed whales (-7%, Appendix H).

Under the OWF scenario, relative biomass differences are estimated between the inside of the
wind farm (“in” zone - dark blue in Figure 3) and the outside the wind farm (“out” zone - light blue in
Figure 3). Both inside and outside the wind farm, the relative biomass of pelagic fish (+65% and +19%
respectively), piscivorous fish (+82% and +18%), and marine mammals and birds (+3%) increased.
Demersal fish and benthos feeders increased in biomass inside the wind farm and decreased outside
the wind farm (respectively +18% and -31% for demersal fish, and +10% and -39% for benthos feeders).



326
327

328
329
330
331
332
333
334
335
336

337

338

339
340

341
342
343
344

345
346
347
348
349
350

In contrast, benthic invertebrates exhibited a decrease inside (-1%) and an increase outside the wind
farm (+3%).

The CC+OWF scenario (Figure 3) demonstrated a positive synergy in the biomasses of fish
groups within the wind farm: demersal (+85% compared to the reference scenario), pelagic (+191%),
piscivorous (+229%), and benthos feeders (+72%). However, it showed a negative antagonism in the
biomass of marine mammals and birds (-2%) and benthic invertebrates (-10%). Outside the wind farm,
no synergy was observed. The cumulative effects on pelagic fish (+59%), piscivorous fish (+52%), and
benthic invertebrates (+8%) resulted in a positively dampened effect on their biomasses while
demersal fish experienced a positive antagonistic effect (+1%). Conversely, this scenario caused a
negatively dampened effect on the biomass of benthos feeder fish (-10%) and a negative antagonistic
effect on the biomass of marine mammals and birds (-2%).

3.2. Effects on catches
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Figure 4: relative catches change (in %) of the six assemblages (Appendix F) compared to the reference scenario
for each tested scenario (CC, OWF and CC+OWF). Only the area outside, adjacent to the wind farm, is shown,
based on the assumption that the wind farm would be completely closed to fishing. Details by species are
provided in appendix |. The dotted lines correspond to the sum of results of CC and OWF scenarios, to compare
the additive effects to the cumulative effects scenario CC+OWF.

The CC scenario has positive impacts on the relative catches (Figure 4) of demersal fish (+34%
compared to the reference scenario), pelagic fish (+84%), and piscivorous fish (+64%). However, it
negatively affects the relative catches of benthos feeder fish (-21%), particularly sole (-60%), plaice (-
58%), megrim (-13%), and pouts (-73%) (Appendix 1), as well as benthic invertebrates (-20%), mainly
due to the decline in catches of benthic cephalopods (-30%).
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The OWF scenario had a positive effect on the relative caches of pelagic fish (+15%),
piscivorous fish (+14%), and benthic invertebrates (+17%), while it negatively impacts demersal fish (-
14%) and benthic feeder fish (-49%).

For the CC+OWF scenario, the cumulative effects on relative catches follow a similar trend as
those on relative biomasses for pelagic fish (+78% - positively dampened), piscivorous fish (+58% -
positively dampened) and benthos feeder fish (-36% - negatively dampened). The cumulative effects
on the relative catches of demersal fish resulted in a positive synergy (+24%) and a negative synergy
on the catches of benthic invertebrates (-13%).

3.3. Effects of NIS arrivals
The biomass and catches estimated by the model for NIS over the period and the area studied
were high (Table 2). For the CC scenario, the NIS biomass corresponded to 27% of the total fish biomass
in the area and the catches corresponded to 36% of the total catches around the wind farm. For the
CC+OWF scenario, the NIS biomass corresponded to 36% of the total biomass, and the catches
corresponded to 37% of the total catches around the wind farm. These values revealed that NIS
accounted for a significant proportion of the increases in biomass and catches estimated above.

Table 2: average biomasses (t.km2) and catches (t.km=2) of the 8 NIS groups estimated by the model
over the period 2040-2049, for the two scenarios incorporating these groups: CC and CC+ OWF.

Biomasses Catches
NIS CcC CC+OWF cc CC+OWF
Merluccius senegalensis 4.48 4.35 3.75 3.57
Trachurus tracae 8.08 61.91 0.61 0.57
Sardinella aurita 12.51 12.31 5.21 5.07
Flatfishes 5.82 2.64 0.20 0.10
Demersal benthos feeders 23.21 46.32 0.74 0.83
Demersal piscivorous 10.33 20.45 1.33 1.39
Pelagic piscivorous 0.78 1.74 0.32 0.34
Pelagic planktivorous 2.9 8.85 0.17 0.21
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4. Discussion

4.1. Limits of the study

In this study, we examine two pressures: climate change and the installation of a floating wind
farm, using the Ecopath with Ecosim suite and its Ecospace spatial module. To model these pressures,
we test four scenarios: a reference scenario, a climate change scenario (including the arrival of NIS,
redistribution of local species, and increase in fish production and consumption parameters), a wind
farm scenario (incorporating a biofouling trophic group for the reef effect, enhanced area favorability
for certain fish species exhibiting aggregation behavior, and the closure of the wind farm area to fishing
activities for the reserve effect), and a scenario combining the cumulative effects of climate change
and the wind farm.

First, we must point out several limitations that should be considered when interpreting the
results. Beyond the usual limitations of ecosystem models (Steenbeek et al. 2021), from which Ecopath
is no exception, such as gaps in knowledge, input precision, and the need to account for uncertainty,
the methodology we developed here has its own specific limitations. To begin with, accounting for the
reef effect is an essential parameter. This issue, common to offshore wind farms, has been extensively
studied (Werner et al. 2024; Nall et al. 2017; Coates et al. 2014). In our model, biofouling has been
integrated through a specific group composed of fixed filter-feeding organisms, whose biomass has
been drastically increased in Ecosim, and confined to the wind farm area in Ecospace. However, the
literature indicates that the colonization of submerged structures is more complex, featuring rich
specific diversity that varies greatly depending on the location of the sites, depth, and seasonality
(Zupan et al. 2023; De Mesel et al. 2015). Consequently, biofouling biomasses and species
compositions might vary significantly (Degraer et al. 2020). Given the structuring role of these
organisms, we need to refine our knowledge and integrate these biomass variations into trophic
models. To this end, the spatial-temporal framework implemented in the ecospace module (Steenbeek
et al. 2013) could greatly improve the modeling of biofouling development via the implementation of
local biomass maps at different time steps, which would integrate fine-scale temporal variations. This
module could also be used to better incorporate the effects of climate change on the distribution of
local species. This method takes into account the probability of presence of the species and projects a
redistribution of the initial biomass and habitat preferences over the study area (Bourdaud et al. 2021),
while the spatial-temporal framework could permit introducing this sequentially. Next, we included
NIS in our study because it is undeniable that climate change is causing species to move towards the
poles, leading to a tropicalization of communities in the Bay of Biscay (Montero-Serra et al. 2015;
Vergés et al. 2014). However, these species are difficult to integrate into Ecopath for two main reasons:
their future biomass remains unknown, which conditions their impact on the food web. Moreover,
diets in Ecopath are fixed and don't take into account the opportunistic predation in. To overcome
these constraints, we allowed Ecopath to estimate the NIS biomasses and manually set up the diets
(Le Marchand et al. 2022). By doing this, we have directly modified the structure of the model for each
of the results.

Finally, the trophic model we developed was designed on the scale of the Bay of Biscay
continental shelf. While this scale is ideal for studying the effects of species displacement on food
webs, it is debatable whether it is perfectly suited to smaller-scale issues, such as wind farms. Here,
we have zoomed into the study area. However, the model resolution (5.06 km? - 2.25 km size) is quite
large. A smaller spatial grid would allow better characterization of the flows at the scale of the wind
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farm, in particular to get a better spatial definition of any spillover generated by the reserve effect.
The limitations related to the scale and resolution of Ecospace have also been pointed out in other
ORE studies (Alexander et al. 2016).

4.2. Changes in communities as a result of climate change

The trophic assemblages we modeled were projected to differently react to the CC scenario.
As already discussed in the previous study presenting the niche model maps integrated here (Le
Marchand et al. 2020), the redistribution of local species following the increase in water temperature
is mainly observed in benthos feeders demersal fish. Indeed, bottom-dwelling species were projected
to shift westward to find more suitable temperatures at depth (Lenoir and Svenning 2015; Dulvy et al.
2008). This results in a drop in the biomass of flatfish species, particularly sole, plaice and megrim
(Appendix H). The strong impact of climate change on flatfish populations has already been noticed in
the Bay of Biscay (Hermant et al. 2010). The direct consequence is an increase in the biomass of
carnivorous and necrophagous species (Appendix H), for which flatfish are the main predators. On the
other hand, while a general increase in the biomass of benthic invertebrates has been demonstrated
with the CC scenario, the trends vary from one trophic group to another, reflecting the changes in
trophic flows caused by this shift in communities (Pecl et al. 2017).

At the same time, the arrival of pelagic (i.e. Sardinella aurita) and piscivorous (i.e. Trachurus
tracae) NIS also leads to modification in the local food web (Libralato et al. 2015). The NIS biomasses
estimated by the model in this study are very high and seem to play a major role in the increased
biomass and catches that result from the CC and CC+OWF scenarios. A decrease in the biomass of
toothed whales is assessed under the CC scenario, probably due to increased trophic competition from
the arrival of new piscivores. The arrival of these new piscivore fishes directly impacts the catches of
benthic and pelagic cephalopods.

4.3. Complex changes in the food web caused by the wind farm.

In this study, we were able to integrate both reef and aggregation effects. The aggregation
effect was directly modeled using the habitat foraging tool, which increases the favorability of the site
for species that tend to congregate under floating structures. The species are mainly pelagic, and
therefore highly mobile, allowing them to gravitate around the wind farm in areas open to fishing. The
reef effect was estimated by the sharp increase in biofouling biomass in the wind farm (Wilhelmsson
and Malm 2008). This had the indirect effect of modifying the food web flows within the site,
demonstrating the attractiveness of the wind turbines for benthos feeder species not subject to the
aggregation effect (Werner et al. 2024; Bergstrém et al. 2013). Indeed, the attractiveness of mobile
species due to the reef effect has already been recorded and modeled in offshore wind farms (Zupan
et al. 2023; Salaiin et al. 2023; van Hal et al. 2017). A study in the North Sea has demonstrated that
offshore wind farms built on soft sediment have a positive influence on plaice populations, due to the
abundance of food and the restriction of fishing activities (Buyse et al. 2023). In the same way, a
relatively small biomass increase of demersal benthos feeders within the wind farm has been already
recorded in the Baltic Sea (De Troch et al. 2013; Wilhelmsson et al. 2006). In our study, this
attractiveness induces a trophic cascade resulting in a decrease in the biomass of benthic invertebrates
inside the wind farm. Another indirect effect of this attractiveness due the reef effect is an increase in
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the biomass of benthic invertebrates outside the wind farm, leading to larger catches of benthic
cephalopods, Norway lobsters, and large crustaceans in these areas. On the other hand, the result on
pouts is unexpected (Appendix H) as a sharp decrease in their biomass is assessed inside the wind farm,
despite the fact that this species is subject to the aggregation effect and is a major predator of
biofouling (Reubens et al. 2013; Reubens et al. 2011). This result could be explained by significant
predation pressure exerted on this species by piscivorous demersal fish, whose biomass increased in
the wind farm.

The reef and aggregation effects make the wind farm attractive to mammals and seabirds,
whose biomass was projected to increase in the OWF scenario. It is therefore difficult to distinguish
the part due to the reef effect and the part due to the aggregation effect, nevertheless the installation
of the wind farm leads to a strong reorganization of the local food web (Raoux et al. 2017). Additionally,
the increase in biomass and catches of species that are not subject to the aggregation effect and do
not consume biofouling, such as sardines and anchovies, could reflect a reserve effect (Lester et al.
2009). In the same way, Alexander et al. (2016) used species percentage biomass to estimate changes
after a 25-year projection period following the installation of ORE devices closed to fisheries. They
assessed an increase in monkfish (Lophius piscatorius and L. budegassa), edible crabs (Cancer pagurus)
and lobster (Homarus gammarus) biomasses, due to a strong reserve effect.

4.5. Local mitigation of climate change through wind farm stronger effects.

To evaluate the combined impacts of the wind farm and climate change on food webs, we
conducted an analysis of the cumulative effects between the CC and OWF scenarios compared to the
relative differences obtained under the CC+OWF scenario. This approach aligned with the
methodology of Nogues et al. (2023). Our results revealed significant variability in cumulative effects,
with indications that the wind farm exerted more pronounced overall effects—both beneficial and
detrimental. Although Ecopath is regularly employed to model pressures on marine ecosystems,
particularly in combination with climate change, the cumulative effects of renewable energies with
other pressures remain little studied to date (Stock et al. 2023).

Within the wind farm, the aggregation of species and the reef effect significantly outweighed
the localized impacts of climate change. The arrival of NIS further boosted fish biomass in groups
already benefiting from increased prey availability and shelter provided by the wind farm, particularly
enhancing benthic feeder fish populations at local scale. While benthos feeder fish experienced
negative impacts from climate change alone, the cumulative effect was positive, suggesting a local
compensation for biomass losses due to climate impacts through the wind farm's habitat
attractiveness on some species. In contrast, the cumulative impacts on benthic invertebrate biomass
within the wind farm had a negative antagonistic trend, implying that the predation pressure induced
by the wind farm mitigated the positive effects of climate change at local scale. OQutside the wind farm,
the cumulative effects are positive for demersal, pelagic, and piscivorous fish. The arrival of NIS and
the redistribution of local species would compensate for the decrease in demersal biomass outside the
wind farm indirectly caused by its attractiveness (reef and aggregation effects). Moreover, the high
dispersal rate of pelagic species, which are highly mobile, would explain the increase in their biomass
around the wind farm. This displacement could be explained by the large amount of prey within the
wind farm. Regarding the biomass of benthic invertebrates outside the wind farm, cumulative effects
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are positively moderated due to a reduced predation pressure facilitated by the redistribution of
benthos feeder species and the attractiveness of the wind farm.

On the contrary, for mammals and seabirds, climate change appears to exert a more significant
influence on biomasses both within and outside the wind farm, leading to antagonistic cumulative
effects. This suggests that the attraction of the wind farm does not offset the biomass declines caused
by climate change. This outcome underscores a recurring issue addressed in previous studies
concerning the effectiveness of marine protected areas in benefiting highly mobile marine species
(Wilson, 2016). In addition, the study does not take account of all the effects of the wind farm, as for
example the potential avoidance of the area due to noise emissions, particularly by top predators such
as cetaceans and seabirds (Cook et al. 2018; Serpetti et al. 2021). Wind farms could also lead to changes
in biogeochemistry (Daewel et al. 2022), with knock-on effects throughout the food web, particularly
in bottom-up systems. By modeling these effects in addition, the wind farm's failure to compensate
for climate change could be even more pronounced. In order to properly understand the changes
brought about by a wind farm in the ecosystem, it is necessary to study these little-known effects, and
to quantify them so that they can be included in future studies on the cumulative effects of wind farms.

Finally, the cumulative effects on catches for demersal, pelagic and piscivorous fish are
positive, reflecting increased biomasses outside the wind farm. Conversely, cumulative effects on
benthos feeder fish were modeled as negatively dampened, consistent with their decreased biomass
outside the wind farm. These changes could have consequences for traditional fisheries, by reducing
fishing pressure on benthos feeders, particularly flatfish. Besides, a study in the North Sea suggests
that the installation of wind farms could alter the population dynamics of flatfish by affecting
recruitment (Barbut et al. 2020). The fishing pressure could be shifted to pelagic fish, which seem to
gravitate around wind farms, and whose biomass could increase with the arrival of NIS. This change in
fishing strategies could compensate for the losses modeled in this study. Thus, cumulative effects on
catches of benthic invertebrates exhibit negative synergistic trends. Finally, it should be noted that we
have considered here that NIS would be of the same commercial interest as local species, but it is
possible that this will not be the case, which would de facto modify local catches. Also in this study,
only the hypothesis of a ban of fishing activities inside the wind farm was modeled. However, different
hypotheses could be tested, such as the partial opening of the wind farm or the authorisation of certain
static fisheries, such as lines or traps, whose great potential has been demonstrated in the North Sea,
but whose feasibility needs to be explored in terms of both benefits and safety (Bonsu et al. 2024).

5. Conclusion

The ecosystem approach is an environmental management method that enables the modeling
of management scenarios integrating all ecosystem components. In this study, we used the Ecopath
with Ecosim trophic model, to assess two current pressures on the Atlantic coast: climate change and
the exploitation of an offshore wind farm, both individually and in combination. This approach has
demonstrated efficacy, yielding results consistent with findings from analogous studies or empirical
observations. Particularly notable are the impacts on communities triggered by climate change,
including the introduction of NIS and shifts in the distribution of local species. The study also identifies
significant alterations in species composition and biomasses inside and outside the wind farm area,
attributable to reef effect, aggregation dynamics, and reserve effect. It should be noted, however, that
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the two pressures do not act on the same spatial scale: the effects of offshore wind farms remain
localized, whereas climate change acts on a global scale. While ORE are a solution, it is still necessary
to reduce consumption.

Acknowledgements

This work was completed as part of the projects APPEAL (reference ANR- 10-IED-0006-25) and
NESTORE (reference ANR-10-IEED-0006-34), which benefited from France Energies Marines and State
funding managed by the French National Research Agency under the Investments for the Future
program. M. Le Marchand also benefited from regional funding from Région Bretagne.

References

Ahrens, Robert N M, Carl J Walters, and Villy Christensen. 2012. « Foraging Arena Theory ». Fish and
Fisheries 13 (1): 41-59. https://doi.org/10.1111/j.1467-2979.2011.00432 x.

Alexander, Karen A., Sophie A. Meyijes, and Johanna J. Heymans. 2016. « Spatial Ecosystem Modelling
of Marine Renewable Energy Installations: Gauging the Utility of Ecospace ». Ecological Modelling
331: 115-28. https://doi.org/10.1016/j.ecolmodel.2016.01.016.

Bentley, Jacob W., Natalia Serpetti, and Johanna Jacomina Heymans. 2017. « Investigating the
Potential Impacts of Ocean Warming on the Norwegian and Barents Seas Ecosystem Using a Time-
Dynamic Food-Web Model ». Ecological Modelling 360: 94-107.
https://doi.org/10.1016/j.ecolmodel.2017.07.002.

Bergstrom, Lena, Frida Sundqvist, and Ulf Bergstrom. 2013. « Effects of an Offshore Wind Farm on
Temporal and Spatial Patterns in the Demersal Fish Community ». Marine Ecology Progress Series
485: 199-210. https://doi.org/10.3354/meps10344.

Bonsu, Prince Owusu, Jonas Letschert, Katherine L. Yates, Jon C. Svendsen, Jorg Berkenhagen, Marcel
J.C. Rozemeijer, Thomas R.H. Kerkhove, Jennifer Rehren, and Vanessa Stelzenmiiller. 2024. « Co-
Location of Fisheries and Offshore Wind Farms: Current Practices and Enabling Conditions in the
North Sea ». Marine Policy 159:105941. https://doi.org/10.1016/j.marpol.2023.105941.

Borja, Angel, Michael Elliott, Jesper H. Andersen, Torsten Berg, Jacob Carstensen, Benjamin S.
Halpern, Anna-Stiina Heiskanen, Samuli Korpinen, Julia S. Stewart Lowndes, Georg Martin and Naiara
Rodriguez-Ezpeleta. 2016. « Overview of Integrative Assessment of Marine Systems: The Ecosystem
Approach in Practice ». Frontiers in Marine Science 3. https://doi.org/10.3389/fmars.2016.00020.

Bourdaud, Pierre, Frida Ben Rais Lasram, Emma Araignous, Juliette Champagnat, Samantha Grusd,
Ghassen Halouani, Tarek Hattab, Boris Leroy, Quentin Nogues, Aurore Raoux, Georges Safi and
Nathalie Niquil. 2021. « Impacts of Climate Change on the Bay of Seine Ecosystem: Forcing a
Spatio-temporal Trophic Model with Predictions from an Ecological Niche Model ». Fisheries
Oceanography, fog.12531. https://doi.org/10.1111/fog.12531.

Buyse, Jolien, Kris Hostens, Steven Degraer, Marleen De Troch, Jan Wittoeck, and Annelies De Backer.
2023. « Increased Food Availability at Offshore Wind Farms Affects Trophic Ecology of Plaice


https://loop.frontiersin.org/people/36003
https://loop.frontiersin.org/people/36003

582
583

584
585
586

587
588
589

590
591
592

593
594
595

596
597
598

599
600
601
602

603
604
605
606

607
608
609
610

611
612
613
614

615
616
617
618

619
620

Pleuronectes Platessa ». Science of The Total Environment 862: 160730.
https://doi.org/10.1016/]j.scitotenv.2022.160730.

Castric, Annie, and Claude Chasse. 1991. « Factorial Analysis in the Ecology of Rocky Subtidal Areas
Near Brest (West Brittany, France) ». Journal of the Marine Biological Association of the United
Kingdom 71 (3): 515-36. https://doi.org/10.1017/50025315400053121.

Christensen, Villy, and Carl J Walters. 2004. « Ecopath with Ecosim: Methods, Capabilities and
Limitations ». Ecological Modelling 172 (2-4): 109-39.
https://doi.org/10.1016/j.ecolmodel.2003.09.003.

Christensen, Villy, Marta Coll, Jeroen Steenbeek, Joe Buszowski, Dave Chagaris, and Carl J. Walters.
2014. « Representing Variable Habitat Quality in a Spatial Food Web Model ». Ecosystems 17 (8):
1397-1412. https://doi.org/10.1007/s10021-014-9803-3.

Chust, Guillem, Manuel Gonzélez, Aimudena Fontan, Marta Revilla, Paula Alvarez, Maria Santos, Unai
Cotano, et al. 2021. « Climate Regime Shifts and Biodiversity Redistribution in the Bay of Biscay ».
Science of The Total Environment, 149622. https://doi.org/10.1016/].scitotenv.2021.149622.

Coates, Delphine A., Yana Deschutter, Magda Vincx, and Jan Vanaverbeke. 2014. « Enrichment and
Shifts in Macrobenthic Assemblages in an Offshore Wind Farm Area in the Belgian Part of the North
Sea ». Marine Environmental Research 95:1-12. https://doi.org/10.1016/j.marenvres.2013.12.008.

Coates, Delphine A., Danae-Athena Kapasakali, Magda Vincx, and Jan Vanaverbeke. 2016. « Short-
Term Effects of Fishery Exclusion in Offshore Wind Farms on Macrofaunal Communities in the Belgian
Part of the North Sea ». Fisheries Research 179: 131-38.
https://doi.org/10.1016/].fishres.2016.02.019.

Coll, Marta, Maria Grazia Pennino, Jeroen Steenbeek, Jordi Sole, and José Maria Bellido. 2019. «
Predicting Marine Species Distributions: Complementarity of Food-Web and Bayesian Hierarchical
Modelling Approaches ». Ecological Modelling 405 (a):86-101.
https://doi.org/10.1016/j.ecolmodel.2019.05.005.

Cook, Aonghais S.C.P., Elizabeth M. Humphreys, Finlay Bennet, Elizabeth A. Masden, and Niall H.K.
Burton. 2018. « Quantifying Avian Avoidance of Offshore Wind Turbines: Current Evidence and Key
Knowledge Gaps ». Marine Environmental Research 140:278-88.
https://doi.org/10.1016/j.marenvres.2018.06.017.

Coolen, Joop W P, Babeth van der Weide, Joél Cuperus, Maxime Blomberg, Godfried W N M Van
Moorsel, Marco A Faasse, Oscar G Bos, Steven Degraer, and Han J Lindeboom. 2020. « Benthic
Biodiversity on Old Platforms, Young Wind Farms, and Rocky Reefs ». ICES Journal of Marine Science
77 (3): 1250-65. https://doi.org/10.1093/icesjms/fsy092.

Copping, Andrea E., Lenaig G. Hemery, Haley Viehman, Andrew C. Seitz, Garrett J. Staines, and Daniel
J. Hasselman. 2021. « Are Fish in Danger? A Review of Environmental Effects of Marine Renewable
Energy on Fishes ». Biological Conservation 262: 109297.
https://doi.org/10.1016/j.biocon.2021.109297.

Corrales, Xavier, Marta Coll, Eyal Ofir, Johanna Jacomina Heymans, Jeroen Steenbeek, Menachem
Goren, Dor Edelist, and Gideon Gal. 2018. « Future Scenarios of Marine Resources and Ecosystem



621
622

623
624
625

626
627
628
629

630
631
632

633
634
635

636
637
638

639
640
641
642

643
644
645

646
647
648

649
650
651

652
653
654

655
656

657

658
659

Conditions in the Eastern Mediterranean under the Impacts of Fishing, Alien Species and Sea
Warming ». Scientific Reports 8 (1): 14284. https://doi.org/10.1038/s41598-018-32666-X.

Daewel, Ute, Naveed Akhtar, Nils Christiansen, and Corinna Schrum. 2022. « Offshore Wind Farms
Are Projected to Impact Primary Production and Bottom Water Deoxygenation in the North Sea ».
Communications Earth & Environment 3 (1): 292. https://doi.org/10.1038/s43247-022-00625-0.

De Mesel, lIse, Francis Kerckhof, Alain Norro, Bob Rumes, and Steven Degraer. 2015. « Succession
and Seasonal Dynamics of the Epifauna Community on Offshore Wind Farm Foundations and Their
Role as Stepping Stones for Non-Indigenous Species ». Hydrobiologia 756 (1): 37-50.
https://doi.org/10.1007/s10750-014-2157-1.

Dempster, Tim 2005. « Temporal Variability of Pelagic Fish Assemblages around Fish Aggregation
Devices: Biological and Physical Influences ». Journal of Fish Biology 66 (5): 1237-60.
https://doi.org/10.1111/j.0022-1112.2005.00674.x.

De Troch, Marleen, Jan T. Reubens, Elke Heirman, Steven Degraer, and Magda Vincx. 2013. « Energy
Profiling of Demersal Fish: A Case-Study in Wind Farm Artificial Reefs ». Marine Environmental
Research 92: 224-33. https://doi.org/10.1016/j.marenvres.2013.10.001.

Degraer, Steven, Drew Carey, Joop Coolen, Zoé Hutchison, Francis Kerckhof, Bob Rumes, and Jan
Vanaverbeke. 2020. « Offshore Wind Farm Artificial Reefs Affect Ecosystem Structure and
Functioning: A Synthesis ». Oceanography 33 (4): 48-57. https://doi.org/10.5670/oceanog.2020.405.

Dulvy, Nicholas K., Stuart I. Rogers, Simon Jennings, Vanessa Stelzenmuiller, Stephen R. Dye, and Hein
R. Skjoldal. 2008. « Climate Change and Deepening of the North Sea Fish Assemblage: A Biotic
Indicator of Warming Seas ». Journal of Applied Ecology 45 (4): 1029-39.
https://doi.org/10.1111/j.1365-2664.2008.01488 x.

Halpern, Benjamin S., Karen L. McLeod, Andrew A. Rosenberg, and Larry B. Crowder. 2008.
« Managing for Cumulative Impacts in Ecosystem-Based Management through Ocean Zoning ».
Ocean & Coastal Management 51 (3): 203-11. https://doi.org/10.1016/j.0ocecoaman.2007.08.002.

Hammar, Linus, Diana Perry, and Martin Gullstrom. 2016. « Offshore Wind Power for Marine
Conservation ». Open Journal of Marine Science 06 (01): 66-78.
https://doi.org/10.4236/0jms.2016.61007.

Hemery, Lenaig. 2020. « 2020 State of the Science Report, Chapter 6: Changes in Benthic and Pelagic
Habitats Caused by Marine Renewable Energy Devices ». PNNL--29976CHPT6, 1633182.
https://doi.org/10.2172/1633182.

Hermant, Marie, Jeremy Lobry, Sylvain Bonhommeau, Jean-Charles Poulard, and Olivier Le Pape.
2010. « Impact of Warming on Abundance and Occurrence of Flatfish Populations in the Bay of Biscay
(France) ». Journal of Sea Research 64 (1-2): 45-53. https://doi.org/10.1016/j.seares.2009.07.001.

Hoegh-Guldberg, Ove, Daniela Jacob, and Michael Taylor. 2018. « Chapter 3: Impacts of 1.5°C global
warming on natural and human systems ». IPCC SR1.5.

ICES Stock Assessment Database. Copenhagen, Denmark. ICES. 2020. https://standardgraphs.ices.dk

ICES Catches in FAO area 27 by country, species, area and year as provided by the national
authorities. Source: Eurostat/ICES data compilation of catch statistics - ICES 2024, Copenhagen.


https://standardgraphs.ices.dk/

660
661

662
663
664

665
666
667
668
669
670

671
672
673
674
675

676
677
678
679

680
681
682

683
684
685

686
687
688
689

690
691
692

693
694
695
696
697

698
699
700

Format: Archived dataset in .xIsx and .csv formats. Version: 30-08-2024.
https://www.ices.dk/data/dataset-collections/Pages/Fish-catch-and-stock-assessment.aspx

Kristiansen, Trond, Momme Butenschon, and Myron A. Peck. 2024. « Statistically Downscaled CMIP6
Ocean Variables for European Waters ». Scientific Reports 14 (1): 1209.
https://doi.org/10.1038/s41598-024-51160-1.

Lassalle, Géraldine, Jérémy Lobry, Francois Le Loc’h, Paco Bustamante, Grégoire Certain, Daniel
Delmas, Christine Dupuy, Christian Hily, Claire Labry, Olivier Le Pape, Elise Marquis, Pierre Petitgas,
Claire Pusineri, Vincent Ridoux, Jérome Spitz and Nathalie Niquil. 2011. « Lower Trophic Levels and
Detrital Biomass Control the Bay of Biscay Continental Shelf Food Web: Implications for Ecosystem
Management ». Progress in Oceanography 91 (4): 561-75.
https://doi.org/10.1016/j.pocean.2011.09.002.

Le Marchand, Marie, Frida Ben Rais Lasram, Emma Araignous, Blanche Saint-Béat, Géraldine Lassalle,
Nicolas Michelet, Sandrine Serre, Georges Safi, Morgane Lejart, Nathalie Niquil and Frangois Le Loc’h.
2022. « Potential Combined Impacts of Climate Change and Non-Indigenous Species Arrivals on Bay
of Biscay Trophic Network Structure and Functioning ». Journal of Marine Systems 228: 103704.
https://doi.org/10.1016/j.jmarsys.2022.103704.

Le Marchand, Marie, Tarek Hattab, Nathalie Niquil, Camille Albouy, Francois Le Loc’h, and Frida Ben
Rais Lasram. 2020. « Climate Change in the Bay of Biscay: Changes in Spatial Biodiversity Patterns
Could Be Driven by the Arrivals of Southern Species ». Marine Ecology Progress Series.
https://doi.org/10.3354/meps13401.

Lenoir, Jonathan, and Jens-Christian Svenning. 2015. « Climate-Related Range Shifts - a Global
Multidimensional Synthesis and New Research Directions ». Ecography 38 (1): 15-28.
https://doi.org/10.1111/ecog.00967.

Lenoir, Jonathan, Romain Bertrand, Lise Comte, Luana Bourgeaud, Tarek Hattab, Jérome Murienne,
and Gaél Grenouillet. 2020. « Species Better Track Climate Warming in the Oceans than on Land ».
Nature Ecology & Evolution. https://doi.org/10.1038/s41559-020-1198-2.

Lester, Sarah, Benjamin Halpern, Kirsten Grorud-Colvert, Jane Lubchenco, Benjamin Ruttenberg,
Steven Gaines, Satie Airamé, and Robert Warner. 2009. « Biological Effects within No-Take Marine
Reserves: A Global Synthesis ». Marine Ecology Progress Series 384: 33-46.
https://doi.org/10.3354/meps08029.

Libralato, Simone, Alberto Caccin, and Fabio Pranovi. 2015. « Modeling species invasions using
thermal and trophic niche dynamics under climate change ». Frontiers in Marine Science 2.
https://doi.org/10.3389/fmars.2015.00029.

Lotze, Heike K., Derek P. Tittensor, Andrea Bryndum-Buchholz, Tyler D. Eddy, William WL Cheung, Eric
D. Galbraith, Manuel Barange, Nicolas Barrier, Daniele Bianchi, and Julia L. Blanchard. 2019. « Global
ensemble projections reveal trophic amplification of ocean biomass declines with climate change ».
Proceedings  of  the National =~ Academy  of  Sciences 116 (26): 12907-12.
www.pnas.org/cgi/doi/10.1073/pnas.1900194116.

Montero-Serra, Ignasi, Martin Edwards, and Martin J. Genner. 2015. « Warming Shelf Seas Drive the
Subtropicalization of European Pelagic Fish Communities ». Global Change Biology 21 (1): 144-53.
https://doi.org/10.1111/gcb.12747.



701
702
703

704
705
706

707
708
709

710
711
712
713
714

715
716
717

718
719
720
721

722
723
724

725
726

727
728
729
730

731
732
733
734
735

736
737
738
739

Moreno, G., L. Dagorn, M. Capello, J. Lopez, J. Filmalter, F. Forget, I. Sancristobal, and K. Holland.
2016. « Fish Aggregating Devices (FADs) as Scientific Platforms ». Fisheries Research 178:122-29.
https://doi.org/10.1016/j.fishres.2015.09.021.

Moullec, Fabien, Didier Gascuel, Karim Bentorcha, Sylvie Guénette, and Marianne Robert. 2017.
« Trophic Models: What Do We Learn about Celtic Sea and Bay of Biscay Ecosystems? ». Journal of
Marine Systems 172: 104-17. https://doi.org/10.1016/j.jmarsys.2017.03.008.

Nall, Christopher R., Marie-Lise Schlappy, and Andrew J. Guerin. 2017. « Characterisation of the
Biofouling Community on a Floating Wave Energy Device ». Biofouling 33 (5): 379-96.
https://doi.org/10.1080/08927014.2017.1317755.

Nogues, Quentin, Pierre Bourdaud, Emma Araignous, Ghassen Halouani, Frida Ben Rais Lasram, Jean-
Claude Dauvin, Frangois Le Loc’h, and Nathalie Niquil. 2023. « An Ecosystem-Wide Approach for
Assessing the Spatialized Cumulative Effects of Local and Global Changes on Coastal Ecosystem
Functioning ». Edité par Marta Coll. ICES Journal of Marine Science, fsad043.
https://doi.org/10.1093/icesjms/fsad043.

Pauly, Daniel 1980. « On the Interrelationships between Natural Mortality, Growth Parameters, and
Mean Environmental Temperature in 175 Fish Stocks ». ICES Journal of Marine Science 39 (2): 175-92.
https://doi.org/10.1093/icesjms/39.2.175.

Pecl, Gretta T., Miguel B. Araujo, Johann D. Bell, Julia Blanchard, Timothy C. Bonebrake, I-Ching Chen,
Timothy D. Clark, et al. 2017. « Biodiversity Redistribution under Climate Change: Impacts on
Ecosystems and Human Well-Being ». Science 355 (6332): eaai9214.
https://doi.org/10.1126/science.aai9214.

Pinarbasi, Kemal, Ibon Galparsoro, Neil Alloncle, Frédéric Quemmerais, and Angel Borja. 2020. « Key
Issues for a Transboundary and Ecosystem-Based Maritime Spatial Planning in the Bay of Biscay ».
Marine Policy 120 (october): 104131. https://doi.org/10.1016/j.marpol.2020.104131.

Polovina, Jeffrey J. 1984. « Model of a Coral Reef Ecosystem: |. The ECOPATH Model and Its
Application to French Frigate Shoals ». Coral Reefs 3 (1): 1-11. https://doi.org/10.1007/BF00306135.

Pits, Miriam, Alexander Kempf, Christian M&llmann, and Marc Taylor. 2023. « Trade-Offs between
Fisheries, Offshore Wind Farms and Marine Protected Areas in the Southern North Sea — Winners,
Losers and Effective Spatial Management ». Marine Policy 152: 105574.
https://doi.org/10.1016/j.marpol.2023.105574.

Raoux, Aurore, Samuele Tecchio, Jean-Philippe Pezy, Géraldine Lassalle, Steven Degraer, Dan
Wilhelmsson, Marie Cachera, Bruno Ernande, Camille Le Guen, Matilda Haraldsson, Karine Grangéré,
Francois Le Loc’h, Jean-Claude Dauvin and Nathalie Niquil. 2017. « Benthic and Fish Aggregation
inside an Offshore Wind Farm: Which Effects on the Trophic Web Functioning? » Ecological Indicators
72: 33-46. https://doi.org/10.1016/j.ecolind.2016.07.037.

Reubens, Jan, Ulrike Braeckman, Jan Vanaverbeke, Carl Van Colen, Steven Degraer, and Magda Vincx.
2013. « Aggregation at Windmill Artificial Reefs: CPUE of Atlantic Cod (Gadus Morhua) and Pouting
(Trisopterus Luscus) at Different Habitats in the Belgian Part of the North Sea ». Fisheries Research
139 (march): 28-34. https://doi.org/10.1016/j.fishres.2012.10.011.



740
741
742

743
744
745
746

747
748
749
750

751
752
753
754

755
756
757
758

759
760
761
762
763
764

765
766
767
768

769
770
771

772
773
774
775

776
777
778
779
780

Reubens, Jan, Steven Degraer, and Magda Vincx. 2011. « Aggregation and Feeding Behaviour of
Pouting (Trisopterus Luscus) at Wind Turbines in the Belgian Part of the North Sea ». Fisheries
Research 108 (1): 223-27. https://doi.org/10.1016/].fishres.2010.11.025.

Roach, Michael, Mike Cohen, Rodney Forster, Andrew S Revill, and Magnus Johnson. 2018. « The

Effects of Temporary Exclusion of Activity Due to Wind Farm Construction on a Lobster (Homarus
Gammarus) Fishery Suggests a Potential Management Approach ». Edité par Steven Degraer. ICES
Journal of Marine Science 75 (4): 1416-26. https://doi.org/10.1093/icesjms/fsy006.

Salaiin, Jessica, Aurore Raoux, Jean-Philippe Pezy, Jean-Claude Dauvin, and Sylvain Pioch. 2023.
« Structural and Functional Changes in Artificial Reefs Ecosystem Stressed by Trophic Modelling
Approach: Case Study in the Bay of Biscay ». Regional Studies in Marine Science 65: 103100.
https://doi.org/10.1016/j.rsma.2023.103100.

Serpetti, Natalia, Steven Benjamins, Stevie Brain, Maurizio Collu, Bethany J. Harvey, Johanna J.
Heymans, Adam D. Hughes, Denise Risch, Sophia Rosinski, James Waggitt and Ben Wilson. 2021.

« Modeling Small Scale Impacts of Multi-Purpose Platforms: An Ecosystem Approach ». Frontiers in
Marine Science 8: 694013. https://doi.org/10.3389/fmars.2021.694013.

Steenbeek, Jeroen, Marta Coll, Leigh Gurney, Frédéric Mélin, Nicolas Hoepffner, Joe Buszowski, and
Villy Christensen. 2013. « Bridging the Gap between Ecosystem Modeling Tools and Geographic
Information Systems: Driving a Food Web Model with External Spatial-Temporal Data ». Ecological
Modelling 263:139-51. https://doi.org/10.1016/j.ecolmodel.2013.04.027.

Steenbeek, Jeroen, Joe Buszowski, David Chagaris, Villy Christensen, Marta Coll, Elizabeth A. Fulton,
Stelios Katsanevakis, Kristy Lewis, Antonio Mazaris, Diego Macias, Kim De Mutsert, Greig Oldford,
Maria Grazia Pennino, Charia Piroddi, Giovanni Romagnoni, Natalia Serpetti, Yunne-Jai Shin, Michael
Spence and Vanessa Stelzenmdiiller. 2021. « Making Spatial-Temporal Marine Ecosystem Modelling
Better — A Perspective ». Environmental Modelling & Software 145: 105209.
https://doi.org/10.1016/j.envsoft.2021.105209.

Stock, Andy, Cathryn Murray, Edward Gregr, Jeroen Steenbeek, E. Woodburn, Fiorenza Micheli, Villy
Christensen, and Kaim Chan. 2023. « Exploring Multiple Stressor Effects with Ecopath, Ecosim, and
Ecospace: Research Designs, Modeling Techniques, and Future Directions ». Science of The Total
Environment 869:161719. https://doi.org/10.1016/].scitotenv.2023.161719.

Vandendriessche, Sofie, Jozefien Derweduwen, and Kris Hostens. 2015. « Equivocal Effects of
Offshore Wind Farms in Belgium on Soft Substrate Epibenthos and Fish Assemblages ». Hydrobiologia
756 (1): 19-35. https://doi.org/10.1007/s10750-014-1997-z.

Van Hal, Ralf, Arie Benjamin Griffioen, and Olvin Alior van Keeken. 2017. « Changes in Fish
Communities on a Small Spatial Scale, an Effect of Increased Habitat Complexity by an Offshore Wind
Farm ». Marine Environmental Research 126: 26-36.
https://doi.org/10.1016/j.marenvres.2017.01.009.

Vergés, Adriana, Peter D. Steinberg, Mark E. Hay, Alistair G. B. Poore, Alexandra H. Campbell, Enric
Ballesteros, Kenneth L. Heck, David Booth, Melinda Coleman, David Feary, Will Figueira, Tim Langlois,
Ezequiel Marzinelli, Toni Mizerek, Peter Mumby, Yohei Nakamura, Moninya Roughan, Erik van
Sebille, Alex Sen Gupta, Dan Smale, Fiona Tomas, Thomas Wernberg and Shaun Wilson. 2014. « The
Tropicalization of Temperate Marine Ecosystems: Climate-Mediated Changes in Herbivory and



781
782

783
784
785

786
787
788

789
790
791

792
793
794

795
796
797

798
799
800
801

802
803
804

805

806

Community Phase Shifts ». Proceedings of the Royal Society B: Biological Sciences 281 (1789):
20140846. https://doi.org/10.1098/rspb.2014.0846.

Walters, Carl, Villy Christensen, and Daniel Pauly. 1997. « Structuring dynamic models of exploited
ecosystems from trophic mass-balance assessments. » Reviews in Fish Biology and Fisheries 7 (2):
139-72. https://doi.org/10.1023/A:1018479526149.

Werner, Karl M., Holger Haslob, Anna F. Reichel, Antje Gimpel, and Vanessa Stelzenmidiller. 2024.
« Offshore Wind Farm Foundations as Artificial Reefs: The Devil Is in the Detail ». Fisheries Research
272:106937. https://doi.org/10.1016/].fishres.2024.106937.

Wilhelmsson, Dan, and Torleif Malm. 2008. « Fouling Assemblages on Offshore Wind Power Plants
and Adjacent Substrata ». Estuarine, Coastal and Shelf Science 79 (3): 459-66.
https://doi.org/10.1016/j.ecss.2008.04.020.

Wilhelmsson, Dan, Torleif Malm, and Marcus C. Ohman. 2006. « The Influence of Offshore
Windpower on Demersal Fish ». ICES Journal of Marine Science 63 (5): 775-84.
https://doi.org/10.1016/j.icesjms.2006.02.001.

Wilson, Ben. 2016. « Might Marine Protected Areas for Mobile Megafauna Suit Their Proponents
More than the Animals?: MPAs for megafauna or people? » Aquatic Conservation: Marine and
Freshwater Ecosystems 26 (1): 3-8. https://doi.org/10.1002/aqc.2619.

Witte, Sterre, Jon Dickson, Oscar Franken, Sander Holthuijsen, Laura L. Govers, Han OIff, and Tjisse
Van Der Heide. 2024. « Enhancing Ecological Complexity in Soft-bottom Coastal Ecosystems: The
Impact of Introducing Hard Substrates ». Restoration Ecology, february, e14126.
https://doi.org/10.1111/rec.14126.

Zupan, Mirta, Bob Rumes, Jan Vanaverbeke, Steven Degraer, and Francis Kerckhof. 2023. « Long-
Term Succession on Offshore Wind Farms and the Role of Species Interactions ». Diversity 15 (2):
288. https://doi.org/10.3390/d15020288.



